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Agenda

» Market opportunities.
— Position of steel sector and competitors.
— Technical barriers and trends.

* On-going research projects.
« Stability of polygonal vs. circular tubular towers.
» Bolted connection in modular steel tower.
* Door openings, are stiffeners necessary?
 How to design flangeless connection?
* How to manufacture competitive flanges?

« (Conclusions.
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*Turbine *33% 21%

*Blades 22% *15%
«Tower 20% *13%
*Foundation *9% 21%

6%
*10%

21%
*9%

*Grid connection  |iiiies

*Design & Management

*Total cost per MW *€1.5 - 2 million «€2.5 — 3.5 million
«300-400 k€ 325-455 k€
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Cost assumptions
 Steel towers are 15 to 25 % of installation costs
* [f 80% towers are made of steel for the cost of 250 k€/MW)

GEWC-Europe
* 12,7 GW of new turbines in Europe (2012) 1,0-1.3 mil € MV

— 15 billion € (total value of new installed eq. 1,2 mil € 1MW
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World's largest onshore wind farms

Current
Wind farm ¥ capacity $ Country %
(MW)
Alta (Oak Creek-Mojave) 1020 USA
Buffalo Gap Wind Farm 5233 USA
Capricorn Ridge Wind Farm 662.5 USsA
Dabancheng Wind Farm 500 China
Fowler Ridge Wind Farm 599 8 USA
Horse Hollow Wind Energy Center| 735.5 USsA
Jaisalmer Wind Park 1,064 India
Meadow Lake Wind Farm 500 UsA
Panther Creek Wind Farm 458 UsA
Roscoe Wind Farm 7815 UsA
Sweetwater Wind Farm 5853 usA

dfms

- wind speed of 16 km/h or greater.
- constant flow of non-turbulent
wind.

- access to local demand or
transmission capacity.

Dragaliden Wind Farm, Norrbotten, Sweden © Svevind
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onshore challenges 'y
Height and Foundation & e=

Vattenfall, 40 50 %
Matthias Schubert, former CTO at "
the REpower Systems: Vien |
“By raising the hub height from
93m to 143m, the company expects
an increase in yield of up to a
whopping 50% in low-wind
locations.”

Ekman layer

Height

Transition layer

110 m
140 m )

3.2-MW turbine Prandtl layer

0://www.windpowerengineering.com/
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1t problem: Transport for onshore towers

Diameter: 4,5 m
Length: 36 m
Weight: 70 t
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oncrete Tower

Steel stub

Prestressing tendons continuous over section;

The Concret.e Centre” milnimum number for handling

Long bolts joining sections together;
prestressed immediately after erection

Prestressing tendons continuous over group of sections;
minimum number for stability during
construction of section above

N@. boltedto wection below

Prestressing tendons continuous over full height of tower

Concrete
Wind Towers

— SECTIOM

* Min prestress
* Max 4 rings

+ 12m tall

— Vertical joints used to break
rings into mare easily

Sectionlfted trarsportable ssgments
into place

Taower broken into

transportable segments

Minimum prestressfor Segment size adaptable
handing appliedto to copewith difficult
section at [ow level site access

R s

CONCRETE SOLUTIONS FOR OFFSHORE AND ONSHORE WIND FARMS

OF TECHNOLOGY
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Production, transport and assembling, but
also dismantling.

NO TRANSPORT
CONSTRAINTS
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ATS, May 2009 Grevenbroich 2,3 MV
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ubular tower: Alternative
Bolted polygonal shell tower

andresen-towers.com

Y
{3 | - R . ;o
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ing technology

Tall towers for large
wind turbines

Repart from Vindforsk project V-342 Hoga
torn for vindkrafoerk

Elforsk rapport 10.48

NEIE N

Tt ke st e b

Vindbrdek  @uuporsi  ELFORSK
V)
l" Table 6. Approximate cost of cranes, including transportation from
= 4 Belgium to Swedish port!?
:; Type Weight of unit | Meobilization Long term hire, per
< :’ + equipment |cost, 1 000 weelk, 1 000 NOK
= ! NOK'?
-
¥ Liebherr LR 1400 450t + 250t |1 500 125
Demag CC 2800 S00t+ 250t |2 000 150
Liebherr LR 1800 JODt+ 300t |3 500 325
Demag CCB800 BODt+ 400t |4 500 450

Figure 1. Lifting of the 340 t hub section for Enercon E-126 7,5 MW wind
turbine. The Terex Demag CC9800 crawler crane is formally rated 1600 t and

in this configuration can lift 360 t.
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and hybride towers

Tower costs for the alternative designs.
Turbine power 3 MW, hub height 125 m

1200
1016

1000
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W

S 600
o
—

400

200

Welded steel Steel shell Concrete Concrete/steel Lattice Wood
shell friction joint slipformed hybrid
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ections in towers
for wind turbines
* High fabrication costs (app. 4-7k€/flange), long delivery time

* Relatively low fatigue resistance, approx. 50MPa
 Main limitations (design, transport)
= Impairs whole structure efficiency

N
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main project idea of
the HISTWIN project 2006-2009

Repower SMW assembled 2004, Germany
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2010-2013
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connection,

1,
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Model test flange and
friction connection

%

°In-situ measurements

test flange

i

‘% o

«Static
eLong time
measurements

rview and partnership

of the Histwin project

eSegment test on a new friction

Simple
connection

Design model

Flange and
friction
connection

Design model

SREPONE

Feasibility
test
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Overview of the experimental work

«  Segment tests
— Static resistance tests
— Long term tests
— Temperature cycles

 Standard friction tests
 Relaxation tests
 Pretension tests

* Short term monitoring (room)
Fatigue

LULEA
UNIVERSITY
OF TECHNOLOGY



The northernmost University of Technology in Scandinavia

World-class research and education

rview of the experimental work (...cont.)
FNTRRERRY

* 4 Point bending test
*  Monitoring

* Feasibility study
MARTIFER

VB~ <
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etup dependent:

steel grade, surface finishing
« Testing acc. to EN1090-2

p factor (FCTUC)

Type A Type B Type C Type D Type E Type F
Satics  |ovilh dbotasii with shot with shot with shot with shot
blasted dearee Saglz‘/, steel, degree | steel, degree |chemistry steel, degree | steel, degree
w *| sa2w Sa 3 Sa 2V Sa 2V
painted with
galvanization | painted with | zinc epoxy
ey by hot zinc ethyl- (one layer)
Surface  |without without metalized VBB licat { ” ,;3(
trestment |frestment weatment <ith Fe immersion silic : e (one | with - pm
with zinc layer) with (current
75 pm 160 pum 70pum product in
Portugal)

Surface
appearance
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« Down-scaled four-point bending tests (RWTH)
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Bending moments are applied as imposed

odel

rotations of the shell reference points.
Vertical symmetry BC
Realistic geometry of. bolts and nuts.

Preloading of bolts by the ,turn-of-nut-method”.

| 30 mm
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Quick and easy installation

Properties equivalent to HS Bolts 10.9
No torsion in the shank

Corrosion protection

Pre-tensioned !
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uck BobTail lockbolts

D ALCOA

Deutsches
Institut

4 DIBt
Bautechnik

Zulassungsnummer:
Z-14.4-591
Geltungsdauer
vom: 4, November 2011
bis: 4. November 2016

* Properties equivalent to HS Bolts 10.9
« No torsion in the shank,

« Up to 25,4mm diameter, 1 inch
« Maintenance free bolts

LULEA
VERSITY

IVERS ,
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* Pure relaxation tests on double shear lap joint
Huck BobTail lockbolts

l 308 -5 106 106 3 - 308 |

L1

galvanization, t = 250 ym

24 SEEE
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ong term tests

o« “Standard”
configuration

« Load levels: 60 % and
80 % of

static resistance
« Duration: 30 weeks

= Creep

. Long term test rigs
= Relaxation .
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st results

* Pure relaxation tests on double shear lap joint
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ity test for flangeless modular tower
MARTIFER

t=15 mm
t=30 mm

BobTail
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Bending
Buckling analysis

Failure mode

Compression
Buckling Analysis

g 10 12 Circular
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43 =
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= = «RFC -noimperfection

Bending moment (kNm x103)

= = =FCC -noimperfection
= = =FCP -no imperfection
95 = RFC - dimple imp. 13 mm
= FCC - dimple imp. 13 mm

s FCP - harmonic imp. 4mm

10 15
Rotation (rad x103)
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1e maximum load

HEEE
::‘==i:|‘l-g'i‘--\v qggﬁ .

412.6 MPa
-398.7 MPa

382.4 MPa
-457.0 MPa

Model of thesdoor
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120%

100%
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Plate of different

thicknesses

100%

95%

S355

S500
Yield stress f, (MPa)

S650

iffening of Door Opening
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Stiffener
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Yield stress f, (MPa
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ial imperfections

» Assembling tolerances for CFC
 Dimple imperfections EN 1993-1-6
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: Nonlinear analysis
-failure modes, influence of the finger length

e © L%
SXA=N A

T
CE SRAE

 Failure mode for the friction:

Local buckling, adjacent to the
connection

¥l 3-
1

FARES

1
L L Py

"Global buckling” of the fingers.

L\ N
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MAN project
Offshore Wind Turbine Towers
- A Quicker, Cheaper Flange Supply Route

(http://ringmanproject.com)

sEHHEDﬁN

Objectives:

Develop of high quality, low distortion, thick FORJAS IRAETA ﬁ INETEC

section electron beam welded flanges. CNF

CAMBRIDGE

Understanding of the flange property |/E5t ads VA CUUM

. ENGINEERING
requirements.

Procedures for inspection.
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TWI
o A

(http:/[ringmanproject.com)

Flanges are very thick section — i.e. greater
than 150mm, conventional welding
fabrication would be time consuming and
distortion of the flange would require
expensive compensation.

Electron beam thick section welding has
been used in the power industry to make
deep section, low distortion welds at a fast
rate.
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TWI
(http:/iringmanproject.com) M =

« The EB process (and heat treatment and
accurate machining) produces flanges with high

EB welds integrity welds, of high strength comparable to
the parent material.

Thick section
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Structural Integerity Assessment of Wind Turbin
Tower Flanges

(Assessment of the maximum allowable flaw size)
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I T | 1
- Loads and cross . i .
Tower properties > Material properties, Inspection
prop section forces ‘Fracture_toughness ‘ P
[1 ¥ [1 |

STRUCTURAL INTEGRITY ASSESSMENT

Onshore Offshore

| | 1 || 1
Facturg

ASSESSMENT OF MAXIMUM ALLOWABLE FLAW

I
L

THE MAXIMUM ALLOWABLE FLAW SIZE

1
Stress corrosion

Facture analysis  |Fatigue analysis Fatigue analysis cracking

SENSITIVITY ANALYSIS <

FLAW SIZES SMALLER
THAN THE DETECTED _ FINISH
FLAWS?

REMEDIAL ACTION IS REQUIRED
LULEA

UNIVERSITY
OF TECHNOLOGY
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racture and

fatigue data

Material Properties
Material Yield stress (o, MPa) Ultimate tensile stress (o, MPa) Modulus of elasticity (E, MPa)
S 355 355 510 207000
Fracture toughness data (BS 7910:2005 Annex J)
Test temprature Tiest (°C) -50
Charpy V impact energy cv() 6
Transition temprature T27;(°C) -22
To Ty7; — 18°C -40
Design Temprature T(°C) -30
Temprature term Tk (°C) 25
Material thickness B(mm) 24
Probability of failure Pg 0.05
Fracture toughness (J.4) Kumat(MPa/m) 53.12
Kmat = 20 + [11 + 77e(0019(T-To=Ti0)}] (2;)1/4 {m ( n _1Pf>}1/4
Recommanded fatigue crack growth parameters for steel in air (BS 7910:2005, Pages 56 and 58 )

Stress ratio (R)

AKyp,(MPay/m)

C(da/dN in m/cycle)

m

-1

6.77E-13
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Flanges

SE+7
AE+T7

Number of cycles N

s1 4 [

1 32 60 91 121 152 182 213
Stress (MPa)

Extreme load at S1
AM [kNm] Ao (Mpa)

4.58E+04 218.1
LULEA
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FAD Curve

Surface crack

Fatigue flaw growth

0 0.1

T r 1 r1rrrrrrrr1rr1rrr1rri
02 03 04 05 06 07 08 09
Number of Blocks of Spectrum

1

albie Tiaw Size

K K 1 On
r— 5 r—
KC O'y
Where
K; Stress intensity factor
K¢ Fracture toughness
o, Applied stress
oy Yield strength
= Embedded crack
30 4
E ——Membrane Stress = 350 MPa
g
g;_u | ——Membrane Stress =250 MPa
gg ———Membrane Stress = 150 MPa
=15
—
E 10 4
=
5
1] T T T T 1
1] 2 4 1] B 10 12

Flaw Height (2a) mm
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detailed FE model
for global analysis of the flange
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* Bolt preloading by Turn-of-nut method (980 kN)
* Force controlled loading up to failure

»  Smoothed amplitude functions
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oading (980 kN)

Vertical stresses Bolt force Contact

Viewport: 1 0DB: d/ABAQUS/RFE5_M48_r00_4moredata.odb Viewport: 2 ODB: d/ABA ita odb fewport: 3 OB ABALQUIRFES “MAS) r(0" 4mo

s, 522 - S s, 522
(Avg: 75%) (avg: 75%)
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preloading
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Conclusions

Research achievements (HISTWIN projects):

« Large market opportunities.

« Component tests used to provide new design values.

- Down-scale tests demonstrated quality/safety of the connection.
 Feasibility tests demonstrated usefulness of the innovation.

« Proved that use of Higher-strength steel grades are advantageous.
« “Maintenance free” connection for tubular and lattice towers.

« Advantages off “semi-closed cross-section” for bolted connection in lattice
towers.

« Bolted connections may be a competitive alternative to welded connections.
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Conclusions
Research achievements (RINGMAN project):

« A new welding technology (EB welding) may be competitive alternative to flange
forging.

 State of art methodology for structural integrity.

« Detailed FE model which allows the most realistic stress assessment in the bolts
and flanges.

« FE flange model requires advance evaluation of material data but allows
economical evaluation of material imperfection (flaws) and geometrical
imperfections (flange out of flatness, loss of pretension).

* Fracture assessment based n material data.

« Fatigue endurance assessment based on an arbitrary assumed crack in the
e for realistic stress conditions.
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e TRL I — basic principles observed

e TRL 2 - technology concept formulated
e TRL 3 — experimental proof of concept
¢ TRL 4 — technology validated in lab

¢ TRL 5 — technology validated in relevant environment (industrially relevant
environment in the case of key enabling technologies)

¢ TRL 6 — technology demonstrated in relevant environment (industrially relevant
environment in the case of key enabling technologies)

MRL 5
Capability to produce prototype components

in a production relevant environment.
MRL 6
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