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guys. I'd also like to thank the other guys at ICES for letting me kick their asses at fubal.
Finally, I'd like to thank my girlfriend, Mariel, who has taken such good care of me.

Stevie-Ray Janssen
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INTRODUCTION

Computational Fluid Dynamics (CFD), the field of computer simulations of fluid flows,
has established itself as one of the pillars of modern fluid flow research. The field has a
wide range of theoretical applications which include the research of turbulence, tidal dy-
namics, and blood flows, but also knows important industry applications as the design
of aircraft, micro-processors, or submarines. The Navier-Stokes equations govern many
fluid flows. The underlying geometric structure of these equations facilitates structures
and symmetries. Classical solution methods often neglect these structures. As a re-
sult, these methods fail to conserve invariant quantities, and are unable to simulate the
desired physical behaviour, [1]. Recently it is shown that solution techniques can be
constructed that do preserve the underlying geometry of physics. These techniques are
known as structure-preserving techniques.

"In discretising the incompressible Navier-Stokes’ one encounters two difficulties,
p.265 [2]". The first difficulty is the discretisation of the non-linear convective term. The
second difficulty used to be the treatment of the saddle-point problem that describes
the relation between pressure and velocity. Structure-preserving methods have reduced
the second difficulty to a triviality. These methods aim at preserving fundamental struc-
tures of operators and operands found in partial differential equations (PDE’s). Concepts
from differential geometry and algebraic topology are used to analyse these structures.
In this approach we distinguish between relations that depend on metric and those that
are purely topological. The topological relations can be described using algebraic equa-
tions, which allows exact representation in the discrete setting as argued by Tonti [1].
Satisfying these topological relations lies at the heart of structure-preserving discretisa-
tion techniques.

The application of differential geometry and algebraic topology has resulted in the
development of a wide variety of structure-preserving discretisation techniques. Roughly
speaking, they can be split in two groups, each having a different approach of discretising
the Hodge-* operator. In the first approach one defines an explicit primal- and dual-grid
on which the action of the Hodge-* operator is approximated. This approach leads more
to a finite-differencing, or finite-volume type methods. Fundamental works include the
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work on mimetic finite difference by Hyman, [3], and the work on discrete exterior cal-
culus by Desbrun et al., [4]. In another approach one uses the inner product definition
of the Hodge-x operator in a variational approach, leading to finite-element type meth-
ods. Fundamental works in are the ones on finite element exterior calculus by Arnold
et al., [5], conforming mimetic discretisations by Bochev and Hyman, [6], and mimetic
spectral element method Gerritsma et al, [7].

Isogeometric analysis (IGA) was pitched by Hughes et al. in 2005 to bridge the gap
between CAD design and analysis, [8]. In this approach Non-Uniform Rational B-splines
(NURBS) are used for both representation of the physical geometry and variational anal-
sysis. It was shown that NURBS posses superior approximation behaviour in analysis
over Lagrange polynomials, classically used in finite elements analysis, [9, 10]. Buffa et
al. developed a theoretical framework of structure-preserving isogeometric analaysis for
elliptic PDE problems, [11]. Variety of successful implementations include the Maxwell
equations by Buffa, [12], and the unsteady Navier-Stokes’ equations by Evans, [13]. These
works deal with similar discretisation challenges, e.g. unsteadiness, non-linearity and
asymmetric operators, that are also present in the proposed model problem.

The incompressible Euler equations have a rich geometric structure as described
in [14]. The Hamiltonian structure of these was unveiled in the classical work by V.
Arnold [15]. An interesting discretisation was introduced by L. Rebholz in which velocity
and vorticity are treated as independent variables [16]. The structure-preserving dis-
cretisation by Palha makes use of this idea [17]. The study proposed will contribute to
these developments, and will aim at the further development and analysis of structure-
preserving techniques for the Euler equations. The main challenge is to discretise the
non-linear convective operator in a structure-preserving mannet, i.e. preserving global
quantities as kinetic-energy, vorticity, and enstrophy.

This thesis is the result of a research project on discretisation techniques for CFD.

This thesis was written to obtain the degree of Master of Science at the faculties of Aerospace

Engineering (AE) and Applied Mathematics (AM) at Delft University of Technology. The
project was divided in three objectives. The first objective was to study the existing ex-
isting structure-preserving IGA framework for elliptic PDE’s, (chapter 2 and chapter 3).
The objective for AM was to expand this theoretical framework to discretise hyperbolic
PDE’s (chapter 4). The objective for AE was to construct a structure-preserving IGA dis-
cretisation for the incompressible Euler equations, chapter 5. All results are combined
in this single thesis document.

In line with the mentioned works we will analyse the PDE’s using concepts from dif-
ferential geometry, exterior calculus, and algebraic topology. Fundamental concepts and
theorems from these fields will be introduced and reviewed in chapter 2. We will identify
the DeRham complex, which can also be constructed in a discrete setting, and formulate
elliptic PDE problems. In chapter 3 we will introduce a variational framework, the foun-
dation of the finite-elements method, introduce concepts from isogeometric analysis,
and construct a framework of structure-preserving isogeometric analysis, using the con-
cepts introduced in chapter 2. We will use these results to discretise various formulations
of the scalar Poisson problem. In chapter 4 we expand our exterior calculus toolbox, and
introduce variational formulations for hyperbolic PDE’s. We study the scalar transport
equation, and discuss various discretisation strategies. Finally, in chapter 5 we introduce



the Euler equations for incompressible fluids, and derive structure-preserving discreti- 1
sations that conserve integral invariants over time. Conclusions and future directions
will be discussed in chapter 6






EXTERIOR CALCULUS

The laws of physics are generally analysed using the language of vector calculus. Fol-
lowing the works mentioned in the introduction, we will analyse physical relations using
differential geometry, exterior calculus, and algebraic topology. The first advantage of
this approach is that analysis is performed on arbitrary geometries, which are known
as manifolds. Results that will be introduced do not depend on some local description
of physics. The second and main advantage of this approach, is that it enables a clear
distinction between relations that do depend on the description of local geometry, i.e.
that depend on metric, and those that are purely topological, i.e. that are independent of
metric. In the discrete setting local geometry is approximated on some mesh, which in-
duces an approximation error for metric-dependent relations. Topological relations can
be described using algebraic equations, which allows exact representation in the discrete
setting. Satisfying these topological relations lies at the heart of structure-preserving dis-
cretisations techniques.

In this chapter we will introduce fundamental concepts from the fields, and aim to re-
late these concepts to numerical analysis. In section 2.1 we introduce manifolds and
coordinate systems on which we define primal and dual vector spaces. Dual vectors,
known as differential forms, are used to describe physical quantities. Basic operations
as the wedge product A and the exterior derivative d on differential forms are presented
in section 2.2. The exterior derivative is a generalisation of the grad, curl, and div oper-
ations from vector calculus. Relations between differential forms that are governed by
the exterior derivative are topological, and can be satisfied exactly by discrete spaces us-
ing chains and cochains. In section 2.3 we define these chains and cochains from the
field of algebraic topology. We show that differentiation is exact in the discrete setting.
Metric-dependent relations are introduced in the next section, section 2.4. Here we de-
fine an inner product through the Hodge-x operator. In the final section, section 2.5, we
return to the physics, and formulate PDE’s on arbitrary geometries using the formalisms
introduced in this chapter.
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2.1. MANIFOLDS AND COORDINATE SPACES

In this section we will introduce manifolds and coordinate bases. A manifold is a topo-
logical description of some geometry. One needs to introduce a coordinate system to
measure metrics, i.e. positions, distances, or angles on a specific manifold. For example,
a disk in R? is a manifold, one can measure metric using the Cartesian or the equivalent
polar coordinate system. Derivatives of the coordinate system’s mapping form a basis.
This basis is used to describe quantities known as vectors. There exists a dual basis which
is used to describe quantities known as differential forms. Differential forms are coordi-
nate invariant containers of quantities that are associated with points, lines, surfaces, or
volumes. We will use these differential forms as the variables in our coordinate invariant
description of PDE’s.

A n-dimensional manifold ./ is a topological space which is locally homeomorphic
to Euclidean space R". We define charts %, to be the open subsets that cover the mani-
fold .4, i.e.

M= Uy 2.1)

acA

For each chart %, there exists a bijective coordinate map ¢_y o : %o — R™, with m = n.
The coordinate map ¢_4 o associates coordinates to each point p € %y,

p=(x1,%0,,Xm) =9 o (1, %2, &), (2.2)

with (X1, X2, , Xm) € Ou,a(%s). The pair (%q, .« o) defines a local coordinate system.
We require that local coordinate systems are compatible in regions where charts overlap.
Hence, on the overlap of charts %, Nn%p we demand existence of a diffeomorphism,
which is the map,

PupOP Yt Pt Ua VUG — P WU N Up). 2.3)

A diffeomorphism is essentially a transformation from one coordinate system to another.
We illustrate these concepts in Figure 2.1. The collection of all pairs o« = {(%a, Y. s,a)}aca
is known as the atlas of .4 . We formally define a manifold using the atlas as follows.
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Rn

PMB O Prta
R’I’L

Figure 2.1: Differentiable manifold .# with charts %, and % 8- U NU B#P. Points in % are described by
themap ¢_y o : %q — R", similarly for Ug. On 2q N g there exists diffeomorphism ¢_, g © (p:é «

Definition 2.1 (Differentiable manifold, (Sec. 1.2 [18])).
A n-dimensional k-differentiable manifold is a topological space for which there exists
anatlas « = {(%a,¢.«,a)}, Wwhose coordinate maps are k-times differentiable, i.e. ¢ 4 4 €
%6*. A smooth manifold is a manifold with ¢ t,a € EX.

The continuity constraints are required to perform analysis on manifolds. Each point
p in . is either an interior point or a boundary point. We call p = (x1, X2, ,X,) € 4 an
interior point if there exists an open ball around p that is fully contained in .#, i.e.

de>0 st {xeH:dx,p) <elcH,

where d(x, p) is the distance measured in some metric. A point p is a boundary point if
it is not an interior point. The set of boundary points of .# denoted by 6.4 .

We can use a coordinate system to locally define a linear vector space. First consider a
point p on the local coordinate system (U, ¢) on n-dimensional differentiable manifold
. Consider a curve y(s) = (x1(s), x2(8),---, x,(s)) through p, with parametric coordi-
nate s € (—¢,€), such that y(0) = p, as shown in Figure 2.2. The derivative with respect to
parametrisation parameter s, known as the tangent vector at p along y(s), is given by,

v o
ds 0xp

dx, 0
ds 0xp|,

o dy
TP = —

_dn 0
p_ ds 0x;

(2.4)

p p
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Y

Figure 2.2: Tangent vectors y of curves y through p define the tangent space 9.4 on differentiable manifold
M

The collection of all possible tangent vectors through p span a linear vector space,
which we call the tangent space of .4 at p, denoted by 9,4 . The collection of all tangent
spaces on ./ is known as the tangent bundle, denoted by 9 .4 with,

TM= Tp. (2.5)
peH

Now we can construct a coordinate basis at p. Consider n linearly independent curves
(Y1,72,*+,¥n) through p given by,

Yl(xl) = (xlyoy'” )0)7
YZ(xZ) = (O»va"' )O))

Yn (xn) = (O» Or e ;xn)-
The corresponding n tangent vectors define a basis % at a point p.

Definition 2.2 (Basis =2;, (Sec. 1.3 [18])).
Given a n-dimensional differentiable manifold .# we can define basis vectors at a point
pEM,

9 0,0, % 0,00 2.6

axi'_(’”" ’ds’ ,...,)_ ()

A given basis induces orientation locally on .#, i.e the sign of the determinant of the

components of the basis is considered positive or negative. We call a manifold .# ori-

entable if the orientation is globally consistent. This means that any locally induced

orientation at a point p can be mapped continuously along any closed curve in .4 such
that the orientation is not reversed at the endpoint in p.
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A vector v can be expanded in some basis at p,
vv()6+v()a+ +v"()6
p=Up p Py
= yl —_—
; (p) axl

The action of a vector on a smooth scalar function on the manifold, f € C®(.#), along
curve y(s), is equivalent to the directional derivative of f in y(s),

xi| of df(y(s)
z OF _4Jvtsh

vplf)= Zv (p) ds |, 0x! ds

Note that this operation is a derivation. The dual space of the tangent space is known
as cotangent space. The cotangent space at p, denoted by .4, consists of linear
functionals acting on the tangent space. The collection of all cotangent spaces on .4
is known as the cotangent bundle, and is denoted by 9 * .4, with

o * . o *
g = T, 2.7)
peH
The contangent space 7, . is also a linear vector space. We define the basis
(dx!,dx?,---,dx") for T, A as the dual of the vector basis in the tangent space J, ./ .

Definition 2.3 (Dual basis dx!, (Sec. 2.1 [18])).
Given a n-dimensional differentiable manifold .# we define dual basis vectors at a point
p € 4, such that
0 i
dx' (6x1) 6]., (2.8)
where § ; is the Kronecker delta. The expansion of a dual vector a, in some dual basis at
p is given by,

ap, =a,,(p)d)c1 +ao(p)dx® +---+ ay(p)dx"
=Y a;(p)dx’.
i

The action of a dual vector a(x) = a1 (x)dx! +as(x)dx?+---+a,(x)dx" on a vector v(x) =
ul(x)% + vz(x)% ot v"(x)%, is given by,

n .
ww =35 ol 5 =33 puwlel =3 v
i

Dual vectors, known as a dlﬁ‘erentlal 1-forms, will be used as the objects that hold phys-
ical quantities in our formulation of physics. The space of differential 1-forms on .#
is denoted by AW (), with a'V € A'(.#). Scalar functionals, known as differential 0-
forms, are denoted by B0 € A (#). In our analysis, vectors will be used to describe
variables which are intimately related to the geometric mapping, e.g. deformation and
velocity. Differential forms will play the role of physical variables living on the geome-
tries. In the next section we expand the concept of differential forms, and introduce tools
and techniques required for analysis.
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2.2. FORMS AND OPERATIONS

The differential 1-form resembles the integrand of a line integral. It is a description of a
quantity defined along a line, which can be measured by integrating it along a curve. The
wedge product A, that will be introduced shortly hereafter, is used to construct higher
dimensional forms that resemble integrands of surface- and volume integrals. In this
section we will introduce the fundamental tools required for differentiation and integra-
tion of differential forms. Differentiation of forms is governed by the exterior derivative
d. The exterior derivative is used to differentiate forms, and acts like the grad, curl, or
div operator depending on the dimension of the specific form. The exterior derivative
induces important topological connections on the spaces of differential forms, which is
encoded in the DeRham sequence. Proper understanding of its structures is key to the
development of structure-preserving discretisations. The Stokes’ theorem is the funda-
mental theorem for integration of forms, and will be introduced at the end of this sec-
tion.

We will introduce a product operator to build higher dimensional objects like surfaces
or volumes. Higher dimensional differential forms can be constructed using the wedge
product A.

Definition 2.4 (Wedge product A, (Sec. 2.5 [18])).
Let A®, and A be spaces of k-forms and 1-forms on .# < R". The wedge product A is
the mapping,

A ARy x AP Caty — AR Ly 2.9)
that satisfies,
(a(k) +ﬁ(l)) AY(M) — a(k) /\)f(m) +ﬁ(l) /\)/(m)
(a(k) /\‘B(l)) /\Y(m) — a(k) A (,6(1) /\Y(m))

fa(k) /\ﬁ(l) = aqW® /\fﬂ(l) — f(d(k) A ﬁ(l))
a(k) A ﬁ(l) — (_Dklﬁ(l) A (X(k),

with a® e A(k),ﬁ(l) c A(l)’},(m) e A and fe A0

Example 2.1 (Action of the wedge product A).
The action of the wedge product is similar to that of the cross- and dot-product in vector
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calculus. Consider 1-forms a'V, 1) € A'(.#) with ./ <R3,

example 1:

dx' ndx' = —dx' ndx!

o dx'adx'=0

example 2:

a® A ﬁ(l) = (ocldx1 + azdx2 + (X3dx3) A (,Bldx1 + ﬁzdx2 + ﬁ3dx3)
= oclﬁgdxl Adx® + alﬁgdxl Adx®
+ agﬁldx2 Adx' + agﬁgdxz Adx®
+ agﬁldx3 Adx' + agﬁzdx3 Adx?
= (a1f2— axf1)dx' Adx*
+ (a2 B3 — a3ﬁ2)dx2 Adx®
+ (asP1 - (Xlﬂg)dXB Adx!
example 3:

aW A BYAyY = (@) Brys — azfrys)dx' Adx® ndx®

+ (a2B3y1 — agﬁzyl)dxz Adx3 Adx!

+ (a3P1y2 — a1 B3y2)dx® Adx' A dx?
2

a; a® as
=det|f1 B2 PB3ldx'Andx*Adx®
Yi Y2 V3

Note that the result ™ A B is a 2-form with components similar to a x b, which de-
scribes a surface in vector calculus. Furthermore, ™ A BV Ay is a 3-form with com-
ponents similar to a x b- ¢, which describes a volume (parallelepiped) in vector calculus.

The example reveals a connection between differential forms and geometric objects.
Moreover, we observe that forms resemble integrands of line-, surface-, and volume in-
tegrals. In .4 (R3) we associate 3-forms with volumes, 2-forms with surfaces, 1-forms
with lines, and 0-forms with points. Each differentiable k-form can be interpreted as
some quantity that is to be measured (integrated) in some structure, e.g. flux is mea-
sured through surface, and density in volume, and so on. Each physical quantity also
has some natural orientation with respect to its underlying structure. We distinguish be-
tween tangential (inner-oriented) forms, and normal (outer-oriented) forms (sec. 28 of
Burke [19]). A flux is defined normal through a surface, while vorticity is defined tan-
gential to the surface. Further elaboration on the physical interpretation of differential
forms will follow in section 2.5. We present some examples.
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A®  geometry example

A®  points  pressure p? =p(x,y,2)

AW lines velocity v = v, (x,y,2)dx+ vy(x,y,2)dy + v;(x,y,2)dz

A®  surfaces flux 0@ =0,(x,y,2dxndy
+oy(x,y,2)dzNdx+0x(x,y,2)dy ndz

A®  volumes density p® =p(x,y,27dxndyrdz.

Definition 2.5 (Exterior derivative d, (Sec. 2.6 [18])).
Differentiation of differential forms is governed by the exterior derivative d. The exterior
derivative d is the mapping,

d: AP u) — A%V, (2.10)
satisfying,

d@® +p%)=da® +ap
d(a(k) /\ﬁ(m)) — da(k) /\,B(M) + (—l)ka(k) /\dﬁ(m)
dZa(k) ‘=do da(k) = 0,

The action of the exterior derivative on a 0-form a® € A is given by,

da® = i d_a

dx'. 2.11)
iz 0x'
The exterior derivative generalises the grad, curl, and div operators from multivariate
calculus. Furthermore, the fact that d? = 0, known as the nilpotency property, is equiv-
alent to the curlograd = 0 and divo curl = 0 relations. The exterior derivative defines a
sequence of mappings, known as the DeRham complex. For .4 < R" we have

d d d d
R—> A0 — AW — ... — A —

The action of the exterior derivative on various forms is shown below.

Example 2.2 (Action of the exterior derivative d in R%).

The action of the exterior derivative is very similar to the grad, curl and div operators.
Using the properties of the wedge product A, and the exterior derivative d, we find for
M cRE,
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0-form:
5</> ¢ 0
(0) d 2 _d 3
¢ 6)62 v 6.)63 .
1-form:

du(l) — (aﬂdxl + %d_x2+ %dxg) A dxl

0x1 0x X3

(auzd 1 0u2dx2+%dx3)/\dx2

6)61 6)62 X3

(0”3d1 + 0 g0, 01 3dx)/\dx3

0x; 0xy X3

01,43 aug) (6u1 6u3) (dug ul) 1 2
=|— dx* A dx® + dx® ndx' + —|d a

(6362 6X3 A 6.763 6x1 A 0x1 axg v Aax
2-form:

do® = (?dxl RLIPEN %dx‘?’) Adx® ndx®

X1 axg a.XZ3
o202 g0 90200, aﬂdﬁ) Adx® A dx!
0x; 0x, 0x3
6w3 1 6w3 2 ow w3 ) 2 3
—dx +—dx"+—d d d
+ ax1 ax ax X" |INdX"Nadx
66()1 0(1)2 0(1)3)
=|l—+=— dx'nd d
(axl + axz + ax3 X A x A x

Hence d¢© defines a 1-form with components of grad operator in Cartesian coordi-
nates, du'V defines a 2-form with components of curl operator, and dw® defines a 3-
form with component of the div operator.

Important topological connections are encoded in the exterior derivative and the DeR-
ham sequence. Connections between exterior derivative’s kernel and range, subspaces
of the A®)'s, have an important role in the existence and uniqueness of PDE solutions.
More on the structure of the DeRham sequence can be found in Appendix A. From the
nilpotency of the exterior derivative it follows that if da® = gk*1 then dg**V = 0. The
converse is true on contractible manifolds. Contractible manifolds can be continuously
reduced to a point. Examples include any (star) domain in Euclidean space.

Theorem 2.1 (Poincaré Lemma, (Sec. 5.4 [18])).
Let 0 be a k-form on contractible manifold ., such that df® = 0. There exists a non-
unique a(k‘”, such that,

da®D =gk, (2.12)

Often a'*=V is referred to as a potential function.

The theorem proofs existence of solutions for balancing relations is physics. These
relations, often of the form grad(¢) = f, curl(®) = g, and div(V) = h, are fundamental in
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the description physics. Furthermore, note that the theorem proofs existence of poten-
tials for every volume form, as dp™ = 0 for any volume form p. In vector calculus this
result is known as the surjectiveness of the div operator.

Example 2.3 (Potential flow).

Irrotational (inviscid) flow satisfies V x V = 0, or in terms of differential geometry, dv =
0. Hence by the Poincaré lemma, there exists a velocity potential function ¢® € A© st.
dp® = v Flow solutions satisfying d¢p©® = vV are known as potential flow solutions.
We will discuss potential flow in more detail in section 2.5.

We measure a differential form by pairing it with an equidimensional submanifold,
e.g. a 2-form is measured by pairing it with some surface S, a 3-form with some volume
V, and so on. We present a few examples.

AW geometry example

A®  pointx  pressure P=[ p©

AD " curve:y  circulation T'=g¢ v

A®  surface: S flux P =fo0@

A®  volume: V mass M= [, p®.

Integration is governed through the generalised Stokes’ theorem .

Theorem 2.2. Generalised Stokes’ Theorem, (Sec. 3.3 [18])
Leta™ e AD peqa k-form, and .4 be a (k + 1)-dimensional submanifold. Then,

fﬂ da'® =fM al®. (2.13)

The theorem generalises the classical Stokes’, Green’s and divergence theorem from
multivariate calculus, as well as the fundamental theorem of calculus. The theorem
states that the boundary operator 9 is the formal adjoint of the exterior derivative d,
ie.

M, da®y = @.u,a®y. (2.14)

Note that this result is purely topological. In the next section we will introduce the dis-
crete analogue of the generalised stokes theorem.

2.3. CHAINS AND COCHAINS

In discretisation techniques we find the formation of some a cell complex, i.e. a grid of
vertices, edges, faces, and volumes. These components, known as k-cells. Using k-cells
we can define discrete counter-parts of submanifolds, chains, and differential forms,
cochains. Cochains can be integrated by pairing them with chains. We can apply the
generalised Stokes’ theorem, Equation 2.13, to these structures to derive a discrete ver-
sion of the exterior derivative, the coboundary operator §. The coboundary operator
satisfies the same topological structure as the exterior derivative. Its action is encoded
in incidence matrices EX*~1_ These incidence matrices are the foundation of our dis-
cretisation approach.
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Definition 2.6 (k-cell, (Appx. B.a [18])).
A k-cell, 7(), is a k-dimensional submanifold of n-dimensional manifold .4 which is
homeomorphic to k-dimensional unit ball.

Essentially k-cells are k-dimensional contractible spatial objects. From here on we
will form a grid of k-cells which will act as a discrete manifold on which we can define
a discrete counterpart of differential forms. Grids are generally constructed using sim-
plexes, or simplicial structures. In this work we follow [6, 20] and use k-dimensional
cuboids, k-dimensional objects for which there exists a bijection to the unit k-cube,
{x € [-1,1]%1. These cuboids are convenient because of their ability to hold tensor-
product structures, and because Gaussian quadrature rules are defined on its interior.

Example 2.4 (n-dimensional cuboids).

A 3-dimensional cuboid is a convex polytope bounded by 6 quadrilateral faces, each face
is bounded by 4 edges, and each edge is bounded by 2 nodes. Hence each 3-dimensional
cuboid consists of {8,12,6,1} {0,1,2,3}-dimensional objects. A 4-dimensional cuboid
consists of {16,32,24,8,1} {0,1,2,3,4}-dimensional objects.

Definition 2.7 (Cell Complex, (Appx. B.a [18])).
A cell complex 2 on a n-dimensional differentiable manifold ./ is a finite collection of
sets of {n,n—1,---,0}-cells such that,

i The collection of n-cells form a cover 4.
ii Every face of a k-cell is contained in 2.

iii Any two k-cells 7(y),0) €92,

Vik-1)» i.e. T(x),0 ) share a boundary v._1
TkNO(k) =0k =Tk, ie. theyindicate the same k-cell (2.15)
?

The cell complex forms the collection of nodes, lines, surfaces, volumes that is equiv-
alent to grid structures in numerical methods. It will also form a discrete manifold struc-
ture on which we can perform numerical analysis. For a cell complex to act like a mani-
fold, we will need to provide orientation to its k-cells. Oriented k-cells act as a basis. Sets
of oriented k-cells are known as k-chains. These k-chains can be interpreted as discrete
submanifolds.

Definition 2.8 (k-Chains c(j), (Appx. B.a [18])).
The space of k-chains on a cell complex &, denoted by C)(2), is the space of all sets of
k-cells. Hence each k-chain ¢ € Ck) (2) can be written as,

ey = 3¢ T(p,i with 7 €2, 2.16)

1

with ¢! the expansion coefficients. We use k-chains to describe k-dimensional paths
through oriented cell complexes. In our analysis we consider coefficients cl €0, +1},
where ¢’ = +1 provides relative orientation of the i-th k-cell with respect to a global
orientation, and ¢ = 0 indicates that i-th k-cell is not within the considered path.
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Example 2.5 (1-chains).
Consider the oriented cell complex &2 shown in Figure 2.3. Closed paths around surfaces
s1, 52 are described by 1-chains c(y), ¢(2) € C1)(2),

C =ll+le—l3—15,

o=+l

The space of C(;)(2) is a linear vector space, hence we are able to add czk)s to construct

new paths. For example, c(j) + ¢(2) describes the path that encloses s; U s,. Next, we
introduce the boundary operator ¢, which relates a k-chain to its boundary (k — 1)-cells.

Definition 2.9 (Boundary operator 9, (Appx. B.a [18])).
The boundary operator is the mapping,

0: C(k) - C(k—l)’ OC(k) = Z CjaT(k),j, (2.17)
J

where the boundary operator d acting on the j-th k-cell 7y, ; is given by,
0T (ky,j = 2 €T (k-1),i>
i

with,

+1, iforientation of 7(;_1) ; is the same as the boundary of 7y,
e;- =4 -1, iforientation of 7(;_y); is opposed to that of the boundary of 7(y),; -

0, ifT_1),; isnoface of 7(y);

The boundary operator acting on a k-cell is encoded in an incidence matrix E;_; k) with
entries Ex—1,1), ;, given by e{. The boundary operator satisfies V¢ € C(x) (2),

60(0) =0,
0 oac(k) =0,

for which the latter property translates to matrix notation as (Eq—2, x-1)Ek-1,k)€k) = 0.
Finally, the boundary operator defines a sequence of mappings

2, Co 3 Cy Sy 5 Cm R

Example 2.6 (Boundary operator d). Consider again the oriented cell complex & in Fig-
ure 2.3. We find that

osi=h+1lg—13—-1Is,
Oss=lbh+1l;- 13— .
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Now take chains ¢ = [s1,5217, ey = [, lo,+, 1717, and ¢() = [p1,p2,+, pel’. We
could obtain c(j) through c(;y = E(1,2)€(2), and ¢(g) through ¢y = E,1)c(1), with

1 0 0 0 1 0 O (1) (1’

-1 1 0 0 0 1 0 1o

T e A T P
Ob=19 o 1 0 -1 0o o] "2 Lol

0 0 -1 1 0 -1 0 1

0 0 0 -1 0 0 -1 )

where, for example, the 6-th row of E(; ) corresponds to /g for which orientation is similar
to the face of s1, but opposite to the face of s,. One could check thatE,1)Eq,2)c2) =0, i.e.
the nilpotency 0o dc(2) = 0 of the boundary operator is exact in these discrete structures.
This is of great importance, as it will preserve the topological relations between exact
and closed forms, introduced in the previous section, in the discrete setting. We will now
introduce the discrete differential forms, known as cochains, which assign real values to
the k-chains introduced.

D4 I3 D5 ly D6

D1

Figure 2.3: Cell complex 2 on a 2-dimensional manifold. Positive orientation of k-cells is indicated by
direction of the arrows.

Definition 2.10 (k-Cochains ¢, (Appx. B.b [18])).
The space of k-cochains on a cell complex 2, denoted by C¥)(2), is the space that is
dual to the space of k-chains C4)(2). A k-cochain c® expands in basis ‘L'(k),

P =Y ¢zl (2.18)

1

where 7 is dual to a k-cell such that T (7 ;) = 6; The action of a k-cochain is the
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mapping ¢ : Cx)(2) — R, with

(€@ gy =P e =YY cicdt®iryy =Y cicl.
N i

Note that we could have chosen any other dual basis 7¥» that spans C®). Cochains
act as discrete differential forms, as will be shown. We now introduce the coboundary
operator 6, which is the discrete equivalent of the differential operator.

Definition 2.11 (Coboundary operator 6).
The coboundary operator § : C¥) — C**D is the formal adjoint of the boundary opera-
tor,

(€, 6¢®y = Begy, cP). (2.19)

It follows that we can also encode the action of the coboundary operator in an incidence
matrix,

<[E(k—1,k)c(k)»c(k)> ={Cw), ([E(k—l,k))TC(k)>-
Hence we define,
ERFD = By (2.20)

The coboundary operator inherits nilpotency property § o6 = 0 from the boundary op-
erator,

(C(k),660(k)> 249 <aC(k),5C(k)> 229 (OOC(k),C(k)> = 0,

and it defines a sequence of mappings,

5 8 5 8
R—CO—cl) — ... — ¢ — @,

We can now connect the continuous differential forms from the previous section to
the discrete cochain structures defined in this section.

Example 2.7 (Discretisation of vV) = d¢©@).

Consider again the oriented cell complex shown in Figure 2.3. Now consider the equa-
tion vV = d¢?¥, defined on some manifold that is covered by the cell-complex. We can
integrate over any line element / and use Stokes’s theorem to find,

2.13
fv(l) :fd(l)(o) = f (p[o)
i i ol

Next we discretise the variables vV, through integration,

f”m'f ”(1)’”"[ e
I I Iz

(p(O) = [()b(O) (pl))¢(0)(p2)) te )¢(0) (pﬁ)] T'

T
pM =

’
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The v, and ¢ are cochains, each coefficient assigns a real value to an oriented k-
cell, just as a differential form assigns a real value to a manifold. We can now solve the
discrete equation using the coboundary operator. Consider any 1-chain c(;, we find

f L, f o
c ocq

< (W, eqy) =@, 0cqy) = (509, )
o @V —F19¢® ¢y =0,

So we can solve the equation by evaluating v = EV9¢® . The result is exact, no ap-
proximation has been made in this derivation, although information of the continuous
forms have been lost in the process. In fact, any relation of the form a® = dg*~1 can
be discretised and solved using this approach, which preserves exactness of the exterior
derivative, Appendix A.

We are able to preserve the exactness of the topological structure of our equations
when we go to the discrete setting. However, the discretisation of the continuous forms
to the discrete cochains came at a cost. We were able to conserve the global quantity at
the cost of information concerning local behaviour. If we want to go back to a continu-
ous form, we need to reconstruct the solution, performing some kind of interpolation.
Bochev and Hyman introduced a framework to encode this process [6], which depends
on the reduction- and reconstruction-operators.

Definition 2.12 (Reduction Operator Z*).
The reduction operator 2% is a mapping

20 AP gy - cP (), 2.21)

that satisfies commutativity 6 2® = 2*+D ¢, illustrated below.

A(k) L A(k+1)

J@(k) J%(Iﬁl)

ch —2 4 olksn)

Definition 2.13 (Reconstruction Operator .# %),
The reconstruction operator .# ®) is a mapping

g0 cP @)~ AP ), (2.22)

where Aglk) () < A® () is an approximate finite-dimensional subspace of A (.%).

The reconstruction operator needs to satisfy the same commutative property, §.#% =
F&+1 g illustrated below.




20 2. EXTERIOR CALCULUS

C(k) % C(k+1]

Jy(k) Jy(kJrl]

AR Ly ke
h h

Using the reduction and reconstruction operators it is possible to describe the dis-
cretisation process through the commuting diagram in Figure 2.4. Successful discretisa-
tion needs to satisfy the following conditions;

i Consistency condition, #X).#® = [,
ii Approximation condition, .#®2® =1+ @ (hP*1),

where h is some measure of grid size, and p the polynomial order of the approximation.
We can use operators %, .# to define discrete operators acting on cochain ¢® € %,
Consider any operator % actingon A®, s.t. % : A® — A, We can then define discrete
operator % through

K pc® = 2 ® gD B

A —L s £tk
k) gpk+1)
cth —2 5 ck+D)
FE || gplk) gk+1) || gplk+1)
k) 4 (k+1
AR ———— Ak+D
h h
Figure 2.4: Commuting diagram of the reconstruction and reduction operators % and .#.

Classic discretisation techniques can be described through the reduction and recon-
struction operators. In finite differencing techniques, one reconstructs using Taylor se-
ries expansion, while in finite volume techniques, one often reconstructs using polyno-
mial interpolation. In finite element techniques, forms are reconstructed using basis
functions. In finite differencing, and finite volume techniques, an explicit grid is gen-
erated, and one can reduce the continuous forms using integration, as in Example 2.7.
Grids structures in finite element techniques are less obvious. Explicit reduction in finite
element techniques can be performed using dual basis functions or projection opera-
tors.
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2.4. THE CODIFFERENTIAL AND THE INNER PRODUCT

So far we have treated relations that are topological. In the previous section, we have
shown that the exterior derivative d can be discretised without loss of its structure. In
this section we will introduce operations that depend on metric. In the discrete setting
local geometry is approximated on some mesh, which induces an approximation error
for metric-dependent relations. Fundamental is the Hodge-* operator, which maps an
oriented form to its corresponding dual-oriented form. The Hodge-* operator defines
an inner-product, which is a vital tool in variational analysis.

Definition 2.14 (Hodge-x operator, (Sec. 14.1 [18])).
The Hodge-* operator in .4 c R" is a mapping x : A% — A=0) with,

*a(xt, -, xMdxt A Adx* = sign- a(x!,-- XM dx A A dxdn-k, (2.23)
where {i,---ix} € {1,---,n} and {ji, - j,—x} its complement, and

. {— Jif{j1, -+, jn—k 11, , ix} is an even permutation of {1,-- -, n}
sign = .

+ ,else

When applied twice to a differential k-form we find that x x a® = (-1)k*=0 g®  The
Hodge-* defines a complex of sequences of mappings, known as the double DeRham
complex , Figure 2.5.

R A0 — L Ly sy
P () IR (S | L L ENC) R

Figure 2.5: Double DeRham complex; two dual DeRham sequences are connected through the Hodge-*
operator.

Example 2.8 (Geometrical Interpretation of the Hodge-x operator).
The Hodge-* transforms differential forms to their dual forms . Its action doesn’t affect
the magnitude or direction of the components, but maps the basis to its dual configura-
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tion. Some examples are given,
R2-
*x1=dx' ndx?
xdx!' = dx?

*dx? = —dx"

R3:
*1=dx' Adx* ndx®
*dx' =dx* ndx®
*dx?* Adx! = —dx3
Now consider the case R?, for which the double DeRham complex is shown in Figure 2.6.

Any point value becomes a face value and vice versa. A value associated along a line,
becomes a value associated through a line.

R — e LN /~,'l—>/ LN CS — 1}
A~ AL A@

0 L S R L O Y R
A® A A "7

Figure 2.6: Double DeRham complex in R?.

The double-DeRham complex shows that we can identify two distinct orientations
of a physical quantity on a geometric object. The top row in Figure 2.6 corresponds to
inner-orientated object (or tangent orientated). From left to right we observe a source in
a point, some quantity along a line, rotation in a surface. The bottom row corresponds
to outer-oriented objects (or normal oriented). Here we see source through a face, flux
through a surface, rotation around a point. Topological connections are shown horizon-
tally, while metric-dependent relations are shown vertically.

Definition 2.15 (Inner Product (-,-) 4, (Sec. 14.1 [18])).
The Hodge-* operator defines an L?-inner product (-,-) 4 : A® x A® — R by

@®, g, = f a® A %), (2.24)
M

with a®, 0 e A® on 4.
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The inner product is essential in variational analysis, and plays a vital role in the
construction of a finite-elements framework as we will see in the next chapter, chapter 3.
With the Hodge-x operator we can define the adjoint of the differential operator, the
codifferential d* .

Definition 2.16 (Codifferential d*, (Sec. 14.1 [18])).
The codifferential d* is a mapping d* : A% (#) — A%~V () for which

d*a® = (—1)"*=D+1 o g5 q® (2.25)

The codifferential defines a sequence of mappings, known as the DeRham complex,
which connects k + 1-forms to k-forms. For .# < R" we have

pe— AN« Ay v A« R
ar ar a* a*

It's easy to see that d* is nilpotent, i.e. d*d* = 0 (using the x* and d? properties).

Example 2.9 (Action of codifferential d* in R3).
The action of the exterior derivative is similar to the div, curl and grad operators. Using
the properties of the wedge product A, and the exterior derivative d, we find for .# c R3,

1-form:
gV = _[%% Oua Ous
6x1 6XQ 6x3

2-form:

d*w(Z) — (_l)n+l

66{)3 60)2 ) 1 (6(,()1 6(1)3 ) 2 (6(1)2 awl ) 3]
——-—1d ——-—d ——-—d
(axz O0x3 S 0x3 0x1 o 0x; O0x x
2-form:
0 0 0
d*p® =- [—pdx2 nd® + 22 axd naxt + 2P axt adx?
0x1 6x2 0)63

Hence d* uV defines a 0-form with components of div operator, d*w® defines a 1-form
with components of curl operator, and d*p® defines a 2-form with component of the
grad operator. The codifferential is the adjoint of the exterior derivative.

Theorem 2.3 (Integration-by-parts, (Sec. 14.1 [18])).
For forms a®=D e Ak-D gng ﬁ(k) € A%, we have the relation,

(a(k—l)’ d*ﬁ(k))./% — (da(k_l),ﬁ(k))ﬂ _ (a(k_l)’ﬁ(k))a./ﬂv (2.26)

Now any differential k-form can be decomposed in orthogonal components tangential
and normal to the boundary, i.e. a® = a"dx,+a’dx,. Hence we can evaluate the bound-
ary integral in terms of tangential and normal components of a*=D, pX),

(@® D, 8% 4 = f (a',p")dr. 2.27)
o
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Proof can be found in Appendix B. We will often use Theorem 2.3 to reduce continuity
constraint on our solution space, or to get rid of the co-differential.

We combine the exterior derivative and the codifferential operator to define the Laplace-

DeRham operator, which is a generalised Laplace operator for k-forms.

Definition 2.17 (Laplace-de-Rham Operator, (Sec. 14.2 [18])).
For any k-form we define the Laplace-de-Rham operator A : A% — A a5

Aa® :=dd*a® +a*da® = (d+d*)?a® (2.28)

Because d* ) = 0 for any 0-form ), the Laplace-DeRham operator acting on a 0-form
reduces to A = d*d, which is the equivalence of the scalar Laplacian. The operators
reduces to A = dd* when applied to a volume n-form.

The codifferential governs the a topological structure that mirrors the structure of the
exterior derivative. It governs existence of solutions analogue to the Poincaré lemma,
Equation 2.12. In Appendix A we combine properties of both operators to derive the
Hodge decomposition, which states there exists an unique decomposition in orthogonal
complements for each k-form.

Theorem 2.4 (Hodge decomposition, (Sec. 14.2 [18])).
For any k-form on a closed manifold .4 there exists an unique decomposition

a® :dgb(k_1)+d*1//(k+l)+h(k)v (2.29)

where h'® is a harmonic form, i.e. Ah'® = 0. Note that this doesn’t imply uniqueness of
¢ and w**V . On a contractable manifold the space of harmonic forms is empty, i.e.
h® =o.

2.5. POISSON PROBLEMS

There exists one-to-one correspondence between PDE’s described using vector calcu-
lus and differential geometry. In multivariate calculus we distinguish between physical
variables associated with scalars and those associated with vectors. In differential ge-
ometry we associate physical variables with points, lines, surfaces, and volumes. Any
scalar function can be used to describe a point or volume (0, 3)-form in R3, and any vec-
tor function can be used to describe a line or surface (1,2)-form. The duality between a
point and a volume, and that between a surface and a line is encoded in the Hodge -
operator. Let’s analyse the example of potential flow, which we introduced in section 2.2.

Example 2.10 (Potential flow in R?).

The velocity field can be interpreted as a field of lines along which fluid parcels are
transported. Hence we can associate a 1-form with velocity, i.e. V). Now the quantity
0@ = dv™ is known as vorticity and is a measure of rotation within the flow. In the case
of irrotational flow, i.e. ®® = 0 in our domain, we would getd v =0, Assuming that the
domain is simply connected, there exists a potential function ¢p© such that d¢p® = vV
(Theorem 2.1).
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Consider the quantity given by gV = xv¥). The dual form g™V is defined through a
line like a flux. Mass flux in vector calculus is given by § = —p ¥, where p is mass density
(which we will assume to be constant). It follows that the 1-form q(l) describes scaled
mass flux (note that the minus sign is encoded in the Hodge-* operator). The quantity
0@ = dq" then describes total flux through our two-dimensional volumes. If we don’t
consider any mass source or sink then we obtain dg) = 0. Now again there exists a
potential function @ such that diy® = g (Theorem 2.1). This potential function is
called the stream function. Note that in R? the stream function is a 1-form with three
components.

d d I
I

ey q® O 7T

Figure 2.7: Tonti diagram of the relations governed by potential flow theory. On the top row, inner-oriented
relation of the potential function ¢p(©, velocity v1, and vorticity w® is shown. On the bottom row,
outer-oriented relation of mass production 0@, mass flux ¢V, and the stream function ¢@ is shown.

The relations are visualised in a Tonti diagram Figure 2.7. Horizontal relations de-
scribed through the exterior derivative d are conservation equations. They are indepen-
dent of metric and describe a relation between change of a quantity within a domain,
and the flux through the boundary of the domain. Vertical relations describe constitutive
equations. They depend on metric and material parameters. Examples include Fourier’s
law g = —xVu in heat conduction problems, or Darcy’s law § = —ﬁv p in flow through
porous media. We could combine the relations to obtain the Laplace equation for the
potential function A¢® = 0, or the stream function Ay® = 0, which are relatively easy
to solve.

Example 2.11 (Stokes’ flow in R?).
Consider a Newtonian (viscosity p constant and isotropic), incompressible (mass den-
sity p constant) fluid. Now in the viscous flow regime (Re <« 1, i.e. viscous forces are
dominant over advective inertial forces), the flow is governed by equations,
VAD-Vp+f =0
V.U =0,

where v is the kinematic viscosity, 7 is the velocity, p the pressure, and f any body forces.
The first equation describes conservation of momentum, the second equation describes
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conservation of mass. We can translate to the language of differential geometry. We
obtain,

vd*dv® +dp® = f
—d* v =0.

We can obtain an equivalent dual formulation of these equations by pre-multiplying the
equations with the Hodge-x, define dual forms, i.e. g = xv, p©@ = xp@ and OV =
* g(l), and use the identities of d*, d and % to simplify the result. For the Stokes’ flow
equations one obtains,

vdd*qW —a*p@ =g
dq® =0.

The advantage of this formulation, is that the mass conservation constraint dg" = 0
depends on the exterior derivative d. This means that a discretisation based on this for-
mulation can be made such that it satisfies conservation of mass exactly pointwise (using
the incidence matrices introduced in section 2.3). Structure preserving spectral element
solution methods for the Stokes’ flow problem are studied in [21]. Their discretisation
satisfies pointwise divergence-free solution.

The last example showed that formulation has consequences in the discrete set-
ting. We can choose the formulation such that certain relations are satisfied strongly
pointwise, while others are weakly satisfied. The choice of formulation will also have a
consequence on the boundary conditions. Some boundary condition may be enforced
strongly (essential) in one formulation, while it may be enforced weakly (natural) in a
different one.

So far we have not considered the possibility of arbitrary physical geometries. Often,
the quantity of interest will be defined on a geometry through a mapping. In the finite-
element method we will need to pull-back differential k-forms to some parent domain
on which the numerical integration rules are defined. The pull-back operator commu-
tates with the exterior derivative. In Appendix C we derive appropriate transformations
for each k. These relations conserve the topological structure of the exterior derivative
on arbitrary domains.

2.6. SUMMARY OF RESULTS

Analysis of PDE’s through exterior calculus enables us to distinguish between relations
that depend on metric, and those that are topological. Topological relations can be de-
scribed by algebraic equations, which can be satisfied exactly in the discrete setting.
Proper discretisation of these relations guarantees numerical stability, and exact be-
haviour of simulated physics.

The exterior derivative d is a topological operator, which describes derivatives of dif-
ferential forms analogous to the grad-, curl-, and div- operators. In the discrete setting
it can be satisfied without error by construction of incidence matrices. This construc-
tion preserves the kernel structure of the exterior derivative, which governs existence of
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PDE solutions. The kernel structure of the exterior derivative is encoded in the DeRham
complex.

R— A0 - A L p@ L pe L

The Hodge- is a metric-dependent operator, which maps differential forms to their
dual representation. It is used together with the exterior derivative d to describe ellip-
tic PDE’s. Its action needs to be approximated in the discrete setting. In finite volume
techniques its action is approximated through construction of a dual grid, whereas in
finite-element techniques is is approximated through inner-product relations. Finally,
the Hodge-« allows us to map PDE’s to a favourable configuration, in which certain re-
lations or boundary conditions can be satisfied exactly.






STRUCTURE PRESERVING
ISOGEOMETRIC ANALYSIS

"Don’t worry, everything will B-spline"

We can use powerful tools from functional analysis to prove well-posedness of ellip-
tic PDE problems. In this approach one derives a weak formulation of the PDE problem
by taking the inner product with a test function. The weak formulation of the prob-
lem can be converted to a discrete problem by introducing a finite-dimensional basis in
which the unknowns and test-function can be expanded. In isogeometric analysis spline
bases from computer aided design are used to discretise the problem. In this chapter
we will introduce concepts from functional analysis, and explain the fundamentals of
isogeometric analysis. We will construct a discretisation framework using splines that is
compatible with the DeRham complex.

Weak formulations of elliptic PDE problems that define a symmetric bilinear opera-
tor have been discretised successfully using the finite element method. Mixed type for-
mulations however have posed difficulties. Such problems are known for spurious oscil-
lations within the numerical solution. In order to cope with these oscillations penalising
techniques were introduced, which in turn have a negative effect on the accuracy, (Sec.
6.3 [2]). Classical is the work by Brezzi on stability requirements for these mixed-type for-
mulations [22]. It was shown that spurious oscillations do not appear when inf-sub sta-
ble finite element spaces are used. Using the concepts introduced in chapter 2, we derive
appropriate basis functions. The resulting method doesn’t require penalising techniques
for stability, as shown by [5, 11, 23].

In section 3.1 we introduce fundamentals of functional analysis and introduce a DeR-
ham sequence of Sobolev spaces. We will derive symmetric and mixed formulations of
the Poisson problem, and prove well-posedness for both problem types. Furthermore
we will explain how we can discretise the problem by considering finite-dimensional
Sobolev subspaces. Bézier, B-spline, and NURBS- polynomial bases will be introduced
in the context of isogeometric analaysis in section 3.2. These basis functions will be used

29
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to construct finite-dimensional Sobolev subspaces that are compatible with the DeR-
ham complex in section 3.3. We will make a link to concepts introduced in chapter 2,
and unveil the cochain structure of spline spaces. Finally, in section 3.4, we successfully
discretise both Poisson problems using linear combinations of incidence matrices and
mass matrices.

3.1. THE SOBOLEV-DERHAM COMPLEX
Finite projection methods, e.g. isogeometric analysis and the finite element method,
can be derived from variational analysis. In this approach one constructs a weak formu-
lation of the PDE problem by taking the inner product with some test function. Well-
posedness of these problems can be proven by selecting appropriate trial- and solution
spaces. In this section we construct these spaces, such that they satisfy the DeRham se-
quence. We introduce the Poisson problems that will be studied in this chapter, and de-
rive corresponding weak formulations. We end this section by explaining how we weak
formulations can be discretised.

Consider orientable manifold Q with tangent space 9 Q and cotangent space I *Q.
In section 2.4 we defined an inner product on these spaces. We use the inner product to
define inner product spaces L>A®.

Definition 3.1 (Inner product space I2A% (Sec. 2 [5])).
Let A®(Q) denote the space of k-forms on manifold Q. We define the corresponding
space of square integrable forms L2A® (Q) as,

LZA(k) = {a,(k) € A(k) . ”a(k) "LZAUC) < oo}, (3.1
where,
(k) 2 _(,k) LK) _ (k) (k)
™15 w0 —(a ,a )Q—fﬂa AXxa (3.2)

i.e. the norm defined by the inner product.

Definition 3.2 (Sobolev spaces WdA(k), (Sec. 2 [B]).
We define the Sobolev space W;A® (Q) as

WyAR = (g® e 2AR) . gq® ¢ [2AK+D) (3.3)

with corresponding Sobolev norm,

(k) 12 (k)2
12, yo0 +1da® 12, o (3.4)

la®12, \w=la
Note that W;A© is the equivalent of the Sobolov space H'(Q), Wy;AW of H(curl;Q),
and W;A® of H(div;Q), i.e. descriptions of Sobolev spaces generally encountered in
literature, e.g. [11]. In Q < R3 these spaces satisfy the DeRham sequence, i.e. the DeRham
Sobolev complex,

d d d
WyAQ == W, AW —= WA — 1278
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This construction can be mirrored to construct Sobolev spaces with respect to the cod-
ifferential d*,

Wy AR = (@B e 2AW : g*q® e [2AK-1) (3.5)
with corresponding Sobolev norm,
a® iy aw = Na®llzp0 + 1d* @™l 2y 3.6)

These spaces incorporates the existence of the DeRham complex given by
[2AO <d—* Wy AD T Wd*A(Z] <7 Wd*A(s)

These spaces act as trial- and solution-spaces in variational analysis of PDE prob-
lems. In this approach one derives a weak formulation of the PDE problem. In this
chapter we will study Poisson problems, e.g. those appearing in potential flow theory,
section 2.5.

Problem 3.1 (The 0-form Poisson Problem in R?).
Consider the domain Q = [0,1]? c R? with boundary Q =T, UT,,, where TyNT, = @.
Given forcing f©@ € A©, find solution ¢© € A® such that,

p© =0,0onTy (3.7)
6,11//(0) =0,onTl,

A corresponding weak formulation of this problem can be obtained by taking the inner
product with some test function w®. Given forcing @ € L2A©, find solution ¢© €
WdA(O), such that,

(dw®,dy ), =W g,  vw®ewAY, (3.8)
where WdA(()O) is the space of compactly supported functions,
AL :={a@ e A :witha® =00n Ty}

The derivation of this weak formulation, and a proof of well-posedness of the weak for-
mulation is given in Appendix D. In the derivation of the weak formulation we used
integration by parts, Theorem 2.3, for two reasons. In the discrete setting we will use a
finite span of basis functions of a given polynomial order. Integration by parts reduces
continuity requirements on the span of basis functions. The second reason is that we
now have an expression that doesn’t contain the codifferential d*, but only contains the
exterior derivative d, which we can discretise using the framework introduced in sec-
tion 2.3.
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Problem 3.2 (The 2-form Poisson Problem in R?).
Consider the domain Q = [0,1]? ¢ R?> with boundary Q =T ;UT,,, where TyNT, = @.
Given forcing f® € A©, find solution ® € A® such that,

Ap? =@
w®  =0,0only (3.9)
Oﬂ//(Z) =0,onTly,

As before, we could multiply with some test-function w®, and apply integration by
parts, to obtain.

(@*w?,d*y?), = w?, f@q. (3.10)

This formulation won’t do us any good in the discrete setting, because it contains the
codifferential d*. Alternatively we write Equation 3.9 as an equivalent system of first
order differential equations,

d*y®@ =y
dv® = fO@,

(3.11)
1//(2) =0,0only

o, y? =0,0nT,

The corresponding weak formulation of this system can be obtained taking inner prod-
ucts with test functions g and w®, and apply integration by parts. Given forcing
f® e 12A®, find solutions vV € W;AY and v € W;A®), such that,

B O
{(dq“%w@)g =(aV.vD)g, V4 eWany’, (3.12)

(w®,dv V), =(w?, @), Vw?e2A®,

The derivation of this weak formulation, and a proof of well-posedness of the weak for-
mulation is given in Appendix D. Well-posedness of this formulation depends explicitly
on the kernel structure of the Sobolev DeRham complex,

d d
WA® —= WAl —= [2A@

To ensure well-posedness of the discretised problem, discrete function spaces need to
be constructed that satisfy the same structure. In section 3.3 how we can do so.

In the example of the 0-form Poisson equation, Example D.1, we obtained weak for-
mulation of the form,

Find u€ V,suchthat a(v,u)=F(v), forallveV,

where S and V are the solution- and trial function spaces, af(,-) a bilinear form, and
F(:) a functional. In the Galerkin discretisation approach we take a finite-dimensional
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subspace V}, ¢ V, and take the solution space equation to the trial Sj, := V},. In our case
Vi, will consist of the space spanned by the isoparametric basis, which we will introduce
in the next section, section 3.2. We define the finite-dimensional solution u; such that it
satisfies,

Find uy, € Sy, such that  a(vy, up) = F(vy), forall vy, € V.

Such discretisation approach is known as a conforming method. A discrete solution is
sought that satisfies the continuous PDE problem. Well-posedness of the problem was
proven for any element v € V, and hence for any vy € V},. This implies well-posedness
of the discrete problem in the case of symmetric operator problems as the Poisson prob-
lem. Note that well-posedness of the 2-form problem depends on the kernel structure of
the Sobolev DeRham complex, which needs to be mirrored by discrete spaces to prove
well-posedness in the discrete setting.

d d d
R— WA ——= WyAl) — . — [2AW — g,

Now, because,

a(u,vy) = F(vy), and
a(up, vy) = F(vy), forall v, €V,

We have that a(u, vy) — a(uy, vy) = a(u—uy, vy) = F(vy) — F(vy) = 0. This is known as the
Galerkin orthogonality. The global error € = (u — 1) is bounded.

Theorem 3.1 (Cea’s Lemma, (Sec. 1.5 [2])).

Consider the finite-dimensional form of variational problem that satisfies the conditions
of Theorem D.3 or Theorem D.4. The approximate finite element solution uy, to the ana-
lytical solution u € V of the weak problem under consideration, is bounded by

lu—upll < C min [lu— vyl
vReEV)

Ifthe finite-dimensional solution space is the span of a piecewise polynomial basis of poly-
nomial order p, then

min |[u— vyl < Cuw)h®,

vpEV)
where h is a measure of mesh size, and C(u) a positive constant that depends on smooth-
ness of the solution u. Constant s depends on smoothness of solution and polynomial
order of the basis.

The theorem states that the approximate solution converges to the exact solution in
the Sobolev norm. We call the order of convergence optimal when s = p. In the next
section we will introduce isoparametric bases. The span of these bases will be used as
our finite-dimensional solution- and trial spaces.
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3.2. BASIS FUNCTIONS AND ISOGEOMETRIC ANALYSIS

In the restriction to finite-dimensional function-spaces one approximates physical quan-
tities as a linear combination of basis functions. The challenge is then to find the appro-
priate coefficients, such that the combination approximates the physical solution. The
basis functions are generally defined on a simple regular mesh, which we call the param-
eter space. However, most often the physical problem that we aim to solve, is defined on
some kind of geometry, which we call the physical space. To solve the problem in the
physical space, it is required to map the basis from the parent domain to the physical
domain. The mapping can also be approximated as a linear combination of basis func-
tion when it is not explicitly known.

In mechanics we often find an intimate relation between geometry and the physics.
Accelerations, velocities and displacements affect the geometry on which the equations
need to be solved. Take for example a problem where we would solve for the displace-
ments of some kind of structure or material at a given period of time. We would then
like to update our geometry using the found displacements. If the displacements and
the mapping are defined in a different basis, we would need to interpolate or project our
solution from one basis to the other. In many cases solutions sensitive to errors in the
geometry, e.g. thin-shell dynamics, boundary layers in fluid dynamics. The interpola-
tion errors can have a significant impact on the approximate solution. To circumvent
this problem, one would need to use the same basis for the mapping as the one used for
analysis. This is known as the isoparametric approach.

In the modern day design process however, geometries are dictated through CAD
(Computer Aided Design). Many CAD programs use Bézier curves, B-splines and NURBS
(Non-uniform rational B-splines) to represent geometries. The concept of using the
same basis for analysis as the one used for the mappings is known as the isogeomet-
ric approach. The isogeometric paradigm was pitched by the Hughes group in 2005 to
bridge the gap between CAD design and finite elements analysis [8].

In this section we will introduce the framework of isogeometric analysis. We will
first introduce various bases, Béziers, B-splines, and NURBS, that are used to describe
geometries in CAD. These basis functions will be the fundamental tool in our analysis.
Definitions and formulas that will be introduced shortly can be found in the book by
Piegl and Tiller, [24].

Bézier curves are widely used in computer graphics, because they can be manipu-
lated intuitively, and are able to represent smooth geometries. A Bézier curve is a linear
combination of Bernstein polynomials, which can be efficiently evaluated through the
recursive deCasteljau Algorithm.

Definition 3.3 (Bézier Curves, (Sec. 1.3 [24])).
A Bézier curve of polynomial order p is the mapping C(z) : R — R? given by,

p
C©) = ;)AE,,(«S)Pi, 0s¢=1, (3.13)
1=

where A; , is the i-th Bernstein polynomial basis function, and coefficients {P;} with



3.2. BASIS FUNCTIONS AND ISOGEOMETRIC ANALYSIS 35

P; € R? are the control points. The i-th Bernstein polynomial is defined through,
Aip&) = (’;) Ola-or. (3.14)

The polygon that interpolates the control points linearly is known as the control polygon
or control net. The curve lies in the convex hull of its control polygon, and the curves’
ends are tangent to the control polygon. Finally, the Bézier curves are variation dimin-
ishing, i.e. they preserve the local monotonicity. Note that there exists a change of basis
to express a Bézier curves in Lagrange polynomials instead of Bernstein polynomials.
Lagrange interpolation polynomials are classically used in FEA.

Success of the Bézier basis is due to these properties, which enable for intuitive de-
sign. Classical polynomial interpolation does not satisfy these properties. The disadvan-
tage of Bézier curves is that they cannot be controlled locally, i.e. changing one coeffi-
cients will affect the whole curve (Bernstein polynomials have full support over parame-
ter domain ¢ € [0, 1]). One solution would be to use curves that consist of multiple Bézier
segments, so called composite Bézier curves. The drawbacks of these curves are that
continuity is difficult to achieve over segments, and that the number of control points
increase with the polynomial degree p. These difficulties are overcome by the use of B-
spline curves. B-splines carry the same advantageous properties as Bézier curves, and
have local support.

Definition 3.4 (B-spline Curves, (Sec. 2.2 - 2.3 [24])).
A B-spline curve of polynomial order p is the mapping C(¢) : R — R? such that,

n
CE) =) Aip@P;, (€R, (3.15)

i=1

where A; , is the i-th B-spline basis function, and P; € R the i-th control point. A B-
spline is defined by its knot vector through the Cox-de-boor recursive formula. A knot
vector is a non-decreasing sequence of real numbers = = {¢1,-++,{n+p+1}, such that the
entries ¢;, known as knots, satisfy ¢; < &;41, for i = 1,---,n+ p+ 1. Furthermore, we
require the first and final entry to be non-equal, and each have multiplicity of p + 1,
i.e. open knot vector. The i-th B-spline basis function A; , is then defined through the
recursion,

oo, Am@:{l, ifé<&<éin

0, else
J L. _6
P50, Aip@= = g @+ S G @, 316
Sti+p_fi §i+p+1_'5i+1

-¢; . ¢i - .
where we define fiipifi =0if&;4p—¢; =0, and fH-;fl;—l{Hl =0if {jyps1 —&iv1 = 0. By
construction the B-spline basis functions are a partition of unity (i.e. they sum up to 1),
and the i-th B-spline basis function is supported on the interval [¢;,¢;p+1). The conti-

nuity of a basis function can be reduced by using repeated knot values. The Bernstein
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polynomial basis of order p can be obtained through the recursion by taking knot vector
=Z=1{0,---,0,1,---,1}. Hence the space of Bézier curves is contained within the space of
B-spline curves, Figure 3.1. The derivative of a B-spline basis function is given by,

d 4
—Aip@)=——F2;p-16) — Ais1,p-18). (3.17)
d¢ bp ¢ £z+p $i hp 1 Ei+p+1_fz‘+l e 1
NURBS
B-splines
Béziers

Figure 3.1: Set topology of functions used in computational geometry.

Example 3.1 (Example basis)
Consider knot vector {0,0,0, 1
=10,1,2}, Figure 3.2.

»3»1,1,1}. Using Equation 3.16 we find the B-spline basis for

p:o p=2
A1,0(8) = A2,0(8) = A5,0(8) = A6,0(&) = (1—25)2, ifosé<i
. 1 112(5)
1, ifosé<y else
A3,0(8) =
0, else 28(2-3¢), ifo<¢{<s
if L A 1-82-2¢8), ifo< 1
/14,0(f)={1’ ify<é<1 22(8) = ( HE-29, ifosé<
0, else else
p=1 ifosé<3
A,1(6) =251(8) =0 A3.2(8) = B{ 1D(2-2¢8), ifo<é<1
1-2¢, ifo<é<l else
A2,1(8) = b M0=c<y o1
0, else (&E-12, ifz=<é<l
Aap (&) =
26,  ifosé<l 0, else

A31(6) ={2-2¢, if0o=<é<1
0, else
26-1, ifi<é<1

0, else

A4,1(8) ={
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1.0} - 1.0} 1 Lot
“ © ©
~ o5 <05 . . ~ost Y .

.
0.0 0.0 - 0.0 —
0.0 0.5 1.0 0.0 0.5 1.0 0.0 0.5 1.0
3 3 3

Figure 3.2: Non-zero B-spline basis functions for knot vector Z = {0,0,0, %, 1,1,1} for polynomial order p =0

(left), p =1 (center), and p = 2 (right).

A B-spline basis, which consists of piecewise polynomials, cannot be used to de-
scribe conic curves, i.e. hyperbola, parabola, and ellipses. An additional dimension of
weighing coefficients can be used to construct these conic sections. These weighed B-
splines are NURBS, (Non-uniform rational B-splines).

Definition 3.5 (NURBS Curves, (Sec. 4.2 [24])).
A NURBS curve of polynomial order p is the mapping C : R — R? such that,

n
C&) =) pip@P;, E€R, (3.18)
i=1

where A; , is the i-th rational basis function, and P; € R? the i-th control point. the
rational basis functions are defined through their knot vector, and a vector of weights
w € R"*!, The i-th rational basis function pi,p is given by,

AipQw;
" Aip@w;’

where A; , is the i-th B-spline basis function of polynomial order p. The coefficients
PY =[P;,w;] T e R4*1 are elements of the d + 1 projective space. The resulting NURBS
curve is then defined in the d model space. For unitary weights, w; = 1, the NURBS
curve becomes a B-spline curve. Hence the space of B-spline curves is contained within

the space of NURBS curves, Figure 3.1.

Pip(S) = (3.19)

Example 3.2 (NURBS Curve - Construction of a Circle).
In this example we show how we can construct a circular curve using a rational spline
basis. Let knot vector Z, weights w, and coefficients P be

_ 112233
.:.:{0,0,0,—,—,—,—,—,—,1,1,1},
44 44414

2 2 2 2
w= {1, 20,2 Y2 V2 )

2 2 2 2
p- 110 -1 -1 -1 O 1 1

o1 1 1 0 -1 -1 -1 of




38 3. STRUCTURE PRESERVING ISOGEOMETRIC ANALYSIS

Take B-spline basis polynomial p = 2. Now the set of rational basis functions p; ,(¢), Fig-
ure 3.3, can be constructed using Equation 3.19 and the Cox-de-Boor algorithm, Equa-
tion 3.16. Note that repeated knots in = affect the continuity of the basis functions. The
multiplicity of an interior knot m produces a B-spline or rational basis function with
continuity (p — m). Furthermore, note that any B-spline or NURBS curve interpolates
the control net where the basis functions have C° continuity, Figure 3.4.

1.0 - .

Yos| ]

SN

- - 4 -
2 *
0.0
0.00 0.25 0.50 0.75 1.00

13

Figure 3.3: Set of rational basis functions for p = 2, knot vector = = {O, 0,0, %, %, %, %, %, %, 1,1, 1} ,and set of

weights w={1,%2,1,%2,1,%2,1, %2 1},

2

Now Equation 3.18 can be used to compute the NURBS curve (red), Equation 3.18.
In the figure it is shown how the weighting curve W (¢) = X' | A; ,(§)w; projects the B-
spline curve defined by Zf:o Aip(©w;P; onto the circle.

N\ P
— Z /\f“p(f)wi
O s o
' 0.0 7
z 0.5 e - Control net
1.0 —1.0

Figure 3.4: NURBS circular curve (red) with corresponding 9-point control net (black). The weighing curve
(blue) projects a B-spline curve onto the circle.
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Figure 3.5: Cone surface which is constructed by taking tensor product of circular curve from Example 3.2 and
alinear curve.

Higher order geometries, i.e. surfaces and volumes, can be constructed by taking
tensor products of these fundamental curves, e.g. Figure 3.5. An alternative way is the
use of T-splines. The control net of a T-spline surface can have T-shaped joints, while
the control net of a NURBS surface must be the topological counterpart of a Cartesian
mesh (can only have crossroad intersections). The development of unstructured spline
geometries is an active field of research. Patches of NURBS geometries can be sewn to-
gether to construct complexer objects.

A B-spline basis can be refined without modifying the geometry. In one approach one
inserts new knots to the knot vector, which is known as knot insertion. Another approach
is to increase the multiplicity of the knots, and increasing the degree of basis functions,
which is known as degree elevation. These refinement strategies are analogous to k- and
p- refinement in classical finite elements method. In a third refinement strategy, known
as k-refinement, one combines knot and insertion and degree elevation. There does not
exist an analogy for this approach in FEA.

Definition 3.6 (Knot Insertion, (Sec. 2.1.4.1 [25])).

Given knot vector = = {¢1,{2, -, {n+p+1}, and extended knot vector with m additional
knots, == {{1 =¢1,82,"* ,$prmrp+1 = Enap+1}, such that Z  Z. The control points of the
extended knot vector P can be obtained from the original control points P through,

P=TPP, (3.20)
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where the transformation matrix T” is defined through the recursive formula,
0= 1, &€l éj)
b1 10, otherwise

port ZSia =S g Sran Toiva g g o 3.21)

i,j+1’

b §j+q —(fj b fj+q+1 —€j+1
Definition 3.7 (Order Elevation, (Sec. 2.1 [25])).
Given a knot vector = = {{1,¢2,*, § n+p+1}. The multiplicity of the knots are increased by

one without adding new knot values. The new control points can be determined using
the transformation matrix T defined in Definition 3.6.

This leads to the following framework of isogeometric analysis. Given a geometric
mapping defined in NURBS, B-spline, or Bézier expansions, one can refine the geometry
using the strategies described above to obtain a mesh suitable for analysis. Note that the
geometry is exactly contained in the coarsest mesh and preserved as the mesh is refined.
This is different from classical finite-element approaches in which refinement requires
interpolation of the CAD geometry (with interpolation errors as the consequence). Fur-
thermore, note that NURBS must be refined in the projective space. Finally, one can link
a NURBS geometry to a FEA code through Bézier extraction. Bézier extraction is the pro-
cess of transforming the basis to obtain a basis of composite Bézier bases. These can
be transformed element-by-element to a Lagrangian basis, which is exploited in many
classical FEA codes.

3.3. DERHAM CONFORMING SPLINE SPACES

In line with the isoparametric paradigm we express quantities of interest in terms of the
geometric bases introduced in the previous section. Following various works, [8, 11, 13,
26], we start out with B-splines to set up a framework for R!. B-splines are chosen be-
cause of their use in representing geometries and because of their controllable smooth-
ness. The control net of a linear combination of splines form a cochain structure on
which we can differentiate using incidence matrices. We first construct spline spaces
in R! that satisfy the DeRham sequence. This framework can be extended to arbitrary
dimensions by taking tensor products of the spline spaces for the R! case.

Definition 3.8 (Spline Space .#)).

Let = be an arbitrary knot vector of dimension n, and p some polynomial order that is
supported by =E. The span of the set of basis functions defined by the set {p, Z} through
Equation 3.16 is denoted by,

5’5’) :=span{A; p}7,. (3.22)

In our analysis we will limit ourselves to uniform knot vectors. A knot vector is uniform
if the knot values are uniformly distributed. Its basis is defined through the combination
of its dimension, n, and polynomial order p. We define the span of such basis functions
as,

FP = {5”3’9 : E open and uniform, with dim(Z) = n}. (3.23)
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These spline spaces will be used as building blocks to define our finite dimensional
spaces. First we will define the spaces in R! satisfying the sequence,

da
0 =y 72,1)
WdAh L Ah

Definition 3.9 (The Space of 0-forms A(}?) inRY).
Consider some scalar function, i.e. some 0-form f©@ € W;A© in R'. An approximation
of this function, f;(lo) e Wy Agn, is a B-spline curve of polynomial order p, i.e. iEO) & :R—

R with,

@ =Y Lip@fi, E€R, (3.24)
i=1
or WdAg)) = y,f?,

where f; € Ris the i-th expansion coefficient or control point (notice the similarity with
Equation 3.15). Note that a polynomial order of at least p = 1 is required to satisfy the
Sobolev continuity constraints. We will make use the following notation,

LY =frar,

with fT = [fy, fi,-++, ful the vector of expansion coefficients, and A = [/1(’)”,/1’1”, —, AR
the vector of basis functions.

Next consider the 1-form U;Ll) € LZA(hD that satisfies v;ll) =d f;io). The question is, how
to define its space LZA(hl)? Do we let LZA(hl) := %) as well2 We can apply the exterior

1

derivative on the 0-form féo) to obtain the appropriate basis for v, ",

n

d 0) &) = S
T ,:ZQ Civp—¢i
A proof of this result is provided in Appendix E. If we let v; = (f; — fi—1), and use B-

spline basis functions of a polynomial degree lower with scaling o P = then the relation
i+p—6i

Aip-1(0)dE) (fi — fi-1).

10 _ 0) &
v, =df, isexact.

Definition 3.10 (The Space of 1-forms A;@U inRY).

Consider the 1-form v € I2A® in R, An approximation of this function, v'” € 12AV,
pPp h h

is a B-spline curve of polynomial order p—1, i.e. v;ll) (&) : R — R with,

n
p@ =Y —F— Ay @ v, (3.25)
o Civp—Si
-1
LAV =0,
We distinguish between the basis functions that are used to expand 0-forms and 1-

forms, and call them nodal- and edge type basis functionsin line with the work by Bochev
and Gerritsma, [7].
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Definition 3.11 (Nodal- & Edge-type basis functions, 1@, A1),

The B-spline basis functions that are used to expand 0-forms are nodal-type basis func-
tions, and the basis functions that are used to expand 1-forms are edge-type basis func-
tions, [7]. Consider the relation v;ll) = df(o), with f}(lo) € WdA;?) and vgll) € LZA(hD, such
that,

[O=rTa0, (3.26)
vV =v"2Wag, (3.27)
with,
AD©) = A4 p(©), (3.28)
AP @)= (L) Aip-1(6). (3.29)
Civp—Gi

The relation between the expansion coefficients, v; = (f; — fi—1), is encoded by the inci-
dence matrix EM?, Definition 2.11, such that v = E9 f. The nodal-type basis functions
form a partition of unity. The edge-type basis functions have unit mass, proof in Ap-
pendix E. This property reduces integration of discrete volume forms to summation of
the expansion coefficients, e.g.

n n
f v, :f (ZAEI)(f)Ui)dcfz D Vi
Q Q\j=2 i=2

An example pair of nodal- and edge-type basis functions is shown in Figure 3.6. Note
that edge-type basis functions cannot be derived for the NURBS basis, as the exterior
derivative does not map a NURBS basis onto another NURBS basis. This means we can-
not unify the structure-preserving approach completely with isogeometric analysis. In
this work we will only consider fixed geometries on which violation of the isoparametric
of isogeometric paradigm doesn’t induce additional error.

Let us reflect for a moment and compare our framework to the cochain structure in-
troduced in section 2.3. Differentiation of the 0-form is encoded in the same incidence
matrix as the action of the coboundary operator §, indicating that the control net is in
fact a cochain structure. Hence, reduction and reconstruction operators, &%) and .#®
can be defined that satisfy commuting properties shown in Figure 3.7. Buffa and Hiem-
stra, [11, 27], make use of a dual basis to define the action of the reduction operator.

co 5 c®
y(m %(0) y(l) @(1)
d
Wy AP —— [2AL)

Figure 3.7: Commuting diagram of the reconstruction and reduction operators, cochain spaces ¢®, and the
spline spaces A;lk).
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A0

0.5 . o

0.0 0.2 0.4 0.6 0.8 1.0

0
0.00 0.25 0.50 0.75 1.00

Figure 3.6: Pair of nodal- (top) and edge-type (bottom) basis functions with p =2 and knot vector
== {0, 0,0, %, %, %, 1,1, 1}. The nodal-type basis form a partition of unity, and the edge-type basis functions
have unit mass.

Definition 3.12 (Dual basis p{ k))'
A dual basis function function y{ 5 is defined such that,
b oqk) _ 5
A =61, (3.30)

which allows the definition of the reduction and reconstruction operator through appli-
cation of the basis function or its dual.

n n .
2P (Z a,-/lg.")) =Y a8l =aj=a, (3.31)
i=1 i=1
n
IV (@) :=a"A® =Y a;AP (3.32)
i=1

The B-spline dual basis however is impractical for various reasons. It is not complete,
not integrable using standard quadrature rules, and there is no analytical expression for
its basis functions, (Sec. 5.1 [25]). Its existence proves the connection with the cochain
structure. We extend this framework to R® using tensor products of nodal- and edge-type

basis functions.

Definition 3.13 (The Space of k-forms Aﬁlk) in R3).
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Let féo) e WA, v;ll) e W;AW, and a)(hz) € W;A® . We define,

©) ._ ppPDP
Wal," == »
WdA(hl) .— pP=Lpp o pPP=Lp o pppP-1
WdAﬁf) .= pP~Lp=Lp o pPp-Lp-1 y pp=1,pp-1
L2A(3) .:'Spp—l,l?—l,p—l

ho- ’

such that,

/=Y (A2@OAP AL @) fik

Y (AP OAP A ©) v;

)
)
)
Jols
Jo
Jo

]kdé

ey
e

Z(x

=X

(AmeﬁvhonAmRC
(Amewﬂm@nA“N()
=X
X[
X[

V.
o

4
i
n
l/(
i,j
A(l) (E)A(l) (TI)A'(O) )

(0) (f)l(-l) (n)a(l) (C)

Y (M @AY AL ©) o de nde.

l]kdé’/\dn

l]kdn/\d(

Applying the exterior derivative to these forms yields,
df? =Y (AP OAP DAL Q) (fijk — i) dE

+ 3 (A2@AP AL ©) (fijk — fij-1k) dn
+ Y (A @AY AL ©) (fijik = fije-1) e

)
)
dv(”: (/1(”(5)%5.1)(1])/15?)(4“))(Uf]k—v” Lk v?'j'k+ i 1]k)df/\dn
+ L (W @AP DAL O) (0 = 0] = VLt Vi ) A n A
+ X (AP@AY AL ©) (0 =5V V) dEAdE,
dwf)z vﬁkaamelg%o)@i]k l]k1+a€§k
ol ot~ ot JdEndnndg,

(k)

The coefficients of any derivative da," is obtained by applying an incidence matrix to

the coefficients of a;lk). The defined spline spaces satisfy the exact sequence,

d d d
o _4, m_4, @ Ly 12,0
WdAh WdAh WdAh L Ah
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We will use a simplified notation, ¢*), to denote basis functions in R”. For example, we
let,

[O= IO =Y fii gbg.?]).'k(f,n»(),

with,
¢ = A0 OAY AL ©),
and,
U;,Ll) :(vf)T(pél)df + (Un) T(p%l) dn + (v()T(péU dc,
¢ ds
=[@HT @) @] | ¢y dn
¢ d¢
—pTpM
with,

1 _ 0 0) (0)
o) =A@ mAL @,
Differentiation of a form is then written as,

do? =d(w"¢?) = E*?w) ¢®.

3.4. DISCRETISATION OF THE POISSON PROBLEMS

The framework of structure-preserving isogeometric analysis enables us to discretise
Poisson problems that have been introduced in section 3.1. The resulting linear system
consists of a combination of incidence matrices, and mass matrices. In this section we
will introduce mass matrices, and show that we can solve both Poisson problems with
optimal convergence rates.

Definition 3.14 (Mass Matrices M*K)),
The mass matrix, M©%  is the linear mapping M%) : ¢ — ¢ 1t is a Gramian of basis
functions, i.e. the Hermitian matrix of inner products with entries Mﬁ.k]ik) given by,

(k,k):( (k) (k))
M:.J ¢ Q’

The mass matrix is symmetric and positive definite. The mass matrix inherits a sparsity
pattern by through the local support of the basis functions. Local support can be ex-
ploited for element-wise construction of the mass matrix (more details on the element-
wise construction of B-spline mass matrices can be found in sec. 3.3.1.4 of the IGA book,
[25]). Gauss-Legendre quadrature is used to evaluate the integrals in the assembly rou-
tine.
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Example 3.3 (Mass matrix of 1-Forms M"Y in R?).

MO = ((P(l)y(P(D)Q

:f D A%
Q
Ak (e
oy d¢
(p(l)((p(l] @

L[

Example 3.4 (Discretisation of the 0-form Poisson problem).

Consider the problem described in Example D.1 on domain Q = [0,1]*> < R?. We let
'y, = @, and take f© = 272 sin(7rx) sin(7r y). The problem is then, given f© € L2A©®, find
@ e WA, such that

@ (p(l)((p(l) ) df/\ d'f]

(d w(O)»dW(O))Q — (W(O),f(o))g» Vw(O) € WdA(()O).
The exact solution of this problem is given by,
(0) s .
Yy =sin(rx)sin(wy).
We let WdAg)) = yn’f ;f , such that,
w;l()) — wT([J(O),
0 T
y® =y e,
The discrete problem consists of finding 1//(0) € WdAg)) such that,
) ®) _{(,,0 0 o )
(dw dy! ) _( f ) Ve WAy,

Well-posedness for the discrete problem follows from well-posedness of the continuous
problem, proven in Example D.1.

wT([E(l’O))TM(l'U[E(l'O)’l[I — wT((P(O),f(O))Q-

The Dirichlett boundary conditions are essential boundary conditions and need to be
enforced strongly. Numerical solution for WyA© = 96%62 is shown in Figure 3.8a. Con-
vergence for various refinement levels are shown in Figure 3.9a. Observed convergence
rates are optimal with respect to chosen spline polynomial order.

Example 3.5 (Discretisation of the 2-form Poisson problem).
Now consider the problem described inExample D.2 on domain Q = [0, 1]? c R?. We let
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@ y©@ewy A0 b) y® e 127@

Figure 3.8: Reconstructed solution of the 0-form (left) and 2-form (right) Poisson problem, Example 3.4 and
Example 3.5. DeRham conforming spline space were taken with WdA(O) = 5/’,5 ,f , with polynomial order p =2
and dimension 1 = 6.
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Figure 3.9: L2-Error convergence results for the 0-form (left)- and 2-form (right) Poisson problem,
Example 3.4 and Example 3.5, for various h-and p-refinement levels. Measured convergence rates are optimal
with respect to spline polynomial order. Note that the space of 1,(/(0) is equipped with the Sobolev norm,
although the weaker convergence in the L2 norm is shown (left).
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', = @, and take f® = 272 sin(nx) sin(y)dx A dy. The problem then consists of finding
the set (v, ®) e WAV, L2AP), such that

(dq,y@), - (g™, v M), =0, va® e WAL,
(w®,dv D), =(w?,f@),,  vw®eI?A?,

for a given @ e L2A®. The exact solution of w? is given by,

v®@ =sin(nx)sin(ry)dx A dy.

WelethA(U =P lpxyp’p ! anszA(Z) =P 1p1 such that,

n-1,n n-1,n
o _ T 0 @ _ T p2
a, =q' ¢, wy) = w'
1) T p(1 ) T p(2
v T y? =y »?

The discrete problem then consists of finding (v;ll),wf)) € (WdA;lU,LZAf)), such that

@0 @) @n @ — 1 1)
( ap >V ) (qh 'V )Q =0, va, € Wahy,,
() 1 2 £ (2 2A2)
(w2, v )Q = (WP @), vwPer2ad).
Well-posedness of the discrete problem depends on the exactness of the DeRham com-
plex which is satisfied by the discrete (cochain) spaces. The resulting system is given
by,

—MaD ([E(Z,l))TM](Z,Z)

0
w ] M22EED )

wT((,b(Z),f(Z))Q

T

(q w
Note that the resulting system is symmetric. The Dirichlett boundary conditions are nat-
ural boundary conditions and are weakly enforced. A numerical solution corresponding
to the choice of WdA;?) = 5‘62 2, (which lets I2A (2) 5”151 ), is shown in Figure 3.8b. Ob-
served convergence rates are optimal with respect to chosen spline polynomial order,
Figure 3.9b.

3.5. SUMMARY OF RESULTS

Well-posedness of variational formulations of mixed-type elliptic PDE problems depend
on the topological structure of the DeRham complex. One guarantees existence and
uniqueness of the solution in both the continuous and the discrete setting by select-
ing an appropriate set of function spaces, i.e. Sobolev spaces that satisfy the DeRham
complex. Finite-dimensional polynomial subspaces are taken to discretise quantities of
interest.

In isogeometric analysis spans of finite numbers of B-spline basis functions are taken
to define the function spaces in the discrete setting. One distinguishes between nodal-
and edge-type B-spline basis functions to discretise 0-forms and 1-forms in R!. In R"
tensor products of combinations of these basis functions are taken to construct k-forms.
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Derivatives of discrete forms can be obtained by applying an incidence matrix to its vec-
tor of coefficients.

The Hodge-* is discretised through the inner product matrices, known as mass ma-
trices. The resulting linear system consists of a combination of incidence matrices E and
mass matrices M. The system can be inverted to obtain the coefficients of the discrete
solution.







SCALAR TRANSPORT

Hyperbolic PDE’s involve transport of quantities with finite transport velocities. In this
chapter we aim to expand the framework derived for elliptic PDE problems to be able to
construct structure-preserving discretisation techniques for hyperbolic PDE’s. We build
towards discretisation of the non-linear convective term of the Euler equations by study-
ing scalar transport problems.

In section 4.1 we expand our toolbox of exterior calculus to be able to formulate and
analyse coordinate invariant representations of hyperbolic problems. We introduce the
Lie derivative £, and interior product i,, which describe how differential forms evolve
as they are transported along some flow with the velocity vector field v. The scalar trans-
port PDE’s that will be studied in this chapter are presented in section 4.2. In section 4.3
we discuss various strategies for the discretisation of the interior product. We choose to
discretise transport problems on a static (Eulerian) mesh using a space-time discretisa-
tion approach.

4.1. THE INTERIOR PRODUCT AND THE LIE DERIVATIVE

We introduce additional concepts from exterior calculus to describe transport phenom-
ena. For theorems and notation we rely again on Frankel’s geometry of physics, [18].
Consider some initial concentration at a point p, a 0-form p(()m(p) = pP(p, 1), that is
subjected to some flow. The problems described in this chapter consist of finding the
distribution, p® (p, 1), as it advected along with the flow. We can find the velocity of the
the concentration at p by differentiating its coordinate mapping with respect to time.
Moreover, given its velocity, we can find its pathway, the integral curve, through integra-

tion. Existence of these relations is stated in Theorem 4.1.

Theorem 4.1 (Fundamental Theorem on Vector Fields, (Sec. 1.4 [18])).
Let v: U — R" be a differentiable vector field on some manifold U c 4. For each point

51
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p € U thereis the integral curvey : (—€,€) — U, such that,

ayw  _
{dt vy (1), wn

y©0) =p.

Furthermore, there is a set Uy, the neighbourhood of p, and a differentiable mapping
®:Upx(-€,€) — R”™, such that the curve ¢;(q) := ®(q, t) satisfies the differential equation,

]
&%(q) =v(¢p:(q), (4.2)

for all time t € (—¢,€) and points q € Uy. The family of mappings (¢} is known as local
flow. The integral and differential flow-vector field relations are illustrated in Figure 4.1.
Note that the velocity-vector v at q is an element of the tangent space I~ M.

Figure 4.1: Local flow in Up,. The velocity field defines an integral curve y(¢) in p with v(p) = dz;(tt)

t=0"
Moreover, the local flow {¢p;} in U), defines a velocity field v through differentiation, e.g. %(po (@) =v(po(g)).

We can describe the change of a differential form along the flow of a vector field
through the action of the differential operator, known as the Lie-derivative.

Definition 4.1 (Lie-derivative %, (Sec. 4.2 [18])).
Let v € 9./ be the velocity vector field with flow {¢}. Let a® € A® (_«) be a differen-
tiable k-form. The Lie-derivative is the mapping £, : A — A for which,

d .
Lya® = E[%a(’”]t:{,, 4.3)

where ¢} denotes the pull-back mapping, Definition C.1. The Lie-derivative satisfies the
following relation,

Ly@P APy = 2L,a® A D +a® A 2,0, (4.4)

The Lie-derivative and the exterior derivative measure the derivative of some differential
k-form. They are related through Cartan’s formula,

ZLpa® = (diy+iyd)a®, (4.5)
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where i, is the interior product . The interior product defines a contraction of a differ-
entiable form with a vector field.

Definition 4.2 (Interior product i,, (Sec. 2.9 [18])).
The interior product is the mapping i, : A®¥ — A*~D defined by,

il/f(O) = 0)

i,,a“) — a(”(v),
with properties,

i,,(oc(k) /\ﬁ(l)) — i.,a’(k) /\ﬁ(l) + (—l)ka(k) A ivﬁ(l)y

(k) (k)

iplwa™ =—igiya’,

for vector fields v, w. Nilpotency follows from the skew-symmetry, i.e. i2 := i, 0i, = 0.

Note that the Lie-derivative commutes with both the interior product i, and the exte-
rior derivative d, which can easily be derived from Cartan’s formula, Equation 4.5, and
nilpotency of both operators.

Example 4.1 (Action of the interior product i,).
Consider vector field v on 4 <R3,

nog
V=)o

and differential forms u¥ € A®, @ € A@, and 6® € A®. The action of the interior
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product on these forms is given by,
1-form:
a noo.9 n ;
yu =) vV— ujdx’
v Zl" ox! %“ /
=) viujaj- =Y vy
i,j i

2-form:

nooo5 n )
i@ =Y v — |} wirdx! A dx*
T oxt )| %

Jj<k
n 2
=) Vwjrdxg - Yo wjrdx;
ik Jk
Jj<k Jj<k
dxl de dJC3
=det|w23 w13 W2
Ul U2 Us
3-form:

.0
iyo® = Y vi—|odxiAdx, Adxs
i 6x’
=avidx, ANdxs—ov dxy Adxs+ovidx) Adxy

We observe that the action of the interior product with vector field v is similar to the
wedge product with some differential form related to v (we recognize components of
the vector dot-, cross-, and scalar product). In fact we will be able to relate vector fields
to differential forms of the same dimension, and re-express the action of the interior
product as a wedge product on forms.

The dimension of a vector field v defined on .# < R" equals n. We can formulate
isomorphisms to transform the vector field to differential forms. Differential 1-forms,
and (n — 1)-forms have the same dimension as v which makes them suitable candidates
for the proposed relations. To map to the vector field to a 1-form we will make use of the
metric tensor, and to go to a (n — 1)-form, we will make use the interior product acting
on the n-form basis.

Definition 4.3 (Metric tensors g;;, and gij , (Sec. 2.1 [18])). Consider the basis dx; and
its dual basis dx' on .# < R". The metric tensors g;;, and g'/ are the symmetric differ-
entiable matrices,

gij = (0x;,0x;), (4.6)
g' = (dx',dx’), 4.7)
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where the bilinear operation (-,-) denotes the pairing. It's easy to see that g;; gl = 5{ )
from which it follows that g’/ = gi‘jl. The metric tensors relate the basis to its dual basis,
0x; = axj5{ =0x;(0x;, dxj> = <6x,-,6xj>dxj = gijdxj 4.8)
dx' = dxjc?{ =dx/(dx',0x;) = (dx',dx')ox; = g/ dx; (4.9)
Note that the metric tensor equals a diagonal matrix on orthogonal grids.

Definition 4.4 (Vector - Form isomorphisms). Given vector field v on .# < R", we can
relate v to an inner-oriented 1-form v® through the metric tensor,

v=Zvj6xj=ZVj (Zgjidxi)=2( . g,-jvj)dszv(”, (4.10)
j j i i\

where the components of vV are given by j8ij vJ. We can relate v to an outer oriented
(n—1)-form by applying the interior product to the n-form basis,

D = vol™ (4.11)

where vol™ := dx! A--- A dx" is the volume-form basis. Components of the (1 — 1)-
form are as shown in Example 4.1. In literature the vector-form isomorphisms are often
referred to as musical isomorphisms, defining the b operator to map the vector to a form,
and the { operator to map the form to a vector.

Finally, we can rewrite the action of the interior product with vector v on a k-form aX)
as,

i,,a(k) — (_l)k(nfk) * (*(X(k) A U(l)), (4.12)

where v is the 1-form related to v through Equation 4.10, (proof of this relation can
be found in Hirani’s work on discrete exterior calculus, [28]). We can combine this rela-

tion with Equation 4.11 to find the relation between the 1-form vV and the (1 —1)-form
(n-1)
14 j]

pD = i vol™ 27 5 (xvol ™ A v D) = (1 A v D) = %D, (4.13)
from which it follows that,
ipa® = (=1FP s (k@ ® A %07, (4.14)

We introduce the isomorphisms because they can be used to express the action of
the interior product in terms of differential forms, for which we have developed the dis-
cretisation approach in chapter 3. We are left with a choice, will we use the 1-form vV or
the (n—1)-form v"*~1? In the problems that we will study we will assume incompress-
ible flow, which implies that conservation of mass is governed by divv = 0. We can relate
divw to v~V by taking the exterior derivative of Equation 4.11,

dv"V = diyvol™ = (dive)vol™. (4.15)
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It follows that the incompressibility constraint dive = 0 equals dv""~" = 0 and d* vV = 0.
In the discrete setting we are able to preserve the exactness of the exterior derivative d,
which makes the isomorphism to =1 the favourable option. However, as we will see,
the 1-form isomorphism can be used to derive a slightly simplified representation of the
interior product’s adjoint. Next we introduce adjoints of the interior product and the Lie
derivative, which will be used to manipulate weak formulations later on.

Definition 4.5 (Cointerior product, i;).
The cointerior product is the mapping i, : A®¥ — A®+D defined by,

i = (D) EEDT g (4.16)

The action of the cointerior product i} on differential form a'®¥ can be written as the
action of a wedge product,

i:ja(k) — (_l)k(a(k) A U(U), 4.17)

where v is the 1-form related to the vector field v. The Cointerior product is the adjoint
of the interior product,

(k=1 ; (k) _ [:*pk=1) (k)
(/J’ Vv )M—(z,,ﬁ X )M (4.18)
Proofs of these relations are provided in Appendix B.
Definition 4.6 (Co-Lie derivative £;).
The Co-Lie derivative is the mapping £, : A®¥) — A® defined by,

L= (DD g 4.19)

The co-Lie derivative is related to the codifferential and the cointerior product through
arelation mirroring Cartan’s formula, Equation 4.5,

Lra® =@ it +itd*)a®. (4.20)

The co-Lie derivative is the adjoint of the Lie-derivative,

(‘B(k)’g:a(k))ﬂ :(fvﬁ(k)’a(k))ﬂ_ (ﬁ(k)yi;a(k)) ivﬁ(k)’a(k))(m_ 4.21)

o (
In the upcoming section we will use the interior product and Lie-derivative to formulate
the equations governing advection problems. We will present the model problems on

periodic domains that will be studied in this chapter.

4.2. TRANSPORT PROBLEMS

In this section we derive the governing equations for scalar transport problems. We
present some test problems, which will be analysed in the sections to come. Scalar trans-
portis governed by the conservation of mass. Let p'"” denote the density of a given quan-
tity. The total mass M is given by,

M= o™, 4.22)
V()
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where V (#) c . is some volume. Application of the transport theorem leads to the gov-
erning equations describing scalar transport. A formal derivation of the governing equa-
tions can be found in Appendix G.

Theorem 4.2 (Transport Theorem).
The time-rate of change of a k-form a'® € AW paired to a k-dimensional sub-manifold
V c M at some time-instant t € R is given by,

(k)
da f o = f 0 | 4,ab]. (4.23)
dt 1%40) 1%0) ot

Theorem 4.3 (Scalar Transport Equations). The equation for conservation of mass of
some quantity with density distribution p'"" that is advected along with some incompress-
ible fluid with velocity vector field v is given by,

(n)
f (ap +££,,p(")):0, (4.24)
V(1)

for some volume V(1) c M. The velocity vector field satisfies the incompressibility con-
straint, divv = 0 or dv""~V = 0, where v~V is the (n — 1)-form associated with v.

We can derive alternative formulations of the governing transport equation, Equa-
tion 4.24, by considering dual formulation or incorporating the incompressibility con-
straint, i.e. the non-conservative form. All four formulations are derived in Appendix G.
Consider the dual formulation of the non-conservative formulation,

— + 2,09 =0. (4.25)

We choose to define the problems on periodic domains. A solution leaving one part
of the domain, enters the domain on the other side. We denote periodic domains with
reverse brackets, ]-,-[. Note that a periodic domain in R! has the topology of a circle,
whereas a periodic domain in R? has the topology of a torus, Figure 4.2. The benchmark
problems that we consider, were introduced in the book by Donea and Huerta (Sec 3.11
[2D.

Figure 4.2: Periodic domain in R? has the topology of a torus.
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Problem 4.1 (Scalar advection-diffusion in R!).

Consider the space-time manifold 2 = Q x R;, where Q :=]0,1[ is the periodic unit-
interval. The incompressibility condition in R! is satisfied if the velocity field is constant,
i.e v = Udy, with U € R. Given some diffusion coefficient ¢ € R,, and as initial solution
9 (x,0) := po(x) at £ = 0 the sinusoid,

(4.26)

pol) = 3 (1+cos(Z(x-xp)), iflx—xl=<o,
0 , elsewhere

The initial solution is compactly supported on [xy— 0, xo+0], has maximum equal to 1 at

Xp, and is continuously differentiable. It has mass [ podx = o, and moment [ p%d X= %TU.
We take xo = 3 and o = 0.2, Figure 4.3a. The problem then consists of finding p® (x, 1) €

AQ(2) such that,

0,09 +i.do® —ed*do® =0
{ 00 +iydp® —ed*dp . 427

09 (x,0) = po(x)

We will mainly focus on the case of pure advection, € = 0, for which the exact solution is
given by p© (x, 1) = po(x—U?1), i.e. the solution traverses the domain with velocity U. We
will show that diffusion has a stabilizing effect on the numerical solution.
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po(z)
o
w

0.0F

0.1 0.3 0.5 0.7 0.9

(a) Equation 4.26 with xg = 0.5 and 0 = 0.2.

(b) Equation 4.28 with (xg, y9) = (0.3,0.3, and
o=0.2.

Figure 4.3: Initial condition for the advection problems in RL (top) and R2 (bottom). The initial condition is
continuously differentiable, is compactly supported, and has unit maximum at its center location.

Problem 4.2 (Scalar advection in R?).
Consider the space-time manifold 2 = Q x R, where Q =]0, 1[2 is the periodic unit-
square. As an initial condition we take the tensor product of the sinusoids, Equation 4.26,

9 (x,7,0) = po(x)po (). (4.28)

The initial solution is compactly supported on [(xp, yp) = (0,0)], has its maximum equal
to 1 located at (xg, yp), and is continuously differentiable. It has mass [ podx A dy = 02,
and moment fp%dx/\ dy= 1%02. We take initial position (xo, yp) = (0.3,0.3), and 0 = 0.2.
The problem then consists of finding p© (x, 1) € A© (2) such that,

atp(o) + iydp(O) =0
p©Q(x,5,0) = po(x,3)’
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for a given velocity field v. We will consider two different incompressible flow fields, the
circular velocity-field, and the Rudman vortex. We define the circular velocity field,

v= 2( l) 9 +2(x 1) 9 (4.29)
~ 7 2) ox 2)oy’ '

One can verify that div v = 0. By using the polar coordinate transformation (x—1, y— %) =
(r cosB,rsinf), one can show the radial component of the flow equals zero. Furthermore
we find that | v|| = 2r. Hence, the fluid parcel with initial position on r traverses the orbit
vy = r, with period T = ZZer = n[s]. Iso-contours of the stream function are shown in
Figure 4.4a, indicating the circular paths, and the increase in velocity with r. Note that
the circular velocity field is discontinuous on a periodic domain.

The second test case that we introduce is the Rudman vortex velocity field, [29]. The

Rudman vortex is defined as,
v = Asin(nx) cos(my) — Acos(mx)sin(my) (4.30)
0x J ay’ ’

for some constant A € R. The Rudman vortex is a continuously differentiable incom-
pressible flow-field that deforms volumes, making it a more difficult test case in the dis-
crete setting. Iso-contours of the Rudman vortex are shown in Figure 4.4b. The dis-
tance between 2 iso-contours varies, hence any parcel that is advected in the stream-
tube bound by these iso-contours will alternatively accelerate and decelerate along the
way.

1.0 - 1.0
> 05} 4 > 05}
0'%.0 05 1.0 0‘%.0 05 1.0
@y =—[(x2-x)+ (2 -] () v = 4 sin(rx) sin(ry)

Figure 4.4: Iso-contours of the stream function 1//(0) corresponding to (left) the circular velocity field,
Equation 4.29, and (right) the Rudman vortex, Equation 4.30.

In the next sections we will discretise these problems using a space-time method.
Most classical methods first discretise the spatial dependencies to obtain a semi-discrete
system of differential algebraic equations. Often these equations are solved using an ex-
plicit, implicit, or combined multi-stepping algorithm. In a space-time finite element
method one expands variables in both space- and time-dependent basis functions. One



4.3. DISCRETISATION OF TRANSPORT PROBLEMS 61

advantage of this approach is that implementation of time dependencies of the con-
sidered problem become trivial. Together with the advantages of isogeometric analysis,
space-time discretisations would be highly advantageous for moving-boundary prob-
lems, or fluid structure interactions. Another advantage is the possibility to (locally) re-
fine in both space and time, e.g. as shown in the work by Abedi et al. [30]. The advantages
of space-time methods come at a cost however. The additional temporal dimension have
a huge impact on both assembly cost and solve cost.

Our motivation to choose for space-time approach is that it is consistent with our
framework, and because it is convenient for rigorous stability analysis. It motivates us to
introduce the following notation.

Definition 4.7 (Space-time Lie-derivative £y, (Sec 4.3 [18])).

Consider the space-time domain Q = Q x T, with spatial domain Q < R™ and T =
[0, ] the considered time-interval. The space-time Lie-derivative is the mapping Zx :
AP (Q) — (Q) that satisfies,

Pxa® = (dix +ixd)a® (4.31)

aa(k)
+ Lya®, (4.32)

=cC

where constant c is the velocity of the time-frame (usually we take ¢ = 1), X the space-
time velocity-vector X := Ca% + v, and d the space-time exterior derivative,

*) 9a' )
da =dt/\7+da . (4.33)

4.3. DISCRETISATION OF TRANSPORT PROBLEMS

Solutions on periodic domains will need to be reconstructed using a periodic spline ba-
sis. A set of periodic node- and edge-type basis is shown in Figure 4.5. Such basis can
be obtain from on ordinary B-spline basis through knot insertion, Appendix H. In this
approach, we obtain transformation matrices that maps a standard set of B-spline basis
functions to a set of periodic B-spline basis functions.

Note that the dimension of the node-type basis corresponding to a periodic basis is
equal to the dimension of its corresponding edge-type basis, i.e. a circular grid has an
equal amount of nodes and edges. In Appendix H we show how a periodic basis can be
constructed.
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Figure 4.5: The set of (top) nodal- and (bottom) edge-type periodic B-splines, AEO) (&) and /1&.1) &),
corresponding to WdA(O) = L@f,

Proposed strategies to discretise the Lie-derivative can roughly be divided into 3 cat-
egories, static, dynamic, and mixed approaches. In the static approach (Eulerian), the
mesh is fixed, and fluxes are approximated using interpolation- or projection methods.
In the dynamic approach (Lagrangian), the flow is approximated, and the mesh is ad-
vected with the flow. Dynamic approaches require periodical re-meshing to cope with
accumulated deformations. In the mixed approach (Semi-Lagrangian), the mesh is ad-
vected to approximate fluxes.

Most dynamic- and mixed approaches rely on the idea of extrusion , e.g. Bossavit, [31],
Heumann & Hiptmair, [32], and Mullen et al. [33]. In these approaches one approxi-
mates the extruded volume E, (V, 1),

E,WV,n= U V@, (4.34)
17€(0,1]

and use an upwind/downwind approach to approximate integral fluxes, Figure 4.6. An-
other approach was explored in the thesis works by Palha and Rebelo, [34, 35]. They ap-
proximated fluxes by pulling back quadrature points over some time-step. The dynamic-
and mixed approaches rely on the quality of the mapping. The development of volume-
preserving mappings, corresponding to an incompressible flow-field, would be of great
benefit for these approaches. Although these approaches are equally valid strategies to
discretise transport phenomena, we will pursuit a static strategy.
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Figure 4.6: Approximation of the extruded volume Ey (V, t).

To discretise the action of the interior product in a static approach, we need to find
a suitable vector-basis that mimics the pairing of a vector and a differential form. Ger-
ritsma et al. try to define the Lie-derivative on cochain structures using pointwise con-
tractions, [36]. This requires point-wise storage of both function-values and derivatives,
e.g. using hermite polynomials. However, we wish to expand the framework introduced
in chapter 3 using nodal- and edge-type B-splines to discretise differential forms. In-
stead of trying to find a proper basis for vectors to discretise the interior product, we
look at its adjoint, the wedge product between differential forms.

Example 4.2 (Discrete Wedge Product).
Consider the discretisation of i,p® on Q c R?. We can derive a weak formulation by
taking the inner product with test function w®,

(WD, 1,p®), 2" (WD A v, p@) = (0@ p®?),,

where vV is the 1-form associated with v, and 0@ = w™ A vV, In the discrete setting
we take,

i

I _ 1 (0) 0) 1
w), —lzj:wj-fj/ll. (x))Lj (y)dx+izj:wyjiti (x)/lj (ndy

v = % v,f’l/lgcl) AP ()dx+ % U%vl/lf) AP gdy
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1)

The 2-form a(hz) =w,’ A v )is then given by,

o =l v} = 3w AP @AY AP WA pdxndy

- Z w”vkl/l(o) (x)/l(o)(y)/l(l)(x)it(l)(y)dx/\dy
ijkl
= Z wl]vklgb(o) qb(z)dx/\dy wl]vkl(,b(o’gb(z) dxndy

_Z(wllyk] k] ll)¢(0)¢(2)dxAdy
ijkl

_Z Z( Wi k] k] ll)(p(o)](pf}dx/\dy

= Za,,] (x, y)(,b(Z)dx/\ dy.
ij

The result is different from the 2-forms that we defined in chapter 3. From the example
we see that the wedge product A does not send the discrete forms to the right space, and
does not satisfy the desired commutativity shown in the diagram, Figure 4.7. To map the
wedge product to the right space we can use projection or interpolation techniques.

A AD
(k) Ak+l) a®
Aglk) - AS)
/\\,4 %
(k+1
APHD

Figure 4.7: desired commutativity of the wedge product

Definition 4.8 (Contraction Matrices C(k LRy
The contraction matrix, C(,,kh LK)

(CE,’;_L’C)) . are given by,
1]

(ngkh—l,k))

,is the linear mapping C\x P : ¢ — c*=1_Its entries

_ (k-1 (k)) - ( (k-1 , (1) (k))

y ((,bl. ) = (@ Al o) (4.35)
where v{" =11 ™ with v is the 1-form associated with the vector v. The continuous
velocity-field v can also be used if it is known. The contraction matrix approximates the
interior product. Contraction matrices only approximate the interior product’s nilpo-
tency, whereas the incidence matrices satisfy the nilpotency of the exterior derivative
exactly.
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Example 4.3 (Computation of C(,,O’D and CE,I’Z] ).
Let v = uy(x, y)0x + uy(x, )0y be the velocity vector field on Q R?. The 1-form contrac-

tion matrix 6359’1) is given by,
01) _ (@ : (1
CE} ) _((p( ),lv(p( ))Q
:f O A xiyp®
Q
T
1
u
= [ @) B || dxnay
Q uydy

:L ([(p(O) Mx(¢gcl))T (p(O) uy((pg’l))T]) dxndy
The 2-form contraction matrix CE}'Z) is given by,

el = (¢, i, ?),,
:f D A wiyp?
Q
B oPdx |\ ([-upPdx
s e
) —pW 1y ()7
5 ([ o oy

We can use a combination of incidence matrices E*'¥~1) and contraction matrices
CL’j;l'k), to differentiate the Lie-derivative as shown in the following example.

i

)dx/\dy

Example 4.4 (Discretisation of the scalar advection-diffusion equation).

Consider the scalar advection-diffusion problem on the space-time domain 2 =Q x T,
where Q =]0, 1] is the unit-interval periodic domain, Problem 4.1, and T = [0, f] the con-
sidered time-interval. Note that the space-time domain Q has the topology of a cylinder.
We obtain a weak formulation of Equation 4.27 by taking the inner product with test-
function w® € WAL (Q), with w® = 0 at ¢ = 0, and integrate-by-parts the diffusive
term,

(w®, £xp®) =¢(dw,dp"),,,

with Zx the space-time Lie-derivative, and X = cd; + ud,. To discretise the system we
take WdAg)) = 9;? '’ The 0-form basis is the product of periodic splines in the spatial

dimension and ordinary splines in the temporal dimension, (/)E.O} (x, 1) = A;(x)A;(1). We
let,

0 1 0 0 1 0
and ﬁnd,

) ©®) _,, Te0,D(10)
(wh yixdp, )Q—w Cxy 'E7p

T
(0) o) _ ., T ([r10 (1,1)(1,0)
(dwh dpy, )Q—w ([EQ ) MY VEG T o,
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where [ES'O] is the incidence matrix acting on spatial edges only. Note that

T
ELO) = [[Eg'm ) [E(Tl’o)] , with [E(Tl'o) acting on temporal edges. The resulting system can be
written as,

T
0,1 (1,00, — (1,0) 1,1)z(1,0)
COVEMp =e(ESY) MUVESp

Note that the initial condition is an essential boundary condition which needs to be en-
forced. For a few example runs we take spline spaces with dimension n = 24, and poly-
nomial order p = 2. We consider the following 3 cases,

1. Pure advectionwithU=1,c=1,ande=0
2. Advection-diffusion with U =1, ¢ =1, and € = 0.001
3. Slowed time-frame with U =1, ¢ = %, and € =0.001

The results are shown in Figure 4.8. In every case mass was conserved with machine
precision. In the first case solution traversed the domain once. Spurious oscillations
are observed at various locations through space and time. These oscillations or wiggles
are characteristic in higher-order approximations of advective problems. These wiggles
accumulate over time destabilizing the numerical solution. The next section is devoted
to the analysis and control of these oscillations.

In the second problem diffusion was added, causing the distribution to smear out
as it travels through space and time. The action of diffusion is, unlike convection, gov-
erned by symmetric operations causing the smearing to take place in both spatial direc-
tions. Spurious oscillations will smear out for this case. Some classical solution methods
add artificial diffusion, or exploit the dissipative behaviour of a scheme to control os-
cillations. The disadvantage of these approaches is that they also smear out the desired
solution.

In the final case we halved the velocity of the time frame. This has the consequence
that it takes twice as long to reach the end-state. We observed that the distribution tra-
verses the domain two times, and that the smearing reduces the distribution to the near
constant value of o = 0.2.

To reduce the cost of assembly and solving we take a partition of the domain in
temporal direction. Consider space-time domain Q = [Q, T] with T = [0,f]. We take
a uniformly distributed sequence of time-instants, {0 = f, #1, f2,..., Iy = t}, such that
T =Uk=o0ltk, tr+1], and At = [t41 — t]. The domain is now divided into N —1 space-time
slabs. The system can be assembled- and solved in a sequence, one slab at a time. The
initial condition of a new slab equals the outflow solution of the previous slab, which
gives C° continuity in-between slabs. Alternatively, a discontinuous-galerkin method
can be used to enforce continuity over slabs.

Example 4.5 (Circular Transport using Space-Time Slabs).
Consider the circular transport problem on a periodic domain introduced in Problem 4.2.
Welet T = [0, 7], i.e. 1 period, and divide Q in N = 8 space-time slabs AQ = Q x AT with
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Figure 4.8: Solutions for scalar advection diffusion equation on space-time manifold Q = Q x [0, 1] for
n =24, p = 2. Three cases were considered. Upper figures correspond to {u, ¢,e} = {1,1,0}, center figures to
{u, c,e} ={1,1,0.001}, and lower figures to {u, c,e} = {1, %,0.001}. Left column shows iscontours of the
distribution as it travels through space-time. The right column shows surface plots. Colors/height indicate
the value of the density p@) he

temporal length AT = n/8. We obtain the weak formulation of the space-time problem
on a slab by multiplying with some test-function w©® € A(OO) (AQ),

(0, 20120, VU eAVQ)

where the boundary condition at t = #; is enforced strongly at each slab. We define

the discrete problem by taking A% = .57, x #2, such that w!” = w’¢® and p© =




68 4. SCALAR TRANSPORT

pT¢?. We find system of equations,
Cg?’l)[E(l’O)P =0.

The system needs to be solved slab-by-slab using the final solution at AQ* as initial so-
lution for AQ¥*!, Results are shown Figure 4.9a.

The shape and the height of the sinusoid are reasonably well preserved with some
error at its outer contour, and some deformation at its lower- and left side. Again, er-
roneous wiggles are observed over the domain. These wiggles form a circular pattern
along the sinusoids pathway. These oscillations generally have a large amplitude at the
outer region where the transport velocity is the highest. In the next section we aim to get
a better understanding of these oscillations, and try to control them.
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Figure 4.9: Contour plots of approximate solution p(}?) and corresponding error e;,m using a standard Galerkin

approach to solve the circular advection problem after one period, T = n. Spatial x temporal spline spaces

A;?) = 9’22“324 x 5’82, number of slabs k = 8.




70 4. SCALAR TRANSPORT

4.4, SUMMARY OF RESULTS

The Lie-derivative £, describes variations of a k-form along the flow of some vector
field v. It is related to the exterior derivative d and the interior product i, through Car-
tan’s formula. The interior product i, describes the contraction of some k-form with a
vector field v, and it is a topological operator. These operators are used to construct a
coordinate invariant representation of hyperbolic PDE’s.

The vector field v can be related to a 1-form v", which can be discretised in the
existing framework using nodal- and edge-type B-spline basis functions. This construc-
tion introduces Hodge-x dependencies, inducing error in the discretisation, i.e. the ex-
act structure of the interior product is not conserved. The contraction matrix C, is the
resulting inner product matrix of the interior product. The resulting system consists of
a linear combination of incidence, mass, and contraction matrices, E, M, and C,. The
discrete solution suffers from spurious oscillations, which grow over time.



EULER EQUATIONS

The incompressible Euler equations in fluid dynamics describe balance of mass, mo-
mentum, and energy in absence of viscosity and thermal conductivity when variations
of density are small, i.e. incompressible fluids. Solutions of these equations describe the
pressure, velocity, thermal fields in a region of interest. The incompressible Euler equa-
tions have a rich geometric structure, which studied in the classical work by Arnold, [15].
The Euler equations contain various symmetries and invariants. In our discretisation we
aim to preserve this structure, and conserve invariants in our simulations.

In section 5.1 we present an coordinate invariant representation of the Euler equa-
tions, and discuss various formulations. The discretisation approach is discussed in sec-
tion 5.2. The spatial discretisation can be constructed, such that the invariants are con-
served at the semi-discrete level. The time integrator must be carefully selected to satisfy
this conservation at each discrete time level. In section 5.3 we verify our results by run-
ning various simulations.

5.1. THE EULER EQUATIONS

The Euler equations govern conservation of mass, momentum, and energy under the
assumptions of incompressible and inviscid flow. Solutions of these equations describe
the motion of idealised fluids. Under the assumption of incompressible flow, variations
in mass density p""” are assumed to be small. For this case the mass and momentum
equations can be solved independently from the energy equation. The assumption is
generally used to model liquids and subsonic gas flows (i.e. low Mach number flows).
Under the assumption of inviscid flow, viscous effects and shear stresses are assumed to
be zero. For this case, boundary layers and turbulent effects are neglected. This assump-
tion is used to model convection-dominates flow (i.e. high Reynolds number flows) out-
side boundary layers.

The conservation of momentum of an incompressible and inviscid fluid flow in R” is

71
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given by,

av;j avj 1 0p
E+Ui(axi)=———.+bj, (5.1)

with v; the components of the velocity field with j = {1,---, n}, p the pressure, p the mass
density, and b; components of body force. In Appendix I we derive a coordinate invariant
form of the Euler equations expressed.

Theorem 5.1 (Euler Equations for Incompressible Flow, (Sec. 4.3c [18])). The equations
for conservation of mass and momentum for an ideal incompressible fluid on manifold
M < R" are given by,

d*vV =0 (5.2)
avt

o +P, v = —df(O), (5.3)

where v is the velocity-vector field, vV the velocity 1-form associated with v, and f©
given by,

d 1
FO =f7p—5||v(”||2+¢“”,

with pressure p, mass density p, and potential ¥ . We can solve for f© using the pressure
Poisson equation, which can be obtained by taking the codifferetial d* of Equation 1.3,
and substitute the incompressibility constraint, Equation 1.2,

d* Ly vV =-AfO, (5.4)

An equivalent system of equations can be derived by taking the exterior derivative d of
these equations.

Theorem 5.2 (Vorticity Formulation of the Euler Equations). The equations for conser-
vation of mass and momentum for an ideal incompressible fluid on manifold 4 < R" are
given by,

AW(Z) — w(Z) (5.5)
d0®
ot

+ Lyw® =0, (5.6)

wherew® is the stream function with d*y'® = vV, and vorticity 0® = dvV.

The Euler equations have a Hamiltonian structure, which was studied in the classical
work by Vladimir Arnold [15]. The equations govern various symmetries and invariants.
In the discrete setting we aim to preserve these structures and conserve the mentioned
quantities over time. The Euler equations satisfy conservation of integral circulation T,
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vorticity Q, and helicity H,

ir:iy( O, (5.7)
dt dt y(t)

d d

—Q=— [2):0, 5.8
dat dt[q(t)w ©8)
d d

Aduy-4[ po_ 5.9
dt dtj;/(t) (5.9)

where h® = v Aw® is the helicity 3-form. Formal derivation of these results is given in
Appendix I. Note that conservation of circulation and vorticity express an equal result,
one can derive one from another by applying the generalised Stokes’ theorem, Equa-
tion 2.13. Helicity is not the only quadratic invariant conserved by the Euler equations.

The equations also govern conservation of kinetic-energy K,
d dl
— 10 .,@ —
Zk=2Z(W,p =0, 5.10
dt dt2( Jvin 610

and in R? the conservation of enstrophy S,

d _il(wa),

Z5= @)
dr  dt2

w =0. (5.11)

403

Proof of these relations is given in Appendix I.

The exact part of the Lie derivative, i.e. di, v® | can be included in the right-hand-
side term to minimize the amount of terms that need to be discretised. We define the
energy head ,

gV :=f0+i,00, (5.12)
such that the momentum equation, Equation 1.3, can be written as,

oy
ot

which is known as Gromeka-Lamb’s formulation (sec. 4.4.10. [37]).

We can obtain dual formulations of the Euler equations by applying the Hodge -
operator, and substituting the adjoint co-differential d* and co-Lie-derivative £, , which
have been introduced in section 2.4 and section 4.1. In order to avoid confusion with vV
in R we denote q(l) =i vvol(") as the (n—1)-form associated with the velocity vector field
v.

+i,dvV =—dg?, (5.13)

Theorem 5.3 (Dual Formulations of the Euler equations). The dual equations for the
conservation of mass and momentum for an ideal incompressible fluid on manifold 4 <
R”" are given by,

dg" V=0 (5.14)

0 (n—1)
qaz C it = g g™, (5.15)
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where v is the velocity-vector field, ¢~V = xvV the forms associated with v, 0"~ =
(-1)"td* q'"=V is the dual vorticity form, and g™ = x g9 the energy head, Equation 5.12.
The dual pressure Poisson equation is given by,

(n=2) — A g™, (5.16)

—-di,w
The stream function is given by w2, such that dy"=? = g~V The dual vorticity
formulation is given by,

(1) A D = 1D 5.17)
6w(n—2)

TR d*ite™? =0. (5.18)

Note that d* w2 =i} % q\V.

In the continuous setting primal and dual formulation are equivalent. In the discrete
setting, however, as we have learned in the previous chapters, the choice of formulation
has an impact on the conservative properties. The exactness of the exterior derivative d
can be conserved. The primal formulation enables exactness of the vorticity constraint
ddv? = dw® =0 in the discrete setting, whereas the dual formulation enables exact-
ness of the incompressibility constraint ddy""~? = dg™~V = 0.

Note that the equations introduced need to be solved in pairs in order to solve for all
unknowns. The pressure Poisson equation, Equation 5.16, needs to be solved together
with the momentum equations, Equation 5.15, to solve for unknowns g™ and g""”. Sim-
ilarly the stream function Poisson equation, Equation 5.17, needs to be solved with the
vorticity equation, Equation 5.18, to solve for unknowns w2 and =2, We will refer
to these as the momentum-pressure equations, and the vorticity-stream equations.

5.2. DISCRETISATION OF THE EULER EQUATIONS

Exactness of conservation of mass, i.e. the incompressibility constraint, is required in
the discrete setting in order to satisfy conservation of some other quantities as we will
show later on. This motivates us to discretise the dual formulations, where the incom-
pressibility is governed by the exterior derivative d, rather than the codifferential d*. In
this section we will derive discretisations of the momentum and vorticity formulation.
The semi-discrete system conserves integral mass, vorticity, kinetic energy and enstro-
phy (proof in Appendix J). The time discretisation technique must carefully be selected
to conserve these quantities over time.

Definition 5.1 (discretisation of the Momentum-Pressure Formulation). Consider the
periodic unit square domain, Q =]0, 1[?>. We obtain a weak-formulation of the pressure
Poisson equation and the velocity equation, Equation 5.16 and Equation 5.15, by taking
the inner product with test functions r® € A%” () and sV € A" (),

(T(Z),di:) * q(l))Q - (r(Z),dd*g(Z))Q,
(s0,0,0) g - (sD, i % gV, = (dsD,g?),
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Note that the pressure-Poisson equations needs to be solved by taking a system of first
order equations as was done for the 2-form Poisson equation, Example 3.5. We define
the discrete solution by taking,
@) _ T 52 M) _ (T p(D)
A
g, =8¢, a, =a ¢,

which leads to the non-linear time-dependent system of equations,

—M@D ([E(Z,l))TM(Z,Z) [h] [ 0
- 4 (5.19)
2D @ g —E@D (MOD) Cf‘};ll)q
0 T
MY 6—7 -ciVg=(E*Y) M>?g. (5.20)

The semi-discrete system of non-linear equations satisfies conservation of mass, vortic-
ity, kinetic energy, and enstrophy. Proof is presented in Appendix J. However, not every
time discretisation preserves the invariance of these quantities over time. Numerical
schemes that preserve structures of Hamiltonian systems are symplectic integrators and
energy-conserving integrators. Palha and Gerritsma studied and derived these integra-
tors for Hamiltonian ODE systems from a structure-preserving discretisation framework,
[38]. The simplest of these methods is the implicit midpoint method.

Definition 5.2 (Implicit Midpoint Method). Given time-dependent system of non-linear
equations,

(5.21)

WO _ Ay
with,  y(t%) =y,

where y; denotes the solution at time-instant ;. The implicit midpoint method is given
by,

Yir1 — Vi

=A@, (5.22)

with 3 = 1 (¥4, + ¥¢), and time-step A = t5y; — f. The implicit midpoint method is
second order accurate in time.

Application of the implicit midpoint method to the discrete momentum equation,
Equation J.2, yields the system of non-linear equations,

9k~ 9 1 _an I e Th,22
M )JrA—t_ECa;h (qk+1+qk)=§([5( )M (g +84)- (5.23)

We define the following algorithm,

1. Initialise:
Given solution q;, wy, g at time level #;. Let initially @ := wy.
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2. Iterate:
Assemble contraction matrix C‘%;ll). Simultaneously solve the discrete momentum
equation and the pressure-Poisson equation, Equation 5.23 and Equation J.1, to
obtain solutions g1 and gi;;. Evaluate w1, let @ := % (w41 + wyp). Iterate this
step until set convergence criterion is met.
Conservation of mass depends on pairing of Cg;)q and g, which can be achieved
by simultaneously solving for gy, and gx+;. Conservation of integral vorticity is inde-
pendent of the choice on time-integrator. It depends on the exactness of the exterior
derivative, which, by construction, is satisfied by EL9 . Conservation of kinetic energy
and enstrophy are preserved using the implicit midpoint method (can be checked us-
ing the relations in Appendix J). However, enstrophy conservation depends on correct
matching of @ and g, which requires convergence of the linearisation technique. We let
our convergence criterion depend on the enstrophy error, i.e. we iterate until

Sn(tkr1) = Snlto) _ (5.24)
Sn(to) - '

where 7 is the desired tolerance, e.g. 7 = 1075, and Sy, the discrete enstrophy,
Sp=w! W) Mg (5.25)

Definition 5.3 (discretisation of the Vorticity-Stream Formulation). Consider the peri-
odic unit-square domain, Q =]0, 1 [2. We obtain weak-formulations of the stream-function
Poisson equation and the vorticity equation, Equation 5.17 and Equation 5.18, by taking
the inner product with test functions @, 5@ e A (),

—(dr©®, gy ©® = (r© 4O
( (0) 1I{O) )Q i 0 0 ( )Q (5.26)
(s9,0,0?), - (ivds?,0?), =0
We define the discrete solution by taking,
0 0
v, =y (P(), 0, =w (p(),
which leads to the non-linear time-dependent system of equations,
MO0 ¢ + (EC0) T MADEL0 4 — g (5.27)
w00 22 (C(O'U[E(l'o))T w=0 (5.28)
ar \7vn B '

We will prove that the discrete equations satisfy the relevant conservation laws that we
derived in the previous section, section 5.1.
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Application of the implicit midpoint method to the discrete vorticity equation, Equa-
tion J.5, yields the system of non-linear equations,

Wil — Wi _l
At 2

T
M©0 (cOVEM) (@it +wp) =0, (5.29)

We define the following algorithm.

1. Initialise:
Given solution q;, wy, g, at time level #;. Let initially g := q,..

2. Iterate:
Assemble contraction matrix Cg)'l). Solve the discrete vorticity equation, Equa-
tion 5.29, to obtain w41. Then solve the discrete stream-function Poisson equa-
tion, Equation 5.27, to obtain solution stream-function y_,. Evaluate q,_,, and
letg:= % (q+1 + g1)- Iterate this step until set convergence criterion is met.

The advantage of this formulation is that conservation of mass is satisfied by con-
struction of the stream-function. Therefore, it is not required to solve the vorticity- and
Poisson equations simultaneously. Again, conservation of integral vorticity is indepen-
dent on the choice of time integrator. Conservation of kinetic-energy and enstrophy are
preserved using the implicit midpoint method. However, conservation of kinetic-energy
depends on the non-linear solution, and requires convergence of the linearisations tech-
nique. We let the convergence criterion depend on the kinetic-energy error, i.e. we set,

Kintesn) — Knto) _ (5.30)
Ky, (10) - .

where 7 is the desired tolerance, and K}, the discrete kinetic-energy,
Kp =9 MO0y, (5.31)

It was shown by Palha and Gerritsma that the non-linear systems ,Equation 5.23 and
Equation 5.29, can be combined into two systems of quasi-linear equations which can be
solved staggered at time [17]. This approach combines the mass, vorticity, and enstrophy
conserving properties of the vorticity formulation with the vorticity, and kinetic-energy
conserving properties of the momentum formulation, and conserves all quantities with-
out costly iterative techniques. In the next section we validate our results by introducing
some test problems.

5.3. RESULTS, AND ANALYSIS

The problem of two co-rotating Taylor vortices was introduced by Mullen et al. to analyze
the performance of structure-preserving discretisations. Two equipotent vortices will
split apart above some critical distance. Non-conserving methods fail to reproduce this
behaviour after which the vortices merge together into one big vortex, [33]. We will look
at the problem of
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Example 5.1 (Taylor Vortices). Consider the Euler equations on Q =]0,1[%. As initial
condition we consider a distribution of N = 2 Taylor vortices of equal strength, which
induce vorticity,

2

2 .
yoi ( (5.32)

wx) =)

i=1

(r—r,-)z) 1( (r(x)—r,-)z)
- exp-|(l-—————),

a? 2 a?

where U = 1 is the maximal tangential velocity, a = 0.075 the vortex strength, o; = 1,
the direction of rotation (positive for counter-clockwise), and (r(x) — r;)? the squared
distance to the i-th core. We place initial cores near the center of the domain, (x;, y;) =
{(0.4,0.5), (0.6,0.5)}, Equation 5.32. The cores will start to circle around the center. The
vortices deform in a stretching motion, which causes a tail to be formed at each vor-
tex. The cores briefly touch, but the cores have gained too much momentum to merge.
Instead they drift apart. Note that stabilized numerical techniques would induce mo-
mentum loss, which could fail in capturing this behaviour.

We considered two configurations to show that the conservative properties are inde-
pendent of discretisation parameters. In the first configuration we used a spline basis of
polynomial order p = 1 with dimension n = 48, and used a time-step At = 1/16. In the
second configuration we let p = 2 and n = 64, and let At = 1/32. The solutions at t = 1.5
are shown in Figure 5.1. Both configurations were able to capture the non-merging mo-
tion. The resulting distributions are roughly the same. However, the cores correspond-
ing to the first configuration are less compact. We also observe more local extrema in the
centre region and in the tail regions. Finally, there is a difference in the core locations.

The vortex-stream formulation governs static conservation of mass, and dynamic
conservation of vorticity, kinetic energy, and enstrophy. We compare the dynamically
conserved quantities to their initial value, whereas the static quantity is evaluated at
each instant. Results of both configurations are shown in Figure 5.1. Both configurations
conserve enstrophy, vorticity, and mass with great precision. Kinetic energy is bounded
with relative error less than 1 percent. The quadratic quantities, i.e. kinetic energy and
enstrophy, are better conserved by the second configuration.
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Figure 5.1: Vorticity »(? at £ = 1.5 of Taylor vortices on a periodic domain. Spline basis 7 =48, p = 1, and
time-step At = 1/32 (left), and n =64, p =2, At = 1/64 (right).
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Figure 5.2: Vorticity w© at various time-instants of simulated motion of an initial distribution of co-rotating
Taylor vortices on a periodic domain. Results were obtained using spline basis of polynomial order p = 2 and
dimension n = 64, and time-step size At = 1/64.
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Figure 5.3: Enstrophy error (upper left), vorticity error (upper right), kinetic energy error (lower left), and total
mass flux (lower right) over time for the co-rotating Taylor vortices on a periodic domain. Spline basis n = 48,
p =1, and time-step At =1/32 (blue), and n =64, p =2, At = 1/16 (green).
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Figure 5.4: Enstrophy error error (upper left), vorticity (upper right), kinetic energy error (lower left), and total
mass flux (lower right) over time for the counter-rotating Taylor vortices on a semi-periodic domain. Spline
basis n =64, p =2, and time-step At = 1/16 were used.
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Example 5.2 (Solid Wall Boundary). So far we have only considered periodic domains.
In this example we introduce solid wall boundaries. Consider cylindrical domain Q =
10,1[x[0, 1], which is periodic in x and non-periodic in y. Boundaries 0Q = {(x,y) €
Q, y € {0,1}} are impenetrable walls, which requires normal velocity components to be

equal to zero, i.e. q,(cl) —vdx=0atoQ.

The weak formulation of the vorticity-stream formulation including boundary terms
is given by,

~(@r®,ay ), +(r®,dy®),, = (r®,09),
(s9,0,0?), - (ivds®,0?) o + (s, ig0®),;, =0

The boundary terms that appear in the stream function Poisson equation can be used
to satisfy tangential flow conditions. The bounder terms in the vorticity equation can be
used to describe the in- and outflow of vorticity. In the case of the mentioned solid-wall
boundary conditions, evaluation of these natural boundary conditions yields,

0) ) — 0) 0 _
r,d —f Axd f r—dx
(v oa = | v M s’ oy

In- and outflow boundary conditions are essential boundary conditions. The impene-
trable wall condition corresponds to zero inflow. It follows that the stream function ¢
needs to be constant at the boundaries,

6_1//
0x |o0
=>y0Q)=C

(1) 0Q) =

where we take C = 0. As an initial condition we consider a distribution of two counter-
rotating Taylor vortices, i.e. o; = {+1, -1} with coreslocations, (x;, y;) = {(0.4,0.75), (0.6,0.75)}.
Other parameters are taken as introduced in Equation 5.32. To discretise the system we
take a spline basis with p =2 and n = 64, and let time-step At = 1/32. Results are shown

in Figure 5.5.

The counter-rotating cores induce an upward velocity, which transports the cores
to the upper wall. Note that the outer regions of the vortices are rotating in opposite
direction, which induces a downward velocity transporting the outer regions to the lower
wall. Near the wall the cores start travelling parallel to the wall in opposite direction
until they meet again, where they induce a downward velocity which transports the cores
downward. Note that the solid wall acts as a counter-rotating core.

The integral quantities kinetic energy, vorticity, enstrophy, and mass flux were mea-

sured over time, Figure 5.4. Again we observe that enstrophy, vorticity and mass flux are
conserved with machine precision.
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Figure 5.5: Vorticity w© at various time-instants of simulated motion of an initial distribution of
counter-rotating Taylor vortices on a semi-periodic domain with upper- and lower solid wall boundaries.

5.4. SUMMARY OF RESULTS

The incompressible Euler govern conservation of mass, and momentum. The equations
have a rich geometric structure, governing various symmetries and invariants. In R?
the integral quantities mass, vorticity, kinetic-energy, and enstrophy are conserved over
time. The equivalent vorticity formulation can be derived by taking the exterior deriva-
tive of the momentum equations. The dual formulation must be taken, such that the
equation for the conservation of mass depends on the exterior derivative, which can be
satisfied without error in the discrete setting.

Conservation of the integral quantities hinges on the exactness of the exterior deriva-
tive d and the interior product i,. The introduced framework ensures that this structure
is preserved in the semi-discrete system of equations. A symplectic or energy conserving
time integrator must be chosen to conserve the integral quantities over time.







CONCLUSION & FUTURE
DIRECTIONS

This thesis is the result of a research project on discretisation techniques for CFD. The
project was divided in three objectives. The first objective was to study the existing exist-
ing structure-preserving IGA framework for elliptic PDE’s. The second objective was to
expand this theoretical framework to discretise hyperbolic PDE’s, and the third objective
was to construct a structure-preserving IGA discretisation for the incompressible Euler
equations, chapter 5.

Recently, some attention has been focused on structure-preserving discretisation
techniques within the scientific community. In these techniques special care is taken in
the preservation of fundamental mathematical structures, symmetries, and invariants
in the discretisation process. Exterior calculus proves to be insightful in identifying rel-
evant topological dependencies. In exterior calculus we describe elliptic PDE’s with the
topological derivative operator d and the metric dual Hodge-* operator. Conservation
of the important topological structure of the derivative operator d lies at the heart of the
structure-preserving framework. The framework is of theoretical relevance. It explains
the correctness of using dual grids in finite-volume methods, and allows derivation of
inf-sub stable basis functions in finite-element methods.

The extension to hyperbolic PDE’s is not trivial. A superior theory to discretise the
convective terms and the vector fields is unavailable at this moment. However, by care-
fully selecting the geometric formulation of the PDE, it is possible to conserve the nilpo-
tency property of the interior product. This proved to be the key ingredient in the con-
struction of an energy-conserving discretisation for the incompressible Euler equations
in R?. These discrete Euler equations behave as the continuous Euler equations when
the mesh has sufficient resolution to represent relevant vortical structures, and when
spurious oscillations are within bounds. It needs to be verified if this construction is
valid for arbitrary geometries.

The next step is to develop a structure-preserving discretisation for the incompress-
ible Euler equations in R3. It will be challenging to conserve integral helicity. Another
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step might be the discretisation of the compressible Euler equations, for which there ex-
ists a wide range of formulations and discretisaions. I wonder if it is possible to identify
an optimal formulation, or some fundamental construction, that needs to be satisfied
at the discrete level. These directions will improve our understanding of discretisations
and improve accuracy of simulations.



DERHAM COHOMOLOGY

The DeRham sequence has important topological relations that governs existence of dif-
ferential forms on manifolds. In cohomology we reduce these relations to topological
structures, i.e. chains and cochains. In section 2.3 we have shown that the codifferential
¢ is the topological analogue of the exterior derivative d. In this chapter we introduce
the structures corresponding to the exterior derivative d, the coboundary operator §,
and the codifferential d*. We will present the Poincaré lemma and the Hodge decompo-
sition.

Definition A.1 (Closed Forms, (Sec. 5.2 [18])).
A k-form a'® is closed if da'™® = 0. The space of closed k-forms Z;A® is the kernel of
the exterior derivative, i.e.

.sz(k) = {a(k) € A(k) :da(k) =0}c A(k).

Definition A.2 (Exact Forms, (Sec. 5.2 [18])).
A k form a'® is exact if there exists a 5~V s.t. a® = dB*~D. The space of exact k-forms
B, A% s the range of the exterior derivative, i.e.

BNV = dAED < AP,
It follows that every exact form is closed, i.e. if,
BV st a® = ap*V then da'® = ddp*V =o.

The topological structure is depicted in Figure A.1. The converse is true on contractible
manifolds. Contractible spaces can be continuously reduced to a point. Examples in-
clude any (star) domain in Euclidean space.

Theorem A.1 (Poincaré Lemma, (Sec. 5.4 [18])).
On a contractible manifold . every closed k-form is exact, i.e.

va® e Z,AW (), there exists ,B(k_” e O V) st a® = d,B(k_”.
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k-1)

Figure A.1: Poincaré Lemma, The range of the exterior derivative %8, A( is contained in the kernel Z, dA(k).
On contractible domains the converse is also true, for which then %dA(k‘l) =Z dA(k).

The theorem proofs existence of solutions for balancing relations is physics. These
relations, often of the form grad(¢) = f, curl(®) = g, and div(?) = k, are fundamental in
physics. From the theorem it also follows that for any volume form a, there exist a
potential function. Since dA"” =0, we have that A"” = Z;A"™  hence

va™ e AP = Z,AM, 37V € BuA* D st apD = . A.1)

Thus the exterior derivative acting on A"~ is surjective on contractible domains
(surjectivity of the V- operator). Note that this is only true if and only if the boundary
conditions satisfy the compatibility condition. Finally, the theorem implies that the ker-
nel of A® is equal to dA*~V on contractible manifolds, i.e. B;A%V = Z,A® . Hence
we can decompose the space of k-forms A® into

AP ity = Zan P e ZEAP), (A.2)

where Z§ denotes the complement of Z;A® in AP, On non-contractible domains
we can define the space of k-forms which are closed but not exact. We call such forms
Harmonic forms.

Definition A.3 (Harmonic forms, (Sec. 14.2 [18])). The space of harmonic k-forms AN
is defines as

NP = {a® e Z,AW 1 a® ¢ 8, AV},

On contractible domains #A® = @. The space of closed k-forms can be written as the
sum of exact k-forms united with the space of harmonic k-forms,

ZaA® = BN 0 72N D).
If we combine this expression with Equation A.2 we obtain,
A(k) (M) = %dA(kfl) @%A(k) @Z:fA(k).

This result is known as the Hodge decomposition. The Hodge decomposition enables us
to decompose differential forms in algebraic complements.
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Definition A.4 (Co-closed Forms, (Sec. 14.2 [18])).
A k-form a'® is co-closed if d*a® = 0. The space of co-closed k-forms Z«A® is the

kernel of the codifferential, i.e.

Zd*A(k) = {a(k) € A(k) Id*a(k) =0} c A(k).

Definition A.5 (Co-exact Forms, (Sec. 14.2 [18])).
A k form a'® is co-exact if IB*+D s.t. a® = @* f&+D_ The space of co-closed k-forms
B+ A%+D s the range of the codifferential, i.e.

Bge AN = g AU+ o A

Definition A.6 (Harmonic Form, (Sec. 14.2 [18])).
In line with our previous definition, section 2.2, we can define the space of harmonic
forms as follows,

%A(k) = {a(k) € ZdA(k) . a(k) Q/e@d/\(kil)}
AW = (a® € Z; AP :a® ¢ B, AFTV),
These definitions can be united as follows. A k-form a® is harmonic if Aa'® = 0. The
space of harmonic k-forms is defined as,
]fA(k) = {a(k) € A(k) :da(k) — d*a(k) =0}
As in section 2.2 we can decompose the space of k-forms in orthogonal components,
ARty = BNV 0 AP 0 ZE AP
APty = By AV & 700D 0 ZEAD.

The decompositions can be unified by taking Z ¥ A® = 2, A®*D and Z6 AP = 58, A~V
This leads to a more useful definition of the Hodge decomposition.

Theorem A.2 (Hodge decomposition, (Sec. 14.2 [18])).
For any k-form on a closed manifold ./ there exists an unique decomposition

a(k‘) — d(P(k_l) +d*w(k+l) + h(k),
where h'® is a harmonic form. Note that this doesn’t imply uniqueness of =1 and
w**V On a contractable manifold the space of harmonic forms is empty, i.e. h® = 0.

The coboundary operator § induces the same topological structure on cochain com-
plexes. We can define cochain spaces analogue to the spaces of closed-, exact-, and har-
monic form.

BC*D = 5k,
Z5CW = (c® e cW 1560 = g},
Hc(k) = {c(k) € Z5C(k) . c(k) QIBéc(k—l)}’

The topological structure of these spaces is shown in equivalent to the one shown in
Figure A.1. The topology of the exterior derivative is preserved in discrete cochain struc-
tures. This structure governs discrete counterparts of the Poincaré lemma, that depends
on the exactness of the coboundary operator.



DERIVATION OF ADJOINT
RELATIONS

In section 2.4 we introduced the L?-inner product through the action of the Hodge-*
operator. In this chapter we derive the various adjoint relations that have been used
throughout the work. Let £ : A® (./) — A () be a linear operator. The adjoint oper-
ator is the liner operator £* : AV (#() — AP («) that satisfies,

(a(k’,z*ﬁ”))ﬂ _ (ga(k)’ﬁ(l)) (B.1)

'
for some a® € A® (.«) and P € AP (). The exterior derivative d, the interior prod-
uct i,, and the Lie derivative £, do not depend on metric. Their respective adjoints, the
codifferential d*, the cointerior product i, and the co-Lie derivative £, do explicitly
depend on the metric-dependent Hodge-* operator. The adjoint relations can be used
to obtain a more favourable weak formulation. Note that in many derivations we use the
following property of the Hodge- operator, x x a&) = (—=1)%(=0),

1. The codifferential:
d*a® = (—1)"k=D+ g x oF) (B.2)
Let a®~1 e A®=D ‘and B0 e AW, now
d@® VA xp*) =da® D Axp® + (—1)FTa* D A g x g0
=da® D A %0 4~k 1gk=D ((_1)(n—k+l)(k—1) **)d*ﬁ(k)
—da®D A w0 4 (L) =RIE=D k=D A g5 R
—da®V p % p0 4 21y =Rk g (6-1) A*((_l)n(k—l)—ld*)ﬁ(k)
—da® D A %0 4 (21)kE=D=1 g R=D) o g R

=da®* "V A p0 — k"D A 5 q* g®,
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In the last line we used that k(k — 1) is even for all k. By rearranging the terms,
integrating over manifold .#/, and using Theorem 2.2 and Definition 2.15, we find,

f a® D A xq* g Zf da®k-D A*ﬁ(k)_f 2k 5 4 g0
i U o.u

o () = (da®0p0) <[ S Vaxpb @
oM

The adjoint relation is obtained when the boundary term reduces to zero.
2. The cointerior product:
iy = (1" ED % (B.4)

Let a® e A ,B(k’l) e A%-D and v be a vector field, and v the 1-form associ-
ated with v. Substitution the 1-form isomorphism, Equation 4.10, in the definition
of i}, yields,

izﬁ(k_l) :(_1)nk—l+(k—1)(n—k+1) **(**ﬁ(k_l) A U(l))
— (= 1)k L kD= D+ (= D=k D4R (1) 1 (D)

—(~DF-L(Bk-D A 1)

Taking the inner product of 4~V and i, a® yields,

(ﬁ(k—l)’iva(k)) :f B A wiya®
M Ju
4.1 — —
10(_qykin k)f pk 1),\**(*a<k),\v(1))
u
:(_l)k(n—k)+(n—k+l)(k—1)f ﬁ(k_l) /\*(X(k) A V(l)
M

:(_1)k(n—k)+(n—k+1)(k—1)+(n—k)f BED p D) p g B
M

- k=1(gk=1 , 1) (k)

=(-1 ( AV, a )
=1) p M

=(izﬁ(k—1)’a(k))

The cointerior product i}, is the adjoint of the interior product i,,.

Vi
(ﬁ(k—l),iva(k))ﬂ - (i,*jﬁ(k’”,a(k))ﬂ (B.5)

3. The co-Lie derivative:

Lri=(-DHD (B.6)
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The co-Lie derivative is related to the codifferential and cointerior product that is
similar Cartan’s formula, Equation 4.5. Let a'® € A® and v some vector field. We
find,

4.5 . .
Lra® Z (1)U s (@i %+ x iy d) * aP
=(_l)k(n+1)+1*((_1)(n—k—1)(k+1)d**iv+(_1)(n—k+1)(k—1)*iv**d)*a(k)

k D+1 —k-1)(k+1 - % —k+1) (k-1 . k

:(_1) (n+1)+ ((_1)(n )(k+ )+nd*lv+(_1)(n +1)( )+nl:d*)a( )
=@d*ii+itd")a®. (B.7)

Using adjoint relations Equation B.3 and Equation B.5 we find,
(ﬁ“‘),z,j‘a(k’)ﬂ B.7 (ﬁ(’c),d*i;ﬁa(“)ﬂ " (ﬁ(k),i;d*a(k))ﬂ
K e (k K x o (k : alk k

:(dﬁ( ) ital ))Jt_(ﬁ( ) ital ))a,ﬂ“L(l"ﬁ( ) d*al ))
=(i,,dﬁ(k),a(k))ﬂ—(ﬁ(k),i;ja(k))
+(di,,,3(k),a(k)) (i,,ﬁ(k),a(k))
45 (z,,ﬁ("),a”‘)) )

M

B.

ot (B.8)

a o
_(gk = ) _(; gk k)

M (ﬁ LA P (l”ﬁ @ )Mz' (B.9)

The adjoint relation is obtained when the boundary terms reduce to zero.



GENERALISED PIOLA
TRANSFORMATIONS

In this chapter we derive the pull-back operators for k-forms in R3. These transforma-
tions commutate with the exterior derivative, such that the DeRham structure is pre-
served on arbitrary geometries. Note that these transformations are also useful when
determining integrals on some parent domain.

Definition C.1 (Pull-back operator ¢*, (Sec. 2.7 [18])).

Consider smooth bijective coordinate mapping ¢ : &/ — 4. Consider local coordinates
x! for manifold .# and &/ for manifold .4, such that x = ¢(&) = x(¢). Let @ € AQ (4)
be some 0-form. We define pull-back operator ¢* to be equal to (¢*a®) (&) := a(x(&)).
The pull-back operator satisfies the following properties,

¢* (da(O)) — d(¢*a(0))
(P* (a(k) /\ﬁ(l)) — ((P*a(k)) A ((P*,B(l))

We can use these properties to derive pull-back operators for arbitrary k-forms in R3. Let
BY be some 1-form.

¢* Y =" (Bidxi) = Bi(x()dep* (x;)
ax’!
=Pix@) 5 dé,
= Bag; =pv.
xi

or f = BF, where F = F; i= % is the deformation gradient. Now for some 2-form v® we
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find,

P*0® =¢* wl]dx,/\dx]—w,](x(cf))(gb dxi) A (¢p*dx;)

l

— 0 @) 2 o 61

— @(2),

dcfk dé;

with i # j, and k # [. We find that g%,iaf—x,jdcf k A d&; defines the adjugate of the deforma-
tion gradient matrix, i.e.

@ = wAdj(F) = w(det F)(F1).

Note that this relations is famous as the Piola (stress) transformation. Finally, for some
3-form p® we find,

oxt ax/ axk

* 68—
¢ =p(x(O) 3¢ 35 oEn

dAsindgm NdEy,

where we obtain p = p(detF). These transformations for the components of k-forms
commute with the exterior derivative, such that any DeRham complex in some physical
space is also satisfied in some pull-backed parameter space. The transformations are
known as the generalized Piola transformations. We can pull-back integrals using the
general pull-back formula.

Theorem C.1 (General pull-back formula, (Sec. 3.1 [18])).
Consider again the smooth bijective coordinate mapping ¢ : N — M. Let U c N, such
that p(U) c 4. Let a® € A® () be a k-form. The integral of a(k) on ¢(U) can be

pulled-back to U,
f (k)_f ¢* (k) (C.1)
$(U)



WELL-POSEDNESS OF THE
POISSON PROBLEM

Well-posedness of elliptic PDE problems can be analysed in the powerful Hilbert space
setting. In this setting, weak formulations of the PDE problems are analysed. We will
introduce some fundamental properties and theorems that enable us to prove existence
and uniqueness to the PDE problems. Furthermore we prove well-posedness for the
Poisson problems that were introduced in chapter 3.

Lemma D.1 (Cauchy-Schwarz inequality).
Any two k-forms a®, %) € 12A® satisfy the inequality

1@®, B < 1@ 112400 1BX N 250 (D.1)

Lemma D.2 (Generalised Poincaré inequality, (proofin [39])).
Consider a k-form a® € WdA(k) (Q) on contractible manifold , i.e. the space of har-
monic k-forms is empty. Then a® satisfies,

l a® l2p0 =Cll da'® | 2 A+, (D.2)

for some constant C. The Poincaré inequality allows us to define an equivalent Sobolev
norm |l a® Ak == llda®|l 2 ks -

Definition D.1 (Weakly coercive).
Let H;, H, denote Hilbert spaces. A bilinear form B(:,-) : Hy x Hy — R is weakly coercive if

B(u,v)
sup

ver, IV H,

B(u,v)
and sup
ueH, lullm

zallullg, Yue Hy,

zallvlg,, Yve Hy,
where a € R.
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Definition D.2 (Coercive).
A bilinear form B(-,-) : H x H — R is coercive if

B(u,w) = allull?, Yue H.

Definition D.3 (Continuous).
A bilinear form B(-,-) : H; x H, — R is continuous if

[B(u, V)| = cllullg, vl 2,
where c € R.

The Lax-Milgram theorem is a powerful theorem to prove existence and uniqueness
of solution to coercive PDE problems. We will also consider indefinite variational prob-
lems for which well-posedness can be proved using Brezzi’s theorem, Theorem D.4.

Theorem D.3 (Lax-Milgram).
Letu,v e H,and let F: H— R define a bounded linear functional, and let a(:,+) : Hx H —
R be a continuous, coercive, bilinear form. Then

FueH st alu,v)=F), Vve H.

Problem D.1 (Mixed Variational Problem).

Given a pair of Hilbert spaces Hj, Hy, bilinear forms a(:,-) : Hy x H) — R, b(:,*) : Hy x Hy —
R, and bounded linear functionals F(-) : H; — R, and G(-) : H» — R. We then seek u € H,
p € Hp s.t.

{a(u, v)-b(v,p) =F(), D3

b(u,q) =G(q),
Yve Hy,Vqe H.

Theorem D.4 (Inf-Sup Condition - Brezzi’s Theorem (Sec. 2.1 [22])).

LetZ={ve Hy:b(v,q) =0, Yq € Hy}, let bilinear form a(-,-) be continuous on Hy x Hy
and coercive on Z x Z. There exists an unique solution (u, p) € Hy x H, for Problem D.1 if
and only if bilinear form b(-,-) is continuous on Hy x H, and if

b(v, p)
sup >
ve H, I U”Hl

Clipla,-

We will apply these theorems to two example problems in the framework of exterior
calculus using the DeRham Sobolev Complex. The first problem, the 0-form Poisson
problem, is associated with unconstrained optimization of a quadratic functional. This
type of problem has classically been solved successfully using Rayleigh-Ritz approach. In
this approach the problem is converted to a set of discrete minimization problems with
resulting linear problem Au = f, where A is a symmetric positive definite (SPD) matrix.
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Example D.1 (0-form Poisson problem).
Consider the domain Q = [0,1]? ¢ R? with boundary Q =T, UT,, where TyNT, = @.
Given f ©e A0 find 1//(0) € AQ guch that,

Ay® = fO
W(O) =0,only
0,11//(0) =0,only,

We obtain a weak formulation of this problem by taking the inner product with some test
function w© e Ag)). Where A(()O) is the space of compactly supported 0-forms according,

Ag)) = {a(o) eA?:tra@=00n T4l

We use integration by parts for two reasons. First, we would like to reduced the conti-
nuity constraints on the considered trial space. Secondly, we would like to get rid of the
codifferential d*. We find,

(w(O), a* dl//(o))Q — (w(O),f(O))Q
o (dw®,dy®)g = (W, £O) + W, dy 0.

For this case the boundary integral reduces to zero. We hence obtain the following weak
formulation. Given f© € L2A©, find @ € W;A© s.t.

(dw®,dy®), =W g,  Yw®ewA).

We can rewrite this problem in variational formulation, defining bilinear form a(-,-) and
functional F(-),

at,): WaA® x WyA® - R:a(,) = (d-,d)q
F():WaA? = R:F():=(, fP)q.
Given ¢ € 12A©, find ¢ € W, A® such that,
aw®, ¢y = Fw®), vw©® e ).

Lax-Milgram proves existence of unique solution if a(:,) is coercive, and continuous,
and F() is bounded. Using Cauchy-Schwarz (CS), and Poincaré (PC), we find

CS
la(w @,y )| = (dw®,dy®)q < 1dw® | 1dy® | < oo,
PC
aw®,w = @dw®,dw)q = 1dw®|? = Clw®?,

CS
IFIl= sup [Fw®)< sup Nw@llfQl=1f?) <oo.
lw© <1 lw® <1

Note that we used the boundedness of norms that exists by definitions of function spaces
L2AY and W,;A© . Hence by Lax-Milgram there exists an unique solution y©® € W;A©®
st aw®,y©) = Fw®), vw©® e wiA©.
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In the second problem we will consider the volume, n-form, Poisson problem. This
problem is equivalent to constrained optimization of a quadratic functional. These prob-
lems are solved numerically using a mixed Galerkin formulation.

Example D.2 (n-form Poisson problem, (Sec. 2.3 [23])).
Consider the domain Q = [0,1]> ¢ R? with boundary Q =Ty UT,,, where [y NI, = @.
Given f® e A®, find w® € A® such that,

Ay® = f@ inQ,

1//(2) =0, on rd;

0,y?® =0,0onT,

Again we multiply with some test-function w'® and perform integration by parts for
reasons mentioned before to obtain,

(@ w®,d*y®?), = (w?, £?),.

We could use a similar roadmap as for the 0-form Poisson case, using Lax-Milgram to
prove well-posedness, and taking the dual Sobolev space W+ A?). However, in the finite
projection method, we will only be able to satisfy one of the DeRham Sobolov complexes
simultaneously. Hence we want to limit ourselves to the use of the following sequence
of function spaces in proving well-posedness of the problem.

W,A© _4, W,AW 4y 2@

Consider the equivalent system of first-order-differential equations,
d*y®@ =0,
dv® — f(Z)

1)
0

A weak formulation can be obtained taking inner product with gV € W; A" and w® e

L2 A® respectively, and performing integration by parts, where
A(()l) = {a(l) eAV:tra® =00n ',
We obtain,

(dq(l),w(Z))Q + (q(l):u/(z))ag = (6](1), U(l))Q , Vq(l) € WdA(()l),
(w@,dvV),, = (w®, @), Vw®eI2A®@,

Note that the boundary integral reduces to zero due to the induced boundary conditions.
We can define bilinear forms a(:,-), and b(-,-) and functional F(-),

a(,):A? xA® -~ R:a(,"):=(,)q
b(-,): WaAY x L2AN S R: b(, ) = (d-,)a
FO : WA = R:F(O) =, f D).
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Now we can rewrite the problem in the variational formulation. Given f @e12A@ find
w® e L2A® and vV € W;AW such that,

a(@®, v —bg®,y?) =0, ¥g» e AP
b(v(l)’ w(Z)) — F(w(Z)), Vw® e A@,

Let ZdA(l) = {q(l) € WdA(U : dq(l) = 0}. Note that the exterior derivative on (n —1)-forms
is surjective, Equation A.1, which implies that for any w® € L2A®, there exists some
qy) € WaAD, such thaty® = dql)’, and |y @ = |dg|.

Brezzi’s theorem, Theorem D.4, can now be used to prove well-posedness of this
problem. We need to prove that a(-,-) is coercive on ZzAV x Z;AW, that b(-,) is con-
tinuous, and that the inf-sup condition is satisfied for b(:, ).

a@®,q") =1q"V ||?/vdAm =1gM N zp0 + 144z r@,

CS
1b(q®, y ) =1dq™, y®) < 1dqgPy® ) < oo

b b(q(l)’u/(Z)) - b(Q$),W(2)) _ "1//(2) "2 - 1 HW(Z) I
gewgaw 1401~ g gy T C

PC
where we used that Iqu,,l) I < Clld qf,,l) | = Cllwm l. Hence there exists an unique solution

set (v, @) e (WyAD, 12A?). Note that well-posedness depended on the exact se-
quence that is satisfied by the Sobolev DeRham complex. In our discretization approach
we must ensure that our finite-dimensional function spaces satisfy the exact sequence
to prove well-posedness in the discrete setting. In the 0-form Poisson example this was
not the case which poses less restrictions on the choice of finite-dimensional function
spaces in the discretization process.




DERIVATION OF EDGE FUNCTIONS

The finite-dimensional function spaces are constructed by taking spans of combinations
of nodal- and edge-type basis functions as is shown in section 3.3. In this chapter we
derive the edge-type basis function and prove its unit mass property.

Consider the 1-form ”2) € LZA(” that satisfies v(l) = f(o) The question is, how do
we define LZA(”? Do we let LZA(D =7 as well? Appllcatlon of the exterior derivative
on the 0-form f © vields the followmg,

df @) = (di,f ilm,p(aﬁ-) dé

317 [ & p p
SN A1 © - ——=—ir1,p1 O fi | d
(izzi(‘fﬂp_fi P 1© €i+p+1_€ti+1 P 1(6))]0) ¢
__Pr R .
T A ¢-h : +1_Elﬂz,p—1(§)d¢f h
+€ 1p f A2,p-1(Q)dS - fo—+-vve-
p+
"""" f f Anp l(f)df fn 1
n+p n
p
A’I’L d n d s
fn+p fn . l(f) f f n+1 ) é f

Aip-1§)dE | (fi — fi-
g pr £ Aip 1) f)(f fi-1)

Where we used that {, — & = pipr1 —Enr1 = 0. If we let v; = (f, fi-1), and use B-
spline basis functions of a polynomial degree lower with scaling +—— et then the relation

v = 0) &
v, =df, isexact.
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Unit mass. Take v;ll) = d " with,

h
C, ifi<j
fi= ip s ].»
C+1, ifi=j

for some constant C € R, such that v; =6 { Now,

Sj+ Ejr n
[ @ac= [ p(Z ﬂi-”(é)v,-)df
5j $i i=2

Eiv Eiv Eiy
= [ [ agag= 107 = c+n-c=1
4 ¢ $j

i J
O

This property reduces integration of 1-forms to mere summation of the expansion
coefficients, i.e. for some u;ll) er?

n n
f vy =f (2,15,1)(5) Vi) ds¢=7) v
Q Q\i=2 i=2




CONSTRUCTION OF BOUNDED
COCHAIN PROJECTIONS

We want to construct projection operators, 1, that commute with the exterior deriva-
tive conform,

A _4 AK+D

J{n(k) J{n(/ﬁrl)

ck) — 2 olks)

Such commuting projection operators are known as cochain projection operators. Bounded
cochain operators are fundamental in analysis. These projection operators allow us to
provide estimates of the discrete solution with respect to the continuous solution. More
on bounded cochain projectors can be found in the work by Falk and Winter, [5, 40].
Construction of such operators is not trivial, standard Galerkin L? projections of a k-
form and k+1-form do not yield the desired commutativity. However, one can construct
such projection by introducing a Poisson problem. An example is given in Appendix F.

Example E1 (Construction of bounded cochain projections for ©® = dvV in R?).
Consider the pair vV € W;AY and w® € L2A® on Q = [0,1]? given by,

1 1
pM = — e cos(2mx)sin(2ry)dx — e sin(2nx) cos(2ny)dy
0® = dvW =sin2rx) sin@2ry)dx Ady.

We want to define bounded projection operators satisfying commutativity STV vV =
N@dvW. We let WyAY = 72 x #2 and L2AP := #27. To define 1) we consider
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standard L? projection, i.e.
@, @) _(o , @ 2 27242
( RO )Q—(sh , W )Q, Vsh eL Ah ,

Using the existence of ¢!V, such that, s® = dg", Equation A.1, and using 0® = dv®,
we find an equivalent formulation,

(dq(l) dvm) = (dq;l”,dv(”)ﬂ, Vq(l) € WdAEZD.
Integration by parts yields,

1 1 1 1 1 1 1 1
(qu)’v( )) (dqil),v( ))m ( q“du(”) ‘(d‘?;l)”’(n)m’ g e WuA L.

Hence we let,
H( )
N?.12A@ L@ )@ wglz with, (s;f),w(z)) - (sg)’w(z)) , nglz) eLzAf)
Q Q

1)
p W L

1. 1 1 1) o 0] _ 10 0 1 1)
o wA® — W, v with,  (aqy,v?) = (agiv®) , va) e wan)

To reduce continuity constraints, conform the chosen space W AW, we will work we the
integrated-by-parts version of I1Y). We obtain systems of equations,

M = (6@, 0?),,

(E2D) " M@DE@Dy (E@D) T (¢(2), U;ll))m = (E@V)" (2, dv ™), - (E@))” (62, 0M),,

A reconstruction of STV v is shown in Figure E1. We find,
1610y 1@ gp® |, =1.2469¢ - 15,

with,

dim(v)

2
w2, = Y vl

i
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F. CONSTRUCTION OF BOUNDED COCHAIN PROJECTIONS

1.0 0.0

Figure E1: Reconstruction of bounded cochain projection sT1 p(@),



DERIVATION OF TRANSPORT
PROBLEMS

We can derive the integral transport equations by analysing how some k-form a'® paired
to some k-dimensional sub-manifold V c .4 evolves as it is advected with some velocity
vector field v. Let {¢p;} be the flow associated with v, such that V (£) = ¢' V. Theorem 4.1.
From Theorem C.1 it follows that,

f (k)_f ¢* (k) (G.1)
V(t)

We can derive the transport theorem by differentiating this relation with respect to ¢
yields,

d 1
—f a® () = lim —(f a(k)(t+At)—f a(k)(t))
dtJv At—0 At \Jy(t+an 70

1
= lim _(f a(k)(t+At)—f a®(n)
At—0 At \Jv(t+an V(t+A1)

+f a(k)(t)_/ a,(k)(t))
V(t+AD) V(1)

G.1

2 tim ([ grada® e an - [ 97, -¢i1a o)
a®+an——a®(r) bai=1

f(l)t AT20 At f¢t ar @0

43 da®
=fv(/’t f‘btgv

aa,( k)
= +ZLya |
fv(t) ( ot v
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The time-rate of change of a k-form a® € A paired to a k-dimensional sub-manifold
V c . at some time-instant ¢ € R is thus given by,

d aa®
(k) _ (k)
a’ = +%ya (G.2)
dtfvm fv(r)( ot ve )

Example G.1 (Conservation of mass, incompressible flow, and the advection-diffusion
equation).

Consider a volume V (1) c .4 c R" filled with some quantity with mass density p”. The
quantity’s mass is given by,

M= ™.
140}

Conservation of mass implies %M = 0. Applying Theorem 4.2 yields,

d d ap(n)
0=—M=— ("):f ( +& (”’) G3
dt dtfv(r)p vip\ Ot v (69

Using Cartan’s formula and the fact that dp"" = 0, we find that £, p""” = di,p"™. We can
re-express the volume-form, p = p vol™ . Now,

(n) _

di,p'"” = diypvol™ =dpi, vol™ 2 dp p= = g gqn=b,

where g~V := py*~1 is the mass flux. Hence,

ap(n)
f =—| dq"V=- f q" Y, (G.4)
v Ot v(n) v (1)

i.e. the time-rate of change of mass in the volume is balanced by the flux of the material
through the volume’s boundary. Additionally, we may want to take into account diffusive
fluxes. Diffusive fluxes satisfy some constitutive law of the form,

(n—-1)

*
qdlfqulVe —ed P

where the material parameter € > 0 is the rate of diffusion. Examples of these consti-
tutive laws are discussed in section 2.5. The total flux is then equal to the sum of the
advective flux and the diffusive flux, g"~V = i,0® —ed* p®. Substituting this relation

into Equation G.4 yields,
8o
f ‘0 f d(iy—ed* )p(g)
40!

8o
o ( 0
vin\ Orf
where we assumed € to be constant. The result is known as the scalar advection-diffusion

equation. Note that in the case of convection, when p® is the mass density of the flow
itself, there cannot be an additional diffusive term. In that case all information governing

+%,p" eAp(”)) 0,
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the flow of the material is contained in its velocity v. In the case of a convection problem,
conservation of mass is governed by,

8o
/ (p +,<£vp(”)):o. (G.5)
V()

Under the assumption of incompressible flow, variations of mass density p"” are negli-
gible within the volume V(?), i.e. derivatives of p are assumed to be zero. For this case

we find that,
0:[ ap( + % p(n)
40 ot v

= dpv™V

V()

:f pdv"Y.
v

Hence an incompressible smooth flow in V() satisfies d v~ =0, We will refer to this
condition as the incompressibility constraint. Note that by the Poincaré lemma, Theo-
rem 2.1, there exists some potential function "2, such that dy"=? = p*~1_ This
potential function is known as the stream function.

Example G.2 (Stream function y*=2)),

We can retrieve the path of a fluid parcel by determining iso-surfaces of the stream func-
tion. Consider some fluid parcel with mass density p""” that is advected along some flow
with velocity field v on .#. Along its path we find that,

43 d d
Lypip" = E[‘Pt(l’tpm)] T dr [P(n)|t:o] =0.

Hence it follows that di, p"™ = dq""~ = 0. By the Poincaré lemma, Theorem 2.1, there
exists a potential function =2, such that dy"~? = q""~1, Note that the stream func-
tion satisfies the equation i, dy"=2? = i, g~V = i,i,p" = 0.

Now consider the case of incompressible flow, for which the there exists a stream
function ¢ "=, such that dy"~? = v"~V_ Hence,

xvp(n) — d(p(O) A v(n—l))

— dp(O) A y(nfl) +p(0) =1)

— dp(O) A dl[/(n_Z)

Let y be a (n — 1)-dimensional iso-contour of the stream function 1//(”’2), i.e. a sub-
manifold on which ¢"~? equals some constant. Satisfying the conservation of mass,
Equation G.5, along this iso-contour yields,

0 (n) 0 (n)
Ozp—+$,,p("):%+Wr, Vxey.

ot
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Hence the fluid parcel remains constant along vy, and vy is its path. If the flow field is
time dependent, then iso-contours are streaklines. Now let A be the (n —1)-dimensional
surface that is bounded by various iso-contours of "=, e.g. as shown in Figure G.1.
Then the integral flux through A is constant,

fq("_l)Zde/("_z)Z W =,
A A 0A

Cy

Figure G.1: Surface A (red) bounded by iso-surfaces (blue) of the stream function 1(/(1) ={Cy,C2,C3,C4}. The
integral flux is constant for any area bounded by the iso-surfaces, [, q® = Jaa yW =C1-C-C3+Cy.

From the principle of conservation of mass of some quantity with mass density p"”
that is transported along some incompressible flow with velocity field v we can formu-
late 4 equivalent formulations,

ap(n)

TR p™ =0, (G.6)
ag(:) —rp™ =0, G.7)
ag_;o) + 2,09 =0, (G.8)
6‘6’—? - 209 =0, (G.9)

where p = p vol"™ = p©@ Avol™ or p@ = %xp™. Equation G.6 and Equation G.9 are
known as conservative formulations of the conservation of mass, whereas Equation G.7
and Equation G.8, are known as non-conservative formulations.

Proof. Equation G.6 follows from the integral conservation of mass, Equation G.5, under
the assumption of smoothness within V(). We can derive Equation G.9 by taking the

Hodge- of Equation G.6,

4.19
*:fvp(n) — *ZV*P(O) = _gljp(O)‘
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The same strategy can be used to derive Equation G.7 from Equation G.8. Equivalence
of Equation G.6 and Equation G.8 can be shown by comparing £, o™ with x.%£,p©,

Lop™ =diy (0 Avol™) =d(p@ A v V) = dp@ A pn-D +M
* Ly = xiydp® = x * (xdp®@ A vV) = dp®@ A x v =dp®@ A",

where we used the assumption of incompressible flow, d v"™=1 =0, And hence it follows
that £,p" = x%,p?. O




CONSTRUCTION OF PERIODIC
BASIS

In this chapter we show how the periodic basis of Figure 4.5 can be constructed from an
ordinary B-spline basis through knot insertion on the domain Q = [0,1]. The periodic
basis can be seen as an interior part of an extended ordinary B-spline basis, Figure H.1.
Through knot insertion we can lower the continuity of the basis at Q, such that the in-
terior part becomes an ordinary basis. From the knot insertion algorithm, Definition 3.6,
we obtain the mapping T? : 7,/ — ynp F2(p-1)° This mapping can be manipulated such
that it links the basis functions crossing 6Q2.

Consider the B-spline shown in top of Figure H.1 with dimension n = 8 polynomial
order p =2, and knot vector,

1
== Z{—l,—l,—1,0,1,2,3,4,5,5,5}.

To obtain C° at 4Q, we insert the knots {0,1}. From Definition 3.6 we obtain the linear
map to the new n = 10 dimensional basis,

S OO OO OO oo
O OO OO O OoONN— O
O OO OO O NN O O
N eNeNeNeN ==l
S OO O+ OO O OO
O ON=EH O O O O OO
O =N O ©O O O O OO
— O O OO O oo oo

We delete the first- and last p = 2 rows and (p — 1 = 1) columns corresponding to basis
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functions supported outside the domain Q,

S O O O on-
S O O O =N
S oo~ OO
(=Nl NeNoN ]
N=—= O O O O
NHFO O © O O

The first- and final (p = 2) basis functions cross the boundary dQ. The (p = 2)nd basis
function can be linked to the final (n + p = 6)th basis function, and the (p — 1 = 1)st basis
function can be linked to the (n+ p —1 = 5)th basis function. Hence we add the 5th
column to the 1st, and the 6th to the 2nd,

N—= = O O ONI~
N O O O NI
[N eNel =]
oo~ O OO

Hence we have obtained the map T : 942 — 5”62. The reverse mapping that maps the
ordinary basis to the periodic equals the transpose T” : #Z — 922, hence,

ATq. —2P4 Ty _qpd
Tip A=A, & T'A=2;
We can use T to map mass matrices on periodic domains,

d _ (ypd 4pd
P = (a5%, 257

_ pd pd

_LAP A AL

= [ (T74,) nx(172,)

:TTT(f A,,/\*Ap)wr
Q

=TTMT.

This enables us to use the normal assembly routines to construct mass matrices on pe-
riodic domains.
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Figure H.1: The periodic basis can be constructed by taking the inner part of an extended basis (top) and
linking the functions crossing the boundary of Q = [0, 1]. Through knot insertion we can obtain a second basis
(bottom) whose inner part is an ordinary B-spline basis on Q.



DERIVATION OF THE EULER
EQUATIONS AND INVARIANTS

In Euler equations express conservation of mass, momentum, and energy in fluid dy-
namics. In Appendix G, we derived an invariant formulation for the conservation of mass
using the transport theorem, Theorem 4.2. In this section we will derive and analyse the
momentum equations. In incompressible flow, i.e. variations in mass density p!"? are
assumed to be small, we can solve the mass and momentum equation without solving
the energy equation. The conservation of momentum under the assumption of a perfect
fluid (viscous effects and shear stresses are assumed to be zero) and incompressible flow
in R" is given by,
%+ i(a—%)Z—la—p+bj, (I.1)
ot ox! p 0xJ
with v; the components of the velocity field with j = {1,---, n}, p the pressure, p the mass
density, and b; components of body force.

To transform to invariant formulation we consider the momentum 1-form, P, The
momentum 1-form associates mass density with velocity along a line, dual to the mass
flux g~V = i, p™. We define,

P = pyW = px vV = 4 pi,vol™ = xi,p"™ = xg" D,

with vV = v;dx’. The Lie-derivative of this velocity 1-form is given by,

2L, vV =(di, +i,d) v

ov; : .
=dv? +i,—dx! Adx
! 0xJ
ov; . ov; . ov; ,
=20, —tdx) + v;—Ldx) — vy —dx’
oxJ oxt! dxJ
ov; 10v?
=v;—Ldx/ Ldx/,
ox? X
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and so,

ay(1)+$ 0 %+ ov; 101/

= + - d]
or v or  Uloxi T 20x |

which contains the terms on the right-hand-side of Equation I.1 plus an additionaal term

containing the kinetic energy %vlz = 2i,v® = 1| vW 2. Pressure and density are related

through a constitutive equation or an equation of state, p = p(p). Let G(p) := [ % =
1dp
o dp dp, then

6G(p)

9 1dpop ; 1op
dG(p) = == dx’ G()pdf P I yi = = 2P g,

p dp oxi p dxJ
Finally we assume the body force bV is uniform, e.g. gravity, such that db"") = 0. Then
there exists a potential function ¢®, Theorem 2.1, such that —d¢® = bV, Now by
matching components with Equation I.1 we find the invariant form of the equations for
conservation of momentum,
dlp® + f @)
0

Note that this formulation of the momentum equations is known as

In Example G.1 we derived that conservation of mass for an incompressible fluid can
be expressed as dv*~V =0, or d* vV = 0. Note that for this case there exists a potential
function, the stream function "2 or @, such that dy =2 = p"=V or @*y® =y,

v 1
o + 2LV - 5 v)2

Theorem I.1 (Euler Equations for Incompressible Flow, (Sec. 4.3c [18])). The equations
for conservation of mass and momentum for an ideal incompressible fluid on manifold
A < R" are given by,

d vV =0 (1.2)
W\ Ly =g, 13)
where v is the velocity-vector field, vV the velocity 1-form associated with v, and f©,
dp 1
0) _ 12 (0)
=] —-=lv +¢,
f f b 2 1"+ ¢

with pressure p, mass density p, and potential ¥ . We can solve for f© using the pressure
Poisson equation, which can be obtained by taking the codifferetial d* of Equation 1.3,
and substitute the incompressibility constraint, Equation 1.2,

a* &, vV =-AfO, (1.4)

Next we introduce the vorticity 2-form w®, which is a measure of rotation within
the flow. We derive an equation for the vorticity by taking the exterior derivative d of
equation Equation I.1,

(1) 2
d (agt + xvu(”) = —agt + Ly0® = —ddf® =0
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From the incompressibility constraint we know that there exists a stream function such
that vV = d*y® . We find,

0@ = dp® = dd*y® = Ay@,
Vorticity and the stream function are related through a Poisson equation.

Example 1.1 (Conservation of circulation). We can pair Equation 1.3 with some curve

() c M,
oy
f v +$vu(1):_f df(o):_f 1o,
v Ot 0 ay(2)

We define circulationT := [, vV. Using the transport theorem, Theorem 4.2, we find,

L if v = —/ ro. (L.5)
de dtJyw ay()

Hence along any closed curve y(¢) the circulation I' is constant in time. This result is
known as Kelvin's circulation theorem.

Example 1.2 (Conservation of Vorticity). We can pair Equation 5.6 with some surface
A(?) € 4 and use the transport theorem Theorem 4.2 to find,

d
4l g
dt A(D)

i.e. the integral vorticity within a surface is conserved over time. This result is simply a
re-exprssion of Kelvin's theorem for conservation of circulation, Equation 1.5,

df @) df ) df )
— 0w =— dv’ = — v’/ =0, 1.6)
dr Jaw dt Jaw dt Joaw

with 0 A(f) = y(¢) the closed curve that bounds a surface. Note that we can Equation 5.6
as,

Lxo® =0,

with X = (% + v the space-time velocity field. Hence vorticity is invariant under the flow
related to X.

Example 1.3 (Conservation of Helicity). Finally we consider the helicity 3-form h® :=
v Aw®. From the properties of the Lie-derivative,Definition 4.1, we find that,

ZLxh® = 2x (VY A 0?) = Lx vV A 0@ + Y A Lx0? = -d fO A 0® + IR0

Now,

d(fOro®) =d(fOrdv®)=df® ndv? + fOrdar™ = df® rnw?.
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Again by applying the transport theorem after pairing helicity with some volume V (f) c
A, we find

d h® = gxh@) — _f

el d (f(O) A w(Z)) — _[ f(O) A w(Z) =0, 1.7
dt Jve V() 40!

oV (1)

i.e. the integral helicity is conserved over time.

Example 1.4 (Conservation of Kinetic Energy). The weak formulation is valid for any
test-function w®, taking w' := vV, we obtain an equation for the evolution of kinetic
energy,

(V(U,Otv(l))ﬂ+(v(1),$,,v(1))ﬂ :—[v(l),df(o))ﬂ, (1.8)

where (v®,0,01) , =10, (v™,vV) , = 10,1vV|?, ie. the time-rate-of-change of the
kinetic energy. We can substitute this identity and integrate by parts to obtain,

10

= W2 (@ i+ (v awld

26t”v I°+(d i)+ (v dvr’) ,
— @ ;0 1 1) £00)
== (v, iyv )6ﬂ_M_(U T o

By properties of the wedge product we find v A vV = —p@W A M such that v A v =
0. Furthermore d* v® = 0 for incompressible flow, and so we obtain,
10

55 I l/(l) ”2 - _ (U(l), ivy(l) + f(O))aﬂ'

It follows that the integral amount of kinetic energy within the domain is balanced by
some boundary flux-term, and hence conserved within boundary-less domains. A simi-
lar result by deriving a weak formulation of the dual formulation.

We obtain a weak formulation of the primal vorticity formulation of the momen-
tum equation, Equation 5.6, by taking the inner product with some test function s@ €
A@ (_«), and obtain,

(s@,0,0?) , +(s?,diyw®) , =0 (1.9)

Example L.5 (Conservation of Enstrophy w® ||? in R?). We take s® := w® in weak for-
mulation, Equation 1.9, to obtain an equation for the evolution enstrophy,

10
55,1071+ (02, 2,0®) , =0, (1.10)

where (0?,0,0?) , = 10;(0?,0®) , = 30/lw®|?, i.e. the time-rate-of-change of

enstrophy. In .# c R? vorticity w® = w® Avol® = wvol® is a scalar field, and hence,

1
@ 2Ly®?) ,==| d 2“’:f 2qW 111
(02, 2,0?) , Z[ﬂ lol*q® = | llol*q™, (L.11)

where q(l) is the velocity (n—1)-form associated with the vector field v. In R2 we use vV
and g™ to distinguish between the various 1-forms that are associated with v. It follows
that the enstrophy is balanced by some boundary flux-term. Note that this result is only
valid in R?. In R3 vortex stretching leads to very different mechanics.



PROOF DISCRETE EULER
EQUATIONS SATISFY
CONSERVATION LAWS

In this chapter we prove that the semi-discrete equations introduced in section 5.2 sat-
isfy conservation of integral mass, vorticity, kinetic-energy, and enstrophy at each time
instant. Consider the vorticity-stream formulation,

M@ (@) 2 [h] B [ 0 00
E@1 ) g| = |-F@D (M(l’l))’lq};}’q '
0 T
M®D a—‘z -ciVg=(E*Y) M>?g. J.2)

1. Conservation of Mass:
We obtain an equation for the evolution of the divergence of the velocity field by

o . . . ) -1
pre-multiplying the discrete momentum equation, Equation J.2, with E@V (M®1) ™

oq - -1
2,1 2,1 1,1 ) _ @1 1,1 0 2,2
IE( )at _[E( ) ( a)h)q_lE( ) M( ) M( )g’

with the two terms cancel out by Equation J.1.

2. Conservation of Vorticity:
Vorticity and velocity are related through a)g?) =d* q;il), or

MO0 ¢ = ([E(l,O))TMu,nq

117
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The integral vorticity is then given by,
040 = O) 1700, = W -
fQ“’h dQ_(l,wh )9_1 MO0 =1 q=0,

where again E'?1 = 0. This is the discrete version of Kelvin’s circulation theorem.

. Conservation of Kinetic Energy:

We define the error ef]l) =qW - qzl) with, q](ql) =q7¢pW. We find,

12 (€)] 1) 1) 1)
26;:”‘7 1# = (0} + e 00} + 01e)

)2 o)) 2) WW
+le + +|e
2Ot(uq 12+ 16 21, .

(”q(l) 12 + ”6(1) ”2)

[\)I'—‘

It follows that the discrete kinetic energy, 5 Ly q(l) % is balanced by the error’s kinetic

energy. Hence by constructing a scheme that conserves the discrete kinetic energy,
we consistently approximate the continuous kinetic energy, and bound the growth
of the error’s kinetic energy. Th evolution of the discrete kinetic energy is given by,

oq
WA xg® = (g0 5.0V = gT0 24
ZdIfq A= (qh Ouln )Q_q Mo

Hence by pre-multiplying Equation J.2 with g7 we obtain an equation for the evo-
lution of the discrete kinetic energy,

0
TM(II) ‘l W W 0.3)

with the right-hand-side term reduces to zero by conservation of mass, E>" g = 0,
and,

T (1, 1) 1) o)y _(,M (0)
1 Co (qh ’l‘”h*qh )Q (qh ’l"hwh )Q

D © 0
(z,,hq;l),w( ))Q (z,,hl,,hvol(Z) ¢ ))Q =0.

We find that the conservation of kinetic-energy depends on the nilpotency of the
interior product.

. Conservation of Enstrophy:

We obtain an equation for the evolution of enstrophy by taking the test function
equal to the derivative of the vorticity,

1d ) o _{,0 oy _{,,O 0}
2dtf Axofl) =(0,000) = (00" q)

_ 0 WY _ Tt (1,1)0_‘7
—(dw N )Q—w (E™Y) M 3
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Hence, pre-multiplication of the discrete momentum equation, Equation J.2, with
T .
(EYDw)" yields,

T (Lo n(1,1 dq T (Lo L~ T (1,00 T 2,2
w (E( )) M( )E_w ( ), qg=w [E( ) M( )g'

where the right-hand-side term equals zero due to the exterior derivative’s nilpo-
tency. For the other term we find,

o’ ([E(I'O))qu;)q _ (dw(o) i

) _{; © ) L6
n i, ® )Q—(zyhdwh 0 )Q =0.

*
Uh"h

Next consider the velocity-pressure formulation,

MO0 + (E0) I DELO gy = 0 J.4)
w0 22 (coVer) w =0 (.5)
or \7vn - '

1. Conservation of Mass:
Conservation of mass is trivial with g = E»9 4y, such that ") g = 0 with machine
precision.

2. Conservation of Vorticity:
We obtain an equation of the evolution of the integral vorticity by by taking the
unit test-function, 1 =17¢©,

d (0) _ ©)  _ 4 Tx 0,0 0@
Ej;—lwh dQ—(l,atwh )Q_l M E

Hence, pre-multiplying the discrete vorticity equation, Equation J.5, with the unit-

vector 1 yields,
100 % g7 (gt —,
ot h

where EV91 = 0 trivially. So the discrete conservation of vorticity is satisfied through
the exterior derivative.

3. Conservation of Kinetic Energy:
We obtain an equation of the evolution of the integral kinetic energy by taking the
test-function equal to the stream function,

Ld g2 (103 .0V _ (300 3 D) _ (@ A, O _ . Tpa0,0 0@
Ed—tllqh I —( n 014, )Q—(dwh ,0:q, )Q—(Wh 01w, )Q—V’ M ot

Pre-multiplication of Equation J.5 with vy yields,

ow
Tp7(0,0)
MY — —
ot

T[r~(0,1 5

1’, 1” h w:O’
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where,
T (cOnpa0)’ T (con)” 0 L@ 0
v (C,,h E ) w=q (C,,h ) w= ( v, © )Q = (i, iy, vol?,0™) = 0.
Conservation of kinetic energy depends on the nilpotency of the interior product,
which in this case is exactly satisfied due to the construction of q;l” = i,,hvol(z).
4. Conservation of Enstrophy:

Next we’ll analyze the enstrophy. We define error eD = »® — 9 ‘and find,
10 10
—_ w©® e PN () (0) (0)
0= 31017 =2 = (o + e, 0,0f +0:e))

10
=5 52 (10112 +1eD12) + (0.0l + (e 0]
10

- ) (0)

=5 5 (1012 +1e1°)

It follows that the discrete enstrophy, %Ilw;?) |2, is balanced by the error’s enstro-

phy. Hence the error’s enstrophy is bounded if we can construct a scheme that
conserves the discrete enstrophy. Furthermore, the generalized Poincaré inequal-
ity, Equation D.2, states,

1 1 0
1a"12'E CClar g1 = o).

The discrete kinetic energy is bounded by the discrete enstrophy.

To obtain an equation for the evolution of enstrophy we take test function equal
to the vorticity, w(}?) =w ¢,

1d ow
ra (0) © _{,,0 (0) w0022
2dtf W, N*w," = ( w, ,6twh )Q M T

Hence, pre-multiplication of the discrete vorticity equation, Equation J.5, with the
vorticity vector w yields,

ow
T 1(0,0) T (r(0,1 7
w M _
ot h

where,
T . 111
T(C(lf)},ll)[E(l,O)) w:(z.,hdwf), (0) fdllw“”ll gV = fa 1o @12 =
J.6)

Hence conservation of enstrophy depends on the incompressibility constraint,
and on the exactness of the exterior derivative.



PICARD AND NEWTON
LINEARISATION

The discrete vorticy- and momentum equations, Equation J.5 and Equation J.2, are non-
linear systems of equations. We can write these equations in the following form.

Amu=f, (K.1)

where A () is the system matrix which is a function of the vector of unknown coefficients
u, and f is the right-hand-side vector. The system can be written as a fixed point,

u=Aw'f,
which we can write as iterative process, u™l = A(u”)‘lf.

Definition K.1 (Picard Iteration, (Sec. 9.7 [41])). Consider the system of equations of the
form Equation K.1. We generate a sequence u” with u” — u for n — oo, and initial guess
ul, that satisfies,

Awhut = f. K.2)

Iterative techniques that rely on Banach’s fixed point iteration are known as Picard itera-
tion techniques. Picard iteration converges linearly.

Alternatively, consider the vector of functionals F(u),
F(u):=Amu-f =0, (K.3)
n+1

for which we take a Taylor expansion at u

OF (u)

0=F(u) =F (u") +

(u-u")+0 ((u— u”)z)

0A(u)u
ou

un

=(A(u")u" - f)+

(u-u")+0 ((u - u”)z),

un
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which we can evaluate at #*! to obtain,

0A (u)u

_ n+ly _ ny,n_
0=Fw" ) =(Au")u"-f)+ u |

(W™ —u")+0 ((u”Jrl - u”)z) . (K4

n+1

By neglecting higher order terms, we solve for #"***, and define an iterative process.

Definition K.2 (Newton Iteration, (Sec. 9.7 [41])). Consider the system of equations of

the form Equation K.3. In the neighbourhood of root u™*!, we generate a sequence u"
0

using Taylor’s theorem, Equation K.4, with some initial guess u”,
-1

(A(u")u"~f), (K.5)

uml:un_[wwu

ou

un

where GAB(—Z)“ ., is the Jacobian matrix. This method is known as the Newton iteration
u

techniques. Newton iteration converges quadratically. The method is less robust than

Picard iteration, and more sensitive to the accuracy of the initial guess u°.

As an example non-linear test problem we consider Burgers’ equation in R'. Burgers’
equations describe a simplified Euler flow under the assumption that the function gra-
dient equals zero. For this example we consider the non-conservative form of Burgers’
equation (equivalent formulations for incompressible flows were derived insection 4.2),
which is given by,

op®
ot

+ 2,09 =0. (K.6)

Example K.1 (Linearization of Burgers’ Equation). Consider space-time domain Q =
Q x T, with unit-interval Q = [0, 1], and time-interval T = [0, f]. The discrete system of
Burgers’ equation, Equation K.6, using standard space-time Galerkin technique is given
by,

ALDy =0, (K.7)

: 0,00 _ ~O1) (1,0)
with A =0 RO, (K.8)
where X, (v) = v;,0, + cdt is the space-time velocity vector field, and vy, = v ¢'” the
reconstructed velocity field. To linearize the system of non-linear equations we con-
sider sequences generated through Picard’s and Newton’s technique, where we take ini-
tial guess v° equal to the initial solution at ¢ = 0 over time [0, #]. Picard’s technique,
Equation K.2, requires iterative solving of,

ALY+l =, (K.9)
To generate a sequence through Newton, we need to compute the Jacobian matrix J (A(,f)‘o) v).
Using the product rule we find,

0 0 0
0,00 .- 0,0),,] = (0,0) (0,0)
I(AYY) =5 (A Vv] = o (A o+ Ay v,
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with,
9 j
avl 5
and,
0 0,0) (0 O T p O (DT 5 (O) o (DT (1,0
507 A0 v= (ay f([¢ @ e @ PVc)])dQ|EMw

_ UQ ([¢50)¢;0) (@M)T OT]) dQ) E0L0),
Newton’s methods, Equation K.5, then yields,

S ()" [

As an initial condition we take the sinusoid, Equation 4.26 with ¢ = 0.4 and xy = 0.5.
For the discretization we took linear splines, Ag)) 5%14124 Finally we took time ¢ = 0.2.
Results are shown in Figure K.1. The initially smooth sinusoid steepens at its front, and
will eventually become discontinuous.

n+1 n_

RS (K.10)

0.20

-~ 0.10}

0.05 -

Figure K.1: Steepening in Burgers’ equation of initial distribution. Contour plot (left) show the characteristic
lines. Surf plot is also given (right).

To analyze the convergence behaviour of both methods we look at the residual r”,

+1 _
=llu™" —u"|

n+l n+l _

Convergence is achieved when r"** is within the range of machine precision, i.e. r
©(1071%). Convergence can be considered linear if the linear convergence speed v,
equals to some constant C < 1. Similarly, convergence can be considered quadratic if
the quadratic convergence speed vqua €quals to some constant C < 1.

n+1 n+l

"™ —u"lloo "™ —u"|
R T N (K11
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Results are shown in Figure K.2. Both techniques converged with machine precision.
Picard iteration converged with 27 iterations, whereas Newton iteration required 5 iter-

ations.

10° g - - - - - - 10? ——
101} e @ - Picard
»® o -0 Newton
102} ) 1 9
L]
3| |
10 b 210 : 4
L . 1 ‘e s 6
105 ] oo | LS *®%000000s
6 S %0000t
10} g
2
= 5 10—1 L L L L ! !
s 107 Q g 0 5 10 15 20 25 30 35
:I 108 ® | iter
2, ® T T T T T T T .
= : 104 [ b= =0 ]
10° b ] q 1
° 1012 i
100} ® 1 1010 |
L}
10M ® 1 C100f |
1012} | £ 10°t 1
1013} Q | 10° - é 1
14 ¢ 102 i 1
- [ |} 4
10 - .o 10°F ~o oy o 1
o%ee® ° %o e
1015 L L L L n Se? 102
0 5 10 15 20 25 30 35 1 2 3 4 5 6 7 8 9 10

iter

(a) Iteration residual. Methods are converged
when [ — 4| =6 (10714).

Figure K.2

(b) Convergence speed versus iteration
number, Equation K.11, of Picard (top) and
Newton (bottom) iteration technique.
Observed convergence speeds are near C < 1
until convergence is achieved.
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