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Abstract

In the recent years, much attention has been given to the design of offshore wind turbines. To-
day, the largest wind turbine has a rotor diameter of 164m. The harsh environments expose the
turbines to large forces from wind and waves. During the service years of a turbine, extreme
wind loads must be expected. And the need for tools to accurately analyse the mechanical
properties of the turbine blade arise.

Isogeometric analysis was introduced in [5] in 2005. One of the advantages of isogemetric anal-
ysis is that we may use the same mathematical model for geometry and analysis, hence no
discretization error occur.

With an increased size, the blades of wind turbines become relatively more flexible, and the
wind load grows with the size of the blade. Peak wind loads will give large deformations. A
nonlinear analysis is required for optimum results [21].

In this thesis, we have developed a static non-linear isogeometric finite element solver in Mat-
lab, using bsplines as basisfuction. We started by a study of the basic properties of bsplines.
We then derived the linear elasticity equation, and implemented a linear finite element code to
solve this. From this, we took the step to nonlinear analysis. We derived the weak form for the
Updated Lagrangian Formulation. This resulted in a nonlinear finite element algorithm, which
we have implemented in Matlab.

For verification, the nonlinear isogeometric solver was compared to the isogeometric NFE pro-
gram [FEM with a high level of correlation. We applied the nonlinear solver to a twisted bar
case, and the wind turbine blade of the NREL offshore 5-MW baseline wind turbine.






Sammendrag

I de senere ar har mye arbeid blitt investert i design av ofshore vinturbiner. I dag har den storste
av dem en diameter pa 164 m. Belastningene fra vind og bglger vil i lgpet av installasjonens
levetid kunne na ekstremverdier. Derfor er en grundig analyse av de mekansike egenskaper i
designet pakrevd.

Isogeometrisk analyse ble introdusert i 2005 [5]. En av fordelene med denne er at den har
samme geometriske representasjon av objectet som skal analyseres som CAD programvaren.
Folgelig blir det ikke diskretiseringsfeil.

Med gkende bladstgrrelse blir vingene mer bgyelige. Ekstrembelastninger vil gi kraftige defor-
masjoner. Problemstillingen krever en ikke-lineser analyse for optimale resultater [21]

I denne avhandlingen har vi utviklet en statisk, ikke-lineser isogeometrisk finite element lgser
i Matlab. Denne brukes bsplines som basisfunksjoner. Vi begynte arbeidet med studier av
bspline egenskapene, vi avledet sa den linezere elastisitetslikningen, og implementerte an lineaer
"finite element" metode i Matlabkode. Ut fra denne tok vi sa steget til ikke-lineser analyse. Vi
avledet "the weak for for the updated langangian formulation". Og ut fra denne avledet vi den
ikke-linezere lgseren som ble implementert i Matlab.

For verifiseringsformal ble den ikke-linesere lgseren sammenlignet med analyseresultatene fra

NFE programmet IFEM. De to lgsningene hadde hgy grad av korrelasjon. Vi anvendte s& den
ikke lineacre lgseren pa en vindturbinbladet av "NREL offshore 5 NW basline".
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Chapter 1

Introduction

1.1 Wind turbine foil

In recent years much research has been invested in the development of offshore wind tur-

bines.

designed wind turbine foils have grown steadily during the last decade.

Bigger wind turbines generate electrisity at a lower price pr kilowatt-hour and the

[16] The world’s

biggest wind turbine per april 2014 is Vestas’s V164, which has a rotor diameter of 164m.

For comparison, this is 11 meters
taller than the height of UN’s head-
quarter in New York, of more then
twice the wingspan of Airbus A380,
the world’s largest passenger air-
liner. Figure (1.1.1) shows a visual
representation of the growth of wind
turbine dimensions during the last
25 years.

As the dimensions of the turbine
blades increase, so does complexity
in design. Turbine foils are sub-
jected to extreme peak wind loads
during their lifetime, and a detailed
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Figure 1.1.1: Evolution of the wind turbine size over time.

study of the inherent strength of the design is required to verify design parameters, and to
predict lifetime. Turbines grow more flexible with increasing size. And the wind load grow
with the size of the blade. Thus, under peak wind loads, there may be a potential for large
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80m
V164 -7.0MW blade length

8,38m

London Routemaster length

Figure 1.1.2: The relative size of a v164 rotor blade compared to nine english buses

deformations with high level of stress in the structure. Hence nonlinear analysis are required
for optimum results. [21].

1.2 Isogeometric Analysis

Computer Aided Engineering (CAE) plays an important role in the engineering world. Stress
analysis, thermal flow simulations and fluid-body interaction are all examples of problems
where the use of computer aided methods are essential. [13, 19, 14]. The Finite Element
Method (FEM) has been the focus of much research and refinement since it’s introduction in
the 1950’s. It is today a well established tool.

Another well established computer based tool is Computer Aided Design (CAD). CAD software
is used for design and visualization of two- and three dimensional objects, curves and surfaces.
CAD is used for both engineering and architectural design, as well as in computer animated
movies.[17, 9]
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CAD and CAE have been developed for different purposes. CAD-software is typically used to
design an object. The design may be followed by Finite Element Analysis (FEA) to analyse
the object properties. FEA requires a data representation of the CAD geometrical object. For
the standard Finite Element Method, a transformation of the geometry into a suitable mesh is
required. The transformation is time consuming. It has been estimated that as much as 80%
of the total computation time of an FEA is related to this process [5]. To visualize the scope
of this challenge: a modern nuclear submarine consist of more that 1 million parts [6]. Should
each part be subjected to a rigorous analysis, deadlines would be broken.

The aim of isogeometrical analysis is to fill the gap between CAD and FEA [7]. For many
geometrical objects the isogeometrical analysis reduce or remove the problem with model im-
perfection. Isogeometric Analysis is an approach to the Finite Element Method where one uses
the same basisfunction in both CAD and FEA. The most used basisfunctions in CAD packages
are build upon bsplines, and in this project we will explore the use of these.

The smooth geometry of a wind turbine blade is well suited to be modelled by splines. Thus,
isogeometrical analysis is a natural choice for the analysis of turbine blades. E.g. a fluid-
structure interaticion analysis could be solved using splines and isogeometrical analysis. It is
believed that the abilities of splines to represent smooth geometries accarately will renter the
computation more physically accurate. [20]

1.3 The aim of the project

The aim of this project is to construct a general static isogeometric nonlinear finite element
solver in Matlab with bsplines as basis functions. We will verify the code, and then apply the
solver on the wind turbine blade of the NREL offshore 5-MW baseline wind turbine for a chosen
load case.

1.4 Principle

We will begin the project by investigating the basic theory of bsplines and linear elasticity. We
will then focus on nonlinear elasticity and derive the weak form for the updated lagrangian
formulation. From this formulation we will derive a algorithm to be implemented in Matlab.
We will build a linear and a non-linear isogeometric solver. For verification of the code, the
solver will be compared to the isogeometric NFE program IFEM. We will then apply the solver
for analysis of the static displacement and stress in the NREL offshore 5-MW baseline wind
turbine foil resulting from a chosen load case.
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Figure 1.4.1: The wind foil under condiseration



Chapter 2

Isogeometric Basis

We will here explore some of the basic properties of Bsplines.

2.1 Bsplines

A Bspline, L; ,(§), is a piecewise polynomial of a degree p defined by it’s assosiated knot vector.
A knot vector, denoted = = [&1, &y, ..., Enipral, i @ non-decresing set of numbers, = € R4PHL
is the number of basisfunctions of degree p we may extrude from that knot vector. The entries
of the vector, &,1=1,...,n+p+ 1 are called knots. In this project we will exclusively operate
with open knot vectors. A knot vector = = (&1, &, ..., {nqpt1] 1s said to be open if the first p+ 1
and the last p + 1 indices are identical ,and no other knot in the non-decresing sequence may
appear more than p times. Or more formally, if it meets the following citeria:

n>p+1

L eER fore=1,...,n+p+1

=& fore=1,..,p+1

& =&p fori=n+1,..n+p+1
& <& fori=p+1,...n

& <&igppr fori=2,...n
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Lipp(§) Li py1(8) e Liy(€)
NOT T N NN

N T N N N T
Li33(§)  Li2a3(§) Liiis(§)  Lis(§)
N O N T N T
Lis5(&)  Lic12(8)  Lia(é)

NN
Lic1ia(§)  Lia(§)
NOT
Lio(§)

Figure 2.1.1: Recurrence diagram for Cox-de Boor recursion formula (2.1)

A bspline is defined from it’s knot vector by the Coz-de Boor recursion formula:

| 1 if £ € [&: &)
Lip—0(§) = {O otherwise

L&mel + Mhﬂ,rl(f)

Lip> =
p21(8) Eip — & Citpt1 — &it

If &1 = &, the denominator in the first term in (2.1) will be zero, and we get division by zero.
As we shall soon se, the support interval of L;, 1(£) will be zero as well. We get a 2-term,

0
which we define to be 0. We do the same for the case §1p+1 = &
For £ € [&,&i+1), Lio is the only non-zero bspline of degree p = 0. For p = 1, both L;_1;
and L;; will have support. For p = 2, L, 5, L;_12 and L;> have support. To help visualize

this recursion, we have build a a recursion diagram.
For & € [§;,&11) we get:.

From figure 2.1.1 it is easy to see agree to the following:

Non-zero basisfunctions:
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If x € [&',&'4_1) , then

>0 forj=1i—p, ..,
L .
]’p(g) {: 0 otherwis

From this it follows that:

Support intervall for Bsplines:

>0 for [&, &ivpi1)
=0 otherwise

Lip(€) : {

2.1.1 Local support of Bsplines

Since L; , (&) has support on [§;, &4p+1) only, it is obviously independent of all other knots & < &;
and & > &4,+1. To illustrate which knots a bspline depend upon, we sometimes write L; ,(§)

as Lz,p(g) [gi*}” ) fz]

2.1.2 Some Bsplines

In figure (2.1.2), we have added plots of the bsplines of degree p = 1 and p = 2 for the knot
vectors = = [0,0,1,2,2] and = = [0,0,0,1,1,2,3,3,3] respectively. Using the Cox-de Boor
recursion formula (2.1) for different values of i, one get the different bspline functions. The
values are generated by a matlab script which loops through small increments in & from &; to
&ni1, iterating through (2.1) each time

2.1.3 Continuity Properties

As Bsplines are piecewise polynomials, they are C* on each knot intervall. Over the knots,
however, it may be proved that they are CP~™ where m is the multiplicity of that specific knot
within the Bsplines support. For example, see L3 (§) = L32[0,1, 1,2](¢) in figure (2.1.2b). The
knot 1 occures two times, and has multiplicity 2. It is a polynomial of second degree, hence
it is CP~™ = C?72 = C°. This is easy to verify from figure (2.1.2a) and (2.1.2b). For knot 0,
L12(€) = Ly 2[0,0,1](€) has multiplicity m = 2, hence it is C*~3 = C™!, i.e discontinuous over
this knot.



CHAPTER 2. ISOGEOMETRIC BASIS

XI=000112333 p=2
T

XI=00122 p=1 1 : :
1
of 1
‘_87 4
7t 1
6f 1
‘_57 4
4t 1
3t 1
2t 1
do ) / ) ) ) . 25
(a) The basisfunctions for the knot
vector = = [0,0, 1,2, 2] b) The six basisfunctions of
L11(€) = L1 1[0,0,1)(€) is blue, ==10,0,0,1,1,2,3,3,3] fo.r p=2.
Lo (€) = Ly1[0,1,2](€) is red, Ly 2(§) = L1,2(0,0,0,1](€) is blue,
L31(§) = Lsa[1,2,2)(€) is green- L32(&) = L2,2[0,0,1,1(€) is red,
L32(€) = L32[0,1,1,2](€) is green
L472(£) = L4)2[1, 1, 273](6) is black
L572(£) = L572[1, 2,373] (g) iS yellow
L¢.2(€) = Lg 2[2, 3, 3, 3](§) is bright blue

Figure 2.1.2
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2.1.4 Partition of unity

The Bsplines L; ,(§), i = 1, ..., n defined from the knot vector = = ({’i)ﬁi’fﬂ form a partition of
unity,i.e

for all ¢ € [{1,€n+p+1)

2.1.5 Derivatives of Bsplines
The derivative of a Bspline may easily be found by applying the formula below:

dLi’p . P

- Li,- P
dg§ Sivp—&i 1(6)

Sivpr1 — Git1

Li+1,p71(’f)

2.1.6 Linear Independence of Bsplines

Bsplines generated from an open knot vectors are linearly independent. From the indexing of
the nonzero basisfunctions (2.1), we saw that on each intervall [§;, &1], the p+ 1 basisfunctions
Lipp(§),.... Lip(§) have support. In other words, on each interval there are p + 1 linearly
independent polynomials of degree p. This means we can span P, on each subintervall. Hence
we can represent any polynomial of degree p on the intervall [&;, &,+,+1] as a linar combination
of Bsplines

2.2 Tensor Product of Bsplines

When we combine basic bsplines in linear combination and tensor products, it yields many
interesting results, and makes it easy to represent one-, two and tree dimensional shapes.

2.2.1 Spline curves

A bspline curve is defines in the following manner:
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where ¢; € RY, d =1,2,3. If d = 1, we get a one dimensional curve. If d = 2 we get a curve in
the plane, and if d = 3 we get a volume curve in space.

In two- and three dimensions, P; are called control points. As YL L; (&) = 1, f(¢) may be
thought of as a weighted mean of the these control points. Figure 3.1.1 shows an example of
a 2D spline curve. The space of spline curves generated from the knot vector = of degree p is
denoted as

l
Sz, = {ZPiLz‘,p(f) | P; e R W}
i=1

35— —

25— —

0.5— —

Figure 2.2.1: A 2D spline curve from the knot vector [0,0,0,0.25,0.5,0.75,1, 1, 1] The control
polygon is plotted in red, with the red dots as its control points.
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2.2.2 Spline surface

If we let P; in (2.2.1) be a spline itself, we are left with a spline surface. We insert P; =
Y PiiM;q(n), Py € R into equation (2.2.1):

£(&,n) = Z (i Pz‘,ij,q(U)) Lip(€)

I m
=22 Mijpe(&mP

where P € R*. Hence f : R? — R*. If s = 3 for instance, f is a parametrized surface,

f(&n) = (z,y,2)

2.2.3 Spline volumes

A similar argument as for spline surfaces gives us a spline volume.

[ m

5 7, C Z Z Z sz )Ok T‘(C)? Pi,j,k Pz‘,j,k S R?

i=1j5=1k=1

This is a mapping f : R? — iR*. For s = 3, f is a parametrized volume. This is in fact how we
will represent our configuration €2 over where we wish to solve the elasticity equation.

2.2.4 Control polygon

We have mentioned that the P’s are called control points. The control points form what is called
the control polygon or the control net. The control polygon can be thought of as a scaffold,
or a rough sketch for how the final surface/volume will look like. A 2D control polygon is
illustraded in figure 2.2.2

2.2.5 Mapping in FEA
As mentioned in (2.2.3), we will represent our domain is as:

o

I m
x(§,m.6) =22 > Liyl (1)Ok,+(C), Pijk P, €R?

=1 j=1k=1
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Figure 2.2.2: A 2D spline area. The red dots are the control points, and are marked with its
assosiated number. They form the control polygon. The blue area is the domain €.
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From now on we will distinguish between parameter space, Q, where (&, 7, () live, and physical
space, where (z,y, z) is defined. Hence

x:0 =0

An visual representation of a 2D mapping is illustraded in figure (2.2.3)

X

—>

min

'min

Figure 2.2.3: Mapping from parameter space, Q to physical space, 2. The mapping in itself is
surjective , but we will assume that Z,’H and B are given so that we have injectivity as well.
Our method will not work otherwise.

2.3 Refinements

We will need strategies to refine our domain for the error evaluation in chapter 6. We will here
present two common refinement procedures called h-refinement and p-refinement.

2.3.1 h-refinement

In h-refinement, also known as knot insertion, we insert knots into our existing knot vector.
This makes the basis richer, and may or may not reduce the element size. In any case it makes
the solution space larger, which again makes our solution more accurate.

Our first action is to insert one or several knots into our knot vector =. Let us call the new,
refined knot vector =. The new knots & may be any & € €1, &ntptr1) as long as it does not
interfere with the properties of an open knot vector (see chapter 2.1). If we insert a knot &
which is not present in =, the element size is reduced. If we insert a knot £ which is already
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present, i.e we increase the multiplicity of that knot, we reduce the continuity of the basis.
However, the way we choose our new control points will prevent any change to the spline itself.

Assume we are given a spline S € S,=. S,= C S,z [10], hence any spline S € S,z may also be
represented by the basis in S, =.

where M;, i = 1, ...,1 is the basis of S,z In fact, any basisfunctions L;(§) € S € S, = may be
represented by the basis in S € S =

=9

L;(&) = Z:Miam- (2.3.1)
We define the vector L = [Ly(£), La(§), -, Ln(€)] and M = [My(€), Ma(§), ..., My(&)] This
allows us to write (2.3.1) in vector form:
L=LA
By definning ¢” = (¢;)\_, and d” = (d;)._, we may also write: S = Lc and S = Md Hence
Md = Lc = Ac

which yields d = Ac Matrix A is called the knot insertion matriz of degree p from = to =.

Generation the knot insertion matrix

We will not dig deeper into the theory behind the knot insertion matrix, but simply present an
algorithm for how to generating it. The algorithm is build upon theorem 4.6 in [10]. Note that

= = (&), while Z = (&).

Fori=1..1 3
Find p: &, <& <&
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Calculate the 1 x (p+ 1) discrete bspline vector a

a:{a . }: 1 iftp=0
p—p,p 1,p Ri(&iv1) - Ry(&sp) ifp>0

where Ry, is the k x (k + 1) Bspline matrix with entries:

Topi—E PR
Tuti ~Tuti—k ifj =i
6 _ §—Tuti—k e
R, = . ifj=14+1
0 otherwise
Define the it row of A as [0,0,...,0, «, 0,0,...,0]
——— —_—
p—p+1 n—p

Knot Insertion in 2D

We will here present an algorithm for inserting knots into a 2D spline. The algorithm is very
similar in 3D. To do insert knots into a 2D bspline, we first modify our control polygon for the
changes in = — =, and then for H — H:

I m ()
Ci s
S = ZZLi(f)Mj(n) [ (}3)]
i=1j=1 Cij
We then define P;,d; and e; in the following fashion:
(x) (v)

Cig=1  Cij=1
P, = : :
(z) (v)
Cijmm  Cij=md
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Now, we modify the control points for refinment in 7-direction :

mo l d(m)
- SSanm Y e | %)
=1 =1 if
(x) ()
Ci=1j Ci=1; (z)
We define d; = | | and modify [dl(yf)l for change in ¢-direction:
W dij
i=n,j i=n,j

= f:l ~J(77) (EA?dJ)T
= 3t (Bey)’

]; o ~ (z)
R [U]

2.3.2 p-refinement

As for h-refinement, a p-refinement of a spline Sz .7 qr — SE,H:Z,p—i—l,q-&-l,H-l must not change
the image of the spline, i.e:

S(&,m,¢) =S(&n.Q) V(€ ¢) €0

To keep the continuity properties of the new splien S, we create the new knot vector =, H
and Z by increasing the multiplicity of each knot in =,H and Z by one. This does not change
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the elements in parameter space. From section 2.1.6 we know that on each intervall we can
span any polynomials of order < p. The elements are the same, hence S,,, C Spi1g+1,r41-
The question of creating S is really just a question of choosing the right combination of the
basisfunctions L; (&) M,;(n)Ok(¢) spanning S.

S is a lmo dimensional space, where [, m and o are the number of basisfunctions from the
knot vectors Z,H and Z respectively. To find the Imo control points needed, we simply do a
general spline interpolation. We create a system MP = S, where M is a lmo x lmo matrix de-
fined as below (2.3.2), P is our matrix of new control points and S the old spline S evaluated in
the interpolation points. To ensure that the system has a unique solution,i.e M is nonsingular,
we choose the interpolation points to be

(€)= Siv1t - Cirprn) 0t = Mi+1 + - Mjt(g+1) and ¢* = Cor1 T -+ G (rr1)
pry T G T

[I]z

Here & € 2, n; € #H and ¢, € Z. The system becomes (slett denne setningen: Itilde =

(i-1)*(m*o) + (j-1)%o + ki)

LEM @O L&) Mu(n))0x(G}) La(&) M0 (. -
LENM)ONG)  LuENM()0:(G) Lo(E) M ()0, (G) | [ P11
LEMEIONG) L&) Mu(n))0x(G) L&) Mo ()04 ()

LU(E)M()0(C)  LiE)M()0C) - La(€)M()0n(C7)] o

S(&0, 5 ) ]
St ¢)

S(Esm, ) ]
MP =S
(2.3.2)

Both S and P are 3 x Imo matrice, having the control point’s z-coodrinate in column 1, y-
coordinate in column 2 and z-coordinate in column 3. We solve (2.3.2) for P, which together
with =, H,Z defines our new p-refined spline S.

[10]
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[
I
X
|

Figure 2.4.1: The 2D basisfunction Ny233 and Nyoss from the knot vectors =
[0,0,0,0,0.5,1,1,1,1]
2.4 Bsplines as basisfunctiosn in FEA

We will use Bsplines as basisfunctions in our Finite Element Analysis. We defined the scalar
basis function N; as

N;: Q=R
N7(€.1,¢) = Li(€) M; () Ok (¢)
The relatoin I (i, j, k) is:
IT=@G—1mo+(j—1o+k
We define the vector basis function, Ny, the following way:

N1 o O]T i1 =1,4,7,...
N ={N;[o 1 0] #fI=258,...
Nilo 0 1}T if I =3,6,9,...

Figure(2.4.1) it is shows a ploit of two 2D scalar basisfunctions.



Chapter 3

Continuum Mechanics

We have assumed an isotrophic and homogenic material.

3.1 Important Definitions

3.1.1 Displacement

The displacement v = u( °x), is the quantity we directly solve fore in our Isogeometical analysis.
u(%z) = |u?| is a vector function for how much a particle with positoin %z before the load

was added will move.

3.1.2 Deformation Gradient

Before we can look deeper into the steps in the lagrangian description, we need to define some
terms we will soon need. The first we need to define is the deformation gradient F. Simply
said, the deformation gradient contains information of deformation and rotation on infinitesimal
level. F'is defined in the following manner:

2] "'wl 0 tzL'l 0 t{El

0027 00zy 0023 867; % %
tF o O try 0 tao 0 tao o @ @ @
0 | 992 0 Oxq 003 | = |9X Y oZ

Olzs Olzy Olws Odz 0Jz 0z

o 0361 0 O:Ez 9] 0{E3

SF ;1 18 the element in row ¢ and column [ of F. Note the identity in notation between
Oz, =X, %29 =Y and %25 = 7.

20



CHAPTER 3. CONTINUUM MECHANICS 21

For an infinitesimal vector, d ‘x = [dx, dy, dz]T it follows from the chain rule that d ‘o = JF %z.

d°

v
X

dx

Figure 3.1.1: Two infinitesimal arrows, d Yz and d 'z. They are related via the linear transfor-

mation d 'z = (Fd 'z

Volume

Let us look at an infinitessimally small volume in the original configuration °Q, d °Q spanned

dsl 0 0
by the three vectors orthogonal vectors dxy = | 0 |, dxy = |ds2| anddxs = | 0 |. Its volume
0 0 ds3

is dQ = (dzl x dz2) - dz3 Since the deformation gradient §F carries information relation d ‘x
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to d %z, it comes a now suprise that is also is used to calculate d ‘Q from °Q.

d'Q = det(F) "dQ

The deformation tensor

The (right) Cauchy-Green deformation tensor is defined as:

O = FT L

3.1.3 Strain measures

Strain is a dimensionless quantity that describes the displacement of a relative to the adjacent
particles. One may define strain in many ways. Any definition, however, must give zero strain
for pure rigid body-deformations, and give the correct infinitesimal strains if we remove the
nonlinear terms. . Also, it should go towards +/ — oo for infinite strech/compression. [12].

In Voigt notation, the linear engineering strain is defined as:

Sksfe ofe o o
&

o %\Q&"Qv oo o

@)
I
<
IS
I
S ok o offe

The Green-Lagrange (GL)-strain is defined as:

N 23 (B + () +(3%)

E o3 (G0 + ()2 + (50)°)

" ow | 1 ((0uy2 | (Qvy2 | (Dw)2

B..| _ %+ 3 (557 + (57 + (3))

Por| (5 %) + 5 (O + () + (B0(5)
2l 130+ 5) 3 (B8 + (B3 + (B(39)
T (e a) HE(BE) T GE + (3Ew),

in Voigt notation and:

O ~+
5
<L
I
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on tensor form. Other, equivalent definitions are:

1
S =50
1
Ei' = §<FiJFiJ_5IJ)

3.1.4 Stress (measures)

We will use two stress measures in this project, Cauchy stress and second Piola-Kirchhoff stress
(PK2).

Cauchy stress, denoted o, is defined as current force divided by current area. [12]. It is
the true, physical stress that arises in a physical configuration when it is subjected to stress.
The PK2-stress is a useful theoretical quantity which is defined as current force mapped into
the reference configuration divided by a reference area. [18]. The relation between Cauchy
stress and PK2 stress is:

1
Tij = sz‘IFjJSIJ (3.1.1)

where J = det(F). [11].

3.1.5 Traction

Traction is cauchy stress that is assosiated with a surface. This surface could be a given surface
within the configuration, or the outer surface of the configuration. [4]



Chapter 4

Linear Elasticity

We will start our approach towards nonlinear finite element analysis by looking at the linear
finite element method. The Updated Lagrangian Description we will use later builds upon this
method. Linear Finite Element analysis leans upon the assumptions of a the linear material
law and a liner strain displacement relation. The first assumption requires small strains, while
the latter requires small displacements.

We will now derive the linear elasticity equation,Vu = — f, as this gives a fundamental under-
standing of the physical problem. From the linear elasticity equation we will derive the weak
from, from wich we will eventually assebmle the linear system.

4.1 Deriving the linear elasticity equation

In our static analysis we will consider two kinds of forces action on our body; body forces and
traction forces. Body forces are forces that acts on the body itself, like magnetic forces, gravi-
tation forces or forces arising from thermal expansion. The traction forces act on the boundary
of our body, like weight upon a bridge.

Figure (4.1.1) shows a principal 2D sketch of an infinitesimally small element within a configura-

tion (domain), subjected to body forces f and traction forces o along its borders. For a similar
T T
3D infinitesimal element, we define We define o, = [Um Oy O'zz} , Oy = [aym Oyy Oy

24
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/// \\
i Ay \>~
- oy(x, y+=5) "~
- y\™
e . Oyy 4 2 .
- V: 1 N
/7 1
7/ 1 N
’ | N
// ! O \\
— — - yX Ax \
’/ O'(X+T,y) \\

\ Ax 1
\ Ox(X-3,Y) ;!
\ I
\ ’
\ ’
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SN Oylx%y-73) /
~ N Y 4
~ N 7
NN
SN Ax ;
h N /%/ e

Figure 4.1.1: Forces acting on an infinitesimal element. The figure is insipred by figure 9.3 in
[4]

T
and [azx 0.y 0.z . The basic static equalibrium equations yield;

A A

A A
—AzAz oy(z,y — 7y, 2) + AxAz oy(x,y + Ty’ 2)
A A
—AzAy o, (z,y,z — 72) + AzAy o, (x,y,z + 72)

= —f(z,y,2) AzAyAz

where f(z,y, z) is the body force pr. unit area. We divide by AzAyAz. As Az and Ay go
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towards zero, we get:

1 Ax
Ax <_0'x($_2>ya z)+ o.(x 7ya >
Aly< J(z y—AQZJz)+0'yxy+z>
1 Az
AZ(—O'Z(Jv,y,z 2)+ O'ny,z—i-)
= —f(z,y,2)
Az — 0, Ay - 0and Az - 0=

+ =—f
ox y 0z
o-x
8 9 9 _
[% oy az} oy| =—f
g,
Ope Ozy Ogz Jfa
9 0 9 =—|f
9z oy oz| |Tyz Oyy Oyz| = y
(020 Ozy Oz A
s o o |0m Ouw O fz
[% dy %} Ozy Oyy Ozy| == | fy
_O-LUZ O-yz UZZ_ _fz
Vo =-f

Note that o0;; is a symmetric stress tensor, i.e 0;; = 0j;.
We have now arrived with the problem we wish to solve in linear elasticity:

Find u such that:

Vo(u) =—f (4.1.1)
u=u” onIp
on=h on I'y

where o = Ce(u) = CVuf
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4.2 Deriving the weak form

We will now derive its the weak form of problem (4.1.1). The theory in this section is in cor-
relation with [4].

We will here utilize the geometrical relationship between € and u, and the physical relationship
between o and u. We search for a u € R? such that o(u) forfills (4.1.1). The derivatives of

u will later be integrated, so we define the solution space to consist of those u where that are
suited for this;

ueU={uue H u=u” onTp}
Vo (u) is a vector, hence (4.1.1) is a system of the three equations:

80'11 8021 80’31 -
61’1 8x2 (3903 N _fl
0012 0029 0039 .
8x1 81’2 8x3 N _f2
do3 + Ooas Oos3

8:171 8332 81'3 - _f3

(slett: (Jacob fish s. 67, s. 224). ) We multiply each of these two equations by a testfunction
v; € V. We define V= H¥Q) = {f € L?(Q) : D°f € L*(Q)Va : |a| < k} to ensure that all
the integrals that contain v; are well defined.

80’11 80'21 60'31
U1 U1 v = — f1vs
0, 0s 03
80'12 80'22 80'32 f
(%) V2 Vg = — J2U3
81’1 8272 8x3
Joqs 0093 Ooss
U3 U3 vg = — f3v3
0xy 0xo 0x3

We integrate over (2 and add the terms together: :

3 3 9o, 3
;];/Q o, B = _;/ij“j df} (4.2.1)

The formula for integration by parts for higher dimensions states,

80'1‘]‘

v,
0 85‘2 Vj dQ) = /FO'ij’ani dl’ — /QO'ijij dS)

aZEi
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where n; is the i-th component of the outward normal vector n at that point on I'. We apply

this identity into (4.2.1):

Zz/a% dQ:—f:/ijvde

i=1j=1
3 3
J
;;/awv]m(ﬂ‘ ;;/%a 0 = — Z/fjvj do)
3 3
ZZ/ azjav] dQ) = Z/ fiv; alQ—l—Z:z:/a”v]nz dr
i=1 j=1 Ox; i=1j=1

Note that, according to the linear relation between engineering strain €;; and u,

Hv. .p - .
oo ifi=7
el](v) = {6@3 (9113' f . .
ox; + ox; e 7& J

We apply this relation to equation (4.2.2):

ii/amaj d§} = Z/fgvj dQ-l-ZZ/UUUJnZdF

i=1j= = 1] 1
3 3
S5 [ aye; a2 = z [ i 1920+3°3" [ayum dr
=1 j=t i=1j=1
Using Voigt notation,
€11 o1
€22 022 f
1
€ o
e — |3 o= 3B £,
€12 012 f
3
€23 023
€31 1031 ]

we get:

/ e (v)o(u) dQ = / vIf dQ—l—/vTa'n dr
Q Q r

We then insert o = Ce(u)

(4.2.2)
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/ e’ (v)Ce(u) d2 = / vifdQ+ | viendl'+ [ viondl
Q Q

FD 1_‘N

The weak form becomes:

Weak form:

Findu €V such that

a(u,v) =F(v) VveV (4.2.3)
where
a(u,v) = /QGT(V)CG(U) dQ
F(v)= /Qva dQ—l—/FvTa'n dr
V={vlve H ,v=0o0onTp}

4.2.1 Galerkin method

Lax-Milgram’s lemma states that there exist one unique solution to (4.2.3). However, the space
V may be infinite dimensional, and the task (4.2.3) of finding a function u that works for all
v € V may be far beyond reach. We therefor approximate V to finite dimensional subspace:

Vh = [ |t e HY(Q),v"|r =0} C V

Hence, we reformulate equation (4.2.3) to:

Weak form (discrete). Find u" € V" such that

a(ul,v") = F(v") Vot e VI (4.2.4)
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Since we use an approximating to the possibly infite space V', the answer of problem (4.2.4)
will in general no longer give us the exact answer. It can however be shown that the solution
of problem (4.2.4) will always be the best possible solution within that space [15]. By best
possible we mean the solution that minimizes the energy norm ||u® — u"||,.

4.3 Assembling the linear system

Given (4.2.4), we want to assemble a linear system we can solve using matix manipulation.
According to our choise of basisfunctions, we may write the possible displacement fields u as

where N = [N Ny, ..., N3j0) and the repeated index imply summation. Also, we may write the
test function v as

'U:NV:NJVJ

since they come from the same function space. U and V' are here two coefficient vectors. We
insert (4.3.1) into (4.2.4):

a(NUr,v) = F(v) Yv e V"
a(Ny,v)U; = F(v) Yo e Vh
This must hold for all v € V", which is equivalent of saying that it must hold for all the

basisfunctions spanning V". Since a and F are bilinear and linear respectivly, and V" =
span{Ni, Na, ...Nn,,.; }, we get:

a(N,,NY)  a(Ny, Ny) . a(Npaos, Ni) U F(Ny)

a(Nl,Ng) a(Ng,Nz) a(NndofaNQ) UjQ — F(NQ) (432)

a(N1, Nndog)  @(Na, Nndog) - @(Nndof, Nndoy) Undos F(Nndof)
Av=F

where A is the stiffness matrix. Implementation detilas for A and F' can be found in Appendix

C.

4.4 Boundary conditions

In this thesis we have consider homogeneous dirichlet boundary conditions and neumann bound-
ary conditions. Homogeneous dirichlet boundary conditions represent areas there the configura-
tion is fized. Neumann boundary condtions represent areas where the configuration is subjected
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to pressure.

4.4.1 Dirichlet Boundary Conditions

The solution u(x,y, z) must be zero on the areas where we have homogeneous dirichlet bound-
ary conditions. We do this by simply removing those basisfunctions N 7 which has support over
this area from the linear system (4.3.2). Or more accurately, we never even calculate them,
and remove their corresponding rows and columns.

Note that without dirichet boundary conditions, six of the eigenvalues of the stiffness matrix
A will be zero (the six degrees of freedom). A will be singular, and we will not get a solution.

4.5 Neumann boundary Conditions

The neumann conditions along the boundary, ¢ - n = h on I'y, ends up as a part on the load

vector F' via the integral [ IN ?;a"n dl'. Evaluation of this integral is described in Appendix
C.



Chapter 5

Nonlinear Finite Element Analysis

We will now take the leap to nonlinear finite element analysis. When the deformation of the
configuration becomes large, the linear strain-displacement relationship we have used so far
becomes inaccurate. Also, changes in volume and shape may be inadmissible to neglect.

In a nonlinear finite element method, the load is typically divided into load increments. For
each load step we use some form of numerical method to iterate until we get the satisfied
accuracy. A graphical representation of this technique is shown in figure (5.0.1).

5.0.1 Variational Formulations

There are two common variational descriptions for the nonlinear problem. The first is called
the total lagrangian (TL) formulation. The total lagrangian formulation uses the original con-
figuration as reference configuration, and the energetically conjugate Green-Lagrange strain
and the PK2 stress tensor are normally used.

The other formulation is called the Updated Lagrangian (UL) formulation. The UL formulation
uses the current configuration as reference configuration. We have programmed a nonlinear
isogeometric solver in Matlab using the UL formulation. We will therefore go through the
mathematical theory behind the UL formulation in some detail. This will eventually result in
the nonlinear algorithm underlying our Matlab code.

5.1 Updated Lagrange

The updated lagrangian description is a variational description where we may use a nonlinear
strain-displacement law and a nonliner stress-strain relation. In this project, we have looked at

32
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Figure 5.0.1: A principle sketch of the load path, were we add the load vector R in increments.
This figure is is a modified version of figure (2.5) in [§]
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nonlinearity in strain only, and we will use a linear stress-strain law.

The following theory and notation is compiled from [1]. Note that this notation may differ at
some points from more commonly used nomenclature. For a introduction to the notation, see
Appendix A.

5.1.1 Weak form

We will derive the weak for the updated lagrangian description by using the principle of virtual
displacement. This principle relies on the fact that, for a given perturbation of the configuration,
the sum internal work must equal the sum external work.

5VVint = 6Wemt

For small perturbation, the work induced by the stress variation has neglectable influence.
Hence

t+AL t+At _
[WQ O ppntCij oij o dQ =

(5u)T t—i—Atf HALIO | /+A <5U)T HHAL) AL T
t tF

t+AtQ

= AR (5.1.1)

This left hand side of (5.1.1) is energy conjugate to [t ¢ t+AiEij t+A§S,~j td€). This yields:

[Qé AL, tHALGL tO = trAtR (5.1.2)
Note the following relations of the PK2 stress and nonlinear strain:

RSy = 1Syt 1Sy = toy + Sy (5.1.3)

HAiEij = iEz‘j + By = By (5.1.4)

.E,; is the strain increment from configuration ‘Q to 2.

in displacement. This gives ut the expression for ,F;;:

,u is the corresponding increment

1 1
B = i(tui,j + uj) + §(tuk1 {UL,j) (5.1.5)

Repeated indices imply summation, and ,u; ; means 88;“;_. The first term in (5.1.5) is linear in
J
u;, while the second term is nonlinear in u;. We now split the strain into two parts, one linear
and one nonlinear.
1

1
Fij = §(tuz’,j + uji) + 5(#%1’ $Uk.j)

= €ij + i (5.1.6)
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The strain increments induced from a small perturbation du becomes:
) th'j =0 1€ij + ) tﬁij

1
(0 )iy + (ot 0 i) = 5 (i + )

= 5 (5 tum + ) tuj,i> (517)

) 1€ij =

[l

Note that ¢;; is a constant for a given virtual displacement du. A similar argument reveals that
0 ,B;; is linear in wu;:

1 1
0 ,Bij =5 ((ju+9 tu)k,i<tu +9 tu)kJ) D) (tuk,i tukJ)

1
(Uki Ukj + Uk Uk + 0 Upy Ukj + 0 Uk 0 Uy ) — 5 (¢Uki Uk )

(¢un,i0 Uy +0 Uk (Ukj) (5.1.8)

NN — DN

We then insert expressions from (5.1.3) (5.1.4) and (5.1.6) into (5.1.2):
[ 18, s, i = AR
ﬂg((; i+ 0 4 Bii) (Lo + Sy) A = TR
ﬁQ 0 i tUij + 0 Bij to-ij + (4 (€ij +0 t@ij) 1Sij tiQ — AR

/ § €5 toiy tdQ +/ § Bij loij HdQ +/ § By Sy td = AL
tQ tQ ‘o

Until now, all we have done is continuum mechanics. As we mentioned in the beginning of this
chapter, we will add the external loads incrementally. The load vector R is a function of time.
We first solve the load vector " R, then add the load increment AR = 2R — "' R and solve the
system again. Figure (5.0.1) illustrates the procedure. This means that for a given time t, ‘U,
') and *o are all known. We move the known quantities to the right hands side and keep the
unknown integrals on the left hand side:

ﬁ ) tﬁij tO'Z‘j tdQ + [ ) tEij tSij tdQ = t+AtR -/, ) 1€ij tO'Z‘j tdQ
Q = —— Q = —— —— Q —~— =
unknown known unknown unknown  known known known

This is actually our weak formulation:
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Weak form:

Find ,u such that

ﬁgé tEij tSij tdQ -+ /596 tﬁij tO'z'j tdQ = H_AtR — ﬁQ(S t€ij tO'ij tdQ
(5.1.9)

for any small virtual displacement du.

5.2 Linearisation and discretisation

Since we will do this with the finite element method, we somehow need to transform (5.1.9)
into a linear system. The weak form (5.1.9) contains nonlinear terms. We will now show we
linearise them and obtain a system on the form

[KAU = (138~ i

where K is the tangent stiffness matrix, iiﬁﬁR is the external force vector at time ¢ + At, and

iF is the internal force vector at time t.

. t
5.2.1 The integral [i,0 F;; ,S;; "dQ
In this thesis, we use a linear stress-strain relation. The stress increment is ,S;; = Cijrs +Ers,
where ,Cjx is the material moduli in the current configuration. We linearise the integral in
the following manner:
‘/596 tEij tSij tdQ - ﬁgé tEij tCijrs tErs tdQ
- /tQ((S 1€ij T 0 tﬁij) 1Clijrs(1€rs + Drs) "dQ)

~ / ) +€ij tCijrs +Ers tdQ (521)
tQ

Here we approximated ,E;; ~ ,€; and § ,E;; = § ,e;;. This approximation holds whenever the
time between two load increments small, i.e whenever At is small.
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Assembly of [:q0 ,6;Cijrs €rs taQ

The vectors ,u, ,€ and there virtual pairs are defined as follows:

= NAU
0 ,u= ,NOU
€=V u=V NAU = BAU
0 e =BoU
We arrange the tensor ,Cj,s into matrix form in the following manner.
[(Cun Crze Chuiss 0 0 0 1
Caoir Caza  ;Caoss 0 0 0
O = (Csa11 (Uszaa Casas 0 0 0
t 0 0 0 :C1212 0 0 0
0 0 0 0 ,Capz 0 0
0 0 0 0 0 +Cs131

The integral under consideration (5.2.1) becomes:
[ 8 Crens "2 = [ (64€7) Clhe) fa

— / SUTBT ,CBAU 'd)
tQ

— 5T ( / BT ,CiyrsB tdQ) AU
tQ
=oU" Ky AU
where the material stiffness matriz Ky is defined as Ky = [ig BT ,Cyjrs B 'dQ

5.2.2 The integral [i, 0 ,3;; 'o;; 'dS

As we saw in (5.1.8), § ,3;; is a linear term. Since ’o;; is known, this integral is linear with
respect to u;.

Assembly

We want to discretise this integral into a linear system. ,3, the nonlinear part of the strain
increment we defined in (5.1.6):

tﬁz

(ks tukJ)

(NN
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In voight notation, when it is discretized, we write:

0 ,u1

0tz
ou o |bm|_oNAU_oN
N N A R
0 ,u3 1 i
0 tx;

- 0 tx; -
_ ON; ONs
- 0 o tx; 0~ 0 0 tx; Q
8N1 8N2
O 0 0 tfti O 15] t(EZ

AU,
AU,

_AUNbf_

38

Note that I refer to a scalar basis function N;(z,y, z) € R, while I refer to the vector basis

function N;(x,y,2) € R®. I =1,...,lmo, while I =1, ...,

I~1.
Ny -
Uk = gt L AUy (sum over )
Ny -
0 Up; = gt L oUrp (sum over 1)

The definition of 64 is from (5.1.8)

1
(0 jun; yury) + 3 ((Uki0 uk;)

N | —

tﬁz] =

We insert expression (5.2.2) and (5.2.3) to (5.2.4)

t t
0 Bij 'oij = 5 (0 fUny gupy + U0 Jukj) "0

Ny ;AU + N”AUI

N)M—‘[\.’)M—l

( Ni:6Up 4

5UI(I) tN AUJ(j) UZ]
= 0Uyq) (N, toiy Nj,) AU

3lmo. See Appendix A for the relation

(5.2.2)

(5.2.3)

(5.2.4)
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Hence:

/SQ taij6 Bij Q) = ﬁQ 5U1(f) (tNi,z‘ tUij tNJ,j) AUJ(j) Q)

iGll §G12 iG13 iGlef
— (5U)T fﬁGQl §G22 §G23 iGQNbf AU
iGNbfl iGNbﬂ iGNbf3 iGNbebf
(5.2.5)
where !Gj;is a 3 x 3 block matrix:
Gy =109 [Q Niiloy Ny 'dQ
We define
%Gll £G12 §G13 gGlef
iKG’ _ tG21 tG22 tG23 tG2Nbf (526)
iGNbfl EGNbe iGNbfg EGNbebf

Hence equation (5.2.5) becomes
ﬁQ tO'Z'jd tﬁij tdQ = 5UT iKgAU
Details for how to calculate K may be found in Appendix D).

5.2.3 Assembly of ftQ ) +€ij tO','j tdQ

For a given du, all the therm in the integral [ § ,€;; 'y 'dQ) are known. & ,€;; is given by
equation (5.1.7). We discretize it the following way:

§,e=V(u+d,u)—Vu=Vs,u=V N5'U=Bs'U

5 i.ti-tdQ:/ 5 .t Q)
/tQ t€ij Oij to € 0
:5tUT/ BT to td)
QO

=0,U"F
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5.2.4 The external virtual work

trAtR / dug At + / T
= [ ouT A a0 4 [ ouT A g
= [, OUT N a0 4 [ GUT NT A g
— U7 ( / N A 0 4 / T A, tdQ)
= U" AR
where f is the body force, and h is the traction force.

We will now summarize what we have done on the previous pages to form the linear system

'KyAU = R — F.

5.3 Assembling the linear system

From equation (5.1.9) we had the following equation:

Find ,u such that
ﬂga tﬁij tO'Z‘j tdQ + ﬁﬂc? +€ij tSij tdQ = t+AtR — ﬁﬂa 1€ij tO'ij tdQ

for any small virtual displacement du.

We now insert the discretized versions of each on the integrals in (5.3). This gives us:

ﬁQ 5 tﬂij tO'Z'j tdQ + /tQ(S 1€ij tS,-j tdQ = t+AtR — ﬂQ 5 tei]- tUij tdQ
SUT 'KGAU + 6UT Ky AU = sUT AR — s 'UT IR
U (1K + K ) AU = oU™ ("8 R~ |F)

This must hold for any virtual displacement du = ,NOU, hence it must hold for any 6U. This
is equivalent to say that the following equality must hold:
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'KpAU = AR 'F (5.3.1)

where
AR = [ NTUS s [ NT A g
(= [ BTC je'aq
iKr = Ky+ Kg,
Ky = / _BTCyjruBdQ

and LK is defined as in (5.2.6). Impementation details for F' and

5.4 Comments to the linear system

The linear system (5.3.1) does not represent (5.1.9) perfectly, in that the second intergral in
(5.1.9), [iq 0 €5 Sij 'dQ, has been linearized. As mentioned in (5.2.1), this approximation is
good when ,u is small. To assure this, we will divide the external load, the body force f and
the traction force h into many load steps

5.5 The Nonlinear Algorithm

The algorithm we present here is the core of our matlab code. For each load case, the algorithm
calculates the terms in (5.3.1), solve for AU, and update the configuration. It iterates until
equalibrium, and start over again on the next load increment.

Start with configuration (.

for time t = ty,ts, ..., t,,.
(We have 'U, ‘Q)
(We wish to find “"2U : , \ F("2U) = HAF = 1TRIR)
(We know (from last time step) that |F = {R)

Update the external forece vector according to the new load;

t"rAiR — ftﬂ tNT t+Atfi tdv + ft[‘ tNT t+Athi td]:\
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end

Calculate (K = Ky + (K,
Ko = ftQ B'CB'dV.
iK‘éb =TIs.3 [t Nai tUij N ‘v

Set [TAF© = [F, TRIRO) = "R, A U0 = ' and k = 1.

At 70
i — e
r® = HARO) U EO (out of balance term)

While ||r*=V|| > tol
Find AU®) : 8 EDAU®) = p-1)
BRAL(R) — AL (R=1) o A7)
Update "H21Q)
Calcualte 41K
Calculate [T2IR®
Calculate [T2IF®) (see D.2).
r®) = TR — TRF®
k=k+1
end

42



Chapter 6

Verification of the linear isogeometric
solver

6.0.1 Problem setup

We have tested our linear solver by comparison against several different analytic solutions to the

differential equation Vo = —f. The error, ||e||l, = ||u — upl||a = \/a(u — Up, u — up,) converged
to zero for all test solutions. For the analytic solution

(6.0.1)

we will examine the error, and use it as a mean to verify our Matlab code. u is a solution to
Vo = —f on the cube [—1,1]3, where f is found by solving f = —VCeé(u). An advantage of the
analytic solution 6.0.1 is that we obtain accurate results in the evaluation of the energynorm
when we use > 5 gauss points in each direction.

43
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For our finite element analysis, uy, is the best possible approximation within V" to the analytic
solution u, measured in the energy norm. [22] For a situation where the solution space V"
contains u, the approximation u;, would equal u exactly, and no interesting error analysis could
occur. To avoid this, we perturb the inner control point of the one-element, p = 2 control
polygon associated with identity mapping from the unit cube Q to Q. We then use h- and
p-refinement as described in section (2.3.1) and (2.3.2) to transform this coarse discretization
to the current order and number of elements. We therefor get the same mapping « : Q—Q
for all the error evaluations in the error plots (6.0.5). See figure (6.0.2) for a visual description
of the control polygons.

Figure 6.0.1: The analytic solution (6.0.1): (a) is a vector plot of the vector field u(z,y, z) over
the domain Q = [—1,1]3. (b) shows the scalar value, u***" = (z* — 1)(y* — 1)(2* — 1), over the
horizontal surface z = 0. 4" represent the z—, y— and z-coordinate to the arrows in (a)
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Figure 6.0.2: The perturbed control polygons: (a) is the control polygon for a one-element
second order discretization of [—1,1]3. The inner control point is perturbed to avoid identity
mapping. (b) is the control polygon for a one-element third order discretization of [—1,1]3.
This polygon is a refined version of (a)
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6.0.2 Error plots

The upper bound for the error is given as

[lu = unlla < chP[[ulla 3]

where ¢ is a constant. The number of degrees of freedom, ndof ~ O(h™®) where h is the
maximum element size in any direction. For sufficiently large values of ndof:

1
ndof <Ch™® = log(h) < —glog(ndof)

[|u = unlla [|u = unlla

<ch’ = log(
[lulla

)gpwmm

[lulla

Hence

[lu — uh”a) p
log ( < —Zlog(ndof)
[lulla 3

The value of log(||u — up||a/||u||a should decrease with a factor of —p/3 relative to log(ndof).
For p=q=1r =2 and p = ¢ = r = 3 we have plotted these values against each other for
h=1,1/2,1/4,1/8 and 1/16. For p = 4 we have plotted the values for h =1,1/2,1/4,1/8. For
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each value of p, we have also drawn a dashed line, showing a slope of —p/3 for easy comparison.

Figure (6.0.3a) - (6.0.3d) shows 2D projections of the 3D domains on which we evaluated the
error.

6.0.3 Aspect Ratio
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Figure 6.0.4: The analytic solution (6.0.3):
(a) is a vector plot of the vector field u(x,y, 2) over the domain Q = [—1, 1.
(b) show the scalar value of u*@" = (z* — 1)(y* — 1)(2* — 1) over the horizontal surface z = 0

Some of the elements in the given NREL offshore 5-MW baseline wind turbine foil has high
aspect ratio values. The maximum aspect ratio in the medium foil (see seciton 8.2) is 6. High
aspect ratios introduce the possibility of locking. Locking is a problem that arises when the
the element kinematics are to restrained to represent the desired solution. To check if our code
can handle the aspect ratios in the foil, we calculate the relative errors for the analytic solution

(2 = 6)(y' —1)(= — 1)
w= |(@' = 6)(y' — (=" 1)
(2% = 6)(y" — 1)(=" — 1)



CHAPTER 6. VERIFICATION OF THE LINEAR ISOGEOMETRIC SOLVER 47

(a) Element size h, (b) Element size %, (c) Element size 2, (d) Element size g,
8 elements 64 elements 512 elements 4096 elements
100: T T T T T T T T T T T T T T T
r — p =2, Matlab ]
— — — p =2, Asymptotic conv. rate —p/2|]
p = 3, Matlab ]
> — — — p =3, Asymptotic conv. rate —p/2|
» > p = 4, Matlab
10 F RS p = 4, Asymptotic conv. rate —p/23
" 1072 - =
5 ;
o
<)
>
El
3 10°F .
N
N
107} E
10—5 ] L L M| L
10° 10' 10° 10° 10* 10°

log(ndof)
(e) Plot of log(ndof) vs log(||u — un|la)/||u|le. The straight lines have a slope of —p/3

Figure 6.0.3: The verification process: The physical domains and error plot. The analytic test
solution is (?7).
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on the cuboid [—6, 6] x [—1, 1] x [—1, 1]. This result appear to be good, and are shown in figure
(6.0.5)



CHAPTER 6. VERIFICATION OF THE LINEAR ISOGEOMETRIC SOLVER 49

(a) Element size h, (b) Element size %,
8 elements 64 elements
(c) Element size 2, (d) Element size %,
512 elements 4096 elements
100: T T T T T T T T | T T T T T
r —p =2, Matlab ]
— — — p =2, Asymptotic conv. rate —p/2|]
— p =3, Matlab ]
> — — — p =3, Asymptotic conv. rate —p/2|-
-1 RN p = 4, Matlab
10 RS p = 4, Asymptotic conv. rate —p/2[]
T 107} .
3
o
<)
=]
El
3 107} .
N
N
'IO_4 2 E
10—5 ] L L M | L
10° 10' 10° 10° 10* 10°

log(ndof)

(e) Plot of log(ndof) vs log(||u — ur||a)/||w||la- The straight lines have a slope of —p/3

Figure 6.0.5: The locking problem: The physical domains and error plot for the analytic test
solution (6.0.3).
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Verification of the non-linear solver

7.1 Description of test case

As a test case for the nonlinear isogeometric solver we have programmed in Matlab, we chose a
a solid beam of dimensions 0.4m x 0.4m x 2m. It is fixed in all direction over the face defined
by x = 0. The test case has common steel S235 material properties (E = 206.8GPa, v = 0.29,
p = 7820kg/m3, and is subjected to a vertical shear load of sin (1”—0) G Pa. This load was evenly
distributed at the face 2 = 2. The shear load depend on ¢ via the relation 7(t) = —107sin(7%).
We will add the load over 3 time steps, at time ¢ = #, = w and t = 3”410 The beam is
displayed in figure (7.1.1). The beam has 80 nodes (control points) and 192 degrees of freedom
not including those influenced by the dirichled boundary conditions.

7.2 Test case results

For the test case described in section 7.1, our Matlab code gave the following results (7.2.1):

20
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(b)

Figure 7.1.1: The test case: Figure (a) shows the beam’s control polygon, while (b) shows the
beam itself. The beam is fixed in all directions at the face x = 0 and subjected to a shear load
of sin <%) G Pa at the face x = 2. The black lines are the element boundaries
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X 10

10

Sigma., 8

Figure 7.2.1: The fixed beam test case: o171 plot of the test case. The black lines are the element
boundaries.

7.3 Comparison to IFEM

7.3.1 Nodal comparison

We also ran the fixed beam test case (7.1) in IFEM, which will be our main verification tool
for the nonliner solver. IFEM is a object-oriented toolbox for performing isogeometric NFEA.
There were no visual difference between figure (7.2.1) and the IFEM plot. For the various time
steps, IFEM gave the maximum nodal displacements in table 7.1.

A pointwise comparison of of the relative nodal difference (u*atab — oIFEM) [y Matlab of the 9
nodes in question yields the following table:
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Table 7.1: The fixed beam test case: Maximum nodal displacements, IFEM

Time Step  time Max Nodal Displacement
x-direction y-direction z-direction
1 T0 00177454 (node 10)  0.00101751 (node 2)  0.099796 (node 70)
210 0,0407524 (node 10)  0.00201773 (node 2)  0.198071 (node 70)
3 57710 0.0678808 (node 15)  0.00297953 (node 2)  0.292417 (node 75)

Table 7.2: The fixed beam test case: Relative nodal difference between Matlab and IFEM of
maximum displacement nodes

Time Step  time Relative difference in nodal Dispalcement
x-direction y-direction z-direction
1 00,0015 (node 10)  2.7597 (node 2)  -0.0008 (node 70)

210 0,0023 (node 10)  2.7761 (node 2)  0.0002 (node 70)
3 8710 0.0034 (node 15)  2.7918 (node 2)  0.0012 (node 75)
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7.3.2 (Global comparison

For a global comparison of our solver vs IFEM, we have calculated the relative energy norm of
the difference,

Matlab __ uIFEMH
a

||u
| |uMatlab| |a
where ||u||, = \/a(u,u). The explicit expression for af(.,.) is described in (4.2.3).
Table 7.3: The fixed beam test case: Comparison of the norms |[u*®||, and |[u/FEM]|,
Matlab IFEM Difference in norms  Relative difference in norms
u]VIu,tlub_uIFEM a
HuMatlabHa ||uIFEM||a HuMatlab_uIFEMHa I TR I
162.38 162.23 1.37 0.0085

7.4 Convergence Rate

Our solver needed 7, 9 and 11 iterations to converge to a tolerance tol = 10710 for each of the

three time steps. The convergence rate is close quadratic.

Table 7.4: The fixed beam test case: Max nodal displacements, IFEM

Time Step  time Max Nodal Displacement
x-direction y-direction z-direction
1 T 0.0177454 (node 10)  0.00101751 (node 2)  0.099796 (node 70)

2 2010 0.0407524 (node 10)  0.00201773 (node 2)  0.198071 (node 70)
3 3710 0.0678808 (node 15)  0.00297953 (node 2)  0.292417 (node 75)
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7.5 Discussion

The comparison to IFEM gave a high level of correlation. The low value of the relative difference
in a-norm is an indicator that our code is correct. The IFEM result vector we used in the
comparison only had a six digit accuracy for each coefficient in the U solution vector. The
energy norm is sensitive to changes in the coefficients, and this may have influenced the result.

7.6 Modifications

We implemented some modifications to our code to make it more computational efficient. We
held the stiffness matrix constand whenever the relative norm was small, and we added a
adaptive time step algorithm, that cut At in half whenever the relative norm of the out-of-

()
balance term % became to large.
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Results

We will here present the results from the two main problem on which we have used our non-linear
isogeometric finite element solver. We will not verify these, but rather present them, in a similar

way that a mechanical engineer may need in a design phase.

The first result is a case that is sometimes used as a benchmark test
in isogeometric analysis settings [2], and is the case of a bar which we
twist in its longitudinal direction. The other result we will present
is the result which has been the aim of nonlinear solver, the NREL
offshore 5-MW baselind wind turbine blade.

8.1 The twisted bar

We have have a bar of dimensions 0.4m-0.4m-5m which is standing in
vertical z-direction. The bar is illustrated in its original configuration
in figure (8.0.1). It is fixed in all directions at the bottom (z = 0) and
in z—direction only at the top (z = 5). At the top it is also subjected
to a horisontal shear force that gives a positive torque around the
z— axis. We add the shear force subsequently, and see how large
rotations we get before the solver diverge. Figure (8.1.1) shows the
development of Von Mieses stress for 8 time steps the our nonlinear
solver managed. The nonlinear solver diverged for time ¢ = t9. The
final rotation angle was approximately 140 degrees.

26

4.5

35

25

1.5

05

0.2
0.2
.

-8.2 0.
y X
Figure 8.0.1: The
twisted bar example in
its original configura-
tion
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Figure 8.1.1: The twisted bar: The plot shows the evolution of Von Mieses Stress for the time
steps t; to tg. The final rotation angle was approximately 140 degrees.
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8.2 The NREL offshore baseline wind
turbine blade

We have applied our nonlinear isogeometric finite element solver on the NREL offshore baseline
wind turbine foil to calculate displacement and stress. We chose a load of 1500Pa subjected
to the foil as pressure on the flat side of the wing. If we assume that all the wind molecules
transfer their entire linear momentum to the foil, a square meter of the foil will stop a volume
of V' = [windspeed] - 1m? - 1s air every second. From this, simple hand calculations yield that
for a wind speed of 35m/s, the pressure of the foil would be 1500Pa. We have tested three
different discretizations of various size, but we will only display the results from most refined
model here. This discretization has 280 nodes (control points), and 780 degrees of freedom.
Figure (8.2.1) shows some of the rotor’s geometrical properties. Figure 8.2.2 shows plots of the
six unique components of the stress tensor, and figure (8.2.3) the shows the Von Mieses Stress.

(a)
(b) ()

Figure 8.2.1: The NREL offshore baseline wind turbine blade’s origial configuration. (a): The
control polygon of the foil, (b): The wind foil with true proposions, (c¢): The wind foil seen
from top down, viewing the foil profiles
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Figure 8.2.2: The NREL offshore baseline wind turbine blade: The six stress components of

the fOll (a) J11, (b) 0929, (C) 033, (d) J192, (e) 0923 and (f) 031
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Von Mieses Stress x 10°

3.5

0.5

0

Figure 8.2.3: The NREL offshore baseline wind turbine blade: The Von Mieses Stress resulting
from a pressure of 1500Pa from the left side. The unit of the axis is N/m?.
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8.2.1 Physical Interpretation

The highest value of Von Mieses Stress for the design load is below the yield strength of the
given material. Thus, the foil distortion is within the elastic range of the design.



Chapter 9

Concluding remarks

We have programmed a linear and a nonlinear isogeometric finite element solver in Matlab code
for the elasticity problem. For code verification, the linear Matlab solver code was compared to
test problems where we had analytic solutions.The nonlinear solver was compared to the IFEM
software, where it correlated well. The nonlinear solver was applied to a twisted bar case and
the wind turbine foil of the NREL offshore 5-MW baseline wind turbine. The analytical results
were visualised in distortion plots and Von Mieses stress plots.
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Appendix A

Notation

A.1 Basis functions

]Sf 7+ A scalar basis function. )
I: The index of a scalar basis function, I = (i — 1)mo+ (j — 1)o+ k
N7 A vector basis function.

Vi1 0 O}T i1 =1,4,7,...
N ={N;[o 1 0] #fI=258,...
Vi o 1] itr=3.09,...

The matrix N is defined as

N = [NlaNQa "'7N3lmo]

A.2 Nonlinear sections

time p(iteration numer)
configuration

t: Pseudo time. Influence the system via the external load vector, which increase with time.
*Q2: Domain (configuration) at (pseudo-)time .

tx is the x-coordiate refered to configuration ().

Xi = OIZ'.

U: The coefficient vector. The coefficients is the displacement in the controlpoints in the ap-
propriate direction.

t+A§E : Almansi strain

Left super and sub indices:

64
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oE: Green strain.

oE:="AE .

tAtg,.. Cauchy stress at time ¢ + At.

HA1G, 2 PK stress tensor induced from the displacement relative to ‘Q, (i.e induced from
t+A§u) )

H+AtR: Externally applied force.

AR Virtual work due from the external forces.

t+At _ t+At t+At
L = e +

t-ij
HAieij: linear part of the GL strain.
t+At

+Bij: nonlinear part of the GL strain



Appendix B

Notation

B.0.1 Voigt notation

€11 o1
€22 022 U1_ fl—
e= | , o= 733 L, v=|v| eV f=|f
€12 012 Vs fs
€23 023 N N
€31 1031
E _1 14 0 611_
o=0e= sy 10 €99
1—-v _O 0 1;7V €12

When we write something in matrix form, we will consistently use Voight notation
Sections refereres til slik: sec 1.3
ligninger refereres slik: (4.1)
Every time I introduce a new variable I will write it here:
d: The dimension of our physical domain, Q C R?
I': Grensen av ,dvs jeg bruker dette istedenfor 0€2. Jeg gidder ikke skrive den i bold.
H*(Q): Sobolev space. H*(Q) = {f € L*(Q): D*f € L*(Q)Va : |a| < k}
Def = W , o] =3, a; (in three dimensions).
Nbf

U:ZEIN[

I=1
S, 0 S, 0 Spim 0
SR ) R A Rc] i Rt A e 4 R Pl
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Appendix C

Linear Isogeometric Finite Element
Sover

C.1 Algorithms for assemling the stiffness matrix
Mathematically, we wish to calculate

AJ7[ = /QG(NJ)TCG(N]) dS)
_ ; /Q €(N,) Ce(Ny) d

= Z ak(N], NJ)
e=1
We do this via the loop:

for Qe = Q.. Qe
forall I € Ige
forall J € Ige
AJJ = AJJ + ak(N]7NJ)
end
end
end

where Iqe is the set of those basisfunctions that will not be influenced by the homogeneous
dirichlet conditions.
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C.1.1 Subfunction a*(N;, N;) 3D

We are on 2°.
For each Q°, we have calculated the L(¢g),M (ng) and O((q), where g,ne and (¢ are the local
Gauss points.

a*(Ny, Ny) = /Q €(N)TCe(Ny) d)
- / (N Ce(N)I[ D (= J(,n.0)

Cc« 1 k+1 fu 1 /\
: /“ / " e(N)TCe(N)) || dédndc

= ot Zlallert Sebin 8 [ (8 (6.0)) " O (R (60, ) (6, dEdd

<a+12 CO& Ne+1 — Tk £L+12 fb Z Z Z w w w(S) (NJ (67 n, C))T OE (N] (ga n, C)) |J(§7 UR C)|

2 Via VG Véq

Coc+12 Coc Ne+1 — TNk §L+1 51, ZZZU}G wG wG 6 (NJ (g n, C))TCG (N] (5,77,0) |J(5;777C)|

2 2 V¢ Yne Yéa

(n) ()

we’ and wg’ are the corresponding weights to the values of ng and &g respectivly. £¢ and ng

are the gauss-points on [—1, 1] mapped to Qe

C.1.2 Subfunction ¢(Ny)

The following is defined for the 2D case. The calculation for 3D is very similar:

0
B 0
0 2

P
o 9

dy Oz

G(N[) = VN[ =

Either ]\7}0 or N}’ will be zero, and the other will be equal to the 2d scalar bspline N; =
L;(§)M;(n). This following calculations is for when I is odd, and N; only has components in
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x-direction:

[ONF] [\, OLi 9€ OM; on]]
dx MJ ¢ Ox +L2 on Oz
eN)H)=1|0 | = 0 when [ is odd
ONg OL; 9§ OM; on
L dy -M] 562 Oy + Li on 0Oy |
F 0 0 -
ON; oL, 8 oM; 8 .
e(N)) = |5, | = M;%¢ aé + L; ?\ZJ e when I is even
ON; M, 9L 9 | 1 OM; on
L9z 4 L") 0¢ Oz v on Ozl

€(N;) = €(Ny(&,n)) is a function of (£, 7).

C.2 Assembling the load vector

The assemly of the F-vector is as follows:

Fv) = / vIifdQ+ | viendl + vion dT
Q I'p I'n

- / VIN'fd0+ [ VINTondl + [ VINTon dr
Q

I'p 'y
NTT NTT NTT
T T T
:/VT Nl paas [ v | M| gnart [ vT | | onar
Q JTp I'n
NNbf NNbf NNbf

This must be true for all V =

FJ:F(U:NJ):/QNJdem/F Njondl + [ Njondr
D N

C.2.1 Calculating Neumann boundary conditions, [, IN gan dl’

The following calculation as for the 2D case. They are, however, very similar in 3D.
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on = h on I'y First, we define the remember that the boundary may be represented as follows
I' as follows:

x(n; &) on I'y

(f; 77m) on I'y
x(n;&1) on I'y
x(§m) only

8

We denote I'y, to be the neumann boundary on I'y, I'y, to be the neumann boundary on I'y
and so forth.

Saconray b ST G m)h(@(&,m) |G| dn ifon T,
Saronr, f&“ S5(Ema)h(@(E ) | 5| de - ifon Ly )
ZQeonFN s ST(fla ))Mﬂ&m))”dw &n H dn if on FNs. .

ZfzeonrN4f?“S?(&m))h(m(g,m))Hd“jgl) d¢  ifon Dy,

/FN NT(@)h(z) dT =

where Q¢ = (€0, &41) X [Ny Met1)

On FN1:
| dz(&,n)|| _ H [zi Li(&) X iy M; (n)Bffj]
dn I > Li(&) X5 an (U)ng Iy
) H [zj LM, (n)BE, ]
Ej C%M](n)Bzy n.3 11,
On I'n,:
e -
de ||, 1112 Mi(nm) T (5)3‘1’, L
Zi ?L (5)B’lyj =m Iy
OIl FNg:
‘ dx(€,n)|| _ le (&) X5 3 M, (n)Bffj]
dn ||, > Li(&) 35 dff?M](n)Bffj I

"[Zj an( )Bzx 1]‘|
2 %M (n)BiZy

l2
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On FN4

dwfﬁl

Aty
o |58 i

We use gauss integration to calculate (C.2.1):

We can skip the first summation sign since M;(n,,) is different from zero only in j =m

For T'yn,
[ Ni@h@dr= 3 [ ST mh(an) dwgﬁ””
Ny QﬁonFNl "
> / f(n) dn
_ Z 77,-;+1 anw ne)
Fln) = 85 & m)h(a(&, ) deZ””H
B e R
f(ne) Z\Li(@Mj(UG) [j::;iﬂ h(m))| W

=din evaluert
evaluerting

where (i, j) corresponds to .J
Evaluation x (&, ng):

a6 n0) =[5 LENT M) _ [, 200

<.

|
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C.2.2 Calculating Jq N?f ds?
We want to find

F(Nj) = [ NYfdo+ [ Njondr
Q r
We will now assume that w = 0 on I'; hence the last integral is zero.

F(N)) = [ NTf 0

N; = []\éjl or Nj= []31 depending on whether .J is odd or even.
J

F(N,) =Y F(N,)

e=1

- i_j/ﬂ NTf do
=3 [, 807 (rem.wiem) 1€ )]

~Z””“ e St =8 S S w0 & (€ m).ylEom) 1I(Em)

ne éa

~ Z T]n+1 77/{&—&-1 £L Zzw ij($,y) ’J(f,n)‘

ne &g
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Appendix D

Impementation details for the
nonlinear solver

D.1 How to calculate |G;;

— ](3><3) Z/& th,i taij th,j|‘]| tdQe

Nel

_ I(3><3) Z (CoHrl - Coz 6/@—&-1 - ﬁn £L+1 _ fL Zzzw@)w(ﬁ)w(@ (th' tO"j thj> |J’)
2 2 2 K ? P

e=1 ¢a Ba Ca

D.1.1 Practical Implementation

A matlab script, calcxG has been made for the purpose of calculation Kg. It follows an algo-
rithm that is mathematical equivalent to equation (5.2.6) and (D.1.1), and is given below:

for all elements Q¢ e = 1..., ng.
for [ =1,2,...,lmo.
for J=1,2,...,1.
Calculate the gauss-sum GS (D.1.2).
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Insert GS into Kq at:
GL(D). 0. () < GO

end
end
end
end

where I,(I), I,(I) and I.(I) relate through : I, =3( — 1)+ 1, I, = 3(I — 1) +2 and I, = 31.

We have here used the symmetric property of G, G5 = G j;.

GS = (C(X—HQ_ Coz BK+12_ ﬁn §L+12_ §L Z Z Z w(f)w(ﬁ)w(c) (th,i tO'ij th,j) |J‘>D12)

ée Ba Ca

D.2 Calculation of [T8!F

P = / BT o tdQ
tQ

= [ (V)" o g
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be= % ($uwiy+ bujq) + % ($up,i fur ;) (from MIT 5-5, transpacency 5-3).

tp :/ (V ,N)T o tdQ)
tQ
el
— Zﬂg (V ,N)T to tdQ
e=1 ©

Nel

_ ZA@ (V N)T lo|]| td
e=1 ©

_ % (Ca+12_ Ca ﬁﬁ+12_ 6/{ €L+12_ £L Z Z Z wgwﬂwc(v tN)T tU|J|)

e=1 e Be Ca

where ‘o is given by (3.1.1)

D.3 Finding nonlinear GL strain, /E

Define ,N ; = %ﬁ_ (according to standard matrix derivative rules (ref wikipedia(?)).

—_

0€ij = B (Sum‘ + 5%&) + ; (Suk,i éuk,j>
! ((tN~J)(i,:) + (tN.,i)(j,;))) U+ ; ((tN,i)(k,;) U) <(tN.,j)(kz,:) U)
(N + (N U 5 (N0 O (N D)

N | — DN

D.4 Update Control Polygon

Update *Q to contain the deformation from “F2U®*).
Do this by updating the control polygon,

75



APPENDIX D. IMPEMENTATION DETAILS FOR THE NONLINEAR SOLVER 76

to
‘Pt 4+ AU 'Pi_,+ AU
HAP = |"PY  + AUy "PY_+ AU
'Pi 4+ AU—3 'Pi_,+ AU
or
‘Pr_ 'PY_, AUy AU—4
AP =Py P | 4 |AU—y AU
‘Pr_, 'Pi_, AUz AUjr—g

where AU refere to the I-th coefficient of the vektor AU = t+ftU —'U.
Notation: There is as usual a surjective relation between I and I. I refere to the basis function
vector, while I refere to the scalar basisfunction N. Hence:

Ni = Li(§)M;(B)Ox(C), I'=@—1mo+(j—1o+k
]
N;=10 if 1=1,4,7, ...
L 0 .
0]
N; = |N; if 1 =2,5,8, ...
L 0 .
0]
Ny =10 if I =3,6,9,...
V7]




Appendix E

Program Structure

We will here give a brief overview of the program structure of our code. We have programmed
the programs from scratch in Matlab, and we will here briefly display how the most important
programs relate.

7
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main.m

78

input file
(Generates

or loads
the geome-
try model)

Nonlinear
Algorithm
neste linje
og neste

|
[ Output (post-processing) ]

1

calc stress in| Plot
x-y- results

| and z-

[ cale Ky [ cale K | [ cale B] [ cale F |

Update| direciton
Control

Polygon
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