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CIONES DE PALA DE AEROGENERADORES EOLICOS MEDIANTE
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Director: Branner, Kim.

Entidad Colaboradora: Laboratorio Nacional Risg de energias renovables.

RESUMEN DEL PROYECTO

1. Introduccion

Las palas de los aerogeneradores son los componentes fundamentales de es-
tos para la generacion de energia. Por lo tanto, su disefio y optimizacion es muy
importante para garantizar que las cargas que sufren durante su vida ttil son

soportadas a la vez que aportan la mayor eficiencia posible.

Por otro lado, las palas deben disefiarse minimizando sus reparaciones pa-
ra asi reducir los costes de mantenimiento y operaciones, que pueden suponer
hasta un 20-25 % del coste total energético nivelado (LCOE) [1]]. Una forma de
limitar los costes de mantenimiento y operaciones es disminuyendo el niime-
ro de defectos en las palas de los aerogeneradores, asi como incrementando la
investigacion sobre ellos para discernir qué defectos requieren reparacién inme-

diata o cudles pueden manternerse durante la operacion del aerogenerador.

Los materiales compuestos que conforman las palas de los aerogeneradores
no tienen las mismas propiedades mecdanicas en todas las direcciones del es-
pacio, por lo que su comportamiento varia de una estructura compuesta a otra.

En consecuencia, los modos de fallo todavia necesitan mayor investigacion [2].



Este proyecto se centrard en el andlisis de dos tipos de defectos comunes que se
encuentran en las palas de los aerogeneradores. Estos se enfocan principalmente

en la falta de adhesivo en dos ubicaciones diferentes de la pala.

El objetivo principal de este proyecto es llevar a cabo un andlisis estético
de pandeo sobre una seccion de una pala comercial. La pala considerada es
prismatica, estd hecha de fibra de vidrio y pertenece a una turbina edlica de
2MW [3]].

Otro objetivo importante de este proyecto es poder proporcionar un estudio
numérico de las cargas experimentadas por la seccion de la pala considerada.
Para ello, esta seccion es generada mediante un modelo de elementos finitos
realizado en Abaqus y su comportamiento de pandeo se comparard con el de
la misma seccion con defectos. Los defectos que se tienen en cuenta para este
estudio son la falta de adhesivo en el borde posterior de la pala y en las juntas

del cajoén de torsion.

Por ultimo, otro fin de este trabajo es examinar las consecuencias de los
defectos sobre la respuesta estructural en diferentes direcciones de carga. Estas
direcciones serdn ampliadas con respecto a las que son actualmente exigidas por
la legislacion vigente para el disefio de palas en las turbinas edlicas [4]. Final-
mente, el estudio estructural y la comparacion entre la pala con y sin defectos se
llevard a cabo considerando dos criterios de fallo del material: Tsai-Wu y fallo

de adhesivo.

2. Metodologia

El modelo 3D de la seccién de la pala se genera en Abaqus modificando
un archivo de entrada con formato de archivo de texto. El uso de archivos de

entrada posibilita el estudio numérico y paramétrico, ya que permite la asigna-
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ci6on y modificacion de cualquier pardmetro, materiales, geometrias, asi como

la facilidad para alterar los datos segun sea necesario.

El estudio comienza con el disefio de los defectos artificiales y su intro-
duccion en el modelo de elementos finitos de la seccion de pala. Cada tipo de
defecto estd disenado para que algunos parametros puedan modificarse y asi
poder variar el tamafio de los defectos. Varios casos de estudio son considera-
dos dentro de cada tipo de defecto. Por un lado, los casos de borde posterior se
ilustran en la figura[I], donde tres casos de estudio varfan el tamafo del defec-
to manteniendo una posicién centrada en la seccion. Por otro lado, la ausencia
de adhesivo en el cajon de torsion se estudia en dos regiones diferentes de la
seccion transversal de la pala: la parte superior derecha del larguero posterior
(UR) y la parte inferior izquierda del larguero delantero (LL). Las ubicaciones
de ambos defectos junto con la variacion de tamano del defecto en cada caso de

estudio se muestran en la figura 2]

TR1 Defect case

TR2 Defect case

TR3 Defect case

wid
puig

Figura 1: Esquema de los defectos en el borde posterior (izquierda) y situacién del defecto en

la seccion transversal de la pala (derecha).

Los andlisis de pandeo se basan en el actual Estdndar de disefio de las palas
del rotor (DNVGL-ST-0376 Standard) [4]]. De acuerdo con esta legislacion, to-
das las partes de la pala deben revisarse para detectar posibles fallos de pandeo
en todas las ubicaciones con un determinado factor de seguridad, denominado
factor de reduccion 7, en esta norma. Este factor de reduccion se ha fijado para
este proyecto en 2.2 para el analisis de pandeo lineal y en 1.65 para el anélisis

de pandeo no lineal. El andlisis de pandeo se desarrolla de la misma manera
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Defect case

Defect case

Aw

Figura 2: Esquema de defectos en la parte superior derecha del larguero posterior (UR) y en la
parte inferior izquierda del larguero delantero (LL), en la figura superior. También se muestra

la situacion de los defectos en la seccion transversal de la pala (figura inferior).

para el estudio de la pala con y sin defectos. Ademads, este andlisis es estatico,
ya que no se tienen en cuenta velocidades o aceleraciones. En este proyecto se
realizan andlisis de pandeo tanto lineales como no lineales, ya que los dltimos

pueden proporcionar mayor precision.

Las cargas iniciales de este estudio se tomaron de un estudio anterior de
la misma pala [3]] que investiga su colapso estructural a través de un ensayo
a gran escala (pala completa). Estas cargas de entrada son los momentos de
batimento y arrastre experimentados en una seccion especifica de la pala durante
su ensayo. Por tanto, estos momentos se aplican en cuatro direcciones de carga
determinadas. Adicionalmente, también se estudian otras ocho direcciones de
carga que para realizar un andlisis de carga combinada. De esta manera, estas
direcciones se pueden estudiar suponiendo un envolvente de carga eliptico a
partir de las cargas iniciales, lo que lleva a un total de doce direcciones de carga
estudiadas, las cuales estdn separadas 30° entre si. Este envolvente de carga se
ilustra en la figura [3] y las magnitudes de las cargas se calculan con respecto
a su direccion de carga especifica. El rendimiento de la pala en cada direccion

de carga se evaluard comparando el comportamiento de pandeo y el fallo del
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material con el factor de reduccion exigido por el estandar de disefio actual [4].
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Figura 3: Envolvente de carga con las cargas de disefio para el andlisis de pandeo. Las cargas
iniciales de batimento y arrastre se muestran en verde mientras que las cargas combinadas se

muestran en rojo.

Por otro lado, las condiciones de contorno consideradas son las de una viga
simplemente apoyada, ya que es la que mejor se ajusta al comportamiento de

una seccion media de pala.

Los criterios de fallo relacionan las deformaciones y tensiones de la [dmina
con las magnitudes de éstas que el material es capaz de soportar. Segun el cri-
terio, se define una funcion F' que limita las tensiones y las deformaciones. La
estructura falla si las tensiones y las deformaciones creadas por las cargas de
entrada hacen que esta funcion exceda o sea igual a 1 (F > 1). Dos criterios de
fallo son definidos en este proyecto: Tsai-Wu y fallo del adhesivo. Ademads, se
usa el fallo de primera lamina para el analisis de los criterios de fallo, el cual
establece que la resistencia del laminado estd determinada por la resistencia de

cada lamina [5]].

Finalmente, para implementar los andlisis, se han hecho varias hipotesis:



3.

3.1.

Los defectos se configuran con formas rectangulares arbitrarias. Los de-
fectos reales variarian en forma y tamafio.

Las cuatro cargas extremas a la pala (iniciales) son las unicas cargas co-
nocidas para el estudio. Las magnitudes de carga combinada estan deter-
minadas por la envolvente de carga, la cual se aproxima a una elipse que
incluye las cargas iniciales.

Como se menciond en la seccion anterior, el criterio de fallo de primera
capa se considera para la determinacion del fallo del material.

El modelo 3D de la pala no restringe el contacto entre las 1dminas. Por
lo tanto, cuando la estructura de la pala se deforma, las laminas pueden
penetrar unas con otras. Este comportamiento no es realista.

Las condiciones de contorno se fijan en los extremos de la pala y propor-
cionan mayores tensiones que las que se crearian en realidad. Por lo tanto,
la region del extremo de la pala no se considera para el analisis de resulta-
dos.

Imperfecciones geométricas de 1 mm de longitud son afiadidas al anélisis
de pandeo no lineal de la pala sin defectos para iniciar el pandeo y propor-
cionar resultados fiables. Para mantener consistencia, estas imperfecciones
también se aplican a los casos de defectos, ya que se supone que son muy

pequefias para ser significativas en comparacion con estos.

Resultados

Analisis de la pala sin defectos

ANALISIS DE PANDEO LINEAL

Haciendo uso del anélisis de elementos finitos, el andlisis de pandeo lineal

resuelve el problema de autovalores de la matriz de rigidez en cada elemento
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de la malla sobre la seccion de pala considerada. Por lo tanto, la carga critica
de pandeo se puede calcular mediante la multiplicaciéon de la carga aplicada
con el autovalor obtenido (se toma el autovalor més bajo). De esta manera, los
autovalores son factores de seguridad que pueden compararse facilmente con
los factores de reduccion especificados por la legislacion de disefio de las palas

de aerogeneradores.

La figura 4 muestra la conformidad de la seccién de pala en pandeo con res-
pecto a los requisitos solicitados por la norma de disefio. Las magnitudes de
los autovalores se muestran en cada direccién de carga, formando una envol-
vente de carga similar al de las cargas de disefio para este andlisis de pandeo
(figura [3]). La principal diferencia es que, en lugar de momentos flectores, los
autovalores forman la envolvente para asi poder ser comparados con el factor
de reduccion requerido por el Estandar. Por lo tanto, aquellos casos donde los
autovalores son mds bajos que el factor de reduccidn solicitado (no cumplen
con el Estandar) estdn incluidos dentro del limite del factor de reduccion (elipse
roja en la figura). Por el contrario, los autovalores que satisfacen el Estdndar,

son mayores que €l factor de reduccion y estdn en las afueras de esta elipse.

T T

Reduction factor (v,,=2.2)
Intact Blade

Edgewise bending ratio

-4 -3 -2 -1 0 1 2 3
Flapwise bending ratio

Figura 4: Envolvente para el anélisis lineal de pandeo de la pala sin defectos, comparando este

con el factor de reduccion solicitado por la norma de disefio.

Un resultado importante obtenido es que las direcciones de carga extremas
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presentan mayores autovalores que el factor de reduccidn solicitado v, = 2,200,
satisfaciendo asi los requisitos de disefio. Sin embargo, hay algunos autovalores
correspondientes a las direcciones de carga combinada que son inferiores a este

factor de reduccidn, especialmente para las direcciones de carga con +30°.
ANALISIS DE PANDEO NO LINEAL

El andlisis de pandeo no lineal es un estudio incremental que permite tener en
cuenta las existencia de imperfecciones y de zonas no lineales. Es mds preciso
que el andlisis de pandeo lineal, por lo que bajo este andlisis se estudia el fallo
del material y se compara igualmente con los requerimientos de disefo de la

pala.

El anilisis de pandeo no lineal se muestra en la figura [5| De la misma ma-
nera que en el andlisis lineal, las direcciones de carga de +30° no satisfacen
adecuadamente los requerimientos de disefio. Por otro lado, el criterio de fallo

Tsai-Wu es més restrictivo que el criterio de fallo de adhesivo.

Reduction factor (v,=1.65)
Intact Blade TW Failure Criteria

,9 Intact Blade Adhesive Failure Criteria
—
. |
& 3l
B0
£ a2t
<
Z
2 I
b7
o 0 o<
2
Q
21|
<3 __—
2t |_—"
A A | ) )
-3 -2 -1 0 1 2

Flapwise bending ratio

Figura 5: Envolvente para el anélisis de pandeo no lineal de la pala sin defectos, comparando

este con el factor de reduccion solicitado por la norma de disefio.
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3.2. Analisis de la pala con defectos

El procedimiento de andlisis seguido sobre la pala sin defectos es el mismo
que para la pala con defectos. En el anédlisis de pandeo no lineal, el criterio de
fallo de material mds restrictivo es el que se emplea para realizar la comparacion
entre los diferentes casos de defectos con la pala sin defectos y con el factor de

reduccion exigido.

AUSENCIA DE ADHESIVO EN EL BORDE POSTERIOR DE LA PALA

4 |
2

3+
2, 3
= 0 u 1F
H 80
a0 E
g lr g
= 2
E g 0
2 0 —
© B2
b z
; 1k g’n -1+
[ =)
o S5}
= 2k - -
3] Reduction factor (y,=2.2) _g |[——Reduction factor (7,,=1.65)

Intact Blade Intact Blade Material Failure
-3 TR1 Defect Case 1 TR1 Material Failure
——TR2 Defect Case —— TR2 Material Failure
1 — TR3 Defect Case X 3 —— TR3 Material Failure . N
B, . -3
-4 -3 -2 -1 0 1 2 3 -3 -2 -1 0 1 2
Flapwise bending ratio Flapwise bending ratio
(a) Pandeo lineal (b) Pandeo no lineal

Figura 6: Andlisis de pandeo lineal y no lineal de los casos de defectos en el borde posterior,

comparados con el estdndar de disefio.

Los andlisis de pandeo de todos los casos de defectos en el borde posterior
se comparan con el estandar de disefio en la figura[6] Por un lado, el andlisis de
pandeo lineal (6a) muestra que el rendimiento de la pala se ve afectado por la
presencia del defecto inicamente en las direcciones de carga que tienen el de-
fecto en compresion. Sin embargo, las direcciones de carga donde el defecto se
encuentra en tension tienen la misma respuesta de pandeo que la pala sin defec-
tos. Esto se debe a que el pandeo aparece debido a la inestabilidad estructural

bajo compresion.
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Por otro lado, los andlisis de pandeo no lineal presentan una diferencia con
respecto a los andlisis de pandeo lineal: el defecto reduce también el rendimien-
to de la pala en la direccion de carga de 90°, que sitda al defecto en el lado de
tension. Esto se debe a que el anélisis de pandeo no lineal se divide en incre-
mentos y el resultado de este andlisis contrasta todos los elementos de la malla.
Esto tiene como consecuencia que el defecto pueda terminar afectando al rendi-
miento de la pala incluso si el defecto se encuentra sometido a tension cuando
la carga es aplicada. 90° es la tnica direccion en el lado de tension que reduce
el rendimiento porque el defecto mantiene la maxima distancia al eje neutro de

la estructura.

En ambos analisis de pandeo, es razonable que el rendimiento de la pala
empeore cuando se amplia el tamafio del defecto. Sin embargo, incluso en el
caso en el que el defecto es mds pequeno (12.5 cm de longitud), el rendimiento
de la pala es inaceptable, ya que las direcciones de carga con el defecto bajo

compresion tienen factores de reduccion inferiores a 1.

AUSENCIA DE ADHESIVO EN LAS UNIONES DEL CAJON DE TORSION
DE LA PALA

- Ausencia de adhesivo en la parte superior derecha del larguero posterior

En este caso, el defecto estd bajo compresion entre las direcciones de carga
desde 240 a 30°, en sentido contrario a las agujas del reloj. Sin embargo, entre
todas estas direcciones de carga en las que el defecto esta en compresion, solo
0y 30° son aquellas en las que el defecto afecta negativamente al rendimiento
de la pala. Esto es debido a que en la mayor parte de estas direcciones de carga,
el mayor comportamiento de pandeo no se produce cerca del defecto si no en
zonas de las palas que estdn mds alejadas del eje neutral (borde posterior). Por
consiguiente, el defecto en el larguero posterior soporta menos esfuerzos en

dichas direcciones.
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Figura 7: Andlisis de pandeo lineal y no lineal de los casos de defectos en el borde superior

derecha del cajon de torsidn, comparados con el estandar de disefio.

El analisis de pandeo no lineal se diferencia del anélisis de pandeo lineal en
dos cosas. En primer lugar, el rendimiento de la pala se ve afectado por el de-
fecto en una direccion de carga diferente a las del andlisis lineal. Esta direccion
es 180°, lo que significa que este tipo de defecto influye en ambos sentidos del
movimiento de batimento. En segundo lugar, la direccién de carga de 30° es un
caso especial para este estudio. Los resultados muestran que la pala funcionaria
mejor con la presencia de este defecto que sin €l (pala sin defectos). La justifica-
cion de estos resultados debe estar relacionada con las caracteristicas e hipotesis
del modelo de pala considerado. Sin embargo, la duracion del proyecto no ha

sido lo suficientemente larga como encontrar la causa de estos resultados.

- Ausencia de adhesivo en la parte inferior izquierda del larguero delantero

En el andlisis lineal de este tipo de defecto, el defecto se encuentra en com-
presion desde 60 a 210°. El rendimiento de la pala disminuye con la presencia
del defecto a medida que este aumenta su distancia al eje neutro de la seccion
transversal de la pala con la direccion de la carga. De esta manera, el rendimien-

to menor de la pala se produce para la direccion de carga de 180°.
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Figura 8: Andlisis de pandeo lineal y no lineal de los casos de defectos en el borde inferior

izquierda del cajon de torsién, comparados con el estdndar de disefo.

Al igual que en el caso del defecto anterior, el andlisis de pandeo no lineal no
cumple con la Norma en ambos sentidos del movimiento de batimento, incluso

aunque 0° tenga el defecto en la zona de tension.

4. Conclusiones

Posteriormente a la realizacion de este estudio, se pueden sacar varias con-

clusiones:

= El disefo de las palas de los aerogeneradores debe incluir como requisito
la carga combinada, ya que se ha demostrado que los factores de seguridad
bajo cargas combinadas pueden reducirse considerablemente con respecto
a los de las cargas puras de batimento y arrastre.

= Se ha determinado que, en esta seccion de pala, las direcciones de carga
con +30° desde la direccién positiva del momento de batimento (0 °) son
las direcciones més propensas a fallos de pandeo, independientemente de

la presencia de defectos.
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= Los defectos en el borde posterior disminuyen el rendimiento de la pala
en mds direcciones de carga bajo compresion que los defectos entre las
uniones del cajon de torsion.

» El criterio de fallo Tsai-Wu domina sobre el criterio de fallo de adhesivo,
excepto en los casos en los que el adhesivo estd presente bajo compresion

maxima.
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PROJECT SUMMARY

1 Introduction

Wind turbine blades are the fundamental components of wind turbines for power
generation. Therefore, their design and optimization is mandatory to endure
loading throughout their lifetime operation while providing as high efficiency

as possible.

Furthermore, the blades must be designed so their reparations can be min-
imized in order to reduce the cost of operability and maintenance, which can
rise up to 20-25% of the total levelized cost of energy (LCOE) [1]. One way
of limiting the operability and maintenance costs is by decreasing the defects
on blades, as well as having a better understanding about the urgency of blade

reparations.

The composite materials of wind turbine blades do not maintain the same
mechanical properties in all spatial directions and so, their behaviour changes
from one composite structure to another. Consequently, failure modes are still
in need of more research [2]. This project will focus on the analysis of two
common defects encountered in wind turbine blades, mainly targeting missing

adhesive in two different locations.
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The main goal of this project is to carry out a generalized static buckling
analysis over a blade section from a commercial blade. This considered blade

is prismatic, made out of glass fiber and belongs to a 2MW wind turbine [3]].

In addition, this project aims to provide a parametric numerical study from
previous experimental load inputs over the considered blade section. To do so,
the blade section is generated in a finite element model performed in Abaqus
and its buckling behaviour is compared to that of the same blade section with
defects. The defects that are taken into account for this study are the lack of

adhesive in the trailing edge and over the box spar joints.

Furthermore, another scope of this work is to examine the effect of damages
on the structural response under load directions which vary from the usual pure
flapwise and edgewise loading directions requested by the current blade de-
sign legislation [4]. Finally, the structural study and comparison between intact
blade and blade with defects is carried out by considering two material failure

criteria: Tsai-Wu and adhesive failure.

2 Methodology

The 3D model of the blade section is generated in Abaqus modifying an in-
put file (text file format). Using input files enables the numerical parametric
study as it allows the assignation and modification of any parameter, materials,

geometries as well as the ease to alter the data as needed.

The study starts with the design of the artificial defects and its introduction
in the finite element model of the blade section. Each defect type is designed so
that some parameters can be modified in order to consider different defect sizes.

Therefore, several defect cases are analyzed within each defect type. Firstly,
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trailing edge cases are illustrated in figure [T} where the defect size varies while
maintaining a centered position. Secondly, the missing adhesive over the box
girder is studied in two different regions: the upper-right (UR) shear web and
the lower-left (LL) shear web of the blade cross-section. The locations of both
missing adhesive defects together with the defect size variation in each case is
shown in figure 2]

TR1 Defect case

2w

TR2 Defect case

TR3 Defect case

Figure 1: Sketch of trailing edge defect cases (left) and defect location over blade cross-section

(right).

Defect case

10 : |

Defect case

41 ? '

Aw

Figure 2: Sketch of upper-right (UR) and lower-left (LL) shear web missing adhesive defects

(upper figure) and defects locations over blade cross-section (lower figure).

The buckling analyses is based on the Rotor Blades Design Standard (DNVGL-
ST-0376 Standard) [4]. According to this legislation, all parts of the blade shall
be checked for buckling failure at all locations with a specified safety factor,

referred as reduction factor 7;,. This reduction factor is fixed for this project to
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2.2 and 1.65 for linear buckling analysis and nonlinear buckling analysis, re-
spectively. The buckling analyses are developed in the same way over both the
intact blade and the blade with defects. The buckling analyses are static, as no
velocities or accelerations are considered. In addition, both linear and nonlinear
buckling analyses are taken into account in this project, as the latter can provide

more accurate results.

The input loads used for this study are taken from a previous study of the
same blade [3]], which investigates its structural collapse through a full-scale
test. The input data considered from this research are the pure flapwise and
edgewise bending moments experienced in a specific section of the blade during
its test. These input loads configure four loading directions examined under this
project. However, other eight loading directions are also studied enabling the
study of combined loads. Therefore, an elliptical loading envelope is assumed
from the input loads, leading to a total of twelve studied loading directions sep-
arated 30° from each other. This loading envelope is illustrated in figure (3| and
load magnitudes are calculated according to their specific load direction. Blade
performance under each load direction is evaluated by comparing the buckling
behaviour and material failure of the blade to the reduction factor requested by

the current design standard [4]].

Furthermore, the boundary conditions considered are those of a simply sup-

ported beam as they adjust best to the behaviour of a middle blade section.

Failure criteria relate the lamina stresses and strains to the allowable values
that the material can take. Depending on the criterion, a function F' limiting
stresses and strains is defined. The structure fails if the stresses and strains
created by the input loads make this function exceed or equal 1 (F >1). Two
failure criteria are defined for this project: Tsai-Wu and adhesive failure criteria.
In addition, first ply failure is considered for the analysis of both failure criteria,

which states that the strength of the laminate is determined by the strength of
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Figure 3: Loading envelope of the design loads for the buckling analyses. Pure flapwise and

edgewise loads are shown in green and combined loads are shown in red.

each laminae [5].

Finally, in order to implement the analyses, several assumptions have been

made:

e Defects are configured with arbitrary rectangular shapes. Real defects
would vary in shape and size.

e The four extreme flapwise and edgewise loads are the only known input for
the study. Combined loading magnitudes are determined by the load en-
velope, which is approximated to an ellipse that includes the four extreme
loads.

e As mentioned in the previous section, first-ply failure criterion is consid-
ered for material failure.

e The blade model does not restrain the contact between plies. Therefore,
when the blade deforms, certain layers can penetrate into others. This
behaviour is not realistic.

e The boundary conditions are fixed in the final sections of the blade and
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they provide higher stresses than the ones that would be created in a simple
middle section of the blade. Therefore, the end region is not considered for
the analysis of results.

e Geometric imperfections of Imm length are added to the nonlinear buck-
ling analysis of the intact blade to trigger buckling and provide trustful
results from this method. To maintain consistency, these imperfections are
also applied to the defect cases as it is assumed that they are very small to

be noticeable compared to the effect of defects.

3 Results

3.1 Intact blade analysis

LINEAR BUCKLING ANALYSIS

Using finite element analysis, linear buckling analysis solves the eigenvalue
problem for the stiffness matrix at each element of the grid over the blade sec-
tion considered. Therefore, the critical buckling load can be calculated by the
simple multiplication of the applied load and the obtained eigenvalue (the lower
value is taken). Consequently, eigenvalues are indeed safety factors that can be

easily compared to the requested values from the blade design legislation.

Figure [ shows the compliance of the blade section under buckling with
respect to the design standard requirements. The magnitudes of the eigenvalues
in each load direction are shown, forming a loading envelope similar to the one
of the design loads for this buckling analysis (figure [3)). The main difference
1s that, instead of bending loads, eigenvalues are forming the envelope in order
to be compared to the reduction factor requested by the Standard. Therefore,
the cases in which the eigenvalues are lower than the reduction factor (do not

satisfy the Standard) are enclosed in the reduction factor boundary (red ellipse).
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On the contrary, the eigenvalues that satisfy the Standard and are higher than

the reduction factor are on the outskirts of the ellipse.

Reduction factor (v,=2.2)
Intact Blade

Edgewise bending ratio

2t

Flapwise bending ratio

Figure 4: Linear buckling envelope of the intact blade case compared to the reduction factor

requested by the Standard.

As an important result, the extreme loading points present higher eigenval-
ues than the requested reduction factor ¥, = 2.200, satisfying the blade design
requirements. However, there are some eigenvalues over the combined load-
ing directions that are lower than this reduction factor, especially for 30° load

directions.
NONLINEAR BUCKLING ANALYSIS

Nonlinear buckling analysis is an incremental study that enables to take im-
perfections into account as well as unlinearities. It is more precise than linear
buckling analysis and so, material failure is studied and compared to blade de-

sign compliance in the same way as explained above.

The nonlinear buckling analysis over the intact blade is shown in figure [5]
Agreeing with the linear analysis, -30° load directions fail significantly to com-
ply with the blade design requirements. Furthermore, Tsai-Wu failure criterion

1s shown to be more restrictive than adhesive failure criterion.
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Figure 5: Nonlinear buckling envelope of the intact blade case compared to the reduction factor

requested by the Standard.

3.2 Defects analysis

The analysis procedure followed over the intact blade is repeated for the analysis
of the defect cases, which are described below. The most restrictive material
failure criterion is taken to carry out the comparison between the different defect
cases from nonlinear buckling analysis with the intact blade and the requested

reduction factor.
TRAILING EDGE MISSING ADHESIVE

The buckling analyses of all trailing edge defect cases are compared to the
design standard in figure [f} On the one hand, the linear buckling analyses (6a)
show that blade performance is affected by the presence of the defect only in
those load directions that encounter the defect over compression. However, the
load directions where the defect is placed over the tension side do not vary
their buckling response from that of the previous intact blade analysis. This is

reasonable as buckling appears due to structural instability under compression.

On the other hand, nonlinear buckling analyses (6b) present one difference

with respect to linear buckling analyses: the defect also reduces blade perfor-
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(a) Linear buckling (b) Nonlinear buckling

Figure 6: Linear and nonlinear buckling analyses of all trailing edge defect cases compared to

the design standard.

mance over the 90° load direction, which encounters the defect in the tension
side. The reason is that nonlinear buckling analysis is divided into increments
and the outcome of the analysis contrasts all the blade elements, showing that
the defect may affect blade performance even if it is in tension side. This is the
only direction in the tension side where blade performance is reduced because

the defect holds the longest distance to neutral axis.

In both buckling analyses, it is reasonable that blade performance is worsen
when the defect size is enlarged. However, even in the case where the defect
is smaller (12.5cm length), blade performance is unacceptable as the loading
directions with the defect under compression have critical bending ratios lower

than 1.
BOX GIRDER JUNCTURES MISSING ADHESIVE

- Upper-right shear web missing adhesive

At this location, the defect is under compression from 240 to 30° loading

directions, counterclockwise. However, from all the load directions where the
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Figure 7: Linear and nonlinear buckling envelopes for missing adhesive defect cases over the

upper-right shear web, compared to the design standard.

defect is under compression, only 0 and 30° are the ones where the blade per-
formance is worsened by the defect. The reason is that these loading directions
do not encounter the greater buckling behaviour over the defect region but in
the furthest area from the neutral axis of the blade cross-section (trailing edge).
Therefore, the defect on the shear web is not bearing as much load on those

directions.

The nonlinear buckling analysis differs from linear buckling analysis in two
things. First of all, blade performance is affected by the defect in one different
loading direction from the ones stated before. This direction is 180°, meaning
that this type of defect has an influence on both directions of pure flapwise
movements. Secondly, The 30° loading direction is a special case for this study.
As it can be seen, the results show that the blade would perform better with the
presence of this defect than without it (intact blade). The justification towards
the results under this load direction must be related to the characteristics and
assumptions of the studied blade model. However, the project duration has not

been long enough to trigger the reason of these results.
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- Lower-left shear web missing adhesive

Edgewise bending ratio

Reduction factor (v,=2.2)
Intact Blade
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SW3 Material Failure
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-3
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(a) Linear buckling

h -3

-2 -1 0 1
Flapwise bending ratio

(b) Nonlinear buckling

Figure 8: Linear and nonlinear buckling envelopes for missing adhesive defect cases over the

lower-left shear web, compared to the design standard.

In the linear analysis of this type of defect, the defect is under compression

from 60 to 210°. Blade performance is decreased with the presence of the defect

as much as this increases its distance to the blade cross-section neutral axis with

the increase of load direction. This way, the lowest blade performance is found

for 180° loading direction.

Similarly to the previous defect case, the nonlinear buckling analysis of this

type of defect fails to comply with the Standard over both directions of pure

flapwise movement, even if 0° has the defect under tension.

4 Conclusions

From this study several conclusions can be drawn:

e The design of wind turbine blades should consider combined loading as a

XXV

requirement as it is shown that safety factors under combined loading can



be considerably reduced from those of pure flapwise and edgewise loads.

e It is found in this blade section that ==30° from pure positive flapwise bend-
ing are the directions most prone to buckling failure, regardless the pres-
ence of defects.

e The defects over the trailing edge decrease blade performance in more load
directions under compression than that with defects over the spar cap-shear
web joints.

e The Tsai-Wu failure criterion is found to dominate over the adhesive fail-
ure criterion except the cases where the adhesive is present under maxi-

mum compression.
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Term  Description
BI Biaxial fiber

FEA  Finite element analysis

K Stiffness matrix
Fy Design load

F; Test load

F, Viscous load

I Internal load

L2T Negative edgewise direction, from leading to trailing edge. 270° loading case in the study.
LCOE Levelized cost of energy

LL Lower-left shear web of the blade section

M Mass matrix

NA Neutral axis

OM Operation and maintenance

P External load

P2S Positive flapwise direction, from pressure to suction side. 0° loading case in the study.
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S2p Negative flapwise direction, from suction to pressure side. 180° loading case in the study.
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T2L Positive edgewise direction, from trailing to leading edge. 90° loading case in the study.
TR Trailing edge
TRI Triaxial fiber
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UD Unidirectional fiber
UR Upper-right shear web of the blade section
UVARM Abaqus subroutine that gives the Tsai-Wu failure criterion as an output in this study.
v Eigenvector from linear buckling analysis
w Width
€ Nominal strain
A Eigenvalue from linear buckling analysis
Ym Reduction factor requested by the Rotor Blades for Wind Turbines Standard [1].
O pa Element normal stress
Oy Element shear stress
0 Rotation angle from the P2S loading direction in order to configure the load envelope.



CHAPTER1

Introduction

1.1 Motivation and state of the art

Wind turbine blades are the fundamental components of wind turbine machines
for power generation. The failure of just one blade leads to the standstill of the
wind turbine and, as a consequence, no electricity is produced [6]. Blade design is of
utmost importance so that the rotor blades can endure the loading they are exposed

to throughout their lifetime [7].

Furthermore, the blades must be designed so their reparations can easily be car-
ried out in the field of operation [8]. Reliability problems and the cost of operability
and maintenance (OM) are the common factors impeding and net gain generated
by wind turbines [9]. In fact, wind turbine maintenance costs can rise up to 20-25%
of the total levelized cost of energy (LCOE), being this another factor to optimize
blades [10]. One way of limiting the OM costs is reducing the defects on blades. A
blade may have defects due to environmental impacts (birds, transportation, light-
nings), operation or manufacturing processes, fatigue or material properties. This
project will focus on defects encountered in wind turbine blades, mainly targeting

missing adhesive.

Composite materials are not isotropic which means that their mechanical prop-
erties are not the same in all directions. Thus, their behaviour varies from one
composite structure to another as their components are normally different [11] and
the properties vary according to the proportion of fibres, resin, fibre orientation and
manufacturing processes. Due to this fact, failure modes are still in need of more
research [8]. As a consequence, further research regarding the sensitivity of blade

performance to defects is needed [§].

Moreover, the global analysis of a blade (full blade analysis) in combination with
a local in-depth analysis of a specific blade region is currently an underdeveloped
method to predict structural failure [8]. As a matter of fact, this study intends to
investigate further into this issue. One of the aims is to apply this local and general

approach to future global studies.
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Finally, combining experimental investigations with finite element methods is
key to design damage tolerant composite structures [8]. As a consequence, this
project uses experimental load inputs to implement the parametric numerical study

over a blade section model in Abaqus.

1.2 Project objectives

This project focuses in the generalized buckling analysis over the considered blade
section. The buckling analysis is static, as no velocities or accelerations are coming
into play. The blade section is modelled in a finite element model and belongs to
a 2MW wind turbine. The blade is made of composite glass fiber and is vacuum
infused with epoxy resin. The blade is prebent to 2m at the tip in order to main-
tain sufficient blade-tower clearance [11]. One of the aims of this study is to be
as generic as possible in order to be applicable to other blades and draw general
conclusions. Therefore, the blade section considered is simplified from the original
tapered blade to a prismatic one. The studied blade section is shown in figure 1.1

and it corresponds to bm length middle section of the total 47m length full blade.

Figure 1.1: 3D model of the blade section considered for the study. Different colours
in the section stand for different materials.

The study is fully numerical and performed in Abaqus. The main objectives of

this project are the following:

e Parametric modeling of defect types, locations and sizes in a generic section
of composite wind turbine blades using solid elements. In order to check the

influence of defects on the blade section, two main defects are considered:
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— Missing adhesive from the trailing edge. Trailing edge failure leads to
delamination and buckling behaviour when the structure is submitted to
edgewise loading [12]. The trailing edge is a very important part of the
blade as it highly influences the aerodynamic performance of the airfoil,

avoiding stall conditions.

— Missing adhesive between spar caps and shear webs. The joint between
these two components is also extremely important as they provide the

strength to flapwise bending for the whole blade.

e Understanding the design load envelope and load combinations of a generic
blade section. Different bending moments at several load directions are applied
to the blade section with different defects so the final behaviour is compared
to the one of the section without defects. The effect of combined loading on

top of uncoupled flapwise and edgewise loads is examined under this project.

e Examining the effect of damages on the structural response under different
load combinations in order to provide better understanding of the structural
design of composite wind turbine blades. Material failure is determined in this

study by two failure criteria: Tsai-Wu and adhesive failure.

1.3 Scope of the work

The main scope of this project is to give a better insight into the failure behaviour
of wind turbine blades over their buckling response. As stated in the previous
section, finite element analysis (FEA) enables to develop a sensitivity analysis over
the effect of different defects. However, due to the limited duration of this study,
several assumptions have been made over the blade model, which are specified over

the project development.

Furthermore, most of the composites research focuses on the edgewise and flap-
wise loading as the main factor of blade failure due to the high flapwise bending
moments experimented. In addition, the current norm [1], at which blade design
is subjected to, only requires the satisfaction of certain safety factors under these
uncoupled flapwise and edgewise movements. However, it has been proven that
combine flap and edgewise loading can lead to maximum bending moments in the

ultimate state [3]. Despite this fact, there are few works that focus on the ultimate
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strength and collapse of large blades under combined loading state [11]. It is also a
more realistic study as wind turbines are hardly subjected to a unique loading mode.
As a consequence different loading studies are evaluated in this study. A total of 12

load directions are investigated.



CHAPTER?2
Blade model

This chapter describes the blade section characteristics and loading conditions as

well as the necessary terminology to understand the followed procedure in Abaqus.
The numerical methods implemented for the buckling study are also detailed under
this chapter. Finally, the failure criteria considered to decide over the final structure

performance are also examined.

2.1 Abaqus 3D model

The blade model taken for the study belongs to a previous research [11] and it is
modified as needed for this project. This way, the blade section considered is bm
long. Its cross section is taken from a 47m blade of 2MW [11] from radial position
r =19m to r =24m. The parametric study aims to generalize the effect of common
defects. Therefore, the blade considered for analysis is decided to be prismatic,

which means that the blade has the same cross section over its whole length.

The 3D model of the blade section is generated in Abaqus modifying an input file.
Using input files enables parametric studies to have high flexibility in building and
manipulating the model. Creating or modifying the input file allows the assignation
of any parameters, materials, geometries as well as the ease to alter the data as
needed. Due to these reasons, the overall parametric procedure is faster. The main

logic behind the input file is explained next.

2.1.1 Abaqus terminology

The input file is a text file containing keywords and data lines. Abaqus keywords
introduce the inputs and options to modify the model. Data lines are the numbers
or parameters (assigned variables) requested from keywords. Keywords are distin-
guished from other parameters or data by a * in the beginning of the word/label.
Some examples of keywords are presented below for better understanding. The spe-
cific input syntax for keywords and data lines is detailed under Abaqus Analysis
Userts Manual [13].
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Once the input file is run by Abaqus, several files are created informing about
the on-going or finished processes. All given parameters are numerically evaluated
in .par and .pes files and code errors are stated in .msg. These files make possible
to find a way to track the error and correct it. Furthermore, .sta file indicates the
status of the file and if it is completed successfully. Finally, a .odb file is the output
database and both the model and results can be visualized in Abaqus CAE/Viewer.

The structure of an input file is divided in two main parts:

1. MODEL DATA: Defines all the inputs characterizing the model:

e Geometry: A finite element model is described by nodes and elements.
When the input file is created, all nodes and elements need to have a
number assigned (different from each other). Moreover, each node num-
ber is associated with spatial coordinates and each element is related to
the nodes that it is connected to. Nodes and elements are created by the
keywords *NODE and *ELEMENT, respectively, and the coordinates or

nodes necessary for each case are the data lines following the keyword.

As the blade section studied is very complex and large, elements are
grouped in different element sets. This way, specific characteristics can
be assigned to several parts of the blade (material, boundary conditions,
loads, requested outputs, etc.). Some keywords enable to copy nodes or
elements to other part of the geometry. Others allow to generate different
node or element sets from an initial one, called master element/node.
This way, layers of elements are generated from a particular element of
interest with the *ELSET keyword. An example of this is shown in figure
2.1. The element set is created by specifying the number of elements in
the row (xychange in figure), the increment within element and node

numbers and the number of total rows (zchange).

Node and/or element sets have been modified in Matlab and linked to
the Abaqus input file (.inp) by means of the keyword *INCLUDE.

e Material: Material properties are introduced under the keyword *MA-
TERIAL. They are associated to different elements of the model. A good

assignation of elements sets highly helps this endeavour.

e Initial conditions: Initial stresses or forces when external loads are

introduced in the model.
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Section 28 Section 18
i i

xychange
X

zchange I

Figure 2.1: Element set creation in Abaqus input file. Master element is indicated
in red.

e Boundary conditions and constraints: Specific rotational angles or
displacements can be assigned to elements or element sets. Boundary
conditions are very important for any loading study and so, they are de-

tailed in a later section.

2. HISTORY DATA: Defines the necessary inputs to analyze the response of
a model when applying external loading. An analysis in Abaqus is developed
from one or several steps (keyword: *STEP). A step defines a specific analysis
with external loads and certain outputs requested out of it. It is possible to
carry out several steps within one study, so the output of the first step is
the input of the following one. The data that must be included in the step

definition is:

e Response type: Nonlinear, linear, static or dynamic. This study is
static as velocities or accelerations are not applied to the blade section.
For the buckling study, both linear and nonlinear analyses are compared

under this project.

e External loading: Several types of loads are permitted from concen-
trated or distributed loads to temperature changes (thermal expansion).

Only concentrated loads are taken into account in this study.

e Outputs: Variables of interest can be requested as an output to the
database. The output can be visualized in the .odb file but it can also

be written in a text file.
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2.1.2 Mesh configuration

The polygonal mesh is the basis for the Finite Element analysis. It is formed
by different polygons that approximate the blade geometry. Each polygon is
one element of the mesh, configured by a set of nodes. This particular model
is dicretized with hexahedral elements. C3D8R elements with linear shape
functions are used.

As a brief summary, FEA is based on applying, through an iterative process,
the virtual work principle that minimizes the energy in the system. The goal
is to determine, at each node and element, outputs from a structural analysis,
buckling in this particular study. Hence, for nonlinear buckling analysis, an
external loading is applied to the model with an iterative process where 100%
of the input load is reached after certain amount of increments, specified by
the user. At each iteration, the displacements occasioned at each node when
external loading is applied to the model can be calculated. This way, the
outputs of each iteration are inputs for the following one. As a consequence,
the higher amount of elements in the mesh, the higher accuracy on the study.
However, the computational time also increases, requiring a trade-off between
accuracy and elements size.

Three types of elements are used in this study to conform the mesh of the

model:

e Solid elements: They are usually triangular and tetrahedral elements,
suitable for general usage. However, the selected elements are hexahedral,
as they provide a solution of equivalent accuracy at lower cost [13]. The
type of Abaqus element used is C3D8R, which letters describe its charac-
teristics: continuum stress/strain displacements (C), three dimensional
(3D), 8-node linear brick (8) and reduced integration with hourglass con-
trol (R) [13]. Reduced integration uses a lower-order integration to form
the element stiffness which reduces running time, especially in three di-
mensional elements. Higher integration is used when distributed loads
and/or mass matrix are used. This type of element needs hourglass con-
trol as it is one of the drawbacks of having reduced integration. The
hourglass problem is produced because the elements with very low inte-
gration points may distort in such a way that the strains calculated at

the integration points are all zero, which, in turn, leads to uncontrolled
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distortion of the mesh [13].

Solid elements are used to model all the blade section elements but those

representing the adhesive.

e Cohesive elements: The cohesive elements represent the adhesive in
the model. In Abaqus, they are represented with a single layer of finite
thickness so that the constitutive response of this area directly models the
macroscopic properties defining the specific adhesive. In this study, the
mechanical behaviour of cohesive elements follows a traction-separation
description, further explained in the next section. The type of cohesive
element implemented in Abaqus is COH3D8: cohesive element (COH)
with three dimensions (3D) and 8 nodes (8) [13].

e Shell elements: They are used to model elements whose thickness is
significantly smaller than the rest of their dimensions. In this particular
model, as the blade section is used to model a real test from a previous
study [11], shell elements are used for the element sets in the boundaries
of the blade section in order to resemble the clamps that hold the struc-
ture during the blade test and the regions that would be in contact with
the contiguous sections. The type of Abaqus element applied is S4R:
conventional stress/displacement shell (S) with 4 nodes (4) and reduced
integration (R) [13]. Conventional shell elements are defined at the refer-
ence surface and its specific thickness is provided in the section definition.
In addition, reduced integration is used as in solid elements, providing
accurate results for reduced computational time. These type of elements
account for finite membrane strains and so, they are suitable for large

strain analysis [13].

2.1.3 Material

The blade section is formed out of composite glass fiber. Glass fibers have lower
stiffness than carbon or aramid fibres but the overall strength properties are good
for a relatively low cost. Glass fiber is isotropic (its physical properties are the same
in every direction) and it can be characterized by just measuring the longitudinal

stiffness and the estimated Poisson’s ratio [14].

The wind turbine blade section is formed by two parts on the pressure and suction
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side mounted together and stiffed together with two shear webs, that connects the
upper and lower part. The upper part is mounted to the lower part with adhesive
in the trailing and leading edges as well as in the shear webs connections. Figure
2.2 shows the blade cross section and the different materials it is composed of. The
blade section is formed by composites and sandwich panels. Sandwich structures is
a specific way of configuring composite materials by joining two very stiff composite
material plates with a light but thick core. Sandwich panels provide high stiffness
while having low weight. The mechanical properties of composite materials highly

depend on the direction of fibers and on the exact quantity of fibers/resin.

According to the type of loading experienced by the blade, different locations on
the blade cross section must hold higher resistance to loading. Therefore, different
materials are used throughout the blade structure. Material data for this specific
blade can’t be disclosed but, for the sake of better understanding, their normalized
bending stiffnesses can be seen in table 2.1 with respect to the x axis bending stiffness
of UD material. Different element sets, corresponding to the ones implemented in
Abaqus, are indicated in figure 2.2. Each set is detailed next, justifying the material

chosen for each of them.

. L]
Set 113 Set911 Set 69 y Set 36 Set 13

- Core: Balsa
[ Jup

[ Foam H4s
- Adhesive
B sics
- Tri

Figure 2.2: Materials used throughout the blade cross section. They are divided
into element sets according to their specific function on the blade model.

e Element set 113: Leading edge
The leading edge is formed by the same sandwich panel used in the blade shells.
The sandwich panel is formed of Balsa wood as core material and Triaxial glass
fiber (Tri) as the skin. Balsa wood is commonly used as a core material as it

provides good mechanical properties as well as ease in manufacturing.
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UD | Bi Tri | Core (balsa) | Foam
E, | 1.000 | 0.321 | 0.456 0.018 0.001
E, | 0.333 | 0.321 | 0.335 0.018 0.001
E. | 0.333 | 0.321 | 0.335 0.036 0.001

Table 2.1: Normalized material stiffnesses of the blade section. All magnitudes are
relative to the bending stiffness in x-axis of UD composite material.

Together with the trailing edge, the leading edge carries the edgewise bending,
experienced around the y-axis. Therefore, it is configured so that bending
stiffness is higher in this direction in order to avoid buckling and failure. As
its core material (Balsa) possesses low stiffness, additional Unidirectional glass
fiber (UD) composite material outside the sandwich panel helps bearing the
bending load with its higher bending stiffness in the y direction.

e Element set 911 and 36: Blade shells
As mentioned before, these sections are formed by sandwich panels. They do
not carry as high loads as the leading and trailing edges. Thus, this combina-

tion of materials is enough for this set of the blade.

e Element set 69: Box spar
The box spar contains the spar caps and the shear webs. Spar caps are formed
by the union of two composite materials: mainly unidirectional glass fiber and
triaxial glass fiber as the outer layer. They resist the flapwise loading (around
x-axis) experienced by the blade and, consequently, their bending stiffness in
x axis needs to be high. As seen in table 2.1, UD provides the highest bending

stifflness in x direction.

Shear webs take the shear loading experienced by the blade. They are com-
posed of a sandwich structure of foam as a core and Biaxial glass fiber (Bi)
in the skin. Biaxial glass fiber is used in the shear webs as its shear bending

stiffness is higher than that of the rest of materials.

e Element set 13: Trailing edge
It carries high edgewise loading together with leading edge and shells and, as
a matter of being the thinner part of the cross section, it is a very sensible
part for the blade performance. Furthermore, its optimization is necessary
to reduce, as much as possible, turbulent flow at the tip of the blade section.

Hence, triaxial and unidirectional glass fiber are used for this part. Its elevated
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bending stiffness together with the big amount of adhesive joining both sides

of the blade, improves performance.

Adhesive

The adhesive is displayed in red in figure 2.2, although the joints between the
spar caps and the shear webs are hardly appreciated in the figure. Adhesive is
modeled by a geometrically thin layer of cohesive elements in Abaqus. Their
mechanical response is governed by a linear elastic traction-separation model
prior to damage and the failure of elements is due to progressive degradation
of adhesive stiffness [13]. The linear traction-separation behaviour is defined
by an elastic matrix that relates nominal stresses to nominal strains. The
former are the external force components divided by the initial area and the
latter are the relative displacements divided by the original thickness. Stresses
and strains are both evaluated at each integration point and they consist of
three components (one for each space direction). The elastic behaviour is then
defined as in equation 2.1, where K is the elasticity matrix and ¢ and ¢ are

the nominal stresses and strains vectors, respectively.
t=Ke (2.1)

Furthermore, the traction-separation behaviour for the adhesive parts of this
study has been defined to be uncoupled, which is specified when defining
the adhesive properties in Abaqus. This specification sets in Abaqus the off-
diagonal terms of the elasticity matrix K to zero [13]. This is the simplest
way to specify the linear traction-separation law, as usually normal separation
over cohesive elements do not lead to forces in the shear direction or shear
slip does not cause forces in the normal direction. This way, only the elastic
stiffness in the three main spatial directions (diagonal of K matrix) must be

specified for Abaqus.

The initial linear elastic behaviour of the traction-separation model is followed
by the initiation and evolution of damage. All specified materials in Abaqus
follow a general framework for damage propagation and failure. Abaqus even
allows to study diverse damage mechanisms simultaneously. For each of the
damage mechanisms specified, it is necessary to provide the damage initiation
criterion for certain stress and strain values. The criterion considered in this
report is the quadratic nominal stress criterion (QUADS in Abaqus), shown

in equation 2.2, where damage initiates when this quadratic relation between
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the nominal stresses ratios occurs. This criterion is the one used to determine

adhesive failure, as explained in a later subsection.

T R I N P
il e s - 2

Once the damage initiation criterion is satisfied, the damage evolution law
can also be specified, which shows the rate at which the material stiffness
diminishes when the damage initiates. As this analysis is examined with the
first-ply failure criterion (explained later in section 2.2.4), the evolution of
the damage is not relevant for the study. Thus, the damage evolution law
is omitted, and the relevant results are taken when the damage initiation

criterion is reached.

2.1.4 Load conditions

As mentioned before, this project mainly focuses in the static buckling analysis over
the considered blade section. The input loads used for the study are taken from
a previous study of the same blade [11] which investigates its structural collapse
through a full-scale test. The input data considered from this research are the
uncoupled flapwise and edgewise bending moments experienced in section 19 during

the blade test.

Flapwise load is produced by wind pressure; therefore, the upcoming wind is
approaching the hub in the y-axis direction (Yp in figure 2.3 [1]). The edgewise
load is caused by gravitational forces and torque load. In figure 2.3 this load is
experienced by the blade if the upcoming wind approaches the turbine in the Xp

direction.

Depending on the bending moment direction experienced by the blade, it is
possible to create a total loading envelope, as shown in figure 2.4. The four points
of the loading envelope that intersect with the axes represent the uncoupled flapwise
and edgewise movement. In addition, #, in the same figure, represents the rotational
angle from the flapwise load from pressure to suction in order to configure different
load directions over the load envelope. According to the Rotor Blades for Wind
Turbines Standard [1] (DNVGL-ST-0376), any blade design has to bear these pure
loads at any static bending study:
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YEB in direction of the rotor axis
ZB radially
XB sothat XB, YB, ZB rotate clockwise

Figure 2.3: Blade coordinate system, with its origin at the blade root. This coordi-
nate system is taken to move along with the blade in its rotation and the X and Y
axes are exchanged from the ones considered in the DNV GL Standard [1], in order
to match the blade model.

Failure-Moment
Envelope
(at each station)

Figure 2.4: Generic loading envelope for a blade section [2].

Positive flapwise direction, from pressure side to suction side (P2S from now

on). It is produced at §=0° on figure 2.4.

Negative flapwise direction, from suction side to pressure side (S2P). It is
produced at #=180°.

Positive edgewise direction, from trailing edge to leading edge (T2L). It is
produced at §=90°.

Negative edgewise direction, from leading edge to trailing edge (L2T). It is
produced at 6=270°.
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Even though these loads are the ones considered for blade design, combined load-
ing (flapwise 4+ edgewise) can also be a source of high failure and further analysis
should be carried on which is the aim of this study. Figure 2.5 shows several loading
envelopes of a full-scale blade that is computed under 24 different load directions.
The present study experimentally tries to obtain better structural design of wind
turbine blades [3] and demonstrates that the maximum bending moments for ulti-
mate limit state do not occur at pure flap or edgewise directions, but at a given

angle with respect to the flapwise direction [3] (combined loading).

——— Load env. at 0.00/;
—— Load env. at 0.12;

B0F - |—— Load env. at 0.24/;
——— Load env. at 0.35/;
— Load env. at 0.59/;

n Load env. at 0.71/

—— Resistance env. (strength)

— — - Resistance env. (stability)

m  Test loads at 0.00)

————— Crit. direction for 0.35/

--------- Crit. direction for 0.50/

Full-scale blade load cases

TTL = trailing to leading edge

— | LTT = leading to trailing edge

PTS = pressure to suction side

STP = suction to pressure side

Lead-lag bending moment in kNm

151 L = | 1 .
-7.5 -5.0 -2.5 0 25 5.0 7.h
Flap-wise bending moment in kNm

Figure 2.5: Different loading envelopes depending on the type of study /type of loads.
Reproduced from [3].

This project examines combined loading in a similar way as [3] and different
loading envelopes are created in order to evaluate blade performance. They can
provide a comparison between different design criteria for the blade. In this analysis,

three different loading envelopes are considered:

e Design loads: calculated from the input loads for this study [5]. According
to the static bending tests requirements specified in the DNVGL-ST-0376
Standard [1], design loads F} are inversely proportional to test loads by certain
established factors, as shown in equation 2.3; F; is the test load and ~; and
v9: are the proportional factors. <, accounts for scattering of the rotor in
series production and it is fixed to 1.1 for static tests. 7o accounts for the

favourable conditions that may exist in the test facility in comparison to the
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actual operation. This is 1.0 in most cases [1].

F,
Y1t Vot

Fy=

(2.3)

This way, from the input test loads [11], design loads can be calculated for this
study. Design loads are the inputs from which buckling and material failure

analyses are developed.

e Buckling loads: stability study. This study is necessary, according to the
Standard [1] for loading design and buckling analysis. Both linear or nonlinear

buckling are analyzed.

e Ultimate loads: strength study. Failure criteria determine the critical load
at which the structure would fail. Two failure criteria are considered in this

project: Tsai-Wu and adhesive failure.
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Figure 2.6: Loading envelope of the design loads for the buckling analysis.

In order to create the design loads envelope, only the uncoupled flapwise and edge-
wise design loads of this blade are known from equation 2.3. Therefore, it is necessary

to approximate the shape of the overall loading envelope. It is assumed that the
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Load direction | Design load (Nm)

P2S 0° 2.39E+4-06
30° 1.91E+4-06
60° 1.42E+06
T2L 90° 1.24E+06
120° 1.28E4-06
150° 1.53E+-06
S2P 180° 1.76E+-06
210° 1.55E+06
240° 1.31E+06
L2T 270° 1.27E+06
300° 1.45E+4-06
330° 1.94E+4-06

Table 2.2: Design loads taken for the study from the approximation of the loading
envelope.

loading envelope forms an ellipse through the known four points. This approxima-
tion is based on the loading envelope shape of former studies like [3], as the ellipse
is the easier generic approximation. Furthermore, 12 points of the loading envelope
are studied, separated by #=30° between each other. The loading envelope with the
design loads that has been considered in this project can be seen in figure 2.6. In
the figure, the extreme flapwise and edgewise loads are represented with green dots
whereas the combined loading points are represented with red dots. The specific

magnitudes of all design loads are shown under table 2.2.

2.1.5 Different coordinate systems: from the test

to the blade

It is important to note that the reference coordinate system of the test, where loads
were measured and used as inputs for this study, is different from the one of the
global blade section modelled in Abaqus. In order to ensure consistency between
the test loads and the Abaqus blade model, the coordinate systems have to match

with each other.

These coordinate systems are shown in figure 2.7. The blade test was developed
6.6° from the chord line reference axis, shown in black dashed lines in this figure.
Taking into account the existing angle difference between the global axes coordinate

system and the reference chord line, it is possible to calculate the angle between
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both reference coordinate systems, being 12.3°.
Yo

X
Yrest TEST,

Y
\. ,
¥ ---- Chord line axes b4

Figure 2.7: Different coordinate systems between the blade test and the blade model
considered in Abaqus.

In the input file realization the Abaqus global reference system can be rotated
into the test reference system by means of the *TRANSFORM keyword. This tool
enables rotation by giving, as an input, the global coordinates of points for the
aimed reference systems. This way, as illustrated in figure 2.8, the points a and b
can be transformed from the initial reference system to the aimed one. Therefore,
as 7 axis is the same for both reference systems, the global X and Y axes are rotated
12.3° to match the test axes.

# {global)

Figure 2.8: Cartesian transformation when *TRANSFORM keyword is used. [4]

To carry out the transformation, a, is fixed as the slope between the complemen-
tary angle of both reference systems (tan(90° — 12.3°)=4.482) and so, from basic
trigonometric, a, magnitude can be set to 1. (b,,b,) can be calculated following the
same initiative. These inputs for the *TRANSFORM keyword are shown in table
2.3.
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Point a b
Coordinates X vy z|x y z
P2S 4482|110 ]-11]4482 10

Table 2.3: Inputs for *TRANSFORM keyword to rotate the global Abaqus reference
axes into the ones of the test conditions.

In order to implement different loading directions, the test reference system can
be rotated once more with the specific load direction increment from the initial one
(P2S 0° flapwise load). Therefore, loading rotations are possible making use of the
keyword *TRANSFORM. Rotating the reference system implies an automation of
the coding in the input files as all load directions share the same characteristics and
boundary conditions, as explained in the next subsection. Equation 2.4 shows how
the counterclockwise rotation from the 0° load direction takes place. Rotating the
former slope m = 4.482 from table 2.3 and setting the correspondent angle 6 for

each case, all the global reference systems can be known.

cos () —sm(é’)] [m]
sin(0)  cos(0) 1

X
Y

(2.4)

The bending moments magnitudes for each case are found by determining the
coordinates of the loading points showed in figure 2.6. These coordinates are simply
the intersection between the ellipse (calculated with the uncoupled flapwise and
edgewise points) and the line with the correspondent angle slope from the center of

the reference system (shown in figure 2.6).

2.1.6 Boundary conditions

In Abaqus, all loading directions share the same boundary conditions as, when rotat-
ing the reference system for each of them, the same geometry, blade characteristics
and boundary conditions are maintained. However, the boundary conditions spec-
ifications depend on the type of loading that the blade is subjected to. Let one
consider the P2S 0° flapwise design case to clarify why the boundary conditions are

shared between all loading cases.

The full wind turbine blade can be considered as a cantilever beam structural
problem. However, the boundary conditions vary from this one as a middle section of

the full blade is considered. The boundary conditions for the studied blade section
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are illustrated in figure 2.9. The input loads (explained in previous section) are
applied in the 19 and 24m cross sections in order to represent this as a middle section.
The magnitudes for the bending moment over both cross sections is the same and
they stand for the correspondent design load over cross section 19. Furthermore,
since the static buckling analysis specified in the Standard [1] does not require the
study of shear stresses, those are omitted. Moreover, their addition would not have

much variation on the blade buckling response.

Section 19 Section 24 y
! .
i ;
®

/ z

Figure 2.9: 2D sketch of the blade section studied with boundary conditions. The
external bending moments for uncoupled flapwise and edgewise loads in section 19
are also shown in the blade section.

In the case of flapwise loading, the input bending moment is applied over the x
axis, as shown in figure 2.9. Thus, in order to allow movement around x axis in the
cross section, this is the only degree of freedom of the boundary conditions assigned
to section 19. At first, it was considered to set the same boundary conditions to
section 24, under the assumption that the horizontal projection of a deflected beam
under loading remains very similar to the intact beam length (Bernoulli-Euler beam
theory). Nevertheless, this is not a realistic case in a wind turbine blade, especially
taking into account the high magnitude of tip deflection. As the blade deflects, all
the cross sections do not have the same initial horizontal projection as if no load is
applied. As a consequence, it is considered to free the longitudinal displacement on

the z-axis as well as the x-axis rotation for section 24.

In edgewise loading, the P2S design case is rotated by 90°, so the rotation around
x-axis is now constrained and the rotation around y-axis is enabled. As in edgewise
movement the input bending takes place around y-axis, these boundary conditions
free the rotation around this axis to evaluate the structure response. As Z coordi-
nates are not changed over the different load cases, the longitudinal displacement
on the z-axis of the 24m section is maintained. This fact enlightens why bound-

ary conditions can remain the same for all load cases if the references systems are
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rotated.

2.2 Buckling analysis and procedures

This section covers the linear and nonlinear buckling study. Their detailed definition
and different operating procedures are discussed. Finally, Tsai-Wu and adhesive

failure criteria, results from nonlinear analysis, are presented as well.

2.2.1 Configuring the buckling analysis

The buckling analysis is based on the DNVGL-ST-0376 Standard [1]. According
to this legislation, all parts of the blade, such as spar caps, shells or shear webs
shall be checked for buckling failure at all locations. The design criterion that needs
to be satisfied for all analyses is shown in equation 2.5, where Sy is the structural
response (stress or strain), R, is the characteristic material design value and ~,, is
the reduction factor.

Sq < Ha (2.5)

Tm

The reduction factor ~,,, for all verification analyses, is determined as follows:

Ym = Ym0 * Yme * Yml * Tm2 * Ym3 * Ym4 * Tmb

Ymo 18 the base factor and is fixed to 1.2 for all type of design analyses. For each of
the design analyses the partial reduction factors 7,,. and v,,1_..5 are specified in the
Standard. Therefore, in the case of this study, buckling and stability static analyses

have the following partial reduction factors:

e Criticality of failure mode ,,.: 1.08 for all buckling analyses.

e I[rreversible long term degradation ~,,;: 1.05, as stiffness degradation effects
are not, considered.

e Temperature effects v,,2: 1.05, as stiffness degradation and temperature effects
are not accounted for this study.

e Manufacturing effects 7,,3: 1.1, as nominal material properties are used.

e Accuracy of analysis methods 7,,4: 1.4 for linear buckling analysis and 1.05
for nonlinear buckling analysis. FEA is evaluated in a blade cross section and

not in the full blade scale test.
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e Accuracy of load assumptions 7,,5: 1, as loads have been studied in 12 different

directions.

Moreover, buckling analyses may be carried out by either analytical or numerical
methods. This project sticks to a numerical approach and takes into consideration
both linear and nonlinear buckling analyses, further detailed in the following section.
Two different reduction factors apply in each case: 7, = 2.200 and ~,, = 1.650 for
linear and nonlinear buckling, respectively. These factors are shown in table 2.4. As
a consequence, the relation between the material response to external loading and
the initial design loads sets a safety factor that can be compared to the correspondent
reduction factor from the Standard. Hence, the buckling analysis of defects is based

on this comparison to show the compliance of the design with the current legislation.

Linear Buckling 2.200
Nonlinear Buckling | 1.650

Table 2.4: Reduction factors requested by the Standard [1] for static buckling anal-
yses over the extreme flapwise and edgewise loads.

Finally, when a buckling analysis is performed, particular attention shall be given
to the definition of the boundary conditions [1], as their variance will affect the final

displacements that the structure accomplishes.

2.2.2 Linear buckling

Linear buckling analysis determines the critical buckling load solving the eigenvalue
problem for the stiffness matrix K (equation 2.6), being Mand N the degrees of
freedom of the model.

KMNM =0 (2.6)

The buckling loads are calculated according to the base stiffness state of the
structure Ky, this is to say, at the initial conditions. Buckling sensitivity is investi-
gated by introducing an incremental loading pattern in the model which is defined
at each step, scaled by the eigenvalues \; found in the problem [13]. The eigenvalue
problem is then defined as in equation 2.7. KXY represents the stiffness matrix

created with the incremental loads included in the model.

(M AKXl =0 for i e [1,size(v) 27)



2.2 Buckling analysis and procedures 23

Each eigenvalue \; coincides with the critical buckling failure and the correspon-
dent eigenvector vM defines the buckling mode shapes. The former multiplied by
the applied load provides the critical load which would cause stability failure in a
perfect system. The latter is a normalized vector and does not represent actual
magnitudes of deformation [13]. In other words, the first obtained eigenvalue is the

safety factor that the structure would have when applying the imposed load.

In Abaqus, linear buckling is carried out with the *BUCKLE keyword. Num-
ber of eigenvalues, maximum eigenvalue or the maximum number of iterations are

parameters that can be fixed.

Abaqus returns the lowest eigenvalues as an output because the lower they are
the more critical is the load at which buckling occurs. However, if the closer eigen-
values to zero are searched, they might be negative. Negative eigenvalues indicate
that the structure would buckle under reverse loading, which would give additional
unnecesary information. There are two possible algorithms to solve the eigenvalue
problems. Lanczos eigensolver is chosen as it is the one enabling to specify the

absolute value for the eigenvalues.

Linear buckling analysis contains some limitations. Firstly, even if the minimum
eigenvalue is higher than the required safety factor, this does not ensure the absence
of failure. Linear buckling represents an ideal situation, ignoring influential factors.
On top of considering an ideal situation, lower eigenvalues are found in specific
nodes or elements. However, the study does not consider the structure as a whole
as it is not an incremental study. Moreover, the eigenvalue problem is based on
the linear elastic stiffness; plasticity and other inelastic effects are ignored, such as
temperature, field or materials nonlinearities [13]. Finally, as in mode analyses, the
deformations obtained from the buckling analysis are normalized, leading to unreal
values that have no physical meaning. Therefore, nonlinear buckling is necessary
in order to enlighten results and include non linearities. In addition, this type of

analysis is specially interesting when defects are introduced in the model.

Overall, the main advantage of linear buckling is to determine structural stability
in short computing time. It is a fast way to verify if a model response is correct.

However, as justified, it should be backed up with a nonlinear buckling analysis.
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2.2.3 Nonlinear buckling

Nonlinear buckling bases the procedure on an incremental analysis. The imposed
external load is reached after various load increments as a function of time in which
mechanical equilibrium is found. Each increment influences the result of the next
increment and, this way, displacements and stiffness vary at each of them. A com-
parison between linear and nonlinear buckling is shown in figure 2.10, where the
variation in deformation with nonlinear buckling is clearly perceived. The equi-
librium at each increment is found from an iterative process where convergence is
achieved when external forces P equal internal loads I acting at a node. A residual
value R = P — I is then calculated at each iteration. Equilibrium is achieved if R
is lower than 5%, being this value set by default in Abaqus [13]. Abaqus forces the

simulation to stop if iterations start diverging.

Linear

15//

\/- Nonlinear

>

Figure 2.10: Linear and nonlinear buckling deformations according to applied load.

Nonlinear buckling analysis is performed under structures with geometrical or
material imperfections. In the case of the intact blade or small defects, the structure
may not have enough irregularities to develop a proper nonlinear analysis. Therefore,
a small modification on the execution of the Abaqus input file is necessary. Artificial
imperfections of maximum lmm are distributed around the area where the major
deformations over the first buckling mode are experienced in the linear buckling
analysis. These small imperfections do not influence the final results but they ensure
to successfully execute the nonlinear buckling study. Therefore, it has been decided

to implement these procedures in all defect cases, to maintain consistency.

In Abaqus, the nonlinear buckling analysis is implemented by means of the

*STATIC keyword, specifying that this is a nonlinear geometrical analysis with the
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parameter NLGEOM. The first increment is a necessary input and the subsequent
increments are automatically chosen by the program. Time period or minimum
and maximum times allowed are other possible inputs but Abaqus can set them
to default values if they are unknown. Furthermore, automatic stabilization can
also be set for the computation. This stabilization is reached introducing viscous
forces F), in the targeted equilibrium: P — I — F,, = 0. Viscous forces are defined in
equation 2.8, where c is the imposed constant damping factor, M is the mass matrix
calculated with unity density and v = Au/At [13].

F,=cMv (2.8)

Stiffness matrix is calculated at each load increment. There can be a point where
the program runs out if stiffness matrix takes many negative values or even zeros.
At this point, it is impossible for the program to compute any deformations and
the simulation is terminated. This is the case for many results of this study. If the
analysis is able to continue running, post-buckling is produced. Post-buckling is not
a point of interest for this study as first failure is aimed for the analysis of structure

behaviour under defects.

Nonlinear buckling has the benefit of achieving robust results when incorporating
geometry and material imperfections. As the analysis is more realistic than linear
buckling, the critical load is lower than that of linear buckling analysis. Furthermore,
the deformations calculated in each increment are not just shapes but real values.
The main drawback of this analysis is the high computational time that it takes as

well as possible problems of convergence. When divergence is found, some inputs
for the *STATIC keyword need to be modified.

2.2.4 Failure criteria

Failure criteria is an important tool in the design of composite structures as they
relate the lamina stresses and strains to the allowable values that the material can
take. In other words, failure criteria determine if a structure can fail due to the
applied loads. Failure is considered in the model when specific stress requirements

within a failure criterion are reached or surpassed.

There are several existing failure criteria but they all define, in a way or another,
the allowable stresses and strains for the specified structure. Depending on the

criterion, a function F limiting stresses and strains is defined. The structure fails
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if the stresses and strains created by the input loads make this function exceed or
equal 1 (F>1). In this project, the Tsai-Wu failure criterion and other focused on

the adhesive failure are studied.

Furthermore, first-ply failure is taken in the analysis of failure criteria. The
strength of the laminate is determined by the strength of each laminae [14]. The
first-ply failure assumes that the final failure of the laminate occurs when the first
laminae fails. This is a simplification of what happens in real life. After the first-ply
failure, there is a change of stiffness in the laminate as the overall strength decreases.
Final failure usually takes place later, when there is no more strength to support
the input load. However, in some situations, the failure of a laminae leads to the
apparition of cracks that end up triggering the complete failure. Thus, first-ply

failure is taken as the strength limit in order to be highly restrictive.

In both failure criteria, the imposed boundary conditions may affect the final
analysis so special caution is necessary. Boundary conditions create high stresses in
specific points at their vicinity. In reality, as the blade is continuous, these stresses
near the end sections do not exist. Therefore, for the present study, the elements
close to the boundary conditions are not included when studying failure criteria.

This point is clarified over the developed analyses.

2.2.4.1 Tsai-Wu failure criterion

It is a commonly used criterion described as the Tensor Polynomial Criterion or

the Quadratic Interaction Criterion [14].

The Tsai-Wu failure criterion can be written as equation 2.9, evaluated in three

dimensions as the studied model [5].

Frw = Fion + Fyogs + F3033 + 2F19011092 + 2113011033 + 2F53092033+ (2.9)
+F110'%1 + FQQO-SQ + F330'§3 + F44O'§3 + F550'%3 + F660-%2

The proportional parameters on the equation relate the correspondent stresses
with the ultimate strength of the material and their expressions are: F} = 1/0%, +
1ot Iy =1/oy + 10y, F5 = 1/0%, + 1/0%,, Fis = —0.5/(0,01.0%,03.)"°, Fi3 =
_0-5/(‘7%‘7%&7%‘7%)0'57 Fos = _0-5/(U§tagc0§t0§c>o'57 Fiy = 1/(0}01.)?, Fag = 1/(0%,05.)?,

Fis = 1/(0%,0%,)%, Fau = 1/(0%3)%, F55 = 1/(03)? and Fgs = 1/(0t)? .
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The superscript u represents the ultimate strength of the material and the sub-
scripts ¢ and ¢ denote tensile and compressive directions, respectively. On the main
failure criterion definition, 011, 099 and o33 are the normal stresses and o5, 013 and
093 are the shear stresses in the in-plane [5]. These stresses are illustrated in figure
2.11 for better comprehension. Therefore, material fails according to this criterion

if Frry > 1 once equation 2.9 is evaluated.

I fiber direction
2: transverse direction
3. through-thickness direction

In-plane stress:

Typs Oz 012~ 0;
Through-thickness stress:
i_f" ' T332 T13= 0315 023~ 037

Figure 2.11: Representation of the strains and axes directions used in the Tsai-Wu
failure criterion [5].

This criterion is an empirical model designed to fit failure strengths. However,
this is exactly a flaw of this model, as the 3D boundaries created do not exactly
resemble the physical behaviour because a structure can fail under different type of
loadings. Consequently, physically based failure criteria (based on several measured

points) are currently the main focus of researchers [14].

In Abaqus, this criterion can be applied to every element by stating the def-
inition of Fry in equation 2.9 gathering the different stresses at each increment.
Nevertheless, whether or not the structure fails according to this criterion is not
part of Abaqus’ outputs. To solve this, a Fortran code has been used, which gives

the Frry estimation as an output variable (UVARM) for each increment.

2.2.4.2 Adhesive failure criterion

The failure criterion based on the adhesive performance can be directly obtained as
a result output in Abaqus. As stated above, the cohesive sections fail when the first
damage is initiated; in other words, when the quadratic nominal stress criterion is
satisfied (left hand side of equation 2.2 is equal or higher than 1). Therefore, a value
of this stress criterion for every element of the blade section is stored as an output

in the database. As a result, if the output is less than 1, there has not been any
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failure in that specific element whereas if the output is higher or equal to 1, there

has been failure due to adhesive.

2.3  Assumptions

In order to implement the analyses, several assumptions have been made:

Defects are configured with arbitrary rectangular shapes. Real defects would
vary in shape and size.

The four extreme flapwise and edgewise loads are the only known input for
the study. Combined loading magnitudes are determined by the load envelope,
which is approximated to an ellipse that includes the four extreme loads (figure
2.6).

As mentioned in the previous section, first-ply failure criterion is considered
for material failure.

The blade model does not restrain the contact between plies. Therefore, when
the blade deforms, certain layers can penetrate in others. This behaviour is
not realistic.

The boundary conditions limiting the final sections of the blade provide higher
stresses than the ones that would be created in a middle section of the blade.
Therefore, the end region is not considered for the analysis of results and the
area near these end regions with clamp elements are cut.

Geometric imperfections of Imm length are added to the nonlinear buckling
analysis of the intact blade to trigger buckling and provide trustful results from
this method. To maintain consistency, these imperfections are also applied to
the defect cases as it is assumed that they are very small to be noticeable

compared to the effect of defects.

These assumptions have been the same for all studied cases so that consistency

is maintained. However, they affect the final structural response of the blade section.

In fact, some of the assumptions can lead to problems in the interpretations of results

if they are not taken into consideration. Some of the cases that are thought to be

highly influenced by these assumptions are more extensively presented in Chapter

d.



CHAPTER 3
Defects design

This chapter covers the design of potential common defects in wind turbine blades
and their definition in Abaqus. Two types of defects are chosen to be examined:
missing adhesive in the trailing edge (TR) and in the contact between spar caps
and shear webs (SW).

3.1 Selection of defects

The trailing edge of wind turbine blades is a critical region of the blade. Furthermore,
it has the greater contact of adhesive connecting the upper and lower part of the
blade, so the existence of defects highly influences blade performance. It is for these
reasons that this is an important starting point for the study of defects.

Another vital part of the blade is its box girder, composed of two spar caps and
two shear webs. The objective of the box girder is to provide sufficient strength
and stiffness to the blade, both globally and locally. Globally, as the blade should
not collide with the tower during operation. Locally, the box girder ensures that
the shape of the blade structure is maintained [15]. As it is also an important load
carrier member of the blade, there is high interest in checking its dependence on
missing adhesive defects. Specific regions of the box girder are the ones where this
defect is studied, as discussed later on the development of the project.

Finally, a third type of defect was also considered under this project. This
defect is debonding, as it is a very common type of defect on wind turbine blades.
However, it is not detailed under the analysis as the final results turned out to
be incoherent and the duration of the project has not been enough to identify a
justification. Appendix A shows the followed procedure to create the defects as well

as the obtained results.

3.2 Creation of missing adhesive defects

The defect of missing adhesive is generated in Abaqus by the modification of the

correspondent adhesive element set: the one over the trailing edge or the one con-
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necting shear webs with spar caps. As stated previously, an element set is created
by means of a master element (indicated in red in figure 2.1), which is copied a
certain amount of times selected by the user.

The adhesive layer has 20 elements in a row (x direction) and the total number
of rows (z direction) coincides with the length of the airfoil section studied (200
elements). In order to implement the missing adhesive defect, the initial adhesive
element set can be parted into two element sets, letting a space for the missing
adhesive between them. Figure 3.1 illustrates this explanation. Set 1 is defined by
the initial master element but its length (number of elements) in the z direction is
shortened until the defect. After the defect, another set is implemented, implying
the creation of another master element.

Several study cases for this type of defect can be developed by creating more
element sets or modifying these. However, for simplicity and generalization, the

former is the type of defect analyzed.

z

7!,

Figure 3.1: Creation of missing adhesive defect in Abaqus. Master elements from
each element set are indicated in red.

Spar caps and shear webs are joined by four points of adhesive, two in the upper
part of the blade section and two in the lower part of it. The specific location of

the studied defects is detailed and justified under the analysis.

3.3 Design and sizing of defects

Specific sizes and positions of the explained defects have to be chosen in order to
start the analysis. As the overall influence is unknown, especially for combined
loading, arbitrary sizing is implemented in the first simulations. The initial size and
positions of defects is shown in figure 3.2. These defects are also illustrated in the
blade section in figure 3.3 for better understanding.

As seen in these figures, all the defects are going to be placed in the center of all

studied element sets. The main reason is that, by centering the defects, the blade
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Adhesive in trailing edge

|

2w

Adhesive between spar caps and shear webs

I | | |
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Figure 3.2: Initial dimensions of studied defects of missing adhesive.

(a) TR defect

(b) SW defect

Figure 3.3: Initial TR and SW adhesive defects representation in the blade model.

section is symmetric. Otherwise, varying the position of defects, more variables
would come into play when studying the response. Therefore, the present is a general
analysis from which other specific studies can be developed. Furthermore, all the
row elements of the adhesive in the trailing edge section (w in figure 3.2) is taken
as an initial reference to model the size of defects. The width of all defects along
the blade length is taken to be the same: 2w=1m over the total 5m of the current
blade. Even though this length might seem big for the blade section length, it is
important to note that the purpose of this project is to get to a better understanding
of buckling behavior and understand its progress.

The proposed size of defects is varied in further simulations when their effects are
analyzed. Furthermore, the specific shear webs where the missing adhesive defect

is analyzed is detailed under Chapter 5. The aim is to identify the variations and
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behaviour between different defect cases.



CHAPTER 4

Intact blade analysis

This chapter focuses on the full exposition of results for the intact blade. Linear and
nonlinear buckling analyses are detailed as well as the failure criteria, following the
conditions and requirements specified in Chapter 2. Moreover, a damage prediction
combining all former studies is developed, comparing the results.

The analysis procedure to draw final comparisons is carefully detailed under this
intact blade analysis. Therefore, this chapter sets the base understanding for the
later defects study as the explained analysis procedures are the same for all defect

cases.

4.1 Linear buckling

Once the intact blade is subjected to linear buckling analysis with the input de-
sign loads described in Chapter 2 (table 2.2), the three main buckling modes are
evaluated and shown in table 4.1. All cases share an increase in eigenvalues when
increasing eigenmode. As it can be seen, Abaqus gives the eigenvalues in an increas-
ing order, and the difference between the three first eigenmodes can be appreciated.
However, the first eigenvalue is the one considered for this study, as it provides
the most restrictive critical buckling load which is given by multiplying this eigen-
value with the applied load. Thus, the eigenvalue is indeed a safety factor for the
blade section at each loading direction. Hence, eigenvalues can be compared to the
reduction factor imposed by the Standard as they share the same definition.

It can be appreciated that the extreme loading points present eigenvalues higher
than the requested reduction factor v, = 2.200, satisfying the Standard [1]. How-
ever, there are some eigenvalues over the combined loading directions that are lower
than this reduction factor. This is the case for 30°, 210°, 240°, 300° and 330°, high-
lighted in yellow and orange in table 4.1. In this specific design, even though the
intact blade is a good design according to the Standard, buckling may still occur
when combined loading is experienced. These results prove that combined loading
can sometimes result in higher damages than pure flapwise or edgewise loads. For in-
stance, the safety factor for 330° case is extremely low for a linear buckling analysis,

as well as the other cases highlighted in orange.
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Study case P2S 0° 30° 60° T2L 90° 120° 150°
Design Load (kNm) | 2394.250 | 1913.356 | 1423.721 | 1242.170 | 1284.186 | 1527.978
1% eigen. 2.610 2.120 2.897 3.725 3.712 3.168
2" eigen. 2.612 2.120 2.905 3.728 3.712 3.179
3'4 eigen. 2.706 2.12 3.115 4.132 4.134 3.558
Study case S2P 180° 210° 240° L2T 270° 300° 330°
Design Load (kNm) | 1759.245 | 1550.910 | 1310.865 | 1269.555 | 1453.299 | 1942.071
1% eigen. 3.755 2171 2.195 2.456 2.150 1.576
2" eigen. 3.756 2.181 2.208 2.468 2.162 1.583
374 eigen. 3.858 2.434 2.469 2.758 2.414 1.765

Table 4.1: Eigenvalues from linear buckling analysis for intact blade section at each
studied load direction. Cells highlighted in green are the requested load directions

by the Standard [1]. In yellow and [erange are highlighted the cases for which the
Standard is not satisfied (7, < 2.200), being the latter the most critical cases.

Reduction factor (y,,=2.2)
Intact Blade

Edgewise bending ratio

Flapwise bending ratio

Figure 4.1: Linear buckling envelope of the intact blade case compared to the re-
duction factor requested by the Standard.

A visual representation of these results is shown in figure 4.1. The magnitudes
of the eigenvalues in each load direction are shown at their respective rotation an-
gles 6, forming a loading envelope similar to the one of the design loads for this
buckling analysis (figure 2.6). The main difference is that, instead of bending loads,
eigenvalues are forming the envelope in order to be compared to the reduction factor
requested by the Standard. Therefore, the cases in which the eigenvalues are lower
than the reduction factor (do not satisfy the Standard) are enclosed in the reduc-
tion factor boundary (red ellipse). On the contrary, the eigenvalues that satisfy the
Standard and are higher than the reduction factor are on the outskirts of the ellipse.

Figures 4.2 to 4.5 show the deformations due to buckling of the four uncoupled

flapwise and edgewise cases. As clarified in Chapter 2, linear buckling analysis does
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not show real deformations on the structure. In the figures, each load case shows
the three dimensional perspective of the blade model together with its cross section
so the behaviour can be comprehended.

In all loading directions, the location where buckling occurs depends on several
aspects. First, each point of the loading envelope varies its reference system and so,
the bending moment direction. Buckling occurs where compression is experienced
by the blade section so this varies according to the bending moment direction ap-
plied. Second, maximum distance to neutral axis and material strength explains the
specific location of buckling maximum deflections, as the total bending moment is
greater. More specific explanations follow next for which it is especially important
to pay attention to the cross sections of each load case. In these, the x-axis of the
test reference system is named Neutral Axis (NA from now on) and so, it is the

direction in which the input bending moment is applied.

(a) Three dimensional perspective of the first buckling mode over
the blade model. Scaling factor=0.12.

U, Magnitude
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+4.414e-01
+3.531e-01
+2.649e-01
+1.766e-01
+8.828e-02
+0.000e+00

(b) First buckling mode over blade cross section

Figure 4.2: Linear buckling analysis for P2S 0° load direction over the intact blade.

Figure 4.2 shows the linear buckling response of the blade section for P2S 0° flap-
wise bending. Buckling takes place on the upper part of the cross section (4.2b) as
it is where compression is experienced by the blade section. The bending moment’s

direction follows the NA towards the trailing edge, as illustrated in the figure. How-
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ever, it is important to be careful with the bending moment sign convention. The
positive bending moment is established to be in section 19 of the studied blade. Fig-
ure 4.2b is taken from section 24, meaning that this section experiences a negative
bending moment. Therefore, the opposite sign convention is taken, justifying the
buckling behaviour on the pressure side, where compression is experienced. From
now on, this sign convention is applied to the rest of the load directions. Further-
more, in this case, buckling is held at the spar cap as it carries the flapwise load
and its distance to the NA is maximum.

Figure 4.3 shows the deformation due to buckling when applying S2P 180° flap-
wise bending load. Buckling occurs in the lower part of the cross section as the
bending moment has now the opposite direction from the previous case. Compres-
sion is now experienced in the suction side of the cross section and the main carrying

capacity is also in the spar cap as in the previous case.

XIT'"Z

Y

(a) Three dimensional perspective of the first buckling mode over
the blade model. Buckling is shown in blade’s suction side. Scaling
factor=0.12.

U, Magnitude
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+9.590e-01 NA
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+4.359-01 L=
+3.487e-01 M.
+2.616e-01
+1.744e-01
+8.718e-02
+0.000e+00

(b) First buckling mode over blade cross section

Figure 4.3: Linear buckling analysis for S2P 180° load direction over the intact
blade.

Let one now focus on the edgewise loading cases. The results can be found in

figures 4.4 and 4.5. Taking the same reasoning as before, buckling occurs where
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compression is experienced. As the negative sign convention is taken, deformations
are observed in the leading edge for T2L 90° load and in the trailing edge in L2T
270° load as they are the furthest areas from the NA.

Y

Lex

(a) Three dimensional perspective of the first buckling mode over
the blade model. Scaling factor=0.12.

U, Magnitude
+1.160e+00
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+8.703e-01
+7.736e-01
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+3.868e-01
+2.901e-01

(b) First buckling mode over blade cross section

Figure 4.4: Linear buckling analysis for T2L 90° load direction over the intact blade.

Combined loading follows the same reasoning as the extreme loading directions,
with the advantage that it clarifies how materials influence blade response. A clear
example can be seen in figure 4.6, where the buckling behaviour at 30° direction
is displayed. Similarly to P2S flapwise loading, compression is perceived in the
upper part of the cross section (figure 4.6b). However, as this axis is tilted 30°
from the previous case, the upper spar cap is no longer the longest distance to NA.
Consequently, buckling needs to occur between the leading edge and the spar cap.
Even though it seems that the sandwich panel (element set 911) has greater distance
to the NA, the higher buckling deflections are experienced in the upper part of set
113. The reason behind this behaviour can be explained by the fact that the spar
cap has greater bending stiffness than that of sets 911 and 113. Therefore, the low
bending stiffness of set 911 is compensated with the one of the spar cap. However,
the part of set 113 that is further away from the neutral axis takes the maximum

deflection as its bending stiffness is lower.
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(a) Three dimensional perspective of the first buckling mode over
the blade model. Scaling factor=0.12.

Yg

NA

U, Magnitude
+1.021e+00
+9.361e-01
+8.510e-01
+7.659%9-01
+6.808e-01
+5.957e-01
+5.106e-01
+4.255e-01
+3.404e-01 .

- +2.553e-01 N/ Xg

- +1.702e-01 V4 W

- +8.510e-02

- +0.000e+00

My,
(b) First buckling mode over blade cross section

Figure 4.5: Linear buckling analysis for L2T 270° load direction over the intact
blade.

If now the NA is tilted another 30° figure 4.7 is obtained, where the 60° load
direction is applied. It is proven that buckling occurs close to the leading edge
(similarly to the T2L case explained before) as this is now the bigger distance to the
section from the NA.

The buckling behaviour of the rest of the combined loading directions is very
similar to the previous ones. Buckling at 120° and 150° is alike T2L edgewise
loading as the element set 113 is in compression and it has the lowest stiffness of
this part of the cross section. The same way, once 180° is exceeded, all loads can
perfectly resemble the buckling behaviour from pure L2T edgewise loading. From
210° to 330°, as the NA rotates in each direction, the spar caps no longer hold the
greatest distance to the NA. Furthermore, buckling deflections increase through the
sandwich panel (material element set 36) until the furthest element from the NA
and, after this element, they decrease in set 13. The peak is produced at those
specific elements due to the change of material. The sandwich panel has lower
bending stiffness than the material of set 13.

The results from this linear buckling analysis need to be backed up with the
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(a) Three dimensional perspective of the first buckling mode over
the blade model. Scaling factor=0.12.
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(b) First buckling mode over blade cross section

Figure 4.6: Linear buckling analysis for 30° load direction over the intact blade.
Element sets according to different type of material configuration in the blade are
indicated.
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Figure 4.7: Linear buckling analysis for 60° load direction over the intact blade.

later nonlinear buckling analysis in order to provide a more realistic response.
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4.2 Nonlinear buckling

The load experienced over the structure through the simulation increments can be
simply taken as the bending reaction load at any point of the blade length. In this
case, the reaction bending moment is saved as an output for section 19, where it
can be evaluated as a function of time and as a function of the rotational angle at
that same section. The rotational angle is a measurement of the deformation that
the structure experiences. The load reaction at section 19 is the one studied as the
results are positive from the reference system considered. In section 24, the results
have the same module but negative sign as the input moment has opposite direction
from the one imposed to section 19 (in positive x-axis direction).

The critical load for the blade section is determined from the peak on the bending
moment reaction and rotational angle relation. An example can be seen in figures
4.10 and 4.8. In the first one, one can see that the bending moment is directly
proportional to the rotational angle until the critical load is achieved. However,
the second one is different, the peak is produced at a lower load but, after it, the
bending moment and rotational angle relation continues following a linear curve.
The first peak is a local failure of the blade section. The overall bending moment
diminishes when a certain part of the blade fails but, afterwards, the blade can still
take further load until the nonlinear analysis stops. Even if the blade can still bear
more load, the first local failure is taken for this study, as first-ply failure criterion
is taken into account.

Figure 4.9 shows the same bending moment and rotational angle relation but for
210° loading direction. It can be appreciated that there is a small peak near 3500
kNm loading but the maximum bearable load is produced at 4910 kNm. The first
peak is again a local failure but the structure can still take more load. Once more,
the local failure is taken as the structural failure for this study. A more detailed
explanation about the load carrying capacity of the blade between the first local
failure and final failure is explained later through failure criteria. In addition, the
response of the blade model is also shown later in order to comprehend the behaviour
under nonlinear buckling analysis.

In some cases, the simulation terminates before the structure has a first local or
total failure. In fact, as the loading/displacement relation of these cases is a straight
slope, it is assumed that the critical load occurs at a higher load than the one known

when the analysis is over. This is the case for loads between 30° and 150° directions.
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Figure 4.8: Nonlinear buckling analysis of L2T 270° edgewise loading for the intact

blade.
Study Case | Design load (Nm) | Ultimate load (Nm) | Load ratio

P2S 0° 2.39E4-06 5.20E+06 2.174
30° 1.91E4-06 4.33E4-06 2.264

60° 1.42E+4-06 4.39E4-06 3.084
T2L 90° 1.24E+4-06 3.86E+-06 3.110
120° 1.28E+06 4.69E+06 3.656
150° 1.53E+4-06 4.23E4-06 2.767
S2P 180° 1.76E+4-06 5.28E+06 3.003
210° 1.55E+4-06 3.27TE4-06 2.111
240° 1.31E4-06 2.64E+06 2.017
L2T 270° 1.27E+4-06 2.82E+06 2.217
300° 1.45E+4-06 2.78E+06 1.912
330° 1.94E4-06 2.67E+06 1.373

Table 4.2: Loads from nonlinear buckling analysis for each loading direction for the
intact blade. Loading ratios not satisfying the Standard (v, >1.650) are shown in

red.

As for the other cases, S2P 180° loading case shares a similar bending moment to

rotational angle relation as P2S 0°, whereas all the cases from 210° to 330° share a

similar relation to figure 4.8 (local failure occurs first).
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Figure 4.9: Nonlinear buckling analysis of 210° loading direction for the intact blade.

Once nonlinear buckling analysis has been computed, the load incrimination in
relation to the rotational angle for each loading direction can be calculated. The
ultimate load is obtained as that when the stiffness starts decreasing in this graph.
Therefore, the a load ratio for this ultimate load can be calculated as a relation
between the ultimate load and the design load in order to be compared to the
nonlinear reduction factor specified by the Standard (table 2.4. These results are
displayed in table 4.2. As seen in this table, there is only one case that is not
satisfying the Standard, with lower reduction factor than the one requested (v, =
1.650). However, even though it is just one case, it is important to note that the
combined loading case that is further from satisfying the design requirements is in

330° direction, agreeing with the previous linear analysis.

4.3 Failure Criteria

Two failure criteria are considered for nonlinear buckling analysis results: Tsai-Wu
and adhesive failure. They can determine if the material strength bears the load that

the nonlinear analysis has identified as critical. Consequently, the critical bending
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Figure 4.10: Nonlinear buckling analysis of P25 0° flapwise loading for the intact
blade.

moments from each criterion are compared later.

In order to find out which bending moment is causing material failure, the time
at which material fails is introduced into the previous nonlinear buckling study and
the correspondent bending load can be obtained. The bending moment reaction
and rotational angle relation follows the same behaviour as the bending moment -
time relation. Figures 4.11 to 4.15 show an example of the application of the failure
criteria to the previous nonlinear analyses. It can be appreciated how bending
moments due to material failure are lower than the critical load considered in the
previous case (peaks in figures). Therefore, this project retains the results given by
the failure criteria over nonlinear buckling as they provide more restricting loads.

Figure 4.11 show the material failure criteria for the P2S 0° loading direction. If
the Tsai-Wu failure criterion is considered, the first failure accounted in the struc-
ture is produced in the upper spar cap of the blade section. This can be observed
in figure 4.12a. The parts of the blade where material fails according to the Tsai-
Wau failure criterion are shown in red, which coincide with the higher deformations
experienced in the first buckling mode of the linear analysis of this same load di-

rection (figure 4.2a). Furthermore, the final material failure (after the peak in 4.11
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Figure 4.11: TW and adhesive failure criteria over the P2S 0° load direction for the
intact blade.

Max: +1.840e+00

(b) Final failure. Scaling factor=1.

Figure 4.12: Comparison between first-ply failure and final material failure on the
blade section, considering the Tsai-Wu failure criterion. P2S 0° load direction for
the intact blade.
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Figure 4.13: TW and adhesive failure criteria over the L2T 270° load direction for
the intact blade.

is reached) is shown in figure 4.12b. It is appreciated that the upper part of the
shear web is the one failing as it is where more carrying capacity is needed to bear
the flapwise bending load. However, the critical buckling load considered for the
study corresponds to the first failure, as first-ply criterion is considered. Moreover,
according to the adhesive failure criterion in this case, the first failure in adhesive is
produced over the upper part of one of the shear webs. The failure due to adhesive
occurs later than the one given by the Tsai-Wu failure criterion, being the latter
more restrictive for the study.

It is important to note that all failure criteria results are computed in Abaqus
once the element sets that are located near the blade boundary conditions (shell
elements) are removed, as mentioned in Chapter 2. Once these parts are arbitrarily
removed, the results are taken as reliable.

In addition, the failure criteria are also studied for L2T loading direction and this
can be seen in figure 4.13. The structural behaviour for this load case is detailed in
figure 4.14 which shows different material failures according to the Tsai-Wu failure
criterion. The first failure is produced before the first peak of the bending moment
variation over the analysis, as seen in figure 4.13. Despite this first failure, the struc-
ture stiffness increases for a bit until the second failure is achieved at the peak of this
graph, coinciding with the first failure encountered by the adhesive failure criterion.
These first two failures occur at the same regions as the maximum deformations

from the linear buckling analysis with the same loading direction. Finally, as both
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(a) First TW failure. Scaling factor=1.

Max: +3.830e+01
(c) Final TW failure. Scaling factor=1.

Figure 4.14: Comparison between different material failure locations over the blade
section, considering the Tsai-Wu failure criterion. L2T 270° load direction for the
intact blade.

failures enlarge, the final load before the simulation finishes shows the failure in the
center of the blade section (figure 4.14c). Logically, the first failure due to adhesive
is also proven to take place at the trailing edge. However, as seen in figure 4.13, the
Tsai-Wu failure criterion is still more restrictive than the adhesive failure criterion
in this case.

Finally, failure criteria are also applied to the 210° loading direction showed
in the previous section. It can be seen in figure 4.15. The experienced behaviour
is similar to the previous case, where the two initial failures due to the Tsai-Wu
failure criterion are experienced in the trailing edge, finishing with a total failure in

the middle region of the trailing edge element set. Similarly to the previous case,
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first failure due to adhesive occurs later than the one found by the Tsai-Wu failure

criterion, but in the same region (trailing edge).
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Figure 4.15: TW and adhesive failure criteria over the 210° load direction for the
intact blade.

Once Tsai-Wu and adhesive failure criteria are evaluated over the intact blade
structure, the results meeting the criteria are indicated in table 4.3. As mentioned
before, critical loads due to material strength are lower than the critical loads due
to nonlinear buckling.

According to the Tsai-Wu failure criterion, the ratio between the critical failure
load and the design load shows that three cases do not satisfy the Standard require-
ments. This is a general outcome that is important to consider when analyzing
the structure of the blade as it fails due to material failure in the first place. As
seen from the nonlinear buckling study, even after material fails, the structure can
still bear more load as nonlinear buckling analysis can overestimate the critical load
carrying capacity. However, if the first-ply criterion is taken as a design path, the
critical load from failure criteria should be highly decisive.

As stated in the adhesive failure criterion, two load directions are now the ones
that do not satisfy the Standard: 30° and 330°. The Tsai-Wu failure criterion is
proven again to be more restrictive than the adhesive failure criterion in the intact
blade.
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Study Case | Design load (Nm) | TW Load (Nm) | TW Ratio | Adh. Load (Nm) | Adh. Ratio

P2S 0° 2.39E4-06 4.40E4-06 1.840 4.06E+4-06 1.698
30 1.91E+4-06 1.50E+06 0.781 2.82E406 1.472
60° 1.42E+4-06 2.38E4-06 1.672 3.16E4-06 2.220
T2L 90° 1.24E4-06 3.03E4-06 2.443 3.82E4-06 3.072
120° 1.28E+06 2.86E+06 2.224 4.37E+06 3.403
150° 1.53E+4-06 2.75E4-06 1.797 4.23E4-06 2.767
S2P 180° 1.76E+406 4.31E4-06 2.453 3.97E4-06 2.255
210° 1.55E+06 2.55E+06 1.642 2.86E+06 1.847
240° 1.31E+4-06 2.39E4-06 1.824 2.54E4-06 1.935
L2T 270° 1.27E+406 2.65E4-06 2.087 2.81E4-06 2.217
300° 1.45E+06 2.72E+06 1.869 2.67E+06 1.840
330° 1.94E4-06 2.60E+06 1.338 2.60E+06 1.338

Table 4.3: Tsai-Wu and adhesive failure criteria for each loading direction of the
intact blade model. Loading ratios not satisfying the Standard requirements are
shown in red.

4.4  Comparison between numerical

studies

From the previous detailed procedures a final comparison between linear and non-
linear buckling procedures can be seen in figure 4.16. Both studies are examined
with regards to the compliance with the Standard.

Linear buckling analysis represents the first eigenvalue from each load direction
as they are the more restrictive buckling ratio. Nonlinear buckling is illustrated
in the same way as the linear buckling study: bending ratios are shown at the
correspondent rotation angles 6 from the P2S flapwise case (0°). This way, the
Standard is satisfied when bending ratios are greater than the Standard reduction
factor (outside of the red ellipse representing this factor). In addition, nonlinear
buckling analysis is represented by the material failure criteria, as it has also been
proven to be more restraining than the critical loads from the nonlinear buckling
study.

The visual representation of the buckling analysis in figure 4.16 allows to prove
that the intact blade is an acceptable design with regards to the current Standard,
as both linear and nonlinear analyses satisfy the uncoupled flapwise and edgewise
loading directions. However, both analyses also show that some combined loading
directions are far from complying with the Standard. The extent at which some
combined loading cases are not satisfying the Standard requirements is clearly shown.
30° and 300° are proven to have the worse buckling response, far behind from the

aimed reduction factor, specially for nonlinear buckling.
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Figure 4.16: Linear and nonlinear buckling envelopes for the intact blade.

Furthermore, as appreciated in the figure, the Tsai-Wu failure criterion is found
to be more restrictive than the adhesive failure criterion. In the majority of the
loading directions the composites would fail before the load reaches the value given
by the adhesive criterion. However, as it is also proven when analyzing the defects
that some specific loading directions experience the opposite behaviour when the
particular failure mode directly affects adhesive. For instance, in the intact blade,
failure due to adhesive is clearly produced before failure due to Tsai-Wu failure
criterion under both directions of pure flapwise loading. The main reason is that
the maximum deformation from the external loads is directly produced over the spar
caps, which are the main load carriers, as showed in figures 4.2 and 4.3. These regions
have maximum distance from the NA so the adhesives in both edges experience great

load which leads to its sooner failure.
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CHAPTERS
Analysis of defects

All base analyses schemes explained over the intact blade study are implemented
now over the parametric study of defects. Selected cases of defects are studied and
compared to the intact blade results from Chapter 4.

Linear buckling is analyzed with the first eigenvalues from each load direction,
as done in the intact blade study. Nonlinear buckling compares the failure criteria of
each defect case with the intact blade. For this comparison, Tsai-Wu and adhesive
failure criterion have been gathered in one material failure criterion, where the most
restrictive failure criteria is considered. In most cases, as seen in the intact blade
study, Tsai-Wu failure criterion provides a lower critical load than that from adhesive
failure criterion. However, the cases in which the opposite scenario is perceived are

explained and detailed under this chapter.

5.1 Missing adhesive in the trailing edge

Several defect cases are examined in the trailing edge. As a first approach and
understanding of the response, the defect case proposed in Chapter 3 is analyzed
(TR1 defect case now). Later, other study cases are created for comparison. In
total, three study cases are proposed and sketched in figure 5.1. The reason behind

the decreasing size of the defect is explained through the analysis.

TR1 Defect case

w i
2w
TR2 Defect case
w i
w
—
TR3 Defect case
w i
w/d

Figure 5.1: Sketch of trailing edge defect cases.
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5.1.1 TR1 defect case

If linear buckling analysis is studied under this defect case, the obtained results can
be compared to those of the intact blade, as shown in figure 5.2. The limit load
directions at which the buckling response is the same for the intact blade and the
defect case study are illustrated in green whereas, when there is mismatch between
the buckling analyses, the limit cases are presented in red. This way, the loading
directions between 30° and 180°, including these, have the same load carrying ca-
pacity as in the case of the intact blade. Nevertheless, the rest of the cases are
extremely influenced by the defect and they are far from satisfying the Standard.
Same procedure as in the intact blade is followed so the Standard is not satisfied
by the bending ratios that are confined within the required reduction factor bound-
aries. Furthermore, the grey part of the represented cross sections illustrates the
compression part for each load direction, with the same sign convention as in the
intact blade analysis.

The buckling response between 30° and 180° directions is not influenced by the
defect at the trailing edge defect as this does not lay on the compression side of
the cross section on these loading directions. This can be appreciated in figure 5.2,
where the defect (circled in red) lays on the white region which coincides with the
tension side. However, loading directions between 210° and 0° allow the defect to be
in the compression side, lowering the critical buckling load. The higher mismatch
between the linear studies is due to the position of the defect with respect to the
NA. If the defect is in a region with greater distance from the NA, the critical load
is lower as the deformations around that part are high and blade performance is
worsen.

Logically, the cases where the defect does not affect blade performance have the
same linear buckling response as the intact blade, explained in the former section.
On the contrary, the cases where the defects highly affect the performance swift
their linear buckling response to the region where the defect exists. This can be
appreciated in figure 5.3, where the linear buckling response for the P2S load case
is originated over the region of missing adhesive. The rest of the cases encounter
their first failure mode in the same shape and location where the defect is set.

The nonlinear buckling analysis (figure 5.4) shows a comparison between the
material failure of the intact blade with that from the failure criteria applied to the
TRI1 defect case. The cross sections with the pure extreme loads are illustrated as

well.
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Figure 5.2: Linear buckling envelope comparing TR1 defect case with the intact
blade. Specific load directions are illustrated over the blade cross section to clarify
the mismatch between the intact blade and the defect buckling analyses. Grey colour
under these cross sections indicate compression side and the defect is highlighted
with a red circle.
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Figure 5.3: Linear buckling analysis of TR1 defect case with P2S 0° loading direction.
First buckling mode is shown.

According to the nonlinear buckling analysis, the blade design with the defect
does not satisfy the Standard in the same cases as in the linear analysis. This can
be seen in figure 5.4 as the loading directions that do not meet the Standard re-
quirements are inside the reduction factor boundaries. However, nonlinear buckling
analysis presents one difference with respect to linear buckling analysis: the defect
also reduces blade performance over the load in T2L 90° direction. Even though the
critical buckling load under this direction still meets the Standard requests, perfor-
mance is affected by having the defect in the tension side of the cross section. The
reason behind this dissonance is that linear buckling analysis evaluates the lowest
eigenvalue over the first buckling mode in each element/node of the blade, without

evaluating the blade as a whole. Nevertheless, as the nonlinear buckling study is
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Figure 5.4: Nonlinear buckling envelope comparing TR1 defect case with the intact
blade. Extreme load directions are illustrated over the blade cross section. Grey
colour under these cross sections indicates compression side and the defect is high-
lighted with a red circle.

divided into increments, the outcome of the analysis contrasts all the blade elements.
In this manner, it is reasonable to find that, the performance of the blade is affected
by the presence of this defect in some directions, even if it is in the tension side.
Furthermore, the reason why 90° is the only direction that has the defect in tension
and slightly reduces performance is that this is the loading direction with the longest
distance from the defect to the NA. This way, despite the defect lies on the tension
side, the buckling capacity of the whole blade section is diminished.

In this defect case, Tsai-Wu is the most restrictive failure criterion in all loading
directions from 30° to 180°, counterclockwise. However, under the loading directions
where the defect experiences compression, the adhesive failure criterion is slightly
more restrictive than the Tsai-Wu failure criterion. This is due to the fact that
this type of defect highly affects blade performance and its size is considerable. In
addition, most of these loading directions encounter their higher deformations on
the trailing edge in the intact blade analysis. Consequently, an adhesive defect in
the same region leads to a sooner failure in this adhesive region.

Figures 5.5 to 5.7 exhibit the final deformation of the blade section when 100%
of the design load is applied (last increment of the nonlinear buckling analysis) for
three of the extreme loads. In addition, the first failure encountered by the Tsai-Wu
failure criterion is illustrated.

When P2S 0° loading direction is applied, the first failure is found by the adhesive

failure criterion over the trailing edge. Figure 5.5a shows the first composite failure
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(a) First failure from TW failure criterion over blade section. Scaling
factor=1.
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(b) Blade deformation when 100% of the design load is applied. Scaling
factor=0.7.

Figure 5.5: Final blade deformation and first failure under the TW failure criterion
over the nonlinear analysis of P2S 0° loading direction for TR1 defect case. Pressure
(P.) and suction (S.) side indicated in the figures.

UVARML

Envelope (max abs)

(Avg: 75%)
+1.471e+00

+3.5000-01 ;
+1.667e-01 S. side
+8.3330-02

+0.000e-+00

(a) First failure from TW failure criterion over blade section. Scal-
ing factor=1.
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2
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(b) Blade deformation when 100% of the design load is applied.
Scaling factor=1.

Figure 5.6: Final blade deformation and first failure under the TW failure crite-
rion over the nonlinear analysis of L2T 270° loading direction for TR1 defect case.
Pressure (P.) and suction (8S.) side indicated in the figures.
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(a) First failure from TW failure criterion over blade section. Scaling fac-
tor=1.
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(b) Blade deformation when 100% of the design load is applied. Scaling factor=1.

Figure 5.7: Final blade deformation and first failure under the TW failure crite-
rion over the nonlinear analysis of T2L 90° loading direction for TR1 defect case.
Pressure (P.) and suction (S.) side indicated in the figures.

when the Tsai-Wu failure criterion is considered. When the adhesive first fails it can
no longer transmit the load to the shear webs and so, the part of the shear web that
is closer to that failing adhesive is the one that fails next. As this failure increases
with increasing load, the blade encounters maximum deformation at the area of the
trailing edge where the defect takes place, as presented in figure 5.5b. Due to the lack
of contact restrictions between the blade model plies, the final deformation provokes
the penetration of the upper and lower part of the trailing edge. Even though this
phenomena is not realistic, it does not affect the final results of this case as it is
clearly shown that the defect affects the trailing edge region and first-ply failure
criterion is taken for the material failure study.

Other interesting loading points are the pure edgewise load directions, which
suffer an extreme decrease in blade performance. As expected, L2T 270° direction
(figure 5.6b) shows its maximum deformation around the area of the defect as this is
under compression for this load. Reasonably, as in the P2S 0° load, the first failure

also occurs slightly before in the adhesive than in the composite material. However,
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as the defect is now at maximum distance from the NA and the trailing edge is
bearing the major load, the first failure of composites is produced in the center of
the blade section, where the defect is located. T2L 90° loading direction encounters
higher deformation at the leading edge, as shown in figure 5.7b. As the defect is in
tension for this loading direction, despite having an appreciable distance from the
NA to the defect, the behaviour towards failure resembles the intact blade. However,
due to the lack of carrying load lost by the defect, this failure occurs before it would
happen for the intact blade.

It is clearly seen that this first proposed defect leads to a complete failure of
blade performance when the defect is under compression. The defect size is reduced

in the next study case in order to show the variations over these results.

5.1.2 TR2 defect case

In this second case the previous defect is diminished to half of its length (0.5m).

Both linear and nonlinear buckling studies can be seen in figure 5.8.
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Figure 5.8: Buckling envelope comparing TR2 defect case with the intact blade.

The linear analysis presents a similar response to that of the previous case. The
loading directions having the defect in the tension side are not affected by it as the
defect is smaller now. The same way, the critical buckling loads are now higher
as the load carrying capacity increases with a smaller defect. Even if the defect is
reduced, the load in the affected directions is still very low compared to the Standard

requirements.
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Furthermore, the nonlinear buckling study also shows a slightly better response
from that of the previous case. As in the linear case, the critical loads are now
higher with the decrease of the defect. In addition, the blade continues to fail the
Standard requirements in the loading directions where the defect encounters com-
pression. In addition, the adhesive failure criterion takes the same critical load as
the Tsai-Wu failure criterion in these loading directions, meaning that both com-
posite and adhesive would bear the same critical load at which the structure would
fail. The Tsai-Wu failure criterion dominates material failure over the rest of the

load directions.

5.1.3 TR3 defect case

As a last analysis of the structural response of this type of defect, the length of the
defect is reduced to w/4 = 12.5cm. The linear and nonlinear buckling envelopes are
exhibited in figure 5.9.

© @
~ = 1L
0 o1t o0
g H
E £
o 0 — © 0
el el
0 v
2] 2
2 21l \v\\/ﬁ
5 g N ]
= -2+ ~—~— = _/
3 Reduction factor (v,,=2.2) 27 .
o Intact Blade Reduction factor (7,=1.65)
TR3 Defect Case Intact Blade Material Failure
4 - - - ) . 3 —— TR3 Material Failure X )
-4 -3 -2 -1 0 1 2 3 -3 -2 -1 0 1 2
Flapwise bending ratio Flapwise bending ratio
(a) Linear buckling (b) Nonlinear buckling

Figure 5.9: Buckling envelope comparing TR3 defect case with the intact blade.

The structural response is very similar to that of the previous defect case as
the blade would still fail under the loading directions where the defect experiences
compression. However, this scenario allows flapwise P2S extreme loading direction
to satisfy the Standard requirements in both linear and nonlinear buckling analyses.
Furthermore, despite the reduction of the defect size, T2L 90° is still affected by the

defect location.
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Even though this type of defect is very small, the blade performance is unac-
ceptable as the loading directions with the defect under compression have critical
bending ratios lower than 1, failing to comply by far with the requirements of the
Standard (higher than 1.65).

5.2 Missing adhesive between spar caps

and shear webs

The missing adhesive defects between spar caps and shear webs can take place at
any of the upper or lower contacts of the shear webs. Nevertheless, in order to
reduce the variety of possibilities, the adhesive that is studied for potential defects
is the one marked on figure 5.10. As the blade section is quite symmetric, there
would not be much dissonance between the effect of a defect in the upper or lower
part of the same shear web. This way, the adhesive in the upper side of the right
shear web (UR in figure) is taken arbitrarily and the one in the lower part of the
left shear web (LL) is chosen to investigate the change on results. In addition, it
is interesting to analyze the defects over LL shear web as it is closer to the leading

edge.

Figure 5.10: Location of upper-right (UR) and lower-left (LL) adhesive between
shear webs and spar caps in blade model.

For both UR and LL adhesive in shear webs, two defect cases are considered
starting from the one proposed in Chapter 3. These defect cases are illustrated in
figure 5.11 and their sizes are common for both UR and LL adhesives. Consequently,
four defect cases are considered in total under this section: SW1 and SW2 for the
missing adhesive in the UR shear web and SW3 and SW4 for the missing adhesive
in the LL shear web.
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Figure 5.11: Sketch of missing adhesive between spar caps and shear webs defects
for UR shear web. SW3 and SW4 LL missing adhesive defects share the same size
with SW1 and SW2, respectively.

5.2.1 SW!I1 defect case

The linear buckling analysis of this defect case differs from the one of the intact
blade in two loading directions, 0° and 30°, as shown in figure 5.12. The 60° cross
section is coloured in green as the defect is present in the tension side of the NA;
therefore, it is not affected by the linear buckling study. 240° is shown to be the
direction at which the defect first starts to be in the compression side of the NA.
Consequently, 240° and 30° loading directions are the load limits at which the defect

is under compression.
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Figure 5.12: Linear buckling envelope comparing SW1 defect case with the intact
blade. Specific load directions are illustrated over the blade cross section to clarify
the mismatch between the intact blade and the defect buckling analyses. Grey colour
under these cross sections indicates compression side and the defect is highlighted
with a red circle.

The buckling ratios of the intact blade and the defect seem to be different only at
0° and 30° loading directions. The reason is that the loading directions from 240° to
300° are very close to pure edgewise movement. This way, the higher deformations
are experienced in the trailing edge as it is much further from the NA than the area

where the defect is located. In addition, as the major bending load is carried by
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the trailing edge, the box girder is carrying less load capacity. Therefore, the defect
on the shear web is not bearing as much load on those directions. 330° direction is
slightly influenced as more box girder surface is under compression; despite this, the
maximum deformation is still held under the trailing edge, leading to a low effect of
the defect over blade performance.

P2S flapwise extreme loading presents the highest decrease on its critical buckling
load, failing to comply with the Standard. The first buckling mode from the linear
analysis can be seen in figure 5.13. As the upper box girder bears flapwise bending,
it is reasonable that a defect in one of its shear webs creates a buckle in the spar
cap where the defect takes place. 30° loading case diminishes blade performance as
the upper part of the box girder is lowering the bending load at the further region
from NA which is closer to leading edge. Therefore, it is reasonable that this load

direction is also affected by the imposed defect.
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Figure 5.13: First buckling mode of the linear analysis on the blade section with
SW1 defect case. Flapwise P2S 0° loading direction is applied. Scaling factor=0.12.

Nonlinear buckling analysis is shown in figure 5.14 and, as demonstrated by the
trailing edge defect cases, this deviates from the linear buckling analysis. Firstly,
the structure mismatches the intact blade failure criteria in one different loading
direction from the ones stated before. This direction is 180°, meaning that this type
of defect has an influence on both types of pure flapwise movements.

Once more, the Tsai-Wu failure criterion is dominating over the adhesive failure
criterion. However, the adhesive failure criterion is slightly more restrictive under
the P2S 0° loading case, as this is the direction where the defect mostly affects blade
performance. The decrease in loading capacity is mainly due to the missing adhesive
defect (in compression) and the fact that it is at almost maximum distance from
the NA.

Even though the defect is under tension with S2P 180° loading direction, its first
failure is produced over the defect region. In fact, as the applied load gets higher,
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Figure 5.14: Nonlinear buckling envelope comparing SW1 defect case with the intact
blade.

the failure increases over the defect region. Not until the load prior to final failure
is reached, the failure is produced under the lower part of the box girder where
compression is held. As a consequence, this type of defect has a great influence on
this loading direction as even in the tension side of its NA, the defect affects the
overall response of the structure. The behaviour of both flapwise directions on the
blade model is more detailed under the next type of defect, as it is bigger and its
effects are larger.

The 30° loading direction is a special case for this study. As it can be seen in
figure 5.14, the results show that the blade would perform better with the presence
of this defect than without it (intact blade).

Different failure points are shown in figure 5.15 to visualize the structural re-
sponse of this load direction. The first failure of this loading direction is found by
the Tsai-Wu failure criterion in the upper part of the leading edge, coinciding with
the first failure on the intact blade, as seen in figure 5.15a. However, even though
the first failure takes place at the same region as in the intact blade, it is produced
later than this one. As the load is incremented, the failure through the leading edge
(grey elements in the figure) spreads all over the leading edge. Later on, the first
failure found by the adhesive failure criterion is produced on the UR shear web,
where the defect is located. Finally, shortly after this failure, the composite failure

over the leading edge turns to be higher over the defect region, where the adhesive
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has failed. This failure point can be seen in figure 5.15b. Therefore, as the load
continues increasing until the last increment, the failure continues spreading over

the defect region, causing a final deformation as the one illustrated in figure 5.16.
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(a) First failure in the leading edge area. Grey areas spread over the leading
edge when the first failure increases.
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(b) First failure over the defect region

Figure 5.15: The Tsai-Wu failure criterion applied at different increments of the 30°
loading direction to the blade section with SW1 type of defect.
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Figure 5.16: Final deformation when 100% of the design load is applied to the blade
section with 30° loading direction and SW1 defect case.

The justification towards the results under this load directions must be related
to the characteristics and assumptions of the studied blade model. In addition, a

similar behaviour is also observed in an extra type of defect that was investigated
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on this project: debonding in the blade aft panels. The defect design and implemen-
tation together with the results is exhibited in Appendix A. However, the project
duration has not been long enough to trigger the reason of these results. Thus,

further research is needed to examine these special cases.

5.2.2 SW?2 defect case

This case enlarges the length of the previous defect so a bigger failure is analyzed,
specially to check the consequences over the loading directions in compression at a
greater failure situation. Both linear and nonlinear buckling analyses are shown in
figure 5.17. The linear analysis is very similar to the one of the previous case but,
as expected, critical loads are now smaller as the defect is increased. 330° loading
direction shows a higher change with respect to the previous case. Even though
the loading directions from 240° to 300° do not seem to differentiate the buckling
behaviour from the intact blade to the defects, these loads are slightly lower on the

defect case as a matter of having the defect under compression.
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Figure 5.17: Buckling envelope comparing SW2 defect case with the intact blade.

A similar effect in loads is experienced in the nonlinear buckling analysis com-
pared to the previous case. 30° loading case continues to be incoherent although the
critical load has decreased from the previous case. The adhesive failure criterion is
now a bit more restrictive than in the previous case, as more adhesive is missing.
In fact, the adhesive failure criterion is closer to the Tsai-Wu failure criterion in the

loading directions where the defect is under compression.
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Moreover, it is remarkable that the S2P 180° extreme loading ratio decreases
much more with respect to the previous case, showing that the extreme loads are
indeed likely to be affected by performance losses, even when the defect is in tension.

The mechanical behaviour under P2S an S2P loading directions is extended next.
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Figure 5.18: First failure from the Tsai-Wu failure criterion for the P2S 0° loading
direction of SW2 defect case. Figure on top shows the complete blade section and
the lower figure is a cut of the former image in order to locate the failure, which is
enlarged for better visualization. Scaling factor=1.

As mentioned before, when P2S 0° loading direction is applied, the first material
failure takes place over the adhesive. The first failure in adhesive is produced near to
the defect, as it has to transmit more load between spar cap and shear web. After
this first failure, the blade section encounters its next failure over the composite
material just on top of the failing adhesive. This second failure is actually the first
failure from the Tsai-Wu failure criterion and it is shown in figure 5.18. This figure
shows the location of the failure on the blade model as well as a section of this to
visualize the failure position. It can be appreciated that the failing point belongs
to the shear web right underneath the first failure in adhesive as, once the adhesive
first fails, the load carrying capacity can not be transmitted from spar cap to shear
web. When the load is incremented, the failure increases until the right shear web
collapses. Afterwards, the failure starts to be held over the upper-left shear web as
it is the main load carrier when the right shear web can not bear any more load.
The final deformation when 100% of the design load is applied can be appreciated
in figure 5.19a. It is reasonable that the maximum deformation is held in the middle
of the blade section as it is where the adhesive is missing.

S2P loading direction encounters a very similar behaviour as in the previous
load direction. Even though the defect is under tension now, it highly affects blade

performance as explained in the previous defect type. Its first failure is found by the
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Tsai-Wu failure criterion close to the missing adhesive defect. Similarly, adhesive
fails later on. After the shear web completely fails, the failure moves towards the
lower shear webs of the blade model (in compression). This is the reason why the

final failure is produced in the same place as the intact blade as seen in figure 5.19b.
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(a) P2S 0° loading direction
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(b) S2P 180° loading direction

Figure 5.19: Final deformation when 100% of the design load is applied at 0° and
180° loading directions with SW2 type of defect. Pressure (P.) and suction (S.) side
indicated in the figures. Scaling factor=1.

Consequently, it is seen that first-ply failure reports the same location and type of
failure when the defect is under both tension (S2P) and compression (P2S). However,
the final failure is proven to be different as well as the critical load magnitude. All
in all, as expected, the critical failure worsens when the defect is under compression.

At 30° loading direction, it can be seen a similar behaviour as that of the previous
case (figure 5.17b). In this case, the first failure is still produced at the leading edge
(same region as in intact blade) but, only after short time, there is a second local
failure where the defect is located. This way, it is shown that the direction of the
load is still causing the first failure as if the defect did not exist but, as this defect

gets bigger, the failure takes place in its location.
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Figure 5.20: Linear buckling envelope comparing SW3 defect case with the intact
blade. Specific load directions are illustrated over the blade cross section to clarify
the mismatch between the intact blade and the defect buckling analyses. Grey colour
under these cross sections indicates compression side and the defect is highlighted
with a red circle.

5.2.3 SWa3 defect case

Examining now the first case of defects in the LL adhesive of the box girder, the
linear buckling analysis is represented in figure 5.20. As seen, 60° and 210° loading
directions are the load limits at which the defect is under compression. Therefore,
from 60° to 210° counterclockwise, the defect affects the performance of the blade
and the critical load in these directions.

The 60° cross section presented in figure 5.20 shows that the defect lays very close
to the NA in the compression area. Due to this short distance, it is reasonable that
buckling is not affected much by the defect, encountering maximum deformations
in the leading edge area as presented in the intact blade. The following directions
(from 90° to 150°) gradually decrease their critical buckling load from the intact
blade analysis as the defect increases the distance to the NA. However, the first
buckling mode is produced in the same way as the intact blade for both 90° and
120°, whereas at 150° the first buckling mode is affected by the location of the
defect. The variance in the first buckling load for 150° can be perceived in figure
5.21 where, apart from the buckles near the leading edge encountered in the intact
blade analysis, there is also an influence of the defect.

Once pure S2P 180° loading is experienced, the defect is almost at maximum
distance from the NA and the box girder bears maximum deformations. Under this

direction the defect highly decreases the critical buckling load, failing to comply with
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Figure 5.21: First buckling mode of the linear analysis on the blade section with
SW3 defect case. 150° loading direction is applied. Scaling factor=0.12.
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Figure 5.22: First buckling mode of the linear analysis on the blade section with
SW3 defect case. Edgewise S2P 180° loading is applied. Scaling factor=0.12.

the Standard. The first buckling mode of the analysis is shown in figure 5.22 where
it can be seen that the major deformation occurs where the defect is implemented.
Finally, at 210° loading direction, the higher buckling is experienced at the trailing
edge as the defect is very close to the NA. As a consequence, under this direction,

the blade performance is also similar to that of the intact blade.

N |

2L _
Reduction factor (~,,=1.65)

Intact Blade Material Failure
——SW3 Material Failure

-3 -2 -1 0 1 2
Flapwise bending ratio

Edgewise bending ratio

Figure 5.23: Nonlinear buckling envelope comparing SW3 defect case with the intact
blade.
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The nonlinear study of this type of defect is shown in figure 5.23. The greatest
difference from the intact blade is that the flapwise movement of the blade (both
S2P 180° and P2S 0° loading directions) fails to comply with the Standard. As in
the previous defect cases, even though the P2S loading direction experiences the
defect under tension, this is at maximum distance from the NA and it affects the
overall performance of the blade. The manner at which the blade fails is examined
under the next type of defect, as this is bigger and consequences are clearer.

In addition, the Tsai-Wu failure criterion is more restrictive than the adhesive
failure criterion in all cases but in the S2P flapwise bending direction. This is
reasonable as it is the direction at which the blade performance is decreased the
most. In addition, under this direction, the region with the missing adhesive defect

is in compression at a great distance from NA, experiencing higher buckling.

5.2.4 SW4 defect case
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Figure 5.24: Buckling envelope comparing SW4 defect case with the intact blade.

The buckling envelope for the second case of defect in the LL adhesive of the box
girder is presented in figure 5.24. The linear analysis shows a very similar behaviour
to that of the previous design case. As one would expect, the loading envelope
between the intact blade and the defect maintains the same tendency or shape but,
as the defect is greater in this case, the critical loads are more restrictive than those
of the former case. It is a bit clearer now the influence of the defect over the loading

directions that allow the defect to be in compression.
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The nonlinear buckling analysis also shows a similar behaviour to the previous
case. Under this defect case, not only flapwise bending movement leads to the
unsatisfactory compliance of the Standard but also the 150° loading direction. A

comparison between these three failing points is studied next.
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(a) First failure from TW failure criterion over blade section.
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(b) Blade deformation when 100% of the design load is applied.

Figure 5.25: Final blade deformation and first failure under TW failure criterion over
the nonlinear analysis of S2P 180° loading direction for SW4 defect case. Pressure
(P.) and suction (S.) side indicated in the figures. Scaling factor=1.

The adhesive failure criterion is more restrictive than the Tsai-Wu criterion in
180° and 150° loading directions. Both loading directions encounter first failure
applying adhesive failure criterion over the defect region. The first failure according
to the Tsai-Wu failure criterion is also found over the defect region for S2P 180°
loading direction. In fact, this failure occurs in the node of composite material
that is just colliding with the correspondent adhesive node that fails first in the
model. Adhesive transmits the carrying capacity from the spar caps to the shear
webs. Therefore, it is reasonable that, if the adhesive fails, the immediate composite
next to the failure is affected.

A different behaviour is found in the 150° loading direction. It encounters its
first failure from the Tsai-Wu failure criterion in the leading edge, as experienced
in the intact blade, as a matter of having the defect closer to the NA than in the

180° load direction. However, the location of this first composite failure is different
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with respect to the intact blade. It occurs in the region of the leading edge that
has shorter distance to the first failure due to adhesive in the defect area. The shift
of the first composite failure from the center of the blade section (intact blade) to
the failure point shown in figure 5.26a is due to the presence of the defect. Once
the first failure due to adhesive is produced, the nearest region in the leading edge
carries the load. Then, shortly after this first composite failure, the second failure
takes place in the LL shear web adhesive where the defect takes place. Actually, this
is produced in a composite region close to the first adhesive failure. This case is an
example that shows that after considering first-ply failure, the internal stresses can
be redistributed and lead to a second failure in other region of the blade. However,
in this case the blade section would not meet the Standard requirements due to

adhesive failure.
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(a) First failure from TW failure criterion over blade section.
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(b) Blade deformation when 100% of the design load is applied.

Figure 5.26: Final blade deformation and first failure under TW failure criterion
over the nonlinear analysis of 150° loading direction for SW4 defect case. Pressure
(P.) and suction (S.) side indicated in the figures. Scaling factor=1.

Final deformations when 100% of the design load is applied can be seen in
figures 5.25b and 5.26b for S2P 180° and 150° loading directions, respectively. It
is appreciated how in both scenarios, the maximum deformation is experienced

over the defect region. As the defect is under the compression side for both load
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directions, it is reasonable to observe the final failure where the defect takes place as
well as to have a bigger deformation under the S2P load as it increases the distance
between defect and NA.
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Figure 5.27: Blade deformation when 100% of the design load is applied the non-
linear analysis of P2S 0° loading direction for SW4 defect case. Pressure (P.) and
suction (S.) side are indicated. Scaling factor=1.

The material failure for flapwise P2S loading direction is firstly determined by
the Tsai-Wu failure criterion as it is dominating over the adhesive failure criterion.
In this case, despite encountering the defect on the tension side, the first failure
takes place at the same location as the defect, similarly to previous defect cases.
Nevertheless, after several increments, the failure moves towards the upper spar
cap (in compression), as it would happen in the intact blade. The deformation
of the blade section when total load is applied can be seen in figure 5.27. The
maximum deformation is smaller than in S2P direction as, even though the defect is
at maximum distance from the NA, it is still in the tension side. All in all, as first-
ply failure criterion is taken, the blade performance is really reduced with respect
to the intact blade.
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Conclusions and future work

6.1 Conclusions

From this study several conclusions can be drawn:

e The design of wind turbine blades should consider combined loading as a
requirement as it is shown that safety factors under combined loading can be
considerably reduced from those of uncoupled flapwise and edgewise loads.

e [t is found in this blade section that £30° from pure positive flapwise bending
are the directions most prone to buckling failure, regardless the presence of
defects.

e The defects over the trailing edge decrease blade performance in more load di-
rections under compression than that with defects over the spar cap-shear web
joints. Furthermore, defects in the trailing edge have been found to highly af-
fect blade performance as small defects can reduce the structural performance
of rotor blades. Therefore, special caution should be paid to the manufacturing
of this trailing adhesive region.

e The Tsai-Wu failure criterion is found to dominate over the adhesive failure
criterion except the cases where the adhesive is present under maximum com-

pression.

6.2 Recommendations for future studies

First of all, it is important to note that the model has been configured so it can
resemble as much as possible a general blade section. However, the results of this
study are limited with the consideration of first-ply failure criterion and the specific
characteristics of the model (specially material and boundary conditions). Therefore,
if this study can be continued, more specific influence of blade characteristics over
the results should be enlightened. This way, further analysis in debonding defects
must be also developed, so the parametric study of the most common defects can
be completed. Drawing further conclusions of these type of defects can prioritize
repairs in wind turbine blades or even reduce the amount of time a wind turbine is

stopped. Moreover, a very interesting future study can be to analyze the influence
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of defects and combined loading on a full-scale blade. Developing this parametric
FEA study in a full-scale blade will lead to a more realistic and complete analysis.

Furthermore, combined loading is shown to be as important for blade design as
pure flapwise or edgewise loading. On this note, further studies could be developed
to analyze more in detail which are the specific load directions and points of the
load envelope that should be accounted in this future Standard modification. In
addition, fatigue testing under combined loading can also be a matter of further
research. This report enlightens static testing under combined loading; however,
fatigue testing is a more complicated study due to load introduction points and

load excitation [3].



APPENDIX A
Debonding defects

Debonding or delamination is one of the most common defects studied in wind
turbine blades. Delaminations are areas of no bonding adjacent laminaes which
can be caused by air traps or a problem with resin infusion (production process)
[16]. They normally takes place between different layers over the aft panels. The
aft panels are formed of composite sandwich structures and, sometimes, debonding
occurs when one of the composite layers (upper or lower) is separated from the foam.

Debonding is studied between the external layer and the core, as a defect in the
external part of the blade is more probable. This defect has a different approach to
that of the previous defects. The debonding defect is represented in Abaqus by un-
linking the nodes of the implied layers over certain region of the defect. Therefore,
in the debonded area, the nodes between the layers to separate are no longer the
same ones. The previous nodes are assigned to elements of one of the layers and
further nodes are created to define nodes of the second layer. As a consequence,
the debonded surface has the same node coordinates but different node numbers.
A Matlab code is created to automatically generate an input file that contains the
modification of node numbers to introduce in the Abaqus input file.

In order to create a region for the defect in the central part of the aft panels,
each studied layer has been divided into 5 element sets, with a master element in
each region to create them (figure A.1).

The sets for both external and core layers are:

e Set 1 is defined by the initial master element, it covers all the region in x

direction and the distance until the defect in z direction.

e Set 2 is defined by increasing z1 in the z direction to the node numbers and

coordinates from those of the initial master element.

e Set 3 is defined by increasing zSet3 in the z direction to the node numbers

and coordinates from those of the initial master element.

e Set 4 is defined by increasing z1 in the z direction plus xySet4 in the x direction

to the node numbers and coordinates from those of the initial master element.
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e Set 5 is defined by increasing z1 in the z direction plus xy1 in the x direction
to the node numbers and coordinates from those of the initial master element.
The nodes that the second layer shares with the first one are incremented to

simulate the debonding, even though they have the same spatial coordinates.
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Figure A.1: Example of a layer when creating the debonding of the aft panels.

Debonding of aft panels

Figure A.2: Sketch of debonding defect.

Figure A.3: Representation of the debonding defect in the blade model.

Debonding is investigated on the upper aft panel as the lower one would provide
very similar results due to the relatively high symmetry of the present blade. The
size of the defect considered is shown in figure A.2. As aft panels size is quite large,
the defect has been taken over half of the whole height (x-axis) of the element set.
The width of 2w is maintained as in the missing adhesive defects. The representation

of this defect over the studied blade model is illustrated in figure A.3.
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Analysis of the defect case

Figure A.4 shows the linear buckling analysis of this type of defect and the intact
blade study differs from this one in the loading directions where the defect experi-
ences compression. The defect is placed on the compression side from 210° to 0°
loading directions, as shown in the figure. The aft panels do not contribute to the
bending stiffness of the structure as much as the box girder or the leading and trail-
ing edges. This way, the decrease of the performance in this kind of defect is lower
than in the previous defects, having a similar response between the intact blade
and the defect case. The greater difference is produced in the P2S extreme flapwise
direction. The exception in this case is due to the increase of distance from the
neutral axis to the defect when buckling is experienced. Even though the box girder
bears the flapwise bending moment, the defect is proved to reduce performance in

this extreme direction.
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Figure A.4: Buckling envelope comparing the debonding defect with the intact
blade. Specific load directions are illustrated over the blade cross section to clarify
the mismatch between the intact blade and the defect buckling analyses. Grey colour
under these cross sections indicates compression side and the defect is highlighted
with a red rectangle.

The nonlinear analysis of this defect is illustrated in figure A.5. Only the load-
ing directions that allow the defect to be in compression are affected by this one.
However, the results are incorrect as the blade performance is better without defects
that with them (intact blade has lower critical loads that those including the defect).
The exact justification for this behaviour has not been triggered in the project time
but some ideas for further studies have been considered.

The results must be produced according to specific characteristics of the current
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blade model. Distribution of internal stresses or the configured boundary conditions

might be having an influence over the results incoherence.
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Figure A.5: Buckling envelope comparing the debonding defect with the intact
blade.
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