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Abstract

Wind turbines in a wind farm extract energy from the atmospheric flow and convert it into
electricity, resulting in a localized momentum deficit in the wake that reduces energy
availability for downwind turbines. Atmospheric momentum convergence from above, below,
and the sides into the wakes replenishes the lost momentum, at least partially, so that turbines
deep inside a wind farm can continue to function. In this thesis, I quantitatively explore the
behaviour and recovery processes in a hypothetical deep offshore wind farm and a coastal

offshore wind farm under sea breeze conditions.

The particular emphasis in this study is on comparing the spatial patterns and magnitudes of
horizontal- and vertical-recovery processes and understanding the role of mesoscale processes
in momentum recovery in offshore wind farms. For this purpose, | use the Weather Research
and Forecasting (WRF) model, a state-of-the-art mesoscale model equipped with a wind
turbine parameterization, to simulate the dynamics and thermodynamic of atmospheric flow
within and around hypothetical offshore wind farms with different wind turbine spacings under
realistic initial and boundary conditions. The wind farms consist of wind turbines with 84 m
hub heights, 112 m rotor diameter (D), and rated capacity of 3.075 MW. Different inter-turbine
spacings range from a densely packed wind farm (case I: low inter-turbine distance of
0.5 km ~ 5 rotor diameter) to a sparsely packed wind farm (case I1I: high inter-turbine distance

of 2 km ~ 20 rotor diameter).

First, I study a wind farm located deep offshore where the atmospheric flow is not directly
influenced by land masses. Apart from the inter-turbine spacings, | also explore the role of
different ranges of background wind speeds over which the wind turbines operate, ranging from
a low wind speed range of 3-11.75ms™! (case A) to a high wind speed range of 11-18 ms™'

(case C). Results show that vertical turbulent transport of momentum from aloft is the main



contributor to recovery in deep offshore wind farms except in cases with high-wind-speed
range and sparsely packed wind farms, where horizontal advective momentum transport can
also contribute equally. Vertical recovery shows a systematic dependence on wind speed and
wind farm density that is quantified using low-order empirical equations. Wind farms alter the
mesoscale flow patterns, especially for densely packed wind farms under high-wind-speed
conditions. In these cases, the mesoscale circulations created by the wind farms can transport
high-momentum air from aloft into the atmospheric boundary layer (ABL) and thus aid in

recovery in wind farms.

Most of the current offshore wind installations are located in coastal regions where they are
often affected by sea-breezes. Hence, | further quantitatively study the behaviour and recovery
processes for coastal offshore wind farms under sea-breeze conditions. | use a modified
Borne’s method to identify sea breeze days off the west coast of India in the Arabian Sea. For
the identified sea breeze days, | simulate a hypothetical wind farm covering 50 x 50 km? area
using the Weather Research and Forecasting (WRF) model, again driven by realistic initial and
boundary conditions. | use three wind farm layouts with the turbines spaced 0.5 km, 1 km, and
2 km apart. The results show an interesting power generation pattern with a peak at the upwind
edge and another peak at the downwind edge due to sea breeze. Wind farms affect the
circulation patterns, but the effects of these modifications are very weak compared to the sea
breezes. Vertical recovery is the dominant factor with more than half of the momentum
extracted by wind turbines being replenished by vertical turbulent mixing. However, horizontal
recovery can also play a strong role for sparsely packed wind farms. Horizontal recovery is
stronger at the edges where the wind speeds are higher whereas vertical recovery is stronger in

the interior of the wind farms.

Vi



To the best of my knowledge, this is one of the first studies to look at wind farm replenishment
processes under realistic meteorological conditions including the role of mesoscale processes.
Also, this study for the first time examines replenishment processes in offshore wind farms
under sea breeze conditions. Overall, this study makes a significant contribution in advancing

our understanding of recovery processes in wind farms and wind farm—ABL interactions.
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Ua- B § UaH afdewal argHsety Udig § Sl Tt & SR 39 fasret # uRafdd
Bl &, forass uRumesu R 71fd & S g1l & o Ua- WIH H 91 &1 Ua dfabdl
& foTT U9 o1l &1 U B 1 HRdll ¢ | 3% B SR, 14, 3R fHIRI ¥ agHed
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YA e BTH SR T g1 &1 U P d8d T acy ya e H guiftd ufcharsit
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30T guTfard} URMe iR Tt fufadt & ded foran €1 uas vl & 84 1 89 GaTs,
112 Hi AR AT (D), 3R 3.075 AT ATE B 3¢S & dTel] Ya =feba] § | Fe- Ua BTH
(@9 I: 0.5 farHt ~ 5 Jex T 1 HH HdR-Ud- Tab! gul) I AP faval Ua- B (b IIl:

2 ftft ~ 20 AR B I 3fR-UGT TGB! GIN) TP -3 fcR-Ua- Faeh! grear

3RO B TR B
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& gRUIMH T feeraey fosiell Iare ufeRey fawrd €1 Ua- BrH H Sl &1 3R SifisbaH
fooTet IcTe <A1 AT 81 WY & W W ! ga1 & HRU Ugq B H WD BT SR oft




3ferepam faeTelt SaTeH a1 71T B 1 Ua B uiREeRur yfaey ot gt o §, Ao
3 G=NeAT & THTT T garsh B o H 9gd BHSIR Bid 8| SHeaferR YT Tfd
g &1 U SRS g ol [ Ga- afadhdl gRT Feb1a T & S8 ¥ S B SHeafer
31T FHISI0T GRT HR <1 ¢ | gTaiifop, afcrst gAvifta oft foxat v wif & o U wotad
YfeyepT T Fbcht 31 &S TAuffe ua Bref & fhRT WR 31fiies Aoied gt @ STet gal
1 T 3P Bl § Sy Ua Wl o Sfae-! gwl H SHieR QAT 1w Aelgd
gl 81

TR TSR & TR, ARG d Ufsharstt & YffreT Ifed aurdard) draw ded fRufaat
& 84 Ud- BTH UG Ufihanst &1 <@+ & forT I8 ugdl 9 ¢ | 39d 3iamal, I8
3T gl IR WS §a1 1 RUFA o dgd Suac i ua- |l 8 YA Ufoharsti &1 i
BT ¢ | T HATHR, T8 3T Uad BRI 3R Ua- BH-THud WRER fohar & grmifea
Ufharsl 1 gHR TH B S dgM H Hgayul AT &dl 8




Table of Contents

(@04 (] 1 ToF: LSRR PRPSTRSRR i
ACKNOWIEAGEMENTS ... ..ttt e s be e e neesreenneenee e ii
11 - Tod USSR Y
S ) T 0TSSR Xiv
LIS OF TADIES ...ttt enes XiX
LiSt O ADDIEVIALIONS .....ooviiiiie et XX
(08 1 o 8 SRS 1
I 100 [FTox 1 o] o F TSR TP TR PRPRON 2
1.1 Wind Farm Modeling APProaches..........ccooveiiiiiiciie e 7
1.1.1  Analytical Wake MOGEIS.........c.coiiiiiieiiie s 7
1.1.2  Large Eddy Simulations (LES) ........ccccoeiiiiiiiiie e 8
1.1.3  Numerical Weather Prediction (NWP) MOdelS...........ccoceririiiininiiiiienc e 8
1.1.4  Wind experimental SELUPS......ccciiiiiiieiie it 9
LT o 1= [0 Y o 1SS 10

1.2 LITEratUIE REVIBW .....eiiiiiiiiie sttt bbbttt 11
1.2.1  Recovery in the Wind farm..........ccoooiiiii e 11
1.2.2  WRF Model iMProVemMENTS .......cccvieiieiieeiie et 14
1.2.3  Offshore wind farm - ABL INtEractions...........ccoevvevvereereeirsiese e e see s 16

1.3 Gaps in the Literature and Research Motivation............cccccevvveviiieiiene e, 17
1.4 Objectives and Outline of the WOrK ..o 18
CHAPTER 2 ...ttt et bbb bbb ettt ettt be b 23
2. MEINOTOIOGY ... 24
2.1  Description of NWP MOel WRF .........cooiiii e 24
2.2 Wind Farm Parameterization iN WRF ...........ccooiiiiiiiiiiee e 31
2.3  Power Generation and Turbulent Kinetic Energy Coefficient Calculations............. 33
2.3.1  Power generation CalCUlatioNS ..........c.ccooiiiiieiiiiiie e 33
2.3.2  CalCUIALION TOI CTKE . iviitiriiitieiieierie sttt sttt sre s 34

2.4 Fluxes, Recovery, Momentum Loss Rate and Stability Calculations....................... 35

Xi



2.4.1  Synoptic, mesoscale and turbulent FIUXeS.........ccooeiiiiiiniiie e 35

2.4.2  Horizontal and VErtical rECOVEIY ........ccuiiiiiiiieiie e 36
2.4.3  MOMENTUM 10SS FALE.......iiieitieieiie ettt nbe s 38
2.4.4  Stability CAlCUIALIONS .......ccoiiiiiieiie s 38
2.5  Vector difference along the Prevailing Wind Direction...........cccccccvvvevieiiiciiieiinnns 39
2.6 Identification Of Sea Breeze DaysS........ccccoiiriiiririieiene e 39
2.7  Changes Made in WRF Source Code for Recovery Calculations.............ccccevvinenne 42
(08 1 o 8 o S S PR 44
3. Wind Farm Behaviour and Interactions with the Atmosphere for a Deep Offshore Wind
=L 1 [ O TO PP T OPP TR PPR PP 45
3.1 Design Of EXPEIIMENTS ......cciiiiciiecee ettt re e 45
3.2 MOAel EVAIUBLION ..ottt te e 49
3.3 Sensitivity Study to determine appropriate domain SiZe.........cccccvevevivevveieiieseennns 49
3.4 WINd Farm BehaVIOUT ..........ooiiiiiieiiecse sttt 50
3.4.1  Power generation in Wind farms ...........cccooiveieiiiiiesi e 50
3.4.2  Stability conditions in numerical eXperiments...........ccccoveivrinieiene s 52
3.5 Wind Farm - Atmosphere INteraCtions..........cccccvevueiieiieresiee e e se e e 53
351 WINd farm WAaKES .......ooiiiie e 53
3.5.2  Circulation patterns around offshore wind farms ............cccccevvvieiiiv e 57

3.5.3  Effect of wind farms on synoptic, meso, and micro-scale momentum fluxes...59

3.6 SUIMMAIY ..eiiiieiiiie ittt sttt sttt e et e et e e sbe e s s be e be e e nbeenneeanbeenreeenteens 62
CHAPTER 4 ...ttt b et b e b s et e et st enbenbenbe e 64
4. Recovery Processes in Deep Offshore Wind Farm...........ccccoovveienieiecie s 65

4.1  Quantitative Assessment of Vertical and Horizontal Recovery..........ccccccvevvviveenen. 66

4.2  Characterization of Vertical RECOVETY ........coociiiiiiiiiiiees s 72

4.3  Dependence of Vertical Recovery on Mesoscale FIUXES ..........ccccovvveviviiieiieiiieennnn, 73

4.4  Effect of Stability on Vertical RECOVEIY ........ccoiiiiiiiiiieic e 75

xii



4.5  Effect of TKE Advection on RECOVErY PrOCESSES .......ccocveriirierieeiieniesiienieseesieeiens 77

4.6 SUMIMAIY ..otttk b e bkttt he e bttt b e bt e e ae e bt e b e e beenne s 80
CHAPTER D .ttt bbb bbb e bt bt bt b et bbb 82
5. Behaviour and Recovery Processes in Coastal Offshore Wind Farm under Sea Breeze
L000] 0T [ (o] o 1SS PT PR PUROPTRN 83

5.1 WRF Model Configuration to Generate Meteorological Dataset for Sea Breeze

FABNMTITICALION ...t n bbb 85
5.2  Validation of Sea Breeze Days using METAR Data ..........cccccceeveveiiierveniesieseenens 87
5.3  Behaviour of Offshore Wind Farms under Sea Breeze Conditions .............cc.cccvnees 89
5.4 Power Production under Sea Breeze CONditioNS...........cooceveririninieienene s 91

5.5 Circulation Patterns and Fluxes around an Offshore Wind Farm under Sea Breeze

L070] 1o 1110 FO TSSOSO 100
5.6  Recovery Processes under Sea Breeze Conditions ..........cccocvvevvienieiiieesiesie e s 103
5.7 SUMMEIY oottt ettt b bbb e nneens 106
(08 1 e 8 O OSSP 108
6. Conclusions & Future SCOPe OFf WOIK ..o 109
6.1 CONCIUSIONS ...ttt ettt bbbt nbesre e 109

6.1.1  Wind farm behaviour and its interaction with atmosphere for a large deep
OFFSNOE WING FAINMN.....ooiiiiie e e 109
6.1.2  Quantification of recovery processes for a large offshore wind farm ............. 109

6.1.3  Behaviour and recovery processes for coastal offshore wind farm under sea-

DrEEZE CONITIONS ..o 110

6.2 FUture SCOPE OF WOIK .....c..oviciecc e 111
2] (202 4161 TR 114
CUITICUIUM N ITAE oottt ettt e e e e e e e e ettt e e e e e e e e e e eeeaens 130

Xiii



List of Figures

Figure 1.1: (a) New wind capacity installation in GW till the year 2021, and (b) Projected

offshore new wind capacity installation in GW (GWEC, 2021) .......ccccceeveviverveieneese e 3
Figure 1.2: Schematic diagram of vertical and horizontal recovery processes............cc.ccoceeuene. 5
Figure 1.3: Different flow scales for wind energy (Porté-Agel et al., 2020) ........cccccevervrienene. 7

Figure 1.4: Wind farm locations for deep offshore wind farm (Chapter 3 and 4), and coastal
offshore wind farm under sea breeze conditions (Chapter 5) .........ccccooviiiiieieienene e 19
Figure 2.1: Arakawa- C grid used in WRF model ..o 29

Figure 2.2: Interactions between different physics schemes used in WRF (Skamarock et al.,

Figure 2.5: Flow chart of Borne’s algorithm for identification of sea-breeze days................. 41
Figure 3.1: Model domain showing the three nested grids. The small rectangle in the centre
SNOWS the WING FAIM. ... 46
Figure 3.2: (a) Wind farm layouts for case I, case Il and case 111 with inter-turbine distance of
0.5 km, 1 km and 2 km where the red dots represent the wind turbines. (b) Power curve (blue),
power coefficient (green) and thrust coefficient (red) of 3.075 MW Vestas turbine as a function
of wind speeds. The horizontal bar represents the wind speed ranges during 3 cases (A, B and
C) SIMUIBLET. ... et b et e st e et e st e sbeesbe e e e sbeenbeaneeas 48
Figure 3.3: Scatter plot of (a) wind speed (WS), ms™ and (b) wind direction, degree observed

by ASCAT and simulated by WRF along with the best fit line (blue) and expected fit (red). 49

Xiv



Figure 3.4: Wind speed difference (CTRL-WF) for domain size of (a) 300 km x 300 km
simulation and (b) 1000 km x 1000 km simulation. The arrows represent the vector difference
between the CTRL CaSe aNd W CaASE.........ccouiiiiiiiie et 50
Figure 3.5: (a) Wind rose diagrams depicting hub-height wind speeds, WS (mst) over the wind
farm area for the CTRL case, (b) averaged power (MW) generated in the WF cases for (A)
January, (B) June, and (C) July with (1) 0.5 km, (I1) 1 kmand (111) 2 km inter- turbine spacings.
In (b), the plot depicts the wind farm ONlY..........cccooov i 52
Figure 3.6: Averaged difference in wind speed, AWS (ms') over the rotor depth (28m-140m)
(WF-CTRL) for (A) January, (B) June, and (C) July with (1) 0.5 km, (1I) 1 km and (I11) 2 km
inter-turbine spacings. The black square depicts the wind farm. Only the statistically significant
results (p<0.01) are shown. White coloured regions represent areas where the wind speed
differences are not statistically significant. The vectors represent the wind in the corresponding
CTRL cases; every 2501 VECTOr iS SNOWN. .........ccccveviveieteeceeeeieteeee et 56
Figure 3.7: (a) Difference in horizontal wind velocity, AV (ms?) (WF-CTRL) and, (b)
Difference in vertical wind velocity, Aw (ms™) (WF-CTRL) on a vertical cross-section along
the predominant wind direction for case: (A) January, (B) June, and (C) July with (1) 0.5 km,
(1) 1 km, and (111) 2 km turbine spacings. Only the statistically significant results (p<0.01) are
shown here. The white coloured regions represent areas where the differences are not
significant. The black dashed box depicts the wind farm cross-section. The red dashed line
depicts ABL height (WF case) and red solid line depicts ABL height (CTRL case). The arrows
represent the predominant Wind direCtioN. ..........c.ooviiiiiiie i 58
Figure 3.8: Difference (WF-CTRL) in vertical profiles of vertical synoptic (solid line),
mesoscale (dashed dotted line), and microscale fluxes (dashed line) averaged over the wind
farm for the simulation period for (A) January, (B) June and (C) July. Horizontal black dotted

line shows the height of the upper tip of the wind turbine rotor. ............cccocevveieiicci e, 61

XV



Figure 4.1: (a) Vertical recovery (normalized by power) and (b) Horizontal recovery
(normalized by power) for case (A) January, (B) June, and (C) July with (1) 0.5 km, (I1) 1 km,

and (111) 2 km turbine spacings over the wind farms. Black arrows (scaled to the magnitude of

averaged wind speed) show the prevailing wind direction from the CTRL case. ................... 69
Figure 4.2: Momentum loss rate (ms2) over the wind farm ............cccccceivviivicieccre e, 71
Figure 4.3: Speed, ms™ (WF) over the wind farm ..........ccccocoeeieiiniicieniseeee s 71

Figure 4.4: Scatter plot of vertical replenishment with (a) absolute momentum loss rate for all
cases; and upwind wind speed for (b) case A-1, B-1 and C-I, (c) case A-11, B-Il and C-I1 and (d)
case A-IlI, B-Ill and C-l1l. The solid blue line indicates the best fit and dashed blue line
indicates the 99% prediction intervals. The total number of data points in Fig. 4.4a are
9x50x50x48 and in Fig. 4.4b—d are 3X50X50X48. ........coviiiiiiiieienere e 73
Figure 4.5: Scatter plot of averaged vertical recovery (at hub-height) on averaged vertical
mesoscale flux of u momentum (integrated between 1000-2500 m) for case C-1. The values
are averaged over the wind farm. The solid blue line shows the best-fit and the dashed blue
lines show the 95% prediction INEIValS. .........ccvviiieiie e 74
Figure 4.6: (a—i) Relationship between vertical recovery (ms2) and Rf for all the nine cases.
The recovery data is segregated for different wind speed (WS) ranges. U, N and S depicts
unstable, near-neutral and stable atmospheric conditions, respectively, (j—I) same as Fig. 4.4b,
¢ and d, but the vertical recovery (ms) is spatially averaged over 50 km x 50 km wind farm
points for each hour and data is binned as per different static stability conditions that are
calculated using Rf. The total number of data points in Fig. 4.6j—I are 3x48 each................. 76

Figure 4.7: Same as Fig. 4.6, but the stability classification is done using non-local lapse rate

MELNOU. ...t 77
Figure 4.8: Same as Fig. 4.1 but with horizontal TKE advection turned ‘off’. ..................... 79
Figure 5.1: WRF simulation domain for identifying sea-breeze days.........ccccccocevvrininvnnnnn. 86

XVi



Figure 5.2: Hodograph depicting wind speed (ms) and wind direction for five sea-breeze days

Figure 5.3: Time series of simulated (CTRL) and observed wind speed (WS) and wind direction
(WD) at 11.27 m for the five sea Dreeze days.........cccvviiieiiiiiie e 89
Figure 5.4: WRF simulation domains showing the location of the 50 km x 50 km wind farm
within domain 3. The red star shows the METAR station location at Mumbai airport........... 91
Figure 5.5: Averaged power (MW) generated in the WF cases: I, Il and I11. Power is averaged
over 5 sea-breeze days for 1230 to 1730 IST. The black arrow represents the prevailing wind
o[ =Tot o] o TP TSR TP ST TP PP PR PRPI 94
Figure 5.6: (a) Wind anomalies, (b) power production for case I, (¢) power production for case
Il and (d) power production for case Il for May 04, 2018 at (i) 1230 IST, (ii) 1430 IST, and
(111) 1630 IST. White color inside the wind farm depicts no power generation. ...........c......... 95
Figure 5.7: (a) Wind anomalies, (b) power production for case I, (c) power production for case
Il and (d) power production for case 1l for April 07, 2019 at (i) 1230 IST, (ii) 1430 IST, and
(111) 1530 IST. White color inside the wind farm depicts no power generation. ...........c......... 96
Figure 5.8: (a) Wind anomalies, (b) power production for case I, (¢) power production for case
I and (d) power production for case 11l for April 08, 2019 at (i) 1230 IST, (ii) 1330 IST, and
(iii) 1430 IST. White color inside the wind farm depicts no power generation. ..................... 97
Figure 5.9: (a) Wind anomalies, (b) power production for case I, (c) power production for case
Il and (d) power production for case 1l for April 09, 2019 at (i) 1230 IST, (ii) 1430 IST, and
(iii) 1630 IST. White color inside the wind farm depicts no power generation. ..................... 98
Figure 5.10: (a) Wind anomalies, (b) power production for case I, (c) power production for
case Il and (d) power production for case 111 for April 21, 2019 at (i) 1230 IST, (ii) 1330 IST,

and (iii) 1430 IST. White color inside the wind farm depicts no power generation................ 99

XVii



Figure 5.11: Difference (WF-CTRL) in (a) horizontal wind velocities, AV (ms™?) and, (b)
vertical wind velocity, Aw (ms™) on a vertical cross-section along the predominant wind
direction for (I) case: I, (1) case Il, and (Il1) case Ill. Only the statistically significant
differences (p<0.01) are shown here. The white-colored regions represent areas where the
differences are not significant. The black dashed box depicts the wind farm cross-section. The
red dashed line depicts ABL height in the corresponding WF case. The black arrow represents
the prevailing wind direction. Difference in wind velocities is averaged over 5 sea-breeze days
FOr 1230 10 1730 IS T .ottt bbbttt nb bbb 101
Figure 5.12: Difference (WF-CTRL) in vertical profiles of mesoscale (solid line), and
microscale fluxes (-o- line) averaged over the wind farm and 5 sea-breeze days for 1230 to
1730 IST, for different cases. Horizontal black dotted line shows the height of the upper and
lower tip of the Wind tUrDINE FOTOT. .......ooiiiieee e 102
Figure 5.13: (a) Vertical recovery (normalized by power) and (b) Horizontal recovery
(normalized by power) for case with (1) 0.5 km, (I1) 1 km, and (I11) 2 km turbine spacing over
the wind farms. The black arrow represents the prevailing wind direction. Vertical and

horizontal recovery are averaged over 5 sea-breeze days for 1230 to 1730 IST................... 105

XViii



List of Tables

Table 3.1: Physics settings used in SIMUIALIONS ..........coiiiiiiiicic e 47
Table 3.2: Power generated (GW) by the wind farms. Wind farm efficiencies are given in
PATEINTNESES. ..ttt bbbt bbb bRttt n e n b 51
Table 3.3: Percentage occurrence of different stability conditions............c.cccooevviiiiiciienns 53
Table 4.1: Momentum loss rate (x 10-%), ms2, vertical recovery (x 10-%), ms2, and horizontal
recovery (x 10-%), ms averaged over the wind farm and the simulation period. The numbers in

the parenthesis give the percentage recovery with respect to the corresponding momentum loss

Table 4.3: Change (TKE advection ‘off> — TKE advection ‘on’) in vertical recovery (x 107),
ms-2 and horizontal recovery (x 10-3), ms, averaged over the 50 km x 50 km wind farm, the
48 hr simulation period and case A, B & C. The numbers in the parenthesis give the percentage

change in recovery with respect to the corresponding momentum loss rate. * denotes that the

numbers are Significant at P<O.0L.......cooviiiiiiie i 78
Table 5.1: Physics settings used in WRF SIMUIALIONS .........cccoviiiiieiinieiecc s 86
Table 5.2: Wind farm layout CharaCteriStiCs ...........ooiviiiriiiiieeiesesese e 90

Table 5.3: Power generation (MW) and efficiency (%) in wind farm for different cases. Power
and efficiency are averaged over 5 sea-breeze days for 1230 t0 1730 IST. .....ccccovevvvvervnnnnns 93
Table 5.4: Momentum loss rate (x 10-%), ms2, vertical recovery (x 10%), ms, and horizontal
recovery (x 10-3), ms? averaged over the wind farm and sea breeze hours. The numbers in the

parenthesis give the percentage recovery with respect to the corresponding momentum loss

Xix



List of Abbreviations

ABL

AEP
ASCAT
BEM
CASES-99
CTRL
EWP
FINO

GWEC
HAWT
INCOIS
IRENA
KE

LES

LLJ
MATLAB
METAR
MKE
MYNN
NCEI
NCEP
NOAA
NWP
PBL
PDE
RAMS
RANS
RKE
RRTMG
SST

Atmospheric Boundary Layer

Annual Energy Production

Advanced Scatterometer

Blade-Element Momentum

Cooperative Atmosphere-Surface Exchange Study 1999
Control

Explicit Wake Parameterization

Forschungsplattformen in Nord- und Ostsee (German) / Research

platforms in the North and Baltic Seas (English)
Global Wind Energy Council

Horizontal Axis Wind Turbine

Indian National Centre for Ocean Information Services
International Renewable Energy Agency

Kinetic Energy

Large Eddy Simulations

Low-Level Jet

Matrix Laboratory

Meteorological Terminal Aviation Routine Weather Report
Mean Kinetic Energy
Mellor—Yamada—Nakanishi—-Niino

National Centers for Environmental Information
National Centers for Environmental Prediction
National Oceanic and Atmospheric Administration
Numerical Weather Prediction

Planetary Boundary Layer

Partial Differential Equations

Regional Atmospheric Modeling System

Reynolds Averaged Navier-Stokes’

Resolved Kinetic Energy

Rapid Radiative Transfer Model for General Circulations

Sea Surface Temperature

XX



TKE Turbulent Kinetic Energy

WF Wind Farm
WRF Weather, Research and Forecasting
WS Wind Speed

XXi



	Thesis of Tanvi Gupta.pdf
	tanvi gupta
	Certificate
	Acknowledgements
	Abstract
	List of Figures
	List of Tables
	List of Abbreviations
	CHAPTER 1
	1. Introduction
	1.1 Wind Farm Modeling Approaches
	1.1.1 Analytical wake models
	1.1.2 Large Eddy Simulations (LES)
	1.1.3 Numerical Weather Prediction (NWP) models
	1.1.4 Wind experimental setups
	1.1.5 Field studies

	1.2 Literature Review
	1.2.1 Recovery in the wind farm
	1.2.2 WRF model improvements
	1.2.3 Offshore wind farm - ABL interactions

	1.3 Gaps in the Literature and Research Motivation
	1.4 Objectives and Outline of the Work

	CHAPTER 2
	2. Methodology
	2.1 Description of NWP Model WRF
	2.2 Wind Farm Parameterization in WRF
	2.3 Power Generation and Turbulent Kinetic Energy Coefficient Calculations
	2.3.1 Power generation calculations
	2.3.2 Calculation for CTKE

	2.4 Fluxes, Recovery, Momentum Loss Rate and Stability Calculations
	2.4.1 Synoptic, mesoscale and turbulent fluxes
	2.4.2 Horizontal and vertical recovery
	2.4.3 Momentum loss rate
	2.4.4 Stability calculations

	2.5 Vector difference along the Prevailing Wind Direction
	2.6 Identification of Sea Breeze Days
	2.7 Changes Made in WRF Source Code for Recovery Calculations

	CHAPTER 3
	3. Wind Farm Behaviour and Interactions with the Atmosphere for a Deep Offshore Wind Farm
	3.1 Design of Experiments
	3.2 Model Evaluation
	3.3 Sensitivity Study to determine appropriate domain size
	3.4 Wind Farm Behaviour
	3.4.1 Power generation in wind farms
	3.4.2 Stability conditions in numerical experiments

	3.5 Wind Farm - Atmosphere Interactions
	3.5.1 Wind farm wakes
	3.5.2 Circulation patterns around offshore wind farms
	3.5.3 Effect of wind farms on synoptic, meso, and micro-scale momentum fluxes

	3.6 Summary

	CHAPTER 4
	4. Recovery Processes in Deep Offshore Wind Farm
	4.1 Quantitative Assessment of Vertical and Horizontal Recovery
	4.2 Characterization of Vertical Recovery
	4.3 Dependence of Vertical Recovery on Mesoscale Fluxes
	4.4 Effect of Stability on Vertical Recovery
	4.5 Effect of TKE Advection on Recovery Processes
	4.6 Summary

	CHAPTER 5
	5. Behaviour and Recovery Processes in Coastal Offshore Wind Farm under Sea Breeze Conditions
	5.1 WRF Model Configuration to Generate Meteorological Dataset for Sea Breeze Identification
	5.2 Validation of Sea Breeze Days using METAR Data
	5.3 Behaviour of Offshore Wind Farms under Sea Breeze Conditions
	5.4 Power Production under Sea Breeze Conditions
	5.5 Circulation Patterns and Fluxes around an Offshore Wind Farm under Sea Breeze Condition
	5.6 Recovery Processes under Sea Breeze Conditions
	5.7 Summary

	CHAPTER 6
	6. Conclusions & Future Scope of Work
	6.1 Conclusions
	6.1.1 Wind farm behaviour and its interaction with atmosphere for a large deep offshore wind farm
	6.1.2 Quantification of recovery processes for a large offshore wind farm
	6.1.3 Behaviour and recovery processes for coastal offshore wind farm under sea-breeze conditions

	6.2 Future Scope of Work

	References
	Curriculum-Vitae





