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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 27th 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 1st 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

Resume of Gerard Schepers

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


Foto NLR

Scientific journal papers and books:
Author or co-author of more than 40 peer-reviewed 
scientific articles, editor of Wiley’s Wind Energy 
Aerodynamics Handbook book and more than 100 
conference papers and technical reports
Invited chairman and session editor at almost all major 
international wind energy conferences

Additional info:
Inaugural speech: 
https://www.hanze.nl/assets/kennisportal/energy/Documents/Public/HANZE-
19_0957%20Redeboekje%20Gerard%20Schepers%20LR.pdf (in Dutch)

Resume of Gerard Schepers

https://www.hanze.nl/assets/kennisportal/energy/Documents/Public/HANZE-19_0957%20Redeboekje%20Gerard%20Schepers%20LR.pdf
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A potentially nice event at UAS Hanze

The International Small Wind Turbine Contest (ISWTC)
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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

ISWTC: General description



INTERNATIONAL SMALL WIND TURBINE CONTEST 

FOR STUDENT TEAMS
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Price 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



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

Maximum energy production

Minimum costs

Project management

Participate in contest 

Present design at closing ceremony

Have fun with other student teams!
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ISWTC 2022….

“On Tuesday the 19th of June 2018,  at the European 

Academy of Wind Energy’s Board meeting, 

TU Delft was awarded the right to host the prestigious 

EAWE Torque conference in 2020. The conference 

will be held between the 26th and 28th 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 is now going to happen in 2022 (hopefully)



Table of content

• Rotor design challenges

• The characteristics of the wind

• The rotor (blade)



CHALLENGES
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Some challenges:

Upscaling ~1990-2010

127 m Ø

’85      87       89      91       93      95       97      99       01       03       05       07

.05                . 3            . 5          1.3      1.6        2           4.5            5             6 MW

33 m Ø

A380 Airbus



Challenge: 

square-cube law

25

2010-2020: Further
upscaling to lower cost of 

energy
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Upscaling hampered by (theoretical) square cube law
(weight increases with D3 and power with D2)

Source: H. Seifert/B. Hendriks



Square cube law has been beaten through 

innovations

Compare blades from 1985 with those from 2012
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Some challenges. A “small’’ LM-blade



Then this can happen
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Courtesy: Ozlem Ceyhan: EWEA 2012, Copenhagen

Some challenges: A slightly larger blade

73.5 meter
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Even more large:
the LM 88.4 meter

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

https://www.youtube.com/watch?v=gI8xoWLtCps
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The LM 88.4 meter, A nice movie
https://www.youtube.com/watch?v=gI8xoWLtCps

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


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



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

powering 16,000 European households

HALIADE -X
260M

EURO
MAST
185M

THE LARGEST WIND TURBINE IN THE WORLD

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


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

Bron: sumrwind.com
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The largest rotating machines on earth

(The largest rotating 

machines on earth)



Rotating systems are always difficult

24

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

25
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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!

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


Huge wind power fluctuations of 1 wind turbine: 
Pr = rated power (Several MW’s….)

27 14-12-2021

Courtesy: 

J. Peinke, Forwind

CHALLENGES



Meandering measured 
at ECN research farm

Mast wind speed and direction

Nacelle wind speed and direction

Nacelle position

Indicative wake position



Concept gridintegration for 
renewable energy

Variation in power

• 1 Wind turbine

• Small wind farm

• Large wind farm

• Wind farm clusters

• (Inter)national integration

Is this worrying?

Distribute wind power over large areasĄ’spatial averageing’
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• Wind turbines are  fatigue machines 

• (Microscopic) cracks grow gradually

leading to failure

• Fatigue: driven by load variation and 

the number of these variations (cycles)

• The lifetime of a wind turbine is 20 years

• In 20 years a wind turbine experiences 

very many (large) load variations

60 μm

CHALLENGES:FATIGUE



Wind shear (wind speed

increases with altitude)

Long-term...fatigue loading of a rotor blade

Large variation in mass and wind loads over a revolution 



Long-term...fatigue loading of a rotor blade 

Max. load from 

wind

Max. load 

from weight

Min. load from 

wind

Max. load from 

weight (opposite 

direction)

Mass load

Wind load
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• Heavy large wind turbine blade rotating 

in the earth gravity field Ąperiodic

variation of gravity loads

• Wind turbines operate at lower part of 

the atmosphere with gusts, turbulence, 

wind shear

• Wakes of upstream turbines with 

increased turbulence and shear

• Control actions, grid disturbances

Hence:

• Blades are flexible to reduce the load 

fluctuationsĄ

(System) DYNAMICS are extremely 

important, but the dynamics of an entire 

wind turbine system is difficult to 

comprehend

R. Nijssen

60 μm

CHALLENGES: Fatigue, ctd
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Challenges: Loads and flexibilities of a wind turbine
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Loads and flexibilities of a wind turbine

K. Lindenburg



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’ 

(~106 time steps!! *)

• 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!
ÁCFD (Computational Fluid Dynamics): Takes far too long!!!

ĄBlade Element Momentum Theory, BEM

*) 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
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Units of wind speed

• Stop thinking
in wind forces
(Beaufort)

• Wind speed
should be written
in m/s!!

14-12-
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Wind Energy Conversion System (WECS)

Wind turbine

Transformer

Grid

Pm = TW Pe = V I cosF

Wind

V(x,y,z,t)

Ek = ½ rV2

Pk = ½ rV3A



The energy in the wind comes from the sun!

Solar energy: 1353 W/m2 = 5.45*1024 J/j = 1.5 1018kWh/jr

World consumption: <0.01% (approx. 1014 kWh/jr)

Kinetic energy

2 to 2.5% = 

3 a 4 1016 kWh/yr 

Feasible 

5 1013 kWh/yr = 

180 EJ
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Wind speed, wind energy and wind power

Kinetic energy in the wind: Ekin  =  ½.m.V2

1 m

1 m2

• The mass of 1 m3 air at sea level is 1.225 kgĄ

ρ = 1,225 kg/m3; 

• ris air density (decreases with height)

• kinetic energy per unit volume: Ekin per volume =  ½.r.V2 [J/m3], 

V m/s

1 m3 of air
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Wind energy = kinetic energy = ½ rV2 [J/m3], 

= energy per unit volume

Wind power = energy per second = 

energy per volume *volume per second ½ rV2 AV = ½ rV3 A 

wind speed V volume per second =

A x/s = A V  m3/s

Area 

A 

[m2]

r = ‘density’ =

mass/unit volume

Wind speed, wind energy and wind power

A[m²]D

A is generally the rotor 

area = π/4.D²

D = Rotor diameter

D

x
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Wind speed, wind energy and wind 
power

V m

1 m2

A

r= 1,22 kg/m3

wind power density = 

wind energy per second through unit area (A = 1m2)

Pw = ½ rV2 V *1 = ½ rV3 [W/m2]

V [m/s]

V r Wind power density Pw

4 1.22 39

6 1.22 131

6 1.00 108

8 1.22 312

8 1.00 256

10 1.22 610

V3 makes site 

selection essential!!
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Air density decreases with height above sea level:

at sea level: r= 1.225 kg/m3

at 1500 m a.s.l. 

and T = 5 °C:       r= 1.05 kg/m3

General:     p is pressure in Pa

T is temp in K

R = 287 J/kg-K

Note: [K] = 273.16 + [°C] 

Variation of density with height a.s.l.

RT

p
=r
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Height a.s.l.           T [°C] r[kg/m3]   p (105 N/m2)

[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

Standard ‘laps rate’:

dT/dz = 0.65K/100m

Variation of density: ‘standard atmosphere’



Is the annual mean wind speed enough to 
find the (annual) mean power of the wind

• 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

14-12-2021 46

Case A: constant 4 m/s

4

time

Mean power: 39 W/m2

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

other half  8 m/s

4

8

0
time

Mean power: 156 W/m2



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 Weibulldistribution is fitted 
through the measured distribution with two 
parameters: 

– A(scale factor) ~ 1.1 Vmean

– k(shape factor), often near 2

14-12-2021 47

Weibull distribution

1

( ) exp

k k
k V V

f V
A A A
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= -é ùæ ö æ ö
ç ÷ ç ÷é ùê ú



The rotor (blade)
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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 turbine

Transformer

Grid

Pm = TW Pe = V I cosF

Wind

V(x,y,z,t)

Ekin = ½ rV2

Pkin = ½ rV3AR



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 cl

and the drag coefficient cd and measured in the wind tunnel as 
function of angle of attack a



Airfoils thick at root, ‘thin’ at tip

36 % 18 %

c

drr



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

a

lift, L

drag, D

Vres

Chord, c

Moment, M

cV

mND
c

cV

mNL
c

res

d

res

l

2
2

1

2
2

1

]/[

]/[

r

r

=

=

a: Angle between Vres and chordline

Lift L:   force component normal to incoming flow direction

Drag D: force component in incoming flow direction

Moment M: about the c/4 line (may be forgotten)

Note: We consider a 2D situation: Lift, drag and moment are 

given per unit span

Non-dimensional Coefficients:



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

Courtesy DNW
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Airfoil aerodynamics – lift and drag 
polars

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

55

In plane force

Torque

Angle of attack a



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

Rotor shaft torque T, rotational speed W

Power = TW

W Wind speed

T(orque) = F1 r1 + F2 r2

F2

r2
F1

r1

F1 and F2 are resultants of in plane forces

In-plane force distribution: fip(r)

äñ=
blades

R

iprdrfTorque
3 0

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   
(=1/2 rVw

3 AR)
• This is known as the Betz maximum *)
• It is derived 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

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

Ą P = Fax times Vrotor

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

VF
hh
¶-



Force times velocity should be maximum!
2 extremes:

V

V

V
1/3.V

V= 0

V

2/3.V

Complete blockage: 

Maximum force but local 

velocity equals zero

Completely transparant, no 

blocking:

Maximum velocity but 

Force equals zero

In between these extremes, 

an optimum situation exists

Fax



Characterisation of rotor through power coefficient CP

(Note the difference between mechanical and electrical CP)

)(
27

16
, max3

2
1

BetzC
AV

P
C P

R

p ==
r

D

Rotor shaft torque T, rotational speed W

Mechanical power Pmech = TW
Electrical power (generator):   Pel = V I cos f

Velocity V

Rotor Area AR = p/4 D2

Power coefficient = 

turbine power

wind power

(a = 1/3)



Example: Maximum power output
• Calculate maximum mechanical power for:

– Wind speed V = 10 m/s
– Diameter D = 100 m
– Sea level

• Answer:
– Sea level: r= 1.225 kg/m3

– D = 100 m: Rotor area AR = p/4 D2 = 7850 m2

– Maximum power:
Pmax =CP,max 0.5 rV3AR = 16/27 0.5 1.225 103 7850 = 2836793 W 
Ą ~ 2.8 MW

NOTE 
In practice: CP << 16/27 (0.59): Cp,mech ~ 0.5  Ą CP,el <0.5

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

61
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The power coefficient (CP) as function of tip speed ratio (l) is one of the 

most important performance characteristics of a wind turbine

Free stream

wind speed

Tip speed (m/s)

= W(in rad/s)xBlade length (m)
Jos Beurskens

Tip speed ratio (l)= 
Tip speed

Free stream wind speed

Jos Beurskens



Tip speed ratio and local tip speed ratio
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Tip speed ratio

14-12-2021 64

• 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):Ą 15 rpm

• Small turbine (D = 10 m):Ą 150 rpm

(Note:

• 1 revolution = 2prad

• 1 minute = 60 sec

• 1 rpm = 2p/60 = 0.1 rad/s)

• For such tip speed the tip speed ratio is 7.5 at a free stream

wind speed of 10 m/s 



65Rotational speed decreases with increasing rotor diameter

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



Representative CP - lcurve 
(Source TIUDelft)

• Cpmax

• Hence Cpmax

<CPBetz



Aerodynamic innovations
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Aerodynamic devices to improve performance

H. Seifert, UAS Bremerhaven



Wortmann FX 77 W 500 mod

BLC by suction

Foto: BayWa r.e.

Blade root improvement by active 
boundary layer control BLC

H. Seifert, UAS Bremerhaven



Blade tip region improvements by winglets and 
active boundary layer control

Foto: Spitzner Engineers.H. Seifert, UAS Bremerhaven



Winglets

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

• Winglets have most potential when directed towards the suction side

• Not feasible for upwind wind turbines (tip deflection)

• Winglets increase CP 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?



Root spoiler

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

Å0.5 - 1.5% AEP increase (depending on the specific blade design)



Wind field

Photo: Jos Beurskens

Trailing edge flaps

2012-

03-23

73

Jos Beurskens



Trailing edge flaps reduce instabilities 
(Movie TUDelft)
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Questions ??



Appendix 1: The Betz limit
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Principles of Energy Extraction
Fundamental law: Power extracted from flow: 
scalar product of (negative) force vector on the flow and flow velocity

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

Ą P = Fax times Vrotor

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

VF
hh
¶-



78
14-12-2021

The velocity in the rotor plane is reduced
with the induced velocity ui
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• The velocity in the rotor plane is reduced with

the induced velocity

The induced velocity is Vw – Vrotor

Vw

Vrotor

Vwake
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• 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 induced velocity is Vw – Vrotor

Vw

Vrotor

Vwake
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• 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 is Vw – Vrotor

Vw

Vrotor

Vwake
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• 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 is Vw – Vrotor

Vw

Vrotor

Vwake



The induced velocity is made non-dimensional: 

The axial induction factor a

Vw

a is the relative induced velocity

Vrotor

w

induced

w

rotorw

V

u

V

VV
a =

-
=

Vwake
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The actuator disc



Fax

What is an actuator disc ? 

ÅAn actuator disc is not ôsomething real õ

ÅIt is a kind of porous disc, only

used to understand the process

of the energy extraction

ÅExerts axial force on air flow

ÅExtracts power from flow

Constant pressure jump Dp

over actuator disc 

represents axial rotor force

Fax : Dp = Fax / AR with A R

the  rotor area (= pR2)

The rotor is represented as an actuator disc

R

L. Lignaroli,

On theturbulent mixingin

horizontalaxisturbine wakes

TUDelft, April 2016

Ingrid Neunaber Turbulenceof wakes

Forwind, Oldenburg, January 2018

Turbine

‘Actuator disc’

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

maximum



Momentum theory

Flow geometry: Sections 1, 4: far upstream resp. downstream

Sections 2, 3: just upstream resp downstream of actuator disk

A1 A4

Stream tube boundary

U1 = Vw U4

AR

U2=U3=Ud

Fax Control volume
A1

Actuator disc

Sections: 1 2 3 4

Consider conservation laws on stream tube which contains actuator 

disc with axial force Fax in uniform flow

P2
P3



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                                Fax = (p2 - p3)AR

Power extracted:          Pextracted = Ud (p2 - p3)AR



Fluid dynamic conservation 

laws applied to stream tube

1. Conservation of mass (per second through the streamtube)

2. Conservation of momentum

3. Conservation of energy
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Stream tube boundary

U1 = Vw U4
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Fax Control volume
A1

Actuator disc

Sections: 1 2 3 4



Conservation of momentum and energy gives us 

velocity in rotorplane (Ud) as mean of free stream 

velocity (U1) and the wake velocity (U4) 

Conservation of momentum

Conservation of energy
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Next: Express Fax and P in axial induction factor a

Recall induced velocity ui and write U1 = Vw

Ud = U1 - ui = Vw - ui

Define axial induction factor a:  

Then: 
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Next make the axial force and the power 

dimensionless into the axial force coefficient 

and power coefficient

Axial force Coefficient (CD,ax or CT) and 

Power Coefficient (CP):
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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:

Maximum Cp found by differentiating with respect to a:
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The maximum value of CP

Values of CP and CT at maximum energy 
extraction condition:
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CPmax = 0.5926 is the maximum of Betz!

Note: We should call the Betz maximum the Betz-Youkowsky maximum,  see  G. van Kuik: The 
LanchesterςBetzςJoukowskyLimit Journal of Wind Energy 2007; 10:289–291
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Graphical presentation of CDax and 

CP as function of a

– Maximum Power Coefficient (a = 1/3)

– Axial force coefficient
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Graphical presentation of CDax and 
CP as function of a

• Maximum Power Coefficient (a = 1/3)

• Axial force coefficient
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Both CP and CDax are important!!!

Minimise cost of energy: 

sacrifice a small amount of efficiency (Cp) to reduce
loads (CDax) much more: lower loads means lower
cost. Alternatively the diameter can be increased at 
the same loads (Fax ~ CDax D2 ) and hence the overall 
power (~ Cp D2 ) is increased

We call this the low inductionconcept
>



FP7-ENERGY-2013-1/ n° 608396 

Classical Approach versus Low Induction

• Power Coefficient flat around Betz 

maximum (a = 1/3)

• Aerodynamic load coefficient strongly 

dependant on a

• Reduce axial induction factor a: 

Significantly lower CDax, 

slightly lower CP

• Increase rotor area (diameter)Ą

maintain aerodynamic loadsĄ increase 

power
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Classical Approach versus Low Induction

• Power Coefficient flat around Betz 

maximum (a = 1/3)

• Aerodynamic load coefficient strongly 

dependant on a

• Reduce axial induction factor a: 

Significantly lower CDax, 

slightly lower CP

• Increase rotor area (diameter)Ą maintain 

aerodynamic loadsĄ increase power
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Example

Example for Vw = 10 m/s andr= 1.225 kg/m3 

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

1) R1 = 45m
a = 1/3 Ą CDax = 4a(1-a) = 0.89; Fax = CDax 0.5 rVw

2pR1
2 = 344 kN

Cp = 4a(1-a)2 = 0.59; P = CP 0.5 rVw
3pR1

2 = 2308 kW

2) a = 0.26 Ą CDax = 4a(1-a) = 0.76<<0.89; 
R2 = 48m ĄFax = CDax 0.5 rVw

2pR2
2 = 341 kN

Cp = 4a(1-a)2 = 0.57~0.59; P = CP 0.5 rVw
3pR2

2 = 2524 kW

~

>



Another example: The AVATAR low induction reference wind turbine vs the 
normal induction Innwind.EU Reference Wind Turbine

Power: 10 MW 10 MW

Rotor diameter: 178.3m 205.8m

WTPD: 400 W/m2         300 W/m2 

Axial induction: 0.3 0.24

RPMĄTip speed 9.8rpmĄ 90m/s 9.8 Ą103.4 m/s

Hub height: 119m 132.7m
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Power curve: AVATAR vs 

INNWIND.EU
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• 5% Increase in energy production due to larger diameter

• Key rotor load levels are maintained

• Non-rotor loads exceededĄ Replace glass fibre by (more expensive) carbon

• Does increased production compensate increased costs?

• Levelised Cost of Energy of AVATAR turbine assessed in 1) 
• 2% lower LCOE 

1) R. Quinn, B. Bulder, J.G. Schepers 

A parametric investigation into the effect of low induction 

rotor (LIR) wind turbines on the LCoEof a 1GW offshore 

wind farm in a North Sea wind climate, Energy Procedia, 

Volume 94, 2016, Pages 164-172

P[kW]



Appendix 3: Number of blades
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Number of blades: The characterization of 

rotors in terms of CP-l

P = T.Ω

(Remember: T = torque)

CP =
P

½.ρ.V3.Ar

• Cp,max for a modern 3 bladed Horizontal Axis Wind Turbine 

turbine is more or less the same for as the Cp,max for a 1 bladed 

Horizontal Axis Wind turbine but note the difference in l
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Number of blade: Recall the 

characterization of  Rotors

2 4 6 108

λ = 1 λ = 3 λ = 8 λ > 15 

Hence: lincreases with decreasing number of blades!!

(Noisy like a jet fighter!)



Number of blades

1 2 3



Number of blades
o First it should be known that more blades yield the maximum CP

at a lower l,i.e. a lower rotational speed 

o 2 bladed rotor: high Whence a relatively low gear ratio for 
electricity generating turbines with Wgen ~ 1500 rpm and a 
relatively low torque (P=WT) on the drive train

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

Gear box

Gear ratio: 

Wgenerator/Wrotor

Wrotor~10-20 rpm

Wgenerator ~ 1500 rpm



Why 3 blades instead of 2 blades *)

• Pro’s 3 blades
– Lower rotational speedĄ Less noise
– Better visual impact
– ‘Smoother’ loading over a revolution

• Pro’s 2 blades
– Higher rotational speedĄ 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 W and hence a  (desirable) high torque  (P=WT)


