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A.1l. Introduction

Abstract

In this work the mass of a 73.5 m offshore wind turbine blade is minimized while considering
manufacturing constraints, tip displacement, buckling, and static strength criteria when
subject to an extreme load envelope consisting of 12 load directions. The gradient based
sizing optimization takes offset in the outer geometry and loading from a commercial 73.5
m wind turbine blade where the manufacturing mold should be re-used and hence the outer
geometry is kept constant. A solid-shell finite element model of the full blade is used as
basis for the optimization. The blade is divided into patches and thicknesses of ply-groups
(groups of contiguous plies with the same material and fiber orientation) are used as design
variables. The design variables are assumed continuous in the optimization phase. Sequential
linear programming (SLP) is used to solve the problem with semi-analytical gradients. In
the post-processing phase the lay-up is refined and ply-group thicknesses are rounded to a
whole number of plies. The gradient based sizing optimization results in a reduced mass and
many active constraints across multiple load directions while the post-processing ensures
manufacturability.

Keywords wind turbine blade structural design; gradient based sizing optimization;
manufacturing constraints; laminated composites

A.1 Introduction

Modern wind turbine blades are complex composite structures. The blades are sub-
ject to complicated loading conditions and the materials have many different failure
modes. The structure has a variable stiffness with ply-drops present throughout the
blade. The ply-drops are accompanied by advanced material transitions between
sandwich and monolithic sections, adhesive bonding, bolted connections, lightning
protection and many other details. Modern wind turbine blades typically utilize ei-
ther glass- or carbon-fiber reinforced polymers (GFRP/ CFRP), or even hybrids of
these two, as the main load carrying materials. Wind turbine blades can be manu-
factured in many ways. One method is to place dry non-crimp fabric fiber mats in
a mold, layer by layer. A mold exists for both the upwind (UW) side and the down-
wind (DW) side of the blade. The material is infused with resin in a vacuum-assisted
process. Finally, the two halves of the blade are glued together with webs placed
in-between. A typical cross section resulting from this process is illustrated in Figure
A.1. The main laminate (MA), sometimes referred to as the spar cap, is mainly built
from unidirectional (UD) layers. The trailing edge (TE) and leading edge (LE) are like-
wise reinforced by UD layers while core materials are usually covered by biaxial angle
plies +45°. Basically, the main laminate carries the flapwise moment, trailing edge
and leading edge laminates carry edgewise moments, sandwich panels in-between
prevent local buckling, and the shear webs (SW) carry the shear load. The in-between
sandwich panels are referred to as leading edge core (LEC) and trailing edge core
(TEC) as shown in Figure A.1.

Structural optimization is often applied in the design of wind turbine blades. In
this work the optimization is applied on an existing blade with the premise that the
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Fig. A.1: Typical wind turbine blade cross section.

manufacturing mold should be reused, and hence the outer geometry is considered
fixed. Structural optimization of wind turbine blades with a fixed outer geometry
has been investigated a number of times in the literature. The approaches taken can
roughly be divided into two categories, the first being topology optimization where
the optimal material distribution is sought, see e.g. Buckney et al. (2013) or Blasques
and Stolpe (2012). This is usually without any a priori assumptions on blade build-up,
but results are also often difficult to manufacture in practice. The other category is to
utilize knowledge of typical blade build-up and limit the optimization to the sizing of
the spanwise material distributions, the choice of material, and/or the position/size
of members such as shear webs, spar cap etc. Here focus will be put on the second
category. The spanwise sizing of materials is a discrete optimization problem as a
manufacturable layup must consist of an integer number of plies at any point and
only a discrete number of ply thicknesses is available.

In Jureczko et al. (2005), Chen et al. (2013), Barnes and Morozov (2016), and Bot-
tasso et al. (2014) the optimization problem is relaxed by considering the sizing in
terms of continuous thickness variables. Jureczko et al. (2005) use a layered shell finite
element (FE) model to minimize the mass of a wind turbine blade. Two continuous
thickness design variables are used for the sizing of shell and webs respectively. Con-
straints considered are stresses, tip displacement, and natural frequency. A genetic
algorithm is used to solve the optimization problem. Chen et al. (2013) use a similar
approach but instead take 9 material ply thicknesses as continuous design variables,
hence changing a design variable corresponds to scaling the thickness of layers of the
corresponding material throughout the blade. Barnes and Morozov (2016) consider
the thickness of spar caps, shear webs skins and trailing edge reinforcement as contin-
uous design variables along with a number of geometrical variables. The thicknesses
are allowed to vary spanwise by dividing the blade into 6 stations longitudinally and
the optimization problem is solved with a genetic algorithm. Bottasso et al. (2014)
use a similar parameterization but includes leading edge reinforcement and skin core
and uses 14 stations longitudinally. This results in 53 continuous thickness design
variables and the problem is solved using a gradient based method. Furthermore, the
optimization is separated in two loops. The gradient based optimization is done in
the inner loop where a 2D cross-sectional FE model is used. The outer loop uses a
finer 3D FE shell model which in turn calibrates the criteria used in the inner loop.
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In Serensen et al. (2014) and Albanesi et al. (2018) the wind turbine blade op-
timization problem is formulated such that a discrete number of plies is achieved.
Serensen et al. (2014) use a combined topology and multi-material approach on a ply
basis to respectively determine whether or not there should be material and which
material. Applied on a main spar with a patch parameterization and manufacturing
constraints, this is solved using a gradient based method. In one case this method
yields more than 30000 design variables. Albanesi et al. (2018) also use a multi-
material approach, but in this case an empty ply is considered a material choice. The
blade consists of a predetermined number of plies uniform over the cross section, and
the design variables correspond to the material of each ply and the spanwise stopping
position. Using 10 spanwise stations and 4 materials, this yields 121 design variables
and the problem is solved by a genetic algorithm.

Modelling of wind turbine blades is typically done by layered shell 3D FE models.
This is also the case in Jureczko et al. (2005); Albanesi et al. (2018), though Bottasso
et al. Bottasso et al. (2014) also utilize a mixture of 3D and 2D solid FE models. Lay-
ered shell elements with an offset option are indeed very convenient to use since the
outer geometry of a wind turbine blade is usually well defined. However, in some
cases shell elements with offset have been found to introduce inaccuracies on torsional
stiffness, see e.g. Laird et al. (2005) and Branner et al. (2007). In solid-shell elements
the complications of element offset is avoided. Haselbach (2017) furthermore inves-
tigated trailing edge modelling in with the conclusion that a combined shell/solid
model works well while a pure shell model does not predict the trailing edge stiffness
correctly. Another advantage of solid-shell models is the possibility of a layer-wise
refinement that allows insertion of e.g. cohesive zone elements to investigate delami-
nation. In practice modern solid-shell elements (see e.g. ANSYS” SOLSH190 (ANSYS
Inc., 2017) or the new ABAQUS element CSS8 (Dassault Systemes, 2017)) can be used
with no or little extra computational cost when compared to standard shell elements.

There are multiple objectives of this work. First of all the goal is to demonstrate
the use of structural gradient based sizing optimization for the sizing of a modern 73.5
m offshore wind turbine blade using a full-scale 3D solid-shell finite element model.
Next it will also be shown how knowledge on the typical build-up of wind turbine
blades can be used to efficiently parameterize the blade with relatively few design
variables while still including important manufacturing constraints. Furthermore, it
will be demonstrated how including multiple constraint types and an extreme load
envelope with 12 load directions will affect the spanwise material distribution in the
different regions of the blade. Finally, it will be shown how sizing optimization using
layered solid-shell can be performed as it involves both changing layup definition but
also moving nodes like in shape optimization.

The paper is organized as follows: First the wind turbine blade along with pa-
rameterization, finite element model, loads, and criteria are presented in Section
A.2. The optimization approach, shape design sensitivity, solution strategy, and post-
processing are presented in Section A.3. Results from the optimization and post-
processing are presented and discussed in Section A.4. Limitations of the approach
are discussed in Section A.5 and the overall conclusion is presented in Section A.6.
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A.2 Wind turbine blade

A.2.1 Blade description

This work takes offset in the outer geometry of a commercial 73.5 m offshore wind
turbine blade. The outer geometry of the wind turbine blade is shown in Figure A.2.
The blade is mainly built using GFRP with balsa as core material. Manufacturing is
done with separate molds for upwind and downwind sides, and the infusion process
uses polyester as resin. As mentioned in Section A.1 a typical cross section resulting
from this process can be seen in Figure A.1. The blade has two standard shear webs
spanning root to tip, and a third shear web near the trailing edge starting at 14 m
and ending at 30 m when measured from the root. The wind turbine blade is divided
into a number of characteristic regions: leading edge (LE), trailing edge (TE), main
laminate (MA), leading edge core (LEC), and trailing edge core (TEC), corresponding
to the colors in Figure A.2. Due to manufacturing the MA, TE, and LE regions have
a constant width, and the LEC/TEC regions basically fill the space in-between. In
this work widths of MA, TE, and LE are taken as 1200 mm, 800 mm, and 200 mm
respectively.

Trailing Edge [l Main Laminate (MA) [l
Core (TEC)
Trailing Edge
Laminate (TE)

Leading Edge
Leading Edge Laminate (LE)
Core (LEC)

Fig. A.2: The outer geometry and finite element mesh of the 73.5 m offshore wind turbine blade.
Colors correspond to the characteristic regions: Purple/blue is trailing edge (TE) with purple
being the glue width, red is trailing edge core (TEC), gray is main laminate (MA), orange is
leading edge core (LEC), and green is leading edge (LE).
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A.2. Wind turbine blade

A.2.2 Layup and parameterization

Cross-sectional parameterization

Assuming constant layup within the characteristic regions at a given spanwise posi-
tion, and furthermore allowing the upwind and downwind parts to vary indepen-
dently, a cross-sectional parameterization as shown in Figure A.3 is achieved. This
assumption neglects details in the transitions between regions, but this can be ac-
cepted for a preliminary sizing. As part of the parameterization, contiguous plies of
the same material and same orientation are grouped together in ply-groups. In doing
so the layup of a given region can be defined through a sequence of ply-groups. The
sequence of ply-groups for the TE region becomes biax-UD-biax as shown in Figure
A.3. The number of plies in each of the ply-groups depends on the spanwise position
in the blade, however the sequence is fixed. A ply-group can either be limited to a
particular region, or it can span the entire cross section. The concept of ply-groups
is particularly relevant for wind turbine blades where it is common to have many
contiguous plies of the same material /orientation as opposed to the aircraft industry.

Downwind
(DW) side

LE

(UW) side

Fig. A.3: Cross-sectional parameterization with 10 characteristic regions. It also illustrates the
constant layup within regions and the concept of ply-groups.

Longitudinal parameterization

The ply-groups should naturally be allowed to vary in thickness throughout the blade
length. In this work the blade is divided into 2 m sections as shown in Figure A.4.
In these sections the ply-groups have constant thickness. In practice a change in
thickness is achieved with a ply-drop. Usually only one ply is allowed to be dropped
at a time and the minimum distance between two ply-drops is limited. Here the
limit is taken to 200 mm, i.e. 5 ply-drops per meter. Instead of letting the minimum
ply-drop distance dictate the longitudinal discretization, the constraint is taken into
account in an average sense as an allowed thickness change per unit length. This can
be formulated as two linear constraints per ply-drop. As an example, the averaged
ply-drop limit between patch p and adjacent patch p + 1 in the main laminate layer [
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can be written as:
byl —tpr1 < S (A1)
by —tpr <5 (A.2)

where S is the allowed thickness change between the two patches. The allowed thick-
ness change is the product of the allowed thickness change per meter, here corre-
sponding to 5tPYY/ m, and the patch length (2 m), where P is the ply-thickness.

Fig. A.4: Longitudinal parameterization of wind turbine blade. The blade is divided into 2 m
sections.

Layup and materials

A simplified layup utilizing only GFRP and balsa is defined through a sequence of
ply-groups in Table A.1. The GFRP is infused with polyester and is assumed available
as either UD or biaxial angle plies £45°, here simply called biax. The first sequence
number corresponds to the first layer placed in the mold which becomes the outer
layer. The circumferential restriction refers to the regions in the cross section as shown
in Figure A.1. The ply-groups that are not design variables have a constant number
of layers as given in Table A.1. The design variable ply-groups have more compli-
cated spanwise material distributions inspired by the distributions found in modern
wind turbine blades and are scaled to provide a feasible starting point for optimiza-
tion. The initial spanwise distributions for these ply-groups are shown later in the
results section. As a starting point the upwind and downwind parts have identical
layups, while they are allowed to vary independently in the optimization. Stiffness
properties of GFRP-polyester are close to typical values with fiber volume fractions
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A.2. Wind turbine blade

of approximately 55%, and for the balsa close to typical values for densities of 150
kg/m3.

Outer shell

Sequence | Ply-group | Circumferential | Design | Comment

no. name restriction variable

1 Gelcoat All over No Surface protection layer of 0.6 mm
covering the whole blade (outer
surface).

2 Biax All over No 4 layers of biax covering whole
blade.

3 Root biax | All over No Additional 8 layers of biax near the
root.

4 Root UD | All over Yes UD layers (all-over) near the root to
distribute bolt loading and provide
thickness for bolt inserts.

5 MA UD MA Yes UD ply-group in the MA region.

6 LE UD LE Yes UD ply-group in the LE region.

7 TE UD TE Yes UD ply-group in the TE region.

8 LEC balsa | LEC Yes Balsa as core in the LEC region.

9 TEC balsa | TEC Yes Balsa as core in the TEC region.

10 Biax All over No 4 layers of biax covering whole
blade (inner surface).

11 Glue TE No Glue in the trailing edge.

Shear webs

Sequence | Ply-group | Circumferential | Design | Comment

no. name restriction variable

1 Biax SW No 6 layers of biax as sandwich flange.

2 Balsa SW Yes Balsa as core material.

3 Biax SW No 6 layers of biax as sandwich flange.

Table A.1: Layup of the wind turbine blade in terms of a sequence of ply-groups. The circum-
ferential restriction either limits a ply-group to a specific region or span the entire cross-section.
Ply-groups that are design variables have given initial spanwise distributions shown later in the
results section.

A.2.3 Modelling strategy

A finite element model using layered solid-shell elements with one element through-
the-thickness is used. The mesh is shown in Figure A.2 and consists of 27915 elements
and 53808 nodes and is generated using a MATLAB program that takes airfoil geom-
etry and layup as input. The internal mesh 21 m from the root can be seen in Figure
A.5. The 3rd shear web mentioned earlier can also be seen. The mesh size is a com-
promise between accuracy and computational time, and is particularly important in
optimization as the model is solved hundreds of times. Sufficient accuracy is veri-
tied according to GL (2010) which states that the lowest buckling eigenvalue must not
change by more than 5% if the number of elements is doubled.

The use of solid-shell elements results in a continuous inner surface. The contin-
uous inner geometry is achieved by having transition nodes with a thickness corre-
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sponding to the average of its neighboring layups as shown in Figure A.5. The trailing
edge is modeled with a 2 mm thin layer of glue between the upwind- and downwind
parts, as can be seen on the zoom. The layup near the glue region is considered fixed
due to the constant outer geometry and glue thickness. Since solid-shell elements are
used a change in thickness corresponds to not only changing the layup definition but
also moving nodes. The procedure to move nodes is explained in Section A.3.2.

Fig. A.5: FE mesh shown at a cross section 21 m from root. Also shown is the transition nodes
which have the average thickness of neighboring patches.

A.24 Completing the parameterization

Combining the cross-sectional and longitudinal parameterization results in a number
of patches as shown in Figure A.6. Within the patches the layup is constant, though
the transition nodes in-between patches are given the average thickness. Ply-groups
have been introduced as a group of plies with same material and orientation. De-
termination of the optimal number of plies in a ply-group is a discrete optimization
problem. In order to use gradient based methods, the problem is relaxed by con-
sidering the ply-group thicknesses as continuous design variables. To realize a man-
ufacturable design after optimization the ply-group thicknesses are post-processed
afterward as explained in Section A.3.4.

A.2.5 Loads

The loading of a wind turbine blade is comprised of many design load cases (DLC)
corresponding to different loading situations. In this work an extreme load envelope
based on IEC (2005) has been provided. The extreme load envelope consists of the
maximum bending moments across all DLCs for multiple load directions. The load
envelope contains 12 different load directions which is customary in the wind turbine
industry. Less load directions can also be used but this is sometimes punished with
higher partial safety factors, see e.g. DNV-GL (2015). The normalized load envelope is
shown in Figure A.7 and the load directions are numbered from 1 to 12. The moments
are normalized with respect to the positive flapwise bending moment (LC1) which
deflects the blade towards the tower. The envelope is only visualized at the root,
but each of the 12 load directions has a unique spanwise distribution which is fitted
through 30 points using a cubic spline. In general, the ultimate limit state is taken
as the characteristic loads multiplied with the partial factor vy = 1.35. Loading is
applied to the FE model as surface pressure on the outer surface of the main laminate.
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A.2. Wind turbine blade

Fig. A.6: The resulting patches when combining the circumferential and longitudinal divisions
of the blade. Ply-group thicknesses can vary independently in the patches as long as thickness
variations are within the allowed limits.

Bending Moment Envelope at Root
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Fig. A.7: Static extreme design load envelope with 12 load direction here shown for the root.
Envelope is normalized with the positive flapwise moment (load no. 1).
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A.2.6 Design criteria

The wind turbine blade is to be designed according to a number of criteria from DN V-
GL (2015). In this work criteria on tip displacement, short-term (static) strength, and
buckling are considered. In practice wind turbine blade designs may also be governed
by fatigue, adhesive joints, or natural frequencies. In the following demonstration the
used criteria are chosen because they represent the overall problem types of displace-
ments, eigenvalues, and local stresses and strains. Since the full 3D stress state is
available when using solid-shell elements, strength criteria for adhesive joints can be
included. Natural frequencies represent another eigenvalue problem and can also be
considered. However, for simplicity adhesive joints and natural frequencies are not
considered in the following demonstration. Including fatigue constraints in gradient
based optimization is still an active area of research, and recent work by Oest and
Lund (2017) on topology optimization using isotropic materials suggests that fatigue
constraints can be included with similar computational costs as static stress/strain
constraints. However, though very relevant, including fatigue constraints is left to
future work.

Deflection

It must be verified that the wind turbine blade tip does not collide with the tower.
In DNV-GL (2015) the allowed clearance depends on the tests performed and the
monitoring available. In this work we disregard this and instead use a provided limit
on the tip displacement of 18.5 m when the blade is subject to the extreme flapwise
characteristic load, LC1.

Buckling

Buckling and stability are allowed to be verified in a number of ways DNV-GL (2015).
In this work linear buckling FE analysis is performed by modelling the full blade and
using 12 load directions. This yields the partial safety factors listed in Table A.2. The
reduction factor 7, for buckling becomes:

Vipuer = Ym0 * Yme * Yml * Ym2 * Ym3 * Yma * Yms = 1.96 (A3)

The analyses are to be performed using the extreme load envelope based on ultimate
limit state loads and for each of the 12 load directions the lowest buckling load factor
should be larger than 1.96.

Short-term strength

Short-term strength is in DNV-GL (2015) divided into fiber failure (FF) and inter-fiber
tailure (IFF). For fiber failure the strains induced from design loads should be lower or
equal to the design strain values. Design values are found by dividing characteristic
values with a reduction factor. The reduction factor is based on the values listed in
Table A.3 and is calculated as in equation A.3 resulting in 7y, = 2.41.

In the case of inter-fiber failure Puck or Larc03 criteria should be used together
with characteristic loads and a reduction factor 7, = 1.52 again calculated using
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Buckling

Ymo | 1.20 | Base factor

Yme | 1.08 | For all analyses

Ym1 | 1.05 | Stiffness degradation

Ym2 | 1.05 | Temperature effects

Ym3 | 1.10 | Nominal material properties
Yma | 1.25 | Linear FE analysis

Yms | 1.00 | Load directions

Table A.2: Design resistance partial coefficients for buckling and stability.

Short-term strength
FF IFF
Ymo | 1.20 | 1.20 Base factor

Yme | 1.08 | 1.00 For all analyses

Ym1 | 1.30 | 1.10 Long term degradation
Ym2 | 1.10 | 1.00 Temperature effects
Ym3 | 1.30 | 1.00 Manufacturing effects
Yma | 1.00 | 1.15 Accuracy of method
Yms | 1.00 | 1.00 Load directions

Table A.3: Design resistance partial coefficients for short-term strength in fiber failure (FF) and
inter-fiber failure (IFF).

equation A.3 and Table A.3. In this work a maximum strain criterion is used in-
stead for simplicity, and hence all transverse strength properties are divided by v,
and fiber-direction properties by 7,.. Strength values are close to typical values for
GFRP-polyester composites with fiber volume fractions of approximately 55%.

A.3 Optimization approach

A3.1 Optimization problem

The optimization problem can be written as:

m%n. m (mass)
st AL >1.96, LC=1...12, (buckling)
n=1...8
(max FI)LC < 1.0, LC=1...12, (failure index)
‘uﬂ;p < 18.5m (displacement)
ply-drop constraints (manufacturing)
tpr <ty < t_pl (design variables)
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where m is the mass, t is a vector of design variables, AL* is linear buckling load
in
index using the max. strain criterion. Buckling load factors and failure indices are
evaluated for 12 load cases each (index LC), and for each buckling criterion the 8
lowest buckling load factors are found (index 7) to take into account mode switching
during the optimization. Design variable t,; corresponds to the continuous ply-group
thickness of layer I in patch p. There are a total of 406 design variables constrained by
678 ply-drop constraints in the optimization problem.

Failure indices are calculated for the top and bottom of each layer of each element
in the model. If included directly in the optimization problem this yields a large
number of constraints. In order to reduce this number a P-norm (PN) approach is
used such that the maximum failure index is approximated as:

factors, u,. * is the tip displacement in the flapwise load case, and FI is the failure

[0 /P
Flpn = (2 (FI:)P> (A4)
I=1

In this work a P-norm is calculated for each patch and thereby the number of failure
index values is reduced from approximately 1,022,000 to 353 (the number of patches).
The number of failure indices, nr;, within each patch varies according to the number
of elements within the patch. The P parameter is a compromise between better ap-
proximations of the maximum value and numerical issues. Here a value of P = 8 is
used and in each patch the 10 highest values are included in the P-norm. A P-norm
will always overestimate the largest failure index. In order to avoid this overesti-
mation an adaptive constraint scaling scheme is used, see Oest and Lund (2017) for
details. The P-norm approach applied is described in more detail in Lund (2018).

A.3.2 Finite element analysis and sensitivities

Finite element analysis and design sensitivity analysis is performed using an in-house
research code written in Fortran 95. The framework is called MUltidisciplinary Syn-
thesis Tool (MUST), see MUST (2018) for more information. In this work solid-shell
finite elements are used. The solid-shell implementation utilizes assumed natural
strain (ANS) and enhanced assumed strain (EAS) formulations to avoid various lock-
ing phenomena. The element formulation is described in more detail in Johansen and
Lund (2009).

Analysis

The element stiffness matrix for element e can be written as:
ny .
K=Y / (B)" CoBLAV (A5)
[=1"

where | is the layer number, 1; is the number of layers, B} is the layer strain-
displacement matrix, and Cj is the layer constitutive matrix. The global stiffness
matrix K is assembled from the individual element stiffness matrices. The governing
equation for static equilibrium can then be written as:

KU =F (A.6)
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where U is the global displacement vector and F is the global force vector. Once the
displacements have been found the element strain vector € for layer / can be found
in the global coordinate system as:

e = BIU* (A7)

where U° is the element displacement vector. To calculate maximum strain failure
indices the strains are transformed to the material coordinate system and then divided
by the allowable strain for each component.

The linearized buckling problem can be written as the following eigenvalue prob-
lem:

(K + /\ng) ® =0 j=12... (A.8)

where A; is the buckling load factor of mode j, described by the eigenvector ®;,
and Ky is the stress stiffness matrix. The stress stiffness matrix is found through an
assembly of the element stress stiffness matrices given as:

n
Ko =Y / (G5)T $iGEdV (A9)

where matrix Gf contains shape functions and shape function derivatives while ma-

trix Sf contains layer stresses ol

Design sensitivity analysis

The design sensitivity analysis is performed using the direct differentiation method.
Thus, sensitivities of the displacement field for the static problem is obtained by dif-
ferentiating the discretized finite element problem in (A.6) w.r.t. a thickness design
variable tpi, see e.g. Haftka and Giirdal (1992). The displacement sensitivities can
thereby be found as:

du oK oF

Ko— =

_Kp 9F Al
dty ot ot (.10

where the right-hand side is usually called the pseudo-load vector. The notation

dU/dt, is used for the total derivative. In this work the loads are considered constant
and hence the last term vanishes. The term gt—KlU is found through an assembly of
P
element terms gt—KjU". In this work the semi-analytical approach is used to find the
P

partial derivative of the element stiffness matrix, i.e. it is evaluated through a second-
order accurate central finite-difference:

K¢ N Ke(t+ Atyy) — Ko(t — Atyy)
Aty 2At,

(A.11)

The perturbation At is chosen as t; - 10~3. First order accurate forward difference
approximations can also be applied in the semi-analytical approach, and no inaccu-
racy problems have been observed when using the faster first order approximations.
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With solid-shell elements a change in thickness also involves a change in node coor-
dinates. This is explained in the following section A.3.2.

Once the pseudo-load vector has been computed, then the displacement sensitiv-
ities gt—]; in (A.10) can be determined efficiently by forward-backward substitution,
re-using the already factored stiffness matrix K from (A.6). Sensitivities of failure
indices are also found in a semi-analytical manner. Failure indices depend both ex-
plicitly on design variables and implicitly through displacements, FIj = FIj(t, U*(t)).

The finite-difference approximation to the derivative can then be written:

dFI FIT(t+ Aty US(+ Aty)) — FIY (£ — At
dty, 2Aty,

o, US(t— Atyy))

(A.12)

The previously found displacement sensitivities can be utilized to approximate the
perturbed element displacements:
due(t
U+ Ary) ~ () + W (A13)
P dty
Linear buckling load factor sensitivities are treated in e.g. Lund (2009). For dis-
tinct eigenvalues the sensitivity can be written:

] T o
dtpl J <dtpl A] dtpl ) J ( )

assuming that K, have been ortho-normalized such that <I>].T (—Kos)®; = 1. The
derivative of the stiffness matrix have already been found in (A.11). The derivative
of the element stress stiffness matrix is found in a semi-analytical manner similar to
failure indices:

dK¢ - KG(t+ Aty US(t+ Atyy)) — KG(t— At
dtpl ZAtpl

plrUe(t - Atpl))

(A.15)
and then (A.14) is computed based on the element terms.

Shape design sensitivity

As layered solid-shell elements are used, changing the thickness of a layer requires
changing both the layup definition in the element, but also moving nodes. Thus the
sizing optimization actually involves shape optimization. However, as opposed to
the general case, node move directions are determined in advance. The distance the
nodes are moved when changing a layer thickness is related to the mesh sensitivity,
sometimes called the design velocity field (DVF). A simple 2D example demonstrating
the implementation in this work is shown in Figure A.8. In the top figure the reference
geometry is shown with three patches.

The first example is for the shear web (Patch 3), which is positioned according to
its center line. If the thickness of a layer is increased with At} then nodes on each side
of the center line should be moved with At,;/2, and hence the movement of surface
nodes compared to the layer thickness change is a factor of 0.5. When the thickness of
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a layer in the shear web is increased nodes are moved in the directions of the arrows.
Since a change in thickness in the shear web should not affect the thickness of Patch
1, not all directions are normal to the surface. Furthermore, in order to not distort the
connecting element in Patch 1, some nodes not part of Patch 3 need to be moved as
well. The next example is on Patch 1 which belongs to the outer shell. Here nodes are
moved with reference to the outer geometry and only the internal nodes are moved
with a factor of 1. The exception is the intermediate node between Patch 1 and Patch
2 which has a factor of 0.5. The factor of 0.5 is needed since the intermediate node is
moved through changes to both Patch 1 and Patch 2. The move directions are normal
to the surface except where connected to the shear web. Here move directions are
tangential to the shear web in order not to affect the shear web thickness.

In practice this is implemented by having two factors and two directions defined
for each node. The choice of direction/factor depends on if the patch is referenced as
‘bottom” or ‘'mid’. The algorithm is used both for sensitivity analysis and for updating
the design after each iteration. Care should be taken that thickness increases in the
web do not collapse adjacent elements in the outer shell. This is prevented by having
elements of sufficient size. Furthermore, a thickness error is introduced through the
difference in angle between normal and non-normal directions. This error is propor-
tional to the cosine of the angle difference and can be compensated with individual
node factors, however this is not considered in this work due to relatively small angle
differences.

A.3.3 Solution strategy

A sequential linear programming (SLP) strategy is utilized to solve the optimization
problem. In the SLP approach, in each iteration, the equations are linearized with
respect to design variables and linear programming (LP) is used to solve the problem.
The linear programming problem is solved using CPLEX version 12.6, see ILOG IBM
(2015). The solution approach is shown in the flow-chart in Figure A.9. The standard
SLP approach is made more robust through a global convergence filter and adaptive
move-limits.

The global convergence filter follows the description in Chin and Fletcher (2003),
see also Serensen and Lund (2015). With the global convergence filter, before a design
change is accepted, a re-analysis is performed with updated design variables. The
resulting objective function and the maximum infeasibility are recorded to a filter-
list. The design change is accepted if either the objective function or the maximum
constraint infeasibility is lower than previously recorded values. In this work a max-
imum allowable infeasibility of 1.5% is used. In practice this is done by initializing
the global convergence filter to (0.015, —1) for normalized maximum infeasibility and
normalized objective function respectively. Since the normalized objective function
can never be lower than -1, only designs with a maximum infeasibility lower than
1.5% can be accepted. If a design is not accepted, move-limits are reduced collectively
and the linear programming problem is solved again.

Adaptive move-limits basically tighten move-limits for a given design variable
if oscillating behavior is detected. The algorithm used for adaptive move-limits is
described in Serensen and Lund (2015). Initial move-limits are defined in terms of
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Reference geometry
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B aeea i
Patch 1 Patch 2
Shear web

Change directions Increased thickness
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Factor=1 Exception, factor = 0.5
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Fig. A.8: Method used for shape design sensitivities shown with two simple examples. The first
example demonstrates how nodes in the shear web are moved, and the second how nodes in
patches belonging to the outer shell are moved.

an allowable change in the D1y entry of the analytically calculated ABD matrix. The
allowable change in Dy is here taken as 3%.

To ensure a feasible problem at all times a merit function approach, also called
an elastic programming technique, is used. The merit function is inspired by the one
used in Svanberg (1987). Here artificial design variables y; are added to ensure that
constraints are feasible. If there are K non-linear constraints, then constraint gy can be
written as:

Sk=8 Uk <&, k=12...K (A.16)

where y is the value needed to make the constraint feasible. Then a penalized objec-
tive function 77 can be written as:

K 1
M=m+a) (cyk - Ey%) (A.17)
k

where m is the real mass, and a and c are parameters. In this worka =1and c = 1is
used.
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Fig. A.9: Flowchart of solution procedure.

A.3.4 Post-processing

The purpose of post-processing the optimized design is to obtain a manufacturable
design. The post-processing is divided into three steps:

¢ Refinement of layup by interpolation

* Rounding to a discrete number of plies

¢ Avoiding multiple start/stops of the same ply
The first point is related to the longitudinal parameterization where the blade is di-
vided into 2 m sections and a constant layup is used within the resulting patches.
Due to this, ply-drop constraints can only be taken into account in an average sense.
However, when manufacturing the blade only one ply-drop is allowed at a time.
To circumvent this, the optimized thickness distribution is linearly interpolated with
sampling points located at the center of each spanwise row of elements.

In the next step the interpolated distributions are rounded to a discrete number
of layers. UD plies are in general not affected much by rounding due to relatively
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thin plies of approximately 1 mm. Balsa layers on the other hand are more critical
since they are assumed available only in plates of quarter inches. Due to this a simple
rounding scheme (rounding to the closest number of plies) is used for the UD plies
while balsa layers are rounded up if the continuous thickness corresponds to more
than 10% of the balsa plate thickness.

The last step is related to avoiding multiple start/stops of the same ply. The ply-
group concept with rounded thicknesses ensures manufacturability of the optimized
design in the way that a ply-group can be placed in the mold one layer at a time with
varying start/stop positions of that given layer. However, for a given ply it is not
desirable to terminate it at one location only to start it again at a later position. Here
this is referred to as local valleys and is dealt with simply by not dropping a ply if
more plies of the same material /orientation are required at any point forward.

A.4 Results and Discussion

A.4.1 Convergence and criteria

The optimization history of the objective function and normalized constraints is
shown in Figure A.10 with the post-processed results on the right side of the ver-
tical dashed lines. Comparison of initial, optimized, and post-processed results are
also listed in Table A.4. The mass is reduced from 30500 kg to 24185 kg and after post-
processing the mass is 24556 kg as shown with the black line in Figure A.10a. This
is a significant reduction in mass, however recall that the initial lay-up is achieved
through a naive scaling of thicknesses to provide a feasible starting point, and that
the thickness distributions in upwind and downwind sides are initially identical.

The normalized displacement constraint is also shown in Figure A.10a but with
the right y-axis as reference. The displacement constraint can be seen to become active
after 19 iterations. Once active it remains active for the remaining iterations. The post-
processed results yield a slightly lower displacement of 18467 mm compared to 18518
mm for the optimized results.

Normalized buckling constraints are shown in Figure A.10b and it can be seen
that buckling in LC12 is the first constraint to be active after 4 iterations. In later
iterations buckling constraints in LC1, LC2, LC3, LC7 and LC8 also become active.
Buckling load factors are slightly infeasible at times and are oscillating around the
limit, but this is to be expected due to the linearizations used in SLP. After results are
post-processed all buckling load factors are increased, improving the margin of safety.

Failure index constraints are shown in Figure A.10c. It can be seen that the failure
index constraints in LC1 and LC2 eventually become active after 19 iterations while
other load directions remain inactive. Note that it is the true maximum failure indices
shown and not P-norm values. After post-processing maximum failure indices are
reduced, again improving the margin of safety.

A.4.2 Ply-group distributions

The initial, optimized, and post-processed distributions of respectively UD and balsa
ply-groups are shown in Figures A.11 and A.12. The thin horizontal lines correspond
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Fig. A.10: Optimization history of objective and structural constraints during 51 iterations in-
cluding post-processed results. In all cases the post-processed results are shown on the right-
hand side of the figures.
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Criteria Load-case | Initial | Optimized | Post-processed | Limit
Mass (kg) - 30470 | 24185 24556 -
Buckling load factor LC1 2.26 1.96 1.99 > 1.96
Buckling load factor LC2 2.65 1.96 2.02 > 1.96
Buckling load factor LC3 2.55 1.96 2.22 > 1.96
Buckling load factor LC4 3.62 2.57 3.17 > 1.96
Buckling load factor LC5 4.25 3.09 3.73 > 1.96
Buckling load factor LCé6 7.64 291 291 > 1.96
Buckling load factor LC7 3.20 1.96 2.07 > 1.96
Buckling load factor LC8 2.74 1.96 2.06 > 1.96
Buckling load factor LC9 3.97 2.53 2.71 > 1.96
Buckling load factor LC10 3.54 2.21 2.43 > 1.96
Buckling load factor LC11 2.65 2.20 2.35 > 1.96
Buckling load factor LC12 2.09 1.96 1.98 > 1.96
Tip displacement (mm) | LC1 15652 | 18518 18467 < 18518
Failure index LC1 0.83 0.98 0.93 < 1.00
Failure index LC2 0.77 1.00 0.92 < 1.00
Failure index LC3 0.55 0.81 0.76 < 1.00
Failure index LC4 0.31 0.58 0.58 < 1.00
Failure index LC5 0.32 0.45 0.44 < 1.00
Failure index LCé6 0.41 0.62 0.60 < 1.00
Failure index LC7 0.51 0.64 0.62 < 1.00
Failure index LC8 0.39 0.62 0.54 < 1.00
Failure index LC9 0.33 0.52 0.49 < 1.00
Failure index LC10 0.47 0.73 0.69 < 1.00
Failure index LC11 0.61 0.92 0.87 < 1.00
Failure index LC12 0.64 0.75 0.73 < 1.00

Table A.4: Comparison of objective and constraints between initial design, optimized design,
and post-processed design.

to the ply-thickness of the ply-group material in question.

Furthermore, buckling and failure index results will be used to explain the thick-
ness distributions obtained. Buckling mode shapes are visualized along paths placed
in the center of each of the regions (TE DW, TEC DW, ect.). This is done for initial,
optimized and post-processed layups for both LC1 and LC12 in Figures A.13 and A.14
respectively. In a similar way the maximum failure index in the downwind part of
the main laminate in LC1 is shown in Figure A.15.

Root UD

The root UD ply-group is shown in Figure A.11a and is constrained to have a certain
thickness at the root to provide space for bolt inserts. This ply-group is relatively
costly since it spans the entire cross-section and much weight can be saved by re-
ducing its thickness. The post-processed distribution is linearly extrapolated to the
root-end. In practice it could be chosen to use a constant extrapolation to avoid short
plies. A steep decrease corresponding to the maximum allowable thickness change is
seen at 2 m. From 4-10 m the rate of thickness change is lower, and there is even a
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small increase in thickness at 8 m. The post-processing removes the local valley and
forms a plateau between 4-10 m. The small thickness increase at 8 m is likely required
due to buckling mode 2 in LC1 located around this position, see Figure A.13c. In-
terestingly the buckling modes in LC1 near the root (mode 2, 6, and 7) disappear in
the post-processed layup, see Figure A.13e. This is likely due to the ’filling” of local
valleys, and the ceiling type rounding of the balsa.

Trailing edge UD and core

Distributions of the UD reinforcement in the trailing edge (TE UD) for downwind
(DW) and upwind (UW) parts can be seen in Figures A.11b and A.11c respectively.
More material is placed in the downwind part compared to the upwind part. This is
expected since the largest flapwise loads (LC1, LC2, LC12) induce compressive load-
ing in the downwind part making it more prone to failure due to both buckling and
strength values that are lower for compression than tension. A rather steep increase
in material can be seen at 30 m in Figure A.11b which coincides with the termination
of the 3rd shear web. The thickness increase at 30 m seems to be needed to prevent
buckling (mode 1 and 3) in LC12, see Figures A.14c and A.14d. Also with the initial
layup buckling modes are prevalent in the trailing edge / trailing edge core from 30
m and onwards, see Figures A.13a and A.14a. This suggests that the 3rd shear web
provides significant buckling resistance, and once terminated an increase in UD ma-
terial is needed. On the upwind part of the TE UD a peak is seen at 10-12 m in Figure
A.11c. This peak creates a local valley between 12-14 m which is avoided as part of the
post-processing. The peak thickness may be due to buckling mode 2 in LC12, which
can be seen in Figure A.14c. This mode is located around 12 m and partly excites the
TE UW region though TE/TEC DW dominates.

Balsa in the trailing edge core (TEC) region is shown in Figures A.12a and A.12b
for downwind (DW) and upwind (UW) parts respectively. Similar to the TE UD ply-
group, an increase in thickness can be seen for the downwind side at 30 m to prevent
buckling. In both the downwind and upwind part a thick balsa zone is seen around
12 m. For the downwind part this is probably again due to buckling mode 2 in LC12
which is located around 12 m, see Figure A.14c. For the upwind part the thickness
increase at 12 m is found to match with the position of the 1st mode shape of the
active buckling constraint in LC8. Furthermore, it makes sense for the optimizer to
decrease the root UD ply-group around 12 m and instead reinforce the individual
regions, especially as balsa is lighter than UD material. On the downwind part of
TEC balsa the local valley between the peaks at 12 and 30 m is filled as part of the
post-processing. This can be seen to eliminate the buckling modes 3 and 4 in LC1
which are located in this interval, see Figure A.13c vs. A.13e.

Main laminate

The main laminate (MA UD) for downwind (DW) and upwind (UW) can be seen in
Figures A.11d and A.11e respectively. On the downwind part a slight overall thickness
reduction can be seen, and the peak material thickness is moved spanwise from 32 m
to 38 m. The peak at 38 m may be linked to buckling modes 6 and 7 in LC1 which
can be seen to partly excite the MA DW region at this position. The maximum failure
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index in the center of the MA DW region is shown in Figure A.15. Here the failure
index can be seen to peak around 30 m. Note that the maximum failure index is
not located exactly in the middle of the MA DW region, which is why the plotted
failure index does not reach a value of 1. It is interesting to note that oscillations of
approximately 2 m length of the failure index are seen for the initial and optimized
layups. This corresponds to the 2 m longitudinal divisions. The post-processed layup
yields a smoother failure index distribution, however the maximum values are not
much different. On the upwind part more material is removed when compared to the
downwind part, and the peak is kept at 32 m. For both upwind and downwind parts
it can be seen that material is added between 10-14 m. This is similar to the thickness
increase noted in the TEC region, and is needed to compensate for the thickness
decrease in the root UD ply-group.

Leading edge laminate and core

The UD reinforcement in the leading edge (LE UD) is seen in Figure A.11f. The
most material is removed in the inboard part of the blade. Here the leading edge
region benefits from the root UD ply-group, and it seems little additional laminate
reinforcement is needed. More laminate is needed between 24-50 m, and a uniform
thickness is obtained from 50 m and beyond.

Balsa in the leading edge core (LEC) region is shown in Figures A.12c and A.12d.
Similar to the TEC region the peak thickness of the downwind part is located at 14-16
m. From the load directions which have any active constraints it is only LC2 and LC3
which induce compression in the LEC region. It is found that buckling mode 5 in
LC2 is located in the LEC region around 12-14 m with a buckling load factor of 1.97,
and hence this is likely the reason for this reinforcement. For the upwind part more
material is removed, and in both cases only 1-2 balsa plates are needed.

Shear webs

The thickness distribution of the shear webs is seen in Figure A.12e. A large overall
reduction in thickness is found, and after post-processing the thickness is almost
uniform. The shear web towards the trailing edge side can be seen in Figure A.13c to
be part of buckling mode 2, 4, 6, and 7 in LC1. Furthermore, it is found that buckling
in this shear web is governing for both LC2 and LC3.

Other observations

It is interesting to note that the buckling mode shapes of the initial layup are limited
to rather specific areas of the blade, while the optimized buckling shapes in some
cases span different regions across the entire length. This can be interpreted as a well
distributed stiffness. With the optimized layup it can also be noted that some buckling
load factors and mode shapes are very close, and may correspond to having multiple
eigenvalues. The interaction between multiple eigenvalues is however not taken into
account in the sensitivity analysis.

With regards to blade design it may be beneficial to either extend the 3rd shear
web, or extend the width of the TEC balsa towards the trailing edge, in order to avoid
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buckling in the TE/TEC region from 30 m and forward. With the optimized blade
design buckling in this region is partly avoided through UD reinforcement in the TE
region, which is a heavy solution compared to thicker balsa panels.
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Fig. A.11: Optimized thickness distributions of UD ply-groups in respectively: root (uniform
over cross-section), trailing edge, main laminate, and leading edge.
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Fig. A.12: Optimized thickness distributions of balsa ply-groups in following regions: trailing
edge core, leading edge core, and shear webs.
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(f) Mode shape 1 of post-processed layup in
LC1.

Fig. A.13: Comparison of LC1 buckling mode shapes and buckling load factors for initial, opti-
mized, and post-processed lay-ups respectively. Buckling modes shapes are shown along paths
located in the center of each of the regions (TE DW, TEC DW, etc.) as illustrated in subfigure b.
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(f) Mode shape 5 of post-processed layup in
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Fig. A.14: Comparison of LC12 buckling mode shapes and buckling load factors for initial,
optimized, and post-processed lay-ups respectively. Buckling modes shapes are shown along
paths located in the center of each of the regions (TE DW, TEC DW, etc.) as illustrated in
subfigure b. 69
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Fig. A.15: Max. failure index along the center of the downwind side main laminate in loadcase
1 shown for the initial, optimized, and post-processed layups respectively.
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A.5 Limitations

A.5.1 Parameterization

The parameterization is suitable to structures that have characteristic regions with
many contiguous plies of the same material/orientation. One of the main limitations
is the predetermined sequence of ply-groups. The predetermined sequence is based
on experience. For example, the main laminate region is expected to consist of mainly
UD layers. However, in some regions it may make sense for the optimizer to choose
another material for a given ply-group, and this is not possible. This could be over-
come by adding ply-groups of other materials with a small starting thickness, and
hence if beneficial the optimizer can increase the thickness of this ply-group. This
would be at the expense of more design variables.

A.5.2 Modelling and non-linear analysis

The cross-section is divided into 10 characteristic regions with constant layup. The
physical transitions between the regions are left out, however intermediate nodes are
given the average thickness of its neighboring patches. This results in virtual tran-
sitions due to mesh compatibility rather than due to the physical transition. The
transition between sandwich and monolithic sections could prove to be important
in buckling of sandwich panels since the transitions essentially correspond to panel
boundary conditions. A first order refinement could be achieved by adding interme-
diate transition patches with a layup corresponding to half the balsa in the center and
half the monolithic layers on each side. This is left for future work.

The analysis approach using a full-scale solid-shell FE model does not have any
inherent restrictions. Non-linear analysis is supported and could be used for all cri-
teria on the expense of computational time. Recent work by Rosemeier et al. (2016)
show that linear buckling analyses with the required partial safety factors are conser-
vative, and probably a less conservative design could be achieved using non-linear FE.
However, to reduce computational costs it may instead be beneficial to use linear anal-
yses with experience-based partial factors and instead only use non-linear analyses
for the verification of the final design. Partial safety factors could also be calibrated
iteratively by non-linear analysis, similar to how Bottasso et al. (2014) calibrate the
safety factors applied on a 2D FE cross-sectional model using a 3D FE model.

A.5.3 Extreme load envelope

In this work a provided extreme load envelope is used. This load envelope is as-
sumed constant although the layup is changed meaning that the aero-elastic coupling
is neglected. To circumvent this an aero-elastic re-analysis could be performed for e.g.
every 10th structural optimization iteration. This is left for future work.
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A.6 Conclusion

In this paper gradient based sizing of a modern wind turbine blade has been demon-
strated. The demonstration takes offset in a full-scale 3D FE solid-shell model subject
to an extreme load envelope of 12 load directions. A sequential linear programming
(SLP) approach is used to minimize the mass of the blade while taking into account
manufacturing constraints, tip displacement, buckling and static strength. In the op-
timization it is shown how solid-shell elements can be used for laminate sizing as
changing a layer thickness involves moving nodes like in shape optimization.

The gradient based sizing optimization yields a mass reduction from 30470 kg
to 24185 kg. However, in order to make the blade manufacturable the results are
post-processed increasing the mass to 24556 kg while also increasing the margin of
safety. Obtaining a manufacturable design through post-processing is possible due to
the considered manufacturing constraints. Only two load directions result in active
failure index constraints, while six load directions result in active buckling constraints,
proving that including multiple load directions is essential. The parameterization
of dividing the cross-section into 10 regions and the blade length into 2 m sections
provides a coarse but sufficient patch discretization yielding relatively few design
variables compared to the structure size. This in turn allows taking into account more
load cases and constraints.

The parameterization with relatively few design variables and manufacturing con-
straints in combination with a gradient based approach enables a realistic sizing op-
timization of a modern 73.5 m offshore wind turbine blade. Utilizing a full-scale 3D
FE solid-shell model in the optimization makes it possible to distribute the stiffness
well resulting in many buckling modes on the limit across multiple load cases, and
the obtained thickness distributions are found to match well with observed critical
buckling modes.
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