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Topics

Introduction

Main features

Aero-elasticity |: rotor pre-design
Aero-elasticity Il: turbine design
Offshore

Structural blade design
Tidal
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FOCUS across the globe

The wind turbines give an indicatio

1995: F distribution of users
2004: FO ' 7,

2009: FOCUSGE _
2016: FOCUSG6 version 6.3
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Main Features

Integrated design environment (GUI)

Project based

Multi-user concurrent design and
calculations

Parameterisation of models

Context sensitive parameter wizards

Visual / graphical inspection of results
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Integrated Design Environment

® FOCUSG6 provides a Graphical User
Interface (GUI) and integrates program
modules

® The GUI provides capabilities to
® Create and manage projects and project data

® Create and manage data-sets with (parametric)
data per project and/or per calculation

® Create, manage, execute and review
calculation jobs

© Copyrjght
WMC 2015





©'Copyn

ght

WMC 2

D15

FOCUSG User Interface

-k Blade hinge

I:::I Blade profile

&1 Blade properties
@ Cortrol

; -_4 Environment waves
~&% Environment wind
.-@ General input foutput
A3 G | s lati i

Parameters organized per category

- - General wind turbine configuration
El Generator

. [-2¢ Parameters

=8| Datasets i
- - defaut
-- Load Sets
EI File Types

=[] Global

: Parameters
- Dataszets
%% Hub

[nirmin) adrmind grocemon

Nacelle
- Rotor/Hub

LO3ad Tne conversian
- Loadcase Preprocessar






©'Copyrjght
WMC 21)15

Input Wizards

page 3 : Generator P
@ page 3 : Generator Sentrz WM C
M
Filg Gear ratio 1393110 -
E'"E‘ Constant loss [45090.0000 | Nm
Proportional loss |I].I}4E%DDD | Nm
Slow shaft inertia 5 4950000E+003
Fast shaft inertia 5.8200000E+002 »
Shaft stiffness 3 2899999E+009 Nm/r3
Gearbox inertia 6.0000000E+000 kgm?2)
Support stiffness 1.0000000E+012 Nm/r3
Support damping 0.0 MNm/{|
Asro
dynamic
< Back |I Mext = I ’ Cancel ™
&7 Hub
- Macelle
#-  Support structures
m-= Teeter hd
userl@focusb

Ablways on top

gear ratio REAL (1.0) [-]

I1 Transmission ratio of the gearbox. The value of “gear ratio*®
can be either positive or negative depending on the
rotational direction of the generator shaft. ‘gear ratio® is
negative if the generator shaft rotates opposite to the rotor
shaft. The rotational direction is of importance to solve the
correct nacelle and tower moments when speeding-up or -
down and when vawing.

[Ten T

hub incrtia

rotor shaft
toegqoe

Roeor

The dnive tram moments are drawn
fow 3 posstin g (ransmission ratio

Figure 5: Configuration of the drive train model






Project Based

® The turbine design consists of several
‘parts’:
® Tower, Support Structure
® Nacelle, Drive-train Rotor and Hub
® Rotor Blades

® FOCUSG6 organizes the parametric data
for these items inside a FOCUSG6 project

® FOCUSG6 supports quickly copying data
between projects

© Copyrjght
WMC 2015





Multi-User Design Projects

FOCUSG organizes projects and data
Into a central database

Multiple users work on the same project
simultaneously

All changes by users are tracked
® (“Who? —When? — What?”)

Calculations can run in parallel on PCs
with multi-core processors
® Other computers in the network can join in for

even shorter turnaround times e.g. for load set
calculations
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FOCUSG6 Queue Server

Load set calculations and parameter
variation analyses can be off-loaded to a
dedicated Queue server

On the Queue server, a service checks
the job queue and runs these jobs

By default, the Queue server runs jobs Iin
parallel up to number of cores available

Multiple Queue servers can be used

© ' Copyrjght
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Visualization of data and results

File

C_lift | C_drag | C_momt

Airfoil data

2.0

Airfoil table

[-s=— Clif —+— C drag —&— C_momt]
T T T

(10%5)

Fotorspesd  Cp_aero Ed_nlﬂ.ﬂln_ﬂnw Dax_aera Mz_pitch PFitch  Uflap_tip - -100 0 100
alpha

PV table
20 + i ] 4
15 +
10+ B
05 + B

t + t

3 10 15 20
W_wind

PV curve

Max normal strain





Ellade .
pmperﬁ B ﬁ

Airfail ‘
coefficients

Aeroelastic ‘
simulator

|
| / Ferfarmance /
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Aero-Elastic I, Rotor Pre-Design

Optimize aero-elastic
performance of the rotor (PV)

Pre-design optimization of
aerodynamic blade damping of the
rotor blades

Pre-design optimization of eigen
frequency, eigenmodes of the
rotor

Based on Blade Element
Momentum (BEM) theory





Aero-elasticity |, rotor pre-design

® |[nput (estimated) blade properties:
® Aerodynamic coefficients (Cl, Cd, Cm)
® Bending and torsional stiffnesses
® Transverse shear flexibility
® Coupling terms for bending and torsion
® Mass distribution

® Results:
® Eigenmodes and frequencies (Campbell diagram)
® Damping of the rotor blades
® Aerodynamic performance

® Extraoption: Noise Emission prediction
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Aero-Elasticity Il: Turbine Design

Calculates the aerodynamic and structural
dynamic behaviour of a wind turbine in the time
domain

Power curve and aero-elastic performance
Tower model included (monopile, simple tripod)

Alternatively use advanced tower models via the
Craig-Bampton method

A built-in PD pitch controller
Built-in supervisory controller

External dedicated pitch controllers can be used

Various generator models (e.g. direct-drive)
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Loadcase
[alg= algule -t o

v

f—— Tomceriication

Load Set Calculations

Loadset
speciication s

bodies

—

h 4

f Externd
’,:‘ Conditions
:

Dperational
Sates

=toch et
Wind Generstar

stoch.idet.

*Wave Generstar

o/t /|

WE e
" Fields

Automatic load case
generation for IEC (2
and 3) or GL load set
calculations

Simulate fault
conditions and
emergency situations

The results are
accepted by
certification bodies
(like GL and DNV)





Aero-Elasticity Il, Plotting

Extreme operating gust (50 years at rated wind)

(54) Axial (compressive) force on the drive train (non-rot). [N] at 0 m

o

400 1
300 +

200 :-

(1073)

100

0

o0

time
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FOCUSG Offshore

& Sehormt ey Wadew
-
e ddddadalLslacd

e - ® Interactive support structure
i3 % modeler

® Beam elements

uuuuuu
gggggg

“goma
uuuuu

® Export of Craig-Bampton matrices
(“super elements”)

»»»»»
.....

nnnnn
-----

® Generation of waves

Qan s

uuuuu

Fesszsssa:

® [oad case pre-processor according
to IEC and GL standards

® Post-processing: time series of
» | member forces
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FOCUSG Offshore

File View Select

XS W e e enlala XL Y B Colorby

pef TestMUR il

! LoadCase stepwind = K19 <2 [> [ f> 050 Scale 1 ScaleBlade 5 Step 5  DISPX F 4 = @ WNDXYZ @+ =2

E Display Properties X

z |

Turbine
2 Auto Range
- from -0.0177341
to  0.000837721
3 Wind
= Auto Range
from
3
to

=

g

F)

=

-

B

g

3

n

5

b

]

H -0.0175 -0.0129 -0.00374 0.000865
B

Loadcases [ml}
Name Description TugFileName PhaBinaryFileName Time Begin Time EndTime TimeStep Swittfile Wavefile
» stepped wind phatdef tug phatdef tbh 10.9375 0 300 0.0125 NOT LOADED NOT LOADED

PCF File: femmeodel.pef JointinfoStatus:






Postprocessing Load Sets

Extreme load reports (GL 2005 Annex 4B)
Load roses

Fatigue equivalent loads

Time-at-level counting for bearings etc.
Load spectra

Load set summary (e.g. minimum tip clearance)

Extra option: Extreme Extrapolation

© Copyrjght
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Structural Blade Design

3D interactive blade modeller

Structural analyses

Ultimate Strength, Fatigue and Buckling Strength
Modal analysis, Tip deflections
Composite failure analysis (IFF, Puck)

Visualization of analyses results

External links:

Flex5 and Bladed load set import

EXxport cross-section properties to Bladed

FEM export to MSC.Marc, MSC.Nastran, Ansys, Abaqus
Blade model export to MSC AdWiMo

CAD export in IGES/STEP format
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Define Blade: Place Shapes

(=)~ Shape Locations

m % N o BIRR S0 B S § R ol . ™ Section - @

File Vie !

RO

i Querview  : H

= Worksh |
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® |[sotropic
® Orthotropic
® Core

® Extra
parameters
for fatigue
formulation
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Define Material Properties

Name TRIAX

Diescription
B Matenal properiies

Type orthotropic
Density 1.83e-6
E 11 24000
E 22 11000
E_33
G_12 7200
G_23
G_3
nu_12 0.41
mu_23
mu_31
Fiberfngle 0

E-Modulus (obsclete)
G-Modulus (obsolete)
Poisson ratio (obsolete)
B Fatigue analysis

EH K

5-M line name GL2003
B Appearance
Color [] 0,255, 255
B Failure data
Fail_type none
EPS T 0.018333
EPS C 0.014667
Tall
UTS1_Rk
UCS1 Rk
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Define Line Elements

File  View Options Help
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Define Sections

I ¥ oFe DEAEIRYE| e [#e-
B == m— 14545
Mame UDSPAR FOAM
Description e TRIAX
[ WMaterialName uD == D
Section [ ype SKIN mm COATING
B Appearance ROOT
DisplayColor Light Blue
Visible False
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Change Log 09/07/200
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B Paints
= [0] (W=2000, 1)
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Thickness 1
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Thickness 50
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Verify Blade Model

|Mass [ka] |Mass_LID [ka] |Mass_TRm>< [ka] |Mass_M4545 [ka] |
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2000 4
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Radius (10"3)
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Blade mass distribution per material






Blade structural analyses features

Structural analyses based in load time series:

® Stress or strain based static analyses

® Stress or strain based fatigue analyses

® Panel and cross section based buckling analyses
® Tip deflections

Modal analysis
® Coupled and uncoupled eigen modes
® Visualization of mode shapes

FEM (composite thick shell) analyses:
® Ultimate strength analyses
® Composite failure (IFF/Puck)
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FEM for structural blade design

Thick shell elements

Full layup (individual plies)

Static analyses

Includes Puck criterion

RBE3 elements for load introduction

©'Copyrjght
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3D visualization of analysis results

® Strain based analysis results

® Overall minimum / maximum normal and shear
strains for a full load set

® Ultimate strength reserve factors per material
® Compression

® Tension
® Shear

® [atigue analysis results (fatigue reserve
factors)
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3D interactive view
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Blade Design Output

Export cross-section properties at selected
radial positions for BEM based turbine
simulation programs

The usage per material can be exported, e.g. for
cost calculations

Export composite thick shell element mesh to:
® FOCUS for Blade Design

® ANSYS

® MSC Marc

® MSC Nastran

® Abaqus (2014)

Ultimate/Fatigue reserve factors

Deflections

Eigen modes / frequencies

© ' Copyrjght
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Parametric Models

® A set of global parameters defines the
turbine model

® [or "What-If" studies sets of parameters
can be defined to override the global

parameters without changing the actual
model

® Built-in optimization features

© Copyrjght
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Tidal

® Tidal stream turbine simulator

® Generator combines

® \Wave models

® Frequency spectrum
® Jonswap
® Pierson-Moskowitz

® Non-linear regular waves

® Current
® Shear: log, power law, user-defined
® \Wind-induced

» ® Turbulence
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Demo / training

® FOCUSG6 SaaS (Software as a Service)
available to test the software

® Detailed workshop manuals

® FOCUSG training course included in
license fee
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Full scale blade testing at WMC

September 29, 2016, WMC

Ben Hendriks

Ramon Obdam
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Overview

Purpose of full scale blade testing
Determining mass and COG

Natural frequency and modal analysis
Static tests

Fatigue test(s)

Post-fatigue static tests

Blade test simulation and analysis in
FOCUSG6
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Purpose of full scale blade testing

To demonstrate that the design and
production of a blade type is sound:

® Show that the blade can withstand both the design
ultimate and the fatigue loads
® Prove the validity of the design models:
® Mass and COG
® Natural frequencies
® Static deflections





© Cop

yright

WMC

2016

Purpose of full scale blade testing

Design assumptions simultaneously
checked:

® The stresses or strains are calculated accurately or
conservatively estimated

® The classifications of strength and fatigue
resistance of all relevant materials and details are
estimated accurately or conservatively

The strength and fatigue formulations used to
calculate the strength are accurate or conservative

® The production is according to the design





Purpose of full scale blade testing

What is not tested:

The validity of the design loads

Effects due to environmental conditions that are
different during testing

The scatter in the results

Possible changes in the production or design
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Full scale blade test program

Proposed minimum test programme
according to IEC 61400-23:

® Determining mass and COG
Natural frequency and modal analysis
Static tests

Fatigue test(s)

Post fatigue static tests
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Determining blade mass and COG

Blade Is hoisted at two points

Lifting loads are measured by two loadcells
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Determining blade mass and COG

Calculation of weight and COG.:
Fg=F1+F2
COG = (X1*F1+X2*F2)/Fg

X2

\ 4

COG
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Natural frequency and modal analysis

Determine:

® Blade natural frequencies

® Mode shapes

® At least first two flap and edge frequencies
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Natural frequency and modal analysis

Setup:

Blade is fixed at the root

Accelerometers are placed at multiple cross-
sections

Blade is given an impact at one location

F
al a2 a3 a4 a5

LL..
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Natural frequency and modal analysis
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Natural frequency and modal analysis

Time signals of impact and E prog Sepas E

accelerometers are F— smsmngraen ——
converted to the frequency \ E

: — e
domain (FFT) » E E »

———— ApplyWindows ——————§

o e A oo
Ratio of the input and output | ... §— S T
spectrum gives the T sy
frequency response function Y| commnanengs o”
(FRP £ = =
H(s)=al(s)/F(s) Comn s o
S

Frequency Response Funclion Coherence Function
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Natural frequency and modal analysis

Frequency response function:
® Natural frequencies show up as resonance peaks

® Combining the FRFs for all measured locations
gives the mode shapes

40 ."!_ A v n C‘xﬂ‘lFrPan ]r
- AL AN Hﬂ.
8 '/ ~_7/ R
-*E \/ Inpgut Powgr Specfrum ] T
E ] 1
=
—60
0 Frequency, Hz 200
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Natural frequency and modal analysis

First mode:
al az a3

l

=T T

Second mode:

BEEE REa= Ny
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Natural frequency and modal analysis

Example of resulting mode shape:

ﬁll[ll]’m"w\_J Z‘_T

Measuring accelerations in three directions results in
mode shapes with combined flap, edge and torsion
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Static tests

Goals static test:

® Show blade can withstand ultimate design loads
(I.e. ultimate limit state is not reached)

® Compare model strains and deflections to
measurement

Design ultimate moment curve is derived from turbine
load set (FOCUS, BLADED)

© Coplyright
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Static tests

Static moment distribution is approximated by
multiple point loads

v

.

40000

35000 +
30000 +
25000 H
20000 -
15000 -
10000 -
5000 -

0.2

0.4

0.6

0.8

Not properly
tested

D





Static tests

Test setup:

Blade is fixed at the root (via blade bearing)

Blade bolts are instrumented to measure loads In
bolts during test

Strain gauges are placed at various locations along
the blade (typically 100+ channels)

Wire transducers are used to measure blade
deflections (in 3D)
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Static tests

Static loads are applied using load introduction
saddles:

® Shaped to local
blade profile

® Can not be placed
at critical
Cross-sections

Loads should only
be applied
perpendicular to the deformed blade axis

® | oadcells are used to measure applied loads
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Static tests

Static test example (movie)

Blade length of 50 meters

Tip deflection of about 10 meters

Hydraulic winches used to apply
the loads

Shown at 4 times normal speed

Load cases in multiple directions

After each test the blade is
visually inspected for damage

© Copyright
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Fatigue test

Fatigue damage due to 20 years design life
compressed to a test of approximately 1-2 months:

® |Increasing the frequency
® Omitting non-damaging cycles

® |Increasing the load

Regular inspections to check and mark blade damage
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Fatigue test

Variable through constant amplitude

b ol | ok | N

Hardware, [Complicated | < Simple

_oad control

_oading More “ Realistic
realistic

Sensitivity to |Lower » | High

fatigue

formulation

© Coplyright
WMC|2016





Single-axial fatigue test (resonance)

® Advantages
® Simple hardware
® Simple tuning of bending moment distribution
® High frequency
® | ow energy consumption
® Distributed loading

® Disadvantages
® Separate flap and edge test
® Limited by blade mode shape
® Not testing total circumference

© Copyright
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Single-axial fatigue test (resonance)

Flapwise fatigue test on the EWT29 blade
at Knowledge Centre WMC

Knowledge
Direct Dms Cen tl' e
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Bi-axial fatigue test (near resonance)

® Advantages

® Accurate coordination of flat & edge loading
combinations

® Torsion loading

® Short test time

® All R-values, weight compensation possible
® Moderate energy consumption

® Disadvantages
® More complicated hardware and controlling

® Tuning of moment curve requires additional
hardware
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Bi-axial fatigue test (near resonance)

.

4
‘.
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Fatigue test

Single or bi-axial: parts of cross section tested

® Single (flat and edge
separately)
® Bi-axial (complete

Cross section)
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Post fatigue static tests

Same as previous static tests

Show blade strength and stiffness is not severely
reduced by fatigue damage

Optionally a test to failure to determine the ultimate
limit state
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Blade test simulation and analysis in FOCUSG6

Design of static test set-up:

Determine blade deflections under design loads

Calculate location of ground points of cables

Compare model to static test results:
[

Directly recreate test loadcase from measurement
data

Compare deflections

Compare strains






Full scale blade testing at WMC

Any questions?

- .
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Experimental/Numerical
Characterisation of Hygrothermal
Ageing in Laminate Composites

October 24, 2016, Delft

luri Rocha
R.P.L. Nijssen
F.P. van der Meer
L.J. Sluys
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Environmental Loads on Blades

50°C
4800 h

® High/low temperatures
® Moisture ingression

® UV radiation

| ® Erosion

® Biologic attack






Experimental Investigation

® Manufacturing ® Conditioning ® Mech. testing

............

® RIMR135/RIMH1366 @ Demineralised water ® 3-point bending at

epoxy system at 50°C 1 mm/min speed

® Unidirectional ® Moisture-free ® Sets of 10 tests for
E-Glass fabric reference specimens each condition

® Vacuum infusion @ Ageing durations @® |nterlaminar shear
molding from 250h to 2000h stress calculated as:

® Short beams for @ Sets tested wet and = B, E
interlaminar shear after being redried 4 b-h






Experimental Investigation

e Results from mechanical tests:
® Up to 50% strength decrease after immersion

® Strength decreases linearly with water uptake
® Permanent material degradation was observed
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Shear Stress [MPa]

Experimental Investigation

e Results from mechanical tests:
® Up to 50% strength decrease after immersion

® Strength decreases linearly with water uptake
® Permanent material degradation was observed
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Experimental Investigation

e Results from mechanical tests:
® Up to 50% strength decrease after immersion

® Strength decreases linearly with water uptake
® Permanent material degradation was observed
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Experimental Investigation

e Results from mechanical tests:
® Up to 50% strength decrease after immersion

® Strength decreases linearly with water uptake
® Permanent material degradation was observed
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Experimental Investigation

e Results from mechanical tests:
® Up to 50% strength decrease after immersion

® Strength decreases linearly with water uptake
® Permanent material degradation was observed
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Multiscale Analysis

e Concurrent (FE?) homogenization:
® Micro-BC’s obtained from macro-scale strain

® Macroscopic local response obtained from RVE
® Embedded FE model at each integration point

® Multiphysics — Modification of classic FE?:
® Macro diffusion — micro swelling — macro
stresses
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Micromechanical Model

e Representative Volume Element (RVE):
® 2D with fibres oriented out-of-plane

® Random fibre distribution with periodicity
® [nterface elements around every fibre
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Micromechanical Model

e Representative Volume Element (RVE):
® 2D with fibres oriented out-of-plane

® Random fibre distribution with periodicity
® [nterface elements around every fibre
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Micromechanical Model

e Representative Volume Element (RVE):
® 2D with fibres oriented out-of-plane

® Random fibre distribution with periodicity
® [nterface elements around every fibre






Micromechanical Model

e Representative Volume Element (RVE):
® 2D with fibres oriented out-of-plane

® Random fibre distribution with periodicity
® [nterface elements around every fibre






Micromechanical Model

e Loads and boundary conditions:
® Periodic boundary conditions

® Macroscopic strain applied at corner nodes
® Swelling strain at every resin point
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Micromechanical Model

e Loads and boundary conditions:
® Periodic boundary conditions

® Macroscopic strain applied at corner nodes
® Swelling strain at every resin point

ox|MPa] €oq -]






Micromechanical Model

e Loads and boundary conditions:
® Periodic boundary conditions

® Macroscopic strain applied at corner nodes
® Swelling strain at every resin point
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FE° Example
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FE° Example
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FE° Example
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FE° Example
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Strength Degradation

e Loading the final diffusion RVEs:
® After saturation, mechanical loads can be
applied to the RVEs

® Crack location changes after immersion

€cq (Dry) Transverse tension

Normalized load [ -]
o
o

Saturated

0 0.0005 0.001
Displacement [mm]






Strength Degradation

e Loading the final diffusion RVEs:

® After saturation, mechanical loads can be

applied to the RVEs
® Crack location changes after

e? I (Saturated)

Normalized load [ -]
o
(6]

Immersion

Out-of-plane shear

—— Dry
Saturated

0 0.0005 0.001
Displacement [mm]







Tidal Research at WMC

October 24, 2016, WMC

Remco Brood

© Coplyright
WMC|2016






Contents

® [ull scale blade testing

® Experimental/numerical characterization
of hygrothermal ageing in composite
laminates

® Simulation of loads on ocean current
turbines with the FOCUSG6 software

package
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Full scale blade testing at WMC

September 29, 2016, WMC

Ramon Obdam
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Overview

Purpose of full scale blade testing
Determining mass and COG

Natural frequency and modal analysis
Static tests

Fatigue test(s)

Post-fatigue static tests

Blade test simulation and analysis in
FOCUSG6
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Purpose of full scale blade testing

To demonstrate that the design and
production of a blade type is sound:

DNVGL-ST-0164, IEC61400-23

Show that the blade can withstand both the design
ultimate and the fatigue loads

Prove the validity of the design models:
® Mass and COG
® Natural frequencies
® Static deflections (stiffness distribution)

© Coplyright
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Full scale blade test program

Proposed minimum test programme
according to IEC 61400-23:

® Determining mass and COG
Natural frequency and modal analysis
Static tests

Fatigue test(s)

Post fatigue static tests

© Coplyright
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Determining blade mass and COG

Blade Is hoisted at two points

Lifting loads are measured by two loadcells

© Coplyright
WMC|2016





Natural frequency and modal analysis

Determine:

® Blade natural frequencies

® Mode shapes

® At least first two flap and edge frequencies

© Copyright
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Natural frequency and modal analysis

Setup:

Blade is fixed at the root

Accelerometers are placed at multiple cross-
sections

Blade is given an impact at one location

F
al a2 a3 a4 a5

LL..
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Natural frequency and modal analysis
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Natural frequency and modal analysis

Example of resulting mode shape:

||IW -

Measuring accelerations in three directions results in
mode shapes with combined flap, edge and torsion

© Coplyright
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Static tests

Goals static test:

® Show blade can withstand ultimate design loads
(I.e. ultimate limit state is not reached)

® Compare model strains and deflections to
measurement

Design ultimate moment curve is derived from turbine
load set (FOCUS, BLADED)

© Coplyright
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Static tests

Static moment distribution is approximated by
multiple point loads

v

.

40000

35000 +
30000 +
25000 H
20000 -
15000 -
10000 -
5000 -

0.2

0.4

0.6

0.8

Not properly
tested

D





Static tests

Test setup:

Blade is fixed at the root (via blade bearing)

Blade bolts are instrumented to measure loads In
bolts during test

Strain gauges are placed at various locations along
the blade (typically 100+ channels)

Wire transducers are used to measure blade
deflections (in 3D)

© Coplyright
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Static tests

Static loads are applied using load introduction
saddles:

® Shaped to local
blade profile

® Can not be placed
at critical
Cross-sections

Loads should only
be applied
perpendicular to the deformed blade axis

® | oadcells are used to measure applied loads

© Coplyright
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Fatigue test

Fatigue damage due to 20 years design life
compressed to a test of approximately 1-2 months:

® |Increasing the frequency
® Omitting non-damaging cycles

® |Increasing the load

Regular inspections to check and mark blade damage

© Coplyright
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Single-axial fatigue test (resonance)

® Advantages
® Simple hardware
® Simple tuning of bending moment distribution
® High frequency
® | ow energy consumption
® Distributed loading

® Disadvantages
® Separate flap and edge test
® Limited by blade mode shape
® Not testing total circumference

© Copyright
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Bi-axial fatigue test (near resonance)

® Advantages

® Accurate coordination of flat & edge loading
combinations

® Torsion loading

® Short test time

® All R-values, weight compensation possible
® Moderate energy consumption

® Disadvantages
® More complicated hardware and controlling

® Tuning of moment curve requires additional
hardware

© Coplyright
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Post fatigue static tests

Same as previous static tests

Show blade strength and stiffness is not severely
reduced by fatigue damage

Optionally a test to failure to determine the ultimate
limit state

© Coplyright
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Bi-axial Fatigue test on tidal blade






Experimental/Numerical
Characterisation of Hygrothermal
Ageing in Laminate Composites

October 24, 2016, Delft

luri Rocha
R.P.L. Nijssen
F.P. van der Meer
L.J. Sluys
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Environmental Loads on Blades

50°C
4800 h

® High/low temperatures
® Moisture ingression

® UV radiation

N ® Erosion

® Biologic attack






Experimental Investigation

® Manufacturing ® Conditioning ® Mech. testing

d

® RIMR135/RIMH1366 @ Demineralised water ® 3-point bending at

epoxy system at 50°C 1 mm/min speed
@® Unidirectional @ Moisture-free @ Sets of 10 tests for
E-Glass fabric reference specimens each condition
| @® Vacuum infusion @ Ageing durations @® Interlaminar shear
| molding from 250h to 2000h stress calculated as:
® Short beams for ® Sets tested wet and -3, F
interlaminar shear after being redried 4 b-h






Experimental Investigation

e Results from mechanical tests:
® Up to 50% strength decrease after immersion

® Stirength decreases linearly with water uptake
® Permanent material degradation was observed
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Experimental Investigation

e Results from mechanical tests:
® Up to 50% strength decrease after immersion

® Stirength decreases linearly with water uptake
® Permanent material degradation was observed
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Shear Stress [MPa]

Experimental Investigation

e Results from mechanical tests:
® Up to 50% strength decrease after immersion

® Stirength decreases linearly with water uptake

® Permanent material degradation was observed
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Shear Stress [MPa]

Experimental Investigation

e Results from mechanical tests:
® Up to 50% strength decrease after immersion
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D
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N
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® Stirength decreases linearly with water uptake

® Permanent material degradation was observed
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Experimental Investigation

e Results from mechanical tests:
® Up to 50% strength decrease after immersion

® Stirength decreases linearly with water uptake
® Permanent material degradation was observed
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Multiscale Analysis

e Concurrent (FE?) homogenization:
® Micro-BC’s obtained from macro-scale strain

® Macroscopic local response obtained from RVE
® Embedded FE model at each integration point

® Multiphysics — Modification of classic FE?:
® Macro diffusion — micro swelling — macro
stresses
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Micromechanical Model

e Representative Volume Element (RVE):
® 2D with fibres oriented out-of-plane

® Random fibre distribution with periodicity
® [nterface elements around every fibre

o O O O
o O O O
G w O O
2 L L 4






Micromechanical Model

e Representative Volume Element (RVE):
® 2D with fibres oriented out-of-plane

® Random fibre distribution with periodicity
® [nterface elements around every fibre
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Micromechanical Model

e Representative Volume Element (RVE):
® 2D with fibres oriented out-of-plane

® Random fibre distribution with periodicity
® [nterface elements around every fibre






Micromechanical Model

e Representative Volume Element (RVE):
® 2D with fibres oriented out-of-plane

® Random fibre distribution with periodicity
® [nterface elements around every fibre






Micromechanical Model

e Loads and boundary conditions:
® Periodic boundary conditions

® Macroscopic strain applied at corner nodes
® Swelling strain at every resin point
ox|[MPal] ef_.?q[-]
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Micromechanical Model

e Loads and boundary conditions:
® Periodic boundary conditions

® Macroscopic strain applied at corner nodes
® Swelling strain at every resin point
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Micromechanical Model

e Loads and boundary conditions:
® Periodic boundary conditions

® Macroscopic strain applied at corner nodes
® Swelling strain at every resin point
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FE? Example
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FE? Example
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FE? Example
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FE? Example
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Strength Degradation

e Loading the final diffusion RVEs:

® After saturation, mechanical loads can be

applied to the RVEs

® Crack location changes after immersion

Normalized load [ -]

0.5

Transverse tension

Saturated

0.0005
Displacement [mm]

0.001





Strength Degradation

e Loading the final diffusion RVEs:
® After saturation, mechanical loads can be
applied to the RVEs

® Crack location changes after immersion

€o, (Saturated) Out-of-plane shear

[

Normalized load [ -]
(]
(6]

—— Dry
Saturated

o

0 0.0005 0.001
Displacement [mm]






FOCUSG6

Integrated Modular Design Tool

Wi 5

Knowledge WM
Centre
Wind turbine Materials and Constructions

q'w © Coplyright
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FOCUS across the globe

N The wind turbines give an indicatio
1995: . _ofthe distribution of users
2004: FOCH ) _oeaaSinaiiens.
2009: FOCUS6~__ =

2016: FOCUSG6 version 6.3
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Rotor Pre-Design

® Optimize hydro-elastic performance of the
rotor (PV)

® Pre-design optimization of hydrodynamic
blade damping of the rotor blades

® Pre-design optimization of eigen frequency,
eigenmodes of the rotor

® Based on Blade Element Momentum (BEM)
theory

© Coplyright
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Structural Blade Design

3D interactive blade modeller

Structural analyses

Ultimate Strength, Fatigue and Buckling Strength
Modal analysis, Tip deflections
Composite failure analysis (IFF, Puck)

Visualization of analyses results

External links:

Flex5 and Bladed load set import

EXxport cross-section properties to Bladed

FEM export to MSC.Marc, MSC.Nastran, Ansys, Abaqus
Blade model export to MSC AdWiMo

CAD export in IGES/STEP format





Define Shapes

Workshop Turbine and Blade design - Focus 6 Blade Moc : 2D View | [

=2

File View Options Help

i Overview O} x|} Properties

[=-Workshop Turbing and Blade design PE =
[#- Parameters = -
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[=J- Shapes Reversed
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Define Blade: Place Shapes

. =~ Shape Locations
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® |[sotropic
® Orthotropic
® Core

® Extra
parameters
for fatigue
formulation

© Coplyright
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Define Material Properties

Name TRIAX

Diescription
B Matenal properiies

Type orthotropic
Density 1.83e-6
E 11 24000
E 22 11000
E_33
G_12 7200
G_23
G_3
nu_12 0.41
mu_23
mu_31
Fiberfngle 0

E-Modulus (obsclete)
G-Modulus (obsolete)
Poisson ratio (obsolete)
B Fatigue analysis

EH K

5-M line name GL2003
B Appearance
Color [] 0,255, 255
B Failure data
Fail_type none
EPS T 0.018333
EPS C 0.014667
Tall
UTS1_Rk
UCS1 Rk

m






Define Sections

I ¥ oFe DEAEIRYE| e [#e-
B == m— 14545
Mame UDSPAR FOAM
Description e TRIAX
[ WMaterialName uD == D
Section [ ype SKIN mm COATING
B Appearance ROOT
DisplayColor Light Blue
Visible False
B History
Change Log 09/07/200
B Misc
Condition
Linel SPARF-
Line2 SPARA-
Uttset no offset
B Paints
= [0] (W=2000, 1)
Chanae |l oo
Thickness 1
V+2000
=T (W=a3200, 2U
Change Log
Thickness 50
Z position Y+3900
=[] (RADIUS, 5
Change Log
Thickness 5
‘ Z position RADIUS
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Blade Design Output

Export cross-section properties at selected
radial positions for BEM based turbine
simulation programs

The usage per material can be exported, e.g. for
cost calculations

Export composite thick shell element mesh to:
® FOCUS for Blade Design

® ANSYS

® MSC Marc

® MSC Nastran

® Abaqus (2014)

Ultimate/Fatigue reserve factors

Deflections

Eigen modes / frequencies

© Coplyright
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Turbine Design

Calculates the hydro-dynamic and structural
dynamic behaviour of a tidal turbine in the time
domain

Power curve and hydro-elastic performance
Tower model included (monopile, simple tripod)

Alternatively use advanced tower models via the
Craig-Bampton method

A built-in PD pitch controller
Built-in supervisory controller

External dedicated pitch controllers can be used

Apparent mass

© Coplyright
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Load Set Calculations

® | oad-cases according DNVGL-ST-0164

® Simulate fault conditions and emergency
situations

© Coplyright
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Tidal

® Tidal stream turbine simulator

® Generator combines

® \Wave models

® Frequency spectrum
® Jonswap
® Pierson-Moskowitz

® Non-linear regular waves

® Current
® Shear: log, power law, user-defined
® \Wind-induced

» ® Turbulence
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Aero-Elasticity Il, Plotting

Extreme operating gust (50 years at rated wind)

(54) Axial (compressive) force on the drive train (non-rot). [N] at 0 m

500 +—
400 1
300 +

200 :-

(10"3)

100

A0 e ey

0 10 20 30 40 50 510
time
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Postprocessing Load Sets

Extreme load reports (GL 2005 Annex 4B)
Load roses

Fatigue equivalent loads

Time-at-level counting for bearings etc.

Load spectra

Load set summary (e.g. minimum tip clearance)

© Coplyright
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Floating tidal turbines

Coplyright





Video of tidal turbine simulation
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