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Ballast Ballast NedamNedam

ConfederationConfederation bridge, Canada, bridge, Canada, 

175 elements, 175 elements, 

ranging in mass from ranging in mass from 

1,200 to 7,500 1,200 to 7,500 tonnestonnesExamples from presentation 
by B. Hendriks (EWEC 2008)
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MaeslantkeringMaeslantkering, Nieuwe Waterweg, The , Nieuwe Waterweg, The NetherlandsNetherlands

BallBall--joint of 10 m diameter, joint of 10 m diameter, 

mass 680,000 kg.mass 680,000 kg.Examples from presentation 
by B. Hendriks (EWEC 2008)
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MaerskMaersk –– DenmarkDenmark

sizesize -- 396 x 63 meter396 x 63 meter

Engine 80 MWEngine 80 MW

Examples from presentation 
by B. Hendriks (EWEC 2008)
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Up scaling – levelised cost
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1.1. External Geometry 

Assuming geometric similarity for the external geometry of the rotor blades, i.e. the 
blade planform characteristics scale-up proportionally to the blade radius, the twist 
distribution and the airfoil types remain the same, we end-up with the following size 
dependency table. 
 
Symbol Defining Formula Description Size-Dep. 
R   Blade Radius R 
r   Local Radius R 
L  0rRL ��  Blade length R 

x  Rrx /�  Non-dimensional spanwise distance: 
]1,[ hx  h=hub 

I 

)(rc   Chord distribution R 
)(rt   Max-Thickness distribution of airfoils R 

)(* xc  Rrcxc /)()(* �  Non-dimensional chord distribution I 

)(* xt  )(/)()(* rcrtxt �  Non-dimensional Max-Thickness 
distribution 

I 

)(xtwist   Twist distribution I 
)(xairf   Airfoil type I 

R: denotes linear dependency on blade radius. 
I:  denotes size independency. 
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1.1. Operational Conditions 

To achieve aerodynamic rotor similarity we assume that the blade tip-speed and the 
collective pitch are size-independent, depending only on the actual wind-speed 
through the turbine control. It is notable, though, that the local Reynolds number Re 
increases proportionally to the turbine size. Aerodynamic airfoil similarity requires 
geometrically similar blades and equal Reynolds number, Mach number and reduced 
frequency (turbulence, 1P, tower passage) of the effective wind speed. 
 
Symbol Defining Formula Description Size-Dep. 

a�   Air density I 

U   Wind Speed I 
�   Rotational Speed 1/R 

R�  )(UfunctionR ��  Tip-speed I 
p  )(Ufunctionp �  Collective Pitch I 

)(xV  ),()( xUfunctionxV �  Effective Wind Speed I 
)Re(x  �/)(*)()Re( xcxVx �  Reynolds Number (�  = air 

kinematic viscosity) 
R 

)(xM  axVxM /)()( �  Mach number (a = speed of sound) I 
)(xk  )(2/)(*)( xVxcfxk �  Reduced frequency (f = frequency) I (for 1P) 
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1 .1 . L o a d s  a n d  s tre ss e s  

 
S y m b o l D e f in in g  F o rm u la  D e sc r ip t io n  S ize -

D e p . 
),( Uxd�  

x d xxAxRrd rxAx mm )()(.)()( *422
��

� ����  
C e n tr i fu g a l 
fo rc e  d if f . 

� 2R4~ R2 

),( 0 Ux�  
�

�

�
1

*42

0

)()(.
x

m x d xxAxR ��  
C e n tr i fu g a l 
fo rc e  a t b la d e  
ro o t 

� 2R4~ R2 

),( 0, Uxx x ��  )(/),( 00 xAUx��  C e n tr i fu g a l 
s tre ss  a t b la d e  
ro o t 

( � R )2~ I  

)( xd m  
d xxAxRd rxAx mm )()(.)()( *3

��

�� ��  
M a ss  d if f . R3 

)( 0xB  
�

�

�
1

*3

0

)()(.
x

m d xxAxgR �  
T o ta l  b la d e  
w e ig h t  

R3 

)( 0xM B  
� ��
1

*
0

4

0

)()()(.
x

m d xxAxxxgR �  
W e ig h t ro o t  
b e n d in g  m o m e n t 

R4 

)( 0, xBx x�  )(/)( 00 xAxB�  W e ig h t a x ia l 
s t re ss  a t b la d e  
ro o t  ( te n s io n  o r  
c o m p r e s s io n ) 

R  

)( 0, x
BMx x�  )(/)( 00 xWxM zB�  W e ig h t b e n d in g  

s tre ss  a t b la d e  
ro o t 

R  

),( 0, UxAx x�  )(/),()(/),( 0000 xWUxMxWUxM zzyy 		�

 

A e r o  b e n d in g  
a x ia l  s tre s s  

I  

),( 0 UxA
  )(/),( 0 xWUxM tx�  A e r o -T o rs io n  
sh e a r  s tr e ss  

I  

W h e re  g s ta n d s  fo r th e  a c c e le ra t io n  o f  g ra v i ty. 

Centrifugal stresses are size independent 

Aerodynamic stresses are size independent

Weight stresses are proportional to R, rendering 
longer blades sensitive to: 

• buckling (all kinds, local buckling included), 
• weight triggered low-cycle fatigue failure
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1.1. Natural Frequencies 

In our analysis we shall rely on a single-beam model with uniform sectional 
properties along its span. Let L be the length of the beam. The angular natural 
frequencies � n of the different modes are proportional to (Km / Mm ) ½ , where Mm 
stands for the generalized mass and Km for the generalized stiffness. i is the radius of 
gyration scaling-up with R.  
 
 

mM  mK  
mmn MK /��  �� ��� /nn  

Tension 
L

�

� ~R3 
LEA/ ~R 

�/
1

EA
L

~R-1 
R-1/R-1 ~I 

Bending 
L

�

� ~R3 
3/ LEI ~R �/

1
2

EI
L

~R-1 
R-1/R-1 ~I 

Torsion 2iL
�

� ~R5 
LGJ / ~R3 

)/(
1 2iGJ
L

� ~R-1 
R-1/R-1 ~I 

 
• Blade natural frequencies are inversely 
proportional to R

• Non-dimensional natural frequencies 
(normalized by the blade rotational frequency) are 
size independent



Warsaw, April 21, 2010

• The normalized deflections are size independent whe n 
produced by aerodynamic loads 

• The weight loads, on the contrary, produce deflecti ons 
proportional to R

This has a direct effect on the in-plane maximum bl ade 
deflection and an indirect in the out of plane defl ection related 
to the blade-tower clearance

1.1. Elastic deformations 

Symbol Defining Formula Description Size-Dep. 
RUxwUxw /),(),(* �  

)(

),(
.

),(
2

*2

xEI

UxM
R

dx
Uxwd

yy

y�

 

Normalized 
out-plane 
deflection 

I  for My Aero 
 
R  for My Weight 

RUxvUxv /),(),(* �  

)(
),(

.
),(

2

*2

xEI
UxM

R
dx

Uxvd

zz

z�

 

Normalized 
in-plane 
deflection 

I  for Mz Aero 
 
R  for Mz Weight 

),( Ux�  

LxGJ

UxM
Ux x

/)(

),(
),( ��  

Torsional 
deflection 

I  for Mx Aero 
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Under the above assumptions, and size independent k and Rf, 
the stability bounds of the above aeroelastic system  will also 
be size independent

1 .1 . A eroelastic  stab ility  –  sin g le  b lade 

W e shall base th is analysis on  a s im p lified  typ ica l-section  m odel app lied  at x0 w ith  
th ree degrees o f freedom  (n =  flap , lag , to rs ion ). Fu rther to  the earl ier defined  
variab les w e add  the fo llow ing w h ich  are essen tia l fo r stab ility  considerations.  
 
S ym bo l D efin in g  F o rm u la  D escr ip tion  S ize-D ep . 

),( 0 Uxk  ),(/)(),( 000 UxVxcUxk ��  R educed  
frequency 

(� R )/V ~ I 

)( 0xR f  )(/)()( 0
2

00 xxcxR af ���  D ensity 
facto r  

I 

 
L et X  =  { v* ,w * ,� } T  be  th e vecto r o f no rm alized  (w ith  the loca l chord  and , essen tia lly  
w ith  R) d isp lacem ents due to  the aeroelastic  action . T hen, the stab ility equations fo r 
the typ ica l section , ignoring structu ral dam p ing, can  be w ritten  in  the fo llow ing  
vecto ria l fo rm : 
 
F  (X '',X '; k ,Rf, n� , nc  , nr ) =  0  
 
W here ( ') deno tes redu ced-tim e derivation ,  n� are the no rm alized  b lade frequencies 
(firs t flap , lag and  to rs ional), nc are the aerod ynam ic coeff ic ien ts once again  assum ed 

as R eyno lds indep enden t and  nr  rep resen t no rm alized  geom etrica l p roperties o f the 
section . 
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Why does cost seem to 
favor small size?

7�$ ,)�$ ()�$

�2 , ,BCC (

������&A
* ,,)B))) <,,B,(D EE)B)))

���
��
�&A
* (C)B))) DFEBE(( ,BG()B)))

��#
��&A
* <CFBCD) GE(BFD7 (BFFGBDE)

Optimum scale depends 
on ratio between fixed and 

variable costs
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Technology Evolution with Blade Size
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PAST FUTURE
Gl-P HLU Gl-P RI Gl-Ep RI Gl-Ep Prep Gl-C Hybrid 1 Gl-C Hybrid 2 New Tech 1 New Tech 2 New Tech 3

Single Step r(t)/r(t-1) 1,00 0,59 0,79 0,93 0,86 0,87 0,93 0,93 0,93
Cummulative r(t) 1,00 0,59 0,47 0,44 0,38 0,33 0,31 0,28 0,26

Single Step a(t)/a(t-1) 1,00 1,08 1,08 1,10 1,10 1,00 1,03 1,03 1,03
Cummulative a(t)/a(t0) 1,00 1,08 1,17 1,28 1,41 1,41 1,45 1,50 1,54

WT Power (MW) Rotor Radius (m) Mass (tn) Mass (tn) Mass (tn) Mass (tn) Mass (tn) Mass (tn) Mass (tn) Mass (tn) Mass (tn)

0,125 10 0,25 0,15 0,12 0,11 0,09 0,08 0,08 0,07 0,07
0,281 15 0,85 0,50 0,40 0,37 0,32 0,28 0,26 0,24 0,22
0,500 20 2,00 1,19 0,94 0,88 0,76 0,66 0,61 0,57 0,53
0,781 25 3,91 2,33 1,84 1,71 1,48 1,28 1,19 1,11 1,03
1,125 30 6,76 4,02 3,17 2,96 2,55 2,22 2,06 1,92 1,78
1,531 35 10,74 6,39 5,04 4,70 4,05 3,52 3,28 3,05 2,83
2,000 40 16,02 9,53 7,52 7,01 6,04 5,26 4,89 4,55 4,23
2,531 45 22,82 13,57 10,71 9,99 8,60 7,49 6,96 6,48 6,02
3,125 50 31,30 18,62 14,70 13,70 11,80 10,27 9,55 8,88 8,26
3,781 55 41,66 24,78 19,56 18,23 15,71 13,67 12,71 11,82 11,00
4,500 60 54,08 32,17 25,40 23,67 20,39 17,75 16,51 15,35 14,28
5,281 65 68,76 40,90 32,29 30,09 25,93 22,57 20,99 19,52 18,15
6,125 70 51,09 40,33 37,58 32,38 28,19 26,21 24,38 22,67
7,031 75 62,84 49,60 46,23 39,83 34,67 32,24 29,98 27,89
8,000 80 76,26 60,20 56,10 48,34 42,07 39,13 36,39 33,84
9,031 85 72,20 67,29 57,98 50,47 46,93 43,65 40,59

10,125 90 79,88 68,82 59,91 55,71 51,81 48,19
11,281 95 93,95 80,94 70,45 65,52 60,94 56,67
12,500 100 94,40 82,18 76,42 71,07 66,10
13,781 105 109,29 95,13 88,47 82,28 76,52
15,125 110 125,65 109,38 101,72 94,60 87,98
16,531 115 124,98 116,23 108,09 100,53
18,000 120 142,00 132,06 122,81 114,22
19,531 125 160,50 149,26 138,81 129,10
21,125 130 180,54 167,90 156,15 145,22
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Learning Curve
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Nacelle mass evolution

M = 0.0131D1.9542
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large W/Ts (exponent =3+)
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Drawing on concepts from 
aeronautics industry
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