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Trends and Challenges

Reduce cost per kWh
Increase Power Generation Efficiency
Reach Higher Altitudes

Upscaling of Rotors Blades >80 m

A
Airbus A380 79.8 m
@150m
@135m
@116m
@85m
@62m
@44m

A @34m

@15m @17m
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Challenges for Large Rotor Blades:
* Increased steady & unsteady
aerodynamic loads

* Increased Weight

* Increased blade flexibility

* Increased Fatigue Stresses

* Nonlinear blade structural behavior

_, Aerodynamic Load

Control:

» Passive
o Bending-
Twist Coupling
(BTC)
o Damping
o Stall
> Active
o Pitch
o Flaps
o Local Morphing
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Significance of Blade/Rotor
Structural Dynamics

Blade Structural
Dynamics Blade Unsteady

> Aerodynamics

[M]G(t) +[CJu(t) +[K]Ju(t) = F(t)

Blade Aeroelastic Model

|

Unsteady Aerodynamic Loads on the blade F(t) > Fatigue Loads
Aeroelastic stability

Time trajectory or vibration response of the blade u(t)

Dynamic stresses - Fatigue life of the blade

Can encompass Load Alleviation Mechanisms
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Structural Complexity of WT Blades

« 89 m composite blade

ed
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Cross-Section Configuration & Materials

Multidirectional Ply Uniax Biax Triax Balsa Units
Fiber Volume Fraction 0.55 0.5 0.5 -
Vi

Mass Density p 1915.5 1845.0 1845.0 110 Kg/m3
Young’s Modulus E; | 41.63 13.92 21.79 0.05 GPa
Young’s Modulus E, 14.93 13.92 14.67 0.05 GPa
Poisson’s ratio v,, 0.241 0.533 0.478 0.5 -
Shear Modulus G, 5.047 11.50 9.413 0.01667 GPa
Shear Modulus G,; | 5.04698 | 4.53864 | 4.53864 0.15 GPa

Glass/Epoxy [0], [0/90], [0/45/-45]

Carbon/Epoxy [0]
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Detailled FEA Structural Models

* Involve 3D surface or
volume elements

« 3D Laminated Composite
Shell elements (1 element
per skin thickness)

 Solid elements with
anisotropic continuum
capabilities (1 element per
composite layer)

* Result in Large Size
discretizations

« Mainly used for
= Static Analysis
= Stress calculations

= Strength and Fatigue Life
predictions

=  Buckling Analysis
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Static & Stress FEA Results

Aerodynamic pressure distribution

Displacement distribution

(close up)

Stress distribution-Upper Surface

Stress distribution-Bottom Surface
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Modal Analysis

Flapwise

\ Eigen
edge-wise Mode Shape Frequencies(Hz)
Flapwise 0.668
Edgewise 0.936
Torsional 6.236
Torsional

Edgewise
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Flapwise Modes

1t Flapwise @0.614 Hz To avoid Resonance:
Modal (Resonance)
frequencies
>
rotor rotation harmonics:
« 1 perrev, 2 perrev,
3 perrey, ...

« 2Nd Flapwise @1.776 Hz
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Edgewise Eigenmodes
« 1St Edgewise @0.795 Hz

« 2nd Edgewise @2.431 Hz
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Torsional Eigenmodes
« 15t Torsional @5.725 Hz

All modes
are excited by
and interact with
unsteady aerodynamic
loads

« 2d Torsional @9.274 Hz
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Modelling Challenges in Computational
Blade Structural Dynamics

Blade Structural
Dynamics Blade Unsteady

> Aerodynamics

[M]u(t) +[Clu(t) +[K]u(t) = F (1)

Blade Aeroelastic Model

$

Large Size Coupled Interdisciplinary problem in time domain

e Needs:

Reduce the size of the Structural Dynamics Model

Predict Structural Damping

Non-linear effects due to large blade deformantions

Robust & Efficient Computational FEA Framework for Blade Structural
Dynamics
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Presentation Topics

e Part 1: Reduced-order, Multi-Scale Beam FE
model for WTB

e Part 2: Prediction of structural composite
damping

 Part 3: Geometric Nonlinear Effects
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Composite Blade Analysis Cycle

Finite Element
Matrices

/‘

Blade FE
Model

Section
Mechanics

O

Laminate \
Mechanics

Damped Beam
Finite Element

Blade Section

Skin Laminate

Composite
Ply

Ply Mechanics

Small size
Discretized SD Model

[MIG(®) +[Clu(t) +[K]u(t) = F(t)

Integrated Multi-Scale
Mechanics
& Finite Element

Composite Ply Scale
Minimal Material Input:
* 5 Elastic coefficients
* 4 Damping coefficients
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Part 1:
Reduced-order,
Multi-Scale

Beam FE model
for WTB

00000000000



Section Kinematics

« Cartesian System

u(x,y,z,t)y=u’(x,t)+ z,By(x,t) +YB,(X,0)+0, (X, 1)¥(y,2)

v(X,y,z,t)=0°(X,t)—z0(x,t).

W(X,Y,Z,t) =W’ (X,t) + YO(X,1)

 Local Curvilinear System A°

U(X,8,4,8) =u(X,0) + B, (X, 1)(Z, + Y20) + B, (X 1)(Y, = 228) + 0, (X D(-1/ +¥°(s))

V'(X,8,6,1) =0 (X, 1) = 0(X, )(r7 + &)

W(X,S,&,t) =W (x,t)+O(x,)r’

« Assumptions:

Admit extension, bending, transverse shear and torsion

Plane sections deformed in extension and bending remain plane
Secondary warping due to torsion

6 generalized displacements: u°,V°,W°,ﬂX,,By,6?
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Section Strains

* Local Curvilinear System
£,(%,5,8) = £, (X) + K, (X)(Z, + Y20) + Ky ()Y, —220) + 0, 0O(—12E +¥°(9))

£6(X,5,8) = £, (X)Zy + £, (XY + &, (X,8) =260, &
£ (%,5,8) = £, ()Y — &, (07

* 6 Generalized Strains

£y =S Axial strain
Ky =Byxr  Ka =P8« Bending curvatures
£=0htf, &y =W+ p, Transverse shear strains AO
Kg=0,, Kgp=0 Twisting curvatures
« Assumptions: A/

= Kgg is @assumed to be negligible

= The torsional strain ¢,,°* and warping function ¥° are evaluated analytically by
solving the torsion stress equilibrium equation on the s plane using a torsional
strain function ©.
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Equations of Motion
. PriLnCipIe of Virtual Works

[dx[(=6H + 5T — oW, )dsd¢ +pou’7dr =0
A r

0

« Section Energies & Works

Strain SH, = [ el o, dsd¢ = Ppds| del [Q, le.d¢ A
Energy A h /

A
Inertial ST, = [-ou' diag(p)iid£dn = ds [ -su” diag (p)iidS
forces A h

Surface SW. :(J}&TT?dF:IOLdX C_’S&TdeS
I

Tractions
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Blade Section Stiffness

Extension — Shear z
Couplmg \ - Coupling Stiffness
(o) /1"/1 /1 B B B’ | [ o)
N 1T N 1(' 11 12 16 £
—0 0 0 50 30 0
NS As, ASS Asq Bsy Bs, Bsg £
—0 0 0 50 50 0
N Agi Aes Ags By By B g’
{ “xz H = _ { Txz 3
0 0 0 0 0 r
M., n Bsi Bg, Dy Dy (D16“~\w
—~0 50 0 0 0 \- ol o T P
M\'Z B ~ o) B ~ Dr) D.‘-).‘-) (D,.) kxz \" .
12 P52 Peo 21 22
Bending — Torsion
M ~0 50 0 ~0 =0 0 k Couplin
0 _816 s6 Poo Po1 Por Pes | * o ’

\ Flexural & Torsional
Stiffness

Overbar indicates terms which include also material coupling effect (or skin
laminate) at skin level due to rotated plies >Q.; #00rAs By, Dig# 0
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Calculation of Select Stiffness terms

Section Example
A

Y4

Example of section:
« Laminate/element
coordinate system indicated

&
y « Skin laminates with local
> laminate stiffness matrices
[A], [B], [D]

Flapping Stiffness  Dj, = Cj.)(AH(ZO)z +22"y B, +(y})’D;,)ds

Flapping-Torsion
COSS:in% Stiffrl1ess Djy = p(=A, 2°Ag — (A, V2 +22°)By ~2Y:D,)ds

Torsional Stiffness Dy, = Cﬁ (A, Ay +4 ABg; +4D,)ds
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Blade Section Mass
« Work of Inertial Forces

5T 5 = (ﬁ(SuOTmAii" +25u” mBp + SBTmDﬁ)ds

. F'TSt ?rder. 2nd order inertias
Linear coupling inertias (Rotational mass
Densities (mass imbalance) inertias)
A B B B D mD mD
m; 0 0 M M M3 M M2 M3
=0 mj 0|, m>=0 0 my|, m =my mp my
A B D D D
0o 0 m, 00 myy M3 M3y M3
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DAMPBEAM 3-D Finite Element

6 DOFs per node: Ui:{u"i, o, w*, 8. B, Hi}

2-node shear element with linear displacement interpolation functions

(U° (0.0 (X0, W° (%), B, (). B, (x),6 () = DN (U

Finite Element provides:
«  Stiffness matrix

*  Mass matrix
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Validation Cases on Box-Section Beam

* Material: Carbon / Epoxy

* Vertical Force at tip,
F=4.45N

* Dimensions and lay-up
proposed by Volovoi &

Hodges
1
Z . Top Flange zA Top Flange
T el Y O
L ftw b A A A i A / Left Web <ﬁ/ oA A
e (=] (}\ () [i 4 5] % 4
[e/-6 |+ Y b Y
D e & Right Web - \JRight Web
Bottom Flange [-6/0]s Bottom Flange [+45]s
[-€ [-0]e

High BTC coupling Low BTC coupling
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Ply-Angle Coupling Effect
on Static Characteristics

CASE |
Z A Top Flange
[O]s
Left Web |- y
[6/-6]: .
%
Right Web
Bottom Flange [-6/8]s
[-6]
0.09 : :
] Asymptotic theory [Volovoi - Hodges (2002)]
0.08 ®  Present Beam Finite Element
. oz Shell Commercial Finite Element —

0.07 - ]
~ 0.06
©
& ]
= 0.05
o ]
Q.
o  0.04
w ]
o
£ 0034

0.02 |

0.01 4

0-00 T T T T T T T T T T T T T T T T T

0O 10 20 30 40 50 60 70 80 90

Ply Angle (degrees)

110
] Asymptotic theory [Volovoi - Hodges (2002)]H
100 m  Present Beam Finite Element
1 - = Shell Commercial Finite Element
90 -
80
704
60
50
40 -

Torsional Stiffness (Nmz)

0 10 20 30 40 50 60 70 80 90
Ply Angle (degrees)

0.011
0.010 4 —m—w. coupling
' e ---o---w/o coupling
0.009 - o N
0008{ / .
0.0074 / S
0.006 - ]
0.005 - AN
0.004 - AN

0.003- AN
0.002 - \

0.001
0.000 \

Ply Angle (degrees)

Tip Twist (rad)
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1% Mode Shape
Twisting (8.) / Bending (B.) Angle

1% Natural Frequency (Hz)

y

X

Material Coupling Effect
on Dynamic Characteristics

350
| CASE| CASE Il
—n— —e— w. coupling
300_)\=¥<z\ ~ o wlo couplin
2501 \\
200 \\.
150 N
o
g o
1007 "e-a-g-p-g g9
50 -
0 T 1 T T T T T T T T T
0 10 20 30 40 50 60 70 80 90
1.2 —
i Ply AN ASET ™ CASE I
Na —n— —e— w. couplin
1.0 1 \
g [ |
0.8
° |
—e,
064 \.\
\'\
[ )
0]l /
[ ]
0.2 \'\,
~
'§'§':'\
0-0 T T T T T T T T T T T T T I\!\!Elh?
0 10 20 30 40 50 60 70 80 90

Ply Angle (degrees)

High material coupling for © = 59 - 3009

laminate orientations

CAGSE | provides higher coupling values

Z . Top Flange Z . Top Flange
T o L ek
Left Web Left Web
eft Web | - +45]
R R4 [45k R
Right Web Right Web
Bottom Flange [-6/8]s Bottom Flange [+45]s
[-6le [-6]e
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Small Model Blade Configuration

» Glass/Epoxy

» Various Ply Angle Laminations at
Girder segments

Length Chord Airfoil Ply Weight
(mm) (mm) Thickness Thickness (Kg)
(mm) (mm)
6.0

1540 283.5 50 0.80

LAMINATION
Top Girder [ Bottom Girder | Lay-up
CASE | [6./(£45),] [-8,/(245),] Sy r::::tric
| case [04/(+45),] [0,/(£45),] Symmetric
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Natural Frequency (Hz)

o]
(83}

o]
o
1

~
o
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()]

[e)]
o

-
o O

Material Coupling Effect on

Small Model Blade

\‘
()]
P

CASE| CASEIl o 0.25 CASE| CASEIl
1 —x— --m-- w. coupling [s) T —k— ~-m- w. coupling
P —O— w/o coupling é 0.20 - %égé** —O— w/o coupling
-~ X[
85 o1s] /
82 0159
N T 1 /
7 ° 5 * A
8o 0.10-
= = ]
I <)
o 0.0571-¢otamngg,,
i M @ ] Tee-g-s- o-0=e-e-e-tA
= = E 0.004 \X\%—-%/X/

T T T T T T T T T T T T T T T T T T T '0.05 T T T T T T T T T T T T T T T T T T
0 10 20 30 40 50 60 70 80 90 0 10 20 30 40 50 60 70 80 90
Ply Angle (degrees) Ply Angle (degrees)

CASE I' presents a strong skin coupling terms Ag:Bi: Dy 20

CASE Il provides almost negligible coupling

The difference is eliminated at 8=0° and 90° where the material coupling effect

is physically vanished.

AgBis. Dy =0

Wind Turbine Technology — Workshop 1
June 30, 2021



Part 2:
Inclusion of Composite
Damping




Significance of Composite Damping

 Damping is available
= Damping mainly provided by polymer matrix
= Higher damping than most common metals
= Composite damping is anisotropic

« Composite damping is tailorable

= fiber orientation
= stacking sequence
= structural parameters (thickness, angle of curvature, etc)

« Additional damping capability due to
Interlaminar shear

= Adhesive joints
= Thick Sandwich Laminates
= Shear damping layer treatment

Wind Turbine Technology — Workshop 1
June 30, 2021



Energy Definition of Damping

Specific Damping Capacity:

__ dissipated energy in a loading cycle W,
v max strainenergy U

Loss Coefficient:

_ dissipated energy per radian = W
max strainenergy 27U

n

y =27rn
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Viscoelastic Damping
In time domain

* The dynamic stress that resists vibration
and finally damps it, depends on the

rate of strain. Kelvin-solid
Model

« Kelvin-Solid Model: Dynamic stress
depends linearly on the rate of strain

o =kBe+E ¢

« System equation of motion (free
vibration)

Damping ratio

===
C

- - Viscous damping
mX+cX+k=0

increases linearly
. 2Mo, with frequency
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Viscoelastic Damping in frequency

domain

The complex modulus of elasticity gives the elastic behavior of a linear
viscoelastic material in the frequency domain:

The dissipated energy
in a viscoelastic
material in a vibrating
cycle is:

The maximum strain
energy stored in the
material in a cycle is:

E(w) =E (o) + JE (»)

E ()
tano(w) =n(w) = ——=
(@) =n(w) E (@)
27 -
W, = IE"edg
0
U :lE'géKle
2 il

A means for calculating

damping

W =2rtano=tano =n
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Relations Among Damping Values

Assuming harmonic vibration, the dissipated energy in a vibrating cycle is:

/2
W, =4 chdx = mCX’
0

TCWX> 2lw @ Not constant relationship,
V=7 =2z =47¢ —  depends linearly on frequency.

- kX2 @, @,

2

N

In a system that vibrates exclusively at the eigenfrequency:

Wn — 27277['] — 472.4]’]
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Damping in the Material System

Assumptions; X2

. A typical continuous fiber ply configuration fibers

ii.LEach ply has viscoelastic behavior

Composite Damping is described by 4 independent
damping coefficients:

= n,=n,, : Longitudinal Damping Coefficient — ¥y =
= n,=Np, : Transverse in-plane Damping Coefficient
" nE=Nn, : Shear in-plane Damping Coefficient

" n,=Np,3;: Shear out of-plane Damping Coefficient

Wind Turbine Technology — Workshop 1
June 30, 2021



Composite Ply Damping Described by
Damping Matrix [n|]

* On-axis ply damping matrix x2
_ fibers
n, 0 O O 0 O
n, 0 0 0 O
O n, 0 O O
o 0 n, O O
o 0 O ns O
O O 0 O n| 6 _ PrI(E)ISeSJr['ic(i:es C(E);rggi:r?ts
i (%)
Governing Material Equations 23 ore o,
7.899 GPa e,
] G, 1.17
c =([Q1+i[Q Il De N
0.344 '
1 1

Wy = 52ﬂ8T[n]6 = 52ﬂ8T[n][Q]8
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Off-Axis Damping

Y a

Material coordinate system O,,, is rotated T
by angle 8 regarding the system O,.. fibers
Damping in the system O,,. is described by @ —
the matrix [n_], derived from the following
transformation:
[7:1=[RT [ ][R % X
2nd order tensor rotation matrix: Off-axis ply damping matrix
m> n> 0 0 0 2mn | g, @ o 0 0 -.
n m 0 0 0 —2mn Ng, O 0 0 @
[R]= 0 0 10 0 0 m =cosé,n =sin & n.1= V 0 Nes 0 0 V
o 0 0 n -n 0 [ ’ [C]_o 0 ()no
0 0 0 —-m m 0 n. 0
-mn - mn 0 0 0 m’-n’] 0 © ;

Terms representing the coupling of damping along
the axes of the natural system O,
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Rotated Composite Ply Damping

Y 4 5

_

Axial Damping of an
Angle Ply [8] Composite

O'x ox
1.4 L\
X g 1.2 i
é > o ¥ 7
©
o 1
> |/
C
‘5 0.8
e
: A 06
UD composite Plate +  Experimental data
04 —%—  Predicted ||
0.2

0 026 052 078 1.04 13 156 1.82

Fiber Orientation Angle 6 (rads)
Single Ply Beams

University of Patras
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Measurement of Damping and Elastic
Coefficients

Modal Analysi
Data Acquisition Board odal Analysis

UD composite plate

|

Single Ply Beams Load Cell
tested in free
bending Extraction of modal
damping & frequency

values
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Equivalent Modulus (GPa)

Extraction of Elastic & Damping Coefficients

12

N (e¢]

o

From Experiment:

- Modal frequencies
Calculation of Equivalent Modulus
From ply mechanics

EC =1/SC11 = f (E|119E|22>G|129V|129‘9)

Least Squares Fit: £, ,E,,, G, V,,

’ Elastic Properties - Least Squares Fitting

- ®  Measured Data
D\ —O— Fitted Data

J @\

- @\

. ©—p ®
0 15 30 45 60 75 90

Fiber Angle (Degrees)

Damping Factor n(%)

©c o o = = bh D
o ~ 00O N O O b
L [ T T TR |

From Experiment: Off-axis flexural
damping ratio n_,
From Composite Mechanics:

n.(0)=f([n].[Q].9)

Least squares fit provides in-plane
damping coefficients n;, n;,, N

’ Damping Coefficients - Least Squares Fitting

3.2

®  Measured Data
—O— Fitting Curve

oo
®

2.8

/

®

15 30 45 60 75 90
Fiber angle (degrees)

o
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Extraction of Elastic Properties

m-L*
e Input from Experiment: E. = et -(27m)n)
» Modal frequencies i
e Equivalent modulus E.is [S ]:[R] [S, [R]
calculated from each modal
frequency Ec = 1/Sc f(E|119E|22>G|123 |1299)

(beam solution, Euler)

75 24 b Elas:tic Prope‘rties r
. . o 1 Least Squares Fitting
e From Composite Mechanics & S 20
. = ®
Least Squares Fit 3 16
e The material elastic properties 212 4
E,1.E5 G, and vy, are 2 ha]
extracted o ° ® ®
(L'C; 4 = Measured Data
2 —O-— Fitted Data
g 04+— : : ——

0 15 30 45 60 75 90 I
Fibers Angle (Degrees)
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Extraction of Damping Coefficients

Input:

e Composite elastic properties
E11.E20 Gip @and vy,

e Measured off-axis flexural
damping ratio values n.

From Composite Mechanics:
e Analytical relationship of off- Damping Gosffcents-Least Squares Fiting

axis flexural damping to =

damping coefficients S . ) P S
n.(0) = f([n].[Q].9)

e Least squares fit provides in-
plane damping coefficients
n,, Ny, N of the composite

N
oo N

L

)

Damping Ratio n(%

© © o = =2 N
o A~ 00O N O O
PR | | I |

15 30 45 60 75 90
Fibers angle (degrees)

o
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Damping Ratio C (%)

Experimental Results
Glass/Epoxy(Ampreg20) Composite

[
[ Plate Epoxy UD I o I
1.0- ) . ol
0.9 4 . 30l
0.81 —v— 45|
' 60
0.7 ) il
0.6 — A 90 H
] A
0.5 %‘\ \\'i ——
0.4 _ .
0.3} —w— /_
_ —
0.2 M S ———
0.1
0.0 +— . . . . . .
0 100 200 300 400 500 600 700

Frequency (Hz)

Damping was found to
be sensitive to the modal
frequency

Relationship of damping
to frequency is also
characterized
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Measured Elastic and Damping

Coefficients
_ _ Elastic Properties
Elastic & Damping E. 231 GPa
. = 2.1 GPa
coefficients extracted - S G
vs. frequency v 0.353

Damping Coefficients

MModal Freguencies<100Hz odal Freqguencies=100Hz
Y, 0,031 0,023
- 0,079 0,066
e 0,153 0.079
30-50Hz Over 100Hz
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Composite Blade Analysis Cycle

o Finite Element Small size
g Matrices . .
1 P Discretized SD Model
Blade FE [Mi(t) +[CTi(t) +[Ku(t) = F (1)

Model

Section \
Mechanics 2
Damped Beam
Finite Element

O Blade Section Integrated Multi'scale
Laminat.e \ MeChaniCS
Mechanics & Finite Element

Skin Laminate

Composite :
Ply Composite Ply Scale
L Minimal Material Input:
| * 5 Elastic coefficients
Ply Mechanics 5

4 Damping coefficients
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Dissipated Skin Laminate Strain Energy

Dissipated strain enerqy per unit area during a vibration cycle:

W

0 |

1
=3 siT[Qdcﬁ IS.dz where: [Q, ]=[Q.][N.]

N | =

kinematic assumption + integrating
through the thickness:

W, =35 Ay S| + 5By K; +K;By S+ Dy k;

| /.

e = A, extension damping matrix,
<Adij’Bdij’Ddij>: I Qirjn[niﬂ]<l’é”§2>dé/ i’j’l:1’2’6
m=l ¢, = B, extension-bending (coupling) matrix
n Sms r
Ay, =2 I Qj'lm, Mg 1j.A=4.5 = D, bending damping matrix
m=1 C;m

— \

)
Y

Laminate Level
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Modeling Modal Damping of
Laminated Gr/Ep Beam

— . -CLDT
: : —— FSDT
vLamination: [0/90+6/45+0/-45+0], ... . . . . | .oor o
B =  Measured [Adams & Ni] I
0.45 - REE a
040 . . ) !
o\o | - ' '
T 0.35- N
_9 4
8 0.30 -
T i
@ 0.25 - -
o i
— 020+ -
S _
S 0.15- N
= ]
0.10 4 N
0.05 1 i
0-00- —rT r 1 - 1 1 1 T *~ T *~ T *— T "~ T 7 !
v'Support: Free-Free 20 0 20 40 60 80 100 120 140 160 180 200
/L th: 200 angle 6 (deg)
en . mm . . .
g « CLDT: Classical Laminate Damping Theory
v'Width: 12mm

_ « FSDT: First order Shear Deformation Theory
v'Thickness: 1.6mm

 DLDT: Discrete Layer Damping Theory
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Modeling Measured Frequencies &
Modal Loss Factors of GI/PI Plate

mode shape of plate
v'Support: Free-Free

v'Lamination: [0],
v'Length: 455mm
v'Width: 455mm

v'Thickness: 2.3mim | %

2.0 (14) x  Measured L
] 6 X (20) A FE
A
< 161 A i - -
5 P
S 1.2 ! A (22) (27) A |
: : L (13)  (18) ', y
Damping was measured with g )
modal analysis tests g | s s " (30)
o X X
= 04 ¢ ¢ _
(10) (23)
0.0 . —

T T T T T T T T T T T T
0 50 100 150 200 250 300 350 400
Natural Frequency (Hz)
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Modeling Frequencies & Modal Loss
Factors of GI/Pl Cylindrical Panel

v'Support: Free-Free
v'Lamination: [0],
v'Length: 355mm
(circumferential direction)
v'Width: 204mm
v'Thickness: 3.3mm

mode shape of panel

1 " 1 " 1 " 1 " 1

2.0 1

)
-
o
1

RN
N
1

Modal Loss Factor (%
o
(o]
1

o
~
1

0.0

X Measured =
l 9) (1) A FE
L |
(7) X
% (14) an |
A * ‘
A Ax
x B
A A 2( % A
X
} x } }
®) (jo) (12) (16) I

0

T T T T T T T T T T
100 200 300 400 500 600 700 800 900 1000 1100
Natural Frequency (Hz)
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Equations of Motion
de [ (=8H, +8T, —8Wj; )dsd¢ +su"zdl’ =0
0 A r

« H, is the Strain Energy > 8Hs=[delecdsdg =gBdS[[58cT [QclecdS
A

- T, is the Kinetic Energy > 8Ts=[-du'diag(p)iidsdrn =¢ds[-duTdiag(p)iidS
A h

W, is the Dissipated Energy > Wy= /{ ded Qeneecdsdd =<j§d5£ 5ef Qenegcds

« T the surface tractions on the free surface I' )
Section Example

A

L, is the length of the beam z

&,, 0, : Off-axis strains and stresses of a composite ply A\

\

Q.. n.: Equivalent off-axis stiffness and damping (loss-

V<

factor) matrices of the composite ply

A

Jo) : Density of each ply

h : Thickness of the skin laminate
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Equivalent Blade Section Stiffness

Extension — Shear

Coupling \ _~ Coupling Stiffness
( ) 40 '/I /I BY RO go ; 3
N° 11\ 1(' 11 12 Pie £
x X
4 0 0 0 - 0 50 0
N As, Ass Ase Bsy bs; Bsg 8(:1
XV X)
0 0 0 —0 —0 0
) Nx; } Ag, Ags Ags Be1 DBega 866 { gf;‘z }
B 0 0 0 0 0 O\
50 50 0 0 0 o‘-- .
M. B,, B, B, D, D ( Dy k- - |
- - - Bending — Torsion
M, Y RO 0 ~0 O 0 k Coupling
o 0
) ’ I 816 56 B D6l D63 D |- ’

\ Flexural & Torsional
Stiffness

Overbar indicates terms which include material coupling effect (or skin
laminate) at skin level due to rotated plies >Q.; # 0 0rAs, Byg, Dig# 0
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Equivalent Blade Section Damping Terms

The section damping matrices, including coupling terms derived from
Section Example

the dissipated energy equation are:
5st = J‘BS;Fancscdeé/ = qsdsjgngcncacdé/
A h

3

Wy, ={8e” 8k’

0 A N [ RO 0 o)
At Ads s Byii Bain  Bdis
0 A0 0 0 0 20 RO 0
|:Ad:|: Ausi Adss Adse |> |:Bd:|: Bysi Bis  Buse
X 0 0 50 20 0
_Ad61 Ayes Ad66_ _Bd61 Bie, Bues

\

A

[0t

z

)
Ddll

0
Dd21

~0
| Dyer

4

3

r-\
\\ »
y
0 =0 |
Dd12 Dd16
0 =0
Dd22 Dd26
=0 0
Dd62 Dd66_

Overbar red terms depend directly on the extension-shear coupling damping
terms of the skin laminate A,,¢, B¢, Dy16:
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DAMPBEAM 3-D Linear Finite Element

6 DOFs per node: Ui:{uf’i, o, W, B p ei}

2-node shear element with linear displacement interpolation functions

(U7 (0.0° (0.W° (), B, (X). B, (0.6 (%)) = D N' (UL

Finite Element provides:
» Stiffness matrix
*  Damping matrix

*  Mass matrix
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Structural Equations of

« Assuming harmonic vibration

Motion

« Combining equations of motion with equations of energy and relations

between strains and displacements

» Gathering together the terms which correspond to common nodes

between the elements

—@’[M]U+ j[CIJU+[K]U = F(w)

where:
[M] = mass matrix
[K] = stiffness matrix
[C] = damping matrix
[U] = displacement and rotation vector of the structure

[F] - force vector

Equations of Motion

Synthesized by the
corresponding
matrices of the

elements
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Structural Damping

1. By solving the equations of motion through the complex eigenvalues p,, of the
system

h ¢, =—Re(p,) |l p,ll Damping ratio of the m-th mode

2. By using the dissipated modal strain energy method

b » Accurate in cases with small damping

» Assumes that the natural frequencies and eigenmodes of
the system with damping do not differ from those of the
undamped system

JWo, A
_ 1 __1 U,[C]Y, Loss coefficient of the m-th eigenmode
27 j W, dA 27 UJ[K]U,

A

T
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Validation Cases on Box-Section Beam

« Material: Carbon / Epoxy

* Vertical Force at tip,
F=4.45N

* Dimensions and lay-up
proposed by Volovoi &

Hodges
1
Z . Top Flange zA Top Flange
T el Y O
L ftw b A A A i A / Left Web <ﬁ/ oA A
e (=] (}\ () [i 4 5] % 4
[e/-6 |+ Y b Y
D e & Right Web - \JRight Web
Bottom Flange [-6/0]s Bottom Flange [+45]s
[-€ [-0]e

High BTC coupling Low BTC coupling
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1% Mode Shape
Twisting (0) / Bending (B ) Angle

z)

1* Natural Frequency (H

y

Material Coupling Effect on Dynamic
Characteristics of Carbon/Epoxy Beams

350

L CASE| CASEI
N —m— —e—  w. coupling
300 "\z\\\;\ o w/0 couplin
2501 \n\
200 Ny
NE
150+ .
100- #f=8-g-g g gg
50
0 T T T T T T T T T
0O 10 20 30 40 50 60 70 80 90
Ply Angle (degrees)
1.2
] [} CASE| CASEI
N —a— —e— w. couplin
1.0 \
n
084 | \
) .~ "
064 | \.\
\I
1 [ )
0.4 1 / \
] [ ]
0.2 1 \'\
| '\'§'
S=g—pg_
OO T T T T T T T T T T T T T !\'\ =
0O 10 20 30 40 50 60 70 80 90

Ply Angle (degrees)

1% Modal Loss Factor (%)

Left Web
[6/-6]s

3.0

—_ - N N
o ()] o ()]
1 " 1 " 1 " 1 "

o
()}
1

o
o

CASE |

CASE I

w. coupling
w/o coupling

o
-
o

High material coupling for © = 50 - 30°

20

30 40 50 60
Ply Angle (degrees)

laminate orientations

70 80 90

CASE | provides higher coupling values

Z . Top Flange

Bottom Flange
[-8)e

CASE |

Z Top Flange

[6]s
Left Web
[+45]s
B4 o
Right Web Right Web
[-6/8}s Bottom Flange [£45]s

[-6ls

CASE Il

Wind Turbine Technology — Workshop 1

June 30, 2021



Small Model Blade Configuration

» Glass/Epoxy

» Various Ply Angle Laminations at
Girder segments

Length Chord Airfoil Ply Weight
(mm) (mm) Thickness Thickness (Kg)
(mm) (mm)
6.0

1540 283.5 50 0.80

LAMINATION
Top Girder [ Bottom Girder | Lay-up
CASE | [6./(£45),] [-8,/(245),] Sy r::::tric
| case [04/(+45),] [0,/(£45),] Symmetric
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Material Coupling Effect on
Small Model Blade

12 ] o 0.25 CASE| CASEIl
1.1- © 1 e —X— --m--  w. coupling
: 5: 0.204 f@é ﬁ\{ —O— -0 w/o coupling
1.0 1 -~
< nol 0= 1 ¥ \K
< 0.91 T2 0154 /
2 08 0T 1/ \
g 0° 2 5 y -
" 0.7 CASE| CASEIl é @ 0.104 \
3 06 1 —*— ~-m--— w. coupling 5 o *\
0.0 . —O— o w/o couplin = S
S 05 [ o 0.0 ©aoummengg,
o V7] 2 TO-9-9-0- <0-0-0-0-0-028
= 0.4 = E 0.00 \X\x_x/x/
OO T T T T T T T T T T T T T T T T T T I '005 T T T T T T T T T T T T T T T T T T
0O 10 20 30 40 50 60 70 80 90 0O 10 20 30 40 50 60 70 80 90
Ply Angle (degrees) Ply Angle (degrees)

For the 15t mode shape, "CASE I" presents a strong coupling terms, whereas
CASE Il provides almost negligible coupling.

The difference is eliminated at 8=0° and 90° where the material coupling effect
is physically vanished.
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19m Realistic Wind-Turbine Blade Design

Glass/Polyester composite sandwich laminations at cross-section
Leading (LE) and Trailing Edge (TE)

Two Shear Webs along its length
Two Girder segments reinforced with multiple UD layers

Top Girder Trailing Edge (TE)

Bottom Girder
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19m Glass/Polyester Blade

Predicted and Measured Blade
Modal Damping & Frequencies

Mote | Eanent | Mewmre
Prediction

Modal Frequencies (Hz):

1* Flapwise 2.15 1.98

1" Edgewise 3.59 3.35
Modal Loss Factor n (%):

1% Flapwise 0.56 0.78

1% Edgewise 0.60 0.87

Experimental Modal Tests conducted
at Facilities of CRES, Athens, Greece (DAMPBLADE)
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Prediction of Material Coupling Effect
on 19m Wind-Turbine Blade

2.50 1.8
g b /}K
2.25- 1.6 T
[TRRR—R—R—_% B % owoaog 1.4 - T
< 2.00 - : "‘**'~>'<~§<;;;; L x/x/*/ L, ="
Lz 1 8: 1.2 1 ’ﬁ’X/X/f/l g m W s
> 1.75- s fwmwEoRoE
S ] S 1.0
o 1.50 - e ]
8 CASE| CASEIl J ® 0.8-
L | ——— . o |
< 1.25- - = ww.coupling = 06 CASED CASE i J
o © —X— u w.coupling
5 100 S 0.4
© 1.004 ) 4
Z 050 =]
0.25 0.21
000 T T T T T T T T T T T T T T T OO T T T T T T T T T T T T T T T
0123458678 9101112131415 01234567 8 9101112131415
Ply Angle (degrees) Ply Angle (degrees)
UD Composite Plies . . .
P Inclusion of new material coupling
Top Girder Bottom Girder Lay-up terms contributes to:
CASE | Anti- - Lower Frequency Values
Symmetric
CASE I 6] [6,] Sy - Higher Damping Values
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Effect of Damping on Dynamic Response
of Modified 89m WT Blade

Mode Number Mode Type  Frequency (Hz) (¢ (%)

1 1°* Flapwise 0.583 0.084
2 1%t Edgewise 0.938 0.095
* 9.6 rpm (0.16Hz) rated speed 3 2 Flapwise 614 0,088
« 10 MW rated rotor power 4 2" Edgewise 2.787 0.102
. . . . 5 3" Flapwise 3.352 0.094
« Uniform inflow with wind speed c 4% Flapwise 5 691 0101
of 11 m/s 7 3" Edgewise 5.899 0.110
8 1% Torsional 6.494 0.328
9 5% Flapwise 8.546 0.107
10 4™ Edgewise 10.011 0.123
11 2" Torsional 10.817 0.300
#1

#29
#64
#8
0
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Flapwise Deformation (m)

Damping Effect on Flapwise deformation
@ tip of the wing (Xx=89m)

w
o

T
—2C

—C
No Damping/|

N
[¢)]
T

N
o

15
10 /
5]f\V

_ | | I |
140 150 160 170 180 190 200

« Mean wind speed of 11 m/s

« Normal turbulence model case
corresponding to DLC 1.2 of
IEC

* Unsteady aerodynamics time-

series loads were calculated
with aeroelasticity model
(NTUA)

 These are the loads used for

normal operation fatigue
damage

1st Flapwise

\ 1 per rev
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(m)

Edgewise Deformation

1.5
0.5~

I ) i 4l bﬂ | L

15 | | |
140 150 160 170

Damping Effect on Edgewise deformation
@ tlp of the wing (x=89m)

W‘

720
—=C
No Damping

« Mean wind speed of 11

m/s

« Normal turbulence

model case
corresponding to DLC
1.2 of [EC

L L
180 190 200

« Unsteady aerodynamics time-

series loads were calculated
with aeroelasticity model
(NTUA)

 Loads used for normal

operation fatigue damage

1st Edgewise 1t Flapwise
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Part 3:
Geometric
Nonlinear Effects

MHI Vestas V164-9.5 MW

http://www.mhivestasoffshore.com/worlds-most availabl d-turb ts-major-power-boost,

Accessed: 01/03/2019
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http://www.mhivestasoffshore.com/worlds-most-powerful-available-wind-turbine-gets-major-power-boost/

Nonlinear Beam Section Mechanics

» Kinematic assumptions: » Green — Lagrange
U(X,5,8) =U°(X)+ B, (X)(Zo + Y3 + B (Yo — 250) + O, (0(—12¢ +w°(s))  Section Strains:

_ 1.2 w2
0(%,8,8) =0°(X) O +¢) Tty Uy W
gxs = u,s +U,x
W(X,S,8)=W°(X)+8(X)rs £y =U +W,

> Normal and Shear strains on the cross section:

£, (X,5,8,t) =2 (x) + %v?,f x)+ %w?,f () + Ky, (0(Z + Y2 L)+ Ky OOV, — 2°)

+ % 0’ (x) {(;«C“z +r” ) + 21+ } -0’.(%)0 (x)(rg’ + g)

W@, @(r! +5)+0 @{rc+rel N\S=al__

£, (X,5,8,1) = £, (07 + &, (XY + &, (X,8) =26,

£ (X,5,4,1) = £, ()Y} — £, (07,
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Equations of Motion

_de jASHdsd§+Idx | 8Tdsd¢ + [ du'zdr =0

Kelvin material model
n-E

|. Strain Energy Variation 4

SH* = [8g/6,dsdS and 6, =[Q,Je, +[Qq 2,
A

| J
|

OH™ = IdSIh (ng [Qllgx + Q16gxs ] + ngs [Ql6gx + Q66‘9xs ] + 68x§ |:Q55‘9x§ :|)d§
+Id5_[h(55x [Qii&x + Qséys ] + 3645 [Quséx + Qo | + 364, [stéxg ])dé’

IIl. Kinetic Energy Variation = ------ - T = [-Su'diag(p)iid&dr

A
o p Density of each ply o L Length of the beam
O h Thickness of the skin laminate o b Width of the section
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Nonlinear Section Stiffness

Section Stiffness Terms:

A
4
/The subscripts indicate: \
N " S Total section terms
............................ | n So Llnear terms
h =S Nonlinear 1st order terms
________________ «

=S, Nonlinear 2" order terms
\_? J

M, QM‘
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Nonlinear Section Stiffness

1st order nonlinear terms: B" — g {
hl6 —Yx

CJS(%AM(rszSOZ)deHJS 11; ds+<j>( j }
0o A' AM™ o 0o BM]|U
S
[KSJZ AL Kﬁr:l__@lll__ggnzll__inél__W,ox . n6|1:Wg@(%A16zg)ds+QX<J‘>(2A6rs"zi)ds

O gnll gnll O O

151 161

152 162

Bnll gnll gnll [_)nll [_)nll

| 116 156 166

D
0 gnll gnll O O Ijnll k
D

66 | [ 7. 2"d order nonlinear terms:

> Bending 0 0 o0 o o0 o]
© TWIStIng 0 Asnlz Asnlz 0 0 nl2 UO
5 6 56 X
> Bending —Torsion 0 nl2 UL 0o B™ |lw
> Extensi - K, |- B I
Extension — Torsion S 1. e--0 0 0 0 0 kxy
1 -=" o 0 0 0 0 0 ||k,

n 2 2
o =W, 4{2 JdS+W 0 35( A )d8+92§f>(Aufs° )dS_ o B2 B” o o [BE| 60,
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Nonlinear Tangential Section Stiffness

1st order nonlinear terms: B =w! Cﬁ A“rs‘)ds—uf;@;(A r’+B, )ds
_->
o A AT 0 o B(u ] O B(A (1 en) 2B D, Jas)
n AN n DN B n n 0
A\Slll A\SISI A\SIFI Bt5ll1 Bt5l21 Bt5l61 U,X

S
o
o
=

(=)

I
’t;

n AN AN SN = n |1
ky, J-| A0 A Al Bi Bl Ba i A = YP(Aze)ds+wWiP(Agys)ds
Ts; | 0 BN g 0 0

ol o o | i n)o
D

t52 t62 t26 XZ
n DN DN ~ N ~ N nl
_Bt1I61 Bt5l61 Bt6l61 Dt6I11 Dtélzl t661 Qx 2nd Order non“near terms:

D Bending S

. 0 0 0 0 0 0 u
C D> Twisting — _ . ())(
> Bending —Torsion 0 A\slsz, - A\slsz 0 0 Bt5I62 U,();
A ’ M2 0w
> Extension — Torsion |:KTS ]: ,(l 'qés Aves 0 0 By X
: 0 0 0 0 0 kXy
12 =W (A, )ds+050 gS(AHrSO )ds Pt o 0 0 0 0 0|k,
0 By Bx 0 0 B0,

&
~W.0, <j§(AHr +Bll)ds—6§gf>(AHr£ r! +B,r’ )ds—
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Nonlinear Section Damping Terms

15t order damping nonlinear terms /

5H 4 = H

+0H,, +0oH

[ I I It ][0 dsO d82
n n n .
0 Aiis  Adie 0 0 Baie || Ux j j j
nl1l anll anll o nll o nll o nll -0
Aisi Agss  Agse ds1 ds2 dse || Y.x 5
nl1 ~nll anll 5 nll 5 nll 5 nil - 0 [Cds] = |:Cds ] + |:Cds (ll):| + |:Cds (u ):|
[C } _ 61 65 66 d61  Pde2  Pdes || W« K 0 1 2 J
ds1 N B Nl o nll S nll ,
0 Bd51 del 0 0 Dd16 kxy
o nil 5 nll = nll ,
0 ds2 d62 0 0 Dd26 kxz
nl1 5nll 5nll =nll =nll S nll )
i By1s ds6 ds6  DPde1  Dden Dd66_ e,x

11 _ 60 nd damping nonlinear terms
66 = V\’,xqs(zAdmZ,(;)dS+Qx<ﬁ(2A16rsoz,2)ds 2" order sl

< Bending 0 0 0 0 0 o |

| | | .
D Twisting 0 1% Al O 0 Bgs |0}
ni2 m?2 ni2 - 0
__> Bending —Torsion c. |- © 56 Td6s 0 0 Bdés W
. . 17 1_0-=0" 0 0 0 o0 |k,

© Extension — Torsion =" .
< - 0 0 O O O 0 kxz

2 2 .
e = P(A ) ds o0, (2, )as+ 0L f( Ay r Jas | 0 B B o o [DHRY
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Updated DAMPBEAM 3-D Finite Element

(a) Blade
Cross-Section
Z)

Total Stiff :

K (u)]=[Ko ]+ K (u) [+ Ky, (2)]

ucN Y Linearized Stiffness matrix
“\‘%)39 (K () =Ko ]| Ko, () [+ K ()]

(b) Finite Element

2-node shear element with linear displacement interpolation functions

6 DOFs per node: Uiz{UOi, o, w, 8. B, Hi}

(©
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Small Vibration about Large Static
Deflection

* Nonlinear Large Static Deflection:

Newton — Raphson

¥, (u,)= [K (u, )]“s(t) -K@®=0 iterative technique

* Nonlinear Small Amplitude Free Vibration: u(t) =u  +u(t)
¥ (1,u,,t) =[M]u(t)+| C(u,) |ut)+| K(u,)|at)-F)=0

O The energy approach is used to calculate the structural damping:

.. Undamped Frequencies UT | C(u\lU

m .~ (20m m{_(u )} m
U,, Mode Shapes T UE{K(u )}Um
N,, Modal Loss Factor
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[ START ] Cross-Section Geometry
INPUT a

Stiffness
S

Material Properties

Mass

Laminate

| Damping l

E NN NSNS E NN NSNS NSNS EEEEEEEEEEEEEEEEEEEEE Force

......................... Increments . LINEAR

] - Stiffness / Damping / Mass

————
- ~——
~——

________________ —e—-=""7 Newton- TTTTe—o___ NONLINEAR

Stiffness / Damping

Laminatel Matrices Reduction ) I 1

Cross-Section Effective Tangential
rices Matrices

=1t order ‘J

=2nd order

Element Build
Procedure

N | BEAM Finite Element

| Global System Assembly |

STRUCTURE

Structural Matrices Partition

———
- ~——
~——

....................................======>

. Increment

.................... Convergence

[ FINAL SOLUTION ]

|
\7 4

STATIC RESPONSE MODAL CHARACTERISTICS
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Tension Experiments

Specimens Uniaxial Testing Machine

v' UD Glass/Epoxy
v" Manufactured at AML by

hand lay-up + vacuum bag method » Constant in-plane
v Curing for 12h at 60°C displacement
v 2 Laminations: [0,/90,], and [90,/0,], 0.02mm/min rate
v’ Strips: (400mm) x (30.6mm) x (2.7mm)
v Elastic and Damping Coefficients measured - Loading was
periodically
Nowe] suspended.
- Anaysis
" , o - Strip excited, FRF
measured
o . Two PZT-5
R piezoceramic wafers
BT amplier (sensor & actuator) or
Grips y
* Impact Hammer and
lAppIied F PZT-5 sensor
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Natural Frequency (Hz)

Numerical Predictions Validation —
Modal Frequency

—— Present FE 1% bending O Experiment 1% bending
- - PresentFE 2¥bending O Experiment 2 bending

600 - L Present FE 3 bending A\ Experiment 3° bending
LA
Lot A
oA A
500 A RN
VAN
ot 90,/0
A [ ]
4004 .- 2/V2ls
h -5
1 o -0~ -0 — Present FE 1" bending O Experiment 1% bending
300 4 _ o - - - PresentFE 2” bending O Experiment 2" bending
_o- -0 800 |+ + PresentFE 3“bending A Experiment 3 bending
_ .o — . — Present FE 4" bending 7/ Experiment 4" bending -
200{ _--~ St A A
- ’|’ v
vV
g vV
1001 0 w0007 T VY
1st Linear T SV
——————————————————————————————————————————— S~~—" -v’v L A
> Y _ A
%) v v e A
0 T T T T T T T T T T % ’ N iy A
0 400 800 1200 1600 2000 3 400+ JEE-S
. o A _ -
In-plane tensile load (N) - A -p--0"70
' - 0
© N _o - -
- _-0-
2 200+ = ©
[0./90,], S
0 y T y T y T y T y T
0 400 800 1200 1600 2000

In-plane tensile load (N)
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Modal Loss Factor (%)

Modal Loss Factor (%)

o © o ot - =
[N N o o o N

o
o

o © o ot - -
[N N o o o (N

o
o

Numerical Predictions Validation -

Modal Damping

Présent FE | Present FE
1st Mode o Experiment o 4t Mode o Experiment
5 ]
— 0.8
] ]
@
0 w 0.6
[0,/90,]s ',
8 -\ O
— 04 o
A g B e N
o
T [ o | 0.0
0 400 800 1200 1600 2000 0 400 800 1200 1600 2000
In-plane tensile load (N) In-plane tensile load (N)
1.2 :
Present FE Present FE
1st Mode o __Experiment 10 4th Mode o Experiment
£ 0.8\
\ 5
[&]
©
[90,/0,]. & os
2 T
3 0.4
ﬁ . \
\\ R 3 ko\(
o =02
0.0
0 400 800 1200 1600 2000 0 400 800 1200 1600 2000

In-plane tensile load (N)

In-plane tensile load (N)
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Buckling Experiment

Applied in-plane compressive displacement at 0.01mm/min rate
Actuator: Impact Hammer

Sensory devices: i) PZT-5 plate (SET 1) and ii) Accelerometer (SET Il)
LVDT at the strip midspan
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Predicted Buckling Response

Transverse displacement at stip mid-span

280 - ’_—-E]@'OETB@OE]'EEQEPQE-]-
1 P OE OD OD O
240 - ° . .
_ Lamination
= 200- [0./90,];
~ 1
< 1
© 160 A
()
LI— -
8 120 4 O Measured Set |
3 Measured Set Il
2- 80 - - - - Present FE, w0=0.14mm
— Present FE, wO:O.28mm
40 — Present FE, w =0.55mm
0

0.0 05 1.0 1.5 20 25 3.0 3.5 40 45 50

Transverse Displacement (mm)
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Buckling Effect on Modal Frequency and
Damping

First bending natural frequency Lamination
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Maximum damping values near the
critical buckling point.

Good Correlation between predicted and
experimental measurements.
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Significance of 2"d order Stiffness
and Damping Terms
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Natural frequency (Hz)

Applied Force (N)

[0,/90,], vs. [90,/0,]. Beam Specimens
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The [90,/0,], beam specimen exhibits:

= more compliant behavior
= Jower modal frequency

= Jower critical buckling point
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Box-Section Girder Beam of 54m

Typical Cross-Section
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Natural Frequency (Hz)

Girder Beam / Modal Characteristics...
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.Girder Beam / Modal Characteristics
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Summary

Overview of WT blade materials and internal geometry

Composite mechanics and computational structural dynamics models
Formulation of Reduced Order Beam finite element

Mechanics and modelling of Bending-Torsion Coupling
Comprehensive inclusion of Composite Damping into CSD models
Trade-off between composite damping and stiffness is common feature

Structural damping also strongly depends on geometry, curvature and
mode shape

Effect of composite damping on time- and frequency- of 89m dynamic
response composite blade excited by unsteady aerodynamic loads.

Nonlinear mechanics and beam finite-element framework

Initial stress and geometric nonlinearity appear to significantly modify
modal frequencies and damping.
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