DELFT UNIVERSITY OF TECHNOLOGY (TU DELFT)

GRADUATION PROJECT (SET3901)
ELECTRICAL ENGINEERING, MATHEMATICS AND COMPUTER SCIENCE FACULTY
MASTER OF SCIENCE (MSC) SUSTAINABLE ENERGY TECHNOLOGY (SET)

Segmented Gurney Flaps for
Enhanced Wind Turbine Wake Recovery:

Design, Field tests and Simulations

Author Student number

N.S. (Nirav Subhash) Dangi 5450616
Thesis committee member Affiliation Thesis role
Prof. Dr. S.J. (Simon) Watson TU Delft Chair
Dr. Ir. Paco Lopez-Dekker TU Delft Committee member
Dr. Ir. W.A.A. M. (Wim) Bierbooms TU Delft Supervisor
Dr. Ir. W. (Wei) Yu TU Delft Supervisor
Dr. Ir. K. (Koen) Boorsma TNO Supervisor
Ir. E.T.G. (Edwin) Bot TNO Supervisor

Project duration: November, 2022 to May, 2023

Visualization of the tip-vortex structure and turbine wake interaction
flow field in uniform inflow [1]

] . |
TUDelftizy: "IN Innovation



To my Supervisors, Family and Friends

Delft University of Technology
Delft, Netherlands, May 2023
Nirav Subhash Dangi



Abstract

The wind turbine wake is a downstream region of kinetic energy and velocity deficit, higher turbulence
and has a complex helical vortex structure. The wind turbine wake’s stability depends mainly on the
ambient turbulence and the wind turbine tip speed ratio. Researchers have developed several wake
control techniques to mitigate this issue, such as static axial induction control by torque or pitch con-
trol, dynamic axial induction control by pitch control and actuating flaps or other actively controlled
add- on devices. Some gaps are present in these methods, in terms of applicability of these techniques
in terms of full scale validation and practicality to have the devices as add on to existing blades.

To address these research gaps, this study focuses on designing and evaluating segmented Gurney
flaps (in line with the ECN (now TNO Wind Energy) patent [2] by Edwin Bot and Arne Van Garrel)
for wind turbine blades to enhance the wake recovery by inducing turbulence in the wake to excite the
tip vortices. 4 Gurney flaps were attached in the tip region of each blade of a GE 3:8 MW research
wind turbine. Field tests were conducted in this study for the wind turbine wake (using a scanning
LiDAR to scan a sector up to 5:5D downstream at different altitudes; with a scan time of 3 minutes)
and performance analysis (using 10 minute averaged measurement data). Free vortex wake simula-
tions were conducted to validate the faster wake breakdown by the change in lift distribution upon
addition of segmented Gurney flaps. Simulations using dynamic blade element momentum theory
with IEC  NTM inflow conditions from cut in to cut out wind speed were conducted to assess the
structural impacts on the retrofitted wind turbine.

The field tests’ wake analysis was quantified with different wind speed, turbulence intensity, wind
shear, wind direction conditions. Post processing of LiDAR data involved filtering, creating bin aver-
aged data set, using Gaussian process regression and retrieve the required wind component. The results
show a consistent increase in wake recovery, generally at all downstream distances. The retrofitted
configuration results are associated with a higher standard error because of a shorter testing period
(due to increased noise levels) than the baseline configuration. The wake simulations indicate a earlier
wake break down position, by  2D.

The simulations indicate AEP increase for the retrofitted wind turbine to be roughly +0:2% (+50
MWHh), at the expense of increased blade and tower structural loads. The wind speed weighted dam-
age equivalent blade flapwise bending moment was found to increase by +2% to +4%; with peaks
observed in partial load region of the wind turbine, associated with the operating angle of attack in
this region.

The work conducted in this thesis features the following:

1. Dangi N.S., Boorsma K., Bot E.T.G., Bierbooms W.A.A.M., Yu W. (2023). "Design and Eval-
uation of Gurney Flaps as Turbulators for Wind Turbine Blades." Presentation at Wind Energy
Science Conference (WESC). 23-26 May. Glasgow, United Kingdom.

2. Dangi N.S., Boorsma K., Bot E.T.G., Bierbooms W.A.A.M., Yu W. (2023). "Segmented Gurney
Flaps for Enhanced Wind Turbine Wake Recovery." Wind Energy Science (WES). Manuscript
to be submitted for publication.

ii



Contents

ADSEIract . . . . . e ii
Nomenclature . . . . . . . e vii
List of gures . . . . . . X
Listof tables . . . . . . . . . e X
Introduction 1
Wind Turbine Wakes 3
2.1 Background . . . . .. e e 4
2.2 Wind turbine Wake Breakdown . . . . . . . . .. .. ... . 5
2.2.1 General OVEIVIEW . . . . . . o e e e e e 5
222 Eectof Tip-speed Ratio . . . . . ... .. .. . . ... 7
2.3 Eectsof Wind Turbine Wakes . . . . . . . . . ... ... 9
2.4 SUMMANY . . . o e e e e e e e e e e 9
Wind Turbine Wake Control Techniques 10
3.1 Static Axial Induction Control by Pitch Control . . . . . . ... ... ... ....... 11
3.2 Static Axial Induction Control by Torque Control . . . . . . ... ... ... ...... 12
3.3 Dynamic Axial Induction Control by Pitch Control . . . . ... ... ... ....... 13
3.4 AddONDeVICEeS . . . . . . e 14
341 Gurney Flaps . . . . . . . 14
3.4.1.1 Aerodynamic and Structural Performance Potential . . . . ... ... 15
3.4.1.2 Enhanced Wake Recovery Potential . . .. .. ............. 18
3.4.2 Winglets. . . . . .. e e 20
3.4.3 Turbulators . . . . . . .. e 21
3.5 Summary ... e e 21
Background on Wind Turbine Wake Simulations 22
4.1 NREL SOWFA . . . . . e e e 23
4.1.1 Precursor Atmospheric Boundary Layer . . . . ... ... ... ... ... ... 23
4.1.2 Actuator Line Modelling . . . . . . . .. . 23
4.1.3 Limitations faced . . . . . . . . .. 26
4.2 NREL OLAF . . . e 28
Field Tests 33
5.1 Measurement Site and Instruments . . . . . . . ... e 34
5.2 Processingof LIDARData . . . . . . . . . . . 0 i e 38
521 Filtering . . . . . . 39
5.2.2 Gaussian Process Regression . . . . . . . . ... e 40
5.2.3 Implementation . . . . . . . .. 42
5.2.4 Retrieval of Wind Component. . . . . . . . . .. ... ... .. .. 44
5.2.4.1 Validation . ... .. . ... 45
53 DataBinning . . . . . . . e 48
5.3.1 Wake Analysis . . . . . . . 48
5.3.2 Aerodynamic and Structural Performance Analysis . . . . .. ... ... .... 49
5.4 Atmospheric Stability . . . . . ... 49
55 Summary . .o e e e e e 52



Setup of Simulations 53

6.1 Wake Analysis . . . . . . . . . e 54
6.2 Aerodynamic and Structural Performance Analysis . . . . ... .. ... ... ..... 55
Results of Field Tests 58
7.1 Wake Analysis in Various Inow Conditions . . . . .. ... .. ... ... ....... 59
711 6M=S<Ujg hup S TMTS L . o 0 o e e e e e e e e 60
712 8M=S<Uj b SOIM=S . . . L Lo 65
7.1.3 10m=s<Ug pup < LIIM=S . .ottt 68
7.1.4 Overall Observations . . . . . . . . . .. . . 71
7.2 Aerodynamic and Structural Performance Analysis . . . . .. ... ... ... ..... 72
Results of Simulations 74
8.1 Wake Analysis in Steady and Uniform In ow Conditions . . . . . ... ... ...... 75
8.2 Aerodynamic and Structural Performance Analysis in Various In ow Conditions . .. 76
Conclusions and Recommendations 82
9.1 ConcClusioNS . . . . . . e 83
9.2 Recommendations . . . . . . . . .. e 84
AppendiCes . . . . . e 99
Measurement Campaign 99
A.l Baseline Conguration . . . . . . . . 99
A.2 Retrotted Conguration . . . . . . . . . . . . 100
A.3 Wind Components during both congurations . . . . . . ... ... .. ......... 101
Results of Field tests 102
B.1 Fog check forbm=s<Uj .hup < TM=S . . . . . . . o0ttt e e e 102
B.2 Wake analysis forfTm=s <U;j pup < 8M=S . . . . . . . . . . 103
B.3 Anomaly in 8m=s<Uj o < 9M=sbin . . ... ... ... ... ... ... ... ... 106
B.4 Wake analysis forOm=s <U;j pp < 10M=S . . . . . ... .. . . 107



Abbreviations
AEP
AL

AR
BEM
CFD
CFL
ECN
FAST
FBM
FOAM
FT
FVYW
GFRP
GPR
HAWT
IEC
LCOE
LE
LES
LiDAR
LLT
LoS
LSE
MAP
MPPT
NEU
NTM
OLAF

Nomenclature

Annual energy production

Actuator line

Aspect ratio

Blade element momentum

Computational uid dynamics

Courant Friedrichs Lewy

Energy research Centre of the Netherlands
Fatigue, Aerodynamics, Stress, and Turbulence
Flapwise bending moment

Field Operation And Manipulation

Field tests

Free- vortex wake

Glass ber reinforced plastic/ polymers
Gaussian process regression

Horizontal axis wind turbine

International Electrotechnical Commission
Levelised cost of energy

Leading edge

Large eddy simulation

Light Detection and Ranging or Laser imaging, detection, and ranging
Lifting line technique

Line of sight

Least square error

Maximum A Posteriori

Maximum power point tracking

Neutral

Normal turbulence model

cOnvecting LAgrangian Filament



RI
SOWFA
STAB
TE

TI
TIADE
TNO
UNS
VSTAB
VUNS
WD
WGF
WOGF
WS
Dimensionless
a

C
Cq

I gearbox
G

M'm

Cp

Re

St

Cy

m

Symbols

Richardson number
Simulator fOr Wind Farm Applications
Stable
Trailing edge
Turbulence intensity
Turbine Improvements for Additional Energy
Netherlands Organisation for Applied Scienti ¢ Research
Unstable
Very stable
Very unstable
Wind direction
With Gurney aps
Without Gurney aps
Wind speed

Axial induction factor
Courant number
Drag coe cient

E ciency

Gearbox ratio

Lift coe cient

Mixing ratio

Power coe cient
Reynolds number
Strouhal number

Tip speed ratio
Torque coe cient
Von- Karméan constant

Wohler exponent

Air density

Airfoil chord

Altitude

Angle

Carrier to Noise ratio

Circulation

Vi

,_,,_,,_,
—_

— —_. —, ek, e
T B SN B —'

—
[a—

—_ — o,
_— e e

kg=m?®

deg ()
dB

m2=s



Lm o

Vi

RH

Cp
SH

K
stress

Z9

t

T

wave

Drag

Electrical power

Free-stream wind velocity

Frequency

Friction velocity

Gas constant

Inertia

Kinematic viscocity
Lift

Loading as body force
Monin- Obukhov length
Potential temperature
Power

Pressure

Radial velocity
Radius

Relative humidity
Rotational speed
Speci ¢ heat capacity
Speci ¢ humidity

Sti ness

Stress

Surface roughness
Time

Torque

Virtual potential temperature

Vorticity
Wavelength
Wake age

Wind velocity at wind turbine rotor

Wind components

Young's modulus

Vi

m=s
Hz
m=s

Jmol 1K 1

m2=s

N=

X 3 3 Z

Pa

m=s
%

rad=s

Jkg 'K !

Nm

1=s

m=s

m=s

N=m?2



2.1
2.2
2.3
2.4

2.5

2.6

3.1
3.2
3.3
3.4
3.5
3.6
3.7
3.8
3.9
3.10
4.1
4.2
4.3
4.4
4.5

4.6
4.7

4.8

4.9

4.10

411
412

51
5.2

List of Figures

The Energy Extracting Stream-tube of a Horizontal Axis Wind Turbine [3] . . . . .. 4
lllustration of wind turbine wakes (Real and Simulated) ([5,6,7]) . ... ... .. .. 5
Schematic of a wind-turbine wake with tip-vortex leapfrogging instability [9] . . . . . . 6
Vertical pro les of stream-wise mean velocity (normalised by free-stream velocity) at

di erent downstream distances [18] . . . . . . . . ..o 7
lllustration of wind turbine wake by means of vorticity contours (Wind turbine rotor
isatleft) [13] . . . . . . . e e 7
lllustration of wind turbine wake by means of iso-surface plots of vorticity [13] . . . . 8
Example of Steady-state blade element momentum aerodynamic power and thrust co-

e cient surfaces as a function of wind turbine blade pitch and tip-speed ratio ([30]) . 12
A visualisation of the Gurney aps in comparison to the di erent types of aps [47] . 14
Flow patterns without and with the Gurney ap depicted by Liebeck [46] . . . . . .. 15
CFD simulation of the HQ17 airfoil at Re = 1x10° at di erent heights of Gurney aps
[A7,54] . . . 15
Dye visualization of the wake for the6% chord Gurney ap [55] . . . .. .. ... ... 15
Performance of di erent heights of Gurney aps in uniform in ow conditions [56] . . . 16
Comparison of the power density spectrum without and with Gurney ap in uniform

in ow conditions (AOA= 8:4°) [56] . . . . . . . 17
The miniature trailing edge e ectors (segmented Gurney aps) con guration used in

the study of [65] . . . . . . . . . . e 19
Velocity di erence eld (case of a wing with and without static segmented Gurney aps)

at 2 downstream distances [65] (Segmented black rectangles represent the aps) . . . . 19
A visualisation of the winglets and turbulators (teeth-like triangular shapes) installed

on the wind turbine blade in InnoTIP project [75] (Photo courtesy of Skysurvey BV) . 20
Representation of the actuator line method for a wind turbine rotor . . . . . ... .. 24
Cross-sectional airfoil element [85] . . . . . . . . . ... 25
Example for 2-D rotational ow over Gaussian lift distribution) [91] . . ... ... .. 26
Example for body force distribution about an actuator line element[92] . . ... ... 26
Comparison of circulation distributions from lifting line technique (LLT) and actuator

line method (ALM) with dierent  values forAR =10 wing [94] . . . . ... .. ... 27
lllustration of in uence of in ALM on shed vorticity [98] . . . . . .. ... ... ... 28
NREL OLAF: Evolution of near-wake lattice, blade root and tip vortex, and Lagrangian
markers[45] . . . .. e 29
Free vortex wake model based on the lifting-line and the vortex- lament representation

[A5] . . o 30
Circulation of panels and corresponding circulation for vorticity segments between pan-
elS[79] . . . o 31
Leading-edge, trailing edge, and lifting-line in Wake and lifting line vorticity represen-
tation [79] . . . . . . e e 31
NREL OLAF: Geometrical quantities for a lifting-line panel [79] . ... ... ... .. 32
Vortex segment velocity for dierent F [100] . . . .. .. .. ... .. .. ... .... 32
TIADE GE 3.8MW research wind turbine [108] . . . . . . .. .. ... ... ... ... 34
Leosphere Vaisala Windcube 200S Scanning LiDAR placed in the TIADE test site in
Wieringermeer, The Netherlands . . . . . . . . ... . ... ... ... .. ....... 34



5.3
54
5.5

5.6

5.7

5.8

59

5.10
5.11
5.12
5.13
5.14
5.15
5.16
5.17

5.18
5.19
5.20
5.21

5.22
5.23
5.24
5.25

6.1
6.2
6.3
6.4

7.1
7.2
7.2
7.3
7.4

7.5
7.6
7.7
7.8

7.9

7.10
7.11
7.12

7.13
7.14
7.15
7.16

8.1
8.2
8.3
8.4
8.5

Gurney ap extending from wind turbine blade trailingedge . .. ... ... ... .. 35

Gurney ap design . . . . ... e e e 35
Gurney aps (Blue thick line) shown on wind turbine blade (only a part of the blade
iISShown) . . . . 35
Gurney ap installation phase (Picture taken by author of the report, Edwin Bot and
Aeroconcept GmbH) . . . . . L 36
Compass plot (Red lines- scanning LIiDAR sector; Blue lines- Undisturbed sector) . . . 36
Co-ordinate system of Scanning LIDAR . . . . . . . . . ... ... .. .. ... ..., 36

Scanning LIDAR pattern 1 visualisation (Wind turbine is located at  41:5 degazimuth) 37
Scanning LiDAR pattern 2 visualisation (Wind turbine is located at 415 degazimuth) 38

Plots showing Filtering of data-set . . . . . . .. ... ... ... ... .. ....... 39
Matérn 3/2 kernel for various ¢ and | [121] . . . . . . . . . . . .. . ... 41
Matérn 3/2 kernel matrix for various ¢ and | [121] . . ... ... . ... ... .... 41

A illustrative process of conducting regressions by Gaussian processes. [122] . . . . . . 42
An example visualisation of the Gaussian process regressionresults . . . . . .. .. .. 43
Example for standard error of bin-averaged LIiDAR data at hub height . . . . . .. .. 44
Example for di erence between GPR predictions and bin-averaged LIiDAR data at hub

height . . . . . . L e 44
Horizontal wind speed F U2+ v2) (BMm=s<Ug quup < 7TM=S) . . . . . . . v vt n .. 46
Horizontal wind speed ( u? + v2) dierence (m=s <Uj nyp < 7M=S) . . . . . .. .. 46

Comparison of di erent methods of wind component retrieval Gm=s <U; .y < 7m=s) 47
Vertical pro le comparison of di erent methods of wind component retrieval (6m=s <

U, hub < 7m:s) ....................................... 47
Monthly variation of stability conditions . . . . . . . ... ... .. ... ... ..... 51
Hourly variation of stability conditions (all 4 months inclusive) . . . . ... ... ... 51
Wind speed variation with stability conditions (all hours and 4 months inclusive) . . . 51

Turbulence intensity variation with stability conditions (all hours and 4 months inclusive) 51

In ow conditions in simulations . . . . . . .. ... .. 55
Wind speed at hub height . . . . . . ... ... 56
Spectral density for the wind prole at hub height . . . ... ... ... ........ 56
Variation of wind turbine parameters from mean value (14m=s < U1 pp < 15m=s) . . 57
Inow prole ( BM=s< U1 hup < TMZS) . . . . o o oot i e e e 60
CNR visualisation (6M=S < U ;hup < TMZS) . . . . o v o vt i it e e e 61
CNR visualisation (6M=S < U1 ;hup < TM=S) . . . . o o o vt i it e e e e 61
Wake visualisation @m=s < U1 pp < 7TM=S) . . . . . o oo v i i i e e 62
Axial wake pro le (Normalised with U; at the respective altitudes) (6m=s < U1 hup <

TMZS) L o e 63
Vertical prole (6m=s<U;j up < TM=S) . . . o o o v v it e e e e 64
Inow prole ( 8m=s< Uz hup <OM=S) . . . . . . . . 65
Wake visualisation @m=s < U1 pp < OM=S) . . . . . . ..o 65
Axial wake pro le (Normalised with U; at the respective altitudes)(8m=s < U hyp <

OIMZY) . . 66
Vertical prole (8m=s<Uj pup < OM=S) . . . . . . oo 67
Inow prole ( 1I0M=Ss <Uj qup < 1IM=S) . . . . . . . . o oo i it 68
Wake visualisation at high turbulence intensity (10m=s < Uj .y < 1Im=s) . . .. .. 68
Axial wake pro le (Normalised with U; at the respective altitudes) (10m=s < U; .pyp <
IIM=S) L o o 69
Vertical prole (10m=s<Uj hup < 1IM=8) . . . . . . . . . o i 70
Power coe cient comparison . . . . . . ... e 72
Blade ap-wise bending moment comparison . . . ... ... ... ... . .. ... 73
Tower Fore-aft bending moment comparison . . . . . . .. ... ... ... ....... 73
Normal force (to chord) comparison . . . . . . . . .. ... ... .. ... .. ... 75
Circulation comparison .. . . . . . . . v i e e e e 75
Wake mean vorticity visualisation at hub height 110m . . . ... ... ... ... ... 76
Angle of attack at di erent wind speeds at regions near blade tip . . . ... ... ... 77
Normal force integral comparison at di erent wind speeds . . . . . . ... ... .... 77



8.6 Rotor thrust comparison . . . . . . . . . . .. e 78

8.7 RoOtor power COmpariSON . . . . . . . v v e e e e e e e 78
8.8 Blade ap-wise moment comparison . . . . . . ... 79
8.9 Blade ap-wise moment standard deviation comparison . . . . . ... ... ... .. 79
8.10 GFRP stress- cycles to failure curve (calculated line from [175]) . . . . ... ... ... 80
8.11 Example for peak and valley representation from the bending moment spectrum . .. 81
8.12 Damage equivalent load comparison . . . . . . . . .. ... 81
A.1 Wind rose (All Tl bins) (MATLAB Code from [180, 181]) . . . . . .. .. .. ... .. 99
A.2 Wind speed histogram (Al TIbins) . . . ... .. ... ... .. .. ... ....... 99
A.3 Turbulence intensity compared against wind speed . . . .. ... ............ 99
A.4 Turbulence intensity histogram (AWS bins) . . . . . ... ... ... ... ...... 99
A.5 Wind rose (All Tl bins) (MATLAB Code from [180, 181]) . . . . . ... .. ... ... 100
A.6 Wind speed histogram (All TI bins) . . . . . . . . ... . . . . 100
A.7 Turbulence intensity compared against wind speed . . . .. .. ... ... ....... 100
A.8 Turbulence intensity histogram (AlWS bins) . . . .. ... ... ... ......... 100
A.9 U component (signreversed) . . . . .. . . . . . . e 101
A.10 V component (sign reversed) . . . . ... e 101
ALITW component . . . . . . . . . e e 101
B.1 Potential fog check GBm=s < U1 .hup < TM=S) . . . . o o o v vt i i it 102
B.2 Inowprole ( 7m=s<U;j pup < 8M=S) . . . . . . 103
B.3 Axial wake pro le (Normalised with U; at the respective altitudes) (Tm=s < U; pyp <

BM=S) . . e 103
B.4 Wake visualisation (fm=s <Uj pup < 8M=S) . . . . . . .. ... .. 104
B.5 Vertical prole ( Tm=s <Uj b < 8M=S) . . . . . . . . . . 105
B.6 Example for anomaly in data 8m=s<Uj hup <OM=S) . . . ... .. ... ... ... 106
B.7 Inowprole ( Om=s<Uj pup <I0M=S) . . . . . . oo 107
B.8 Axial wake pro le (Normalised with U; at the respective altitudes) (Om=s < U; pup <

L0MTS) o oo o e 107
B.9 Wake visualisation (OmM=s < U puyp < 10M=S) . . . . . . . v v i ittt 108
B.10 Vertical prole . . . . . . e 108

List of Tables

5.1 Scanning LIDAR settings 1 . . . . . . . . . e 37
5.2 Scanning LIDAR settings 2 . . . . . . . . . e 38
5.3 Atmospheric stability for the bin- vise averaged data sets ([135]) . . ... ... .. .. 49
6.1 NREL OLAF INPUES . . . . . . . e e e e e e 54
6.2 Standard deviation comparison forldm=s <Uj . < 15m=s . . . . ... .. ... .. 57






Chapter 1

Introduction



The wake of a wind turbine is a region of three-dimensional turbulent ow characterized by a de cit
of kinetic energy and velocity and a complex helical vortex structure. The wake of a single rotor blade
consists of a continuous sheet of trailed vorticity due to the gradient in bound circulation along the
blade span, which rolls up, generating two concentrated vortices at the tip and the root region. The
wind turbine wake's stability depends mainly on the ambient turbulence and the wind turbine tip
speed ratio. With low ambient turbulence and low tip speed ratio (rated and above rated wind speed
conditions) the wind turbine wake is extremely stable. The wind turbine wake leads to the decreased
energy production of the downstream turbines. These e ects are much more critical on bigger wind
farms, where multiple turbines are grouped together and their di erent wake e ects are combined. It
can even be 20% for a farm of 140 turbines with a spacing of 5 rotor diameters. It is known that
wake alleviation can be achieved by introducing spatial and temporal variation to the stable tip vortex.

This thesis evaluates segmented Gurney aps for achieving the spatial and temporal variation to
the tip vortex; for enhanced wake recovery to achieve higher power output in a wind farm setting.
The hypothesis behind the approach is in line with the concept of turbulators, introduced in ECN
(now TNO Wind Energy) patent [2]. The hypothesis behind the use of segmented Gurney aps is to
alter the lift distribution along the blade span (at tip); achieve a jagged lift and circulation distribution
which causes additional stronger vortices shed from the edges of Gurney aps to perturb the stable tip
vortex. This use of segmented Gurney aps is hypothesised to cause a spatial disturbance to the tip
vortex. Additionally, a temporal variation is hypothesised to be achieved from the inherent rotation
of the wind turbine blade which alters the in ow conditions during the rotation as the large rotor is
exposed to the wind speed and turbulence shear. Apart from these two e ects, a higher drag from
the Gurney ap is hypothesised to potentially increase turbulence in the wake which could contribute
to the faster wake mixing. This thesis aims to realise the following objectives:

1. Setting up and conducting Scanning LIDAR measurements in the wake (up to a distance of 5.5
times the rotor diameter downstream) for a 3:8 MW research wind turbine with and without
these segmented Gurney aps. The segmented Gurney aps (4 on each blade) are retro tted to
the 3:8 MW research wind turbine.

2. Analysing wake recovery of both con gurations; quanti ed with di erent wind speed, turbulence
intensity, wind shear, wind direction conditions, that is, varied atmospheric stability conditions.

3. Analysing aerodynamic and structural performance of retro tted wind turbine in comparison to
baseline wind turbine, by use of 10-minute statistical measurement data.

4. Performing simulations to formulate guidelines for implementing Gurney aps on wind turbine
blade and correspond them to eld test results.

The work conducted in this thesis is part of the TIADE (Turbine Improvements for Additional Energy).

A consortium of TNO (Netherlands Organisation for Applied Scienti c Research), GE Renewable En-
ergy and LM Wind Power are collaborating on the TIADE project to develop technologies and design
methods for more e cient operation of next-generation wind turbine rotors, wind farms with large
rotor wakes and demonstrate them in the eld. TIADE has been co- nanced with Topsector En-
ergiesubsidie from the Dutch Ministry of Economic A airs under grant no. TEHE119018.

Structure: Chapter 2 provides background information on wind turbine wakes. Chapter 3 discuses
current wind turbine wake control strategies with their advantages and disadvantages. A literature
speci c to Gurney aps and their potential towards enhanced wake recovery is provided as well. In
Chapter 4 the theory behind the simulation approach considered and used in this study is explained.
Following that, the set up and methodology utilised for the eld tests and data processing is explained
in Chapter 5. The set up and validation of simulations is provided in Chapter 6. The eld tests' re-
sults and analysis are provided in Chapter 7 and the simulations' result and analysis are provided in
Chapter 8. Finally, conclusions and recommendations are provided in Chapter 9.
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A wind turbine is a device for generating electricity by extracting kinetic energy from the wind. By
removing some of its kinetic energy, the wind must slow down, but only that mass of air that passes
through the rotor disc is a ected [3]. This e ect follows from the fact that energy can neither be created
nor destroyed. This downstream region is called the wind turbine wake. A simple visualization of the
energy-extracting stream tube of a Horizontal axis wind turbine is shown in Figure 2.1 below:

Figure 2.1: The Energy Extracting Stream-tube of a Horizontal Axis Wind Turbine [3]

Figure 2.1 shows an expanding stream tube. As stated, there is a drop in wind speed in the downstream
region, which causes the expansion of the stream-tube because the mass ow rate must be the same
everywhere. For in-depth knowledge about the working principle of wind turbines, the reader is
referred to [3, 4]. This thesis focuses on the Horizontal axis wind turbine (HAWT), and from now on,

it is referred to as wind turbine, in the report.

2.1 Background

The wake of a wind turbine is a downstream region of three-dimensional turbulent ow characterized
by a de cit of kinetic energy and velocity, a higher turbulence level, and a complex helical vortex
structure. The wake of a single rotor blade consists of a continuous sheet of trailed vorticity due to
the gradient in bound circulation along the blade span, which rolls up, generating two concentrated
vortices at the tip and the root region. The force eld at the rotor accelerates the ow imposing a
rotary motion to the wake, which is counter-rotating with the rotor. The vorticity created at the
blade boundary layer is also released into the wake, in a portion of the ow that co-rotates with the
blade due to viscosity. A visual representation of a wind farm in di erent wake conditions is shown
in Figure 2.2 below.



(a) Full-wake conditions seen in the photo taken
from Horns Rev wind farm (Courtesy: Vattenfall.
Photographer is Christian Steiness)

(c) Contour plot of the simulated time-averaged
stream-wise velocity component at Horns Rev wind
farm on a horizontal plane at hub level for incoming

wind directions of 270° (full-wake conditions)
(gure taken from [6]) (Distances are normalized by
the turbine rotor diameter d = 80 m)

(b) Partial-wake conditions seen in the photo taken
from Horns Rev 2 wind farm (. gure taken from [5])

(d) Contour plot of the simulated time-averaged
stream-wise velocity component at Horns Rev wind
farm on a horizontal plane at hub level for incoming

wind directions of 284° (partial-wake conditions)
(gure taken from [6]) (Distances are normalized by

the turbine rotor diameter d = 80 m)

Figure 2.2: lllustration of wind turbine wakes (Real and Simulated) ([5, 6, 7])

In Figure 2.2a and Figure 2.2b, the turbulent ow in the downstream region is visualised. In Figure 2.2c
and Figure 2.2d, the wind velocity de cit is seen from the color bars, which show the reduced velocity
in the regions downstream of a wind turbine.

2.2 Wind turbine Wake Breakdown

This section provides a more in-depth overview of a single wind turbine wake. Firstly, a general
overview of the wind turbine wake breakdown process is provided. With that overview, the phe-
nomenon present in a wind turbine wake is explained. Secondly, visualisations are provided which
show the wind turbine wake breakdown at di erent conditions of free-stream wind speed. The stability
of tip vortices, in particular, at above rated wind speeds (up to cut out wind speed) is seen from these
visualisations.

2.2.1 General Overview

In the wind turbine wake, a division can be made into the regions of near wake, intermediate wake,
and far wake [8, 9].

The near wake is taken as the area just behind the rotor, where the properties of the wind tur-
bine rotor can be discriminated, so approximately up to one rotor diameter downstream [8]. Here, the
presence of the wind turbine rotor is apparent by the number of blades, blade aerodynamics, including
stalled ow, 3-D e ects, and the tip and root-vortex helices, which are trailed at the two extremities



of each blade, and can show unstable behavior. The tip-vortex laments de ne a helical structure due
to the combination of the rotational motion of the blade, the free-stream wind ow, and the velocity
eld induced by the vortex system itself.

The far wake is the region beyond the near wake, where the focus is put on the in uence of wind
turbines in wind farm situations, so modelling the actual wind turbine geometry is less important. In
the far-wake region, the in uence of the blade ow is no longer visible: this is the region where the
wake-generated turbulence and the external atmospheric turbulence have contributed to the break-
down and di usion of the tip-vortex spiral and most of the turbulence mixing happens, while the wake
undergoes a re-energising process.

Between these two regions, a third zone can be distinguished, the intermediate wake [9]. This is
the region where the turbulent mixing begins to prevail on the organized vortical structures, where
the tip-vortex spirals may start to interact mutually and become unstable. These regions are illus-
trated in Figure 2.3.

Figure 2.3: Schematic of a wind-turbine wake with tip-vortex leapfrogging instability [9]

With Figure 2.3 the process of wind turbine wake breakdown is visualized. The instability and break-
down of the helical system of vortices in the near wake a ects the development of the turbulence in the
far wake, where the mixing process between the inner and the outer ow regions occurs [9]. Several
authors have investigated the stability properties of the wake's system of vortex laments [10, 11, 12,
13]. The most evident forms of wake instability are the so-called leapfrogging and meandering. The
latter is an unsteady behavior of the wake, in which the whole wake is seen to oscillate randomly
with a low-frequency motion ([14, 15]). The former consists of a pairwise interaction among two or
more consecutive tip-vortex laments, which engage in a roll-up process around each other until their
coherence is disrupted and they break down into small-scale turbulent uctuations.

The role of atmospheric turbulence in ensuring a fast breakdown of the tip vortices to ensure a
quicker wind turbine wake recovery is worth noting (Also refer [13]). The atmospheric turbulence
is very low in o shore wind farms [16, 17], in comparison to onshore wind farms. This states the
importance of using techniques that can induce turbulence in the wind turbine wake, especially in



o shore wind farms.

With the wind turbine wake breakdown process discussed, Figure 2.4 below shows the vertical pro-
les of velocity (normalised with free-stream velocity) in the wind turbine wake. These pro les are
generated by use of 4 di erent high- delity simulation codes, by the authors of [18].

Figure 2.4: Vertical pro les of stream-wise mean velocity (normalised by free-stream velocity) at
di erent downstream distances [18]

In Figure 2.4, the top x-axis represents the downstream position (normalised by wind turbine rotor
diameter) and the y-axis represents the altitude (normalised by the wind turbine rotor diameter).
The velocity pro les seen in Figure 2.4 are for the NREL 5MW reference wind turbine [19]. It is
evident that in further downstream distances the wind turbine wake recovers more and more, that is,
the velocity in the wake start to reach the free-stream velocity. It is worth noting that even at the
downstream distance of 15D, the wind turbine has not fully recovered (also refer [20]), while most of
the wind farms incorporate a 5 to 7 rotor diameter distance between two wind turbines [21]. Thus,
the need for enhanced wake recovery is clear, to ensure more optimal wind farm performance.

2.2.2 E ect of Tip-speed Ratio

The wind turbine wake breakdown is a ected by the tip-speed ratio of the wind turbine (Refer Equa-
tion 3.4). As can be seen, the tip-speed ratio is varied by either changing the rotational speed of the
wind turbine or having a di erent free-stream wind speed. A visualisation of the wind turbine wake
breakdown for di erent tip-speed ratios (by means of varying free-stream conditions in high- delity
simulations) is provided in Figure 2.5, extracted from [13].

(@ =11:78and U; =6 (b) =7:07and U; =10

(c) =5:05andU; =14 (d =3:21and U; =22

Figure 2.5: lllustration of wind turbine wake by means of vorticity contours (Wind turbine rotor is
at left) [13]



Figure 2.5 provides the wake breakdown of the Tjeereborg wind turbine (rotor radius-30:56m) which
has a optimal tip-speed ratio of 7:07, as is the case in Figure 2.5b. At this tip-speed ratio the tip
vortices were observed to undergo a Kelvin Helmholtz instability approximately 5 rotor diameters
downstream. The root vortices became unstable at an earlier point (about 3 rotor diameters down-
stream) due to their proximity, and further downstream the root and tip vortices interact, which
causes the wake to become fully turbulent. In the case of Figure 2.5a it was observed that the bound
vorticity was not shed o in individual vortex tubes, as in the other 3 cases. At the lower tip-speed
ratios in the case of Figure 2.5¢ and Figure 2.5d, the instability of tip vortices was not apparent, due to
the generally higher stability of the tip vortices, when the tip-speed ratio and thus also the thrust is low.

Now, a three-dimensional visualisation of the wind turbine wake breakdown (for the wind turbine
and di erent tip-speed ratios, as in Figure 2.5) is provided in Figure 2.6, extracted from [13].

(@ =11:78andU; =6 (b) =7:07and U; =10

(c) =5:05andU; =14 (d =3:21and U; =22

Figure 2.6: lllustration of wind turbine wake by means of iso-surface plots of vorticity [13]

From Figure 2.6 it becomes evident that, at the lowest tip-speed ratio (Figure 2.6d) the wind turbine
wake has a clear and stable screw surface geometry. For the cases as in Figure 2.6b and Figure 2.6c,
a good impression of the helical structure of the distance tip vortices is made. Lastly, at the highest
tip-speed ratio (Figure 2.6a), the complete breakdown of tip vortices into small scale turbulence is
shown.

In this subsection, a visualisation of the wind turbine wake, specially, the behaviour of tip vortices is
shown in the case of same rotational speed but di erent free-stream wind speed. It is worth noting
that the visualisation provided in Figure 2.5 and Figure 2.6 are for uniform in ow conditions and not
an atmospheric turbulent in ow. The cases of lower than optimal tip-speed ratios are comparable to
the real-life scenario where the wind turbine operates in free-stream conditions of above rated wind
speed. This is because, at above rated wind speed (up to cut out wind speed), the wind turbine no
longer increases its rotational speed but the blades are pitched in order to cap the power (For in-depth
overview of the control regions, the reader is referred to Chapter 8 of [3] ). Thus, once again, the
importance of inducing turbulence at these conditions in order to stimulate breaking of the stable tip
vortices for a quicker wake recovery is clari ed.



2.3 E ects of Wind Turbine Wakes

The wind turbine wake, a region a ected by lower wind speed and higher turbulence, negatively a ects
the wind turbine's performance and structural integrity. The wind turbine wake leads to decreased
energy production of downstream turbines. These e ects are much more critical on bigger wind
farms, where multiple turbines are grouped together and their di erent wake e ects are combined.
It can even be 20% for a farm of 140 turbines with a spacing of 5 rotor diameters [22]. An increase
in the turbulence of the wind potentially increases the dynamic mechanical loading on downwind
turbines [23]. Wind turbine wakes introduce more signi cant wind shear in addition to the higher
turbulence intensity, leading to higher mechanical loads. The wind turbine wakes produce added
turbulence intensity from 6 8% up to 20 25% [24], with di erent coherence of turbulence. With
these damaging e ects on the wind turbine components, wind turbine wakes lead to downstream wind
turbines' lifetime reduction, power production reduction, and more frequent maintenance due to the
higher structural loading, leading to an increase in the levelized cost of energy (LCOE).

2.4 Summary

In this chapter, background information necessary for understanding the working principle of wind
turbines, the wind turbine wake and its break down was discussed. The role of atmospheric turbulence
for a quicker wake recovery was clari ed. The stability of tip vortices and their interaction was clari ed

by means of visualisation of vorticity contours and iso-surface, at di erent uniform in ow conditions

in high- delity simulations. The extremely stable structure of the tip vortices during low tip speed
ratio conditions was discussed as well. The adverse e ects of wind turbine wakes, especially in large
wind farms, was clari ed. With this background information, the objective was to help the reader
realise the importance of techniques to mitigate the wind turbine wakes, that is, implement concepts
to ensure quicker wake recovery which will be bene cial for downstream wind turbines. The next
chapter explains some current techniques for mitigating wind turbine wakes.
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The previous chapter provided an overview of the wind turbine wakes. The adverse e ects of wind
turbines wakes were mentioned. The reduction of power output in downstream turbines is evident
from the wind turbine wakes. Thus, wake management and control techniques are a crucial research
topic. The conventional control scheme for a wind farm is known as greedy control and uses maximum
power point tracking; in which every wind turbine is independent and agnostic of other wind turbines.
Each wind turbine uses inputs from several sensors to determine the wind direction and the wind tur-
bine's current operational state, in particular rotor speed, in a control algorithm that determines the
best control to maximize power production unless the operator overrides it [25]. Thus, this approach
disregards the e ect of one wind turbine on other wind turbines.

Therefore, this type of control will not always lead to an optimal power production of the wind
farm because of the wake e ects faced by the downstream wind turbines. Researchers have proposed
and studied several wake control strategies, to decrease the power loss of downstream wind turbines by
steering (de ecting the wind turbine wake away from another downstream turbine) or weakening the
upstream wakes (faster wind turbine wake recovery by inducing increased wake mixing or by pitching
to lower angles of attack to cause change in thrust coe cient). Some of these techniques which focus
on the latter, that is, decreasing the strength of the wind turbine wake, are discussed in the coming
sections of this chapter. Some more details on wake control techniques and a review of those can also
be found in [25, 26, 27, 28, 29].

3.1 Static Axial Induction Control by Pitch Control

Pitch control is a technique in which the wind turbine blade pitch angle is modi ed either individually
for each blade or collectively for all blades. With this technique, the induction factor of the wind
turbine can be varied, which leads to di erent power and thrust production for the wind turbine. The
induction is the change in wind speed caused by the presence of the (rotating) rotor (which may be
represented by an actuator disc). The axial induction is the change in wind speed in the direction of
the axis of rotation of the rotor, for a horizontal axis wind turbine. When the rotor is aligned with
the wind, this is the change of the wind speed in the wind direction; in this simple case of no yaw
misalignment, the change in wind speed is actually a reduction in wind speed, because the thrust force
causes the wind to slow down . The axial induction factor is the change in wind speed normalised by
the undisturbed wind speed. There is also tangential induction, which is the change in wind speed in
the direction of rotation of the blade. Here, only the axial induction factor is mentioned because of
its importance towards the pitch control technique. The axial induction factor of a wind turbine is

formulated as: U U
1 r
a= — ' 3.1
o (3.1)
Here, U; is the free-stream wind speed andJ; is the wind speed at the wind turbine rotor disc.
Upon a simple analysis of a wind turbine represented as an idealised actuator disc [3, 4], a relation
between the axial induction factor and the power coe cient (Cp) and thrust coe cient ( C;) of the
wind turbine can be obtained as:

Cp=4a(l a)? (3.2)
Ci=4a(l a) 3.3)

The change in pitch angle can a ect the tip speed ratio of the wind turbine. This change is attributed
to the di erent relative angles of wind created and the corresponding change to the rotational speed of
the wind turbine. Some details about the same can be understood from Chapter 3 of [4].This change
in tip speed ratio leads to a change in the axial induction factor of the wind turbine. The tip speed

ratio of a wind turbine is formulated as: R

U (3.4)
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Here, is the rotational speed of the wind turbine rotor and R is the radius of the wind turbine rotor.
An example visualisation of the relation between these parameters is shown in Figure 3.1. At the
design point, the optimal operation of the wind turbine is ensured. Upon changing the pitch angles
and the corresponding changes in the tip speed ratio, induction factor, power coe cient and thrust
coe cient the wind turbine will operate at the corresponding non-optimal point.

(a) Power coe cient ( Cp) (b) Thrust coe cient ( Ci)

Figure 3.1: Example of Steady-state blade element momentum aerodynamic power and thrust
coe cient surfaces as a function of wind turbine blade pitch and tip-speed ratio ([30])

Figure 3.1 is an example visualisation of the parameters of the IEA 15MW reference wind turbine
[30]. The changing power coe cient and thrust coe cient are evident by the coloured contour lines.
As described above, when the turbine operates at the corresponding non-optimal point, the idea of
the pitch control technique is to extract less energy from the wind for the upstream wind turbine
and thus have more energy (less wind speed de cit) in the upstream wind turbine wake. Then the
downstream wind turbine can generate more power, and the idea is to have this higher power more
than the loss su ered by the upstream wind turbine.

Researchers have used this concept of using pitch angle to axial induction control to either de ect the
upstream wind turbine's wake or to mitigate the wake losses or a combination of both [31, 32, 33,
34]. In [32], the authors conducted large-eddy simulations of a two-turbine arrangement (in full-wake
conditions), consisting of the Vestas 2 MW V80 wind turbine. The study focused on assessing the
e ectiveness of pitch control technique to mitigate wake loss and also look at how the ambient turbu-
lence intensity a ected the results. Results showed enhanced wake recovery associated with pitching
to stall (negative pitch o sets), as opposed to pitching to feather (positive pitch o sets), which delayed
wake recovery. The increased wake recovery resulted in a noticeable increase 2:8%) in the power of
the two-turbine con guration, only in conditions characterized by low turbulence intensity ( < 4:5%)
in the incoming ow. The negative pitch o sets resulted in an increased thrust coe cient of the
wind turbine, which caused increased shear on the edge of the wind turbine wake. This led to higher
turbine-induced turbulence as well as turbulent momentum ux for negative pitch o sets, resulting
in faster wake recovery. However, it was seen that the e ects of increased turbulent momentum ux
and wake recovery due to pitching became insigni cant at a higher ambient turbulence intensity of
6%. Consequently, the technique of pitch down-regulation resulted in a decrease in power for the
combination compared to the baseline.

3.2 Static Axial Induction Control by Torque Control

Torque control is a technique which in concept is similar to pitch control, that is, to reduce the in-
duction factor of the upstream wind turbine to have more energy available in the wind turbine wake,
thus, more power generation potential for the downstream wind turbine.
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T = % R 5 Cp;max E; gearbox (3.5)

3 3
optimal gearbox

Here, ¢ is the generator rotational speed, gearbox IS the gearbox e ciency and rgearmox is the gear-
box ratio. The opimai is the optimal tip-speed ratio, which leads to the maximum power coe cient
Cp:max - There has been research about mitigating wake loss by using torque control to vary the induc-
tion factor of the wind turbine, for example in [35, 36]. In a high delity simulation study in [35], the
authors conducted a study for the e ectiveness of the torque control strategy to mitigate wake losses.
The study was conducted on 2 in-line NREL 5MW wind turbines [19]. They found that increasing the
torque on the rst wind turbine caused the downstream wind turbine to have a higher in ow velocity
and power production. However, considering the turbines as a pair, the second turbine's power was
not enough to cope with the rst turbine's power loss and resulted in a total power production drop.
They also conclude that the potential for increased wind farm energy production by this technique
of altering axial induction factor is depended on particular atmospheric conditions, wind farm con-
guration and wind turbine characteristics. In some instances the added kinetic energy in the wind
turbine wake is lost to wake meandering and expansion before it reached the downstream wind turbine.

In the experimental study of [36], the authors found that the power production of 2 in-line wind
turbines was almost even for tip-speed ratios ranging betwee#:5 and 6:5. The torque control strat-
egy was concluded not be an e ective strategy. There is not much research into using torque control
for a cluster of wind turbines, which could be due to its low potential as evident from current research.

3.3 Dynamic Axial Induction Control by Pitch Control

The techniques discussed in section 3.1 and section 3.2 involve using a static method of axial induction
control, that is, to have the induction factor reduced (set) to a pre-determined values. This section
explains a dynamic induction control technique, in which the induction control is varied continuously.
The main reason for a switch towards this type of technique is that the static induction control leads
to minor to non existent power production gains for the wind farm [37].

After being rst introduced as a concept, in a patent [38], the concept of dynamic induction con-
trol was utilised in a simulation study by [39]. Using large-eddy simulations, the authors investigated
optimal control of wind-farm boundary layers, considering the individual wind turbines as ow actu-
ators, whose energy extraction can be dynamically regulated in time so as to optimally in uence the
ow eld and the vertical energy transport. The dynamic wind turbine control optimisation was done

by conjugate-gradient optimization method in combination with adjoint large-eddy simulations. Ow-
ing to the high computational expense of this control optimisation and also the resulting loads on the
wind turbine due to such a dynamic variation, the authors in [37] introduced a novel concept, called
Helix approach, using dynamic individual pitch control. This concept was developed by the idea of
sinusoidal control signals [40] to reduce computational expense and make the control strategy practical.

The Helix approach is a periodic dynamic induction control technique, with the periodic sinusoidal
input signal. Smoother pitch input signals were obtained which reduced the fatigue loads on the
wind turbine and almost comparable power gain as to unrestrained control signals. Experiment and
aero-elastic simulations were conducted with this method, as described in [41]. The results proved
the e ectiveness of this approach and the evidence of it out-performing the static induction control
techniques. Another study, in [42], used high delity simulations; Large eddy simulation [43] using
Actuator line modelling [44]. The authors state the power production increase by use of dynamic
induction control came at a signi cant expense of structural fatigue loading on the wind turbine.
However, the wind turbines were not full scaled ones, thus, the authors conclude about need of veri-
cation of this increase in fatigue loading for full scale wind turbines.

Following this Helix approach, the work in [45], implemented multi-sinusoidal and higher harmon-
ics' signals, rather than the xed amplitude and frequency sinusoidal signal in the original Helix
approach. The work assessed the potential of faster wake recovery using the multi-sinusoidal input
signals. Using the free-vortex wake model, the results indicated a considerable earlier breakdown of
the tip vortices, thus fast wake recovery. It was found that in comparison to the original control signal
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in the Helix approach, the use of multi-sine pitch input signals stimulate earlier wake breakdown byl:5
times the rotor diameter. However, there were some recommendations towards use of higher delity
methods in order to tackle the limitations of the free-vortex wake model. The recommendations also
include about a detailed load, fatigue analysis to understand the structural impact of the multi-sine
signals.

3.4 Add On Devices

The above sections of this chapter explained some wind turbine control orientated techniques to
mitigate wind turbine wake loss or to enhance wind turbine wake mixing. This section discusses some
concepts to mitigate wind turbine wake loss by means of add on devices to a wind turbine blade or
utilise smart rotor concepts for upcoming wind turbine rotor blades.

3.4.1 Gurney Flaps

The Gurney ap is a simple small tab (height usually lower than 2% of the airfoil chord) added
to the trailing edge of the high-pressure side of an airfoil. They are oriented perpendicular to the
free-stream at the trailing edge of an airfoil or wing which can increase the lift considerably with
only a small drag penalty (refer Figure 3.2b). The Gurney ap itself is named after the race car
driver Dan Gurney, who, in 1971, discovered the signi cant gain in down force when applying the
device on the rear spoilers. Following that, Liebeck [46] made a widespread introduction of the Gur-
ney aps. Since then, they have been extensively used on aircrafts and rotor-crafts as a high-lift device.

Apart from Gurney aps, there are also dierent types of aps (refer Figure 3.2a), one of them,
a plain ap.

(a) Some types of aps (b) Gurney ap

Figure 3.2: A visualisation of the Gurney aps in comparison to the di erent types of aps [47]

There has been research on plain aps for wind turbines [48, 49, 50], and as a part of smart rotor
concepts for upcoming wind turbine rotors [51, 52, 53]. The conclusions from [48] state a considerably
earlier breakdown of the excited system, which proves the concept of using plain aps to excite insta-
bilities in the vortex system. The study in [50] evaluated the potential of load reduction by use of an
active ap (plain) system and did nd load reduction in the order of magnitude of 3% are feasible for
several main components. Although the use of plain aps in some of these studies is proposed as an
add-on to wind turbines, the active ap is made feasible by means of certain pneumatic systems. For
also a static plain ap, the implementation on existing wind turbine rotor blades could be challeng-
ing. Thus, manufacturing feasibility for the use of plain aps as static or active devices, could be a
bottleneck for the implementation.

With that said, the focus is now shifted to Gurney aps which can be easier to add-on to existing
wind turbine rotor blades, due to their simple con guration. The Gurney aps do act as a high-lift
device but also change the downstream wake development (Refer Figure 3.3), which also depends on
the height of the Gurney ap (Figure 3.4).
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Figure 3.3: Flow patterns without and with the Figure 3.4: CFD simulation of the HQ17 airfoil at
Gurney ap depicted by Liebeck [46] Re = 1x10° at di erent heights of Gurney aps
[47, 54]

In [55], Gurney aps were evaluated on di erent ow regimes on an airfoil. It was found that with the
application of Gurney aps, a long wake downstream of the ap containing a pair of counter-rotating
vortices is formed. This can delay or eliminate the ow separation near the trailing edge on the upper
surface, increasing the total suction, leading to an increased circulation with an enhanced lift. It was
stated that the velocity in the wake is increased by the presence of Gurney aps. They observed
that without the Gurney aps, the airfoil wake is thin and it does not contain vortices and with a
6% chord Gurney ap, the wake becomes thick and sheds regularly like a Von Karman vortex street
(Refer Figure 3.5) where in the vortex seemed to change its sign and location with time.

Figure 3.5: Dye visualization of the wake for the6% chord Gurney ap [55]

The Karman vortex street can be found in both uniform ow and turbulent ow, explaining the
increased lift with Gurney aps. At the same time, the low-pressure region aft of the trailing edge
induces additional drag, especially if vortex shedding is initiated in the form of a Karméan vortex
street [47]. Hence, the lift increase is accompanied by a certain drag penalty that a ects the lift-to-
drag (L=D) ratio accordingly. This discussion provided a background information about the Gurney
ap. Since Gurney aps form a core part of this thesis, the performance and enhanced wake recovery
potential upon use of Gurney aps is explained further below.

3.4.1.1 Aerodynamic and Structural Performance Potential

The performance enhancement of the retro tted wind turbine with Gurney aps will be in uenced by
the change in the airfoil polars (apart from other 3-D boundary layer e ects). For the analysis of the
potential performance enhancement, a Computational Fluid Dynamics (CFD) study was conducted
to generate and analyse the airfoil polars. This CFD study, among other parameters, gave insights
mainly towards the changes in the lift coe cient, drag coe cient and the lift to drag ratio parame-
ters. However, due to con dentiality, the analysis of the airfoil on the 3:8 MW research wind turbine
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used in this study is not discussed. Instead, a literature study is conducted to illustrate the potential
improvements and downgrades of a retro- tted wind turbine with Gurney aps. The literature study
here is focused by utilising previous research.

The authors of [56] conducted an experimental investigation to analyse the e ect of turbulent ow on
an airfoil with a Gurney ap. They conducted wind tunnel experiments on DTU-LN221 airfoil under
di erent turbulence intensities. The turbulence levels used for the experiments wered:2%, 10:5% and
19:0%. The authors also tested di erent heights and widths of the Gurney aps, total of 9 con gu-
rations, concluding that di erent widths have limited impact on the performance while height of the
Gurney ap plays an important role.

(a) Lift coe cient comparison (b) Drag coe cient comparison
(c) Pitching moment comparison (d) Lift coe cient to drag coe cient ratio
comparison

Figure 3.6: Performance of di erent heights of Gurney aps in uniform in ow conditions [56]

They conducted experiments at a Reynolds number in the range oD:8 x10° and angle of attack
ranging from 9:6° to 14:4°, for the low turbulence in ow conditions. The dierent aerodynamic
characteristics of the Gurney ap equipped airfoil and baseline airfoil are shown in Figure 3.6. In the
very low turbulence conditions, they found increase in lift coe cient before the stall angle and limited
e ect above stall angles, as also clear from plenty of existing research. From Figure 3.6a, it was found
that when the ap height changes to 6mm (1% chord), 9mm (1:5% chord) and 12mm (2% chord), the
maximum lift coe cients were increased by 8:47% 9:56% and 13:50% at 9:4°, respectively. Looking
into the drag coe cients in Figure 3.6b, within the range of 9:6° to 10:4°, the drag coe cients show
regular change where the frictional drag dominates as expected. The drag coe cients rise rapidly in
the stall state, at this time the change in drag coe cient was dominated by pressure drag. When the
angle of attack was less than8:4°, the lift-to-drag ratios, as seen in Figure 3.6d, were all larger than
the baseline airfoil. However, the maximum lift-to-drag ratios of the Gurney ap at three heights were
smaller than the baseline airfoil. When the ap heights were 6mm (1% chord), 9mm (1:5% chord)
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and 12mm (2% chord), the corresponding maximum lift-to-drag ratios were decreased byl7:16%,
22:79% and 24:47% respectively.

In the range after the stall angle, the presence of the Gurney ap reduced the lift-to-drag ratios
and the higher the ap height, the more the lift e ciency decreases. The authors also conducted a de-
tailed wake analysis which revealed that the Gurney ap de ects the wake position from the pressure
side of the airfoil, increasing the vertical distance between the airfoil chord and the middle arc. Before
the stall angle, the wake of airfoil with the Gurney ap was inclined to the pressure side of the airfoil.
Above stall angle, the Gurney aps weaken the ability of the wake position de ection; moreover, the
wake velocity de cit was signi cantly increased, and the Gurney ap began to have side e ects on
the aerodynamic characteristics of the airfoil. They conclude that the higher the Gurney ap is, the
larger the wake velocity de cit is, so it indicates a higher mean drag. It is worth noting that only after
perturbing the tip vortices that the enhancement towards wake recovery is obtained (will be explained
in subsubsection 3.4.1.2). It should also be noted that the e ect of Gurney ap will be di erent on
di erent airfoils, airfoils with di erent thickness and camber and other characteristics. The changes
in lift curve slope can also be evident which was found to be the case for the airfoil polars utilised in
this study. These could not be discussed in this study due to con dentiality. However, there is plenty
of research on analysis of airfoils with Gurney aps. To realise these e ects, the reader is referred to
[57] for a detailed background. In particular page 170, gure 11 and 12 of the same help illustrate the
e ect of Gurney aps on lift curve slope.

Continuing on the literature from [56], the authors also report a power density spectrum measured by
the region 1cm directly behind the trailing edge under uniform in ow.

(a) Baseline airfoil (AOA= 8:4°) (b) With 1:5%chord Gurney ap

Figure 3.7: Comparison of the power density spectrum without and with Gurney ap in uniform
in ow conditions (AOA= 8:4°) [56]

From Figure 3.7 it can be observed that both along-wind and across-wind display a clear peak in
the power density spectrum, meanwhile the across-wind energy increased in the apped airfoil. It
indicates there are counter rotating vortices generated by the Gurney ap, while the wake of baseline
airfoil does not show the existence of vortex shedding. With regards to the particular frequency of
the vortex shedding, an estimate can be made by using the Strouhal number.

fSt Ic

St= ¥ (3.6)
Represented by Equation 3.6, Strouhal number is a dimensionless parameter describing oscillating
ow mechanisms, named after Vincenc Strouhal.f s; is the vortex shedding frequency or the Strouhal
frequency, I is the characteristic length scale, in the case of Gurney aps, the height of the Gurney
ap facing the wind, the characteristic speed of which is represented byJ. When the Strouhal hum-
ber is unknown, one can utilise reference Strouhal number values of di erent shapes from literature
(example, [58, 59, 60]) to get a rst estimate of the vortex shedding frequencyf(s;). For example,
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the ap geometry used in [56] is most close to a rectangle, and literature suggests that for a rectangle
of height 2 times its length, St is 0:06. Plugging in this value of St, 9mm height of Gurney ap and
the in ow condition of 20m=s, as reported in [56], for Figure 3.7b, thefs; is found as 133z, o
from the observed peak at 200Hz. The dierence attributed to the reference St not being fully
representative of the Flap geometry, as the authors report theSt of this case to be0:088 which when
utilised gives thefs; as 200Hz, as also evident from the PSD in Figure 3.7b.

The Gurney aps have also been evaluated for wind turbines, in some studies, for example, in [47,
61, 62, 63]. The authors in [47] utilised the Gurney aps in a wind tunnel experiment, on a wind
turbine of 3m rotor diameter. The experiment was performed for the cases of a clean geometry and
a tripped geometry (to enable laminar-turbulent transition at a xed point) and Gurney aps of two

di erent heights. This study focused on using Gurney aps for load control and increase in power. In
[61], the authors conducted wind tunnel experiments and tested Gurney aps on a three-bladed 4.5 m
diameter rotor. The Gurney aps were tested in two di erent con gurations, up to span-wise location

of 60%R and 46%R. For the longer con guration it was found that the extra lift from the Gurney
aps adds more power for low tip speed ratios, but this increase was outbalanced by the extra drag
for the higher tip speed ratios. The shorter con guration was found to have a power increase for all
measured tip speed ratios but the corresponding axial force increased signi cantly. An aerodynamic
performance upgrade provided by Vestas [64] which is a combination of root Gurney aps and vortex
generators leads to an increase in annual energy production by0:8 1:2%.

There appears to be little to no literature on application of aps (non actuating) or Gurney aps
particularly on the wind turbine blade tip. Thus, the resulting performance analysis (section 8.2) in
this study aims to Il this gap in literature along with the eld tests conducted (section 7.2).

3.4.1.2 Enhanced Wake Recovery Potential

When utilising Gurney aps for enhanced wake recovery or wake vortex alleviation, [65, 66, 67, 48,
68, 69] provide detailed study on the topic. The study in [68] investigates the wake of a nite width
Gurney ap on a 40kW wind turbine, in a wind tunnel. It was found that the ap's tip vortex consists

of a stable inner vortex and an outer vortex sheet with adverse vorticity. The outer part interacts with
the periodic upwash behind the ap. The authors also conclude that the periodic change in the ap's
tip vortex and the cross ow are promising for future experiments to validate the advantage of a better
mixing in the far wind turbine wake. They also state that small tip vortices may be advantageous for
the dissipation of large wake structure.

In [67] the authors aim to generate a more suitable induced Gurney ap vortex wake by control-
ling the evolution time of vortex structures, shedding time rate, vortex strength and scales, etc. as an
active ow control mechanism to enhanced aerodynamic performance. They conducted experimental
studies on the wake at low Reynolds number of an airfoilHQ 17 and a Clark Y, retro tted
with Gurney aps in di erent con gurations regarding the position and the oscillating movement at

di erent frequencies. They conclude that the e ect of the xed Gurney ap seems to be located in
the near eld wake whereas the in uence of the oscillating ap appears as an increase in downwash
in the far eld wake.

An e ective way of perturbing a wing tip vortex is to alter the shape of the span wise loading distri-
bution (example, Figure 8.1). This is the underlying concept of turbulators introduced in the patent
[2]. The specic way in which this is achieved, however, has direct consequences on the perturbation
imparted to the vortex. One technique is using miniature trailing edge e ectors (segmented Gurney
aps along the span of the lifting surface). The study from [65] uses this concept as the motivation.
This study is quite relevant as will become evident in the following overview of the same. Their study
was conducted on aNACA 0012wing. A visualisation of the same is given below:
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(a) lllustration of the con guration (b) A rear oblique view

Figure 3.8: The miniature trailing edge e ectors (segmented Gurney aps) con guration used in the
study of [65]

As seen in Figure 3.8, a number of segmented Gurney aps are attached along the trailing edge of the
wing. The authors tested various con gurations in which the required number of Gurney aps were
actuated down. Apart from other parameters, they examined examine the e ect of segmented Gurney
aps on the trailing vortex roll up process. In Figure 3.9, results of one con guration of segmented
Gurney aps tested is shown:

(a) Xooustean — = 0:2 (b) *eongaean — = 0:83

Figure 3.9: Velocity di erence eld (case of a wing with and without static segmented Gurney aps)
at 2 downstream distances [65] (Segmented black rectangles represent the aps)

The con guration seen in Figure 3.9 is the closest to the segmented Gurney ap con guration used
in this study on wind turbine blades (Figure 5.5 and Figure 5.6b). The expectations of wake recovery
by use of segmented Gurney aps is clearly illustrated. In Figure 3.9 the stream-wise velocity contour
is superimposed with tangential velocity vectors. The segmented Gurney aps caused an intensi -
cation of tangential and stream-wise velocity components. The reason behind it being the increase
in circulation due to the change in the span-wise loading (example, Figure 8.2). The authors state
that despite a smooth increment in the loading distribution in the con guration they experimented,

a very small counter-rotating vortex pair also occurred at the ap tips which was then advected by
the strong mean ow due to the primary trailing vortex. The velocity de cit around the Gurney ap

is associated with the increased drag, however, as seen from Figure 3.9b as we go downstream it is
no longer present; because as the vortex continues to roll up, the patches di use into one another by
being constantly advected by the strong tangential velocities (which was also seen in Figure 3.7b and
in the study of [68]). The segmented Gurney aps' e ects were being felt by the vortex more and more
as it continued to roll up. From the experiments, the authors established that in order to signi cantly
perturb the vortex, only 13% of the span needed to be deployed with Gurney aps at any given time.
The actuated span was applied only near the tip of the wing where the loading distribution varied the
most. The intermediate wake insights from this study also con rmed that the e ect of the segmented
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Gurney aps upon the vortex was a lasting and reliable change. They also conclude that miniature
trailing edge e ectors (segmented Gurney aps) can be used to introduce spatial disturbances to a
trailing vortex in both the span-wise and lift directions. Finally, they suggest about the use of minia-
ture trailing edge e ector con gurations (segmented Gurney aps), which if varied in time, may be
useful for wake alleviation.

3.4.2 Winglets

Winglets are small extensions at the tip of any kind of lift-generating wing of nite length. Best known
from their widespread application in modern aviation, winglets are recognized to reduce induced drag
in the tip regions of aircraft wings. This concept was utilised for wind turbine blades in several studies
([70, 71, 72, 73, 74]). Most studies focused on assessing the improvement in power production and the
thrust production of the wingletted rotor. The increase in power coe cient was estimated anywhere
between1 and 10% in the di erent studies.

A particular experimental study of the wind turbine wake, up to four rotor diameters behind a model
wind turbine rotor with two di erent wing tip con gurations has been performed in [71]. The objec-
tive of this experiment was to investigate how optimized winglets attached to a model wind turbine's
blade tips a ect the recovery of the wake ow behind it. Highly spatially resolved measurements in
cross- ow direction were performed in the wake behind a two-bladed rotor (diameter 0f0:9m) with
winglets and the same reference rotor blade with straight-cut tips, to investigate if winglets enhance
the breakup of the tip vortices and possibly promote the recovery process of the wake velocity de cit.
The downstream-facing winglets created a slightly wider wake compared with a non- wingletted refer-
ence rotor, while the mean velocity eld otherwise was very similar. For the wingletted con guration,
an instability was found in the downstream region - 2 and 3, causing the tip vortices to interact
before entirely breaking up around J- 3. In contrast to that, no interaction of the tip vortices
behind the straight-cut reference tips was detected beforel-  3:5. Considering the application of
winglets on multiple rotors in a wind farm setup, the presented results indicate that a higher power
extraction in a wingletted rotor's tip region can also positively a ect the wake's mean kinetic energy
recovery by stimulating a faster tip vortex interaction. Thus, it was concluded that winglets might
not only positively a ect the power output of a single turbine but also mitigate wake losses. However,
the mean stream-wise velocity in the wind turbine wake region up to& = 4 was found not to be
signi cantly a ected by the presence of the winglets.

The concept of winglets was also utilised in the InnoTIP (Innovative rotor blade tips to improve
o shore wind farm vyield) project [75] (Figure 3.10a). This project was a collaboration project be-
tween Energy research Centre of the Netherlands (ECN) and LM Wind Power that aims at reducing
the Levelized Cost of Energy (LCoE) of o shore wind by improving turbine yield as a result of an
improved blade tip geometry. However, simulation studies analysing the e ects of the winglets, did not
yield good enough results and it was concluded that winglets are not e ective to improve the power
production of a wind farm. It was concluded that the production cost will increase when applying
the winglets, mainly due to requirements of special production techniques. Due to the design and
optimisation of winglet parameters, it was stated that the design cost will increase as well.

(a) Winglet on wind turbine blade (b) Turbulators on wind turbine blade

Figure 3.10: A visualisation of the winglets and turbulators (teeth-like triangular shapes) installed
on the wind turbine blade in InnoTIP project [75] (Photo courtesy of Skysurvey BV)
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3.4.3 Turbulators

In the above-mentioned InnoTIP project, an another type of add-on to the blade tip was also tested,
called as turbulators (refer Figure 3.10b). The concept of turbulators was rst proposed in the patent
[2] with the goal to destabilize the wind turbine blade tip vortex during operation of the rotor blade.
Two versions of the turbulators were proposed and one of them was tested by means eld experiments
on ECN's 2.5 MW test wind turbines at a wind turbine test eld in Wieringermeer, Netherlands,
apart from computer simulations.

The one version of turbulators served as an add-on device on the existing blade. These were de-
signed as triangular teeth on the tip of the blade. The other version was proposed a wavy shape to
be integrated with new blade manufacturing. However, the latter was deemed to be less practical
due to likely increase in manufacturing costs and time and the nal wind turbine blade weight. The
former was tted on the wind turbines and eld experiments were conducted to evaluate the power
production of downstream wind turbine as well. An increase in power output of the wind turbine on
which the turbulators were tted, was observed. However, it was concluded that due to lack of data
measurements, the e ects on the downstream wind turbine were not evaluated and remains a recom-
mendation for a future study. Furthermore, the wind turbine wake measurements were not carried
out in this project, and thus the e ect of turbulators towards the potential of faster wake recovery
was not checked for. The further test and validation of the underlying concept of turbulators in this
patent serves as the basis of this thesis. Literature provided in subsubsection 3.4.1.2 (particularly
Figure 3.9) about miniature trailing edge e ectors (segmented Gurney aps) tested on aircraft wing
in the study [65] also serves as a background information on the potential of the turbulators concept
for wind turbine blades.

3.5 Summary

In this chapter, a wide variety of techniques to mitigate wind turbine wake loss were discussed. The
wind turbine control oriented techniques of static and dynamic axial induction control by means of
either pitch angle or torque output variation were discussed. The techniques relating to smart rotor
concepts were explained which included the use of Gurney aps, winglets and turbulators on the wind
turbine blade. The reader was referred to several literature sources to gain further insights on these
concepts and also to come across other concepts of mitigating wind turbine wake losses.

However, based on the literature study of the techniques, there were some limitations and disad-
vantages of these techniques. Firstly, most the studies were recommending eld tests to fully validate
a particular concept. Secondly, some proven concepts were prone to a inherent disadvantage of increas-
ing the structural and fatigue loading on the wind turbines. Thirdly, there were recommendations

to further validate certain simulation studies by higher- delity computational methods in order to
capture all relevant details of the wind turbine wake. Lastly, there were manufacturing and design
optimisation costs linked to certain concepts which did not make the concepts ready for a practical
implementation at scale.

The potential of Gurney aps towards wake control was clear by a variety of studies and its ease
in manufacturing, as also evident by how simple its construction is, in comparison to other types of
aps. The aerodynamic and structural performance enhancement potential upon use of Gurney aps
was discussed as well. Based on the existing literature on wake control techniques, the studies did
lack full-scale tests and eld experiments or high delity simulations. To attempt to overcome these
limitations, is the motivation of this thesis and the objectives of the thesis were clari ed in Chapter 1.
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Chapter 4

Background on Wind Turbine Wake
Simulations
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In the previous chapter, literature review of existing wake mitigation techniques was discussed. This
chapter explains the background of the simulation environment used in this study to investigate the
use of segmented Gurney aps as turbulators for enhanced wind turbine wake recovery. Blade resolved
CFD was not in the scope of this study and the wind turbine wake simulations were aimed to validate
the hypothesis of faster wake breakdown by addition of segmented Gurney aps. The simulations for
the aerodynamic and structural performance analysis were conducted by the conventional method of
dynamic blade element momentum theory (DBEMT). So, a detailed background on DBEMT is not
detailed here. DBEMT is NREL OpenFAST ([76]) terminology for using blade element momentum
theory in dynamic in ow conditions.

In this study, the original approach was to use the high- delity NREL-SOWFA [77]. NREL-SOWFA
(Simulator fOr Wind Farm Applications) is a set of CFD solvers, boundary conditions, and turbine
models. It is based on the OpenFOAM CFD toolbox [78], coupled with NREL OpenFAST. The main
steps in using this approach involved the use of a precursor atmospheric boundary layer simulation
which is used to set in ow conditions of the nal simulation, which then also involves (in this study)
using Large-eddy simulations [43] with actuator line modelling [44] for the wind turbine coupled with
NREL OpenFAST. However there were certain limitations regarding computational expense to simu-
late the e ect of segmented Gurney aps with this approach; discussed in the coming section.

To overcome the limitations, a change in the approach was made and the simulations were performed
by using the mid- delity NREL OLAF [79], coupled with NREL OpenFAST. cOnvecting LAgrangian
Filaments (OLAF) is a free vortex wake (FVW) module. Brief overview on these techniques is given
in the coming sections.

4.1 NREL SOWFA

4.1.1 Precursor Atmospheric Boundary Layer

The rst step to running the high delity simulations was to generate a precursor atmospheric bound-
ary layer. The bottom 0:3to 3 km of the troposphere is called the atmospheric boundary layer (ABL).
It is often turbulent, and varies in thickness in space and time. It is acted upon by the e ects of the
Earth's surface, which slows the wind due to surface drag, warms the air during daytime and cools it
at night, and changes in moisture and pollutant concentration [80]. The precursor(s) are then used
as the corresponding boundary condition for the in ow in the di erent simulation cases.

The atmospheric boundary layer solver is a large eddy simulation solver governed by LES- Itered
continuity, momentum and potential temperature equations. The momentum equation consists of
the Boussinesg-buoyant forces, the Coriolis force due to planetary rotation, uniform pressure gradient
driving the ow, SFS momentum uxes. The solver employs a wall model for surfaces stresses close
to the ground, in accordance with Monin Obukhov- similarity theory. Detailed theory on the solver
can be found in literature, for example, in [81, 82, 83]. This approach was chosen as it would allow to
replicate the in ow conditions during the Field tests, in a realistic manner.

4.1.2 Actuator Line Modelling

Owing to the high computational expense and practical in-feasibility of blade-resolved CFD, NREL
SOWFA makes use of the actuator line technique developed by [44]; where in the wind turbine blade
is represented as lines (Figure 4.1). The loading is distributed along these lines which represent the
blade forces. The developed algorithm combines a three-dimensional Navier-Stokes solver with this
actuator line technique, originally developed in the vorticity-velocity (! -V) formulation.
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Figure 4.1. Representation of the actuator line method for a wind turbine rotor

The following relation was obtained after applying the curl operator on the Navier-Stokes equations
in vorticity-velocity variables:

|
e,
@t
In Equation 4.1 the formulation then is in terms of three transport equations for the vorticity com-

ponents, three de nition equations connecting velocity and vorticity and the continuity equation as
shown below:

r (I V)= r (r D)+r f 4.1

r  v=1I!; r V=0 (4.2)

Kinematic viscosity is represented by and f is the loading which is introduced as a body force on
the right-hand side of the momentum equations. Now, in terms of the primitive pressure and velocity
variables the Navier- Stokes equations and the actuator line concept are combined as:

@V 1 2

—+V rV= =—rp+ r°Vv+f 4.3

ot p (4.3)
Here againt is time and is the air density and f is the loading which is introduced as a body force
that is added to the momentum equations, p is the pressure. The body forces are located along the
blades, which are represented by actuator lines, as seen in Figure 4.1. The body forces are determined
by the blade-element momentum theory ([84]) with two-dimensional airfoil data. The body force is
given by Equation 4.10 and the equations that lead to that relation follow as:

L= 5CI( ) (Ue)cdr (@.4)

D = 2Ca( ) (Ui)’car (4.5)

HereL and D are the lift and drag respectively with ¢; and ¢4 the respective lift and drag coe cients.
The visual representation of these forces and other necessary parameters are shown in Figure 4.2
below:
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Figure 4.2: Cross-sectional airfoil element [85]

As seen in Figure 4.2,U,q is the local velocity relative to the blade; c is the chord length and dr is
the thickness of the blade elementsU,¢ is calculated as:

Uel = (U7 +( T U2 (4.6)

In the above equation, U, and U are the axial and tangential velocity respectively; is the rotating
angular velocity and r is the rotating radius. The angle of attack is given by the di erence of the
angle of in ow and the local pitch angle of the blade:

- (4.7)

The force per span wise unit length is given by:

f=(LD)= 5 (Ua)’o(GiE + Cap) @)

In the above equation, e, and ey are the unit direction vectors of L and D respectively. As the
source term in Equation 4.3 is given by the curl of the load, it acts as a singular vorticity source along
the rotor blades. In order to avoid singularity, a constant is added to adjust the strength of the
regularization kernel function, one form shown as:

@)= - exp( (1)) (4.9)

O

In the above equationd; is the distance between the measured poinfx;;yi;z) and the initial force
points (X;y;z) on the wind turbine blade. is the kernel function between the measured and initial
force points. Finally, the body force f on the nearby mesh is calculated by the following relation:

1

3 3

X d
fooyizin=1f = fayiszi) 5z exn( (4)?) (4.10)

j=1

Here, N is the number of neighbouring blade sections and thus smooth interpolation of the discretised
force on each blade section is possible on the neighbouring mesh nodes. One limitation of the blade-
element theory is in terms of the necessity to correct for the tip loss e ect of rotors which plays
an important role in the prediction of wind turbine performance. Thus the Prandtl-Glauert tip loss
function ([86, 84, 87])is used as:

B(R r)

2
Fi, = — arccos(e -
tip ( Xp( 2I’ sin

) (4.11)
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where B is the number of blades. However, in NREL SOWFA, we are simulating the entire 3-D ow
around the blades, so there is not a present need to enable this correction. In this section and the
previous section, a basic overview of the high- delity simulation environment of NREL SOWFA was
provided. The precursor atmospheric boundary layer and its use as an input for in ow conditions for
the large-eddy simulations with actuator line theory was explained. The next section explains the
limitations faced with actuator line modelling to simulate the e ect of segmented Gurney aps on the
wind turbine wake, which made it necessary to change the approach.

4.1.3 Limitations faced

Before mentioning the limitations faced in using actuator line modelling in this study, it should be
noted that the limitations explained are not in the scope of general use of actuator line modelling,
but for the case of also using it to evaluate the e ect of segmented Gurney aps (as in Figure 5.5)
in comparison to the baseline case. Thus, some of the limitations discussed here can be tackled after
careful simulation setups, when only simulating the baseline case, while could not be tackled (by use
of the current publicly available version of NREL SOWFA) for the retro tted wind turbine case with
segmented Gurney aps. For detailed insights into requirements of a good simulation setup, the reader
is referred to, for example, [88, 89, 90]

In Equation 4.9 and Equation 4.10, the regularization kernel in Gaussian form is user specied
based on a variety of factors, such as, CFD grid cell size, blade chord, sensitivity study by looking
at power production with changing (also see [88, 91]). Depending on the speci ed parameter
and the CFD grid cell size, the neighbouring cells are e ected by the body force of each element. A
visualization of the same is given below:

Figure 4.3: Example for 2-D rotational  Figure 4.4: Example for body force
ow over Gaussian lift distribution) [91]  distribution about an actuator line
element [92]

With the visualisation in Figure 4.4, it is emphasized how important the choice of is when trying to
resolve the body force of the Gurney aps on the wind turbine blade tip, without a ecting neighbouring
cell with no Gurney ap. In Figure 5.5 the Gurney ap implemented on the wind turbine blade in
segments is shown. To preserve con dentiality, not stating the exact dimension of the Gurney ap,
an intuitive example is provided here to realise the limitation faced. Let us assume the Gurney ap
has length 1m, and the general rule of thumb stating to use a value of oo =2 ([13]) as a way to
avoid numerical instability with very small  values but achieve accurate turbine power predictions.
With these assumptions, to resolve the di erent lift distributions of the segmented Gurney aps along
the blade span would require a CFD cell of siz&®:5m along the blade span (apart from the further need
for gradual re nement in the wind turbine wake and induction zone for proper capture of turbulence),
under the current implementation of a constant span- wise value in NREL SOWFA. If it were possible
to implement di erent  along the blade span, the problem of small CFD cell size could be alleviated
and only the tip regions could be re ned. However, with the the use of Large- eddy simulations,
to ensure the blade tip does not traverse more than 1 cell in a timestep would lead to very small
timestamps. For example, if we calculate the required number of time steps per rotation, for a rotor
of 70m radius:

2 R 2 70

Nmin:per rotation = e 880timesteps per rotation (4.12)
CFD cell 5
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Thus, for a rotor of 70m radius and let us assume, = 10 rpm = %rps, we will need t = 6:8us.
Alternatively it can also found using the widely checked CFL (Courant Friedrichs Lewy) condition
[93], and using the rotor tip speed instead of the in ow wind speed in the below equation:

CFD cell

C= Crnax (4.13)

The CFL condition as represented by the Courant number C) in the above equation is a condition for
the stability of unstable numerical methods. For an explicit time marching solver, the Cax as seen
in Equation 4.13 is the maximum permissible Courant number, which is 1, while it can be higher for
implicit solvers. With this example it is evident that to resolve the body forces accurately for every
segmented Gurney ap, there is an inherent requirement of the very small timestep which is further
reduced because of the requirement stated above. Thus, to solve the timestep in the order of micro-
seconds for a typical case of operation, for 40 minute simulation, would require huge computational

expense and time which is not practical.

The parameter also has an important e ect on the circulation and thus the shed vorticity (shown

in Figure 4.5). With lower and lower , the circulation can be found to be same as lifting line theory.
Because the velocity is sampled at the center of each actuator element, which is the center of the
bound vortex circulating about the actuator line, the e ects of the upwash and downwash created by
the bound vortex are not seen.; ~ 0:25and = 4 lead to accurate prediction of the expected
constant downwash [90].

Figure 4.5: Comparison of circulation distributions from lifting line technique (LLT) and actuator
line method (ALM) with dierent  values for AR =10 wing [94]

The changing circulation distribution with  is seen from Figure 4.5, however, trying to reduce down
to optimal value as listed above, would once again bring us back to the problem with very small
timestep. There has been research on this topic and attempts to add corrections to the actuator line
modelling, for example, in [94, 95, 96, 97, 98]. The e ect of on the shed vorticity is shown below:
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@ =4:2m (b) =6:3m

(c) =8:4m (d) =10:5m

Figure 4.6: lllustration of in uence of in ALM on shed vorticity [98]

Figure 4.6 shows that the shed vortices interact di erently, specially, away from the rotor. This will
have a signi cant impact on the wake development and thus without the use of an optimal value of

, an accurate comparison of the wake of the wind turbine with and without segmented Gurney aps
cannot be made. The corrections implemented in NREL SOWFA by [98] did manage to signi cantly
reduce the e ect of on the wind turbine power production. However, when analysing the wake, it
was concluded that the correction needs further work. Some corrections were found to be already
implemented in EllipSys3D, the ow solver developed in co-operation between the Department of
Mechanical Engineering at DTU and The Department of Wind Energy at Risg National Laboratory
[99]. Particularly a vortex-based tip/smearing correction which has been implemented in the actuator
line modelling in EllipSys3D can be seen in [96]. However, EllipSys3D was not considered for this
study, for one, as it required licensing unlike the open source NREL SOWFA.

With this discussion, the reasons for a change in approach are established. Mainly, attempting to
replicate the e ect of segmented Gurney aps (without going down the path of blade- resolved CFD)
with actuator line modelling and the corresponding requirement of a very small time-step, of order
micro- seconds has made it necessary to use an alternative method for simulations. The approach of
using Free- vortex modelling can deal with the above mentioned circulation and shed vorticity problem
because it is built on the lifting line technique. The use of NREL OLAF is made for this study and

is explained in the coming sections. The drawbacks of using this approach are also mentioned in line
with the explanation, and in section 6.1.

4.2 NREL OLAF

OLAF is incorporated into the NREL OpenFAST module AeroDynl15. For the wake simulations in
this study, OLAF is used as the free vortex wake modelling option. For detailed literature towards free
vortex wake modelling, the reader is referred to [100, 101]. Some general background on the technique
is given here.

The OLAF module uses a lifting-line representation of the blades, which is characterized by a dis-
tribution of bound circulation. The spatial and time variation of the bound circulation results in
free vorticity being emitted in the wake. The OLAF model is based on a Lagrangian approach, in
which the turbine wake is discretized into Lagrangian markers de ned in terms of wake age () and
azimuthal position ( ) (Figure 4.7).
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Figure 4.7: NREL OLAF: Evolution of near-wake lattice, blade root and tip vortex, and Lagrangian
markers[45]

In OLAF, a hybrid lattice- lament method (Figure 4.7) is used to represent the Lagrangian markers.
The near wake region (speci ed by user) utilises the lattice method and after this region, the wake is
assumed to instantly roll up into a tip vortex and a root vortex. Each Lagrangian marker is connected
to adjacent markers by straight-line vortex laments, approximated to second-order accuracy [102].
The wake is discretized based on the span wise location of the blade sections and a specied time
step. To limit computational expense, the settings can be set such that the root and tip vortices
are truncated after a speci ed distance downstream from the turbine. The wake truncation violates
Helmholtz's rst law stating that the strength of a vortex line is constant along its length, and in-
troduces an erroneous boundary condition. To alleviate this, OLAF has an option to set a frozen
wake which is a bu er zone, in which the markers convect at the average ambient velocity, and the
truncation error is minimized ([103]). The bu er zone is typically chosen as the convected distance
over one rotor revolution. However, OLAF does provide an option to only use the near wake which
allows for more accuracy, with a compromise on computational expense.

With a brief introduction to OLAF, a few formulations are mentioned in this part. OLAF solves

for the turbine wake in a time-accurate manner, which allows the vortices to convect, stretch, and
di use. The vorticity equation used to describe the evolution of the wake vorticity (for incompressible
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homogeneous ows in the absence of non-conservative force) is given by:

o Sl ey @19

di usion

i~ @t
convection strain
In the above equation!, I is the vorticity,! u is the velocity and is the viscocity. The projection
of vorticity onto a discrete number of laments and separately treating the convection and di usion
steps can be done by means of di erent approximations; known as viscous-splitting. The discretization
requires a regularization of the vorticity eld (or velocity eld) to ensure a smooth approximation.
The forces exerted by the blades onto the ow are expressed in vorticity formulation as well. This
vorticity is bound to the blade and has a circulation associated with the lift force. A lifting-line
formulation is used in NREL OLAF to model the bound vorticity:

Figure 4.8: Free vortex wake model based on the lifting-line and the vortex- lament representation
[45]

The need of smoothing functions is explained later with Equation 4.18 and Figure 4.12. NREL OLAF
uses a lifting-line formulation to model the blades. The lifting-line in the current version of NREL
OLAF is de ned as the % chord location from the leading edge. The loads at each cross-section of
the blade are lumped onto the mean line of the blade. In the vorticity-based version of the lifting-line
method, the blade is represented by a line of varying circulation. The line follows the motion of
the blade and is referred to as 'bound' circulation. The bound circulation does not follow the same
dynamic equation as the free vorticity of the wake, but is linked to airfoil lift via the Kutta-Joukowski
theorem. Spanwise variation of the bound circulation results in vorticity being emitted into the wake,
referred to as trailed vorticity. Time changes of the bound circulation emitted in the wake are referred

to as 'shed' vorticity. These terms can be visualised in Figure 4.8.

At a given time step, the circulation ( ) of each lifting-line panel is determined according to one
of the three methods: C;-Based Iterative Method ([101]), No- ow-through Method [104, 105] or User
prescribed circulation. With the C;-Based Iterative Method utilises airfoil polar data at each control
point on the lifting line and uses it in a nonlinear iterative solver to determine the circulation. The
method makes sure that the lift obtained using the airfoil angle of attack and the airfoil polar data
matches the lift obtained with the Kutta-Joukowski theorem. At the end of the time step, the circu-
lation of each lifting-line panel is emitted into the wake, forming free vorticity panels. To satisfy the
Kutta condition, the circulation of the rst near wake panel and the bound circulation are equivalent,
as seen in Figure 4.10:

30



Figure 4.9: Circulation of panels and Figure 4.10: Leading-edge, trailing edge, and
corresponding circulation for vorticity segments lifting-line in Wake and lifting line vorticity
between panels [79] representation [79]

The wake panels model the thin shear layer resulting from the continuation of the blade boundary
layer. This shear layer is modeled using a continuous distribution of vortex doublets (constant strength
assumed on each panel), equivalent to a vortex ring of constant circulation. The boundary between
two panels corresponds to a vortex segment of intensity equal to the di erence of circulation between
the two panels. The circulation of the bound panels and the rst row of near wake panels are equal,
and thus the vortex segments located on the trailing edge have no circulation. The governing equation
of motion for a vortex lament given by the convection equation of a Lagrangian marker is formulated

as: |
dr
dt
In the above equation,! r is the Lagrangian marker position. The Lagrangian convection of the
laments stretches the laments and thus automatically accounts for strain in the vorticity equation.

A rst-order forward Euler method is used to numerically solve the above equation explicitly. In

polar co-ordinates (in terms of the variables shown in Figure 4.7), the equation of motion for a vortex

lament is formulated as: U
@ (; ) . @ (; ) _ VIr(G )it
@ @
In the above equation, ‘é—t = ,d =d ([103)]), and r (; ) is the position vector of a Lagrangian
marker. In Equation 4.15 the right hand side velocity term is a nonlinear function of the vortex

position representing combined free-stream and induced velocities. Using the Biot- Savart law, the
induced velocity is represented by:

“ Vi (4.15)

(4.16)

|
di 'r

= (4.17)

Lol
dvix)= YR
|
Upon integration of Equation 4.17 lament length (of elementary length d | ) delimited by points! X1
and X we get:
(retra) !

o
V' =F — { i
() 4 rarp(rera+ry°ry) !

r (4.18)

|The' above equation in conjunction with Figure 4.11, contains the terms ac'srl =! X !xl and ro =

* X Xz. The smoothing function is a part of the Equation 4.18 as the regularization parametei= . To
avoid the numerical instability because of the singularity issue as evident in Equation 4.17, the use of a
regularisation parameter is made to obtain numerical method to converge to Navier- Stokes solutions.
The regularization is used to improve the regularity of the discrete vorticity eld, as compared to the
‘true’ continuous vorticity eld, for a physical vortex lament, viscous e ects prevent the singularity
from occurring and di use the vortex strength with time. The circular zone where the velocity drops
to zero around the vortex is referred to as the vortex core.
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Figure 4.11: NREL OLAF: Geometrical quantities Figure 4.12: Vortex segment velocity for di erent
for a lifting-line panel [79] F [100]

In NREL OLAF, the choice of regularisation function is among Rankine method, Lamb-Oseen method,
Vatistas method, denominator o set method or no correction. The time evolution of the regularization
parameter may be chosen as a constant value, stretching, wake age or stretching and wake age. With
the Vatistas method [106], the regularisation function is formulated as:
2 L I
F = Ll here = u (419)
1+(—) fo

A visual representation of the di erent functions can be seen in Figure 4.12. The Vatistas method
with n = 2 in the above equation is a good approximation to the analytical Lamb- Oseen vortex.
The algebraic formulation of the Vatistas method allows for a faster computation compared to the
exponential form of the Lamb- Oseen vortex. The termr. represents the viscous core radius, which
can be chosen to evolve with time. With the wake age method, the viscous core radius is used as:

re( )= P (reo)2+4  1:25643 (4.20)

In the above equation, the second term accounts for the viscous e ects as the wake propagates down-
stream. The term represents a user- speci ed viscous di usion parameter and depends on the in ow
conditions. Relation between and vortex Reynolds number can be found in [107], which also sum-
marises other research on this topic. The time evolution of the viscous core radius is formulated
as:

dre 2 1:25643 . dre
_ = h _ = h I 421
. =0 wit at 0 on the blades ( )

In this chapter, the limitations because of the low time step requirement when using actuator line
modelling for segmented Gurney aps were clari ed. A change of approach to using free vortex wake
modelling for wind turbine wake simulations was discussed. Background information on the technique
was provided. With this chapter, the literature review chapters of this thesis are concluded. The
coming chapters of this report discuss the setup, data processing and results of the eld tests and
simulations conducted in this study.
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