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2. Introduction

The primary motivation for initiating this work is the concern that flutter instability may occur as
a result of the development of lager wind turbine blades.

This continuous development of larger wind turbine blades will result in lower torsional
eigenfrequency, which may couple with the lower bending modes. Furthermore, coupling
between bending and torsion will probably become a more dominating factor in the design of
future wind turbine blades, as the bending and torsion eigenfrequency are getting closer. Thus,
this development has resulted in the fact that torsion related aeroelastic instabilities have been
brought into focus, and stability analyses have shown that new blades are getting close to the
limit of flutter, where flapwise bending vibrations and torsion vibrations couple together in a
dramatic instability. It is expected that in the case of flutter instability, the amplitude of the
flutter vibration will increase rapidly and may result in ultimate failure of the wind turbine. To
insure sufficient safety against these instabilities is it important in the design phase to model
torsional stiffness and bend-twist couplings with high precision.

However, correct modelling of bend-twist couplings and torsional stiffness based on FEM is
subjected to some uncertainties, when numerical results are compared with experimental modal
analyses of blades. This disagreement can be due to lack of knowledge in determining the
parameters used in the structural models or direct limitations in the current FE-models.

The continuous development in the use of composite materials (e.g. use of sandwich cores and
optimization of fibre lay-up) and more slender and unstiffened structures in modern blades, will
result in strong anisotropic material properties and torsion flexible blades, which introduce
couplings that are not accounted for in the current beam models used for aeroelastic calculations.

One of the aims with this work is to verify numerical models with special attention to the
torsional behaviour and the coupling between torsion and bending. The numerical models that
are dealt with are detailed FEM models based on a combination of shell and solid elements.
These FE-models are used to extract an anisotropic beam element, which includes all the
structural couplings introduced in the blade sections, by the layers of composite materials and its
geometry. This extraction is performed by a Beam Property Extraction method which gives a
quarter of the full Timoshenko stiffness matrix. From this matrix is it possible to compute the
6x6 constitutive Timoshenko matrix, which can be used as input to the modified aeroelastic code
HAWC?2 (this modification of HAWC2 will be described later).

Validation of the numerical models is done by comparing the response from static experiments
performed on a section of a full-scale blade provided by Vestas Wind Systems A/S.

The blade section is furthermore modified by adding some additional angled UD layers on the
suction and pressure side of the blade. The idea is that these UD layers shall introduce
measurable bend-twist couplings, which the original blade did not have.

The comparison of the numerical and experimental response of the original and the modified
blade section will give an indication of the precision of the different stiffness parameters
computed by FEM.

The experimental testing is performed at the DTU test facilities on a test rig, which was designed
during the pre-project Torsional Performance of Large Wind Turbine Blades — Experimental
Test Design [1]. The aims of the pre-project are described below.
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2.1. Aim of Pre-project

The aims of the pre-project were to design an experimental setup and furthermore provide an
understanding of the parameters influencing on the bend-twist couplings.
Pre-project contents:

e Literature study.

e Exercise concerning the lay-up’s effect on the bend-twist couplings (“Design of a boat
keel blade™).

e Selection of a blade section for experimental testing.
e C(reation of a relatively simple FE-model of the selected blade section.

e Design of the testrig for experimental investigation.

The test rig was designed during the pre-project but was manufactured and assembled during the
beginning of this master thesis.

} ¥y ! .
2. NN ‘“._g.. N3

-

Figure 2.1.1 — CAD drawing of the test rig o igure 2.1.2 — Picture of the test rig
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2.2. Aim of Master Thesis

Below is the original description of the master thesis plan, which was the starting point for this
work.

By the use of FEM and experimental analyses, the aim of the master thesis is to map the
limitations in the current FE-models. The project is based on an actual blade section provided by
Vestas Wind Systems A/S. The blade section is going to be tested on the testrig designed during
the pre-project.

From these tests will the bending stiffness parameter (EI), the torsional stiffness parameter (GJ)
and the bend-twist coupling parameter (K) be determined.

The primary focus will be on the determination of GJ and K, since these parameters are primarily
subjected to uncertainties.

A detailed FE-model (shell element) of the blade section is going to be generated, so that
numerical and experimental results can be compared.

The contents of the project are outlined below:
e Detailed FE-model (shell elements) of the blade section.

e Numerical determination of the stiffness matrices for the blade section, which can be
used as input to the HAWC?2 code. This is done by analyzing static load cases.

e Numerical analysis of the blade section’s dynamic properties (modal analysis) including
torsion mode shapes and their couplings to bending.

e Experimental determination of the bending stiffness parameter (EI), the torsional stiffness
parameter (GJ) and the bend-twist coupling parameter (K).

e Comparison of experimental and numerical results.

e Setup guidelines for reliable determination of torsion stiffness and bend-twist couplings
using FEM.

The focus was changed a bit during the project progress because of the complexity with
determining the mentioned stiffness parameters. The orientation of the principle axes is varying
along the blade section, the location of the shear center and the elastic axis is not the same.

The blade section is build of materials with anisotropic properties which result in couplings.
This means that one is not able to extract a single stiffness parameter from experiments or FEM
results, because the response of the blade is not influenced by only one stiffness parameter but
several (the stiffness parameters are coupled).

To analyse the blade response with high precision, one must more or less determine the full
stiffness matrix. This meant that the full stiffness matrix must be determined, but still the
primary focus was on torsional response and the coupling to bending.
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2.3. The aeroelastic code HAWC2

HAWC?2 is the aeroelastic code developed and used at Risg National Laboratories.

A prismatic Timoshenko 3D beam element is presently used in the HAWC?2 code, which can be
defined by the following constitutive relation:

Fx) (Gak, 0 0 0 0 0) Vx)
Fy 0 GAky 0 0 0 o0 [|7y
Pz 0 0 AE 0 0 0 ||z
M, 0 0 0 E, 0 0 [|x,
My 0 0 0 0 By 0 ||k,
M, ) 0 o o0 0o o a1 %,

As illustrated, the constitutive matrix has only diagonal terms. GAk, and GAk, are the two shear
stiffnesses in the x- and y-directions. AE is the axial stiffness, El, and Ely are the two bending
stiffnesses about the x- and y-axis, GJ is the torsional stiffness of the beam element.

The beam element is described according to the elastic axis and orientated as the principle axes,
which decouples bend-bend couplings (Elyy). This element can be modified to account for the
location of the shear center, which results in a few off-diagonal terms in the constitutive matrix.

In order to improve the results from HAWC?2 is a new 3D anisotropic beam model implemented
into the code (a modification of HAWC?2). This element can be fully populated, which means
that it account for all couplings. These couplings can come from the material lay-up and the
geometry of the blade section. The constitutive relation of the new element is illustrated below:

x ) (ki kpp kg3 kg ks kyg) Tx )
y ko1 koo ko3 kog kps kog || Ty
z k3p k3p k33 k3y k35 k3g (] ¢,

X kyy kyp ky3 kys kys kyg || 1y

F
M
My | | ksi ksy ks3 ksq kss ksg ||«
M

z) (Ke1 Ke2 K63 ko4 Kes Koo )| x, )

The question is how to obtain this constitutive matrix. A Beam Property Extraction (BPE) —
method is used in this work. This method is based on the paper ldentification and Use of Blade
Physical Properties by David J. Malcolm and Daniel L. Laird [2]. This method works by
performing six different load cases on a full FE-model and then determines a single set of
displacements and rotations (three displacements and three rotations) of each beam element.
The fully populated Timoshenko stiffness matrix for the beam element can be obtained from
these displacements and rotations.

The beam element can be described in an arbitrary point on the cross section by using a
transformation procedure.
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3. Fundamental theory

The following theories are presented in this chapter:

Classical and first-order theories of laminated composite plates
Apparent properties

A simple composite beam model with bend-twist coupling
Beam theories

Torsion theory

Not all theories are used directly in this work, because the problems that are studied are to
complex and therefore not possible to solve analytically, but the fundamental theories are
presented to gain some physical insight into the different topics of this work.

3.1. Classical and first-order theories of laminated composite plates
Classical and first-order lamination theory will be presented in the following.

3.1.1. The classical laminated plate theory

The theory of Classical Lamination Theory is presented in Jones, R.M., Mechanics of composite
materials, 2" edition, 1998 [3].

A laminate is a stack of arbitrary oriented laminae/plies assembled to form a plate. A lamina is
considered thin which means it only has rigidities in its plane i.e. no bending stiffness. The
laminate on the other hand, has a finite thickness and therefore a flexural rigidity.

The basic assumptions for linear laminate theory are:

e The laminate is made of an arbitrary number of linear elastic lamina/plies that are rigidly
connected to each other. The bonds are presumed to be infinitesimally thin and non-
shear-deformable.

The total thickness of the laminate is small compared with other dimensions.
Displacements u, v and w are small (less than the plate thickness).

Kirchhoff hypothesis is satisfied.

The transverse stress o, is negligible compared to the in-plane stress components.

The out-of-plane shear stresses z,, and 7, are also negligible.

e Strains are small compared to unity (small strain theory).
e Rotary inertia terms are negligible.

Kirchhoff hypothesis

The laminate acts as a single layer. If a laminate is thin, an originally straight line normal to the
middle surface is assumed to remain straight and perpendicular to the middle surface when the
laminate is deformed.
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Requiring the line to remain straight and normal to the middle surface under deformation is
equivalent to ignoring the shearing strains in planes perpendicular to the middle surface
(7x. =7y, = 0) where z is the direction of the normal to the middle surface in figure 1.

In addition, the normals are presumed to have constant length which means that the strain
perpendicular to the middle surface is ignored as well (&, = 0).

Lamina Stress-Strain Behavior

A lamina of an orthotropic material under plane stress, have following stress-strain relations
(Hooke’s law) in principal material coordinates

o1 ) (Q Q2 0 (e

o) =] Q2 Qp 0 || & |

12) L0 0 Qes)l712)

Equation 3.1
Where
B B _ vizBy o vorB B
A1=7 W=7 W] e Q66= G2
~Vi2Val “Vi2Val “Vi2Val ~Vi2'Va1
Equation 3.2
Qjj 1s the reduced stiffness matrix.
In any other coordinate system in the plane of the lamina, the stresses are:
op | |91 iz Qs | =y
Ty | 7| Q2 Qo2 Qs || ¥
T — — — |l
TS\ Qg Qg Qs ) VT
Equation 3.3
Where
- -1 -T -T -1
i s T " =RTR
Equation 3.4
2 ()2 . )
cos (6) sm(O) 2~s1n(9)~cos(9) 10 0\
T= sin(6)2 cos(@)2 ~2-5in(0)-cos(0) R=1010
) ) 002)
—sin(e)-cos(e) sin(G)-cos(G) 005(6) - sin(B) )
Equation 3.5

T is the transformation matrix, R is the Reuter matrix.
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Equation 3.2 is useful in the definition of the laminate stiffnesses because of the arbitrary
orientation of the constituent laminae. Both equations can be thought of as stress-strain relations
for the k™ layer of a multilayered laminate and therefore Equation 3.3 can be written as

O} = (6)1{'81{
Equation 3.6

Stress and Strain Variation in a Laminate

In order to determine the extensional and bending stiffnesses of a laminate, the variation of stress
and strain through the laminate must be known.

The implication of Kirchhoff hypothesis on the laminate displacements u, v and w are derived by
using the cross section in Figure 3.1.1.

%.u
s
x — >
7w IIndefarmed cross Deformed
' section cross section

Figure 3.1.1 —Geometry of deformation in the x-z plane
The displacements field according to Kirchhoff hypothesis can be written as

u(x,y,zt) = up(x,y,t) - Z'a— W V(X,¥,2,t) = vo(X,y,t) — z-a— ) W(X,y,2Z,t) = wp(X,y,t)
ox oy
Equation 3.7
Where (uo, vo, Wo) are the displacements along the coordinate lines of a material point on the xy-
plane. Once the midplane displacements (uo, v, Wo) are known can any arbitrary point in the 3D
continuum be determined.

By Kirchhoff hypothesis, the laminate strains have been reduced to &, &y and Yxy (&, = Yxz = Yyz =
0). For small strains (linear strains) the remaining strains are defined in terms of displacements
as:

0 0 _ 0 0
Txy= U=V
oy oy ox

Equation 3.8
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And when inserting the derived displacements u and v, the strains are:

sxza—uo—z 82 ) sy:a—vo—z 62 W yxy:a—u0+a—vo—2'z'a—(a—wo\
ox ox> oy 6y2 oy ox ox\ dy )
Equation 3.9
Or
€x \ €x0 \ Kx \
&y | =1 &0 | +z| Ky |
xy) \'xy0) “xy)

Equation 3.10

Where the middle-surface strains and middle-surface curvatures are (small strain theory):

5 ) 2
p— uo 2 WO
640 ‘\ 0x Ky \ 0X
2
Syo | = a_VO Ky | = a W
oy P 20
yxyO) KXY) Y
0 0 A
—Upt—Vp 2.0 a—Wo
oy 0X ) | ox\ay )_

Equation 3.11
The last term in the curvature vector is the twist curvature of the middle surface.
The stresses in the k™ layer can be expressed in terms of the laminate middle-surface strains and
curvatures, by inserting Equation 3.10 in Equation 3.3.

o, Q1 Q12 Qg 240 *
vy | S| Qz Qaz Qo | || F0 | F | Ky
T - - - '}' =

Tk | Qg Qs Qg : ek .

Equation 3.12
The transformed reduced stiffnesses (jij can be different for each layer in the laminate which
means that the stress variation through the laminate thickness is not necessarily linear like the

strain variation. The stresses are instead piecewise linear in each layer, but discontinuous at the
lamina boundaries.

Resultant Laminate Forces and Moments

By integrating the stresses in each lamina through the laminate thickness, the resultant forces and
moments acting on a laminate can be obtained. But the stresses vary within each lamina as well
as from lamina to lamina, so the integration is not trivial. The entire summation of force and
moment resultants for an N-layered laminate is defined as:
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V[ e [T e MO [2 (o) (™ ()
=] foy la= > |

Txy) k=1

|
} |
) . ),

Oy | dz Oy | -zdz

k=1

|
Jl ™y )y

Zk-1

|
TX}’)k xy ) J t xy)

Equation 3.13

Where 7z and z,.; are directed distances and defined in the laminate geometry in Figure 3.1.2.

H1 D
t F2 ’
2 Z0 4 ZZT% % Middlesurface—l
/ 'z t, / Zy1 !
Zy
) k ) LANERPN
\ (
/N /

L Layer number
Figure 3.1.2 — Geometry of an N-layered laminate
The two Equations of Equation 3.13) can be rearranged so that the stiffness matrix goes outside

the integration over each layer because the stiffness matrix for a lamina is often constant.
When combining Equation 3.12 and Equation 3.13 the forces and moments become:

. [ o Ty
N, g Qi @iz s %40 o
My 1= 30 | @iz Qu @6 | ®y0 | dz+ Ly |zde
H k=1 — — — i
Xy oyl Xy
Q16 Q26 Q86 )y | g, | - _
Equation 3.14
PR [z Tk |
M, y Q1 @iz Qg 2,0 o
— 2
My |= Z Quz Qg7 e |- y0 |zdz+ Yy |z dz
M| k=l|— — — Y «
by il Ea
16 Q26 Qss )y |z, | - _

Equation 3.15
Sometimes the lamina stiffness matrix is not constant through the thickness of the lamina, e.g. if
a temperature gradient or moisture gradient exist in the lamina and the lamina material properties
are temperature/moisture dependent, then the stiffness matrix is a function of z and must be left
inside the integral. Then a more complicated solution is required.
Equation 3.14 and Equation 3.15 can be written as:
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Where

Ne ) (A A A [ ex0 ) (Big Bpy Big)
Ny [=] App Ay Agg || &yo [+ Bra By Byg |-
Nyy) \A16 A26 A66) | Yxyo) \ Bie Bas Bes )

M) By Byy Big) [ ex0 ) (Dy1 Dpp Dig)
My [=| By By By || &y |+| D12 Dy Dy |-

Myy ) (Bi6 B26 Bec )\ vxy0) | P16 D26 Des )

By = %'é]l (@), | - tar)”
Dy = %é]l (@), (- s

Kx

Kxy )

Kx

Kxy )

Equation 3.16

Equation 3.17

Equation 3.18

The Aj; are extensional stiffnesses (membrane stiffness), the B;; are bending-extension coupling
stiffnesses and the Dj; are bending stiffnesses.
A and Ay represent shear-extension coupling at the laminate level. The B;; represent coupling
between bending and extension which is a phenomenon that is not found at lamina level.

And finally, D¢ and D56 represent bend-twist coupling.
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3.1.2. The first-order shear deformation laminated plate theory

The first-order shear deformation laminated plate theory is based on the Reissner-Mindlin
hypothesis, which is identical to the Kirchhoff hypothesis except that the line normal to the
middle surface is not restricted to remain perpendicular to the middle surface after deformation.

In the first-order shear deformation laminated plate theory is the deformation of an element the
sum of the deformation due to bending and the deformation due to shear. For isotropic plates
with a large slenderness ratio can the shear deformation be neglected, but for composite
laminates and sandwich structures is the shear deformation more important. As an indicator of
when first-order laminated plate theory should be used, are the slenderness ratio shown in Table
3.1.1.

CLPT is Classical Laminate Plate Theory and FSDLPT is First-order Shear Deformation
Laminated Plate Theory in table Table 3.1.1.

Homogeneous Composite laminate Sandwich

CLPT A>10 A>20 FSDLPT

Table 3.1.1- Slenderness ratio of plates

The slenderness ratio of a plate is give as
=2
t

Equation 3.19
Where t is the thickness of the plate and b is the shortest in-plane dimension.

The displacement field according to Reissner-Mindlin hypothesis can be written as

u(X3YaZ:t) = uO(X7Y7t) + Z'¢X(Xayaz) V(X3Yazzt) = VO(X7Y7t) + Z'¢y(XaYaZ) W(X7y3Z7t) = WO(X7y3t)

Equation 3.20
Note that the rotations are written as:

Tu=¢ Tv=¢
0z x 0z Y

Equation 3.21

Which indicates that @x and @y are the rotations of a transverse normal about the y- and x-axis,
respectively (see Figure 3.1.3).
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Undeformed cross
' section

Deformed
cross section

Figure 3.1.3 - Undeformed and deformed geometries of an element of a plate under the assumption of the first-
order plate theory (Reissner-Mindlins hypothesis).

By using Reissner-Mindlin hypothesis and the nonlinear strain-displacement relation the
nonlinear strains are given as:

. \\2 -
au 'f‘l 62 w
—t0 ) 0
a0 202" s
—¢
2 X
gx\ gx()\\ Kx\ 2 \\ ox
0 uged] 2
"0 0
Ey €y0 Ky dy 2 a2 ) a_¢y
0
sz = ’szo + z KyZ = o + z y
T xz T x20 Kxz oy 0
Y Y K
XYJ XyO) Xy} a_WO+¢X a_(l) +a_d)
X
ox X dy YJ
0 0 0 0
—uO+—V0+—WO'—W0
| Oy [9): ox o0x |

Equation 3.22

Note, that for the classical laminated plate theory in this work, it was assumed that the rotations
of the transverse normals were so small that the following terms could be neglected (assumption
of linear strain-displacement relation):

Y Y
2 & 2

0
—w —wW—Ww

ax2W) oy> ) 0x 0x
y

These terms could of course be included in the classical laminated plate theory to account for
rotations of a moderate size (nonlinear strain-displacement relation).
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The general equations for the forces and moments resultants for the first-order shear deformation

laminated plate theory can be written as:

Ne ) (A A Agg)
Ny [=]| A Agp Agg |-
Nyy ) (A16 A26 466 )
M) (Byp Byp Byg)

My | =] By By Byg |-

Where the extensional stiffnesses A4, Ays and

M

yxyO)

Myy) (Bi6 Bas Bes)
Q) . (A44 Ays) Vyzo\
Q) 1 Ags Ass )y

ex0 ) By By Bg)
ey |+| Bi2 Bap Bog |
xyo) \Bie Bas Bec )
&0 ) (Dy Dpp Dyg)

ey |+| D12 Doy Dyg |
D16 Dae Des )

sz}

Ass are defined by:

Ky )

Ky |

Kxy )

Kx

Ky |

Kxy )

(& aa.8 458 55) = E. (Q_M’Q_dﬁ’Q_ﬁ)k'{zk'zz—l)

k=1

Equation 3.23

Equation 3.24

The transverse forces resultants (Qy, Qy) are corrected by a shear correction coefficient (k).
This is done to minimize the error by assuming a constant shear strain through the laminate.
The shear correction coefficient is computed so that the strain energy due to constant transverse
shear stresses equals the strain energy due to the true transverse stresses.

Peter Berring s040347 & Henrik Knudsen s040350
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Apparent properties

The method for determining the apparent properties is taken from [2].
An approximate laminate modulus can be computed by the extensional stiffness matrix.
Assuming that the laminate is orthotropic one can then get the Poisson’s ratios as:

Al Al
) e V2= T
Al A

Equation 3.25

The average/apparent moduli for the laminate are then:

~ A11(1 - Vlz'Vzl) ~ Azz(l - V12'V21) Ag6
= t - t

Equation 3.26

Where t is the laminate thickness.
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3.2. Simple composite beam model with bend-twist coupling

The theory in this chapter is based on [4].

In the aircraft industry it is quite common in the preliminary design to model the wing as a
slender beam to study the bend-twist characteristics (shear deformation is not considered). This
idealized beam model for the composite wing is described by three stiffness parameters along the
middle surface reference axis. The three stiffness parameters are the bending stiffness parameter
EI, the torsional stiffness parameter GJ and the bend-twist coupling parameter K.

It is quite important to note that EI and GJ are not necessarily the bending and torsion stiffness of
the beam since the reference axis is not necessarily the principal axis in general.

Figure 3.2.1 illustrates a beam segment with internal bending and torsional moments.

Y

P

> Twist

Figure 3.2.1 - A beam segment with internal bending moment, torsional moment and deformations.

The out-of-plan deflection or the two-dimensional displacement field w(x,z), is assumed to vary
linearly along the x-axis. The displacement field can be represented by a bending deflection w(z)
along the z-axis and a twisting ¢(z) about the z-axis.

At any cross section of the composite beam the relation between the bending moment M, and the
torsional moment T, the curvature o°w/dz° and the twisting rate 6(/dz can be expressed by:

2,
M) (Bl K)| 52
T) K GI)
0
—0
0z )
Equation 3.27
The definition of the coupling coefficient y is given as:
v = K and <y <1
VELGJ
Equation 3.28

A coupling coefficient close to + 1 indicate that the coupling is high while a coupling coefficient
equal to zero indicates that there is no coupling between bending and torsion.
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If it is assumed that the beam can be described as a two-dimensional laminate with a symmetric
lay-up (B=0), the relation between the plate bending moments, torsional moment and curvatures
can be determined by classical laminated plate theory as:

My ) (Dyp Dyp Dyg) [y )
My | =] Dyp Dyy Dyg || %y |
Myy) \ P16 P26 Des ) | kxy )

If it is assumed that the plate moment M, is equal to zero the three stiffness parameters in
Equation 3.27 can be determined by (The bending stiffnesses Dj; are given in Equation 3.18):

D122\ Dzéz\
D D
22 ) 22 )

Dy D¢ )
Dy )
Equation 3.29

3.2.1. Theoretical estimation of the stiffness parameters, and coupling
coefficient

To gain some physical insight into the stiffness parameters EI, GJ and K, it is assumed that a

beam can be described as a two-dimensional laminate, which has a lay-up of [0]; (single

orientation).

The stiffness parameters are plotted below for a beam of E-glass and Carbon (IM). The width of

the beam is 100mm and the thickness is 20mm.

The material data for E-glass and Carbon (IM) can be seen in Table 3.2.1:

atiffhess parameters ELGT and K Stiffhess parameters ELGT and K

40007 1110t 1
EIE_glass':E':' El o ®)
3200+ p— 2300+ p—
&) E_g]ﬂss(a:' O ot @)
= i e 1 K 8
S 2400 KE_glass®) 5 0600 Catbhon 2]
= =,
1600 T
200 22001
070 031 063 094 128 157 0% 031 o063 054 128 15T
a -]
Fibre angle (Theta) [Rad] Fibre angle (Theta) [Rad]

Figure 3.2.2- Stiffness parameters for E-glass and Carbon
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The coupling coefficient vy, is determined for the same beam as the stiffness parameters.

Coupling coefficient [Psil: Table 3.2.1 — Material Properties
1T for E-glass and Carbon (1M).
0ET Fibre E-glass | Carbon
E, [GPa] | 49.874 151
0aT E, [GPa] | 11.58 9.4
Gy, [GPa] | 4.44 4.8
Vi 0.303 0.31

Coupling coeffoient [Psi]

8
Fibre angle (Theta) [Fadl
Figure 3.2.3 - The coupling coefficients for E-glass and Carbon (I1M)

The bend-twist coupling coefficient for both E-glass and Carbon has a maximum value when the
fibre angle is around 25°. Carbon’s coupling coefficient is around 35 percent larger than  E-
glass’ at this fibre angle.

All indicates that the turbine blades in the future are going to be constructed in Carbon fibres, in
contrast to today where the blades are constructed with E-glass. The reason for this is clear when
one compare the two plots of the stiffness parameters. Carbon is very stiff which means that the
turbine blades can be made lighter and longer. So in short, the bend-twist coupling is probably
going to play a bigger role in the future!
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3.3. Beam theories

Two beam theories/models are commonly use in structural mechanics. These theories are
Bernoulli-Euler and Timoshenko beam theory. These two theories will in the following be
presented.

3.3.1. Bernoulli-Euler beam theory

Bernoulli-Euler beam theory is also known as classical beam theory or engineering beam theory
and is probably the most used beam theory. The model accounts for bending moments effects on
stresses and deformation. The deformation due to transverse shear forces on beams is neglected.
The fundamental assumption is that the cross sections remain plane and normal to the deformed
longitudinal neutral axis as shown in Figure 3.3.1. The total rotation 6y is due to bending alone.
This rotation occurs about the neutral/principle axis in the x-direction. The neutral axis passes
through the centroid of isotropic cross sections.

The assumptions of Bernoulli-Euler beam theory are listed below:

e Cross sections which are perpendicular to the undeformed neutral axis, also remains
perpendicular to the deformed neutral axis.
e Cross sections remain straight in the deformed state.

The Bernoulli-Euler assumptions means that one is only working with one variable:
Displacement.

Neutral
axis
e

du,
dz

Beam cross section

Figure 3.3.1 - Deformation of cross section, Bernoulli-Euler
The equations for a Bernoulli-Euler beam are:

d -
u, =-x0,(z 0.(z2) =—u => u, = —x—1u €, =—u, = —X—s=U

Equation 3.30
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If assuming that 6,y = 6xx = 6,y = 6yx = 0, then the stress strain relations are:

2
1 _ 1 - d
€22 E'[GZZ_ V'(Gxx+ ny)] = €22= E Ozz = Ozz= E'X'_zux
dz
- d d - d d
0,.-dx= —du => —u,= —u => —u,=—u
y z iz * dx” dx * dz *
d d ) . d . d )
6,,=G|—u, +—u => 6,,=G| —u,+—u, , =0
zX (dxz dZX) zX (dzx dZX)
Equation 3.31
The bending moment can be expressed in terms of the displacement uy:
2 : 2 : 2
M-
6,,= —E~x'd—2uX M = —J x0,,dA = E~d—2uX'J xz dA = E~I~d—2uX = E~I~Ky == 6,,= " x
dz A dz A dz
Equation 3.32

I is the area moment of inertia for the cross section with respect to the y-axis.
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3.3.2. Timoshenko beam theory

This theory corrects/improves the classical beam theory with a first-order shear deformation
effect.

The cross section remain plane in Timoshenko beam theory and rotate about the same neutral
axis (x-axis) as the Bernoulli-Euler model, but the cross sections do not remain
normal/perpendicular to the deformed longitudinal neutral axis (z-axis) as shown in Figure 3.3.2.
This effect is produced by a transverse shear stress that is assumed to be constant over the cross
section. In Figure 3.3.2 is the slope 6, due to bending and vy, is due to shear deformation.

So in short, the main difference between Bernoulli-Euler beam theory and Timoshenko beam
theory is that the cross sections do not remain perpendicular to the deformed longitudinal neutral
axis. One is now working with two variables: Displacement and rotation.

By
v I~ Neutral
X axis
o
-
- %
dz
u)(

Beam cross section

Figure 3.3.2 - Deformation of cross section, Timoshenko

The equations for a Timoshenko beam are:

- d —
u, = —x Gy(z) Gy(z) # —dzuX 0, = Zu
Equation 3.33

If assuming that 6,y = 6xx = 6,y = Gyx = 0, then the stress strain relations are:

_ g4 _afd \l d
c6,,=—-Ex—0 G,y = G(—u + —u ) -|:—6y(Z) + d_zux:|

Equation 3.34

It is important to note that the shear stress is assumed to be constant over the cross section.
However, when a cross section is subjected to a shear force then the shear stress varies through
the height of the cross section and the cross section does not remain plane, it warps.

This warping is largest at the longitudinal neutral axis and zero at the outer fibers. This physical
behavior is of course in conflict with the assumptions in Timoshenko beam theory. Therefore,
must the theory be corrected and this is done by introducing the shear correction factor (k).
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This shear correction factor is only dependent of shape and the material properties of the cross
section. The shear correction factor can be found in literature for simple isotropic cross section.

o d ol d )
G,,= —E~x~d—29y 6=k G( Oy(z) + d_qu)
Equation 3.35
The constitutive equations are:
M=-| xo,,dA= E-d—G . x2 dA = E-I-d—G =Elx
7z dz Y dz Y y
A Z A Z
Q= —J' 0, A = —J k-G-(—ey + j—ux) dA = kGAy,
Z
A A
Equation 3.36

M is the bending part and Q is the shearing part of the constitutive equations.

Note that the shear effects are significant for short beams and beams of composite material, such
as wind turbine blades. When determining neutral frequencies for beam structures, then the shear
effect becomes significant for frequencies in the higher range. The first mode shapes can often
be determined by using Bernoulli-Euler beam theory but the results using this theory becomes
inaccurate for the higher mode shapes and one has to include shear effects.
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3.4. Torsion

Three isotropic torsional problems will be treated in this chapter.

Firstly, circular cross sections for which the cross-section does not warp during torsion.
Secondly, non-circular cross sections which will warp during torsion. The third case is a closed
thin-walled cross section.

3.4.1. Circular cross section

The simplest case of torsion deformation is a circular bar subjected to pure torsion. Because of
the symmetry of the cross section can it be proved that the cross section do not change shape as it
rotate about its shear-center (the center of torsion). In other words, the cross sections remain
plane and circular. Furthermore, if the angle of rotation is assumed to be small, then will neither
the length nor the radius change during deformation.

4
Xz }
e N

Figure 3.4.1- Circular cross section subjected to pure torsion

Figure 3.4.1 shows a prismatic bar with a massive circular cross section, of the length L
subjected to a constant torsional moment (T).

Assuming that the cross section at z = 0 is fixed then the entire rotation takes place at z=L as
shown on the figure. At an arbitrary cross section (z = z) the twist angle is @, and at z+ dz it is ¢
+ do. The ratio dg/dx is denoted by 0 and is referred to as the angle of twist per unit length or the
rate of twist:

0=%4
dz
Equation 3.37
For the case of pure torsion, the rate of twist is constant and is therefore equal to the total angle
of twist divided by the length of the bar:

0=—
L

Equation 3.38
The displacement field that satisfies the state conditions for this case of torsion can be given as:

u, = -y-z0 uy = x7-0 u,=C

Equation 3.39

Note (u, = 0), no out-of-plane displacement. In other words, the cross section does not warp
when subjected to torsion.
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The strain field for this case of torsion can be given as:

0 0 0
SXX_;(uXZO Syy=a—yuy=0 SZZ_6—ZUZ:0
yxy=a—ux+a—uy=0 yxz=a—ux+a—uz=—y~9 yyz=a—uy+a—uz=x-6
ox oy 0z ox 0z oy

Equation 3.40
This is a state of pure shear strain in the cross sectional plane. The resulting shear strain y in the

tangential direction is:
2 2
vV={Yxz tVy, =10

Assuming an isotropic Hooke’s law for the state of pure shear stress:

Equation 3.41

Ty,= ¥ 0-G Ty, = x0-C

Equation 3.42
The resulting tangential shear stress 1 is (the maximum shear stress will be at the outer boundary

(r=R):
2 2
=Tz t Ty, = r-0-G=y-G Tmax= R0-C
Equation 3.43

The equilibrium with the external torsional moment and the internal stress can be illustrated by
the following example/sketch:

Figure 3.4.2-Determination of the resultant of the shear stress acting on a cross section

The shear force acting on the element is equal to T-dA, were 7 is the shear stress at radius r.
The moment of this force acting about the shear center of the bar is T'dA r. This can be written:

dM = 1-dA-r=

. T : T
MaxX 2. dA T=J rrdA = maX-J P dA = max-lp
R R

Equation 3.44
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I, is the polar moment of inertia for a circular cross section. One can now derive the expression
for the torsional stiftness (GI,) as:

Tmax _ R-0-G _
R . => T= TIP => GIp [——

T=

Equation 3.45
The torsional stiffness is in general referred to as GJ. The torsional stiffness has a material
parameter G (shear modulus) and a cross section factor J, which is called the cross sectional
torsion factor. Only for a circular cross section is I, = J.

3.4.2. Non-circular cross section

A bar with a non-circular cross section will warp when subjected to torsion, which means that
the assumption of the out-of-plane displacement (u,= 0) is no longer valid. St. Venant made the
following displacement field assumptions:

u = -y-z0 uy = xz0 u, = y(x,y)-0

Equation 3.46
y(x,z) is the warping function and the displacement u,, which describes the warping, is called
the warping displacement. The warping is independent of z, which means that the warping is the
same at each cross section. Furthermore, it is assumed that there is no distortion of the cross
section. The strain field can be expressed by the displacement field:

sxx—a—ux=0 syy—a—uy=0 szz—a—uz=0
ox oy 0z
_0 0 -0 _0 0 _0 0 _0 0 _0 0
Txy= —Ux t Uy = Yyy= Uy +—U, ==y -y Tyz = —Uy +—U,; ==y +x
ox oy 0z ox ox 0z oy oy

Equation 3.47
With the resulting stress components:

Ty,= G a—\V—y -0 Tyz = G a—\u+x -0
ox ) oy
Equation 3.48
In Figure 3.4.3 below, are the non-zero stress components shown. The force equilibrium of a

volume element gives the following three equations (the volume forces are disregarded).
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Equilibrium in the z-direction:

}/ + —1, &
A Y 2 ) o ) o0 2
, —ryz-dy dxdz + | —1y,dx -dy-dz=07= A 0
T+l oy ) [5):¢ ) oy 0x
,/ f/—ax Equation 3.49
oy Equilibrium in the y-direction:
\\ 4 T +a—1: -dz
\ 2 iz . P \ P
—1,,dz -dxdy=0 => —1,,=0
ol dz oz V* ) oz *
Equation 3.50
Ll et . . .
. L . Equilibrium in the x-direction:
Tyt =Ty
dx
Figure 3.4.3 — Force equilibrium of a 0 0
volume element —1,0dz -dxdz=0 => —r1,.dz=C
0z ) 0z
Equation 3.51

By substituting Equation 3.48 into Equation 3.49 one gets the governing equation for the
warping function:

o o )
G6 v+ y o=
ox> 6y2 )
Equation 3.52
This can be rewritten as:
2 2
SV H—— v =Avxy)=C
1) oy
Equation 3.53

This is known as the Laplace’s equation in two dimensions.

This equation is complicated to solve because of the boundary conditions, which are no surface
tractions and that i.e. at boundary the following must be satisfied (n and ny are the surfaces
normal in the x- and y-direction).

Txlxt TysMy= ¢
Equation 3.54
By using Equation 3.48 this can be rewritten:
oo N o )
—y -y ‘n_ +|—y +Xx - n,=
ox ) X oy Y
Equation 3.55

This equation describes the boundary conditions on the surface.
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Y The surfaces normal n, and ny can be expressed by (see the
1 sketch):

n, = sin(a) = % ny = cos((x) = _%

/ ! .
— Equation 3.56

By using these expressions for the normal, Equation 3.55 takes
the following form:

0 \\ dy 0 \ dx _
_W_y.—_ _W+X'_:O =>
0x } ds dy ) ds
0 ) dy o  dy
_\‘V —_— = y— + X
ox ) dx gy dx
Figure 3.4.4 —surface normal Equation 3.57

The pure torsional problem involves solving Equation 3.53 and Equation 3.57. Once y(X,y) is
known the shear stress can be determined by Equation 3.48. The equilibrium with the external
torsional moment and the internal stress can be illustrated by the following example/sketch:

y The external torsional moment can be determined by:

i .

T= J (—'r xzZY 71 yZ'X) dA
..--—"_"'-._____________ A
s Equation 3.58
t T gy e dy
B —_— ] By substituting the torsional moment with T = G*J-0,
z -

dz-dy the following equation for J (cross sectional torsion
H factor) can be obtained:
\_—/ *

(T2 2 (o) (5]
T al [ " {5"’)"‘[5“’)4“

. . A
Figure 3.4.5 - External torsional moment .
'gu Equation 3.59

It is possible to obtain the exact solution for y for simple cross sections, but very complicated.
A more practical method to solve the pure torsional problem is to use Prandtl’s stress function
dD(x,y). The two non-zero shear stress components described by the stress function:

Ty, = 9 Ty, = i(I)

X by 2 ax

Equation 3.60
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This simplifies the boundary conditions (T, nx+ 1y, 'ny = 0) to the following:

) )
a—(D ~ﬂ+ a—(b -E:d—q):o => ® = constant
oy ) ds oy Jds ds
Equation 3.61
The stress function can be expressed by the warping function. This is done by substituting
Equation 3.48 into Equation 3.60:

a_q):—G 6—W+Xe a_q):G a_\u_xe
ox oy ) oy ox

Equation 3.62
By differentiating and eliminating the warping function y (by derivation) then the following

equation can be obtained (stress equilibrium):
2 22

O +——>0 =-2-G6
ox> ox>

0

AD =

Equation 3.63
This equation is known as the Poisson differential equation. If one is able to solve the stress
function, then the warping function is also solved.
By performing equilibrium with the external torsional moment and the internal stress, one can
derive the following expression for the external torsional moment:

T= 2~J' @ dA
Equation 3.64

By substituting the torsional moment with T = G*J-0, the following equation for J (cross
sectional torsion factor) can be obtained:
Z-J o dA

G0

J=

Equation 3.65
Equation 3.65 can be used to determine the cross sectional torsion factor and thereby the
torsional stiffness for simple solid isotropic cross sections.
St. Venant's torsion problem can only be solved with numerical methods for more complicated
cross sections. For a more detailed description on this topic see [5].
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3.4.3. Closed thin-walled cross-section

A thin-walled single-hole tube with an arbitrary cross section is considered (see Figure 3.4.6).
This tube is subjected to a torsional moment T and is able to warp. A small rectangular element
described by abcd, of this tube is cut out and the shear stress acting on the faces on the element
are considered. One can derive the following from force equilibrium:

Y
.f/ﬁ
‘|' [u]
al_f o _E
z |_l;!z_|

,_
r

Figure 3.4.6 - Thin-walled tube of arbitary cross sectional shape

Fy = Tb-tb-dz F.= Tc-tc~dz
Equation 3.66

From the equilibrium of the element in the longitudinal direction (z-direction) one can see that:

Fb = FC or Th'tp = To'te = T't = constant

Equation 3.67

The product of the shear stress t and the thickness t of tube is the same at every point on the
cross section. This product is called the shear flow tt (note that this is only valid for thin-walled
cross sections).

The next step is to determine the external torsional moment T, this is done by considering a cross
section of the tube (see Figure 3.4.7).
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The total shear force acting on the element of the
area in Figure 3.4.7 is 1t.ds and the moment of this
force about any point within the tube is:

dT = t-t-r-ds
Equation 3.68

The median line of the wall of the tube is shown
with a dashed line in Figure 3.4.7. The total
torsional moment produced by the shear stress is
obtained by integrating along the median line of the
cross section (L), which gives:

Lo

T= t-t-J rds

0

Equation 3.69

Figure 3.4.7 — Thin-walled cross section

This integration can be difficult for complex cross sections, but can be solved “easily” by
looking at the geometry.

The product r.ds represents twice the area of the shaded triangle shown in Figure 3.4.7 and
therefore is the result of the integration the following:

Lo

J rds:2-AC

0
Equation 3.70
Note that Ay is the area enclosed by the median line. The external torsional moment can now be
expressed by:
T=1t2A
Equation 3.71
The maximum shear stress will of course occur where the wall thickness of the tube is smallest,
which gives:
T T
T= => T -—_—
max
t2:Aq tmin 2 A

Equation 3.72
The cross sectional torsion factor J can be obtained by using strain energy theory. The strain
energy of a thin-walled tube can be calculated by first finding the strain energy of an element and
then integrating throughout the volume of the tube. The strain energy of an element is equal to
the strain energy density times the volume (strain energy density for an element is equal to u =
7%/2.G and the volume is equal to the area of the element t.ds times the length of element dz).

2
1 d
dU = ——.tds-dz = — .4y
2.G 2.G t

Equation 3.73
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The total strain energy is obtained by integrating dU throughout the volume of the tube, that is
integrating ds from 0 to Lo and dz from 0 to L. One can now derive the following expression for

the strain energy:
L
2 0
T T-L 1
. — ds and Tt= — => U = . f‘ — ds
G| 2A t
0

8GAy J

Equation 3.74
The work done by the torsional moment is equal to W = T.@1/2 and W is equal to the strain
energy W = U. Using the equation ¢ = (T-L)/(G.J) then the strain energy can be expressed by

the following:

T2~L

U=z —
2-GJ
Equation 3.75
By combining Equation 3.74 and Equation 3.75, one can then derive the following expression
for the cross sectional torsion factor J for a thin-walled cross section:

Equation 3.76
This equation is called Bredt’s formula. In the special case that a cross section has a constant
thickness t, the equation simplifies to:

2
4tA
J=

Lo
Equation 3.77
Thin-walled cross section has often several holes and in that case, the calculation of J (the
cross sectional torsion factor) becomes more complicated. Pauli Pedersen has described a
method/procedure in his book Elasticity — Anisotropy — laminates [5] for calculating the J for
thin-walled isotropic cross sections. This method is described in the following.

The holes are numbered n =1,2,3.....N, were N is the total number of holes. It is assumed that the
whole cross section has the same rotation when subjected to torsion and by rewriting Equation
3.76 the following relation can be derived (note J = T/(G-0)):

Equation 3.78
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For a special hole n, the integrated shear stress can be derived from the following by using
Equation 3.72 and Equation 3.78:

L on
J tds=0-2GA

0

Equation 3.79

One can derive an expression for the shear stress by using the stress function @. For an N-holed
cross section are there a total of N+1 stress functions defined for the holes.
These are @j, O;, D,....Dy, at the inner boundary of a hole n is the constant value of the stress
function denoted @, and at the outer surface/contour of the cross section is the stress function @
by definition set to zero (boundary condition). For a thin-walled cross section, it is reasonable to
assume that the stress function vary linearly though the wall from hole to hole:

(Dn_q)m

nm
Equation 3.80
Where t,, is the thickness of the wall between hole n and m. The approximated equation for the
shear stress (Equation 3.80) is then inserted in Equation 3.79, which gives:

n
[ORSEE() O _ -O
( Mds - ZM'Snmz 0.-2.G-A on

Equation 3.81
Where X, is a summation over the m holes connected to hole n. Note that t,, = tmn, and Sym =
Smn. This leads to a set of N linear equations and N unknowns, which are the stress functions.
The torsional moment T is calculated by using/rewriting Equation 3.64:

T= 2~J ®dA=2) O A,

n
Equation 3.82
The cross sectional torsion factor J for a thin-walled cross section with several holes can then be

expressed by:
ZCD n'A on
n

G0

2

J=

Equation 3.83

An example of a three celled cross section is illustrated below in order to clarify this method:
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Example: three-celled cross section

0 ‘ cR

Figure 3.4.8 — Three-celled cross section

Figure 3.4.8 shows a three-celled cross section with a constant thickness t.

The holes are numbered from one to three, zero represents the outside.

The first step is to determine the four stress functions (note ®@¢=0), this is done by using
Equation 3.81:

n m
Y ———Sum=02GAy,

When hole one is considered, the equation of the integrated shear stress is:

O, - D, -D
1 0 1 2
10 10

When hole two is considered, the equation of the integrated shear stress is:

d,-D d,-D Dd,-D
2 0 2 1 2 3

tro tog to3

When hole three is considered, the equation of the integrated shear stress is:

D,-D D,-D
3 0 3 2
30 32

The ratio between S,;,, and t,y, are denoted &,

n-R 2-R 4R 4R 2-R

S107 7 S127 T w07 307 9237

And the areas Ay, that are enclosed by the median lines can be calculated:

TC'R2

2 2
Ao1= Agp= 2R Agz=\3R
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The three non-zero stress functions can be arranged in a matrix system:

10t 812 <12 0 (o) Agr)
€1 Ept&ptéas €a || Pa|=02G|Ag|
0 <23 €30+ 823)(P3) A03)

The solution of this matrix system is simple since the matrix [&] is invertible. The solution of the
system is:

-1
@) €10+ €12 <12 0\ (Ag)
®y=02G] G2 Ep*&p+éxn S | A
CD3) 0 €93 @30+§23} AOS}

When the three stress functions are known, then the cross sectional torsion factor J can be
determined by Equation 3.83:

Zq) n'A on

n

Go

2.

J=

J=0.00318m" if R is equal to 0.25m and the thickness is equal to 0.01m.

Limitations of the method to determine the cross sectional torsion factor J

The method for determining the cross sectional torsion factor J assumes that the cross section is
isotropic and thin-walled. The cross section of a wind turbine blade is not isotropic, which means
that the shear modulus G vary and the equations above are no longer valid.
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4. The Beam Property Extraction (BPE) method by Malcolm
and Laird

The theory in this chapter is primarily based on the paper Identification and use of blade physical
properties [2] by David J. Malcolm and Daniel L. Laird.

A complete FE-model of a wind turbine blade typically consists of thousands of composite shell
elements and also solid elements for some FE-models.

The FE-models are very complex since they are used for examining stresses/strains, local and
global deflections etc. But the FE-models are too detailed for aeroelastic analysis, so these
analyses are normally based on a series of equivalent three-dimensional beam elements that
represents the full blade.

The beam elements must accurately represent the real full blade behavior such as shear
deformation, bend-twist coupling, offsets between the elastic and shear centers etc.

4.1. Extraction of the equivalent beam properties

Since a wind turbine blade has a big cross sectional variation when going from the root to the tip,
then the equivalent beam elements will also have widely different cross sectional properties.

The full wind turbine blade can be described by dividing the blade into several beam elements
(with constant cross sectional properties).

4.1.1. Stiffness matrix K

The section stiffness matrices for the beam elements can be determined by applying a series of
static loads at the tip of the blade. The blade is divided into a number of elements, one can then
determine the stiffness matrices by the elements internal forces/moments and their relative
displacements/rotations.

elementi

left end ai

right end
disp uj

Figure 4.1.1 - Equivalent beam element for a 3D blade model
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The relative displacements and rotations can be determined by:

rl r 1 1 1l T 1 rl r 1
Uix = Uix “Uix ~ ely L Uiy = Uiy ~ Uy * Oix'L Uiz = Uiz ~ Uiz
1l r 1 1l r 1 1l r ]
Oix =0ix —0ix ely = eiy - e1y 0i, =0i, — 0y,

Equation 4.1
L; is the length of element i.

Since the locations of the elastic and shear centers are not known, one must then select a global
reference coordinate system and a global reference axis along the blade. The longitudinal pitch
axis is an obvious choice for reference, but other locations can also be used.

After selecting a reference, then the static loads can be applied with respect to the reference.
The relative deflections and rotations shall also be determined with respect to the reference.
The series of static loads consists of two transverse forces (Fy and Fy), a axial force (F,), two
pure bending moments (M, and My) and finally a torsional moment (M,).

The elements stiffness matrices (K;) are calculated in the following way:

X y z X y
Uix  Uix  Uix Ui Ujx Ujx
Fpb, 000 0 0 0) F
u.
0 F. 0 0 0 0 y
v F
X
0 0O F, 0 0 0 u,
F.=K.U <=> =K.
im0 0 —Fya 0 M, 0 0 ioF
F 0 0 0 M. 0 Oix
Xal y F
X
0 0 0 0 0 M, Oiy
F
X
Oiz )

0 F. 0 0 0 0 Y
Y F
0 0 F, 0 0 0 [[|u,"
<=> K =
i 0 —Fgpa 0 Mg 0 0 . F,
Foaa. 0 0 0 M., 0 x
X7 y F

0, - . . . )

Equation 4.2
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The a; vector contains the lengths from the blade tip to the right ends of the different elements.
The internal moments on the elements from the two transverse forces are calculated by using the
a; vector:

4.1.2. Constitutive matrix k

The section constitutive matrix (k) is the relationship between the six forces/moments and the six
strains. The constitutive matrix can be determined from the element stiffness matrix (K) and the
geometry of the element.

The strains and the relation between the internal force resultants (f°) and the six section strains
are:

’Yx\ FX\
Ty Fy
T
€z ) F,
£ = = a—uX—Oy a—uy+9X a—uz a—eX a—ey a—ez £ = = ke
Ky 0z 0z 0z 0z 0z 0z ) My
Ky My
KZ) Mz)

Equation 4.3
The terms du,/dz - 0, and du,/dz + 0, are the differences between the slopes of the neutral axes
and the rotations of the cross sections (Timoshenko beam theory).
One can obtain the six displacements at the right element end relative to the left element end by
integrating the slopes:

'L
Y.+0 rL
X y\ 0 \
Yy—0 '
L y X -0
. v |
FLE I a—uy Cu, %o, a_ey %o, d- dz:J K L7 dz+ 0 |a
0z 0z 0z 0z 0z 0z Ky 0 0
0
Ky 0 )
0
“z ) 70
“0
Equation 4.4
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The section forces (f*) can be determined from statics in terms of the forces at the right element
end along the element, z:

1 0 000 0]
0 1
0 . . ..
% = £'=D f'
0 —(L-2 . 1. .
(L-2) 1
Equation 4.5
The second term in Equation 4.4 can be written as
(Z 7z
0y ) Ky ) 0000 10)
_ex _KX 0 -1
0 Z z z
0 |2 0 ldz= . o -adz:J E-sdz:J E-k‘l.fzdz=E-k_1~J D f dz
0 0 S 0 0 o
0 0 0 .
o) | Lo ) N0 )
J
0
[z 0 0000]
Oy\ 0 z
-0 0 z
<=> 0 ol o Lz ... £ =Bk LG f"
0 2)
0 z-(L—E\ z
0 ) 2)
- Z_
Equation 4.6

Equation 4.4 can now be rewritten as:

L L
uﬂ:k_l-J D, f dz+ E-k_1~J G dz
0 0
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2 )
-~ 0 0 0 0 0
2
L 0 0000) . 12
0 L 2
0 L 12
2 0 -
1 -1 -L r -1 2 r (-1 -1
<=> =k o = . L. .[ff+EBK - =k "H+EBK
2 3 2
L L
2 0 — Y
L 3 2
5 L
v v
0 L) 3 >
0 v
2 )
Equation 4.7
By using Equation 4.2, one can now write:
L O A Y L (k_ "H+BK 1~Q)-fr <= g loklmsieklq
<=> K_1~Q_1=k_1-H~Q_1+E-k_1
Equation 4.8

The constitutive matrix (k) can now be determined by using Lyapunov’s method.
Equation 4.8 can be solved by using MatLab that has a built-in Lyapunov program/solver.

4.1.3. Elastic center
The elastic center can be defined as the cross section location with the following properties:
An axial force F, through the elastic center will give an axial strain without additional moments

about the x- and y-axis.
Figure 4.1.2 shows an example of the relationship between the axis origin and the elastic center:

yi

Xec

Elastic center

;

Y %

Yec
Principal axis

Figure 4.1.2 - Location of elastic center and principal axes
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) B ) ) ) . kg3 _ Ks3
F,=kyze, My =F yec = kg3, My = -F, % = ksye, Yec = 1 e T
33 33
Equation 4.9

When using the definition above for the location of the elastic center, then there will be zero
coupling between axial strain and curvatures, when the axes origin is transferred to the elastic
center.

4.1.4. Principal axes rotation

A principal axis can be defined as a direction about which an applied curvature will result in a
moment about that axis and zero moment about the perpendicular axis.

, y

y i
’/ dA
q af s —® | Point P N
X sin ® X
¢ *QOSQ /
y cos @
¢

!
X

Figure 4.1.3 - Rotation of the coordinate system

The x’, y” coordinates for point P can be obtained in terms of the X, y coordinates (see Figure
4.1.3):

X = X-cos (¢) + y'sin(d)) y = —=x sin(q)) + y-cos (d))

Equation 4.10

Suppose that the area dA is located at point P, then the area moments of inertia in the rotated
coordinate system are:

L= J y'2 dA = Iy-sin2(¢) + I cos 2(4)) - 2-Ixy-sin(¢)-cos ((I))

[ 2

Iyr = J x"dA = Iy-0052(¢) + Ix~sin2(¢) + 2~Ixy-sin(¢)~cos (cl))

ey J xty da = 1 eos™(9) = sin®(@)] + (1, 1,)-sin(9)-cos o)

Equation 4.11
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The area moments of inertia for the rotated coordinate system can now be rewritten:

2-cos 2((])) =1+ cos (2(])) 2-sin2((|)) =1-cos (2(])) 2-sin(¢)-cos ((I)) = sin(2¢) =>
L +1 IL,-1 L +1 IL,-1
L= X 5 z + X y-cos(Z(I)) - Ixy-sin(2¢) Iyr - = 5 7 _ X2 y~cos(2¢) + Ixy-sin(Z(I))
L—1

Ix'y': 5 7 -sin(Z(I)) + Ixy-cos(Zc]))

Equation 4.12

The three area moments of inertia are functions of the angle ¢. The extreme values of the area
moments of inertia (I; and I,) are called the principal moments of inertia and the corresponding
angles define the principal directions. The two principal directions are perpendicular to each
other.

The angle, at which the moment of inertia is at its maximum value, can be determined by setting
dlx/de equal to zero:

0 — . _ 2'Ixy
Sio=0 = (IX— Iy)~(—sm(2¢)) - 2~1Xy.cos(2¢) =0 <=  tan(2¢) = —
o9 y X
Equation 4.13

This angle also corresponds to the rotation for which the product of inertia I,y is zero.
The constitutive matrix (k) can now be substituted into the last term of Equation 4.13 and the
principal axis rotation can be determined:

2.k 2-k
tan(Z(I)) = T <=> d= l-tan_ 1 i\
K4q—kss 2 Kgq = kss )

Equation 4.14

4.1.5. Shear center

According to Malcolm and Laird, the shear center is defined as the location on the cross section
with the following properties: By imposing a lateral strain y, while all other strains are restrained
to be zero, then this will result in a lateral force Fy, through the shear center but a resulting
torsional moment M, that is equal to zero. This can be written as:

-k
Fy=kx M, = —Fy¥ge = ko1 7x > Ysc = ?611
Equation 4.15
Similarly it can be shown:
F = Kkon M =F -x_ =k~ = - @
y = X227y z= Fy¥c = %62y Ysc Ky
Equation 4.16
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4.1.6. Translation and rotation of coordinates

The relationship between the six forces/moments and the six strains in a xyz-coordinate system
(the global reference coordinate system) can be written as:

Fe ) (kip kip ki3 kyg ky5 kig) Yx )
Fy ko1 kop ko3 kg ko5 kog || vy
z k3y k3p k33 k3y k35 k3g || &,

x kygy kyp kyz kys kys kyg || oy

F
M
My | | ks1 ksy ks3 ksq kss ksg ||y
M

z) (Ke1 K62 K63 ko4 Kes ko6 ) | x )
Equation 4.17

This relation between the forces/moments and strains in the xyz-coordinate system can be
transformed to an arbitrary location (xy z’-coordinate system). The relation between the
forces/moments in the xyz-coordinate system and the forces’/moments” in the x"y 'z -coordinate
system can be illustrated as:

My —7 Mz’
I X
/Fz Fx
Mz Mx

Figure 4.1.4 — Translations of coordinates

The relation between the forces’/moments” in the X"y 'z"-coordinate and strains” can be written
as:

Fy A Yty )
Fy yy—x-Ky
F, . e, -yx ¢+ X'K’y
M’y +yF, i Ky
My—X'F’Z Ky
M, -y F  +xF y) K, )

Equation 4.18
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By adding and subtracting columns and rows, then Malcolm and Laird determined the following

translations transformations matrix:

Fy ) V)
Fy Ty
F’Z L 8'z KT T1 T2\
N = ltrans =
M X Kx T3 T4}
M y K'y
M Z) K’z)
Equation 4.19
Where T, T, T3 and T4 are given by the following:
ki kg ky3) kig— ki3 kys+xkgs kjg+ vk —xkgp)
T =| ko1 kpp ko3 | Ty=| kog—¥kp3 kos+ xko3 kg + vk —xkoy |
k31 k3p k33 ) k3q—ykaz k3s+ xksz kyg+ y-kyp—xks )
k41— ykgy kg = y'k3p kgz—yksz )
Ty=|  ksp+xks ksp + xk3p ks3+xky |
ko1 + xkj—ykyy kep+ ykjp—xkyy kez+ ykyz—xko3 )
kg~ ykg3 = y-(kaq = vka3) kys + xky3 = v-(kgs + xkg3) (kgg+ y-kqp = xkgp) -
T4: +X'(k36+ yk31 —Xk32)
i +X(k26 + yk21 — szz)—l

The constitutive matrix k can also be rotated to an arbitrary orientation by using the following

rotation transformation matrix:

cos((l)) sin((l)) 0 0 0 O\
—sin(¢) cos(¢) 0 0 0 0
R = 0 0 1 0 0 o R-k-RT
0 0 0 cos(¢) s1n(¢) 0
0 0 0 —sin( ) cos(d)) 0
0 0 0 0 0o 1)

Equation 4.20

Equation 4.21
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4.2. Insightinto the 3D Timoshenko model

The theory in this chapter is based on the book; Nonlinear composite beam theory by D. Hodges
[8]. The cross sectional constitutive law in terms of the stiffness coefficients can be written as:

( FY (A B) (v 3
M) |8 p)\x)
Where A, B and D are 3x3 cross-sectional stiffness sub-matrices of the 6x6 constitutive matrix

(k) (these matrices are not same as found in lamination theory). The inverse, in terms of cross-
sectional flexibility matrices, can be expressed as:

) (7 1)\M)
Where R, Z and T are 3x3 cross-sectional flexibility sub-matrices of the 6x6 flexibility matrix
(s).
For an isotropic prismatic beam, with a double symmetric cross section and the reference
coordinate system located and orientated as the elastic center (for an isotropic beam with a
double symmetric cross section is the elastic center and the shear center located at the same
point/location) will there be no off diagonal terms. The constitutive matrix for this case:

GAk, 0 0 0 0 0)
0 GAk, 0 0 0 0

| 0 0 AE 0 0 0
0 0 0 EL 0 0
0 0 0 0 EL 0
0 0 0 0 0 GI)

The shear center and elastic center will not have the same location if the beam is not double
symmetric. If the reference coordinate system is not located in the shear center or the elastic
center and if the reference coordinate system is not rotated as the principle axes then there will
some off-diagonal terms. The offset from the elastic center (Xec, yec) and the shear center (X, ysc)
forms the matrix (z):

0 0 ye ) GA'kyy GAkyy 0 )
z=| 0 0 —=xg | A=| GAkyy, GAkyy 0 |
Yec %ec 0 ) 0 0 AE)

The off-diagonal terms in the matrix (A) are due to the rotation of the cross section (reference
coordinate system).
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The relation between the B- and A- matrix can be written as:

0 0 GAk iy oo — GAk X \
B=Az= 0 0 GAkny sc —GA'kyy'XSC |
—AEy . AE-x,. 0 )

According to D. H. Hodges, it can be shown, based on forming a column matrix M, = T« of
the torsional moment at the shear center and the bending moment at the elastic center, that
M, =M — z"F and furthermore that:

R=A ' 4zT2 Z=-2T D=T '+ 7 Az

The equations for R, Z and D are valid even if A and T are fully populated, as long as B has the
formB=A-z.

The equations for A, B, R, Z and D was tested with the analytical BPE-model described in
chapter 4.4 and compare with the analytical obtained constitutive matrix (k) and flexibility
matrix (s). All equations proved to be right, as expected.

The constitutive matrix k can be fully populated for a composite beam. Some of the couplings
will be described in the following. All terms which are not placed in the diagonal of the
constitutive matrix are in theory couplings. These couplings can come from geometry and the
lay-up of beam structure:

X kyp kyg kg kyg ks kggl) [ ¥
¥ kg kg kog kog kas kag|| | ¥y
z kg kag kag kay kag|lkag|| [ 24

% kg kag|kas| ka5 kas||kas|| | &y

F
M
My | | k51 ks [ksa|ksaf ka5 |ksg]| | <y
M

z ket ke [kea| ke Ras| kas )|,

Extension-bend couplings

The extension-bend couplings (shown with red boxes) have been described above (see equation
chdfh). The couplings are introduced because the reference coordinate system is not located at
the elastic center. An axial strain g, will therefore result in an axial force F, and in one or two
bending moments (My and My). A curvature (k or k) will result in an axial force F, and in a
bending moment (M, or My).

Shear-twist couplings

The shear-twist couplings (shown with black boxes) have been described above (see equation
hsdhw). The couplings are introduced because the reference coordinate system is not located at
the shear center. A lateral strain (y, or yy) will therefore result in a torsional moment (M,) and a
twist rate (k,) will result in one or two lateral forces (Fx and Fy).
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Shear-shear couplings

The shear-shear couplings (shown with yellow boxes) create a coupling between the two lateral
forces (Fx and Fy). A shear strain will result in two lateral forces if the constitutive matrix has a
shear-shear coupling.

The shear-shear couplings are introduced because the orientation of the reference coordinate
system is not orientated according to the principle axes.

Bend-bend couplings

The bend-bend couplings (shown with green boxes) create a coupling between the two bending
moments (My and My). A bending curvature will result in two bending moments if the
constitutive matrix has a bend-bend coupling.

The bend-bend couplings can be introduced because the orientation of the reference coordinate
system is not orientated according to the principle axes or if the reference coordinate system is
not located at the elastic center.

Bend-twist couplings

The bend-twist couplings (shown with blue boxes) create couplings between bending and
torsion. A bending curvature will result in a bending moment but also a torsional moment if the
constitutive matrix has a bend-twist coupling.

The bend-twist coupling is created by the material properties. Off axis laminates will create this
coupling.

Extension-twist coupling

The extension-twist coupling (shown with brown boxes) creates a coupling between extension
and twist. An axial strain will result in a torsional moment if the constitutive matrix has an
extension-twist coupling and twist rate will result in an axial force.

The extension-twist coupling is created by the material properties.
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4.3. Extraction of the equivalent beam properties for a 4x4 matrix

In this work, a simpler beam model has also been used. This model is not described by Malcolm
and Laird. The model is a 4x4 constitutive matrix, which do not take the location of the shear
center and shear deformation into consideration. The relation between force/moments and strains
can be written as:

F,o) (kyp kg ki3 kyg)(ez)

Kx

ko1 ko ko3 koy

k3p k3p k33 kag || xy

My ) (ka1 Kap kg3 kagg ) (¢, )

Only four load cases are required in order to determine the stiffness matrix K. The loads are an
axial force (F,), two pure bending moments (M and My) and finally a torsional moment (M,).
The relative displacements and rotations (u, Iy, ry and r,) of the four load cases are calculated
according to Equation 4.1. The stiffness matrix is given as:

K=FU where F=

Equation 4.22

U is the relative displacement matrix for a given beam element (column 1 from load case 1 and
column 2 is from load case 2 ...etc.) and K is the stiffness matrix for that element.

The constitutive matrix k is determined by:
L 0O O0)

0L OO
0 0L O

000 L)
Equation 4.23

The terms in the diagonal in the H-matrix is the length of a given beam element and k is the
constitutive matrix for that element.

The constitutive matrix k can also be determined in an alternative way (According to D.
H.Hodges), which requires that one known the 6x6 constitutive matrix from Equation 4.17. The
constitutive matrix in the 4x4 model is obtained by striking the first and second columns and
rows from the inverse of the 6x6 model and inverting the resulting 4x4 matrix. This is illustrated
below:
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Yx ) (511 512 513 514 515 S16) { Fx )

Ty | | S21 522 523 S24 25 S26 || Fy S33 534 535 536)
€2 | | 531 532 533 534 535 36 || Tz o S43 S44 545 S46
Kx ) 541 842 S43 544 S45 S46 | My o §$53 854 S55 S56
Ky || 851 852 853 $54 855 856 || My 563 S64 365 S66)
k, ) \561 S62 563 S64 S64 S66) ( Mz )

Equation 4.24

The relation between the forces’/moments” in the xy’z’-coordinate and strains” can be written
as:

) ()
1\ Ky
’ = k’.
M y K y
M'Z) K z)
Equation 4.25
The transformed matrix k” is:
kg (klz_v'kll) (k13+H’k11) kig ]

(kzl_"'kll) [k22+v'<"'k11_k21_k12)] (k23+“'k21_v'k13_v'“'k11) (k24—"'k14)

k=T =
ST (kg wk ) (ke mkpp vk ey [z (kg e ke k)] (ksgr ko)
| kg (k42—V'k41) (k43+ H‘k41) kgg
Equation 4.26

The transformation (rotation) matrix is just a sub-matrix of the 6x6 transformation (rotation)
matrix (see Equation 4.21). The rotated constitutive matrix k" is determined by:

10 0 0)
T 0 cos(d)) sin((l)) 0
k'=rkr r=
0 —sin(¢) cos(¢) 0
0 0 0o 1)

The elastic center is determined by (same theory as for 6x6 model):

1 _k

Yec.

XCC = =
1 kll

ST
Equation 4.27
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The rotation of the principle axes are determined by:

2593 )
¢ = atan| —— -—
$227833) 2

Equation 4.28

The rotation/orientation of the principle axes are defined in the following way: An applied
moment will result in a curvature above that axis and zero curvature about the perpendicular
axis.

4.4. Analytical validation of the Beam Property Extraction (BPE)
method

An analytical 3D model was created to validate the BPE-method which is described in the paper
Identification and Use of Blade Physical Properties by David J. Malcolm and Daniel L. Laid [2].
This analytical model was chosen to be a 20meter long cantilever steel beam, with a rectangular
cross section. The reason for choosing a beam with this geometry was that the beam properties
were reasonable simple to determine by hand calculations.

In Figure 4.4.1 is the geometry of the beam model illustrated. The rectangular tube was divided
into five equivalent beam elements. The reference coordinate system was moved 250mm in the
x-direction and -62.5mm in the y-direction. The coordinate system was then rotated -10° about
the z-axis (this is the same as rotating the tube/cross-section +10° about the z-axis). The three
relative displacements and rotations were calculated with respect to this reference coordinate
system. The loads were also applied in this reference.

Figure 4.4.1 — Sketch of the analytical model.

The analytical validation of the BPE-method works by calculating the analytical deflections and
rotations at the reference coordinate system and then see if this results in the correct analytical
constitutive matrix (k), and by that also validating the methods for determining the location and
orientation of the principle axes and the location of the elastic center and shear center.

The deflections of the reference are determined by calculating the deflections of the elastic axis
(which also is the shear center in this case).

By performing some transformations, one can determine the deflections according to the
reference coordinate system (the rotations at the elastic axis is the same as the rotations at the
reference coordinate system since the deformed cross section is assumed to remain plane).
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The distance from the reference coordinate system to the elastic axis is calculated:

dist, = 250mm disty = —62.5mm 0= 10deg
dist’y = dist,-cos ((I)) - disty-sin(d)) dist’, = 257.05mm
dist y = dist - sm((l)) + dlsty-cos ((I)) dist y= —18.14mn

As stated before, the stiffness matrix is determined by performing six load cases (the load cases
are the following: Fy, Fy, F,, My, M, and M,). The three forces (Fy, Fy, F,) results in the following
internal moments:

My px(2) = Fy(L-2) T, px= ~Fydist'y (moments from Fx)
My gy(@) = Fy(L-2) T, py= Fy.dist'x (moments from Fy)
My g, = Fydist’y My g, = -Fdist’y (moments from Fz)

4.4.1. Cross sectional properties for the analytical model

One of the first steps in creating the analytical model is to calculate the beam properties. The
moments of inertia (Ixx and lyy) are calculated for a rotation angle equal to zero.

The two area moments of inertia are used to create a 2x2 symmetric inertia matrix (I). By using
the transformation matrix (R) then it is possible to determine the inertia matrix as a function of ¢.
The rotated inertia matrix is called (I") and the inverse of this matrix is called (I'jny):

_ Lex 0\ _ cos(¢) —sin(¢)\ . T . I'ix I'xy\\ .1
I—[ R_(sin(q)) cos(d))) I'=R-I'R I'= I, =1

0 lyy) ey Tyy )
Equation 4.29
The sectional torsion factor is calculated by (the equation for J is taken from [6]):
;20w
b-t + h-t
Equation 4.30

t is the wall thickness, b is width of the tube and h is the height of the tube.

The shear deformations factors are calculated by (the equation for ky and k, is taken from [7]):

. 10(1 4 v)-(1 + 3-m)°

(12+ 72m+ 150m + 90-m3) + v-(11 +66m+ 135m + 90m3) + 10~n2-[(3 +v)m+ 3.m2]

b-t; b
m= — n=—
h-t h

Equation 4.31
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tl

~—

4_)
Figure 4.4.2 — Dimensions for calculating the shear correction factors

The two shear deformations factors (ky and kyy) are calculated for a rotation angle equal to zero.
It is possible to determine the 2x2 shear deformation matrix for any arbitrary rotation angle (¢)
of cross section by using the rotation transformation matrix. The rotated shear deformation factor
matrix is called (k’s) and the inverse of this matrix is called (k's_iny):

kex 0 \ T kKxx k’xy 1
kg = k' =R-k‘R k'y = k’ =k’

S S ’ ’
0 IS’YJ k Xy k YY)
Equation 4.32

It is now possible to calculate the three deflections and rotations of the elastic axis. These results
are then used to calculate the deflections and rotations of the reference. This is done by using a
transformation procedure (this will be illustrated later).

The next chapter illustrates how the deflections and rotations for the six load cases are calculated
at the elastic axis and how these results are transformed to the reference coordinate system.

4.4.2. The six load cases for the analytical model

The BPE-method works by performing six different load cases. These six different load cases are
performed by applying the loads at the tip end of the beam. The six load cases involves three
forces (Fy, Fy, F,) and three moments (M, My, M,).

Load case Fy (1)

The transverse force (Fy) results in a bending moment above the y-axis (My gx) and a torsional
moment (T, rx). The load case is illustrated below.

Figure 4.4.3 — Load case Fy (1)
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The load results in the following deflections and rotations of the elastic axis:

z

z VA F VA
X 1
Uy FA? = 1nv2 2J' J My px(?) dzdz + G-A'kinvl,ldz y Fx(? = 1nV2 Z'J My px(?) dz
0°-0 0 0
1 VA z z F VA
X r
uy px(?) = s ‘“"1 Z.J J M, py(2) dzdz + _G.A'kinV1,2dZ X F2D) = "“’1 Z.J My gx(?) dz
00 0 0
T -Z
z Fx
0 7) = —=
27F>£ GJ
Equation 4.33

Uy rx(z) and uy p«(z) are the deflections in the x- and y-direction. 0y rx(z) and 6, () are the
bending slopes about the x- and y-axis. I"iny22 1s equal to I'iny yy, I'invi2 15 equal to I'iny «y (the
same goes for k'inyv22 and K'inyi12 ).

The deflections and rotations are now calculated at the elastic axis and then assembled in a
displacements vector:

ul= (U pfD Uy @ 0 0y D 0y py(D 0, 5D

The deflections are determined at the reference coordinate system by performing the following
transformation:

cos(ez) —sin(OZ) 0) cos(Gy) 0 sin(ey)\ 1 0 0 )
R, = sin(GZ) cos(GZ) 0 | Ry= 0 1 0 | R, = 0 COS(BX) —Sin(@x) | RzyX: RzRny
0 0 1) —sin(Gy) 0 cos(ey)} 0 sin(@x) cos(@x))
Pneutral = (ux Uy uz)T Pdist = (diSt’x dist’y O)T Ap = RyyxPdist ~ Pdist Pref = Pneutral + AP

Equation 4.34
The rotation transformation matrix (R,yx) is only valid for small rotations angles. It is therefore

very important that the forces and moments used in the analytical model are very small.
The new displacements vector for load case (Fy), at the reference coordinate system is:

T
UIref:(pref1 P ref, Pref, Ox 0y ez)

The same transformation method for determining the displacements vector at the reference
coordinate system is used for all six load cases.
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Load case F,(2)

The transverse force (Fy) results in a bending moment about the x-axis (Mx ry) and a torsional
moment (T, ry). The load case is illustrated below:

Figure 4.4.4 — Load case F, (2)

The load case results in the following deflections and rotations of the elastic axis.

z rz z z
—lI' M dd+(ik' d 0 —ll' M dz
ux_Fy(Z) T E invl,z' X_Fy(z) 24z J GA . invl’2 z y_Fy(Z) “E invl,z' X_Fy(z) ‘
0 "0 0 0
z rz z z
—ll' M dd+(ik' d 0 —lI' M d
uy_Fy(Z) - _E. invl,l' x_Fy(Z) zdz J G-A' invz’2 z X_Fy(z) - E. invl,l' X_Fy(z) z
0 -0 0 0
T 'z
z Fy
eZ—Fy(Z) -Gl
Equation 4.35

The deflections and rotations are now calculated at the elastic axis and then assembled in a
displacements vector:

2= (uy py@ Uy py@ 0 0 py@) 0y py(@ 0, g2 )T

The same transformation method as illustrated for load case Fx (1) is used to determine the
displacements vector at the reference coordinate system.

Load case F, (3)

The axial force (F,) results in two bending moments (My g, and My g ) about the x- and y-axis.
The load case is illustrated below:

Fz

Figure 4.4.5- Load case F; (3)
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The load case results in the following deflections and rotations of the elastic axis:

VA VA 1 VA VA
Ux FA? = 1nV2 2J J Fzdzdz+ — E 1nVl 2J J My pgdzdz
0

00 0
{ 7 rz 1 zZ rz F,z
Uy p (2 = _]_5 mv1 1 J() 4[0 Fz42dz - E 1nv1,2'4[0 Jo My g, dzdz u, gA2) = AE
Z 1 VA
Ox Fd? = 1nV1 1 J My ppdz+ E'I’inv1 2'4[ My p,dz
0 70

Z Z
1 |
Y FA? = 1nV2’2'J0 My_FZ dz + ]_E'I invl’z'JO Mx_deZ

Equation 4.36
The deflections and rotations are now calculated at the elastic axis and then assembled in a

displacements vector:

W= (uy pf2) uy D Uy D) Oy pfD) Oy pd 0)

The same transformation method as illustrated for load case Fx (1) is used to determine the
displacements vector at the reference coordinate system.

Load case M, (4)

The pure bending moment about the x-axis is illustrated below:

Figure 4.4.6 — Load case My (4)

The load case results in the following deflections and rotations of the elastic axis:

VA z VA

1 1

Uy Mx? = 1nv1 ZJ J My dzdz y Mx(2) = 1nV1 Z'J M, dz
070 70

VA z VA
1 1,
uy Mx(2) = & 1nV171'J J M, dzdz Ox Mx? = E'Iinvl,lj M, dz
070 0
Equation 4.37
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The deflections and rotations are now calculated at the elastic axis and then assembled in a
displacements vector:

u= (U, AD Uy @ 0 04 \D) 8y (D 0)'

The same transformation method as illustrated for load case Fx is used to determine the
displacements vector at the reference coordinate system.

Load case My (5)

The pure bending moment above the y-axis is illustrated below:

Figure 4.4.7 — Load case M, (5)

The load case results in the following deflections and rotations of the elastic axis:

Z V4 Z

1. 1,

uxiMy(Z) = I—E.I invz 2.J' J My dzdz OyiMy(z) = E.I il’lV2 Z.J My dz
7070 )

Z Z Z
1 1,
“yﬁMy(Z) = —E.I inv, 2.J' J My dzdz exﬁMy(Z) = E.1 inv, 2.J' My dz
7070 Y
Equation 4.38

The deflections and rotations are now calculated at the elastic axis and then assembled in a

displacements vector:

w5 = (U py@ Uy My 0 0, \(D) 0y () o)T

The same transformation method as illustrated for load case Fx (1) is used to determine the
displacements vector at the reference coordinate system.

Load case M, (6)

The torsional moment (M,) is illustrated below:

Figure 4.4.8 — Load case M, (6)
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The load case results in the following rotation of the elastic axis:

MZ~Z

0 zZ) = ——
Z_MZ( ) GJ

The deflections and rotations are now calculated at the elastic axis and then assembled in a
displacements vector:

w6=(000000,\®)

The same transformation method as illustrated for load case Fx (1) is used to determine the
displacements vector at the reference coordinate system

Now, all the deflections and rotations are calculated at the five cross sections (the tube is divided
into five beam elements). The deflections and rotations are zero at fixed end.

As stated before, the relative displacements and rotations are determined by:

l r 1 1 1l T 1 1 rl r 1
U =S U U - ely L Uiy =Ujy ~Ujy + 0ix L Uiz = Uz ~ Yz
rl r 1 rl r 1 rl r ]
0, =05 — 055 e1y = eiy - ely 0iz =0iz — 0y

L is the length of element i.

As stated before, the quarter of the beam element Timoshenko stiffness matrices (Kj) is
calculated in the following way (Us; is the displacements matrix (6x6) and F;is the load matrix

(6x6)):
K. = Fi-(U ei>_ !

Note that the stiffness matrix is described with respect to the reference coordinate system and not
the elastic axis. The constitutive matrix (k;) is determined by solving the equation below via
Lyapunov’s method:

The constitutive matrix is like the stiffness matrix described with respect to the reference
coordinate system. One of the five (all identical in this case) analytical constitutive matrix (k) is
shown below:

7474 1123 0 -0 0 —42.4) 15 -12 -0 -0 -0 04)
1123 1305 0 -0 0 -356 12104 0 0 0 64
0 0 2625 476 6748 —0 6 -1 -0 -0 07 -16 -1.1 0
k. = 10 5. = (k) 5. =
i 0 -0 476 446 341 0 i 10 0 -16274 43 -0
0 0 6748 —34.1 471.6 —0 0 0 -1.1 43 4 0
424 -356 -0 0 -0 503 ) 04 64 0 -0 0 248)
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The analytical constitutive matrix is symmetric as expected. The off diagonal terms are due to
the location and rotation of the reference coordinate system. A more thorough description of
these off axes terms will be presented later.

4.4.3. Analytical validation of the method for determining the elastic center
As stated before, the elastic center according to Malcolm and Laird is determined by:

T % T 025705 yee = 0.01814

The location of the elastic center calculated by this method is correct (xe. [m] and y.. [m] are the
distances from the reference coordinate system to the elastic center).

4.4.4. Analytical validation of the method for determining the shear center
As stated before, the shear center according to Malcolm and Laird is determined by:

Ysc, = (k) => X, = 027266 yg = 00567
11

Since the location of the elastic center and the shear center is the same, then the result for the
location of shear center determined by this method is not correct! (x5, [m] and ys [m] are the
distances from the reference coordinate system to the shear center).

Malcolm and Laird defines the shear center as the location on the cross section with the
following properties: A lateral strain (yy) is imposed, will all other strains are zero and that
restraints include a lateral force (Fy), through the shear center but zero additional torque (M,):

-k
- 61
Fe=kypvg M, = —Fyyse = Kervx = Ysc = E
And similary!
_ k62
Fy = k22'Yy M, = Fy'xsc = k62'7y = e = E

These two equations are only correct if the orientation of the principle axes is identical to the
orientation of the reference axes. If the orientation of the axes is not identical then the imposed
lateral strain (yy) will result in two lateral forces (Fx) and (Fy). The lateral force (Fy) is due to the
off axis term (k;;), which will be different from zero if the orientations are not identical. A lateral
strain (yy) will similarly result in two lateral forces. This is illustrated below.
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The lateral strain (y) that is imposed result in two lateral forces (Fx) and (Fy), through the shear
center but zero additional torsional moment (M,):

Ex=kirx Fy=koprxy  Mp=—Feyge + Foxg =kgpry =7 Kpvge + ko = kgy
Equation 4.39
The lateral strain (yy) that is imposed result in two lateral forces (Fy) and (Fy), through the shear
center but zero additional torsional moment (M,).

Fy= k12'yy Fy= k22'Yy M, = Fyyge + Fyxgp = keprx =7 Ky 2Yse + kooXsh = kg
Equation 4.40
This gives two equations and two unknowns. The location to the shear center for any rotation
angle () can be found by:

kerkyq — kyok “Keqkor — kyk
62k11 ~k12ke 61k~ ki2kgp
XSC = ( ) ySC = ( ) => XSC = —025705 ySC = 001814
2 2 i i
(—klz +k22'k11) (—klz +k22'k11)

Equation 4.41

Summary

The method for determine the shear center described by Malcolm and Laird is only valid if the
reference coordinate system has the same orientation as the principle axes. The modified
Equation 4.12 is valid for any arbitrary orientation of the reference coordinate system.

An alternative method for calculating the location of the shear center is described in [8].
It is assumed that the following relation between the strains and the forces is known:

Fye ) Tx | ) (11512 513 S14 515 S16) [ Fx )
Ey Ty Ty S21 822 823 S24 S35 Sp6 | | Fy
F2 1 | _ €2 | | 531 832 833 534 835 836 | | Iz
My i Ky ke || S41 Sa2 s43 Saa sas sa6 | | My
My Ky Ky S51 852 $53 S54 855 S56 | | My
Mz). %2 ). Kz ). \%61 562 %63 S64 %64 %66 )\ Mz ),

To obtain the shear center location, it is sufficient to assume that there are two transverse forces
at the tip of a cantilever beam (Fy and F,). The two forces will result in two bending moments
(Mx and My) and a torsional moment (M,):

M, = —Fy-(L - 2) My =Fy(L-2 M, = Fy'xsc - Fyevee

According to the definition of the shear center, one needs to find (X)) and (ys) in order to locate
a position were an application of the transverse forces result in zero twist, that is (i, = 0).
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This can be written in terms of loading and stiffness as:
=>

KZ: 0= FX'S61 + FyS62 + MX'S64 + MyS65 + MZ'S66

0=Fysg) + Fysgy = Fyr(L =254+ Fy(L= 2565+ (Fyxe = Fevse)s66 =>

0=Fy[sg) + (L—2)S65~ Yo Se6] + Fy 562~ (L= 2)'Se4+ X 'Sg6]

Since this equation is valid for any arbitrary (F, and Fy), then the location of shear center can be
obtained by:

_ S61 565

0=s61+(L=23¢5-Ysc 566 Vs~ +_(L-2
566 566
_ 62 S64

0=sep+ (L=2sg4=XcS66 ~ Xe=_  + 7 (L-2
S66 66

Equation 4.42
This demonstrates that the position of the shear center varies linearly with respect to the axial
coordinate and is therefore not a cross-sectional property for beams with bending-twist coupling
(se4 1s the flapwise bend-twist coupling and ses is the edgewise bend-twist coupling).
However, if there is no bending-twist coupling, then the shear center becomes a cross-sectional
property, and the use of the location of the shear center provides a reference line that decouples
bending and twist, which makes it a popular choice for a reference.

One can modify the definition of the shear center for beams with bending-twist coupling
(composite beams) by only considering the twist caused by the shear forces and excluding the
twist produced by the bending moment (through the bending-twist coupling).
In such cases will the second term in Equation 4.42 drop out, and the shear center becomes a
cross-sectional property by this modified definition. The modified definition is shown below:

S S

X = — Veo = o X, = —025705  yg, = 0.0181¢
S66 S66 1 1
Equation 4.43

The location of the shear center for the analytical model calculated by this method is correct.

Comment

All three methods for determine the shear center can be used but the method described by
Malcolm and Laird is only valid if the reference coordinate system has the same orientation as
the principle axes. The modified method (see Equation 4.12) and the method described by D. H.
Hodges (see Equation 4.43) are valid for an arbitrary orientation of the reference coordinate
system, which makes these methods more flexible.
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4.4.5. Analytical validation of the method for determining the orientation of
the principle axes

As stated before, the principle axis is defined by Malcolm and Laird as the direction about which
an applied curvature will result in a moment about that axis and zero moment about the
perpendicular axis. The rotation of the principle axis is given by:

2kgs )

45 11

¢=atan| ———— .= => = 4532deg
kgg—kss ) 2

Since the rotation of the reference coordinate system is 10° then the result is not correct.

The method described by Malcolm and Laid is only valid if the reference coordinate system is
placed at the elastic axis (some times also referred to as the tension center). The terms (kaa, kus,
kss ) in the constitutive matrix are dependent of the location of the reference coordinate system.
If the rotation of the reference coordinate system in the analytical model is set to zero, then will
the term (kss) only be equal to zero when the reference coordinate system has the same location
as the elastic axis.

If the constitutive matrix is transformed to the elastic axis, then will the method described by
Malcolm and Laid method give the correct rotation of the reference coordinate system.

An alternative method for calculating the orientation of the reference coordinate
system

By defining the principle axis as a direction about which an applied moment will result in a
curvature about that axis and zero curvature about the perpendicular axis, can the rotation of the
principle axis be determined by (note that (s) is the inverted of (k)):

2.
o= atan(i\l => ¢; = 10deg
S447555) 2

Equation 4.44
The result is correct since the rotation of the reference coordinate system is 10°.
The terms (Sa4, 845, Ss5) 1n the inverted constitutive matrix are independent of the location of the
reference coordinate system and the rotation of the reference coordinate system can therefore be
determined for an arbitrary point on the cross section.

4.4.6. Translation an rotation transformation of the constitutive matrix (k)

When the correct orientation angle (¢) and offset from the reference coordinate system is
obtained then is the order of transformation not important. This means that one can perform the
translation transformation and then the rotation transformation or the other way around and the
result will be the same.

The translation and rotation transformation according to Malcolm and Laid was tested on the
analytical model and gave exact results. The constitutive matrix is shown below, translated and
rotated to the location and orientation of the principle axis:
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GA- 0 0 0 0 0
7672 0 0 0 0 0 ) x )
-0 1107 -0 -0 -0 -0 0 GAk, 0 0 0 0
k= o 0 2625 -0 -0 0 10°  Whichis the same as: = 0 0 AE 0 00
0 -0 0 356 0 0 0 0 0 EL 0 0
0 0 0 0 3063 0 0 0 0 0 B0
0 0 0 0 0 404)
0 o 0 0 0 GJ)

As illustrated by the constitutive matrices above, the analytical model is able to compute the
correct constitutive matrix.

4.4.7. Summary and conclusion of the analytical model

It can be conclude that in order to obtain correct results for the method described by Malcolm
and Laird then one must follow some steps in a specific order.
The following steps must be followed:
e To determine the location of the shear center then the constitutive matrix must be
transformed (rotated) to the orientation of the principle axis.
e To determine the rotation of the principle axis then the constitutive matrix must be
transformed (translation) to the location of the elastic axis.

The steps can be illustrated by the following flowchart.

Compute location of elastic axis P Transformation (translation) to location of elastic axis »
Compute orientation of principle axis P Transformation (rotation) to orientation of principle
axis P Compute location of shear center.

The orientation of the principle axis, the location of the elastic axis and the shear center can be
determined directly from the modified equations (Equation 4.12 , Equation 4.14 and Equation
4.44) without using any transformations. This makes the system more flexible.

4.5. Numerical validation of the Beam Property Extraction (BPE)
method

The analytical validation of the BPE-method showed that the exact three displacements and
rotations would give the exact constitutive matrix (k) referring to the reference coordinate
system. By performing the translation and rotation transformation it is possible to obtain the
constitutive matrix for an arbitrary location and rotation of the cross section. In short, the exact
displacements and rotations give the exact constitutive matrix.

Each cross section in the FE-model will potentially have hundreds of degrees-of-freedom and all
these degrees-of-freedom shall be described by the six degrees-of-freedom (the three
displacements and rotations) of the reference coordinate system.
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Two different methods for determining the three displacements and rotations were tested in this
work. The two methods are:

e A least squares algorithm
e Multiple Point Constrain element (MPC-element)

The two methods listed above were tested on a shell FE-model of the rectangular steel tube from
the analytical model and a shell model of the blade section. These two FE-models are described
later on.

4.5.1. Least squares algorithm (displacements and rotations)
The least squares algorithm can be divided into three steps, which are listed below:

1. Determining the rotation above the z-axis (twist-angle)
2. Determining the rotation above the x-and y-axes (the two bending slops)
3. Determining the displacements at the reference coordinate system

Step 1 (Twist-angle)

The rotation about the z-axis (twist-angle (r,)) can be calculated by two different methods (called
method-1 and method-2). Both methods work by using linear least squares regression, which
creates a line with the best fit through a number of points. The lines have the following equation:
y(x) = a'x+ b. The line is fitted by finding a and b values that minimize the squared residuals
(vertical distance between the points and the line).

Method-1: In short, the z-rotation of the cross section is determined by fitting a linear least
squares regression curve through the deformed and undeformed cross section.

The difference between the slopes for the two curves is then equal to the twist angle. The theory
of linear least squares regression is shown below:

Loxp ) y1)
b)z(FT.F)_I.FT. Y2

y®=ax+b = 1,= atan(adeformed) - atan(Otundeformed>

Y Yn )
Equation 4.45

x; and y; are the nodal coordinates. a is the slope and b is the intersection value with the y-axis.
1, is the rotation above the z-axis (twist angle).

The method was tested on the cross section from the FE-model of the rectangular tube. This
undeformed cross section was rotated (the nodes) by using the rotation transformation matrix and
the result from method-1 was compared with the actual rotation angle. The deviation was of a
considerable size (11.7% deviation with a 5° rotation), but it can be shown that this deviation
between the actual rotation angle and the twist-angle obtained by method-1 is more or less a
constant value. The method is very accurate if using a deviation constant (kg).
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This is illustrated in the following.
In the plot below is the cross section of the rectangular tube rotated 5° and the least squares
curve determined by method-1 is compared with the exact curve (the exact curve has a slope
equal to 5°):

Rectangular tube rotated 5 degrees:

02T
« = * . *
[} [ ] [ ] [} [ ] [ ] .. o W ‘ -i .- [ ] [} [ ] [ ] [}
. ®* * * *
bt . oo o [Indeformed

*# o Deformed
. =eee TS cmrve (method 1)
—— Exact e

ycoordivates [in]
L ]
1
[ ]
1 [ ]
(]

-02-
r-coordinates [mm]
Figure 4.5.1 — Method-1, Least squares method on the rectangular tube.

As illustrated in Figure 4.5.1 is there a deviation between the slopes from the LS-curve and the
exact curve. This deviation is 11.7% which is unacceptable.

In Figure 4.5.2 is the deviation between the exact rotation angles and the angles obtained by
method-1 plotted in the interval (-5° < 6 < 5°).

Deviation between methed-1 and exact angle-values:
1ET

11751

1T

*2 methodl
oo Devig) = [1 - %J-mn

Desdation [(]

11851

44
|

-0.03 0
(&) Rotation angle [rad]
Figure 4.5.2 — Method-1, deviation of twist-angle

0.0s 0.1

Figure 4.5.2 shows that the deviation between the results from method-1 and the exact rotation
angles is almost a constant value in the plotted interval. This means that by adding a deviation
constant (kg) then can this method give a precise estimate of the twist angle.

The deviation constant is calculated by:

rz_me‘[hodl\ -
Z[ o )

R Tz kd = z_method1'Kd

n

kd:

Equation 4.46
0 is the exact rotation angles, 1, methoda1 1S the rotation angles obtained by method-1 and n is the
number of calculated angles. r, 14 1s the modified rotation angle which gives a very precise
estimate of the twist angle. The maximum deviation with the modified method-1, in the plotted
interval was 0.022% which is acceptable.
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Method-1 was also tested on a cross section from the FE-model of the blade section and the
conclusion was the same. For a cross section at radial position R17 was the deviation before the
correction 3.15% with a rotation angle of 5°. After correction (modified method-1) was the
maximum deviation 0.02% in the interval -5° <0 < 5°.
The nodes of the cross section are shown below in the undeformed and deformed state (rotated
5°):

Cross section (4m) rotated 5 degrees:

OEO.EJ‘-..'--'-'.'--““

)
E Utidefl d
o - N N NN N L Ot ttie
- -I“'" 01 *# e DNeformed
' L3-angle undeformed
. — L3-ande deformed
x-coordinates [m] s LE M%E (methodk1)

Exact muwe

Figure 4.5.3 — Method-1, Least squares method on a cross section from blade section.

There is a small deviation (see Figure 4.5.3) between the result from method-1 (LS-curve) and
the exact curve, which has a slope equal to 5°. This deviation is 3.15% as mentioned earlier. By
performing the correction will the deviation become very small (0.02%), which is acceptable.

Method-2: The z-rotation of the cross section is determined by fitting a linear least squares
regressions curve through the deformed x-coordinates and the relative displacements in the y-
direction (dy = Ygeformed — Yundeformed)- 1he slope of the curve is then equal to the twist angle.
For this assumption to be valid then must the rotation angle be small. The theory of linear least
squares regression is shown below (note that dy is equal to the relative displacement in the y-
direction):

1 x b -1 dy
. 2 ( \ _ (FTF) ,FT. 2 y(x) = o-x+b =2 r,= atan(adeformed)
o) .
L x, ) dyn )

Method-2 was tested on the rectangular tube cross section and a cross section from the blade
section. Method-2 gave reasonable accurate results for both cross sections. The results from
these two tests will be presented in the following.

In the plot below are the nodes from a cross section of the rectangular tube rotated 5° and the
least squares curve determined by method-2 is compared with the exact curve (the exact curve
has a slope equal to 5°):
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Rectangular tube rotated 5 degrees:
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Figure 4.5.4 - Method-2, Least squares method on the rectangular tube.

The deviation (see Figure 4.5.5) between the slopes from the LS-curve and the exact curve is
very small (0.04%), which is acceptable.

Below is the deviation between the angles obtained by method-2 and the exact rotation angles
plotted in the interval -5° < 6 < 5°.

Deviation between method-2 and exact angle-values:
01

S t
%I 0075 tesw DEV(E‘) = [1 - M].mn
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.E *ee, 0.05 o
a e SN 0.025 g
| | '-N..!.- . Y Ll | |
-01 -0.05 o 0.0s5 0.1

(&) Rotation angle [rad]
Figure 4.5.5 - Method-2, deviation of twist-angle

As one can see on the plot above, the deviation between the result from method-2 and the exact
value becomes larger as rotation becomes larger. But this method is very accurate for small
rotations. The maximum deviation in the plotted interval is 0.04%.

Method-2 was also tested on the cross section from the blade section and showed to be

reasonable accurate. The maximum deviation in the interval -5° < 0 < 5° was 0.2%, which is
acceptable.

Comment on the two methods for determine the twist angle

Both methods showed that they were capable of estimating the rotation angle with a reasonable
accuracy. Both methods are only valid for small rotation angles, because the accuracy decreases
as the rotation angle increases. Method-1 is very sensitive to local deformation of the cross
section, since this will affect the deviation constant. If the beam has a varying cross section like
the blade section then it is necessary to determine a deviation constant for each cross section,
which is going to be evaluated. Method-2 is less sensitive to local deformations of the cross
section and the method is less depended on the shape of the cross section (no deviation constant).
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Step 2 (bending slopes: rotation above the x- and y-axis)

The rotations about the x- and y-axis are determined by using a linear multiple regression plane,
which has the following equation: z(x,y) =b + ry'x + 1,°y.

The two variables x and y describes a plane in the three-dimensional (x,y,z) space. ry and ry are
the rotation above the y- and x-axis and b is the intersection with the z-axis. To make the plane
come as close as possible to the points in the aggregate, then the values of ry, r, and b that
minimize the sum of the squared residuals are found. This is illustrated below in matrix form:

1 x yp) b 7))
| -1
F= Y2 Iy | - (FT«F) ‘FT. 2 z(x,y)=b + X+ Iy
rX)
I % ¥y % )

One can now calculate the three relative rotations of each beam element from the global x-,y-
and z-rotations, that were determined by the least squares algorithm. This can be done by
combining step 1 and 2.

The combination of the two steps is shown below for the rectangular tube that is subjected to an
axial force (F,) located 250mm in the x-direction and 62.5mm in the y-direction from the elastic
axis. This will result in bending about both axes and extension of the tube.

Load case (3) for the Rectangular tube, Cross Section (2] , Scale factor (2)

A Ig —+— Undeformed
2. —&— Deformed
—+ Least squares method

0.3 [
S Cross section {2)

0.2 S

0.

01 O

TR

y-akse

Plot of the rectangular
tube, divided into five

z-akse xakse quivalent heam el

20

twist-angle (method-2)

XY-view YZ-view XZ-view

y-akse
y-akse
z-akse

0.5 [ e e e -0.5 HEEE e e e s 1549 : ; ;
-0.5 0 0.5 159 1505 1 16.05 161 -0.5 0 0.5
x-akse z-akse x-akse

Figure 4.5.6 — Load case 3

Peter Berring s040347 & Henrik Knudsen s040350 Page 69 of 174



Torsional Performance of Large Wind Turbine Blades — Experimental and Numerical Analysis

Step 3 (displacements at the reference coordinate system)

It is necessary to obtain the deflections at the reference coordinate system as illustrated by the
analytical validation of the BPE-method. In the least squares algorithm are the three deflections
at the reference coordinate system determined by evaluating four points/nodes on the cross
section. The four nodes create two lines in the three-dimensional space and the reference
coordinate system is placed at the intersection between the two lines. The cross section in the
undeformed state is plane and the lines will therefore intersect, but this is probably not the case
for the deformed cross section. This problem is solved by using a least squares method, which
determines the location of the reference coordinate system on the deformed cross section. This is
illustrated in the following.

The first step is to calculate the location of the reference coordinate system in the undeformed
state. This is done by choosing four points on the cross section and then determining two
parametric equations that are described by the four points. This is illustrated in the following for

cross section (2) subjected to load case 3, which is an axial force (note that the scale factor is
equal to 1 in this case).

Und eformed state ] Deformed state

05— ® o8 Nodespoints .

| (20 The four points 0.5

04T — Linel 0.4+

- & &8 8 & & & & BB .IE:I. & & 8
037 -=-+ Line2 : 3 S A
1
) 027 T & 02t | :
= A )
E :.-.-.ﬁjj‘!-.-{?-.-: = IlIlIlI-E.rii{;}IlI-
I & 1 | } 1, ™ | = 1 ] 1 ] ] ] ] ]

é 07 ~@S—=Aaa—=0lo1anz G 07 é -07 -05 -03 -01| 01 03 05 07
2 ------1:'11_;---{![}---- a -0l
= 02T E 02T

¥-coordinates [m] z-coordinates [t

Figure 4.5.7 — Undeformed and deformed state

Pa> Pb, Pc and pq are the four chosen points. r; and r; are the direction vectors. 1;(t;) and 15(t,) are
the parametric equations for the two lines, which is plotted above (undeformed state).

11=Pp =Py 1n=Pg—Pc Kk =pp k=p. = Y(y)=rt ks bl) =tk

The two parameters can be determined by solving the following equation. When the parameters
are determined then can the intersection between the two lines be found. This is also the location
of the reference coordinate system in the undeformed state.

-1
apt=bpy =7 amT'am't = amT'bm = t= (amT'am) '(amT'bm)
0.25 0.25
- 075\ __ ) )
am= (rl _rZ) bm= k2 - kl - t= 0.75 ) = ll(t]) =] —0.0625 12(t2) =| -0.0625

16 ) 16 )
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The method for determining the location of the reference coordinate system in the deformed state
is more or less the same. The three points P,, Py, P, and P4 are now used to describe the two
parametric equations for the two lines. The two parameters are again determined (T; and T,) by
solving the equation and these parameters are put into the parametric equations, which gives the
following:

0.145549" 0.145549")
L(T)) = Ry Ty + Ky L(Ty) =Ry Ty+ Ky Ly(T))=| 0162198 Ly(T,)=| 0.162198
16.011112) 16.011113)
0.145549 ~0.104451
LI(TI) + LQ(T2> . ) | )
Lh=——F—— =L} L,=| 0.162198 disp =| 0.224698
16.011113) 0.011113 )

L, is the location of the reference coordinate system in the deformed state and I, is the location in
the undeformed state. The difference between the two locations is equal to the relative
displacements of the cross section.

The method described for determining the location of the reference coordinate system was tested
on the rectangular tube. Results from the six FE-analyses (the six load cases) were used to
determine the relative displacements at the reference coordinate system and it showed an
excellent agreement with the analytical results from the analytical model.

Summary on the least squares algorithm

Method-2 was used for determining the z-rotation. Method-2 was chosen instead of Method-1
because it is less sensitive to local deformation of the cross section etc.

One can obtain very accurate results with Method-2 as long as one is operating with small
rotations.

The linear multiple regression plane was used with success to determine the x- and y-rotations
The method described above evaluates only 4 points in the cross section and is therefore
sensitive towards local deformations of the cross sections.
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4.5.2. MPC-element (displacements and rotations)

Another way of determining the cross sectional displacements and rotations is by using a MPC-
RBE3 element. The RBE3 element creates a link between one dependent node and a number of
independent nodes.

RBE3 is a linear interpolation element, which means that the displacement and rotation of the
dependent node is govern by the independent nodes on the cross section.

All cross sectional displacements and rotations are therefore obtained from the RBE3 elements.
Note that the RBE3 element does not create a rigid region like the RBE2 element.

A RBE3 element is shown on the picture below on the outer surface FE-model. The dependent
node is created in the center of the spar and then linked to all the surrounding nodes in the cross
section.

Figure 4.5.8 - RBE3 MPC-element
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4.5.3. Comparison between least squares algorithm and MPC element

The FE-model of the rectangular steel tube was subjected to the six load cases, which are shown
below. The reference coordinate system is placed in the lower right corner (250mm in the x-
direction and -62.5mm in the y-direction compared to the elastic axis).

The following six loads were applied and analyzed:

Fo=5100N  F,=110°N  M_=0510N M, =510°N  M,=210"N

y y

The deflections and rotations from these load cases are assembled in displacement matrices (Uj)
for each cross section. The displacement matrix for cross section 2 (U,) will be analyzed in the
following. This cross section is located 16m from the fixed end and 4m from the rigid loading
end (tip) because this will minimize the affect from the rigid ends. The displacement matrices
determined by the least squares algorithm and the MPC-element are shown below and compared
with the analytical displacement matrix:

3
Fy=30-10"-N

The first column is load case

1 (LC1), the second column LC1 LC2 LC3 LC4 LC5 LC6

is load case 2 (LC2)... ete. 0.184566 0.000031 —0.104485 0 0.20897 0.004952) ( ux )

The first three rows are the

di 0.000186 0.264854 0.225006 —0.180005 0  0.01981 | | uy
isplacements of the

reference coordinate system ~0.004702 0.001688 0.011118 —0.001406 —0.00653 0 uz

in the x-,y- and z-direction. 0 -0.027001 —0.028126 0.022501 0 0 X

The last three rows are the 0018807 0  -0.013061 0 0026121 0 ry

rotations about the x-,y- and 0.000743 0.000495 0 0 0 0079238) 2 )

Z-axis. Figure 4.5.9 - Analytical displacements matrix (U2)

By comparing this

displacement matrix with the Lt L2 L3 L4 L5 L6

analytical matrix, itis casy 0 o o0c goo0028 —0.104451 [0000008| 0203829 0004858 ( ux

see that there is some noise

i1 this matrix. Some of the 0000188 0264332 0224608 -017975 0000007 0020327 | | uy

noise could be a result of ~0.00469% 0001637 0011113 -0.001404 -0006527 [0.000055] | uz

distortion and warping of the -n_nnnu2?| -002694 -0028083 0022473 -0 -0 1

reCtangUIg‘rftubea ‘I’IVhICh isnot | gpig7es [-ooooozs| -0013057 -0 002608 O ry

accounted for in the 0000766 0.00051 0 0 0 000711} L

analytical model. The red
boxes indicate some of noise:

Figure 4.5.10 - Least Squares algorithm displacements matrix (U2)

By comparing this LCl LC2 LC3 LC4 LG5 LC6
displacement matrix with the

) N 0.184429 0.000032 —0.104420 -0  0.208858 0.005072)
analytical matrix, it is easy to
see that the two matrices 0.00019 026442 022474 —0.179792 0  0.020288
have the same structure ~0.0047 0.001685 0.011112 —-0.001405 —0.006529 0
(zeros at the same locations). 0 —0.026967 —0.028107 0.022485 -0 -0
Itlooks like there isnonoise | (13708 0 0013057 -0 0026114 0
in this matrix, or it is very

0.000761 0.000507 -0 0 —0  0.081152)

limited because it has these
analytical zeros.

Figure 4.5.11 - MPC-element displacements matrix (U2)

ux)
uy
uz
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.y

Peter Berring s040347 & Henrik Knudsen s040350

Page 73 of 174



Torsional Performance of Large Wind Turbine Blades — Experimental and Numerical Analysis

There is a bit of noise in the displacement matrix from the least squares algorithm method which
later will influence the BPE-method. The displacements and rotations from the RBE3 element
are in very good agreement with the analytical model.

4.5.4. The numerical results of the BPE-method

The BPE-method has already been validated by the analytical model. It can be concluded that the
analytical displacements and rotations gives the analytical constitutive matrix for the rectangular
steel tube.

The numerical validation of the BPE-method is performed by comparing the results from a series
of FE-analyses. The displacements and rotations at a number of cross sections along the FE-
models are computed by using the MPC-RBE3 element. Some of the FE-models that were tested
are presented in the following. These FE-models are:

A shell model of the rectangular steel tube from the analytical model.

A shell model of a three cell asymmetric isotropic profile with a constant cross section.
The final FE-model of the original blade section.

A modified FE-model of the final blade section (bend-twist blade section).

b s

1) FE-model of a rectangular steel tube

An MSC.Patran/Nastran FE-model of the rectangular steel tube was created. The reference
coordinate system was moved 250mm in the x-direction and -62.5mm in the y-direction and the
tube was then rotated 10° like the analytical model. The structure was meshed with 20 elements
circumferentially and 50 longitudinally (see Figure 4.5.12). The elements were 8-node
quadrilateral shell elements, which were located in the material mid-thickness. The 20m long
tube was divided into five equal beam elements, from which the beam properties were
calculated.

k000,

Figure 4.5.12 — FE-model of the rectangular tube

In Figure 4.5.13 are the five constitutive matrices computed by the numerical BPE-method.
Note that all matrices are multiplied by 10°:
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7477 1127 -0 [01 05| —42.5 7455 1125 0 0 0 424 7458 1125 -0 -0 414
1127 1286 0 |-02 01 -25.1 1125 1277 0 0 -0 348 112.5 1277 -0 -0 349
0 0 26325 477 6767 -0 4 -0 2625 476 ET4E O 0 -0 2625 476 6742 0
02 08| 477 447 -341 -032 0 0 476 445 341 -0 0 0 47H 446 -341 -0
21 02| 6767 -341 4724 01 4 -0 674.5 -341 4715 0 -0 6745 -341 4715
—4235 -351 -0 0 —424 =348 -0 -0 0 —424 -348 0 -0 i
Constitutrre matrix kl Constitutrre matrix k2 Constitutive matrix k3
7459 1125 -0 -0 0 424 7475 1126 0 [01 03| 425 7474 1123 0 -0 0 414
112.5 1277 0 -0 -0 -348 1126 1286 -0 |02 01| -351 1123 1305 0 -0 0 -356
0 2625 476 6743 O 0 -0 26325 477 GTET 0 0 0 2625 476 67423 -0
0 -0 476 445 -341 0 02 05| 477 447 -34.1 02 0 -0 476 446 -341 0
40 6745 3414715 -0 21 02| 6767 -341 4724 -0 0 0 6745 3414716 -0
424 348 0 0 0 (4698 L-425 351 0 o 55Ty L-sa4 355 0 0 503
Constitutive mairix k4 Constitutire mairix kS Analytical constitutve matrix

Comment

Figure 4.5.13 — Constitutive matrices from the rectangular tube

k; is the constitutive matrix for the tip beam element and ks is beam element at the fixed end (the
steel tube is 20m long and divided into five beam elements of equal length). The analytical
constitutive matrix is shown in the lower right corner.
The red boxes in Figure 4.5.13 indicate noise due to the two rigid ends (loading MPC-element
and the fixed end). This noise is probably primarily caused by the increasing warping resistance
near the rigid ends, which also has a significant affect on the torsional stiffness shown with red
ellipses in Figure 4.5.13. Near the two rigid ends are the torsional stiffnesses too high because
the twist angle is too small. The best result is seen in the beam element in the middle (k3), which
also was expected because the affects from the boundary conditions are smallest for this element.

Numerical results - location of elastic center, shear center and orientation of principle axes:

x-direction y-direction x-direction x-direction | Orientation
(Xec), location [(Yec), location | (Xsc), location [(Ysc), location| of principle
of elastic of elastic of shear center of shear axes

center [m] center [m] [m] center [m] [degrees]

BPE-element 1 -0,2570549 0,0181383 -0,2570548 0,0181380 10,0000372
BPE-element 2 -0,2570549 0,0181383 -0,2570551 0,0181379 10,0000390
BPE-element 3 -0,2570549 0,0181383 -0,2570550 0,0181379 10,0000388
BPE-element 4 -0,2570550 0,0181383 -0,2570551 0,0181379 10,0000376
BPE-element 5 -0,2570550 0,0181383 -0,2570549 0,0181380 10,0000386
Analytical -0,2570549 0,0181384 -0,2570549 0,0181384 10,0000000

Table 4.5.1 — Numerical results for the rectangular tube

Location of the elastic center, shear center and orientation of principle axes are determined by
Equation 4.9, Equation 4.43, Equation 4.44.
There is an excellent agreement between the numerical and analytical/correct results, as one can

see in Table 4.5.1.

For the rectangular steel tube, it can be concluded that one is able to determine the location of the
elastic center, shear center and the orientation of the principle axes by using the BPE-method.
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Stiffness parameters determined by the BPE-method.

Mesega ©O |-0 0 -0 0 Wiz 0|0 0 0 0
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) 0 0 [ms o0 0 s o oo f2@s 0 0 0|
SBFET| g o | o 355 o0 o || amalytical = | 5 g | g 3555 @ o |
4 0 |0 0 30825 0 O 0 |0 0 3B2 0
o 0 -0 0 0 i a0 |0 0 0 3=

Figure 4.5.14 — Comparison of numerical and analytical constitutive matrix

Comment

The constitutive matrix for beam element number three is transformed (translation) to the elastic
center and transformed (rotated) according to the principle axes. The diagonal in the blue box
shows the shear stiffnesses in the x- and y-direction (GAky and GAky [N]). The diagonal in the
greerzl box shows the following cross sectional properties; AE [N], Elx [Nm?], Ely [Nm?*] and GJ
[Nm~].

By comparing the numerical result with the analytical, one can concluded that the agreement is
good. There is a small deviation between (3.2%) the numerical and analytical torsional stiffness,
which can be due to boundary conditions as mentioned before. Note that the torsional stiffness
parameter is dependent on the location of the reference coordinate system, which can be seen by
comparing Figure 4.5.13 (before transformation (translation and rotation)) and Figure 4.5.14
(after transformation (translation and rotation)).

The deviation between the numerical and analytical shear stiffness in the y-direction is 2.5%,
which is reasonable small.

It can be concluded that the BPE-method is in good agreement with analytical results when the
rectangular steel tube is analyzed.

2) Three cell asymmetric isotropic profile

A MSC.Patran/Nastran FE-model of a three cell asymmetric aluminum (E = 70 GPa and v = 0.3)
profile was created. The geometry and the location of the reference coordinate system can see in
Figure 4.5.15:

250

100

250

400

1000

Figure 4.5.15 — Geometry of the three cell profile

The structure was meshed with 48 elements circumferentially and 400 longitudinally. The two
shear-webs were meshed with 5 elements in the height. The elements were 8-node quadrilateral
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shell elements, which were located in the material mid-thickness. The 20m long tube was
divided into ten equal beam elements, from which the beam properties were calculated. The FE-

model of the structure can be seen below:

nono

Figure 4.5.16 — FE-model of the three cell profile

The following constitutive matrices were determined by the BPE-method:

24233 -1304 0 -0 0 -T09

-1803 6905 0 -0 0 C -1607

-0 0 94892 3839 1277 0 y
K = 10
501 -0 0 3839 266 1236 -0

-0 -0 1377 1236 11299 0

709 (-1816Y -0 -0 -0 119

Figure 4.5.17 - Constitutive matrix k5 referring to
reference coordinate system

441 <393 0 0 0 |-018

392 6728 0 -0 0 | 206

S0 0 o9 (197 -1M4| -0 | g
Fuanss=| 5 g [197 | 633 b

-0 0 134afCozinisaz 0

0 -0 0 -0 -0 717

Figure 4.5.19 - Constitutive matrix k5 (transformed to
shear center and rotated according to the principle axis).

Comment to Figure 4.5.17
One of the middle beam elements (element five) is picked out. The constitutive matrix for this
element is shown in Figure 4.5.17 with respect to the reference coordinate system.

The constitutive matrix is not completely symmetric because ke, and kys, shown with red ellipses
in the matrix, do not have the same values. The matrix should theoretical be completely

2441 o 0 0 [oss
(CESDETIE 0 -0 0 |-748

0 0 %4892 -0 0 -0 | g4

Kirans, = ‘10
5| -0 0 0 632 -0 -0
0 0 0 0 9639 -0
106 -954| 0 -0 -0 823

Figure 4.5.18 - Constitutive matrix k5 (transformed to
elastic center and rotated to the principle axis).

94292 0 0 0
) 0 652 0 0 g
SAd bpe T g g e o0 |

o0 0 717

24540 0 1] 1]
0 6350 0 0 &
S4d_analyticd = | g ggas g |
1] 1] o 70
Figure 4.5.20 — Classical 4x4 constitutive matrices.
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symmetric. The terms k¢, ke, k1 and ke, indicate that the reference coordinate system is not
located in the shear center. The BPE-method will compute the wrong location of the shear center
if these terms are not correct and a transformation of the constitutive matrix to the shear center
will result in some errors.

Comment to Figure 4.5.18

The constitutive matrix for beam element five, when transformed (translation) to the elastic
center and transformed (rotated) according to the principle axes, is shown in Figure 4.5.18.

The transformation has made the terms k;g, ko, k1 and kg, more asymmetric. The deviation
between k6 and ke, has increased and k;¢ and kg, are no longer identical. This is indicated by the
red boxes. When the constitutive matrix is transformed according to the principle axes, then
should k;; and ky; be equal to zero but this is not the case. These terms are shown with red
ellipses.

Comment to Figure 4.5.19

The constitutive matrix, when transformed (translation) to the shear center and transformed
(rotated) according to the principle axes, is shown in Figure 4.5.19.

As stated before, a transformation of the constitutive matrix to the shear center will result in
some errors if the terms k¢, kog, k1 and ke, are not completely correct (symmetric). Since the
location of the shear center is determined by ke; and ke, (see Equation 4.15 and Equation 4.16),
then these terms are zero in the transformed matrix. The terms kj¢ and ky should in theory also
be equal to zero but this is not the case because of the asymmetric (the terms are shown with a
red box).

In the 6x6 constitutive matrix is the term kg dependent of the location of the reference
coordinate system. The term will be equal to the torsional stiffness (GJ) if the reference
coordinate system is located in the shear center. To transform the constitutive matrix to the shear
center and compute the correct torsional stiffness, then all terms in the following equation must
be correct:

Gl = k,66: k66+ Vk61 - Hk62+ V(k16+ Vkll - p.k 12) - },L(k26+ Vk21 - Mkzz)

The equation above is taken from the transformation matrix.

Since the terms ki, koe, ko1, ke, k12 and ky; are subjected to some uncertainties, then is the
torsional stiffness determined by the BPE-method also subjected to some uncertainties.

The blue boxes and ellipses in the figure indicate that the reference coordinate system is not
located at the elastic center but at the shear center determined by the BPE-method.

The elastic center and shear center will not have same location because the profile is asymmetric,
and the terms in the blue boxes and ellipses should therefore not be equal to zero.

Comment to Figure 4.5.20

In Figure 4.5.20 is the matrix in the top the classical 4x4 constitutive matrix which is
transformed (translation) to the elastic center and transformed (rotated) according to the principle
axes. Note that the classical constitutive matrix is determined by Equation 4.23.

In Figure 4.5.20 is the matrix in the bottom the classical 4x4 analytical constitutive matrix.

The axial stiffness AE and the bending stiffnesses Ely and El, are determined by using the CAD
program Pro/Engineer. The location of the elastic center and the orientation of the principle axes
can also be determined by Pro/E, which is used in the comparison between the results from the
BPE-method and analytical results in Table 4.5.2.
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The torsional stiffness GJ in the analytical matrix is determined by using Equation 3.83 (note
that this equation is an approximated method for determining the torsional stiffness).

By comparing the two matrices in Figure 4.5.20 then one can conclude that there is excellent
agreement between the results from the BPE-4x4-method and the analytical results.

It can also be concluded that the torsional stiffness determined by the BPE-4x4-method is
identical to the torsional stiffness determined by the BPE-6x6-method when the constitutive
matrix is transformed to the shear center (see term kg6 in Figure 4.5.19 and term ka4 in Figure
4.5.20). This could be a coincidence!

Note that the torsional stiffness in the 4x4 constitutive matrix does not dependent on the location
of the reference coordinate system (see Equation 4.26).

Numerical results - location of elastic center, “shear center” and orientation of principle
axes.

x-direction y-direction x-direction x-direction | Orientation
(Xec), location [(Yec), location | (Xsc), location |(Ysc), location| of principle
of elastic of elastic of shear center of shear axes

center [m] center [m] [m] center [m] [degrees]

BPE-element 5 -0,1345790 0,0404545 -0,2759276 0,0497661 -4,6091052
BPE-4x4-element 5 -0,1345790 0,0404545 ?7? ?? -4,6091052
Analytical -0,1349886 0,0404848 ?? ?? -4,6080000

Table 4.5.2

Comment to Table 4.5.2

By comparing the results from the BPE-6x6- and BPE-4x4-method, it can be concluded that the
two methods gives the same results for the location of the elastic center and orientation of the
principle axes. By comparing the results from the BPE-methods and analytical results (from
Pro/E) then it can be concluded that there is excellent agreement between the results.

Only the BPE-6x6-method can compute the location of the shear center and the result is as
mentioned before subjected to some uncertainties.

3) The final FE-model of the original blade section

One of the primary aims of this work was to create a FE-model of the blade section, which can
describe the static response correctly. Three different FE-models were created and their
responses have been compared with experimental results from static testing. The best model was
select and used for the BPE-method. The final FE-model of the blade section is in short created
by using solid hex 20 elements as core material and 8-node quadrilateral shell elements as the
solid laminates. These shell elements are placed in the mid-thickness of the laminates. A detailed
description of this model can be found in chapter 6. The experimental testing of the blade section
is described in chapter 5. The final FE-model is shown below in. The reference coordinate
system is placed in the center of spar.
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923

Figure 4.5.21 — FE-model of the original blade section

The blade section is divided into seven beam elements:

Beam element 1, 6.057m — 5.607m

Beam element 2, 5.607m —4.607m

Beam element 3, 4.607m — 3.607m

Beam element 4, 3.607m — 2.607m

Beam element 5, 2.607m — 1.607m

Beam element 6, 1.607m — 0.607m

Beam element 7, 0.607m — 0.000m

(0.0m = R12.827m for the 23m blade (measured from the hub)).

Numerical results - location of elastic center, “shear center” and orientation of principle
axes from the BPE-6x6-method:

x-direction y-direction x-direction x-direction . .
(Xec), location |(Yec), location | (Xsc), location |(Ysc), location Orlelftatlon Sy
BPE-6x6-method of elastic of elastic of shear center of shear principle axes
center [m] center [m] [m] center [m] [degrees]
BPE-element 1 -0,030679 -0,002106 0,012362 0,010672 4,078
BPE-element 2 -0,031869 -0,002083 0,031528 0,013233 3,820
BPE-element 3 -0,033006 -0,002458 0,012372 0,021082 3,476
BPE-element 4 -0,034225 -0,002149 0,024876 0,021177 3,117
BPE-element 5 -0,038277 -0,001612 0,049214 0,019389 2,665
BPE-element 6 -0,042044 -0,001007 0,079807 -0,016598 2,126
BPE-element 7 -0,046685 -0,000450 0,070049 -0,042334 1,461
Table 4.5.3
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Numerical results - location of elastic center, “shear center” and orientation of principle

axes from the BPE-6x6-method:

x-directi_on (Xec), y-directi?n (Yec), Orientation of
BPE-4x4-method Ioc?tlon of Ioc?tlon of principle axes
elastic center elastic center [dagieas]
[m] [m]
BPE-element 1 -0,030626 -0,002175 4,078
BPE-element 2 -0,031694 -0,002071 3,820
BPE-element 3 -0,032812 -0,002412 3,476
BPE-element 4 -0,034104 -0,002226 3,117
BPE-element 5 -0,038153 -0,001729 2,665
BPE-element 6 -0,041975 -0,001116 2,126
BPE-element 7 -0,046551 -0,000424 1,461
Table 4.5.4

Comment

By comparing the results from the two BPE-methods it can be concluded that the location of
elastic center and the orientation of the principle axes are almost identical. As stated before, the
location of the shear center is subjected to some uncertainties because the terms k¢, kos, k1 and
ke> are not completely symmetric/identical (kj6= ke and koe = kea).

Stiffness parameters determined by the BPE-6x6-method.

The results of the stiffness parameters from the BPE-method are shown in Table 4.5.5.

The axial stiffness AE (ks3), the flapwise bending stiffness Elx (k4s4), edgewise bending stiffness
Ely (kss), bend-twist coupling between flapwise bending and torsion Ky (kes or kas), bend-twist
coupling between edgewise bending and torsion K (kes or kgs), shear stiffness GAky (ki1), shear
stiffness GAKky (kz») are for each element determined at the location of the elastic center and
orientated according to the principle axes. The torsional stiffness GJ (kec) 1s for each element
determined at the location of the shear center.

Note that for beams with couplings, one is not able to compute the generally stiffness terms such
as axial-, flapwise-, edgewise-, torsional stiffnesses because these terms are coupled. This means
that the terms in the constitutive matrix are not equal to stiffness known from simple beam
theory. Since the original blade section has limited coupling, it can be assumed that the terms in
the diagonal of the constitutive matrix are equal to the stiffness known from beam theory and the
terms kye, Kes, ks and kgs are equal to the bend-twist couplings (which are of limited size).

Axial Flapw_lse EdgeV\_llse Torsional Benc.i-tWIst Ben.d-tW|st Shear Shear
. bending | bending : coupling (flap | coupling (Edge X .
stiffness . . stiffness . . stiffness | stiffness
BPE-6x6-method stiffness | stiffness + torsion) + torsion)
AE*1076 AN A GJ*10°6 a ANA Gakx*1076 | Gaky*1076
[NmA2] Eix*1046 | Ely*1016 [NmA2] Kf*1016 Ke*1016 IN] IN]
[NmA2] [NmA2] [NmA2] [NmA2]
BPE-element 1 297,408 0,469 5,486 0,304 -0,022 0,013 38,933 8,741
BPE-element2 | 343,986 0,782 7,437 0,418 -0,030 -0,014 36,879 10,187
BPE-element 3 | 425,033 1,372 10,669 0,698 -0,019 -0,017 40,932 12,026
BPE-element 4 515,632 2,352 14,767 0,911 -0,035 0,040 46,159 10,203
BPE-element 5 562,391 3,490 19,290 1,430 -0,073 0,149 50,583 12,102
BPE-element 6 | 604,993 4,960 24,482 1,970 -0,053 0,272 57,616 14,652
BPE-element 7 650,138 6,413 29,617 2,435 0,328 0,117 75,517 17,657
Table 4.5.5
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Stiffness parameters determined by the BPE-4x4-method.

All stiffnesses are determined at the location of the elastic center and orientated according to the
principle axes. Note that the 6x6-model and 4x4-model cannot in general be compared, but since
the blade section has a limited coupling and the torsional stiffness in 6x6-model is determined at
the location of shear center, then it can be assumed that a comparison is valid.

. Flapwise | Edgewise . Bend-twist Bend-twist
Axial . . Torsional . .
i bending bending . coupling (flap +|coupling (edge +
stiffness . . stiffness " .
BPE-4x4-method AE“1076 stiffness stiffness GJ*1016 torsion) torsion)
[NmA2] Elx*1026 | Ely*10%6 [NmA2] Kf*1046 Ke*1076
[NmA2]] [NmA2]] [NmA2] [NmA2]
BPE-element 1 297,888 0,462 5,480 0,304 -0,011 0,023
BPE-element 2 343,983 0,729 7,340 0,418 0,008 0,011
BPE-element 3 424,764 1,321 10,568 0,698 0,012 0,017
BPE-element 4 515,539 2,294 14,689 0,911 0,002 0,077
BPE-element 5 562,221 3,425 19,209 1,430 0,004 0,198
BPE-element 6 604,778 4,880 24,398 1,972 0,083 0,309
BPE-element 7 648,887 6,409 29,616 2,432 0,364 0,198

Table 4.5.6

Comment
The stiffness terms AE, Ely, El, and GJ computed by both models are almost identical. The

bend-twist couplings computed by the two methods are not in generally good agreement but
these couplings are also of limited size and are therefore subjected to some uncertainties.

The blade section has a limited coupling and the stiffness terms in the constitutive matrix can
therefore be compared with the stiffness known from simple beam theory. In the following are
the flapwise bending stiffness Ely yp. and the edgewise bending stiffness Ely p,. computed by the
BPE-method at the center of the spar. It is assumed that these values will be reasonable close to a
flapwise bending stiftness Ely peam and edgewise bending stiffness Ely pcam determined by
classical beam theory. It is also assumed that the torsional stiffness GJyp. computed by the BPE-
method at the shear center will be reasonable close to a torsional stiffness determined by
classical beam theory.

The stiffnesses determined by the BPE-method and the stiffnesses determined by classical beam
theory are compared in the following. The first and last BPE-elements are not considered
because these elements are influenced by the boundary conditions. The classical stiffnesses are
determined by the relative rotations and the moment distribution over the elements. This can be

written as:

T ‘
L, =(0 1234 5m i=1..rows(L,)
L L
( i+1 ( Zi+1
—J M,(2) dz J My(z) dz
L L -T-(L, -L
E 4 . 4 Gl ( %1 Zi)
Iﬂapi_ I —-r Iedgei_ T, -r i T, -
X1 K Yie1r Y Zy 5

My(z) and My(z) is the flapwise- and edgewise moment distribution and T is the constant
torsional moment:
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Figure 4.5.22 — Comparison of stiffness terms
Comment

By comparing the element stiffnesses determined by classical beam theory and the BPE-method,
it can be concluded that there is general good agreement between the results. The edgewise
bending stiffness determined by the BPE-method is bit stiffer near the fixed end, but the
deviation is reasonable small.
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4) A modified FE-model of the final blade section (bend-twist blade section).

The original blade section is modified by adding some additional angled UD layers on the
suction and pressure side of the aerodynamic profile, which will introduce bend-twist couplings.
A detailed description of the FE-model can found in chapter 6.

Numerical results - location of elastic center, “shear center” and orientation of principle
axes from the BPE-6x6-method:

x-direction y-direction x-direction x-direction . .
(Xec), location |(Yec), location | (Xsc), location |(Ysc), location Orlerjtatlon i
BPE-6x6-method . k principle axes
of elastic of elastic of shear center of shear e
center [m] center [m] [m] center [m]
BPE-element 1 -0,055468 -0,003985 0,005517 0,007510 4,090
BPE-element 2 -0,062705 -0,004101 0,014441 0,014231 3,725
BPE-element 3 -0,066523 -0,004326 0,032515 0,025381 3,355
BPE-element 4 -0,070871 -0,003995 0,037429 0,030571 2,897
BPE-element 5 -0,079361 -0,003360 0,099673 0,025951 2,307
BPE-element 6 -0,088254 -0,002992 0,192903 -0,016921 1,624
BPE-element 7 -0,099774 -0,002007 0,173019 -0,033992 0,986

Numerical results - location of elastic center, “shear center” and orientation of principle
axes from the BPE-4x4-method:

x-dlrectl?n (Xec), y-dlrectlf)n (Yec), Orientation of
location of location of ..
BPE-4x4-method . . principle axes
elastic center elastic center e
[m] [m]

BPE-element 1 -0,051415 -0,003819 4,090
BPE-element 2 -0,055705 -0,003762 3,725
BPE-element 3 -0,059346 -0,004117 3,355
BPE-element 4 -0,064305 -0,003985 2,897
BPE-element 5 -0,072624 -0,003336 2,307
BPE-element 6 -0,081062 -0,002499 1,624
BPE-element 7 -0,093676 -0,000808 0,986

Comment

By comparing the orientation of the principle axes determined by the two BPE-methods, it can
be concluded that there is an excellent agreement between the results. The location of the elastic
center is in general good agreement, except the computed distance in the y-direction for BPE-
element 7, which seems to deviate when compared with the other results.

Stiffness parameters determined by the BPE-6x6-method.

The results of the stiffness parameters from the BPE-method are shown in the table below.

The axial stiffness AE (ks3), the flapwise bending stiffness Elx (ks4), the edgewise bending
stiffness EI (kss), the bend-twist coupling between flapwise bending and torsion Ky (kes or ky),
the bend-twist coupling between edgewise bending and torsion K. (kes or kes), the shear stiffness
GAK, (ki1), the shear stiftness GAky (k»») are for each element determined at the location of the
elastic center and orientated according to the principle axes. The torsional stiffness GJ (keg) is for
each element determined at the location of the shear center.

Since this blade section is highly coupled, the stiffness terms cannot be compared with the
stiffnesses known from classical beam theory.
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Axial Flapw'lse EdgeV\'nse Torsional Benfi-tmst Ben.d-tW|st Shear Shear
. bending | bending : coupling (flap | coupling (Edge . .
stiffness . . stiffness . . stiffness | stiffness
BPE-6x6-method stiffness | stiffness . + torsion) + torsion) N "
AE*1076 AR eAnA GJ*1076 a A GAkx*1076 |GAky*10°6
[NmA2] Eix*1046 | Ely*1076 [NmA2] Kf*1076 Ke*1016 IN] N
[NmA2] [NmA2] [NmA2] [NmA2]
BPE-element 1 431,472 0,763 10,023 0,539 -0,145 -0,008 86,872 11,012
BPE-element 2 499,575 1,194 14,157 0,694 -0,223 -0,019 87,770 11,932
BPE-element 3 603,947 1,992 20,655 1,119 -0,306 -0,084 97,799 13,771
BPE-element 4 714,285 3,258 29,035 1,569 -0,430 0,016 109,008 12,526
BPE-element 5 781,927 4,782 38,710 2,564 -0,731 0,281 117,479 15,064
BPE-element 6 847,152 6,655 50,786 3,310 -0,928 0,780 125,824 18,449
BPE-element 7 944,462 8,286 64,951 3,951 -0,379 0,467 146,283 21,959

Table 4.5.7

Comment

The additional angled UD layers should in theory create a flapwise bend-twist coupling.

The real modified blade section was experimentally tested and it was concluded that by adding
these angled UD layers then a measurable bend-twist coupling was obtained.

The same load cases were performed experimentally and numerically on the blade section and it
was concluded that the numerical response was in good agreement with the experiments.

It was therefore concluded that the FE-model was able to model the bend-twist coupled behavior.
The results of the BPE-method also shows that the modified blade section has a measurable
flapwise bend-twist coupling Ky,

If BPE-element 7 is not considered, it can be concluded that the bend-twist coupling decreases
smoothly from the tip end to the fixed end, which also was expected. The reason that BPE-
element 7 deviates is probably due to the increasing warping resistance near the fixed end, which
increases the torsional stiffness and thereby minimizes the bend-twist coupling.

Stiffness parameters determined by the BPE-4x4-method.

All stiffnesses are determined at the location of the elastic center. Note that the 6x6-model and
4x4-model cannot in general be compared.

Since this blade section is highly coupled, the stiffness terms cannot be compared with the
stiffness known from classical beam theory.

. Flapwise | Edgewise . Bend-twist Bend-twist
Axial . . Torsional . .
. bending bending . coupling (flap +|coupling (edge +
stiffness . . stiffness . .
BPE-4x4-method AE“1076 stiffness | stiffness GJ*1016 torsion) torsion)
[NmA2] Elx*1076 | Ely*10%6 [NmA2] Kf*1016 Ke*106
[NmA2]] [NmA2]] [NmA2] [NmA2]
BPE-element 1 418,060 0,753 9,841 0,538 -0,121 0,011
BPE-element 2 475,371 1,113 13,537 0,692 -0,132 0,043
BPE-element 3 574,029 1,891 19,855 1,120 -0,182 0,038
BPE-element 4 683,966 3,140 28,108 1,567 -0,288 0,193
BPE-element 5 749,158 4,620 37,601 2,564 -0,462 0,450
BPE-element 6 810,367 6,437 49,432 3,345 -0,468 0,758
BPE-element 7 878,269 8,243 63,965 3,937 -0,208 0,417

Table 4.5.8
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Stiffness parameters determined for the simple beam model with bend-twist coupling.

The stiffness terms in Table 4.5.9 are terms from the “Simple composite beam model with bend-
twist coupling”, described in chapter 3. The stiffness terms are determined by using load case My
and M, from the BPE-method.

The 4x4-model and the 2x2-model cannot in general be compared but since both models are
independent of the location of the shear center, then a comparison can be assumed to be valid.
Note that for the 2x2-model it is assumed that the reference coordinate system is orientated
according to principle axes. The 2x2-model can be illustrated as:

a2 \ 82 \\
Mx\\ EL _Kf\ 2" _ 2V Diny11 Dinv12\\ Mx\\
= | 0z => 0z = .
Mz ) _Kf GJ ) 6_ A d " Dinv2l Dinv22 ) Mz )
oz ) dz )
Equation 4.47
The inverted stiffness terms are determined by:
-1 -1
) )
Dinvi1 = J Mydz Aty Dipyp1 = J Mydz A,
) )
-1 -1
A A
Dinv22 = J M, dz Ar; mz  Dinvi2= J M, dz Aty m
) )
Equation 4.48

The stiffness terms are then computed by inverting the flexibility matrix (Diny).

Flapwise Torsional Bend-twist
2x2-model with bending . coupling (flap
. . stiffness .
bend-twist stiffness GJ*1016 + torsion)
coupling Elx*106 [NmA2] Kf*1076
[NmA2]] [NmA2]
BPE-element 1 0,756 0,538 -0,122
BPE-element 2 1,117 0,692 -0,133
BPE-element 3 1,897 1,120 -0,183
BPE-element 4 3,147 1,566 -0,289
BPE-element 5 4,627 2,559 -0,463
BPE-element 6 6,442 3,333 -0,470
BPE-element 7 8,246 3,941 -0,212
Table 4.5.9

Comment

By comparing the stiffness terms (El, GJ and Ky) in the two tables (Table 4.5.8 and Table 4.5.9),
it can be concluded that there is a general good agreement between the results from the 4x4-
model and the 2x2-model. The bend-twist coupling is decreasing near the tip end, but that does
not mean that the coupling coefficient y is decreasing.
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The coupling coefficient is defined as:

K¢

Y = -l<y <1

[EL.GJ

A coupling coefficient close to = 1 indicate that the beam is highly coupled, while a coupling
coefficient equal to zero indicates that there is no coupling between bending and torsion.
In Table 4.5.10 is the coupling coefficient y determined for the 2x2-model.

2x2-model with | (Flapwise)
bend-twist The coupling
coupling coefficient @
BPE-element 1 -0,191
BPE-element 2 -0,151
BPE-element 3 -0,125
BPE-element 4 -0,130
BPE-element 5 -0,135
BPE-element 6 -0,101
BPE-element 7 -0,037
Table 4.5.10

The coupling coefficients have negative sign because the bend-twist coupling introduces a
negative twist when bended.
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5. Experimental testing of the blade section

The aim of the experimental testing is to validate the FE-model. This is going to be done by
comparing the experimental and numerical results. Three deflections and rotations for a number
of cross sections along the blade section are going to be calculated from the experimental data.
These deflections and rotations are going to be compared with the results from numerical
models.

One of the primary aims of the master thesis is to determine the torsional stiffness parameter
(GJ) and the bend-twist coupling parameter (K) for the blade section, since these parameters are
primarily subjected to uncertainties. These parameters will therefore also be of great interest in
the experimental testing.

The FE-analyses done in the pre-project and in the start of master thesis showed that the bend-
twist coupling for the original blade section was so small that it was not possible to determine.
An interesting question is therefore: Will the experimental results show the same? If that was the
case, then there has been a discussion about adding some additional angled UD-plies on the
suction and pressure side which will increase the coupling coefficient!

The reason for modifying the blade section is that the bend-twist coupling has to be of a
considerably size, so it can be determined experimentally and by FEA. The comparison between
these two results will give an idea about whether a simple FE-model can model this coupling
correct.

5.1. Thetestrig

The test rig was designed during the pre-project and assembled at DTU’s laboratory in the
beginning of the master-thesis. The test rig at DTU is shown below. The picture from
Pro/Engineer shows three hydraulic presses, but only two presses are going to be used. The
reason why three presses are shown is just to indicate all the possible placements for the presses.

Figure 5.1.1: The test rig
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5.1.1. The principle construction of the test rig

The test rig is basically made of two separate systems, one part is the pre-setup in the laboratory
and the other part is the blade section with the clamps. The idea behind having two separate
systems is that the systems can be assembled independently of each other and to a certain degree
be modified independently of each other. The two systems are shown below:

Figure 5.1.2- The pre-setup in the laboratory Figure 5.1.3- The blade section with clamps

The pre-setup in the laboratory

The entire pre-setup at the laboratory at DTU is made of standard components from the
laboratory. These standard components are steel columns, UNP-profiles with mounting holes,
friction-clamps and horizontal supports. The concrete floor in the laboratory is fitted with
mounting holes for the vertical steel columns and horizontal supports. A steel column is able to
withstand a horizontal force of 500 kN and moment of 50 kNm.

The components for the test rig were dimensioned by doing conservative strength and stiffness
calculations in order to have a sufficient stiffness and safety.

The blade section with clamps
This system is made of three sub-systems, the two clamps that create the rigid connection (clamp
1 and 2), the tip clamp (clamp 3) and finally the blade section.

Clamp 1 and 2 are constructed of four standard UNP-profiles from the laboratory, where steel
strips clamped between these profiles creates the mounting device for the contour-cut upper and
lower part of plywood. These contour-cut parts are each made of six plywood plates that are
stacked together to form the upper or lower part.

A rubber cushion is going to be placed between the contour-cut parts and the blade surface, the
rubber levels any crookedness between the surfaces of the clamp and the blade. The rubber also
provides a good contact between blade section and the clamps.

The upper and lower part of a clamp is bolted together with four M24 thread bars. These four
thread bars run through the two types of brackets, which are shown below. To avoid any twisting
and movement of the upper and lower part relative to each other, then each of the thread bars is
fitted with four lock nuts. Bracket 2 is partly constructed for the bolted connection between the
upper and lower part of the clamps, but bracket 2 also is the joint between the blade section with
clamps and the pre-setup. Bracket 2 is constructed with four M20 thread holes, and with these
holes one can bolt the clamps to the steel columns by using the friction-clamps.
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(1

Lock nuts Clamp/pfe-setup
connection

Bracket 1 Bracket 2

Figure 5.1.4 - Assembled clamp and its components

Clamp 3 is basically built in the same way as clamp 1 and 2.

Here are the primary components the upper and lower part which are made of two standard UPE-
profiles with a steel strip welded on. These steel strips stiffen the UPE-profiles, but they also
function as mounting devices for the contour-cut plywood plates.

The upper and lower part are bolted together in pretty much the same way as clamp 1 and 2.

At the middle of the upper UPE-profile, a slit is made in the webs and in this slit a M20 bolt can
be fastened, creating the lock-system which is going to be used during the locked torsion test.
This lock-system is also going to be used when the blade section is going to be bended more than
125mm, which is the maximum stroke length of the hydraulic presses. The method for bending
the blade section more than 125mm is described later in the report (see 7.3.2).

When the clamp is locked it is able to rotate and move in the horizontal plane (in a circular arc
movement) but not in the vertical plane. This lock-system can be seen below. The hydraulic
presses are able to rotate some few degrees in both ends because they are fitted with spherical
joints. This rotation is important when the bend-twist coupling is going to be measured. To be
absolutely sure that the hydraulic presses are applying the forces in the right places, then a
fixing-unit is constructed and placed inside the UPE-profiles. These fixing-units can be placed
inside the top UPE-profile, the vertical UPE-profile and in the lower UPE-profile.
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SIMPLFD REP: REFOODI

Clamp 3 with contour-cut plywood Clamp 3 without the contour-cut plywood

The fixing-unit that guides the
hydraulic presses

The lock-system

Figure 5.1.5 - Assembled load clamp (clamp 3)

Stiffening of the trailing edge at the spar at the blade tip:

Figure 5.1.6 — Stiffening of load clamp (clamp 3)
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5.1.2. The five test methods

The test rig at DTU can perform five different tests which are used to validate the FEM of the
blade section. The five different tests are:

Flapwise bending

Flapwise bending and torsion
Edgewise bending

Pure torsion

Locked torsion

Flapwise bending

The point load is applied at the center of the spar at the blade tip. The center of gravity for the
load clamp (clamp 3) is located at the center of the spar where the force is applied and the weight
of the clamp will therefore not produce at torsional moment. The blade is pre-bended before
measuring which eliminates the effect of the weight of clamp and the blade section. The
measuring equipment is then set to “zero” in the pre-bended condition.

If the flapwise bending is going to exceed 125mm (tip deflection), then the test must be done in
some steps, because the maximum stroke length of the hydraulic presses are 125 mm.

Step 1: The tip end of the blade section is bended 125mm, which is the maximum stroke length
of the press.

Step 2: Clamp 3 is locked in the position 125mm over the starting point by using the locking-
system (the locking-system can be seen in Figure 5.1.5). The press is unloaded and the spindle is
moved the 125mm.

Step 3: Clamp 3 is then released from the locking-system.

Step 4: The tip end can now be bended an additional 125mm (the maximum deflection of the tip
end is 250mm).

The size is unknown

Figure 5.1.7 - Flapwise bending Figure 5.1.8
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Test advantages:
e This test is easy to perform in the laboratory, since the point load is simple to create with
the hydraulic presses from the laboratory.

Test disadvantages:
e This load type will give shear-extension coupling (probably of very limited size).
e The location of the shear center is not known and therefore is the size of the torsional
moment not known (the torsional moment is equal to shear force multiplied with the
distance to the shear center).

Flapwise bending and torsion

This test is a combination of flapwise bending and torsion. The point load is applied at a distance
from the center of the spar (0.695m), which creates a bending moment and a torsional moment.
The blade is pre-bended before measuring which eliminates the effect of the weight of clamp and
the blade. The measuring equipment is then set to “zero” in the pre-bended condition.

This test can also be carried out in several steps like the flapwise bending test, if it should be of
interest to deform the tip more than 125mm.

F
%
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The size is unknown

Figure5.1.9 - I i e ben' n.tor ion .
'gu pWise bending S Figure 5.1.10
Test advantages:

e This test is easy to perform in the laboratory, since the point load is simple to create with
the hydraulic presses from the laboratory.

Test disadvantages:
e This load type will give shear-extension coupling (probably of very limited size).
e The location of the shear center is not known and therefore is the size of the torsional
moment not known (the torsional moment is equal to shear force multiplied with the
distance to the shear center).
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Edgewise bending

The load is applied horizontally in the center of the spar at the blade tip. The measuring
equipment is set to “zero” in the pre-bended stage. The picture below shows three hydraulic
presses but only the horizontal press is being used.

The edgewise bending test is carried out by placing the press head in the fixing-unit, which is
placed in the vertical UPE-profile. The fixing-unit is fitted with a central hole which works as a
guidance for the press under the deformation of blade section.

%
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The size is unknown

Figure 5.1.11: Edgewise bending Figure 5.1.12

Test advantages:
e This test is easy to perform in the laboratory, since the point load is simple to create with
the hydraulic presses from the laboratory.

Test disadvantages:

e This load type will give shear-extension coupling (probably of very limited size).

e The location of the shear center is not known and therefore is the size of the torsional
moment not known (the torsional moment is equal to shear force multiplied with the
distance to the shear center).

e The test rig is not very rigid in the horizontal plan, which can result in some problems
with the boundary conditions.
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Pure torsion

The pure torsion test is performed by using two hydraulic presses that creates a force couple.
The two point loads are placed at a distance from the center of the spar (0.695m), which creates
the torsional moment. The blade is pre-twisted before measuring which eliminates the effect of
the weight of clamp and the blade. The measuring equipment is then set to “zero” in the pre-
twisted condition.

The applied forces from the two presses must be equal in order to create the correct torsional
moment (it is not required that the presses travel/stroke are equal).

This test is performed very slowly, because it can be troublesome to control the two presses
manually.

7
| -
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Figure 5.1.13 - Pure Torsion Figure 5.1.14
Test advantages:

e This test method is in theory probably the optimal method for determining the torsional
stiffness and the bend-twist coupling.

Test disadvantages:
e The torsional moment is very difficult to apply in reality since the blade/tip must be able
to move freely, which is required in order to measure the induced bending deflection.
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Locked torsion

In the locked torsion test is the clamp locked in a given point that cannot move in the vertical
plane. The clamp can rotate and move in the horizontal plane since the steel strip is able to rotate
in both ends. The movement in the horizontal plane is not 100% free because this movement is a
circular arc. The point load is applied at a distance from the centre of the spar (0.695m), which
creates a torsional moment.

In this test is the locking-system used to force the tip end to rotate about a point directly over the
center of spar.

fm——T

The size is unknown

y -

— N = i Figure 5.1.16
Figure 5.1.15 - Locked torsion
Test advantages:
e Unlike the pure torsion test is this test easy to perform in the laboratory, since the blade
tip is locked and this means that the torsional moment is simple to create.
e If the bend-twist coupling is of limited size, is this method a simple way to determine the
torsional stiffness.

Test disadvantages:

e [fthe bend-twist coupling is of a considerable size then will blade tip “try” to move in the
vertical plan, but this is not possible because of the locking-system. An induced force
will therefore be absorbed in the locking-systems two steel trips and that complicates the
analysis.

e The tip will try to rotate about a type of “global shear center” and the chosen rotational
point is probably not 100% identical to this point. This will probably create some strange
behaviour near the loading clamp.
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5.2. Measuring method for the original blade section

All measuring of the original blade section were done with the 3D optical ARAMIS 2M system
(2M = two mega-pixel cameras).

The deformation measuring system ARAMIS records an object/surface under load using CCD
cameras. To measure the 3D deformation of an object, two cameras are needed. For each stage
of load, the 3D coordinates of the object surface are calculated on the basis of digital image
processing, delivering also the 3D displacement and the surface strain.

For the ARAMIS system to do this then a pattern (typically black spray on a white background)
has to be applied to the object/surface and a common starting point has to be selected in the right
and the left image (the two images/pictures are captured by the two cameras). The system is then
able to calculate a 3D area/surface. This makes the system ideal for validating FE calculations.
All measuring of the blade section is done according to the guidelines from ARAMIS.

Since the measuring surfaces on the blade section are of a considerable size then the pattern
could not be created by spraying black paint on the surface. A rougher pattern was needed.
Some tests were performed to develop a pattern, which could be used on the blade section.

The best result was obtained by applying dim black spots of a size around 6:6mm on the surface,
see picture below:

For the ARAMIS system to capture as much of the blade surface as possible, then the two
cameras had to look down on the surface. A simple platform for the ARAMIS equipment was
created. This arrangement can be seen in picture below:

-

e

\1..

Figure 5.2.2_4' Camera setUb
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The blade deflections (uy, uy and u,) were measured with the 3D optical ARAMIS system.
The ARAMIS system is not capable of covering the entire 6m blade and the blade was therefore
divided into the following four measuring areas:

Area 1: 0.00—0.93 m (0.00 = R12.827 m for the 23m blade (measured from the hub))
Area2: 093 -2.63 m.
Area 3: 2.63 -4.33 m.
Area 4: 433 -6.03 m.

The measuring of the four areas was done by moving the ARAMIS equipment along the blade
section, which means that four measuring stations along blade section were used.

The force from the hydraulic cylinder was obtained from a digital signal from the hydraulic
pump station which was loaded into the ARAMIS system. These signals showed the
pressure/force that was applied and the ARAMIS results for the four areas were then assembled
to create a complete measuring area/surface of 6m (the entity blade section).

Each area was divided into 3-5 cross sections from which the displacements were obtained.

For each load case were 5 images/pictures generated. Images 1 show the undeformed area,
images 2 show the deformed area with 25% of the load etc. and finally, image 5 show the
deformed area with 100% of the load.

One can easily determine if the blade response is linear or non-linear from this “loading history”.
Each load case was performed 3 times to ensure that the data was consistent. The first time the
test was performed is called run 1, second time is called run 2 and third time is called run 3.
The four undeformed areas are shown below:

Figure 5.2.3: Area 1 (undeformed stage) Figure 5.2.4: Area 2 (undeformed stage)

Figure 5.2.5: Area 3 (undeformed stage) Figure 5.2.6: Area 4 (undeformed stage)
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The deformed areas that are shown below are for the combination of the flapwise bending and
torsion test, for 100% of the load (image 5). The displacements are shown for the y- direction:

k ‘ i

Figure 5.2.7: Area 1 (flap+torsion) Figure 5.2.8: Area 2 (flap+torsion)
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Figure 5.2.9: Area 3 (flap+torsion) Figure 5.2.10: Area 4 (flap+torsion) B
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5.3. Experimental determination of the deflections and rotations

The following eleven cross sections were chosen:

Cross section 0.5 m (R13.327 for the 23m blade)
Cross section 1.0 m

Cross section 1.5 m

Cross section X.x m

Cross section 4.5 m

Cross section 5.0 m

Cross section 5.5 m (R18.327 for the 23m blade)

The deflections and rotations were calculated for the eleven cross sections. The undeformed and
deformed cross sections are plotted below for the flapwise bending and torsion test:

Flapwise bending and Torsion nr.(1),Scalefactor(S):vmisSection: 0.5,1.0..,5.5 [m] Fy=3923 [N] and Mz=Fy"0.695 [Nm]

CS0.35 The plot below is
. scaled three times.

y-axis
\
=

—— Undeformed

—&— Deformed

5500 -800

X-axis

Figure 5.3.1: Flap + torsion

Displacements

The three displacements were calculated as average values. It means that all the relative
nodal/point displacements are summed up and then divided by the number of nodes/points. (Ax,
Ay and Az = relative displacements).

n n n

Z Ax Z Ayj Z Az

i=1 i=1 i=1
uy = n uy: N u,= n
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Rotation about the z-axis (r,)

The rotation about the z-axis (twist-angle (r,)) can be calculated by two different methods. Both
methods works by linear least squares regression.
The first method for the experimental calculation of the twist angle is illustrated below:

The theory of linear least squares
regression is shown below:

Lxp) dyp )
1 b -1 d
F= 2 ( \ = (FTF) .FT. V2
rZ)
1 xn) dyn)
y® =r1,x+b

r, is the rotation about the z-axis
(twist-angle).

dy is the difference between the
deformed and undeformed y-values.
x; are the deformed x-values.

y-axis

-200f 5
-500

Flapwise bending and Torsion run.(1), Sc=(3):
Cross Section: 5.5 [m], Fy=5c¢*3923 [N] and Mz=Fy*0.695 [Nm]

400

200 .
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T
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Least squares method
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Figure 5.3.2 - Plot of twist-angle
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This method for determining the twist angle was tested on several cross sections and showed to

be very accurate for small twist angles.

This method was also compared with another method, which in short worked by fitting a linear
least squares curve through the deformed and undeformed cross section. The difference between
the slopes for the two curves is then equal to the twist angle, see illustration below:

The theory of linear least squares
regression is shown below:

Loxp ) 1)

1 x b -1 y
F=| 2 \=(FT |2
rZ)
1 *n ) Yn )
y(® =r1,x+b
Ip - I, 1is the rotation about the z-

axis (twist-angle).

y-axis

Flapwise bending and Torsion run.(1), Sc=(3):

3001 :

Cross Section: 5.5 [m], Fy=Sc*3923 [N] and Mz=Fy*0.695 [Nm]
T T T T T T T

The plot is scaled three ‘

Y2 = rz2"x+b2 times. (S¢=3)

100f

—&— Undeformed
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Ls-undeformed

Ls-deformed

y1=rz1"x+b1

Figure 5.3.3 - Plot of twist-angle
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Comment on the two methods for determining the twist angle

The two methods were tested on several deformed cross sections for which the twist angle was
known and the results from the two methods showed that both methods were very accurate but
the first method was slightly better and was therefore used.

Rotations about the x- and y-axis (ry and r)

The rotations about the x- and y-axis were calculated by fitting a multiple regression plane
through the deformed cross section. Below is it illustrated how the two rotation-angles were
calculated (For a more detailed description, see chapter 4):

The thGOI'y of Flapwise bending and Torsion run.(1), Sc=(3): Cross Section: 0.5,1.0..,5.5 [m] Fy=8c¢"3923 [N] and Mz=Fy"0.695 |
multiple regression is
shown below:

Lxoyp)

1 X2 y2

‘ The plot is scaled three times. {Sc = 3}
200

10075

y-axis

-100

a00

I Xy ¥n)

b
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= () | 2

I‘X) : —— Undeformed - .

Zl’l ) ——— Deformed

Q Least squares method

Xy)=b+r, X+ 1,
Z( Y) y xY z-axis
1y is the rotation about y. 5500 -p00

Iy 1s the rotation about x. x-axis
Figure 5.3.4 - 3D plot of multiple regressions planes

The blue points/o’s are plotted on the multiple regressions planes, which can be seen on the plot
above.

Each cross section will potentially have hundreds of degrees-of-freedom in reality, but by using
the described method then each cross section can now be described by three displacements and
three rotations. In this way is each cross section now described by a single set of displacements
and rotations and that is a big step towards a 3D beam model.

The idea is to do the same for the FE-model and in this way can the displacements and rotations
for each cross section be compared with results from the “experimental cross sections”.
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5.3.1. Boundary conditions

The blade section is of course not fully fixed since the test rig is not infinite rigid.

The ARAMIS equipment was used to investigate the deformed surface of the blade section near
the “fixed end”. The undeformed and deformed surfaces near the “fixed end” are plotted below.
The images are from the flapwise bending and torsion test:

Figure 5.3.5: Undeformed surface near the Figure 5.3.6: Displacement in the y-direction near the
Boundary condition. Boundary condition.

One can see that there is a small displacement in the y-direction near the boundary (see Figure
5.3.6), which means that the blade section cannot be assumed to be a cantilever beam.

The experimental and numerical results can only be compared if the experimental and numerical
boundary conditions are the same. The problem with the boundary conditions can be solved in
following ways:

e One can model the test rig boundary conditions by measuring the deflections of the
clamps with the Aramis equipment. These deflections can then be applied to the FE-
model.

e One can also model the test rig boundary conditions by modeling the clamps.

To get a realistic FE-model of the clamps, one must model the plywood plates and the
steel profiles and then use contact elements to model the contact between the clamps and
the blade section.

¢ Finally, one can solve the test rig boundary condition problem by using the Aramis
experimental data to determine all the cross sectional displacements and rotations via
least squares algorithms.

One can create a fully fixed and clamped boundary condition by subtracting the measured
deflections and rotations of the cross section where one wants the fixed end, from all the
other cross sections.

The last method was chosen since this is the simplest and probably also the most precise method.
The cross section near the “fixed end” was chosen to be cross section 0.5 m (R13.327 for the
23m blade). The last method was chosen because it involves simple FE-modeling since one can
use a “standard” fixed boundary condition where all nodal displacements and rotations are set to
zero. Furthermore, the last method is very flexible because one can select an “arbitrary” location
for the fixed end from the measured cross sections along the blade section.
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Another problem with the boundary conditions in the experiments is near the load clamp (clamp
3). It is impossible to apply a load with out introducing some locale deformations, which will
affect the results. As mentioned earlier, the tip end of the blade section was stiffened in the spar
and in the trailing edge to avoid local deformations. Besides the internal stiffening, then was the
local deformations “completely” removed by not considering the last half meter that was
measured.

The experimental and numerical results are compared by obtaining the cross sectional
displacements and rotations in the same manner. The FE-model was fully fixed in the cross
section where clamp 2 is located and the loads were of course applied at the location of clamp 3,
but the first and last half meter are not considered which is identical to the way that the
experimental data are analyzed. The problems with the rigid ends for the FE-model are at the
same time minimized.

There is a considerable problem with rigid ends in the FE-model. This is because the ends
restraints warping which increases the stiffnesses (especially the torsional stiffness).

It is shown below how the deflections and rotations for the different cross sections are calculated
(Le is the length of the beam elements).

L, =(0 500 500 500 500 500 500 500 500 500 SOO)T-mm

1
u, =u, —u, — Z L
0% XY i
i=1

i
uyi = uyi - uyl + rx~z Lei
i=1

X XX
r, =r, —r
i Yy N
r,=r, - I,

1 1 1
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5.4. Experimental results for the five test methods

Five tests were performed and for each test were the three displacements and rotations
determined for a number of cross sections along the blade section.

In the following will the displacements and rotations for cross section 0.5 m be subtracted from
all the other cross section, which means that the new fixed end is placed 0.5m from the original
fixed end (0.5m from clamp 2).

Flapwise bending

The flapwise bending was performed with a point load of 3923 [N] placed 5.607m from cross
section 0.5 m. This results in a bending moment and a shear force distribution described as
described earlier. Each load case was performed 3 times to ensure that the data is consistent.
The first time the test is performed is called run 1, second time is called run 2 and third time is
called run 3:

Flapwise bending with a point load of Fy=3923 [N]
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Figure 5.4.1 — Results from flapwise bending
Comment

The data for the three runs are reasonable consistent, as one can see on the plots of the
displacements and rotations.

The test results more or less only in a displacement in the y-direction and a rotation about the x-
axis (bending slope), which also was expected.

As mentioned earlier, the location of the shear center is not known, which means that the shear
force placed in the center of the spar can result in a small torsional moment! If it is assumed that
the shear center is placed in middle of spar then will this flapwise bending test indicate that the
bend-twist coupling is equal or close to zero, since the bending moment do not result in a twist
angle (rotation about the z-axis) of blade section.
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Flapwise bending and Torsion

The flapwise bending and torsion test was performed with a point load of 3923 [N] placed
5.607m from cross section 0.5 m and at a distance of 0.695m from the center of the spar.
This results in a bending moment, torsional moment and shear force distribution as described
earlier:

Flapwise bending and Torsion with a point load of Fy=3923 [N] (Mz=Fy*0.695 [Nm])
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Figure 5.4.2 — Results from flapwise bending and torsion

Comment

The data for the three runs are reasonable consistent, as one can see on the plots of the
displacements and rotations.

The test results in a displacement in the y-direction, rotation about the x-axis (bending slope) and
rotation about the z-axis (twist angle).

The “tip deflection® in the y-direction is close to 60 mm, which also was the case for the
flapwise bending test. This indicates again that the bend-twist coupling is equal or close to zero,
since a bend-twist coupling would result in a different deflection in the y-direction (twist induced
bending).

Page 106 of 174 Peter Berring s040347 & Henrik Knudsen s040350



Torsional Performance of Large Wind Turbine Blades — Experimental and Numerical Analysis

Edgewise bending

The edgewise bending test was performed with a horizontal point load of 4903 [N] placed
5.607m from cross section 0.5m. This results in a bending moment and shear force distribution
as described earlier:

Edgewise bending with a point load of Fx = 4903 [N]
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Figure 5.4.3 — Results from edgewise bending
Comment

The data for the three runs are reasonable consistent, as one can see on the plots of the
displacements and rotations.

The test results in a displacement in the x-direction as expected but also a small displacement in
the y-direction. The deflections in the two directions produce of course a rotation about the y-
axis and a small rotation about the x-axis. The displacement in the y-direction could be a result
of the orientation of principle axes. If the principle axes are orientated as illustrated in Figure
5.4.4 then would a force in the global x-direction result in a bending moment about the principle
x- and y-axis and this will make blade section bend in both directions.

One has to remember that edgewise bending stiffness is about five times larger then the flapwise
bending stiffness and this could be the reason why the flapwise bending test did not indicate that
the principle axes are rotated compared with the global coordinates.

y-principle
y-global

B e o pay
et i 1
X-global = Q..|.b F

-A I I% ~ _::::::;::J L‘: il

Figure 5.4.4: Orientation of the principle axes.
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Pure Torsion

The pure torsion test was performed by applying a force couple at the tip end. This force couple
creates a torsional moment of 3408 [Nm]:

Pure Torsion with a torsional moment of Mz = -3408 [Nm]
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Figure 5.4.5 — Results from pure torsion

Comment

As expected, this test was not easy to perform because the two hydraulic presses should produce
forces of equal size and still should the blade tip be able to move freely, which is required in
order to measure the twist-induced bending deflection.

The data for the three runs are not consistent, as one can see on the plots of the displacements
and rotations.

The results of the displacement in the y-direction and the rotation about the x-axis are not
satisfying because there are large deviations between these values. The deviations are a result of
the very difficult control of the two hydraulic presses.

The result of the twist angle for this test is good and this test method could probably be used for
determining the torsional stiffness (if it is assumed that the bend-twist coupling is of limited
size).

Page 108 of 174 Peter Berring s040347 & Henrik Knudsen s040350



Torsional Performance of Large Wind Turbine Blades — Experimental and Numerical Analysis

Locked Torsion

In the locked torsion test was clamp 3 locked in a point directly over the center of the spar.
The blade tip was able to rotate about this point and the blade tip could move in the horizontal
plane. A force of 4904 [N] was applied at a distance of 0.695m from the rotation point and that
creates a torsional moment of 3408 [Nm]:

Locked Torsion with a torsional moment of Mz = -3408 [Nm]
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Figure 5.4.6 — Results from locked torsion
Comment

The torsional moment was unlike the pure torsion test easy to apply in the locked torsion test
with the equipment available in the laboratory. The data for the three runs are reasonable
consistent, as one can see on the plots of the displacements and rotations.

As expected, it is only the twist angle which is not equal to zero. The twist angle at the tip is
equal to -0.021 [rad], which also was the result from the pure torsion test. This test can be used
to determine the torsional stiffness for the blade section if the bend-twist coupling is of limited
size. If a bend-twist coupling exist in the blade then it is necessary to measure the induced
bending force at the tip end. This force can be measured by mounting strain-gauges on the
locking system.
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5.5. Bend-twist coupling for the original blade section

Five different tests were performed, but only the flapwise bending test and the combined
flapwise bending and torsion test will be analyzed in the following calculation of the bend-twist
coupling for the original blade section.

The bend-twist coupling is determined by only looking at the flapwise bending and flapwise
bending and torsion test as mentioned earlier. The idea is that the flapwise bending test is
subtracted from the flapwise bending and torsion test and the result of that is pure torsion (the
principle of superposition).

If a bend-twist coupling exist, then the blade will twist but also bend because of the coupling
(twist induced bending) if it is subjected to a pure torsional moment. The size of the torsional
moment is in theory unknown because the location of the shear center is not known.

This problem with the location of the shear center is illustrated in the figure below.

For the principle of superposition to be valid, then the response of the blade must be linear!

Flapwise bending test: Mb_f = Fy'(L - 2) Te= Fy'a
SC . .
T FlapW|se bending and Mb_ft = Fy'(L - 2) Tq = _Fy.b
torsion test:
Py flapwise bending and torsion - flapwise bending = pure torsion =>
Thure_torsion = ~Fy'(a+ b)
§FC
This is just an example to illustrate the principle of
o superposition and the problem with the location of the shear
Fy center.
Figure 5.5.1: Flapwise bending and
torsion
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5.5.1. Linear response test

The response of the blade must be linear for the principle of superposition to be valid.

The three displacements and rotations for cross section 5.0m (load case: flapwise bending and
torsion) are plotted below.

Each load case was performed by generating 5 images/pictures of the measuring area. Picture 1
show the undeformed area, picture 2 shows the deformed area with 25% of the load etc. and
finally, picture 5 shows the deformed area with 100% of the load. One can easily determine if the
blade response is linear or non-linear with this “loading history”.

The deflections and rotations near the “fixed end” are not subtracted in the plot below:

Flapwise bending and Torsion, with a point load of Fy=0...3923[N] and a moment of Mz=Fy*0.695[N*m]
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Figure 5.5.2 — Linear response for flapwise bending and torsion

Conclusion for the linear response test

The combined flapwise bending and torsion test showed that the displacement in the y-direction
and the rotations about the x- and y-axis are completely linear.

The displacement in the x- and z-direction and the rotation about the y-axis are not completely
linear, but the values are also very small and therefore very sensitive to any “measuring noise”.
It can be concluded that the response of the blade is linear and this means that superposition can
be used.

Note, the response of all five experiments was analyzed and they all showed perfect linearity.
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5.5.2. Superposition

The displacements and rotations in the two plots below are all average values that are calculated

from the three runs:

Flapwise bending and Torsion with a point load of Fy=3923 [N] (Mz=Fy*0.695 [Nm]) (average va
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Figure 5.5.3 — Flapwise bending
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Figure 5.5.4 — Flapwise bending

The measured deflections and rotations from the flapwise bending test subtracted from the
combined flapwise bending and torsion test, are shown below. In this way, one can see if the
blade has a bend-twist coupling or not! The plots below are the results from the superposition
(the flapwise bending test is subtracted from the flapwise bending and torsion test).

The deflections and rotations near the “fixed end” are subtracted and the deflections and

rotations are all average values of the three runs:

Superposition: Pure Torsion = (Flapwise bending and torsion) - (Flapwise bending)
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Figure 5.5.5 - Superposition
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Comment

One can see that the blade section is twisting but not bending. This means that the bend-twist
coupling is close to zero which also was expected. It can therefore be concluded that the Bend-
twist coupling = 0.

As mentioned earlier, one of primary aims of this work was to model bend-twist coupled
behavior correct when using FEM. This was of course very difficult to validate since the bend-
twist coupling on the actual blade was of limited size!

The “problem” with the nonexistent bend-twist coupling was solved by adding some additional
angled UD-plies on the outer blade-surface.
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5.6. The bend-twist coupled blade section (modified blade section)

One of the aims with this project was to create a FE-model that was capable of modeling correct
bend-twist coupled behaviour. The FE-models response was validated by experimental static
testing. The original blade section was modified and four layers of UD1200 were laminated on
the pressure and suction side to create a measurable flapwise bend-twist coupling. The additional
layers were laminated as shown below:

Suction side

Leading edge 4x UD1200, fibre angle = 25°

Trailing edge

Figure 5.6.1 - Fiber orientation for the extra UD material

The extra layers were laminated onto the blade section by a vacuum infusion process.

The area between the two clamps was not laminated with extra UD-layers since it is only the
behaviour of the cantilever part of the blade section that is interesting. The blade section was
laminated with an overlap of 0.5m at clamp 2.

The leading edge area, the trailing edge area and the tip area was not laminated because vacuum
bags and resin lines for the infusion process were mounted here. The leading and trailing edge
areas for the vacuum bags and resin lines are 100mm wide.

The optimal fiber angle of 25° was determined by trial and error using FEM.

The optimal fiber angle was determined from the outer surface FE-model with layers of UD1600
material. The optimal fiber angle is subjected to some uncertainties because the outer surface
model is not capable of modeling correct torsional behaviour, but only the outer surface model
was created at the time when it was decided that extra UD layers were going to be laminated on
the blade.

The optimal fiber angle is also subjected to some uncertainties because the UD properties that
were used for determining the optimal fiber angle, were the mechanical properties taken from the
UD1600 layers used in the spar caps.

It is not possible to achieve the same “high” mechanical properties for the extra UD layers as for
the spar cap UD layers when using a vacuum infusion process.

Four extra layers of UD material was chosen because the stiffnesses increases significantly when
extra layers are added. The increase in bending and torsional stiffness means that one must apply
greater loads in order to obtain the same deflections as for the original blade. So “only” four
layers of extra UD material was laminated onto the blade section to avoid overloading of the
testrig.
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The following set of material data from Vestas Wind Systems A/S was used for the UD layers:
E; = 34000 N/mm’ E, = 8200 N/mm’ G12 = 4500 N/mm” vi2=0.29

The material data for the extra UD layers is a good estimate but not exact mechanical properties.
The picture below shows the blade section after being modified with the extra UD layers:

Figure 5.6.2 — Extra UD lamination
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5.6.1. Experimental results for the modified blade section

All the measuring of the modified blade section was performed with the 3D optical ARAMIS
4M system (this system is of course more accurate then the 2M system which was used on the
original blade section).

Only two different tests were performed on the modified blade section. These two tests were the
flapwise bending test and the combined flapwise bending and torsion test. The reason for
reducing the experimental testing to these two tests was that the primary aim was to investigate
the additional angled UD layers affect on the bend-twist coupling. The experimental testing of
the original blade section showed that the two test methods were usable for determining if the
blade section had a bend-twist coupling or not.

Flapwise bending
The flapwise bending test was performed with a point load of 9808[N] placed 5.607m from cross
section 0.5m. The flapwise bending test for the modified blade section was performed in the
same way as the test for the original blade section:

Flapwise bending with a point load of Fy=9808[N], (modified blade section)
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Figure 5.6.3 — Results from flapwise bending (modified blade)

Comment

The data for the three runs are consistent, as one can see on the plots of the displacements and
rotations.

The interesting part of the plot is the subplot of the rotation about the z-axis. The z-rotation was
more or less equal to zero for the original blade section. The z-rotation indicates that the
modified blade section now has a measurable bend-twist coupling.
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Flapwise bending and torsion

The flapwise bending and torsion test was performed with a point load of 9808[N] placed
5.607m from cross section 0.5m and at a distance of 0.695m from the center of the spar.

The flapwise bending and torsion test for the modified blade section was performed in the same
way as the test for the original blade section:

Flapwise hending and Torsion, Fy=9808[N] (Mz=Fy*0.695[Nm]), {(modified blade section)
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Figure 5.6.4 — Results from flapwise bending and torsion (modified blade)

Comment

The data for the three runs are consistent, as one can see on the plots of the displacements and
rotations.

The test results in a deflection in the y-direction, rotation about the x-axis (bending slope) and
rotation about the z-axis (twist angle).

The “tip deflection® in the y-direction is close to 120mm, which is a bit higher than the result for
the flapwise bending test. Again, this indicates that the bend-twist coupling is of a measurable
size because a bend-twist coupling will change the y-deflection (twist induced bending).
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5.6.2. Bend-twist coupling for the modified blade section

Again is the bend-twist coupling determined (is there a bend-twist coupling or not?) by using the
principle of superposition. The flapwise bending test is subtracted from the flapwise bending and
torsion test, which results in pure torsion.

If there is a bend-twist coupling and the blade section is subjected to a pure torsional moment,
then the blade will twist but also bend due to the bend-twist coupling (twist induced bending).
As mentioned before, the size of the torsional moment in theory unknown because the location

of the shear center is unknown.

Linear response test for the modified blade section

The modified blade section was deformed significantly more than the original blade section, so
the affect of the bend-twist coupling was easy to see and measure. It is therefore necessary to
investigate if the response is still linear when the deformation is about twice as much as for the
original blade section. Again, the response must be linear for the principle of superposition to be
valid.

Linear response test for flapwise bending {cross section 5.0m): (Fy=0...9807[N])
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Figure 5.6.5 — Linear response test for the modified blade
Comment
The flapwise bending test shows that the displacement in the y-direction and the rotations about
the x- and z-axis are completely linear.
The displacements in the x- and z-direction and the rotation about the y-axis are not completely

linear, but these values are also very small and therefore very sensitive to any “measuring noise”.
It can be concluded that the response of the blade is linear and this means that superposition can

be used.
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Superposition
On the plots below are the measured deflections and rotations from the flapwise bending test
subtracted from the combined flapwise bending and torsion test. In this way one can see if the

blade has a bend-twist coupling or not!
The displacements and rotations in the two plots below are average values, which are calculated

from the three runs:
Superposition: Pure Torsion = FlapTorsion - Flap

T
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Figure 5.6.6 — Superposition for the modified blade

Comment

It can be concluded from the result of the superposition that the pure torsional moment induces
bending of the blade section and it can therefore be concluded that the bend-twist coupling is of a
measurable size. The twist-induced bending is 6.5mm and the twist-induced bending slope
(rotation about the x-axis) is about -0.005[rad] at the tip end.
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6. Finite Element Modeling

First, a general description of the blade section is presented in this chapter.
The finite element models of the original and modified blade section are then presented.

6.1. Blade section description

To obtain a reliable determination of the torsion stiffness and the bend-twist couplings using
FEM, the FE-model must be validated by experimental results. As described earlier,
experimental results are going to be obtained by testing a section of a real wind turbine blade.

The experimental work done in this project was carried out on an 8.4m blade section taken from
a 23m wind turbine blade provided by Vestas Wind Systems A/S.

The 8.4m blade section goes from radial position R10.8 to R19.2 (see Figure 6.1.1).

The design of the test rig for the experimental work and the selection of the blade section was
done in the pre-project “Torsional Performance of Large Wind Turbine Blades — Experimental
Test Design”, by Berring, P. and Knudsen, H.

Only a general description of the blade section selection is presented here, a more detailed
description is presented in the pre-project.

The overall requirements for selecting the blade section were:

e The root section has a very complex geometry, meaning that the section is highly non-
linear and much more complex to model and analyze in FEM.
The root section is furthermore the strongest part of the blade, which requires greater
forces and with it a stronger testrig. So a blade section close to the tip is preferable.

e In order to apply beam theories, the selected section must be slender.

e By selecting a blade section with a relatively simple lay-up, one is able to keep the FE-
model more simple in terms of modeling and analyzing, in contrasts to selecting a section
with discontinuities in the overall lay-up like local reinforcements etc.

Hub centre

m

R10.8 =

— R19.2 -—
Figure 6.1.1 - 23m wind turbine blade
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6.1.1. Blade section layup

The 23m wind turbine blade is constructed of fiberglass (E-glass/Epoxy) UD-, Biax-, Triax-
layers, PMI and PVC sandwich core material and an outer surface Gelcoat.

A UD-layer is a unidirectional lamina with only 0° fibers. The UD “number”, for example
UD1200 means that the UD weights 1200 gram/m”.

A Biax-layer is stacked with +45°/-45° fibers and the plies weights the same. The Biax
“number”, for example Biax600 means that the Biax weights 600 gram/m”.

A Triax900-layer is stacked with 0°/+45°/-45° fibers and it weights 425/230/230 gram/m”.
The Triax900-layer is always stacked with the 0° layer closest to the sandwich core.

The following material data was provided by Vestas Wind Systems A/S:
The E;, E,, G2 and vy, values for Biax and Triax are all apparent properties.

E; [MPa] E, [MPa] G, [MPa] Vi) t [mm] p [g/cm3]

UD 1600 39 874 11580 4440 0,303 1,2 1,91
UD 1200 39 874 11580 4440 0,303 0,9 1,91
Biax 1800 11 885 11 885 10 838 0,55 1,5 1,85
Biax 600 11 885 11 885 10 838 0,55 0,5 1,85
Biax 450 11 885 11885 10 838 0,55 0,38 1,83
Biax 300 11 885 11 885 10 838 0,55 0,25 1,83
Triax 900 22 555 11230 6555 0,46 0,8 1,81
PVC (isotropic) 130 - - 0,3 10-20 0,08
PMI (isotropic) 150 - - 0,3 10 0,11
Adhesive (iso.) 2000 - - 0,3 5 1,2
Gelcoat (is0.) 2000 - - 0,3 1 1,5

The blade section’s layup is shown below in Figure 6.1.2 and in the following tables:

. Center suction part
Leading

suction part

Trailing suction part
e

1 Trailing
Adhesive edge part

Leading bonds

edge part

Spar cap

Figure 6.1.2 - Laminated parts of the blade section

Leading edge part:

Layer: Orientation: Number: Radial position:

Gelcoat - 1 R10.8 —R19.2
Biax 300 0° 1 R10.8 —R19.2
Triax 900 Aligned with TE 1 R10.8 —R19.2
Triax 900 Aligned with TE 1 R10.8 —R19.2
Biax 600 0° 1 R10.8 —R19.2
Biax 1800 0° 1 R10.8 —R19.2
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Leading pressure and suction part:

Layer: Orientation: Number: Radial position:
Gelcoat - 1 R10.8 —R19.2
Triax 900 Aligned with TE 1 R10.8 —R19.2
PVC 5mm - 1 R10.8 —R19.2
Triax 900 Aligned with TE 1 R10.8 —R19.2
Center pressure and suction part:
Layer: Orientation: Number: Radial position:
Gelcoat - 1 R10.8 —R19.2
Triax 900 Aligned with TE 1 R10.8 —R19.2
Biax 450 0° 1 R10.8 —R19.2
Triax 900 Aligned with TE 1 R10.8 —R19.2
Trailing pressure and suction part:
Layer: Orientation: Number: Radial position:
Gelcoat - 1 R10.8 —R19.2
Triax 900 Aligned with TE 1 R10.8 —R19.2
PVC 20mm - 1 R10.8 —R12.06
PVC 20-15mm - 1 R12.06 - 13.12
PVC 15mm - 1 R13.12-15.24
PVC 15-10mm - 1 R1524-164
PVC 10mm - 1 R16.4 —R19.2
Triax 900 Aligned with TE 1 R10.8 —R19.2
Trailing edge part:
Layer: Orientation: Number: Radial position:
Gelcoat - 1 R10.8 —R19.2
Biax 300 Aligned with TE 1 R10.8 —R19.2
Triax 900 Aligned with TE 1 R10.8 —R19.2
Triax 900 Aligned with TE 1 R10.8 —R19.2
Biax 600 Aligned with TE 1 R10.8 —R12.06
Spar caps:
Layer: Orientation: Number: Radial position:
Biax 450 0° 1 R10.8 —R19.2
UD 1600 0° 4 R10.8 —R19.2
Biax 450 0° 1 R10.8 —R19.2
UD 1600 0° 2 R10.8 —R19.2
UD 1600 0° 2 R10.8 —R17.7
Biax 450 0° 1 R10.8 —R19.2
UD 1600 0° 2 R10.8 —R16.4
UD 1600 0° 2 R10.8 —R19.2
Biax450 0° 1 R10.8 —R19.2
Biax 600 0° 1 R10.8 —R19.2
Webs:
Layer: Orientation: Number: Radial position:
Biax 600 0° 1 R10.8 —R19.2
Biax 600 0° 1 R16.4 —R19.2
Biax 450 0° 1 R10.8 —R19.2
Biax 450 0° 1 R16.4 —R19.2
Biax 600 0° 1 R10.8 —R17.7
Biax 600 0° 1 R16.4 —R19.2
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PMI 10mm 0° 1 R10.8—R16.4
Biax 600 0° 1 R10.8-R19.2
Biax 600 0° 1 R16.4-R19.2
Biax 450 0° 1 R10.8-R19.2
Biax 450 0° 1 R16.4-R19.2
Biax 600 0° 1 R10.8-R17.7
Biax 600 0° 1 R16.4-R19.2

As described earlier, the material data for Biax and Triax are all apparent properties.

All FE-models were analyzed with real material properties in order to capture potential
couplings. All couplings on laminate level are neglected when one determines the apparent
properties since one is only using values from the A-matrix (the laminate bend-twist coupling is
for example in the D-matrix).

In order to calculate the real properties, a 150x200mm piece of the spar cap from the blade
section was cut out and then analyzed by Vestas Wind Systems A/S.

Vestas Wind Systems A/S performed a laminate “burn-off” test in order to determine the fiber
mass fraction. A fiber mass fraction of 0.7 was obtained from the test.

One can determine the fiber volume fraction from the mass fraction and the fiber/matrix
densities:

Wi We
Pi Pf
Vi: ! => Vf:
Wi Wf W
> o
i Pj Pf Pm

vr is the fiber volume fraction, wr and wy, are the fiber and matrix mass fractions, prand py, are
the fiber and matrix densities.

The mechanical properties can be determined by using the micromechanics model Rule of
Mixtures:

Vin=VeVe+ V-V
Vf m\ 12 fvf m ¥

Gme)

Ep=Epve+ Bpvyy  Bp= 7 Go=7—""+~
Vf m\
Ef En)
Efand E,, are the fiber and matrix E-modulus, Gr and Gy, are the fiber and matrix G-modulus, v¢
and vy, are the fiber and matrix Poisson’s ratio.
The Rule of Mixtures (ROM) solutions are widely used as first approximations because of the
simplicity. The E; result from ROM generally agrees with more sophisticated models and
experimental results. The E; and Gy, results are on the other hand significantly lower than those
predicted by more sophisticated models and from experiments.

Another more sophisticated and accurate model is the Halpin-Tsai semi-empirical relation.
The Halpin-Tsai model takes fiber geometry, packing geometry and loading conditions into
account. These geometries/conditions are expressed by the factor ;.
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The Halpin-Tsai semi empirical relation for the longitudinal modulus and Poisson’s ratio is:
E;=Epve+ Epyvy, V2= VgVt ViV

m

Ey is the fiber modulus in the longitudinal direction.
The Halpin-Tsai semi-empirical relation for the transverse modulus is:

EQ - Eanlvf where n= Em—)
By
m

Eg, is the fiber modulus in the transverse direction (in case that the fiber is anisotropic).
A similar relation exists for the in-plane shear modulus:

Gy = L where Ny = Gm)
L (&\+§
G

Obtaining accurate values for & is the most difficult part of using Halpin-Tsai relation.
The following approximated values can be used:

& =2 for Ey, & =1 for Gy, for circular and square fibers in a square array. These values give
good results for vy < 0.9.

The following mechanical properties were determined by the Halpin-Tsai model and Laminator
and used in the FE-models:

E; = 39850 N/mm? E, = 12240 N/mm?> G, = 3686 N/mm? v, =0.2977
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6.2. FEM description

A structure can be mathematically model from a series of discrete finite elements. Each finite
element has an analytically defined relationship between force and displacement.

This relationship, also called stiffness, of each element can be assembled to create a stiffness
matrix for the whole structure. Then the response of the entire structure can be determined from
the prescribed loads and boundary conditions. The particular arrangement of elements is called a
mesh.

The finite element method is characterized by the simple relationship between a force vector (F),
the stiffness matrix (K) and a displacement vector (U):

F=K-U

The FE method provides an approximate solution because the method is based on finite
elements.

Linear finite element analysis:

When working with linear finite element analysis, then the stiffness of the structure is assumed
to remain constant during the analysis. This is an approximation in most cases because even
small deflections in a structure are likely to introduce some change in stiffness.

However, this approximation is valid in many cases are the results are therefore acceptable.

This linear assumption provides the following benefits:

The principle of superposition can be used.

The results can be scaled.

The loading sequence is not important.

The past loading history of the structure is not important.

The linear assumption, that the structural stiffness remains constant during the analysis means
that:

e The material properties must remain constant. Material yielding and plastic deformation
cannot be analyzed correct since the material stiffness is depending on the strain.

e The linear analysis is invalid if structure undergoes large deflections. Large deflections
can affect the stiffness significantly because of changes in the structural shape.

e The linear analysis is invalid if the structural stiffness changes because of contact
between parts of the structure.

Many engineering problems cannot be analyzed accurately with linear FEM which means that
one must turn to nonlinear FEM.

Nonlinear finite element analysis:
A nonlinear finite element analysis is different from a linear analysis in that the stiffness of
structure in a nonlinear analysis is not assumed to be constant during the analysis.
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The nonlinear analysis is an extension of the linear analysis since it is based on the same type of
matrix solution technique and employs the same types of elements, material models and
boundary conditions, although the solution is an incremental-iterative process.

The sources of nonlinearity can be classified into the following three main categories:

e Material nonlinearity.
Many materials exhibit an elastic response for small deformations — the material return to
its original shape when the load is removed. The elastic stiffness, Young’s modulus (E-
modulus), is constant for small strain values for a particular material at a particular
temperature. Many metallic materials like steel undergoes some form of yielding
followed by plastic flow at higher strain values (plasticity). Such nonlinear material
behaviour cannot be modeled using linear FEM because once the yield point is reached
then the stiffness changes as the deformation increases. Nonlinear FEM must therefore be
used.
Other materials like rubber and elastic polymers are elastic, since there is no permanent
deformation after loading and unloading but they do not have a constant stiffness since
their stress-strain behaviour is not constant. Such materials must also be modeled using
nonlinear FEM.

e Geometry nonlinearity.
The stiffness of the structure is assumed to be independent of the magnitude of the
displacements when using linear FEM. However, for real structures, this is not
necessarily the case.
In general terms, geometric nonlinearity covers all situations where a change in the
orientation or in the geometry of a structure leads to a change in its response.
Geometric nonlinearity can also arise when a structure undergoes large rotations and
when structural instabilities such as postbuckling behaviour occur.

e Boundary nonlinearity.
The basis of the FE method is that a set of loads is applied to a structure with a given
stiffness and a set of displacements is derived.
The constraints or boundary conditions on the structure are important factors when
determining the resulting deformation.
It is assumed that the boundary conditions on the structure remain constant when using
linear FEM. However, there are situations where this assumption is not valid; the most
important are the analysis of contact and frictional sliding.

The stiffness matrix is not constant during a nonlinear FEM analysis which means that the
stiffness matrix may need to be recalculated many times over the course of the analysis.

An iterative-incremental solution technique is normally used. The load is applied in incremental
stages and equilibrium is then found at each increment by using an iterative scheme.

The solution proceeds with changes to the stiffness at each increment until the final load has
been reached.

The linear assumption that the structural stiffness remains constant during the analysis was valid
in this work and the final FE-model of the blade section was validated by using linear FEM.
As described earlier, all the experimental load cases were analyzed with respect to linearity.
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All the applied loads were moderate and the experiments never came near failure of the blade
section.

The loading history was recorded for every experimental load case and from this one can see that
all the displacements and rotations are linear related to the loads. Or in other words, the
experimental deflections/rotations were so small that the structural stiffness remained constant
during the experiments. Furthermore, no phenomenons like local buckling etc. were observed
with the Aramis equipment or from the blade response plots.

Linear FEM was also used for the BPE-method because the method is based on classical linear
beam theory and the linear stiffness method with the relation F = KU.

Furthermore, flapwise bending of the outer surface shell model was analyzed using nonlinear
FEM. The FE-model was analyzed with a load of same magnitude as used in the experiments
and the nonlinear analysis came up with the same result as the linear analysis.

6.2.1. FEM models

Three FE-models were created and analyzed during this project:

1. Outer surface shell model — using shell element offset.
2. Mid-thickness shell model.
3. Combined shell/solid model.

The combined shell/solid model is presented in this chapter with a detailed description and the
two other models are only described briefly.

The reason for this is that many of the modeling procedures are the same for the three models.
Furthermore, the outer surface model and the mid-thickness model are not capable of modeling
correct torsional behaviour which makes these models “uninteresting” (see the comparisons
between the num. and exp. results in chapter 7).

The three FE-models were created by using the MSC.Patran Command Language (PCL). PCL is
a programming language that is an integrated part of the MSC.Patran system. The advantages of
using PCL are:

e Automated generation of geometry, mesh etc.
Ideal for parametric modelling/studies.
Easy modification of the model (refine mesh etc).
Time saving.
MSC.Patran may be customized. For example, the user can write a custom PCL function
that generates a specialized failure criterion.

The following input files (session files) were created for each FE-model:
Geometry.

Surface and solid.

Mesh.

Loads and boundary conditions.

Layup.
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Outer surface shell model
The first FE-model of the blade section was a shell model based on the outer surface meaning

that the shell elements were located on the physical outer surface of the aerodynamic shell.
The outer surface model is a “classical” wind turbine FE-model that uses shell element offset.

A rough outer surface model was created during the pre-project. This rough model was improved
during this work in the following ways:

e Real composite material properties were added instead of apparent properties. All
laminas were created in Laminate Modeler and the overall layup was modified.

e A more realistic representation of the chamfered sandwich core regions in the trailing
part of the blade section was created.

e The element topology was changed from 4-noded to 8-noded shell elements.

The chamfered sandwich cores were modified and modeled by dividing each sandwich panel
into four smaller panels (see Figure 6.2.1). Region 1 and 3 was created with half the core

thickness of Region 2. Region 4 was created with a quarter of the core thickness of Region 2.

Region 1

Region 2

Figure 6.2.1 - Sandwich core regions

The original outer surface FE model can be seen in Figure 6.2.2 with the simplified sandwich
panels:

Figure 6.2.2 - Original outer surface FE model

The new improved outer surface model is shown below with the modified sandwich panels and
with the material offset from the physical outer surface of the blade section:

Figure 6.2.3 — Modified outer surface FE-model with material offset
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The outer surface model was in excellent agreement with the experimental results when flapwise
bending was compared (see chapter 7).

The outer surface model was also in relative good agreement with the experimental results when
edgewise bending was compared.

But the agreement between the outer surface model and the experimental results was really poor
when torsion was compared. The major part of the disagreement in torsional performance is
associated with the layered shell element offset. This problem is described in the paper “Finite
Element Modeling of Wind Turbine Blades” by Laird, D.L., Montoya, F.C. and Malcolm, D.J.
(LMM) [9]. The results and conclusions from this paper are presented in the following chapter.

Finite element modeling problems

The typical way of modeling a wind turbine blade with the finite element method is by using
layered shell elements with an offset. The outer surface or airfoil on a wind turbine blade has a
well defined geometry which makes it an obvious location for the shell elements.

The bending response of the blade is of primary interest, but with the continuous development of
larger wind turbine blades which result in lower torsion frequencies, then the future blades will
be getting closer to the limit of flutter, where flapwise bending and torsion vibrations couple
together in a dramatic instability.

In order to determine the flutter speed for a new blade design, then a correct modeling of the
torsional response/stiffness and the bend-twist coupling is critical.

A correct torsional modeling is also critical for the future blade designs which will incorporate
bend-twist coupling. The bend-twist coupling can for example be used for load reduction,
because the blade will twist when it is bended which alter the angle of attack and with it the
aerodynamic forces.

However, correct modeling of bend-twist couplings and torsion stiffness based on FEM is
subjected to some uncertainties, when numerical results are compared to experimental modal
analyses of blades. The major part of this disagreement is associated with the layered shell
element offset.

LMM created numerous numerical models to test the accuracy of shell elements with offset in
bending and in torsion. LMM tested the accuracy on a cantilevered hollow tube made of
aluminum (see Figure 6.2.4).
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Thickness

Outer dia.

F
Figure 6.2.4 - Cantilever tube with bending load and torsional load

A hollow tube was selected since the analytical solutions exist for this geometry.
The cylinder was modeled with three different element configurations:

e 8-node layered shell with nodes at the material mid-thickness (default element
formulation).

e 8-node layered shell with nodes at the outer surface.

e 20-node structural solid element.

The two shell element configurations have nodal locations at two different radii in order to
represent the same hollow cylinder. The two forces (F) that creates the torsional loading were
scaled to obtain the same torsional moment.

The cylinder was analyzed with a bending load and a torsional load. The bending stress and
shear stress was then compared to the analytical result for the following three cases:

e Varying element aspect ratio (no. of elements, radius/thickness, length/diameter =
constant).

e Varying number of elements (aspect ratio, radius/thickness, length/diameter = constant).

e Varying radius/thickness ratio (no. of elements, aspect ratio, length = constant).

The element aspect ratio is defined as the axial element length divided by the element width.

Bending test
The bending load was applied as illustrated in Figure 6.2.4. The maximum normal (bending)
stress was then determined at the mid-span of the hollow tube in order to avoid influence from
boundary conditions etc. The tube was modeled with a rigid region at the free end to avoid local
distortion where the loads are applied.
The normal/bending stress in the tube can be determined analytically from the following
equation:
M-x
o= —2
I

Equation 6.1
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o is the maximum normal stress due to bending. M is the bending moment. I is the cross
sectional area moment of inertia and x is the greatest distance from the neutral axis.

Bending case 1

The first bending case involved varying the element aspect ratio while keeping the number of
elements constant at 19200, the radius/thickness ratio constant at 10 and the length/diameter ratio
constant at 10. The results can be seen in Figure 6.2.5.

The normal stresses from the FE-model are compared to the analytical solution at the mid-span
to avoid effects from the boundary conditions and the rigid end.

As one can see, all element configurations had relatively good performance. The solid element
model is the most accurate of the three configurations which also was expected, but all
configurations had acceptable errors.

The outer surface model performed slightly better than the mid-thickness model, so this study
showed no shell offset problems when determining the normal stresses.

2
151 =
Shell _mid
Xe©
S Shell offset | |- -
==
Solid
—— o Oo—6C66—©
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0 ' 4
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Aspect Ratio

Figure 6.2.5 - Error in normal stress as a function of the aspect ratio

Bending case 2

The second bending case involved varying the number of elements while keeping the aspect ratio
constant at 1.1, the radius/thickness ratio constant at 7.5 and the length/diameter ratio constant at
13.3. The results can be seen in Figure 6.2.6.

Again, the solid element model is the most accurate of the three configurations which also was
expected and again was the performance of the outer surface model slightly better than the mid-
thickness model.

The errors converge to a value near zero for the solid model and the outer surface model while
the mid-thickness model converges to an error of 0.9%.

Surprisingly, the error stays below 6% for the three element configurations when the mesh
discretization is extremely course.

Bending case 2 showed no problems with determining the normal stresses when working with
shell element offset.
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Figure 6.2.6 — Error in normal stress as a function of the number of elements

Bending case 3

The third bending case involved varying the radius/thickness ratio while keeping the aspect ratio
constant at 3.4, the number of elements constant at 2880 and the length of the tube constant at
20. The results can be seen in Figure 6.2.7.

All element configurations performed well and converged to the analytical solution when the
radius/thickness ratio was more than 5.

The most interesting results were for the outer surface model. The accuracy is excellent for ratios
above 5 but for ratios below 5, the accuracy degrades quickly. This is very important in the FE
analysis of wind turbine blades for the leading edge. The blade will not in general have small

radius/thickness ratios but regions of the leading edge can have radius/thickness ratios as low as
2. This error could significantly affect the results of edgewise bending.
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Figure 6.2.7 - Error in normal stress as a function of the radius/thickness ratio
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Torsional test

The cantilever tube was subjected to a force couple that generates a torsional load (see Figure
6.2.4). The tube was modeled with a rigid region at the free end to avoid local distortion where
the loads are applied. As mentioned earlier, the forces (F) were scaled for each element
configuration so that one has the same torsional moment.

The shear stress in the tube can be determined analytically from the following equation:

T-r
T= —
J

Equation 6.2

T 1s the maximum shear stress due to torsion. T is the torsional moment. J is the cross sectional
polar moment of inertia and r is the outer radius of the tube.

Torsional case 1

The first torsional case involved varying the element aspect ratio while keeping the number of
elements constant at 19200, the radius/thickness ratio constant at 10 and the length/diameter ratio
constant at 10. The results can be seen in Figure 6.2.8.

The shear stresses from the FE-model are compared to the analytical solution at the mid-span to
avoid effects from the boundary conditions and the rigid end.

As one can see, both the solid elements and the mid-thickness shell elements performed well at
the range studied. The shell model based on the outer surface performed poorly in most of the
range.

Only at aspect ratios over approx. 10 did the outer surface model start to perform well, but
creating FE-models with such high aspect ratios to fix the offset problem is not a good solution.
It is recommended in most FE-codes that one does not operate with aspect ratios greater than 10-
12 when working with 8-noded quad elements.

The error is 40% for an aspect ratio of 1 which is the ideal element ratio! As one can see, the
study clearly indicates that there is a problem with using shell offset.
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Figure 6.2.8 - Error in shear stress as a function of the aspect ratio
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Torsional case 2

The second torsional case involved varying the number of elements while keeping the aspect
ratio constant at 1.1, the radius/thickness ratio constant at 7.5 and the length/diameter ratio
constant at 13.3. The results can be seen in Figure 6.2.9.

Again, both the solid elements and the mid-thickness shell elements performed well at the range
studied and again did the shell model based on the outer surface performed poorly.

The error increased with greater numbers of elements which was unexpected since a finer mesh
normally gives more accurate results. This behaviour further indicates the problems with shell
offset when working with torsional loading.
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Figure 6.2.9 - Error in shear stress as a function of the number of elements

Torsional case 3

The third torsional case involved varying the radius/thickness ratio while keeping the aspect ratio
constant at 3.4, the number of elements constant at 2880 and the length of the tube constant at
20. The results can be seen in Figure 6.2.10.

Again, both the solid elements and the mid-thickness shell elements performed well at the range
studied and again did the shell model based on the outer surface performed poorly.
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Figure 6.2.10 - Error in shear stress as a function of the radius/thickness ratio
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Conclusion

It can be concluded from the LMM studies that wind turbine blade models that uses layered shell
element offset are inaccurate for determining the torsional stiffness and the shear stress due to
torsional loading. Inaccurate results may also be obtained in bending for cases of very low
radius/thickness ratio.

LMM analyzed the circular tube with ANSYS and LMM has confronted ANSYS with these
problems with shell element offset. The cylinder with the torsional load was reproduced in
COSMOS, NASTRAN and ABAQUS in order to determine if this was only an ANSYS
problem. LMM and ANSY'S concluded that the problem appears to be a general limitation in the
FEA theory.

The results from the bending tests were generally good except for the case of very low
radius/thickness ratio. The only region with such low radius/thickness ratios is the leading edge
at the near the tip of the wind turbine blade.

The leading edge does not play an important role in flapwise bending, but the edgewise bending
results could be significantly affected by the sensitivity to low radius/thickness ratios.

The shear stress results due to torsional loading were extremely poor when working with shells
with offset. It appears that this element configuration is not adequate for determining shear
stresses, torsional stiffness or coupling coefficients for bend-twist coupled blades.

Comparison between offset and mid-thickness configuration

Two FE-models were created to investigate the difference in torsional and bending stiffnesses
when analyzing an outer surface shell model and a mid-thickness shell model.

The aim of this study was to give an idea of the inaccuracy that one is dealing with when
working with FE-models that are based on shell elements on the outer surface of the blade
(offset).

The two FE-models have the same constant cross section and layup as the 23m Vestas blade at
R10.7. Only difference between the two models is that one is based on shell elements at the outer
surface of the aerodynamic shell and the other model is based on shell elements that are located
at the material mid-thickness.

The outer surface FE-model is created from the geometry of the aerodynamic shell, this
geometry is taken from a Pro/E CAD model provided by Vestas Wind Systems A/S.

The webs were created from the geometry of the mandrel. The geometry of the mandrel is also
included in the CAD model of the acrodynamic shell (see Figure 6.2.11).

Figure 6.2.11 - Outer surface FE-model
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The outer surface FE-model was created with the following offset:

Figure 6.2.12 - Offset for the outer surface FE-model

The mid-thickness FE-model was also created from the geometry of the aecrodynamic shell.
When looking at a wind turbine blade cross section, one can see that the material thicknesses
vary a lot. The trailing part of the blade is very thick since it is a sandwich construction and the
spar caps are also thick because of the many UD-layers etc. So the web/cap/leading/trailing
thicknesses are not constant and one must therefore calculate all the different mid-thicknesses in
order to create a usable FE-model that does not involve shell element offset.

Figure 6.2.13 - Cross section picture of the real blade at R10.7

As one can see in Figure 6.2.13, the trailing part of the blade is a sandwich construction. The
sandwich panels do not have a constant thickness because the ends are chamfered in order to
create smooth transitions when nearing the trailing edge and when nearing the spar.

The real panel has a maximum core thickness of 20mm and this was modeled by using four
different thicknesses. Four areas were modeled in order to create the four different thicknesses,
which can represent the sandwich panels in the trailing part of the blade (see Figure 6.2.14).
The areas closest to the spar have a core thickness of 10mm, the next areas have a core thickness
of 20mm, the next areas have a core thickness of 10mm and the areas closest to the trailing edge
have a core thickness of Smm.

The webs are also sandwich constructions. The web panels do not have a constant thickness
because the ends are chamfered in order to create smooth transitions between the spar caps and
the webs. In this case, the webs have not been modeled with the chamfered ends but as a
sandwich panel with constant core thickness.

Page 136 of 174 Peter Berring s040347 & Henrik Knudsen s040350



Torsional Performance of Large Wind Turbine Blades — Experimental and Numerical Analysis

Figure 6.2.14 — Mid-thickness shell model with rigid elements

Figure 6.2.15 - Mid-thickness shell model material visualization (Laminate Modeler)

The different material thicknesses in the cross section imply that the aerodynamic shell will not
have a continuous surface like the outer surface FE-model. The discontinuous surfaces are
connected by rigid (fixed) elements (see Figure 6.2.16). A rigid element is capable of
transferring all displacements and rotations from one node to another without deforming (rigid).

Figure 6.2.16 - Rigid elements (pink) connecting spar corner and trailing sandwich panel

Both FE-models were modeled with a length of Sm. Both FE-models were fixed in one end and a
torsional moment of 5000 Nm was applied at the other end. The torsional moment was applied at
the center of the spar via a MPC-RBE2 element. The RBE2 element creates a rigid end section
that avoids local distortion of the blade where the load is applied.

Four MPC-RBES3 elements were created and connected to the surrounding nodes in the cross
sections at 1m, 2m, 3m and 4m. The RBE3 elements’ dependent node was placed in the center of
the spar and from these nodes were the cross-sectional rotations determined. The RBE3 element
does not create a rigid section like the RBE2 element so it has no influence on the behaviour of
the FE-model.
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The torsional stiffness of the blade is determined by:

Gl(z) = —=
0(2)

Equation 6.3
T is the torsional moment, z is the spanwise distance and 0(z) is the twist angle.

The results from the torsional analyses are shown below:
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Conclusion

There is a significant difference between the two FE-models, as one can see in Figure 6.2.17 and
Figure 6.2.18. The torsional stiffness deviation is about 19%, with the outer surface FE-model
being the most flexible.

Together with the paper “Finite Element Modeling of Wind Turbine Blades” by Laird, D.L.,
Montoya, F.C. and Malcolm, D.J., this study further indicates the major torsional problem with
the current FE-models of wind turbine blades that are based on the outer surface.

Bending loads were also analyzed but no significant difference was observed.

So a shell FE-model without element offset was needed for accurate torsional results!
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Mid-thickness shell model

A complete shell FE-model of the blade section without shell element offset was created to
obtain accurate numerical torsional results.

The mid-thickness shell model of the blade section is an extension of the mid-thickness model
that was created with the constant cross section.

The mid-thickness model generation is a bit complicated because one must calculate all the
varying mid-thickness locations. The different mid-thickness locations results in a discontinuous
FE-model and is more time consuming to create than the outer surface model.

The curve geometry of the mid-thickness model was created from the following seven cross
sections:

Cross section 1 = R10.70.
Cross section 2 = R12.06.
Cross section 3 =R13.12.
Cross section 4 = R15.24.
Cross section 5 = R16.40.
Cross section 6 = R17.70.
Cross section 7 = R19.30.

From Pro/Engineer files of the 25 m blade provided by Vestas Wind Systems A/S, the
dimensions of the seven different cross sections were measured.

Each cross section was created from twelve points (see Figure 6.2.19); one at the leading edge
(106), one at the trailing edge (101), four at the connections between the spar webs and the blade
shells (103, 105, 107 and 109), two at the top and the bottom of the spar (104 and 108), and
finally four points to describe the rear part of the blade (102, 110, 111 and 112):

104

105 103

101
106

107 108 109

Figure 6.2.19 — Point locations and numbering

The aerodynamic shell was created by creating a curve spline through the twelve points.

The spline is the physical outer geometry of the blade, which is the inside of the moulds for the
upper and lower blade shells.

The two spar webs were created by connecting point 105/107 and 103/109 with two straight
curves. The two curves are the outer geometry of the mandrel on which the spar is constructed.

The sandwich panels and the spar caps were then created by offsetting the curve geometry of the
acrodynamic shell (see Figure 6.2.20):
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Figure 6.2.20 — Mid-thickness illustration

The nodes on the meshed surfaces were then connected by MPC-Rigid (fixed) elements.

Rigid elements were created along and across the blade to connect the discontinuous regions (see
Figure 6.2.21). The rigid element across the spar cap was created because of a UD ply drop-off
which changes the location of the mid-thickness:

Rigid elements

Figure 6.2.21 — Rigid elements

The picture below is generated by MSC Laminate Modeler and shows the “extruded” material.
It is very important to check these visualized pictures of the layup in order to see if the model is
created correct.

Figure 6.2.22 — Material thickness

The mid-thickness model was an improvement of the outer surface model in terms of the
torsional results but the mid-thickness model was not in good agreement with the experimental
results when flapwise and edgewise bending was compared (see chapter 7).
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Shell/solid model

Because of the bad performance by the mid-thickness model, then was a combined shell/solid
model created.

Much of the material thickness discontinuity in the blade cross section is due to sandwich panels
and instead of modeling these with a mid-thickness shell configuration, then the core material
and adhesive bonds were modeled with solid elements in the shell/solid FE-model.

Geometry creation
The FE-model of the blade section was created from the following seven cross sections:

Cross section 1 =R10.70.
Cross section 2 = R12.06.
Cross section 3 =R13.12.
Cross section 4 = R15.24.
Cross section 5 = R16.40.
Cross section 6 = R17.70.
Cross section 7 = R19.30.

From Pro/Engineer files of the 25 m blade provided by Vestas Wind Systems A/S, the
dimensions of the seven different cross sections were measured.

Each cross sections was created from twelve points (see Figure 6.2.23); one at the leading edge
(106), one at the trailing edge (101), four at the connections between the spar webs and the blade
shells (103, 105, 107 and 109), two at the top and the bottom of the spar (104 and 108), and
finally four points to describe the rear part of the blade (102, 110, 111 and 112).

104

105 103

101
106

107 108 109

Figure 6.2.23 - Location of the twelve cross sectional points

The aerodynamic shell was created by a curve spline through the twelve points.

The spline is the outer physical geometry of the blade, which is the inside of the moulds for the
upper and lower blade shells.

The two spar webs were created by connecting point 105/107 and 103/109 with two straight
curves. The two curves are the outer geometry of the mandrel on which the spar is constructed.

The sandwich panels and the spar caps were then created by offsetting the curve geometry of the
aerodynamic shell and the spar webs (see Figure 6.2.24).
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Figure 6.2.24 - Cross section curves

The seven cross sections were then connected with longitudinal spline curves (see Figure
6.2.25).

Figure 6.2.25 - Complete curve geometry

Surface and solid creation

All surfaces were created from the longitudinal spline curves and the cross section curves.

All surfaces were therefore created from four edges which is very important in order to create the
correct double curvature. The surfaces represent the following:

Outer aerodynamic surface (outer sandwich skins).

Inner sandwich skins in the leading and trailing part of the blade.
Leading and trailing edge.

Web sandwich skins.

Spar caps.

After creating the surfaces were the solids created. All solids were created from two opposing
surfaces. The solids represent the following:

e Sandwich core in the leading and trailing part of the blade.
e Sandwich core in the webs.
e Adhesive bonds between the aerodynamic shell and the spar.
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Figure 6.2.26 - Surfaces Figure 6.2.27 - Solids

Mesh creation

The surfaces were meshed with 8-noded shell elements (Quad8) and the solids were meshed with
20-noded solid elements (Hex20).

A Quad4/Hex8 configuration reduces the number of DOF’s, but this configuration was not used
because of the limited aspect ratios and possible problems with shear locking.

It is recommended that one stays below aspects ratios of 2 when working with Quad4/Hex8 and
this becomes a “problem” when meshing the leading edge.

The leading edge requires a fine mesh because of the great curvature, it is of course possible to
mesh with Quad4 elements but since the element length can only be twice the element width,
then one is forced to use a unnecessary fine mesh along the blade which seriously increases the
solving time.

The maximum aspect ratio for Quad8/Hex20 is 10-12 which mean that one can mesh the leading
edge with longer elements and thereby reduce the number of elements in the longitudinal blade
direction.

The mesh density of the blade section was determined from a flapwise-, edgewise- and torsional
convergence test by examining the cross sectional displacements and rotations.

All convergence tests were carried out with the blade being fixed at R12.877 and with the loads
applied at R18.934 via a MPC-RBE2 element.

The converged solution or final displacements/rotations was determined by examining each cross
section at every half meter. The twelve cross sectional displacements and rotations were obtained
by using MPC-RBE3 (see “Loads and boundary conditions”).

In general, a relative coarse mesh can give accurate global displacement results for a FE-model
but a much finer mesh is required for analyzing stresses and strains in the structure.

When analyzing stresses and strains, one can determine the required mesh density by examining
the stress contour lines and the stress discontinuities between elements.

A contour plot that displays significant interelement discontinuities warns that a finer mesh is
needed.
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Figure 6.2.28 - Meshed blade section at R10.8 Figure 6.2.29 - Meshed blade section at R19.2

The shell/solid FE-model used a mesh of 74 elements circumferentially, 175 elements
longitudinally and 3 solid elements through the thickness of the sandwiches and the adhesive
bonds and had 600.000 degrees of freedom (DOF).

The convergence tests showed that it was necessary to have 3 solid elements through the
thickness in order to model accurate shear deformation.

Solid wedge elements were automatically created by MSC.Patran in the regions where the solids
are chamfered.

A fine mesh of 18 elements was used in the leading edge to avoid shape warnings from MSC.
The Quad8/Hex20 aspect ratios were kept below 7 to avoid poor FE results.

The FE-model used thick shell formulation which is automatically enabled when working with
composite materials in MSC.

Loads and boundary conditions
As described earlier, one has three options regarding modeling of the experimental boundary
conditions:

e One can model the test rig boundary conditions by measuring the deflections of the
clamps with the Aramis equipment. These deflections can then be applied to the FE-
model.

e One can also model the test rig boundary conditions by modeling the clamps.

To get a realistic FE-model of the clamps, one must model the plywood plates and the
steel profiles and then use contact elements to model the contact between the clamps and
the blade section.

¢ Finally, one can solve the test rig boundary condition problem by using the Aramis
experimental data to determine all the cross sectional displacements and rotations via
least squares algorithms.

One can create a fully fixed and clamped boundary condition by subtracting the measured
deflections and rotations of the cross section where one wants the fixed end, from all the
other cross sections.

The last method was chosen because this is the simplest and probably also the most precise
method.

The fixed end of the blade section cannot warp when the blade is subjected to torsion or bending.
The torsional stiffness increases considerably when this out-of-plane distortion is restrained.

The test rig used for the experimental work cannot restrain warping 100%, so the following
numerical studies were carried out:
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a) Comparison of the flapwise bending stiffnesses when the fixed end was placed at R10.7
and at R12.877.

b) Comparison of the edgewise bending stiffnesses when the fixed end was placed at R10.7
and at R12.877.

¢) Comparison of the torsional stiffnesses when the fixed end was placed at R10.7 and at
R12.877.

Case (a) and (b) showed that the flapwise and edgewise bending stiffnesses are more or less
unaffected by the position of the fixed end. The stiffness variations were below 0.1%.

Case (c) showed that the torsional stiffness decreased approximately 2.5% when the fixed end
was moved from R12.877 to R10.7. The size of the model (DOF’s) and the solving time was
increased significantly when the boundary condition was moved from R12.877 to R10.7 and the
profit was relatively small, so the fixed end was placed at R12.877 (clamp 2 location).

A load application node was created at the blade tip in the center of the spar and a MPC-RBE2
element was used to transfer the forces/moments to the surrounding nodes on the cross section
(see Figure 6.2.30). RBE2 is a rigid element so local distortion of the blade is avoided where the
loads are applied.

Figure 6.2.30 - RBE2 element for load applications

Twelve nodes were created along the blade in the center of the spar. The nodes were created at
the same locations along the z-axis as the cross sections from the experiments.

Twelve MPC-RBE3 elements were created with the spar center node as the dependent node.
The dependent node is connected to the surrounding nodes on the cross section.

RBE3 is a linear interpolation element, which means that the displacement and rotation of the
dependent node is govern by the independent nodes on the cross section.

All cross sectional displacements and rotations are therefore obtained from the RBE3 elements.
Note that the RBE3 element does not create a rigid region like the RBE2 element.
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The twelve RBE3 elements and their locations are shown below:

Figure 6.2.31 — RBE3 elements along the blade and a RBE3 element in a cross section.
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Layup creation

The FE-model was “laminated” with the build-in program MSC Laminate Modeler.

Laminate Modeler models the lay-up by entering each ply in the same stack sequence as it would
be placed in the mould and on the spar mandrel (see Figure 6.2.32).

The initial application point, fiber orientation and extent of each ply are specified and Laminate
modeler then determines the fiber orientations over the full extent of the ply.

When all plies are modeled and stacked into a laminate, then Laminate Modeler determines the
equivalent properties of the lay-up at every shell element.

A exploded view of the spar cap layup is shown below:

tdat_Biaxd50_lamina

41Fdat_LDTR0O0
42-fdat_LUDTEDD
42 Fdat_Biaxdb0_lamina

Eddat_Bizxd=0_lamina
Etdat_Biaxdh0_lamina
Ehdat_BiaxG00_lamina
BFAat_BiaxB00_lamina

Figure 6.2.32 - Laminate modeler, exploded view of the spar cap layup

The shell/solid FE-model used the mid-thickness shell formulation for the sandwich skins, the
leading and trailing edge and the spar caps.

The outer surface of the blade section was available from the CAD model so this surface was
used as the location for the mid-thickness shells. This mean that the outer sandwich skins and
leading/trailing edge laminates does not align with the physical outer surface, but that they have
an incorrect offset of half the thickness, see for example the leading edge in Figure 6.2.36.

A numerical study showed that the flapwise bending stiffness only decreased 0.4% when going
from mid-thickness (incorrect) to shell offset formulation (correct).

Furthermore, a numerical study showed that the edgewise bending stiffness only decreased 0.2%
when going from mid-thickness (incorrect) to shell offset formulation (correct).
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The results from the two numerical studies are reliable since Laird and Malcolm concluded that
one can obtain accurate bending results with shell element offset, as long as the radius/thickness
ratio is not very low.

A similar numerical study regarding the torsional stiffness was not performed since the results
from the shell offset model cannot be trusted.

The details of the shell/solid model are shown below:

Detail 1

Detail 2

Detail 3

Detail 4

Figure 6.2.33 - Details

Figure 6.2.34 — Detail 1 Figure 6.2.35 — Detail 2

Figure 6.2.37 — Detail 3

Figure 6.2.36 — Detail 4
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The green lines are UD layers, yellow lines are Biax450 layers, pink lines are Biax600 layers,
blue lines are Triax layers and the cyan line is the Gelcoat.

The black line in the middle of the spar cap is the middle surface or mid-thickness where the
shell elements are located.

One cannot model the blade section 100% correct with the mid-thickness shell configuration.
But in this case are the errors that are introduced so small that the shell/solid mid-thickness
configuration is the most optimal way to model the blade section.

The only alternatives to the shell/solid model are a layered solid model or a full solid model
where all plies are modeled with layers of solid elements.

Adhesive bond modification

As described earlier, the spar caps were modeled with mid-thickness shell elements. The correct
location of theses shell elements is critical in order to have an accurate model. The shell elements
in the spar caps are connected to the aerodynamic shell via the adhesive bonds.

The spar caps are about 12mm thick and it was therefore necessary to model the adhesive bonds
about three times thicker than the real bonds, in order to have the correct location of the shell
elements.

The real adhesive bond is Smm thick but in the shell/solid FE-model is the thickness 16.2mm
and the affect from this on the stiffnesses was therefore investigated.

The study began by reducing the E- and G-modulus by a factor of 3 since the adhesive bond in
the FE-model is about 3 times thicker and in this way, one keeps the extensional stiffness (AE)
constant. The study showed that the flapwise bending stiffness was reduced by 3% and the
edgewise bending stiffness by 1% when the E-modulus was reduced by a factor of 3.

The study also showed that the torsional stiffness was reduced by 3.5% when the G-modulus was
reduced by a factor of 3.

The changes in the stiffnesses varied along the blade, so the percentages mentioned above are all
average values.

Overall, the study showed that a general modification of the properties for the adhesive bond was
too simple and a more accurate modification was needed.

Instead of the simple modification mentioned above, where one keeps the extensional stiffness of
the adhesive bond constant, then a more accurate modification was introduced that is based on
the bending and torsional stiffnesses of the adhesive bond itself:

a flap_mod (Z)
a flap (Z)

t mod

Figure 6.2.38 — Right figure, real blade cross section with the adhesive bond. The blue lines show the original
bond and the red shows the modified bond that is used in the shell/solid FE-model. Left figure, simplified
adhesive bond used for calculating the modified E- and G-modulus that are used in the FE-model
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Since the adhesive bond has a significant influence on the stiffnesses, then a set of modified E-
and G-modulus was determined. The new modulus together with the modified bond must give
the same stiffnesses as for the original blade:

Effap Iflap(?

Eftap Ifiap = Eflap_mod flap mod <=2 Eﬂap_mod(z) = I
flap_mod(?

Eedge ledge(? and G, 42 = Gl(2)
Y od\? ~

Iedge_mod (2) Jmod(®@

Eedge mod(? =

One must know the location and orientation of the principal axes in order to determine the area
moment of inertia (AMI) for the adhesive bonds. In this case, it was assumed that the elastic
center is placed in the center of the spar and it was assumed that the flapwise principal axis is
perpendicular to the shear webs, see Figure 6.2.38.

Both the original and the modified adhesive bond has the same breadth (b(z)) and the same
curvature around the z-axis. This mean that the distances agap(z) and agap moa(z) are the same and
a simplified rectangular shape can therefore be used for calculating the area moment of inertia.
By analyzing the adhesive bond as a rectangular tube, one can determine the area moment of
inertia and the cross sectional torsion factor:

1 1
If1ap(®) = 2-(E-b(z)-t3 + b(z)~t~aﬂap(z)2) ledge? = 2-(E~b(z)3 . b(z)-t-aedge(z)zj
1 3 2)
Iflap mod(@ = 2 E'b(z)'tmod +0(2) tyod 3 flap mod(? )

13 2)
ledge mod(?@ = 2'(E'b(z) “tmod T ®(2)tmod 3edge mod (P )

2ty b2 h(2) 2 timod by D) Mimod(?)”
J(Z) = Jmod(z) =
b(z)tw + hO(Z)tmod b(Z)tW + hl(Z)tmOd
h(2) = 2-ag,,(2) Nod(? = 23fap mod(?

The expression for the torsional factor J/J 04 1s taken from [6].

As mentioned earlier, the adhesive bond was analyzed as a rectangular tube with the flange
thicknesses t/tmoq and the web thickness ty,. It is necessary to define a web thickness and in this
case, it is set to 10™ m. If a web thickness is not defined then the expression will be zero, but by
setting the web thickness to a small value then this problem will be eliminated and the webs will
not contribute to the overall torsional factor.
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The two modified E-modulus are not the same for the flapwise and edgewise direction, so an
average value was used for the FE-model (Emoq):

Modified flap- and edgewise E-modulus
I I I I I I

800 [~ ]
Eﬂap_mod(z)

Eedgeimoéz )

Epod® 0 /

600 [~ n

E-modulus [N/mm”2]

Spanwise distance [m]

Figure 6.2.39 — E-modulus plot

The FE-model is divided into thirteen 0.5m sections along the z-axis. The sections have been
assigned the following E-modulus [N/mm?]:

1 2 3 4 5 6 7 8 9 10 11 12 13
1]|647.9|649.5| 651.4 | 653.5( 655.9| 658.6 | 661.7 | 665.4 | 669.7 | 674.8 | 681.1 | 688.7 | 698.3

T
EBnod =

The thirteen sections have been assigned the following average G-modulus [N/mm?]:

Modified G-modulus

I I I I I I
&
:
Z Gmod(?) s i
E
3
=}
g
Q
800 [~ .
] ] ] ] ] ]
0 1 2 3 4 5 6
z
Spanwise distance [m]
Figure 6.2.40 — G-modulus plot
T 1 2 3 4 5 6 7 8 9 10 11 12 13

1|806.6|808.6|810.9813.5(816.4|819.7 | 823.6| 828 |833.3|839.6 |847.3|856.6|868.4
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FE-modeling of the extra UD-layers

As described earlier, one of the aims with this project is to create a FE-model that is capable of
modeling correct bend-twist coupling behavior.

The original blade section was modified and four layers of UD1200 were laminated on the
pressure and suction side to create a measurable flapwise bend-twist coupling.

The extra UD layers were modeled with solid elements on top of the existing outer surface shell
elements. Four UD layers were added, each UD has a thickness of 1.1mm, so the solid elements
were created with a thickness of 4.4mm.

The extra UD layers were meshed with 20-noded solid elements (Hex20) and 1 solid element
was used through the thickness. The total number of DOF’s for the FE-model increased from
600.000 to 700.000 with the additional solid elements.

Figure 6.2.41 — Shell/solid model with extra UD layers
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7. Validation of FEM

The three FE-models of the original blade are compared with the experimental results in this
chapter. The most accurate FE-model is then chosen and modified by including the additional
UD layers on the suction and pressure side of aerodynamic profile. This modified FE-model is
then compared with the experimental results obtained from the static load cases that were
performed on the modified blade section.

7.1. Global comparison of exp. and num. results for the original
blade section

The numerical and experimental deflections and rotations are compared globally for the
following three static load cases:

e Flapwise bending
e Edgewise bending
e Torsion (Locked Torsion)

The three deflections and rotations for each of the FE-models cross sections are calculated by
using the same method as used for the experimental tests (least squares method).

The results from the least squares method is plotted below. The results are illustrated for a FE-
analysis of a flapwise bending test:

Flapwise hending (FEM): Sc=(5), Cross Section: 0.5,1.0...5.5 [m], point load: Fy=Sc*3923[N]

The plot is scaled five
times! (S¢=5)

400
200

y-axis

500

Undeformed 3500

< Deformed

Least squares method

2-axis 200

5500 -500 x-axis

Figure 7.1.1 — Least squares method on FEM

As mentioned earlier, the FE-model is fully fixed in cross section 0.0m and the load is applied in
cross section 6.057m by using a MPC element. The “fixed end” is then moved to cross section
0.5m by subtracting the deflections and rotations at this cross section from all the other cross
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sections. The last half meter of the FE-model is not considered. The reason for doing this is to
minimize the affect of the two rigid regions, which will increase the stiffness near the two ends
due to the increasing warping resistance.

7.1.1. Flapwise bending of the original blade section (experimental vs. FEM)

The experimental result of the flapwise bending test is compared with the numerical results of
the different FE-models. The three FE-models are:

e A simple shell model created with shell offset.

e A shell model created by using mid-thickness, which are linked with rigid elements.

e A more complex model using solid elements to describe the core-material and using
“mid-surface” shell elements to describe the solid laminates.

A more detailed description of the three FE-models can be found in chapter 6. The flapwise
bending test was performed by applying a point load in the y-direction at cross section 6.057m.

Flapwise bending with a point load of Fy = 3923 [N]
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Figure 7.1.2 - Comparison of numerical and experimental results from flapwise bending test

Experimental vs. FEMyter-surface

It can be concluded that the numerical flapwise displacement (disp. y-direction) is in excellent
agreement with the experimental results; the deviation is only about 1.5%. Furthermore, it can
also be concluded that the rotation about the x-axis is in excellent agreement with the numerical
results; the deviation is only about 1.6%.
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The agreements between the numerical and experimental results for the displacement in the x-
direction and the rotation about the y-axis are not good.

The deviations in the x-direction displacements and y-axis rotation could be due to;

a) The hydraulic press was not perfectly aligned with the vertical plane which could result in a
small force component in the x-direction.

b) The experimental values are very small and therefore subjected to some measuring
uncertainties.

¢) The experimental setup could deviate from the FE-model in terms of the orientation of the
blade section. The chord at clamp 1 should be aligned with the horizontal plane but this was
practically difficult to achieve which mean that the orientation of the blade section could deviate
slightly from the FE-model.

The agreement between the numerical and experimental results for the rotation about the z-axis
is relatively good. If it is assumed that the shear center is located at the center of the spar, then it
can be concluded that both the numerical and experimental bend-twist coupling (flapwise) is of
limited size. The deviation in the rotation about the z-axis is due to uncertainties regarding the
hydraulic press, experimental measuring accuracy and experimental setup as described earlier.

Experimental vs. FEMpid-thichness

In general, it can be concluded that the FE-model is in good agreement with the experimental
results at the first 3m but then the FE-model starts to deviate drastically.

This is the case for all the displacements and rotations which indicates that there is a serious
general problem with the numerical model. One can see that the rotation about the x-axis drops
when going from 3 — 3.5m and again when going from 4 — 4.5m.

The blade section has a ply drop-off in the spar caps at these two locations at this was modeled in
mid-thickness FE-model by dividing each spar cap into three areas with different lay-up’s.

The three spar cap areas represent the three different mid-thicknesses and are connected via rigid
(fixed) elements across the caps.

The FE-model was checked several times for possible modeling errors without finding anything.
The FE-model was then modified by deleting the rigid elements and then connecting the adjacent
nodes where the rigid elements used to be. The nodes were connected by bending the adjacent
shell elements about the mid nodes, this is poor FE-modeling but was done in order to see if the
problems was due to the rigid elements in the spar caps.

The modified mid-thickness was in relative good agreement with the experimental results over
the whole length and it can therefore be concluded that one cannot model correct flapwise
bending with the mid-thickness FE-model if details like ply drop-off etc. are included.

Experimental vs. FEMpen-solia

The flapwise bending behavior of the shell/solid FE-model is almost identical to the flapwise
bending behavior of the outer surface FE-model. The conclusions for the shell/solid model when
compared to the experimental results are therefore identical to the conclusions for the outer
surface model.

The deviation between the num. and exp. results for the displacement in the y-direction is about
1% and about 2% for the rotation about the x-axis.
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7.1.2. Edgewise bending of original blade section (experimental vs. FEM)

The edgewise bending test was performed by applying a point load in the x-direction at cross
section 6.057m.

Edgewise bending with a point load of Fx =-4903 [N]
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Figure 7.1.3 - Comparison of numerical and experimental results from edgewise bending test

Experimental vs. FEMyter-surface

It can be concluded that the numerical edgewise displacement (disp. x-direction) is in relative
good agreement with the experimental results; the deviation is about 6%. Furthermore, it can
also be concluded that the rotation about the y-axis is in relative good agreement with the
numerical results; the deviation is about 8%.

The agreements between the numerical and experimental results for the displacement in the y-
direction and the rotation about the x-axis are not perfect, there exist some disagreement and the
deviation is about 30 - 40%.

The agreement between the numerical and experimental results for the rotation about the z-axis
is relative good at the first 2m but at the last 3m is there some deviation. The experimental
results are very small and not well defined so the rotation about the z-axis is a bit unstable along
the blade. The deviation between num. and exp. results could therefore be due to uncertainties
regarding the measuring accuracy.

The edgewise deviations could in general be due to;

a) Experimental measuring accuracy, the displacement that were measured during the edgewise
experiment are relative small, the blade was only deformed about 40mm at the tip. The reason
for this small tip displacement was primarily because of problems with the trailing part of the
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blade section under clamp 2. The sandwich panels in the trailing part of the blade are relative
soft and the reaction forces in clamp 2 are primarily on these panels during edgewise bending.
So to avoid crushing of the panels then the magnitude of the edgewise point load was relative
small which meant that the edgewise displacement also was limited.

b) The hydraulic press started out with being horizontal aligned but this changed as the load
increased, because the edgewise principal axis is not vertical.

The principal axes rotate along the blade and the blade was therefore also bended in the flapwise
direction when the horizontal force was applied. The flapwise displacement during the edgewise
test affects the orientation of the hydraulic press so that the edgewise point load is no longer
applied horizontally as in the beginning. The flapwise bending of the blade contributes to the
displacement in the x-direction because the flapwise principal axis is not perpendicular to the y-
axis.

¢) The experimental setup could deviate from the FE-model in terms of the orientation of the
blade section as described earlier.

d) The hydraulic press was not aligned perfectly with the horizontal plane.

e) The FE-model is based on a shell element offset configuration which can give poor bending
results if the radius/thickness ratio is low (see chapter 6 for a more detailed description).

Experimental vs. FEMpid-thichness

The edgewise bending behavior (x- and y-disp. and x-, y- and z-rot.) of the mid-thickness FE-
model is almost identical to the outer surface and shell/solid FE-models at the first 3m.

But again, the mid-thickness FE-model starts to behave strangely at 3m span which especially
can be seen on the plots of the y-displacement and the x-axis rotation (flapwise).

This strange behavior is due to the problems with the rigid elements that were described earlier.
The same strange behavior can also be seen in the plots of the displacement in the x-direction
and the rotation about the y-axis.

Experimental vs. FEMpen-solia

Again, the edgewise bending behavior of the shell/solid FE-model is almost identical to the
edgewise bending behavior of the outer surface FE-model. The conclusions for the shell/solid
model when compared to the experimental results are therefore identical to the conclusions for
the outer surface model. The shell/solid was not created with a shell element offset configuration
so the problem with poor bending results when the radius/thickness ratio is low was eliminated
with this FE-model.

The deviation between the num. and exp. results for the displacement in the x-direction is about
6% and about 8% for the rotation about the y-axis.

The deviation between the num. and exp. results for the displacement in the y-direction is about
40 - 50% and about 45% for the rotation about the x-axis.
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7.1.3. Locked Torsion of original blade section (experimental vs. FEM)

The numerical locked torsion test was performed by locking the tip cross section in a point
directly over the center of the spar. This point cannot move in the vertical plane, but is able to
move in the horizontal plane in a circular arc movement. The cross section is of course able to
rotate about this point. For the experimental locked torsion test is the point located on the top of
the loading clamp (for a more detailed description of this test, see chapter 5).

Torsion with a torsional moment of T =-3408 [Nm]
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Figure 7.1.4 — Results from the locked torsion test

Experimental vs. FEMyter-surface

The agreement between the num. and exp. results is very poor and the deviation is about 32%.
The major part of the disagreement is due to the FE-model which is based on a shell element
offset configuration. This configuration has serious problems with modeling correct torsional
behaviour as it can be seen in Figure 7.1.4.

Experimental vs. FEM id-thichness

The agreement between the num. and exp. results for the rotation about the z-axis is not perfect;
the deviation is about 10 - 12%. The major part of the disagreement is probably due to the rigid
elements that run along the blade which connects the shell elements in the areas with different
material thicknesses.

Experimental vs. FEMpeii-solia

The agreement between the num. and exp. results for the rotation about the z-axis is generally
very good. The deviation is only about 1 — 4% on the last 3.5m of the blade section.

The FE-model is not twisting nearly as much as the experiment and the deviation at the first
1.5m is about 5 — 9%. The deviations could be due to;

a) Affects from the boundary conditions in the FE-model. The fixed end of the blade section
cannot warp when the blade is subjected to torsion and the torsional stiffness could therefore
increase considerably when this out-of-plane distortion is restrained.

b) The experimental measuring accuracy.

¢) The hydraulic press was not perfectly aligned with the vertical plane.
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7.2. Comparison of stiffnesses for the original blade section
As stated before, the blade section is divided into ten beam elements of equal length.

The stiffnesses are calculated by the moment distribution and the relative rotation over each
element. The procedure for calculating the stiffness parameters are shown below:

L'=(0 051 152253 354 45 5)

1
E]ﬂapi =

i=1.. rows(LZ)

T(L, -L
( Zir1 Zi)
Gl =
T, — T,
4

Equation 7.1

In the plot below are the three stiffness parameters (flapwise bending stiffness, edgewise bending
stiffness and torsional stiffness) plotted. Since the location of the shear center and the orientation
of the principle axes are not known, then shall these values only be looked at as an estimate of
the three stiffness parameters. Note that it is assumed that the bend-twist coupling is equal to

zero. The circles in the plot are the elements stiffnesses and the solid lines are second order
polynomial-fit based on the elements stiffnesses:
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Figure 7.2.1 - Comparison of stiffness parameters for the original blade section
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Figure 7.2.2 — Deviation between experimental and numerical estimated stiffnesses

General comment

Note that a second order polynomial fit has been used in order to create the stiffness curves.
This is primarily because the experimental determined stiffnesses are not completely smooth
along the blade due to measuring uncertainties. The reason for this is that the stiffness of each
element is determined by the moment distribution and the relative rotation over the element.
These relative element rotations are in general very small and therefore require very accurate
experimental measurements.

So in short, in order to perform a direct stiffness comparison between experimental and
numerical results, one must have experimental data with very high precision. The same high
precision is not required for a global response comparison.

Outer surface FE-model

It can be concluded that the numerical determined flapwise bending stiffness is in excellent
agreement with the experimental determined flapwise bending stiffness; the maximum deviation
is only about 1% at the tip of the blade section.

It can also be concluded that the num. determined edgewise bending stiffness is in relative good
agreement with the exp. determined edgewise bending stiffness, although the maximum
deviation is about 13% at the fixed end of the blade section. Note, as stated before, that the

experimental data used to determine the edgewise bending stiffness is subjected to some
uncertainties.
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Finally, it can be concluded that the num. determined torsional stiffness is in poor agreement
with the exp. determined torsional stiffness; the maximum deviation is as high as 55% at the 2m
span.

Mid-thickness FE-model
As stated before, the mid-thickness model has some general problems with the rigid element
configuration. These problems affect the element stiffnesses.

Shell/solid FE-model

It can be concluded that the numerical determined flapwise bending stiffness is in excellent
agreement with the experimental determined flapwise bending stiffness; the maximum deviation
is only about 2% at the tip of the blade section.

It can also be concluded that the num. determined edgewise bending stiffness is in relative good
agreement with the exp. determined edgewise bending stiffness, although the maximum
deviation is about 10% at the tip end of the blade section.

Finally, it can be concluded that the num. determined torsional stiffness is in good agreement
with the exp. determined torsional stiffness, although the maximum deviation is about 11% at the
fixed end of the blade section.

The numerical model is a bit too stiff near the fixed end compared to the experimental results.
This deviation could be due to the increasing warping resistance from the fixed end of the FE-
model and due to uncertainties regarding the experimental measurements.

The displacements that were measured during the locked torsion experiment are very small near
the clamps and are therefore subjected to some uncertainties.

The reason why the numerical model is a bit too flexible at the last 2m is because the torsional
stiffness is determined by a second order polynomial that is based on the element stiffnesses.
The numerical torsional stiffnesses of the last 8 elements are all in very good agreement with the
experimental element stiffnesses but the first 2 elements have some deviation and this influences
the overall torsional stiffness curve.

Other general uncertainties
Besides the uncertainties described above then the following factors could also influence the
experimental results:

e Geometry.
The FE-model was created from the geometry of the Pro/E CAD model. This geometry
could differ from the geometry of actual blade section.

e Ply-thickness.
The FE-model was created with the material thickness given by Vestas Wind Systems
A/S. These thicknesses could vary and influence the area moment of inertia, bending
stiffnesses etc.

e Layup and fiber orientation.
The blade section was manufactured with production tolerances which mean that the
actual blade could differ from the technical drawings in terms of fiber angles etc.

e Mechanical properties in general.
The mechanical properties of the laminas are subjected to some uncertainties because of
the varying resin volume fraction.

Peter Berring s040347 & Henrik Knudsen s040350 Page 161 of 174



Torsional Performance of Large Wind Turbine Blades — Experimental and Numerical Analysis

7.2.1. Sensitivity study for the original blade section

This section describes the parameter sensitivity studies that were carried out in order to reduce
the deviation between the experimental and numerical results.

The ply properties are subjected to some uncertainties because the volume fraction of the resin
can vary. This variation will influence all the laminae properties (E;, E2, G2 and vi»).

The following studies were carried out:

a) Reduction of E; by a factor of 1.1 for the UD-layers in the spar.
b) Increase of E; by a factor of 1.1 for the UD-layers in the spar.

¢) Reduction of Gj; by a factor of 1.1 for the UD-layers in the spar.
d) Increase of Gj; by a factor of 1.1 for the UD-layers in the spar.
e) Reduction of Gy, by a factor of 1.1 for the biax- and triax-layers.
f) Increase of G, by a factor of 1.1 for the biax- and triax-layers.

Case (a) and (b) were carried out in order to see if the changes in the bending stiffnesses are
linear when the E-modulus is varied. The study showed that the bending stiffnesses vary linearly
when one is operating inside the range from E;/1.1 to 1.1E,.

Only the UD-layers were modified because they form the load carrying part of the blade section.
The study showed that the bending stiffnesses are reduced by 6.8% and increased by 6.8% when
E; goes from E;/1.1 to 1.1E,.

As one can see, the bending stiffnesses are very sensitive to any variation in the fiber/resin
fraction for the UD-layers, which means that the flapwise and edgewise bending stiffnesses
could be subjected to some uncertainties.

Case (c), (d), (e) and (f) were carried out in order to see if the change in torsional stiffness is
linear when the G-modulus is varied. The study showed that the torsional stiffness vary linearly
when one is operating inside the range from G;»/1.1 to 1.1Gyx.

First, only the G-modulus for the UD layers was modified in order to see the UD layers influence
on the torsional stiffness. The study showed that the torsional stiffness was reduced by 1.9% and
increased by 1.9% when G, goes from Gj»/1.1 to 1.1Gy».

Second, only the G-modulus for the biax- and triax-layers was modified in order to see the biax-
and triax-layers influence on the torsional stiffness. The study showed that the torsional stiffness
was reduced by 0.6% and increased by 0.6% when G, goes from G,/1.1 to 1.1Gy».

As one can see, the torsional stiffness is not very sensitive to any variation in the fiber/resin
fraction for the biax- and triax-layers. Although the biax- and triax-layers have a higher G-
modulus than the UD layers, they only form a small part of the torsional stiffness since there are
so few of them compared to the UD-layers.

Page 162 of 174 Peter Berring s040347 & Henrik Knudsen s040350



Torsional Performance of Large Wind Turbine Blades — Experimental and Numerical Analysis

7.2.2. Conclusion on the comparison of the original blade section

It can be concluded that one can obtain accurate flapwise bending results and relatively accurate
edgewise bending results with the outer-surface FE-model which is based on a shell element
configuration with offset. One should be careful with using shell element offset if the
radius/thickness ratio is low.

It can also be concluded that the outer surface FE-model is not capable of modeling accurate
torsional behavior and bend-twist couplings. The deviation between the num. and exp. results for
the rotation about the z-axis was as high as 32%.

It can be concluded that the mid-thickness FE-model is not capable of modeling accurate
flapwise and edgewise bending if one models details like ply drop-offs in the spar caps and etc.
Using rigid elements to connect regions with different material thickness cannot in general be
recommended.

Finally, by comparison of the global displacements and rotations for the shell/solid FE-model
and for the experiments, it can be concluded that the shell/solid model is capable of modeling
accurate flapwise-, edgewise- and torsional behavior.

The shell/solid model is more detailed and accurate than the two shell models, but the size of the
shell/solid model is also considerable larger and therefore more time consuming to analyze.
Furthermore, the high detail level of the shell/solid model is also ideal for analyzing stresses and
strains.

The overall conclusion is that the shell/solid FE-model is by far the best numerical model of the
three that were analyzed during this work.
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7.3. Global comparison of exp. and num. results for the modified
blade section

The numerical and experimental deflections and rotations for the modified blade are compared
globally for the following static load cases:

e Flapwise bending
e Flapwise bending and torsion

7.3.1. Flapwise bending of the modified blade section (exp. vs. FEM)
The experimental results from the flapwise bending test is compared with the numerical results.
Flapwise bending with a point load of Fy = 9808 [N], (modified blade section)
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Figure 7.3.1 — Comparison of numerical and experimental results from the flapwise bending test (modified blade
section)

Comment:

It can be concluded that the numerical flapwise displacement (disp. y-direction) is in good

agreement with the experimental results; the maximum deviation is about 3.5%.

It can also be concluded that the rotation about the x-axis is in good agreement with the

numerical results; the maximum deviation is about 5%.

The agreement between the numerical and experimental results for the rotation about the z-axis

is very good at the first 2.5m but the FE-model deviates from the experimental results on the last

2.5m; the maximum deviation is about 9% at the tip.

The FE-model is twisting more than the experiment which could be due to an experimental

problem. The flapwise tip load is applied by a hydraulic press and the press is of course in

contact with the blade section. This contact could restrain the free tip twist of blade section

during the experiment.
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The FE-model is not twisting nearly as much as the experiment on the first 1.5m and this could
be due to the effects from the boundary conditions. Again, torsion related warping is restrained
in the numerical model in the fixed end which is not the case during the experiment.

A series of sensitivity studies were carried out in order to reduce the deviation between the
experimental and numerical results.

7.3.2. Sensitivity study for the modified blade section

As described earlier, there are two key parameters that affect the magnitude of the coupling
coefficient y (see description “Simple composite beam model with bend-twist coupling”).
The two key parameters are the fiber orientation angle and the materials of the laminate.
The UD material properties are the major uncertainty data input because the exact volume
fractions are unknown.

The following sensitivity studies were carried out:

a) 5% reduction of the E;-modulus.
b) 5% reduction of the UD thickness (from 4.4mm to 4.2mm).
¢) Changing the fiber orientation from 25° to 24° and from 25° to 26°.

One would expect that the global displacement deviations (numerical vs. experimental) from the
flapwise bending of the original blade would be approximately the same as the deviations from
the flapwise bending of the modified blade. This was expected because the blade has only
undergone a simple modification. Solid elements were created on the original FE-model, this is a
simple procedure and since the added geometry is not complex, then it seems like there is a
problem with the material properties or the fiber angle.

The modified blade deviates more from the experimental flapwise results than the original blade.
This indicates that the value of E; might be to optimistic and sensitivity case (a) was therefore
carried out. The results from case (a) are shown in Figure 7.3.2 and Figure 7.3.3.
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Figure 7.3.2 — Comparison of rotation about z for experimental, modified blade with original material properties
and modified blade with modified material properties
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Figure 7.3.3 - Comparison of flapwise displacement for experimental, modified blade with original material
properties and modified blade with modified material properties

Case (a) showed that the agreement between the numerical and experimental results for the
rotation about the z-axis was improved; the maximum deviation was about 4.5% when the E;-
modulus was reduced by 5%, from 34 GPa to 32.3 GPa.

Case (a) also showed that the agreement between the num. and exp. results for the displacement
in the y-direction was improved; the maximum deviation was about 2 - 3%

As expected, it can be concluded from case (a) that the coupling coefficient is very sensitive to
the longitudinal properties (E;-modulus) of the extra UD layers; therefore, it seems likely that a
major part of the disagreement between the numerical and experimental results are due to
uncertainties regarding the material properties since both the flapwise and twisting behavior of
FE-model are in closer agreement with the experimental results if the E;-modulus is modified.

The results from case (b) are shown in Figure 7.3.4 and Figure 7.3.5.

Case (b) showed that the agreement between the numerical and experimental results for the
rotation about the z-axis was improved; the maximum deviation was about 6% when the
thickness of the extra UD layers was reduced by 5%, from 4.4mm to 4.2mm.

Case (b) also showed that the agreement between the num. and exp. results for the displacement
in the y-direction was improved; the maximum deviation was about 2 - 3%

It can be concluded from case (b) that the coupling coefficient is relatively sensitive to the
thickness of the extra UD layers because this affects the bending and torsional stiffness of the
blade.
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Figure 7.3.4 — Comparison of rotation about z for experimental, modified blade with original thickness and
modified blade with modified thickness
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Figure 7.3.5 - Comparison of flapwise displacement for experimental, modified blade with original thickness and
modified blade with modified thickness

The results from case (c) are shown in Figure 7.3.6 and Figure 7.3.7. It is only the results from
the 26° study that are shown because the 24° study is almost identical.

Case (c) showed that the twist rotation was increased a bit (less than 0.2%) over the whole length
when the fiber orientation was changed from 25° to 26°.

This result was a bit surprising but can be explained by how the optimal fiber angle was
determined. The optimal fiber angle was determined from the outer surface FE-model with
layers of UD1600 material. First, the outer surface model is not capable of modeling correct
torsional behavior, but only the outer surface model was created at the time when it was decided
that extra UD layers were going to be laminated on the blade.

Second, the UD properties that were used for determining the optimal fiber angle, were the
mechanical properties taken from the UD1600 layers used in the spar caps.

It is not possible to achieve the same “high” mechanical properties for the extra UD layers as for
the spar cap UD layers when using a vacuum infusion process.

This combination of incorrect torsional behavior and slightly wrong mechanical properties could
mean that 25° is not the exact optimal fiber angle.

There is only a small change is twist rotation when changing the fiber angle from 25° to 26°
which mean that 25° is very close to being optimal.

Case (c) also showed that the agreement between the numerical and experimental results for the
displacement in the y-direction was improved when the fiber angle was changed from 25° to 26°.
The flapwise displacement increased over the whole length (about 0.7%) but this was also
expected because the fibers are rotated away from the longitudinal direction which makes the
blade more flapwise flexible.

The flapwise displacement decreased over the whole length (about 0.6%) when the fiber angle
was changed from 25° to 24° and the z-rotation was more or less unchanged.

It can be concluded from case (¢) that the coupling coefficient is not sensitive to small changes in
the fiber orientation. A fiber misalignment of =1° would not change the twisting behaviour of the
blade significantly; therefore, it seems unlikely that the twist deviation between numerical and
experimental results is because of a fiber misalignment.
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Figure 7.3.6 - Comparison of rotation about z for experimental, modified blade with original fiber angle and
modified blade with 26°fiber angle
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Figure 7.3.7 - Comparison of flapwise displacement for experimental, modified blade with original fiber angle
and modified blade with 26°fiber angle
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7.3.3. Flapwise bending and torsion of the modified blade section
(experimental vs. FEM)

The experimental results from the flapwise bending and torsion test are compared with the
numerical results. For a detailed description of this test method, see chapter 5.

Flapwise bending and Torsion, Fy = 9808 [N] (T =-Fy*0.695 [Nm]), {(modified blade section)
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Figure 7.3.8 - Comparison of numerical and experimental results from the flapwise bending and torsion test
(modified blade section).

Comment

It can be concluded that the numerical flapwise displacement (disp. y-direction) is in good
agreement with the experimental results; the maximum deviation is about 2%.

It can also be concluded that the rotation about the x-axis is in good agreement with the
numerical results; the maximum deviation is about 3.4%.

The agreement between the numerical and experimental results for the rotation about the z-axis
is in general good agreement. The experimental twisting is a bit larger than the numerical
twisting at the first 3m but the global twist is in good agreement; the deviation is about 3%.

The deviation at the first 3m could be due to the restraint torsional warping, which increases the
torsional stiffness of the FE-model.
Overall, it can be concluded that there is a good agreement between the numerical and
experimental results for the flapwise bending and torsion load case.
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7.3.4. Conclusion on the comparison of the modified blade section

The overall conclusion for the comparison between the numerical and experimental results for
the modified blade section is that the results are in good agreement. The reasons for the relative
small deviations are stated above.

It can be concluded that the FE-model is capable of modeling the flapwise, torsion and bend-
twist coupling response with reasonable accuracy.
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8. Conclusion and future work

One of the primary aims of this work was to set up guidelines for reliable determination of
torsional stiffness and bend-twist couplings using FEM. The responses of the three different FE-
models were compared with experimental results from static testing on a full-scale blade section.
The blade section was modified by adding some additional angled UD layers on the suction and
pressure side of the aerodynamic profile during the project. These extra UD layers were applied
so that one could investigate if the FE-model was capable of model the bend-twist coupling that
was introduced by these angled UD layers.

It can be concluded that a simple shell model with an offset configuration can model flapwise
and edgewise bending behavior, but not torsional behavior. The poor torsional behavior is due to
the offset configuration. By placing the shell elements in the material mid-thickness, it is
possible to obtain a reasonable torsional behavior. The problem with a mid-thickness FE-model
is that ply drop-offs and other details become impossible to model correctly. It can therefore be
concluded that neither an offset shell model nor a mid-thickness shell-model can describe the
complete stiffness behavior.

A third FE-model was also analyzed in this work. This FE-model was designed with solid hex 20
elements as core-material and 8-noded quad shell elements placed in the mid-thickness of the
laminates. The results of the FE-analyses showed that this model was in general good agreement
with the experimental results (flapwise bending, edgewise bending and torsion) of the original
blade section and the modified blade section. It can therefore be concluded that this third model
is recommendable if the complete stiffness behavior is needed. This model is of course more
time consuming to analyze because the total number of degrees-of-freedom is reasonable high
compared with the shell models.

One of the time consuming parts of this project was the experimental work. It was a big task to
get the experimental setup up and running but an even bigger task to analyze the data.

The measuring was performed with a 3D optical equipment (Aramis system), which was able to
measure 3D displacements. A least squares algorithm was used in this work to determine the
rotations and displacements of a number of deformed cross sections along the blade section.

It can be concluded that this least squares algorithm was a strong tool when experimental and
numerical results were compared.

Another aim of this work was to determine the full Timoshenko constitutive matrix, which can
be used as an input to the HAWC2 code. A number of FE-models were analyzed during the
project and the constitutive matrices for these models were determined by using a Beam-
Property-Extracting-method. The method worked by placing MPC-RBE3 elements in a number
of cross sections along the numerical beam models. The rotations and displacements at these
cross sections could then be determined by analyzing the master-nodes in the MPC elements.
The results of the BPE-method for simple FE-models with double symmetric isotropic cross
sections, gave results which were in excellent agreement with theoretical values.

The results from the BPE-method were subjected to some uncertainties as the cross sections
became asymmetric and anisotropic. The constitutive matrices from the BPE-method should in
theory be symmetric, but as these cross sections became asymmetric and anisotropic then were
these matrices not completely symmetric. This indicates that the BPE-method is not computing
the completely correct constitutive matrix. It is not clear what causes this asymmetric in the
constitutive matrices, but it seems that it is primarily related to the shear deformation because the
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asymmetric terms are primarily located in the first two columns and rows in the constitutive
matrices. The reason could also be that it is too simple to assume that a cross section with
hundreds of degrees-of-freedom can be described by single set of rotations and displacements
(three rotations and displacements).

The original blade section was analyzed with the BPE-method and the results were compared
with the stiffness determined by simple beam theory and showed to be in general good
agreement. [t was assumed that this comparison was valid as the original blade section has
limited coupling.

Future work
The future work should include the following milestones:

e The future work should include future investigations of the BPE-method. A number of
cross sections where the cross sectional properties are known, should be analyzed to
indicate what this asymmetric of the constitutive matrix is caused by.

e Alternative FE-model should also be considered. A FE-model designed with layered
structural solid elements could be one model, which could have potential.

¢ Since the experimental edgewise bending test is subjected to uncertainties then it would
be preferable to perform a new edgewise bending test. Since the additional UD layers on
the blade has stiffened the cross section at the location of the clamp 2 (fixed end) then it
is possible to tighten the bolt connections more and by that creating a more “fixed”
boundary. It would also be possible to bend the blade section more without damaging the
core material in the trailing edge, because the additional UD layers protects the core
material. In short, with the knowledge gained in this project, a new edgewise bending test
would probably be subjected to fewer uncertainties.
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10. Appendix

The most important programs/codes are shown on the DVD. These programs/codes are the
following:

1. The analytical BPE-model of the rectangular steel tube.

2. The results of the numerical BPE-method performed on the rectangular steel tube.

3. Matlab’s built-in Lyapunov solver (determination of the constitutive matrices).

4. Matlab program for determining experimental displacements and rotations.
The CD also contains the complete folders with experimental measuring data and the programs
for analyzing this data.

The CD also contains the result files from the FE-analyses of the original and modified blades
section and the BPE-programs for analyzing these files.
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