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Resume of Gerard Schepers

Education

1986:Delft University of Technology, Department of Aerospace Technology, graduated at High Speed
Aerodynamics

2000: Propadeuse in Mathematics teaching

PhD thesis completed and defended on November 27t 2012 “Engineering models in wind turbine
aerodynamics’

Appointments:

Researcher at the Energy Research Center of the Netherlands (ECN), 1986-present
(TNO Energy Transition since April 15t 2018)

Summer 2010 and 2011: visiting professor at Korean Universities
HBO professor at University of Applied Sciences Leeuwarden, 2012-2018

HBO professor at UAS Hanze, https://www.hanze.nl/eng/research/strategic-
themes/energy/research/facilities/facility-entrance 2018-present

Main Topics:

Rotor Aerodynamics, Windfarm Aerodynamics, Aeroelasticity, Aeroacoustics, Wind Tunnel Testing, Wind
Turbine Blade Design.

Researcher in various national/international research projects and coordinator of 7 joint European research
projects and 5 joint mondial IEA research projects

Involved in various industry related projects.

December 2007-December 2009: Temporary stationed at Suzlon Blade Technology for consultancy activities
during 4 days/month

Contributing as a (guest) lecturer to annual lecture series at e.g. Technical Universities of Eindhoven and Delft,
University of Utrecht, WUR


https://www.hanze.nl/eng/research/strategic-themes/energy/research/facilities/facility-entrance

Resume of Gerard Schepers

Scientific journal papers and books:

. (g )
Author or co-author of more than 40 peer-reviewed Sy
scientific articles, editor of Wiley’s Wind Energy o S
Aerodynamics Handbook book and more than 100 Peter Fuglsang
conference papers and technical reports Sun Yuping  Edifors
Invited chairman and session editor at almost all major Handbook of

international wind energy conferences

Wind Energy

Aerodynamics

@ Springcr

Additional info:

Inaugural speech:
https://www.hanze.nl/assets/kennisportal/energy/Documents/Public/HANZE-

19 0957%20Redeboekje%20Gerard%20Schepers%20LR.pdf (in Dutch)
your talent. the world.
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A potentially nice event at UAS Hanze

The International Small Wind Turbine Contest (ISWTC)

14-12-2021 share your talent. move the world. *
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ISWTC: General description

Since 2013: A contest is organized between student teams of
Universities which design and build a small wind turbine

Student come from all over the world (Netherlands, Germany,
Poland, Denmark, UK, Egypt, Canada etc)

The contest is held on an annual basis

Until 2017 the contest was organised by NHL, The University of
Applied Sciences Leeuwarden in the Netherlands, now it is
organised by The University of Applied Sciences Hanze in the
Netherlands

The turbines are tested in the Open Jet Tunnel of Technical
University Delft in the Netherlands

The designs are presented at a final symposium at UAS Hanze

An external jury is appointed which assesses designs and
underlying design report

14-12-2021 share your talent. move the world.5



INTERNATIONAL SMALL WIND TURBINE CONTEST
FOR STUDENT TEAMS

Prlce Ceremony at NHL
Winning team WETI (UAS Flensburg and Kiel)
Design review committee (Holger Lange UAS
Bremerhaven, Ben Hendriks, GL-GH)
Jury: Mathias Schubert, Former CTO van
REpower, technology watcher Eize de Vries and
Johan Kuikman van Fortiswindenergie
NHL organisers

Winning Team WETI in TUDelft OJF

14-12-2021 share your talent. move the world.
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Student tasks:

Design, build, optimize a small wind turbine with your fellow students from
different disciplines.

Maximum energy production
Minimum costs

gL
LT

[

Project management
Participate in contest
Present design at closing ceremony
Have fun with other student teams!

share your talent. move the world.
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ISWTC 2022....

“On Tuesday the 19™ of June 2018, at the European
Academy of Wind Energy’s Board meeting,

TU Delft was awarded the right to host the prestigious
EAWE Torgue conference in 2020. The conference
will be held between the 261" and 28" May 2020

and will coincide with the International Small Wind
Turbine Competition hosted annually at TU Delft”

(from https://www.tudelft.nl/en/2018/tu-delft/tu-delft-duwind-wins-bid-for-hosting-eawe-torque2020-conference/)

Also see:
https://www.youtube.com/watch?v=7pySO3ppixs&feature=youtu.be

This i1s now going to happen in 2022 (hopefully)

share your talent. move the world.



Table of content

e Rotor design challenges
e The characteristics of the wind
e The rotor (blade)

share your talent. move the world.



CHALLENGES



127 m @

Some challenges:
Upscaling ~1990-2010

.3 ) 1.3 1.6 2 4.5 5 6 MW



2010-2020: Further
upscaling to lower cost of =
energy

Challenge:
square-cube law

| | | . |
2010 2013 2016 2021* 2030**
3 MW 6 MW 8 MW 12 MW 15-20 MW

Technology advances enabled offshore wind turbines fo become much bigger
in just a few years and are supporting ongoing increases in scale

m innovation
for life




Upscaling hampered by (theoretical) square cube law
(weight increases with D2 and power with D?)
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Square cube law has been beaten through
Innovations
Compare blades from 1985 with those from 2012

Ontwikkeling van blad technologie

== Bonus 65kW, 7.4m,
1985

_ TeChn?_IOQical rotor gewicht 1 ton
Cubic law Innovation Schaal- 10 |
of growth Rotor opperviak: 100
O . Siemens BMW, 75m,
= 1 2012
< ;
f=2 Gewicht Bonus rotor op Siemens . rotor gewicht 80 ton
%’ schaal bij ongewijzigde 1
technologie: 1000
Gewicht Siemens rotor: 80
Size Bonus blad op Siemens
schaal: rotor van 1000 ton

3 Slechts 8% van ‘opschaling
TUDelft met ongewijzigde technologie’

14-12-2021 14




Some challenges. A “small” LM-blade

Product specifications

Blade type LMB15P
Rotor diameter (max.) 1263 m
Blade regulation Pitch
Length 61.5m
Max. chord 4600m
Profiled area 183.0m*
Weight 17,740 kg*
Numberof bolts 128

Size of bolts M36

Bolt circle diameter 3,200 mm
*Preliminary data




Foutje, bedankt 24/20

Then this can happen

Trein botst op truck met
wiek windturbine Texas




Some challenges: A slightly larger blade

/3.5 meter




Even more large:
the LM 88.4 meter

https://www.youtube.com/watch?v=gl8xoWLtCps



https://www.youtube.com/watch?v=gI8xoWLtCps

The LM 88.4 meter, A nice movie

https://www.youtube.com/watch?v=gl8xoWLtCps



https://www.youtube.com/watch?v=gI8xoWLtCps

innovation

I for life mmm m—

THE LARGEST WIND TURBINE IN THE WORLD
GE HALIADE PROTOTYPE AT ROTTERDAN

2019 107 m blade

GE Haliade-X, the world largest wind turbine
powering 16,000 European households

:::::
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250 PEOPLE

FOR THE HALIADE-X

u.«




THE LARGEST WIND TURBINE IN THE WORLD

innqvation
for life s m—

GE Haliade X, prototype
Where: Port of Rotterdam on SIF site manufacturer of monopiles
Measured by TNO, Energy Innovation

Webcam on: HTTPS://WWW.WEBCAMTAXI.COM/EN/NETHERLANDS/SOUTH-
HOLLAND/ROTTERDAM-MAASVLAKTE2-FUTURELAND-CAM.HTML

GE Haliade-X, the world largest wind turbine
s powering 16,000 European households

T
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https://www.webcamtaxi.com/en/netherlands/south-holland/rotterdam-maasvlakte2-futureland-cam.html

Could it happen: 400 (!!!1) meter???

SUMR50
50 MW

e B e s— —

Bron: sumrwind.com

share your talent. move the world.



The largest rotating machines on earth

De grootste

draaiende
machines op/ '\
aarde: S
(The largest rotatin
machines on earth -

- ’{/L g

5
TUDelft
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Rotating systems are always difficult

http://www.youtube.com/watch?v=8z-

SSumb2ZA&noredirect=1



http://www.youtube.com/watch?v=8z-SSumb2ZA&noredirect=1

And wind turbines are rotating systems
Video from the Flexhat Experiment at ECN

1

'




CHALLENGES

Wind turbines operate in a very stochastic and turbulent
environment, so we don’t know what the wind turbine ‘feels’
The wind is mess!

Watch the resulting huge power variations in the movie on:
http://phys.org/news/2013-04-turbines-great-turbulence-consequences-grid.html
Still we need detailed ‘wind knowledge’ for resource

assessment and for design!
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14-12-2021



http://phys.org/news/2013-04-turbines-great-turbulence-consequences-grid.html

CHALLENGES

Huge wind power fluctuations of 1 wind turbine:
Pr = rated power (Several MW’s....)
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Meandering measured
at ECN research farm

Nacelle wind speed and direction

Nacelle position é

T4 mis
Energy Research Centre of the Metherlands (ECH)

Indicative wake position
Mast wind speed and direction

nt. move the world.



Is this worrying?

Distribute wind power over large areasA ’spatial averageing’

Variation in power

1 Wind turbine
Small wind farm
Large wind farm
Wind farm clusters
(Inter)national integration

The new high-voltage network would range from the Sahara to the polar cap. The concept calls for main lines that are 40,000 kilometers long. And
parts of it already exist.

Concept gridintegration for
renewable energy



CHALLENGES:FATIGUE

* Wind turbines are fatigue machines

* (Microscopic) cracks grow gradually
leading to failure

* Fatigue: driven by load variation and
the number of these variations (cycles)

Load Variability

* The lifetime of a wind turbine is 20 year

* In 20 years a wind turbine experiences

Isuodsday pue sprory jo AIIqeIdpag

very many (large) load variations

Number of load cvcles

Knowledge WM
Centre

14-12-2021 30




Long-term...fatigue loading of a rotor blade
Large variation in mass and wind loads over a revolution

Wind shear (wind speed
increases with altitude)

Knowledge |
Centre




Longterm...fatigue loading of a rotor blade

VI\\//Iia;]xO.I load from Wind load
L,
'/l \\
- |
\\ )
\ /,
M R R Eel
Ight (opposite
direction)
—>
Min. load from Mass load
wind

— Knowledge
Centre




CHALLENGES: Fatigue, ctd

* Heavy large wind turbine blade rotating -
in the earth gravity field A periodic ;5-
variation of gravity loads z é-_:

* Wind turbines operate at lower part of fé ?,,
the atmosphere with gusts, turbulence, i; g
wind shear A é_

* Wakes of upstream turbines with g
increased turbulence and shear AVAVAVAVAYAY v

* Control actions, grid disturbances Number of load cycles g

R. Nijssen
Hence: :
* Blades are flexible to reduce the load
fluctuationsA
(System) DYNAMICS are extremely
important, but the dynamics of an entire
wind turbine system is difficult to

comprefiend

33




Challenges: Loads and flexibilities of a wind turbine

cross wind unsteady _
) 4~ aerodynamic
\ gyroscopic forres tower flap
4 deflection

verfFical
L wind
shear

forces yawing «_ (_xi‘;rsinn
/ gravity /
; P

forces rolling ’% ‘

1ag
deflection

tower lateral
bending

tewer longitudinal
bending

gusts
~

tower
wake

blade
tarsion

centrifugal
forces

34



Loads and flexibilities of a wind turbine

A

K. Lindenburg

35



Challenges: Wind turbine design calculations are extremely
time consuming

* Design load spectrum to be calculated for
certification

* Many long time series needed to get ‘statistics right’
(~10° time steps!! )
e Calculational time of design calculations >>>lifetime of the wind turbine!!!!
* Generally calculations need to be done with efficient but
extremely simplified (and so uncertain) aerodynamic

theories!
A CFD (Computational Fluid Dynamics): Takes far too long!!!
A Blade Element Momentum Theory, BEM

B

*) J.G. Schepers Engineering models in aerodynamics, (2012) Technical University of Delft repository
http://repository.tudelft.nl/view/ir/uuid:92123c07-cc12-4945-973f-103bd744ec87/



The characteristics of the wind



e Stop thinking
in wind forces
(Beaufort)

* Wind speed
should be writtet
in m/s!!

Units of wind speed

Wind speed

Beaufort # Description
km/h mph m/s

0 <1 <1 <0.3 Calm
1 1-5 1-3 0.3-1.5 Light air
2 6-11 3-7 1.5-3.3 Light breeze
3 12-19 8-12 3.3-5.5 Gentle breeze
4 20-28 13-17 5.5-8.0 Moderate breeze
5 29-38 18-24 8.0-10.8 Fresh breeze
6 39-49 25-30 10.8-13.9 Strong breeze
7 50-61 31-38 13.9-17.2 High wind
8 62-74 39-46 17.2-20.7 Fresh Gale
9 75-88 47-54 20.7-24.5 Strong Gale
10 89-102 55-63 | 24.5-28.4 | Whole Gale/Storm
11 103-117 | 64-72 | 28.4-32.6 Violent storm
12 >118 >73 >32.6 Hurricane-force




Wind Energy Conversion System (WECS)

E,=%r V2
P, =% rV3A

Wind turbine

P. =V IcosF

Transformer

Grid

/\/

N




The energy in the wind comes from the sun!

buitenaardse lichtstraling

19,
Kinetic energy
2102.5% =
~ (huitenzide 334 10 kWhiyr
N Feasible

N 5108 kWhiyr =

verdamping 23% \\ 180 EJ
convectiec 7Y,
straling 159

absorbtie

aardoppervlak

Solar energy: 1353 W/m? = 5.45*1024J/j = 1.5 108kWhljr
World consumption: <0.01% (approx. 104 kwWh/jr)



Wind speed, wind energy and wind power

1 m3 of air

1m

1 m?

V m/s

Kinetic energy in the wind: E,, = %.m.V?

« The mass of 1 m3 air at sea level is 1.225 kgA
p =1,225 kg/m3;
e r is air density (decreases with height)
* kinetic energy per unit volume: E;; .., voiume = %I V2 [J/m?3],

41



Wind speed, wind energy and wind power

> /' ‘density’ =
Wind energy = kinetic energy =% r V2 [J/m3], mass/unit volume
= energy per unit volume
Wind power = energy per second =
energy per volume * volume per second %2 r V2 AV =%z r V2 A

wind speed VV |Are " volume per second =
g A AXx/s=AV mds
) ——
v

A is generally the rotor
14-12-2021 area = n/4.D?
4 D = Rotor diameter



Wind speed, wind energy and wind

wind energy per second through unit area (A = 1m?)

power
V [m/s] 1 m?
=122 kg/m? wind power density =

V r Wind power density P,

4 1.22 39

6 1.22 131

6 1.00 108

8 1.22 312

8 1.00 256

10 1.22 610

43

14-12-2021

P,=%rV2V *1=%r\3 [Wm7

V3 makes site
selectiornessentiall!
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Variation of density with height a.s.I.

Alr density decreases with height above sea level:

at sea level: r =1.225 kg/m?3
at 1500 m a.s.l.
and T=5°C: r=1.05kg/m3
General: P IS pressure in Pa
I =—— Tistemp in K
RT R=287Jkg-K

14-12-2021

Note: [K] =273.16 + [°C]



Variation of density: ‘standard atmosphere’

Standard ‘laps rate’:

dT/dz = 0.65K/100m

45

Height a.s.l. T[°C] r [kg/m3] | p (10°N/m?)
[m]
0 15.0 1.225 1.01
200 13.7 1.202 0.99
500 11.75 1.167 0.97
1000 8.5 1.112 0.90
1500 5.25 1.058 0.85
2000 2.0 1.007 0.81

14-12-2021



 NO! The (annual) mean power depends on the frequency
distribution of the wind speeds and is larger than the
instantaneous power at the (annual) mean wind speed.

 Example: mean wind speed =4 m/s

Case A: constant 4 m/s

4

time —
Mean power: 39 W/m?

Case B: half of the time 0 m/s,
other half 8 m/s

e

0O
\v

time ——

Mean power: 156 W/m?




It is very important to measure the wind as long and as good as
possible to know the potential of a wind energy project. From
these measurements we derive a wind speed distribution

Measure during (at least) a year the 10
minute averaged wind speeds

Define Wind speed intervals of 0.5 m/s
width, centred around integer and half
integer values, e.g. from 6.75 to 7.25 m/s.

Count the relative number of 10 minute
means in the different intervals

Usually a Weibull distribution is fitted
through the measured distribution with two
parameters:
— A(scale factor)~ 1.1V
— k(shape factor), often near 2
kav ‘s

e vy«
FV)=—aY Qexpg -~
V) N pg e

mean

N\

14-12-2021

30,0

F[%=]11

0.0

Sector: all
& 6,7 mjs
ki 2,29
5,97 m)'s
P 220 Wim?

Weibull distribution

u [mjs] 20.00
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The rotor (blade)



From wind energy to wind TURBINE energy

A wind turbine transforms kinetic energy from the wind into mechanical (kinetic....)
energy of the rotor(shaft) which is the torque (T) times the rotational speed (W)

Wind ind turbine
V(X,y,Z,t) )J '?- Grid
— —_——
Pn=T P, =V tosF /\/
—
E., =%2rV? A\
P = Y2 r VA,
Transformer

share your talent. move the world.



Blade shape

Blades are slender wings, with aerodynamically profiled sections

Although in detail shaped differently than aircraft wings, they can be
analysed with similar methods

Parameters: Blade length, chord distribution, twist, airfoil(cross section)
shape

The airfoil shape determines the lift L (the force perpendicular to
incoming velocity) and the drag D (the force in line with velocity)

The lift L and drag D are made non-dimensional into the lift coefficient c,
and the drag coefficient c; and measured in the wind tunnel as
function of angle of attack a




Airfoils thick at root, ‘thin’ at tip




The performance of an airfoil is (mainly) characterised through
the lift and drag coefficiens as function of angle of attack

a: Angle between V, and chordline
Lift L. force component normal to incoming flow direction
lift L Drag D: force component i_n incoming flow direction
’ Moment M: about the c/4 line (may be forgotten)

Moment, M Note: We consider a 2D situation: Lift, drag and moment are
given per unit span

Non-dimensional Coefficients:

Chord, ¢

LN/

wrvic

res

_D[N/m]

2
% r VresC




The lift and drag coefficient can be measured as
function of angle of attack (a) in a wind tunnel

Turntable to adjust angle of attack

Courtesy DNW

53



Airfoil aerodynamics — lift and drag
polars

Typical behaviour of stationary 2D airfoil characteristics - Largely determined by boundary layer

deep stall
15 - C]_,ﬂ'la‘-{ I:l 1.5
—Cl * CIL
Cd SRR SN I——
—_—m - | 1 \
sta:ll: thick boundary layer (g Imax
- _de;r,rease of Cp / Ciptimal design
ingrease of C4
/ X ' ¢ A0a [deg)
|_-_\-_\-__\L|-' || ) ) )

Attached tlow, thin boundary
layer, linear increase of G
Ty~ 2 T ¢t ithin asrofoil theory)
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The resultant force on the blade from lift and the drag can be decomposed in
the axial (out of plane) and rotational (in plane) direction

Angle of attacla




The power is a result of the rotorshaft torque
which is a result of the in-plane blade loads

Wind speed F2 F, and F, are resultants of in plane forces
= -
v r
2
I

In-plane force distribution: f;(r)
R
Torque= q i rdr

3bladeg

T(orque) =F,ry+F, 1,
Rotor shaft torque T, rotational speed W

Power = TW

Mind the units:
*Torque = Nm
*W=rad/s (if Wis given in rpm it should be recalculated to rad/s)
*Power = Nm/s = Watt!



Optimum energy extraction

* Lanchester, Betz and Joukowsky showed independently (1916-1920) that
optimum power extraction is obtained when the wind speed at the rotor
disk is decelerated to 2/3 of its initial value

* The relative reduction in wind speed at the rotor plane is called the axial
induction factor a, hence an axial induction factor of 1/3 leads to optimal
power production

* Then power extracted = 16/27 (~0.59) of free wind power
(=1/271 V, 3 Ap)

* This is known as the Betz maximum *)
* Itisderived in the Appendix, it is made plausible in the next slide

*) We should call the Betz maximum the Betz-Lancaster-Youkowsky maximum, see G. van Kuik: The
Lanchester—Betz—Joukowsky Limit Journal of WIND ENERGY Wind Energy 2007; 10:289-291



Principles of Energy Extraction

Fundamental law: Power extracted from flow:
scalar product of (negative) force vector on the flow and flow velocity

-FqV

Now, forget about the scalar product because the main direction for a
wind turbine is axial (flow direction)

A P=F,timesV

rotor

So there is an (axial) force which works from the rotor on the air with
(axial) velocity in the rotor plane V, .



Force times velocity should be maximum!

2 extremes:

V <
B st
V V
2BV ———
1/3.V
V ax

Complete blockage:
Maximum force but local
velocity equals zero

Completely transparant, no
blocking:

Maximum velocity but
Force equals zero

\ 4 \ 4 \ 4

In between these extremes,
an optimum situation exists



Characterisation of rotor through power coefficient C,

(Note the difference between mechanical and electrical C,)

t Mechanical power P, = TW
Electrical power (generator): P, =V I cos f

D
Rotor shaft torque T, rotational speed W

v

Velocity V

Rotor Area Az = p /4 D?




Example: Maximum power output

Calculate maximum mechanical power for:
— Wind speed V=10 m/s
— Diameter D =100 m
— Sea level

Answer:

— Sealevel: =1.225kg/m3

— D =100 m: Rotor area A; = p/4 D?= 7850 m?

— Maximum power:

Poax =Comax 0-5 T V3AL = 16/27 0.5 1.225 10° 7850 = 2836793 W
A ~2.8 MW

NOTE
In practice: C, << 16/27 (0.59): C, .cch ~ 0.5 A C;,,<0.5

(Enercon guarantees an electrical C, of 0.5 but what about the price of these turbines
and what about the price to validate this???)

61



Jos Beurskens

The power coefficient (Cp) as function of tip speed ratio (I ) is one of the
most important performance characteristics of a wind turbine

Jos Beurskens

Tip speed

Ti d ratio (I )=
Ip speed ratio (I ) Free stream wind speed

62



Tip speed ratio and local tip speed ratio

14-12-2021 63



Tip speed ratio

Tip speed of a wind turbine is usually in the order of 75 m/s
(=270 km/hr!!)
Note that the limitation of 75 m/s is mainly because of noise constraints)
The tip speed for small wind turbines is about the same as the
tip speed for a large wind turbine but they make much more
revolutions per minute
« Large turbine (D =100 m):A 15 rpm
« Small turbine (D =10 m):A 150 rpm
(Note:
« 1 revolution = 2p rad
1 minute = 60 sec
« 1rpm =2p/60 =0.1rad/s)
For such tip speed the tip speed ratio is 7.5 at a free stream
wind speed of 10 m/s



Large turbines rotate slower

Rev/min D P Tip speed
[m] [kW] [m/s]

_~9.6 130 4000 65

,20.7 60 1000 65

/ 62.1 20 150 65
2 = VVtip
\ , wind

AV

N Dl UF

Rotational speed decreases with increasing rotor diameter



Representative C,- | curve

(Source TIUDelft)

0.5 ¢
0.45 |
0.2 |
0.15
0.1 }

« C

pmax

e HenceC
<CPBetz

pmax




Aerodynamic innovations

share your talent. move the world. ¢



Aerodynamic devices to improve performance

H. Seifert, UAS Bremerhaven




Blade root improvement by active
boundary layer control BLC

BL.C by suctid

Wortmann FX 77 W 500 mod

H. Seifert, UAS Bremerhaven



Blade tip region improvements by winglets and
active boundary layer control

S el
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Winglets

« Winglets have most potential when directed towards the suction side

* Not feasible for upwind wind turbines (tip deflection)

» Winglets increase C; but a simple increase of blade length might be
a better option from a cost point of view

« Winglets may be an option for downwind turbines?

Johansen, J.; Sgrensen, N.N. Aerodynamic Investigation of Winglets on Wind Turbine Blades
Using CFD; Technical Report “Risg-R-1543(EN)”; Risp National Laboratory: Roskilde, Denmark, 2006.



Root spoiler

A ECN Root spoiler patented technology improves the performance of the
root region of the blade and the wind turbine performance

A 0.5 - 1.5% AEP increase (depending on the specific blade design)

~ _/;L\},J':E't - a= 3

MAMMOET Wind



Trailing edse flaps

mean wind speed turbulence

\

steady wind profile

—

“ff;:E;pfiJ -

2012-
03-23

73



Trailing edge flaps reduce instabilities
(Movie TUDelft)

74



Energy research Centre of the Netherlands www.ecn.nl



Appendix 1: The Betz limit



Principles of Energy Extraction

Fundamental law: Power extracted from flow:
scalar product of (negative) force vector on the flow and flow velocity

WV

Now, forget about the scalar product because the main direction for a
wind turbine is axial (flow direction)

A P=F,timesV

rotor

So there is an (axial) force which works from the rotor on the air with
(axial) velocity in the rotor plane V,,,,,



The velocity in the rotor plane is reduced
with the induced velocity u,



The induced velocity isV,, — V

rotor
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« The velocity in the rotor plane is reduced with
the induced velocity
« Kinetic energy is extracted from the flow
m) lower velocity in the rotor plane



The induced velocity isV,, — V

rotor

The velocity in the rotor plane is reduced with
the induced velocity
Kinetic energy is extracted from the flow
lower velocity in the rotor plane
The axial force from the rotor on the air ‘brakes” down the airflow
m) lower velocity in the rotor plane




The induced velocity isV,, — V

rotor

The velocity in the rotor plane is reduced with
the induced velocity
Kinetic energy is extracted from the flow
lower velocity in the rotor plane
The axial force from the rotor on the air ‘brakes” down the airflow
lower velocity in the rotor plane
The induced velocity can be related to the power/energy
(conservation of energy) and to the axial force(conservation of momentum)




The induced velocity iIs made non-dimensional:

The axial induction factor a
V u

. o . V, - :
a is the relative induced velocity g = —W___—rotor — ~induced
VW VW
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The actuator disc



The rotor Is represented as an actuator disc

What is an actuator disc  ?
AAn actuat or sdmethiogréalsd Abistant fbressurejump Dp

A ltis a kind of porous disc, only over actuator disc
used to understand the process represents axial rotor force
of the energy extraction F,: Dp =F, /Agwith A -
. . ax - ax
A Exerts axial force on air flow the rotor area (= pR?)

A Extracts power from flow

Turbine

L. Lignaroli,
Ontheturbulentmixingin
horizontalaxisturbine wakes
TUDelft, April 2016

Ingrid Neunaber Turbulenceof wakes
Forwind, Oldenburg, January 2018

‘Actuator disc’




Now we understand the induced velocity and
the actuator disc we can derive of Betz
maximum



Momentum theory

Consider conservation laws on stream tube which contains actuator
disc with axial force F,, in uniform flow

Flow geometry: Sections 1, 4: far upstream resp. downstream
Sections 2, 3: just upstream resp downstream of actuator disk

Actuator disc AR Stream tube boundary

U,=Us=U,

Control volume

P, Py

Sections: 1 2 3 4



Flow assumptions

Incompressible fluid

Inviscid fluid

Only axial velocities in the wake, no wake rotation
Steady state flow

Actuator disk is semi-transparent to flow: creates pressure
discontinuity

Uniform flow conditions over disk.

Axial force Fo, =(p,-p3)Ag
Power extracted: Potracted = Ug(P5-P3)AR




Fluid dynamic conservation
laws applied to stream tube

1. Conservation of mass (per second through the streamtube)
rUA=rUA =rU,A,=rU,A =m

2. Conservation of momentum _
Actuator disc AR
r‘hUl - rlhU4 = rlh(Ul - U4): Fax

3. Conservation of energy

M M M
Eulz - EUE :E(Ul2 - Uj) =P= Fade

%](Ul - U4 )(U1 +U4 ): Fade

Stream tube boundary

Sections: 1 2 3 4



Conservation of momentum and energy gives us
velocity in rotorplane (U,) as mean of free stream
velocity (U,) and the wake velocity (U,)

Conservation of momentum

Conservation of energy U,+U,

?(U)/Uél/xul +U4):Pa;ud CLT

~/

\




Next: Express F_, and P in axial induction factor a

Recall induced velocity u; and write U; =V,,

. s . _U
Define axial induction factor a: a= v u =av, Velocity reduction in far wake
w —
twice velocity reduction in rotor plane
Then:

Ug=U, 4 % &Y, VL 4 - /
:U1+U4

U, YU, 2U, U, 2% 8-V, -V, (=29 -

U2-U2 37 V(L 28)° V2= \f(t 4a4d) +\P(4m48 4afl =

m =rU,A =N, (1 9 A

B F. =lU UD AW 3AIV, V23 NE AV a RRE b E
_Mmoo oy L . 2a.

B P =T U Zu0 dAcan 3y ¥ @ Vadm




Next make the axial force and the power
dimensionless into the axial force coefficient
and power coefficient

Axial force Coefficient (Cp ,, or C;) and
Power Coefficient (Cp):

2 -
c. = Fax2 _ IV 2a(12 a)A, _ sa(l- a)
BVuA VLA
3 _ 2
P _rvg2all- af A ~4a(- a)

CP = 3 - 3
A Ma® 7 VWA




So the axial force coefficient and the power
coefficient of an actuator disc are a function of
the axial induction factor a only

From conservation laws:
CDax = 48.(1- a)
C, =4a(l- a)’
Maximum Cp found by differentiating with respect to a:

%:0 Y 4{1- af - 8al1- a)=0Y (- a - 2a1- a)=0

1- 2a+a’- 2a+2a*=0Y 1- 4a+3a*=0
(- a)i-3a)=0 Y a=}



The maximum value of C;

Values of C, and C;at maximum energy
extraction condition:

1. 1., 16
C =4a(l- a)’ =4=(1- 2)> ==—==0.5926
0.max 1-a) 3( 3) 57

C

Dax ath'maX

1, 1, _8
=4a(l-a)=4-(1- ) ==
(A-a)=42d-2)=7

C =0.5926 is the maximum of Betz!

Pmax

Note: We should call the Betz maximum the Betz-Youkowsky maximum, see G. van Kuik: The
LanchestecBetz;JoukowskyLimit Journal of Wind Energy 2007; 10:289-291



/NNEN

I Graphical presentation of C,_, and
P
— Maximum Power Coefficient (a = 1/3) 1.2
Co=1 i : =4a(l- a)’ .
ErAVW /
— Axial force coefficient 08 /

Com = # =4a(1- a) / )
= ,,AVWZ 0.6 \ Cdax
2 // ——Cp

AV

FP7-ENERGY-2013-1/ n° 608396



Appendix 2: “Low induction rotors”



/NNEN

st Mot oot or Graphical presentation of C,_, and
C, as function of a
« Maximum Power Coefficient (a = 1/3) 1.2
P
C,= I : =4a(l- a)’ L
 Axial force coefficient /

0.8
F
Coax = & =4a(l- a) / o
1 /’IA\VW2 o / o
2 Cp
0.4

./
/

0 0.1 0.2 0.3

a[_] 0i4 0i5 OI.6

FP7-ENERGY-2013-1/n° 608396



Both C, and C,_, are important!!!

Minimise cost of energy:

sacrifice a small amount of efficiency (C) to reduce
loads (Cp,,) much more: lower loads means lower

cost. Alternatively the diameter can be increased at
the same loads (F,, ~ C,., D?) and hence the overall

power (~ C, D?) is increased
We call this the low Inductionconcept



/N\NENR

AdVanced Aerodynamic Tools for |IArge Rotors

» Power Coefficient flat around Betz 12
maximum (a = 1/3)

 Aerodynamic load coefficient strongly-8 /
dependant on a /
C,. = Fax Zal a 0.6 = Cdax

D.ax 1 .
~rAV) / Cp
2
« Reduce axial induction factor a: 0.4
Significantly lower Cp,,, /

slightly lower C;

0.2
* Increase rotor area (diameter)A /

maintain aerodynamic loadsA increaseo - . . . . !
power 0 0.1 0.2 03al-] o4 0.5 0.6

FP7-ENERGY-2013-1/ n° 608396



AYA AN

¢ Tools for |Arge

Classical Approach versus Low Induction

» Power Coefficient flat around Betz 12
maximum (a = 1/3)
Co=1 P =4a(1- a)° ! /
“rAU’
2 y yZ
« Aerodynamic load coefficient strongly 08 V4
dependant on a /
CD.ax - 1 F.aX :4a(1- a) 0.6 e Cdax
E fAU u2 / Cp
 Reduce axial induction factor a: 0.4
Significantly lower Cp,,,
slightly lower C,

0.2
* Increase rotor area (diameter)A maintain /
aerodynamic loadsA increase power 0

0 0.1 0.2 03a[-] o4 0.5 0.6

FP7-ENERGY-2013-1/ n° 608396



Example

Example forV, =10 m/sand r =1.225 kg/m?

1)

2)

(The following numbers are supplied by A Verhoef from
Suzlon Blade Technology)

R, = 45m
a=1/3A C,,=4a(1-a)=0.89; F,=C,,, 0.51 V,2pR,;>=344 kN
C,=4a(1-a)?=0.59; P=C,0.51 V,2pR,2= 2308 kW
a=0.26 A C,,, =4a(l-a)=0.76<<0.89;
R,=48mAF, =C,, 0.5r V,2pR,2=341
C, = 4a(1-a)?=0.57~0.59; P = C, 0.5 1 V,,3 p R,2= 2534 kW




Another example: The AVATAR low induction reference wind turbine vs the

Power:

Rotor diameter:
WTPD:

Axial induction:
RPMA Tip speed

Hub height:

10 MW

178.3m

400 W/m?

0.3

9.8rpmA 90m/s

119m

normal induction Innwind.EU Reference Wind Turbine

AdVanced Aerodynamic Tools for |Arge Rotors

10 MW

205.8m

300 W/m?

0.24

9.8 A 103.4 m/s

132.7m



N

Power curve: AVATAR vs
(\y/\tm INNWIND.EU

5% Increase in energy production due to larger diameter

Key rotor load levels are maintained

Non-rotor loads exceededA Replace glass fibre by (more expensive) carbon
Does increased production compensate increased costs?

Levelised Cost of Energy of AVATAR turbine assessed in 1)
e 200 |Ower LCOE i PowerCurve PelSteady VS HHWindSpeed

PIKW]

1) R. Quinn, B. Bulder, J.G. Schepers
A parametric investigation into the effect of low induction ol
rotor (LIR) wind turbines on theCoEof a 1GW offshore
wind farm in a North Sea wind climategergy Procedia, il
Volume 94, 2016, Pages 164-172

—e— PelSteady_mean

—e— PelSteady_mean

4 (Ii é 1 I0 1 I2 1 I‘t 1‘6 1‘8 2‘0 2‘2 2‘4 2‘6
HHWindSpeed [m/s]
FP7-ENERGY-2013-1/ n° 608396
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Appendix 3: Number of blades
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Number of blades: The characterization of
rotors in terms of C,-

emember: T = torque)

B P
Ce = YVo.p.V3.A,

—_— ]

* C, max for amodern 3 bladed Horizontal Axis Wind Turbine
turbine is more or less the same for as the C, ., fora 1 bladed
Horizontal Axis Wind turbine but note the difference in |

share your talent. move the world.’>



Number of blade: Recall the
characterizatio Rotors
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(Noisy like a jet fighter!)

Hence: | increases with decreasing number of blades!!
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Number of blades




Number of blades

o Firstit should be known that more blades yield the maximum C,
at a lower / ,i.e. a lower rotational speed

o 2 bladed rotor: high Whence a relatively low gear ratio for
electricity generating turbines with W, ~ 1500 rpm and a

gen
relatively low torque (P=WT) on the drive train Wenerator ~ 1500 rpm

o Multi-bladed rotor:
low W, high torque
A water pumpers

LT 1 T

’ -




Why 3 blades instead of 2 blades *)

* Pro’s 3 blades
— Lower rotational speedA Less noise
— Better visual impact
— ‘Smoother’ loading over a revolution

* Pro’s 2 blades
— Higher rotational speedA lower torque, smaller gear ratio
— Less blades( lower costs)

* Conclusion: 2 Bladed turbines may be preferred from a
technological/economical point of view but they will

never be sold (at least not for on-shore conditions,
they may be an option for off-shore

*) Note: Multi-bladed water pumpers donot have a generator so they
can have a very low Wand hence a (desirable) high torque (P=WT)



