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Scheme of an offshore wind turbine

leproduced counesy of Skemens Wind Power
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Design Constraints

- Ultimate limit state (ULS)
Plastic limit (tower, joints)
Buckling (tower)

Fatigue (tower, joints)

- Serviceability limit state (SLS)
Slip resistance check (joint)
- Avoidance of resonance (vibration frequency)
- Blade clearance
- Transportability



- EN 1993-1-6:2007 DESIGN OF STEEL STRUCTURES —
STRENGTH AND STABILITY OF SHELL STRUCTURES

- EN 1993-1-8:2007 DESIGN OF STEEL STRUCTURES —
DESIGN OF JOINTS

- EN 1993-1-9:2007 DESIGN OF STEEL STRUCTURES —
FATIGUE

- See National Annexes



Load Analysis

- Wind Turbine Loads

Inertia and gravity loads
Aerodynamic loads

Operational loads

Other loads (wake, impact, ice ...)

- Load Analysis

Bladed Software

Indications can be suggested also by scaling from other
WT designs



Load Analysis

AMx My Mxy Alz Fx Fv Fxyv Fz
Load ENm ENm ENm ENm EN Y EN EN
case
A=z Aax 6.1k 39022 10049 39871 10612 2302 -B08.5 840.8 26002
A= Ain 6.lo 40749 15133 32000 -1126.2 263.3 6728 7225 -2689.1
My Aax 1.5c 11733 37424 37442 2913 4826 0.50 4826 27782
My Alin L3f -1170.6 44470 45044 3135 -509.2 1005 319.1 27074
My AMax 6.1k 38088 11721 G0141 12951 2843 -8172 8652 26005
M=y Alin 1.1a i3 1.0 1.8 388 19.3 23 194 27319
Az AMax 22a 3670.0 4567.6 38394 32544 76.8 3048 827 22676
Az Ain 11§ -B139.8 1158.2 82218 -2715.1 482 1283 1371 27147
Fx Aax 6.1h -17442 32747 37102 356 6163 2511 6655 2653 8
Fx Ain L3f -1170.6 44470 45044 3135 -506.2 1005 319.1 27074
Fv Max 6.1lo 49749 15133 52000 11262 2633 6728 7325 26891
Fv Alin a1k 38088 11721 60141 12951 2843 -817.2 8652 26005
Fxy Alax a.lk 38088 11711 a0141 12951 2843 -8172 8652 -2600.3
Fxy Alin 1.1a 647 -1255.6 12572 153 017 021 0.27 27409
Fz AMax 7170 18448 12494 12629 -44.5 2545 119 2547 21116 P Mot
Fz Ain Lle 3070.6 12326 12897 -112.6 1882 -31.2 190 8 28164
Table 5.4 - Ultimate Loads: Tower at 0.00m ﬁ




Table 1 — Steel properties

Nominal thickness of the element t [mm]
Standard and <40 mm 40 mm < ¢ < 80 mm
Element steel grade f £ f £
[MPa] [MFal] [MFa] [MFal]
Flange 5355 355 510 335 470
Tower S355 355 510 335 470

According to EN1993-1-8:2005 [3] bolt class and relevant properties are reported below:

Table 2 — Bolt properties

Bolt class s Joo
[MPal] [MPa]
8.8 640 800




Partial Factors

- EC-3: Ultimate LS
Ve

1

Vo

1.35 Permanent loads

1.50 Variable loads

- EC-3: Serviceability LS

Vs, =1.00
Yo, =1.00
- DNV-GL guidelines

.

Material, resistance Yiro 1,00

Mat., buckling Yar1 1,10

Mat., bolts Yiso 1,25

Mat., bolts }/H 3. res 1 ,1 0
Tvpe PSFL

Abnormal safety factor
Load case 2.2 and 7.1

1.10

Normal and extreme safety factor 1.35

All other load cases

Transport and erection safety | 1.2

factor
Load case 8.1




ULS: Plastic limit (tower)

Reference: EC3-1-6, sect 4.1 etc (tower),

Annex A
A.3.1 Uniform A3.2 Axial load
axial load from global
bending

2
M= i Pz.z.max

Qg gd = \/ O.ra ™ 3 U9 kd

AT
Pz,Z,nlﬂx
Ocq.Ed < feqRd
Pz,l,max
-
2
TFI =21 P,y M = Ty Py 1 max
Ox=-— £ O xmax =% ﬂMf

' 27rt-cos B T wr-t-cos

oy =0 gy =0



ULS: Plastic limit (joints)

Reference: EC3-1-8

Table 3.2: Categories of bolted connections

Category Cnfena Femarks
Shear connections
A For = F.ra Mo preloading required.
beanng fype Fip = Fupa Bolt classes from 4.6 to 10.9 may be usad
B ?-j“ o Jf:*“f“ Preloaded 8.8 or 10.9 bolts should be used.
slip-resistant at serviceability M = . For shp resistance at serviceability see 3.9,
Fim = Frpa
C F,__:,, = L opa Preloaded .5 or 115 bolts sheuld be used.
R . Fom = Fipa For ship resistance at ultimate see 3.9,
hpresstmtAWAmAS  E L S New | Newese3410)0.
Tenszion connectons
D F - F Mo preloading required.
non-preloaded F; E B:Z'i Bolt classes from 4.6 to 10.9 may be used
ﬁp.ﬂ SEE izhtE 5#
E Fipa = Fira Preloaded 8.8 or 10.9 bolts should be used.
preloaded Fipa = B pa B 5y see Table 3.4,

AT e T e I e e e e A S e ST B R S e e e siedTs
both shear force and tensile force should also satisfy the cnteria given in Table 3.4,




ULS: Buckling

For a perfect cylindrical shell

under axial load,
o, = 0.605 E (t/R)

E = Modulus of elasticity,
t = Wall thickness, R = Shell radius

Imperfections
- are magnified by applied compression
- result in earlier onset of yield
(on concave surfaces)




ULS: Buckling

Reference: EC3-1-6, sect 8 etc (tower)

Imperfections

First step: Decide the “fabrication tolerance quality
class” — A, Bor C

These correspond to % deviations of 0.6%, 1% and
1.6% respectively



ULS: Buckling

The % imperfections of the finished tower section will be checked, using
a) astraight rod of length L = 4(Rt)°%> placed vertically anywhere
b) a curved gauge of same length placed circumferentially

c) astraight rod of length L = 25t placed vertically across horizontal welds

a) Measurement on a meridian (see 8.4.4(2)a) b) First measurement on a circumferential circle

(see 8.4.4(2)a)



ULS: Buckling
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ULS: Buckling

The elastic critical buckling stress determines the relative shell
slenderness, A = (f /o)

The buckling strength is then determined as a proportion of
the yield strength, according to

* The relative shell slenderness, A
 The fabrication tolerance quality class
 The balance of axial stresses and bending stresses

A low proportion of axial stress — as normally found on WTG
towers — results in a relatively higher buckling strength.



ULS: Buckling

Resistance buckling stress

OxRd = Ox R/ M1. ObRd = GO RK MI1.  ToRd = To.RK M1

where

OuRk = Zx fyk. ObRk =26 fyk. ToRk =1t fyk /3

\/Buckling reduction factor

Checks (slenderness, imperfections, ...)

Ox Ed < Ox Rds O Ed < Op Rd. Tx0.Fd = Txp.Rd

+ combined loading check



ULS: Buckling

Tower doorways

Tower doorways are always stiffened round the edge,
but standard rules for a cylindrical shell no longer
apply. FE analysis can be used.



ULS: Buckling

Analysis of buckling using finite elements
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ULS: Fatigue

A WTG tower may see 1,000,000,000 loading cycles in its life

No. of load cycles = No. of blade passes
For 20 rpm 3 bladed machine operating continuously, this gives
20 x 3 x 60 x 8760 x25 = ca 800,000,000 cycles

The turbine manufacturer describes these loads in terms of
fatigue load spectra.

These are tables of load ranges (eg tower base bending moment
or TBOM) against numbers of cycles.



ULS: Fatigue

Fatigue bending moment ranges are converted to stress ranges
usingo = M/Z.
[Load safety factor = Material safety factor = 1.0]

S/N curves give the number of constant amplitude load cycles
permitted for each stress range.



ULS: Fatigue

S - N curve for Detail Category 71
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Avoidance of resonance

Sources of Tower Excitation

A. Blade passing frequency

Stochastic wind loading (gust slicing)
Each blade “slices through” a localised gust in turn. Dominant effect.

Tower shadow
Load on each blade drops off sharply as it passes behind tower

Wind shear, yaw, shaft tilt
Largely averaged out over three blades — 2" order



Avoidance of resonance

Sources of Tower Excitation

B. Rotational frequency
Blade pitch error

+/- 0.3 degrees specified in 2003 GL rules
=> thrust variation of ~+/- 1% of steady thrust

Rotor mass imbalance

0.005R eccentricity specified in 1999 GL rules
=> moment variation of ~+/-1% of max thrust x R



Avoidance of resonance

Variation of dynamic magnification with tower natural frequency for variable speed
turbine with 13.33 to 20 rpm speed range (0.222 - 0.333 Hz) for zero damping
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Avoidance of resonance

Design options

Second moment of area (nR3t) restricted by natural frequency
limitations.

Initially, increasing the R/t ratio gives more efficient use of
material, but at high R/t the buckling reduction factor penalty
Increases.
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Blade Clearance

Blades bending close to tower Image: Vestas



