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Leading countries in installed renewable energy capacity worldwide in

China

2018 (in gigawatts)

China 695.87

U.s. 245.25 USA
Brazil 135.67 Brazil
Germany 1000 Germany
India 117.92
Canada
Japan
Italy
Russia
France
(o] 100 200 300 400 500 600 700
Capacity in gigawatts
Source Additional Information:
IRENA Worldwide; IRENA; 2018

© Statista 2019

* Wind power is the cheapest bower

58 % electricity of
lowa is from wi

Wind Projects > 1MW
@ Newin 2013
a Priorto 2013

Wind Power Capacity
Megawatts (MW)

> 10,000
5000 - 10,000

[New Capacity 2013)
- - NREL
RENEWABLE ENERGY LARORATORY

e US Department of Energy sets up the targets of
20% of US electricity from wind energy by 2030;
and 35% by 2050 (~8.4% by 2020).
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https://www.eia.gov/electricity/monthly/
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Technical Challenges Related to Wind Energy
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Table 4-2. Land Area Relative to 2008 Technology

Current (2013) Near-Future % Change from
2008 Turbine Turbine % Change from Turbine Current (2013) @
Technology (km’) | Technology (km’) = 2008@80m | Technology (km’) 80m
1,643,000 2,765,000 68% 3,518,000 21%
3 o o 3,420,000 108% 4,262,000 50%
Wind Power Capacity
e 3,928,000 139% 4,629,000 67%
gy ! :%:m&m Sources: NREL Database, MAKE Consulting
Current wind farms with 80m turbine hub height $600 250
$480 |.. - , R . - R ] 200
g 150m ?
f
§$360 — A T e N ]503
2 100m £
S $240 = — 100 2
m pm =
8 50m -
-l b
$120 0m 50
7m
0 b b i 0
o ,\QQQ F ;\qu, ;\900 1'1906) 2 ;19\0 ‘QG’Q.Q\ Future
! NEICADanty:a(Im \Q% \qq \qq‘) '»000 ’»00 Q

8
« [ ) Negligible
B Excluded

— LCOE (2013 $/MWh) M Hub height (meters)

WS Truepower, National Renewable Energy Lal tory
Bea . Note: LCOE is estimated in good to excellent wind resource sites (typically those with average wind speeds of 7.5 m/s or higher), excluding
- N R E L AWS Truepower the federal PTC. Hub heights reflect typical turbine model size for the time period.

Wind resources with 140m hub height
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Aerodynamics and Atmospheric Boundary Layer (AABL) Wind Tunnel
@ lowa State University

AABL (Aero/ABL) Gust Tunnel
Aero Test Section: 8 ft by 6 ft [110 mph]

\5; Atmospheric Boundary
Layer Wind

ABL Test Section: 8 ft by 7.25 ft [85 mph]
T = H [ doe | @ nacele a a al A2
Parameter (mm) [ (mm) (mm) | (mm) (deg.) (mm) | (mm) | (mm)
R
-
& T . Dimension 140 225 18 18 5° 78 15 50
A ¥ B
\_I: /‘ > x
!
ll> a2 ) ) o
H : ——
d., -
N—— —
ERS-100 turbine blade design by TPI JOWA STATE UNIVERSITY

1:320 scaled model to simulate a 2MW
wind turbine with 90m rotor blades




Experimental Setup to Study Wind Turbine Aeromechanics

Test flow conditions:

e U, =6m/s,

* Re,=10,000
» Tip speed ratio:
A=0~86.5.

Measured parameters:
« Characteristics of turbine wake flows
» Power output of wind turbine models

« Dynamic wind loads acting on wind turbines

4.0 4.0 = 4.0 5
— = —— = Power law fit with OO 3
k=0.12
35 exponent 3.5 oOo 35 OO O Measurement data
O Measurement data OO %
3.0 . 3.0 0 301 Q
(a). Mean velocity (b). Turbul%nce intensity o} (c.). Reynolds stress
25 2.5 % 251 %
Q Q
z ,,|Power law z, ! z, o
s 20 ! § s 20 ? s 20 0,
a=0.12 % o,
15 15 Q 3 15 Q
o, J o o ‘
10 = = = = = g s = O = === —— e e . e 2=
Hub height g % [ Q f
05 (%' 05 [0 Measurement data 0.5 OO
00
a o 8
0 0 e
0 0.5 1.0 15 0 0.05 0.10 0.15 0 0.001 0.002 0.003
U/UH Gu/UH TuV/UH
e Z T = N
7 N
Wind Tunnel V4 \
/ \
/ \
; \
1 D \
Incoming ’I . h \
P \
," ________ I | \
'.«’ |
, . 1
K e Te=== 1
F - A et e T T -—— I
i T _ 3 1
. s e \ - 3
e i - . \ @sma ~-- - 1
i ,’::»‘_-_ — \ generator . /
S DDG 4! Tachometer ) \ inside the _ 4
optics Yacelle II
Host C
Cameras . ost {O-mputer A Varying R 7 4
DDG #2 | —
[~ Zgwe”
Nd:-YAG Laser
Experimental Setup JR3 load cell



http://www.jr3.com/sensors.html

Near Wake Measurement Results at Tip-Speed Ratio, 1=3.0
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Phase-locked PIV Measurement Results at Tip-Speed Ratio, 1=3.0
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Effects of Tin-speed Ratio on the Wake Vortex Structures
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Wake Profiles at X/D=0.5 Downstream of the Wind Turbine Model
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Accidents in year

Wind Turbine Failures

Year

Caithness Wind Farm, UK
http://www.caithnesswindfarms.co.uk/

(202 WT in operation + 198 in construction)

Total number of accidents:

* Human fatalities & injuries: 136+145

» Blade failure:

* Fire:
e Structural failure:
* lce throw:

« Transport:
« Environmental (bird death):
* Others:

1405

265
202
138
34

113
128
282
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Dynamic Wind Loads Acting on Wind Turbines
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Wind Loads Acting on Various Gomponents of Wind Turbine
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Wind Farm Aerodynamics: Wake Interferences of Multipie Wind Turbines

DAYTIME NIGHTTIME

COLD AIR

—

WIND

_—

WARM AIR

WARM AIR RGN/ WAR

WIND. }\%\?Pq)
COLD AIR

TURBULENT\WARM AIF

MIXING.

= Offshore wind farms:
= Wind turbine sitting on flat ocean surface.
= High wind speed with relatively low ambient
turbulence.
= Near neutral atmospheric boundary layer winds.

* Onshore wind farms:
= Atmospheric stability is rarely close to near-neutral,
varying significantly between highly convective daytime
conditions and highly stable nocturnal conditions.
® Mouch higher turbulence level.
=  Wind turbine sitting over complex terrains.

= Most of the existing wind farm design criterion and
standards are derived based on the researches of offshore
wind farms. They may not be applicable for onshore wind
farms.
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The Effects of ABL Turbulence Level on the Wake Vortex Dissipation
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The Effects of ABL Turbuience Level on the Wake Characteristics
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The Effects of ABL Turbuience Level on the Wake Characteristics
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The Effects of Oncoming Turbulence Level on the Wake Characteristics
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Wake interferences among Multinle Wind Turbines
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Eifects of Terrain Topology on the Performances of Wind Turbines

Quantifying the flow characteristics of surface
winds (both mean and turbulence characteristics)
over a flat surface (baseline case) and complex
terrains for the optimal site design of turbines.

Characterizing the turbulent wake flows and
dynamic wind loads (both forces and moments)
as well as their relationships for single wind
turbine sited over a flat surface (baseline case)
and complex terrains for the optimal mechanical
design of wind turbines.

Investigating the effects of array spacing and
layout on the wake interferences among multiple
wind turbines sited over a flat surface (baseline
case) and complex terrains for higher total power
yield and better durability of wind turbines.

Wind turbine array ’

Wind turbines over complex terrains
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Performances of Single Wind Turbine Sited over Compilex Terrains
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Power Outputs of Wind Turhines over Flat Surface vs. Gomplex Terrains
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posl posZ pos3 pos4 pos5

Power output flat surface
(normalized with power output of single 1.00 0.85 0.79 0.73 0.72 4.09
wind turbine sited on flat surface )
Power output low slope hill

(normalized with power output of single 0.91 0.82 1.69 1.02 0.73 5.17
wind turbine sited on flat surface ) (~26% more)
Power output high slope hill
(normalized with power output of single 0.92 0.63 1.33 0.04 0.19 3.11
wind turbine sited on flat surface ) (~24% less)

B O\WA STATE UNIVERSITY |




Performances of Wind Turbines over Complex Terrains

Moderate slope 2D-Ridges

.........

it
------

LT T
--------------------------------------------

f.'.'-T.'.'-T.'.'-T_'.'{'.'{'.'{'.'{'.'{'.'{'.'{“. Lkt ke ek b b o e by L e o etk b L e ot Pl L e e e b L b Lo e L

Power output wind turbines
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Bending moment
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* Root Loss (=5%):

Inner 25% of rotor blades are designed to provide
structural integrity.

The aerodynamically poor design at the root region
would result in a “dead” wind zone where virtually no
energy is extracted from the incoming wind.

» Wake Loss (up to 40%):

Aerodynamic interaction between wind turbines will
results in significant energy loss (up to 40%).
Wake loss is due to the ingestion of low-momentum air

in wakes from upstream turbines by the downstream
turbines.

DRWT concept

main rotor -
root designed
for loads

aero-tailored
secondary rotor

SRWT

DRWT

How Wind Power Wo

Turbine Aerodynamics = =

Horns Rev offshore wind farm
near Denmark

1.0

08

Hu et al. (2014)

—a— Low turbulence inflow
—O— High turbulence intlow

07F

Relative Power Qutput, P/

0.6 L L L
0 3 6 9 12
x/D
ABL wind Entrainment of high-speed airflow from above
to recharge the wake flow
! I
1 ;
: 1 \\ \s \s
ﬁ: \\\ ‘\\ ‘\\ ___
—> > TTsy Tty A
1 1 1
:%’, X/D 4= | D
1 > l\ :'.
7 s L
1 M-
=


http://www.google.com/url?sa=i&rct=j&q=&esrc=s&source=images&cd=&cad=rja&uact=8&docid=YyvADjq7caLpPM&tbnid=IgXX5Qn17FkRTM:&ved=0CAcQjRw&url=http://www.crazyengineers.com/threads/wind-turbines-to-have-90m-long-blades-uks-eti-commissions-project.63716/&ei=T9IhVJaOLZOdyAS-xoHABg&psig=AFQjCNExlJDPlaJcvDZ9Wrq3qemdSuLHTw&ust=1411588926450860

Dual-Rotor Wind Turbine Models and Counter-Rotating Rotor Concept

Soviet Ka-2 helicopter with counter-
rotating rotors

Co-rotating ounter-rotatlng
DRWT DRWT
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ABL wind

Entrainment of high-speed airflow from above to
Jecharge the turbine wake flow
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Comparison of SRWT and DRWT: Thrust Force and Bending Moment

» Time-averaged wind loads acting on the wind turbines:

Configurations Thrust loading Bending Moment
(CFx) (CMy)

SRWT 0.35 0.42

Co-rotating DRWT 0.39 0.44

Counter-rotating 0.36 0.43
DRWT

e ~10% more mean wind loads for DRWTs

* RMS of the dynamic wind loads acting on the wind turbines:

Configurations oC., oCy,

SRWT 0.123 0.133

Co-rotating DRWT 0.161 0.178

Counter-rotating 0.132 0.151
DRWT

e 10%~30% higher wind load fluctuations for DRWTs




Dual-Rotor Wind Turbine Designs

O Dr. Hui Hu and Dr. Anupam Sharma
received 2014 Renewable Energy Impact
Award of lowa Energy Center (IEC) due to
their research on Innovative Dual-Rotor
Wind Turbine (DRWT) Designs for
Improved Turbine Performance and Wind-
Farm Efficiency".

- energy

center
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https://www.aere.iastate.edu/~huhui/Laboratory/DRWT/2014_IEC_DRWT_Design.avi
https://www.aere.iastate.edu/~huhui/Laboratory/DRWT/2014_IEC_DRWT_Design.avi
https://www.aere.iastate.edu/~huhui/Laboratory/DRWT/2014_IEC_DRWT_Design.avi
https://www.aere.iastate.edu/~huhui/Laboratory/DRWT/2014_IEC_DRWT_Design.avi

Wind Projects > 1MW
® Newin 2013

2 Priorto 2013
Wind Power Capacity
Megawatts (MW)
¥ > 10,000
5000 - 10,000
; Total Capacity 1000 - 5,000
- ) [New Capacity 2013] .1<\\I-ULL0)(,
X = <
9\1\7 A %
’ 206 73 " "
= o - i.:NREL
i 3~

* The U.S. wind power installed capacity is over 65 GW as
of the end of 2014, entirely based on onshore wind farms.

“o

GW by Depth (m)

Region 0-30 |EEEVEL
New England 100.2
Mid Atlantic 2981
S. Atlantic Bight 1341
California 4.4
Pacific Northw est 15.1

Great Lakes 176.7 06
Gulf of Mexico 340.3|
Haw aii 23
Total 1,071.2

http://www.nrel.gov/qgis/wind.html

Horns Rev offshore wind farm near Denmark



« Offshore wind technology is divided into three main categories depending on
the depth of the water where the turbines will be placed, as follow:

» Shallow water: Any water depth up to 25 meters.
» Transitional water: Water depths between 25 to 50 meters.

» Deep water: Any water depth greater than 50 meters. (Tension-Leg Platform
(TLP), Spar Buoy, Semi-Submersible

‘ ’ ! TLP Semi-Sub Spar

g8 S
Monopile Jacket/Tripod Floating Stfructures Foating Structures
O0-30m, 1-2 MW 25-50m, 2-5 M\W >50m, S-T10MW >120m, 5-10MW

WE http://www.rya.org.uk/newsevents/news/Pages/Offshorewindenergymovingtofloatingwindturbines.aspx m
H — —




Aeromechanics of Offshore Wind Turhines

~

Spar Buoy Semi-Submersibife https://www.youtube.com/watch?v=DfGxsCOmyed

https://www.youtube.coq]/watch?v=7dkAXmXchs
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+ Sebastian & Lackner (2013), “Characterization of the unsteady aerodynamics of offshore floating wind turbines,” Wind Energy, 16(3), pp. 339-352.



Simulated Base Motions of a Floating Wind Turbine
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translational stage to simulate _,' Lok Ligilio .

wave-induced base motions of
floating offshore wing turbine
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« Surge motion « Pitch motion
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e Combined motion
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Wake Characteristics of the Wind Turbine in Combined Motion
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OrrsHORE WIND ENERGY IN USA?

CBSTHS
MORNING


https://www.youtube.com/watch?v=Toh_7XpyNo0
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http://www.iawind.org/

THANK You VerY Much For Your TimE!
QUESTIONS?

Contact: Dr. Hui HU
Martin C. Jischke Professor and Director
Email: huhui@iastate.edu
http://www.aere.iastate.edu/~huhui/
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