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ABSTRACT

Fluid-structure interaction problems for a Stokes flow have a wide variety of applica-
tions, especially in biomechanics. The presence of an immersed elastic interface in the
domain produces a local force on the fluid which causes discontinuities in its velocity
field and pressure. Because the solution of the problem is discontinuous, standard finite
element methods need to be modified in order to achieve optimal convergence rates. In this
thesis we develop a high-order finite element method where the mesh does not need to be
modified to match the interface, and thus can easily be extended to moving-interface prob-
lems. We show that our method recovers the optimal convergence rate of standard finite
element methods for non-interface Stokes problems by precalculating correction functions
that hold all discontinuities across the interface. We finally show numerical examples that
suggest that our method is more stable than the standard immersed boundary finite ele-
ment method schemes, in the sense that it preserves physical quantities like energy and

mass for different initial configurations of the interface.

Keywords: Stokes flow, immersed boundary, moving interface, finite element method,

correction functions, Fourier interpolation.



RESUMEN

Los problemas de interaccion fluido-estructura en flujos de Stokes tienen una gran
cantidad de aplicaciones, especialmente en biomecdnica. La presencia de una interfaz
eldstica sumergida en el dominio genera una fuerza local en el fluido, lo cual produce
discontinuidades en el comportamiento de la velocidad y presion del fluido a través de ella.
Debido a que la solucion del problema es discontinua, los métodos de elementos finitos
tradicionales deben ser modificados para alcanzar la tasa de convergencia 6ptima. En esta
tesis presentamos un método de elementos finitos de alto orden donde la malla no necesita
ser modificada para coincidir con la interfaz, lo que nos permite extender ficilmente el
método a problemas temporales con una interfaz en movimiento. El método desarrollado
recupera la convergencia 6ptima de los métodos de elementos finitos tradicionales debido a
que es capaz de precalcular funciones correctoras que cumplen todas las discontinuidades
de la solucién a través de la interfaz. Finalmente se muestran ejemplos numéricos para
problemas temporales donde nuestro método es mds estable que los métodos tradicionales
de elementos finitos de frontera inmersa, en el sentido que conserva ciertas cantidades
fisicas del problema como la energia del sistema o la cantidad de masa para distintas

configuraciones iniciales de la interfaz.

Palabras Claves: flujo de Stokes, frontera inmersa, interfaz en movimiento, método de

elementos finitos, funciones correctoras, interpolacion de Fourier.
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1. INTRODUCTION

1.1. Motivation

Moving interface problems have many applications in engineering and physics, in
fields such as fluid mechanics, gas dynamics, biomechanics, among others. In the par-
ticular case of laminar flow (low Reynolds number), i.e. where the fluid velocity is low,
viscosity is large or the length-scales of the flow are small, the Stokes flow equations
provide a good approximation to the flow field (Kim & Karrila, 1991). This is the case,
for example, of the dynamics of swimming microorganisms (Lauga & Powers, 2009) and
blood flow through the veins (Siddiqui, Sohail, Naqvi, & Haroon, 2017). If we consider
an immersed elastic interface in a Stokes flow, the presence of such interface produces
local forces on the fluid causing it to move, while at the same time the velocity of the fluid

determines how the interface moves.

Solving the fluid-structure interaction on a Stokes flow has many applications in biome-
chanics, which makes the problem not only interesting and challenging mathematically,
but also a powerful tool for designing prosthetic valves or membranes, since it would
be possible to approximate the flow field and shear stress for a specific design (Yang &
Wang, 1983). In order to study the fluid dynamics of heart valves, Peskin developed the
Immersed Boundary method (Peskin, 1977) to solve the equations of motion of a fluid
in presence of cardiac valves, and it has been applied to model both natural and pros-
thetic cardiac valves. Another example is the vibration of the basilar membrane within the
cochlea (inner ear), which can be modeled by considering both rigid (surrounding bone)
and flexible (basilar membrane) parts (Beyer, 1992). The main function of the cochlea is
to convert mechanical vibrations induced by sound waves into electrical nerve impulses.
A two-dimensional model of the cochlea is studied in (Beyer, 1992) and is solved using

the Immersed Boundary Method to model the vibration of the basilar membrane. Solving



this problem can help us understand the mechanical impulses that cause hearing and thus

design prosthetic cochleas to fix hearing loss.

Because of the presence of an immersed interface, local forces are applied in the fluid
causing discontinuities on the solution. Different approaches have been followed to con-
sider this local force using both finite difference and finite element methods. The Im-
mersed Boundary method proposed by (Peskin, 1977) uses a finite difference approach
to approximate the Dirac delta function, but have shown to be highly unstable on explicit
schemes and stable on implicit schemes that are too expensive for practical computations
(Tu & Peskin, 1992). For a finite element method approach we need to consider triangu-
lations of the domain. Standard finite element methods usually give continuous approx-
imations of the solution and are only able to consider discontinuities across the faces of
the elements. Since the solution is discontinuous across the interface, these methods need
to be modified either matching the mesh to the interface or changing the finite element
spaces. Boundary integral equation methods have also been proposed to approximate the
solution of this problem (Mori, 2008; Mori, Rodenberg, & Spirn, 2019), which are based
on approximating the Green function for the interface Stokes problem, giving a solution

for the velocity and pressure fields in R

In this thesis we will develop a high-order finite element method to approximate the
solution of a steady-state Stokes interface problem. Our method is able to consider inter-
faces that not necessarily match the mesh, and thus it is easy to extend the steady-state

method to approximate the solution of a moving Stokes interface problem.

1.2. Stokes flow physics

The Navier-Stokes equations are a set of partial differential equations that describe the
motion of a viscous fluid by conserving certain physics properties. If we consider that

mass should be conserved at any point of the domain, the following equation must hold in



the fluid

or equivalently,

Dip = —pV - u, (1.1)

where the nonlinear operator D; = 0, + u - V is the material derivative. Here p and u are

the density and velocity field of the fluid, respectively.

The conservation of momentum can be expressed using Newton’s second law, which

result in the Cauchy momentum equation
pDiu =V - o+ f, (1.2)

where o is the stress tensor and f are all external forces per unit of volume acting on the
fluid. For example, if we consider the gravitational acceleration g, the external force is

given by f = pg. The Cauchy stress tensor can be split into two separate terms,
o=—-pl+T,

with 7" being the so-called deviatoric stress tensor. This can be interpreted as two separate
forces acting on the fluid. The force caused by the pressure is given by V- (—pI) = —Vp,
while the viscous forces of the fluid are given by V - T'. In the case of a compressible

Newtonian fluid, it is possible to write the deviatoric stress tensor as
T=p(Vu+(Vu)') + NV -u)l,

where ( is the dynamic viscosity and A is the second viscosity coefficient, which is defined
such that trace (T') = 0. Replacing this in (1.2) yields the Navier-Stokes equations for

compressible Newtonian fluids

p(u+u-Vu)=-Vp+ V- (u(Vu+ (Vu)') + AV - u)) + f.



Stokes flow equations can be easily obtained as a linearization of the Navier-Stokes
equations. The Reynolds number Re is defined as the ratio of inertial forces to viscous

forces caused on a fluid (Kim & Karrila, 1991),

Re = @,
W
where L is a characteristic linear dimension of the domain, for example, for flow in a pipe
L is the diameter of the pipe. The Reynolds number quantifies the relative importance of
both forces, and can be used to predict whether a certain flow will be turbulent or not.
When viscous forces are dominant, i.e. Re < 1, it is possible to observe a laminar flow,
while when inertial forces are dominant, i.e. Re > 1, turbulent flow can occur. The
Reynolds number is small in situations where the fluid velocity is low enough, viscosity is
high enough or the length-scale of the problem is small, like in blood flow through veins.

In these cases the non-linear part of the Navier-Stokes equations can be neglected. If we

also consider a stationary flow (0;u = 0), we obtain the Stokes flow equations
V- (u(Vu+ (Vu)") + AV -u)) + Vp = f. (1.3)
In the case where the density p is constant, conservation of mass (1.1) becomes a
condition of an incompressible flow,
V-u=0.

By replacing this in (1.3) and assuming a constant viscosity p we obtain the equations

describing a Stokes flow for an incompressible fluid
—pAu 4+ Vp = f, (1.4)

where we used the fact that V - (Vu)" = V(V - u) = 0.



1.3. Fluid-structure interaction

In this section we will derive the model and introduce the strong formulation of the
problem following a similar procedure as outlined in (Dunn, Lui, & Sarkis, 2021). Con-
sider a bounded Lipschitz domain 2 C R¢. Throughout this thesis we assume d = 2, but

the results can be easily extended to d = 3.

Inside €2 there is a closed, smooth curve I' representing a massless, elastic interface,
which the fluid cannot go through. This interface splits the domain 2 in two, which we
will denote by 2~ for the region enclosed by I' and by Q% for the exterior region, with
boundaries defined as 9Q~ = I' and 90" = ' U 01, respectively. At a given time ¢ > 0,
we denote the cartesian coordinates of the interface in parametric form by X (s, t), such
that I'(t) = {X(s,t), s € [0,27]}. We assume that this parametrization is known at
t = 0. This is not necessarily an arc-length parametrization, which allows us to define
an initial elastic interface with both bending and stretching. Physically, we can interpret
the point X (s, t) as the material point on the elastic membrane that moves from an initial

position X (s, 0).
The unit tangent vector to the interface is defined as
T = 0. X/[|0.X]|.
The boundary tension 7'(s, t) is modeled using a generalized Hooke’s law
T(s,t) = o([|0: X, s, 1),

where o(]|0;X]|, s,t) is a function defining the stress caused on a point X (s,t) of the
interface given its local deformation at any time ¢. To compute the elastic force between
two points a and b, we note that

v 0,(TT)(s,1)

|05 X | ds.
0. X ||

(Tr)(bt) = ()0 ) = [ orT)(s. ) ds = [



Since this holds for any open interval (a, b), we can write the density force 3 acting on I'
per unit length as
0s(TT)
B(s,t) = :
10X |

If we consider o(||0sX ||, s, %) to be proportional to ||0;X ||, i.e., the deformation of the

interface is withing elastic range, then the density force is given by

_2X
10s X |

6(37t) = -

where £ > 0 is a constant depending on the material and the negative sign is chosen so the

energy of the system dissipates (see Section 4.1).

The deformed and stretched interface applies a local force when computing the fluid

velocity and pressure, which can be incorporated into equation (1.4) as a force B
—pnAu + Vp = f + B,
B(x) = /B-d(m—X) ds.
r
From its definition, we can easily check that B = 0 when « € Q\I.

Two additional constraints must be added on the interface. We impose a no-slip con-

dition between the fluid and the interface. This condition is considered by taking

[ul =0 onT

9,X = u(X,1t).

where [¢] denotes the jump of a function ¢ across T'.



1.4. Previous work

To solve this problem, Peskin introduced the Immersed Boundary Method (Peskin,
1977) to approximate the fluid dynamics of blood flow through heart valves, a finite dif-
ference method with a specific smoothness of the J function. See also the review pa-
per (Peskin, 2002). The stiffness which arises from the singular force and the time-step
limit in computations showed a high instability on explicit schemes and suggests the use
of a fully implicit method for solving the Stokes equations (Tu & Peskin, 1992), how-
ever the method proposed by Tu and Peskin was too expensive for practical computations
(much higher computational time and storage space required when compared to the ex-
plicit method). The analysis of a simplified model for the Stokes equation is done in
(Mori, 2008) and in (Mori et al., 2019) they proved the well-posedness and global be-
haviour. Subsequently, several finite difference methods were proposed to integrate the
natural discontinuity of the equations and hence obtain higher order approximations, see
for instance the immersed interface method (LeVeque & Li, 1994, 1997; Li & Lai, 2001;
Li & Ito, 2006) and the corrected method (Marques, Nave, & Rosales, 2011).

As we will see in Section 3.1, the presence of a local force B on I' causes a discon-
tinuity on p and the derivatives of both v and p across the interface. It is possible to
strongly include the discontinuity conditions to the Stokes equations, which allow us to
use different finite element methods to solve the problem. The basis functions used on
the approximation by finite element can be easily replaced by higher order functions to
obtain a better convergence rate, thus suggesting that a finite element method may be used

to obtain more scalable methods.

If standard finite element methods were used to solve the problem without taking the
discontinuities into account, the convergence rate of the methods have proven to be non-
optimal (see Section 3.6). These methods usually consider continuous solutions and only

are able to consider discontinuities across the element edges. Because of this, a natural
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Figure 1.1. Schematic depiction of a deforming-mesh method (Scott, 2015).

approach to recover optimal convergence rates in the steady-state Stokes interface problem
is to define a mesh that matches the elements with the interface I'. However, this approach
is not efficient when solving moving interface problems, because it would be necessary
to obtain a new mesh every time the interface moves to a new position, forcing us to
recalculate integrals between basis functions on the elements that were changed, and invert

the new matrix of the linear system.

Figures 1.1, 1.2 and 1.3 (Scott, 2015) show how different approaches may be used to
consider discontinuous solutions in different finite element methods applied to immersed
boundary problems. In deforming-mesh methods, the nodes of the domain evolve along
with the points of the interface. This method may give really good results when the mesh
is adapted to more complex geometries of the interface, for example, if curved elements
are considered for triangles touching the interface I'. This may seem like a good approach
at first, but it is possible that the deformations lead to meshes with a poor aspect ratio, thus

resulting in much worse convergence rates.

On the other hand, universal meshes only adapt a small number of triangles near the

interface by maintaining (or slightly changing) the aspect ratio of the original mesh and
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Figure 1.2. Schematic depiction of a universal mesh (Scott, 2015).

matching the interface I' to the element boundaries. On both deforming-mesh and uni-
versal mesh methods, it is necessary at every time step to adapt the mesh to the domain
depending on the position of the interface. Even a little movement of the interface forces
us to obtain a new mesh and calculate integrals over each modified element again, which
can be computationally expensive if we want to solve the problem for several different

interfaces.

Fixed-mesh methods do not modify the mesh at any time step. The main advantage
of this method is that it only needs to obtain a good-quality mesh once. This eases the
calculations on integrals between basis functions on each triangle, since they are always
the same except possibly for triangles which the interface intersects due to the local elastic
force, but need to consider additional constraints on those triangles in order to recover opti-
mal accuracy. Finite element methods with fixed mesh have been comprehensively studied
for elliptic interface problem. For instance, the corrected schemes (Guzman, Sanchez, &
Sarkis, 2016a, 2016b), the immersed interface finite element method (L1, 1998; Gong, Li,
& Li, 2008; Adjerid, Chaabane, & Lin, 2015; He, Lin, & Lin, 2011; Guzman, Sinchez,

& Sarkis, 2017) and unfitted Nitsche scheme or cut finite element methods (Burman &
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Figure 1.3. Schematic depiction of a fixed-mesh method (Scott, 2015).

Hansbo, 2010; Burman & Zunino, 2011; Burman & Hansbo, 2012; Burman, Guzman,
Sanchez, & Sarkis, 2018)

Throughout this thesis we will derive a fixed-mesh method that is able to compute the
discontinuities across the interface before solving the equations in the domain 2. This
method is based on obtaining local correction functions that capture the discontinuities
of the solution (of any arbitrary order) across the interface, which allows us to consider
discontinuous solutions while preserving the convergence rate of different finite element

methods without modifying the mesh nor the finite element spaces at any time step.
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2. PRELIMINARIES
2.1. Notation

First we introduce some definitions

DEFINITION 1. Let u : R®™ — R"™ be a sufficiently smooth vector field such that
w = (up,...,u,)" andlet A, B : R* — R™" be sufficiently smooth tensors. We will use

the following operations.

Vu = [arj Ul] "

i.j=1

Au = (Auy, ..., Au,)’
> 0., Ay
j=1

A:B = zn: Ai’jBi’j

ij=1

n

=1

Note that Vu is a matrix which ¢-th row is given by Vu,;, while V - A is a vector
which ¢-th component is obtained by taking divergence of the i-th row of A, and thus

Au =V - Vu just like for scalar functions.

DEFINITION 2. Let u,v : R" — R" be sufficiently smooth vector fields and let p, q :
R™ — R be scalar functions. Let §) be any open subset of R"™ and let T be any (n — 1)-

dimensional surface in R". We will use the following notation
P @)o = /pq dx
Q
(u,v)g = /u-vdx
Q
(Vu,Vov)q = / Vu: Vv dr
Q

We define the bilinear forms (-, -)r the same way as integrals (-, -)q, but integrating over .
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DEFINITION 3. We will use the following vector spaces for scalar functions
L*(Q) = {p:Q— R,/ lp]? dx < 0o}
Q

12Q) = {p soeﬁ(m,/ﬂsodw:m
HY(Q) = {¢: p€ L*(),0,,0 € L*(Q), fori=1,...,n}

Hy(Q) = {p: v € H'(Q),7p =0}

For any vector field w = (uy,...,u,)" and any vector space V of scalar functions
defined on Q0 C R"™, we say that w € [V|" ifu; € V fori = 1,...,n. The functional
Yo @ HY(Q) — HY2(0Q) is called the Dirichlet trace and restricts the function to the
domain boundary 0f€). See (Brezis, 2010) for a definition of fractional Sobolev spaces
H*(Q) for s € (0,1).

We also introduce some standard definitions for domain and triangulations to be used
in a finite element setting. We follow (Ern & Guermond, 2013). See also (Brenner, Scott,

& Scott, 2008), (Braess, 2007).

DEFINITION 4. A domain €2 C R" is an open, bounded, connected set with Lipschitz
continuous boundary 0X). We say that § is of class C™, for m > 1, if the respective local

Lipschitz maps are of class C™.

We define a triangulation Ty, of the domain ) € R" as the union of a finite number of
non-empty interior simplices K (triangles for n = 2) such that T, forms a partition of 2,
ie.

Q= U K and int(K)Nint(K')=0 forK,K' €Ty, K # K’
KeTy,

The subsets K are called elements. Moreover, for all K, K' € T, the intersection K N K’

is:

e Either empty or a common vertex in dimension n = 1,
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e Either empty, or a common vertex, or a common edge in dimension n = 2,
e FEither empty, or a common vertex, or a common edge, or a common face in

dimension n = 3.

The subscript h refers to the level of refinement of the mesh. Defining the diameter of

an element K € T, as

hx = diam(K) = max ||z; — x3]|2
x1,T2€
where || - ||2 is the Euclidean norm in R", the parameter h (mesh-size) is defined by

h = max hy
KeTy

We will denote a sequence of triangulations by {Tp, } >0

2.2. Stokes Problem

In this section we derive a mixed weak formulation for the standard steady-state Stokes

problem and state its well-posedness.

Let 2 be an open, bounded, connected set in R? with Lipschitz boundary and assume
that the flow is stationary, d;u = 0. Given a function f :  — R?, a body force acting on

the fluid, we seek for the velocity u :  — R? and pressure p : Q@ — R? solution of

—puAu+ Vp = f in (2, (2.1a)
V.ou=0  inQ, (2.1b)
u=20 on 0f, (2.1¢)
/ pdz = 0. 2.1d)
Q

These equations are termed as the momentum equation (2.1a) and the mass conservation

equation (2.1b). We first derive the weak formulation for (2.1a) multiplying by a vector
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field test function v € [HJ(2)]" and integrating over 2. We obtain

—(pAu, v)o + (Vp, v)a = (f, v)a

Integrating by parts the two terms on the left-hand side and imposing the zero boundary

condition of the test function we obtain

(uVu, Vv)g — (p, V- v)a = (f, v)a

Similarly, we obtain the weak form of the second equation (2.1b) multiplying by a scalar
test function ¢ € L3

Thus, the mixed weak formulation reads as follows. Find u € [H}(Q)]" and p €

L2(€2) such that

(uVu, Vo)g — (p,V-v)g = (f,v)a Yo € [Hy(Q)]", (2.2a)

(¢, V-u)g=0 Vg € L3(Q). (2.2b)

Observe that these equations are well-defined for u € [H}(Q2)]" and p € LZ(2), and the
given force f € [L*(Q)]"™.

Equivalently, it is possible to rewrite (2.2) in a more general setting introducing the

bilinear forms a : [Hy (2)]" x [H3(2)]" — Rand b : [H}(Q)]" x L3(Q) — R defined by

a(% 17/)) = (HV% v”vb)ﬁb b(% QS) = _(¢7 V- 90)

for all functions ¢, ¢ € [Hj(Q)]" and ¢ € L3(f2), obtaining the formulation: Given
f € [L*()]", find w € [H}(Q)]" and p € L3(Q2) such that

a(u,v) +b(v,p) = (f, v)a Yo € [Hy(Q)]",

b(u, q) = 0 Vg € L3(9).
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Note that if f and 02 are sufficiently smooth then the solution (u,p) of the weak

formulation (2.2) is also smooth and solves the Stokes problem (2.1).

For the sake of completeness, we state the well-posedness of problem (2.2). See

(Girault & Raviart, 1981; Ern & Guermond, 2013) for a more detailed proof.

THEOREM 1. The mixed weak form Stokes problem (2.2) is well posed, i.e., there exists
a unique solution (u, p) € [Hj(Q)]" x L3(Q) and there is a constant C' > 0 such that for
f e @]
[wllm@) + Ipllzze) < ClIf il

PROOF. To prove existence and uniqueness of this problem, it is convenient to con-
sider the vector space Hy(div,Q) = {v € [H}(Q)]", V -v = 0}, with the norm
|- |1y = | - 1,0, where we used that in H{ () the semi-norm |- |10 = ||V - || 12(q) i8 an

equivalent norm.

From the definition of the bilinear form a (¢, 1), we can easily see that it is continuous
in Hy(div, ) and that it is Hy(div, Q)—elliptic, since a(v,v) = plv|} o = pl|v|lm ).
From Lemma 3.2 from (Girault & Raviart, 1981), we know that V - (+) is an isomorphism
from Hy(div, Q)" to L2(©). Using this result and the open mapping theorem, we obtain
that for any function ¢ € LZ((2) there is a unique function v, € Hy(div, )" such that
q =V -vgand |vy|10 < cl/q|| g1 (o) for some constant ¢ > 0 independent of ¢. Therefore
b satisfies the inf-sup condition

. (Q7 % U)Q . (Q7 V. vq)Q
inf sup > inf
a3 vermi ) 14l 2@ lvllm@) — eerd@ lall 2@ llvgll o)

1
P
C

Since both @ and b are continuous, a is Hy(div, 2)-elliptic and b meets the inf-sup con-
dition, by using the Ladyzhenskaya-Babuska-Brezzi Theorem (see Theorem 4.1, Chapter
I, from (Girault & Raviart, 1981)), we conclude that problem (2.2) has a unique solution,

and the solution depends continuously on the data. 0
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REMARK 1. We observe that the two key components in the proof of Theorem I are the
coercivity of the bilinear form a and the surjectivity of the divergence differential operator
from the space for the velocity onto the space of the pressure. The last one in particular
is a major restriction in order to define conforming finite element spaces for the Stokes

problem.

REMARK 2. The results of Theorem I can be extended to the nonzero Dirichlet bound-
ary condition w = g on 0), where g € [H'?*(0Q)]". Note that for this we have the

compatibility condition [,, g - n dS = 0, because

Oz/V-ud:c:/ u-ndS:/ g-ndS.
Q o9 o9

It is possible to write w = wy + ug where ug € [H}(2)|" and ug is an extension to
[HY(Q)]™ of g. This extension ug is not unique, but for every such extension there is a
unique ug that solves the problem. If two different extensions are considered, we obtain
two possibly different solutions, namely (u, p) and (u, p). By subtracting the weak formu-

lations for both extensions of g, we obtain

(uV (i — &), Vo) — (— 5,V - v)a = 0 v € [H(Q)",
—(, V- (@& —w))o =0 Vg € L*(9).
Since w = 4 = g on 99, then © — u € [H(Q)|™. Thus, we obtain that (4 — u,p — p)

must be a solution of problem (2.2) for f = 0, therefore it must be zero, concluding that

the Dirichlet boundary problem also has a unique solution.

REMARK 3. It is convenient to rewrite the zero integral condition on the pressure

space of problem (2.2) by adding a Lagrange multiplier for the fQ q dx = 0 constraint.
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Then the problem reads as: Find (u,p,\) € [H}(Q)]" x L*(Q) x R such that

(uVu,Vo)g — (p,V-v)g = (f,v)ao Yo € [Hy(Q)]", (2.3a)
—(q,V-u)g+ Mg, 1)g =0 Vg € L*(Q), (2.3b)
7(p, 1) =0 vr € R. (2.3¢)

It is easy to see that any solution of equations (2.2) will also yield a solution for equations
(2.3) with A = 0. To prove this, let (u, p) be the solution of problem (2.2), then it holds the
first condition of (2.3). For the second equation, consider any ¢ € L?(Q) and let ¢ € R

be its mean value over ), then ¢ — q € L3(S2) and thus

—(¢.V-u)o+ Mg, 1)o=—-(¢—7V -u)o—q(1,V-u)+ A 1),
= —q(l,u-n)so + A(g, 1)a,
= Mg, Do,
and since this must be zero for all ¢ € L*(Q)), we conclude that A\ = 0. We can see that

this is also true for the nonzero Dirichlet boundary condition w = g on 0f), because of

the compatibility condition |, 009 M dS =0.

The solution of problem (2.3) is also unique. Indeed, we consider the case f = 0 and
use test functions v = u and q = p. The second equation now becomes (p,V - u)q = 0.
Replacing this in the first equation yields u(Vu,Vu)q = 0, thus giving uw = constant.
Since u = 0 in 0€), we conclude that uw = 0. By replacing u = 0 in equations (2.3) with

f =0, we obtain
(p,V-v)qg=0 Yo € [Hy(Q)]",
Mg, 1) =0 Vg € L*(Q),

(p, 1)9 = 0
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By choosing v € [H(Q)|" such that V - v = p (this is possible from Lemma 3.2
in (Girault & Raviart, 1981), and because p integrates 0), the first equation becomes
(p,p)o = 0 and thus p = 0. From the second equation, we can easily see that A = 0.
Since the only solution to the homogeneous problem is the trivial solution, we conclude

that a solution for problem (2.3) exists and is unique, and such solution must give \ = (.

2.3. Finite Element Methods for Stokes flow

In this section we discretize the Stokes problem (2.2) using finite element methods. We
first write the approximation in abstract setting for conforming finite-dimensional spaces
Vi, C [HY(Q)]™ and Q;, C L3(1), and seek the approximations u;, € Vj, and p;, € Q, to

the velocity field v and the pressure p, respectively, solution of

a(uh, ’U) + b(v,ph) = (f, 'U)Q Yv € V), (2.4a)

b(un,q)o =0 Vg € Qn. (2.4b)

As we mentioned in Remark 1 the finite element spaces for approximating the solution
of the Stokes problem (2.2) must satisfy a so-called compatibility inf-sup conditions. We

state this condition next

THEOREM 2. The discrete problem (2.4) is well-posed if and only if the spaces V), and
Q. satisfy the discrete inf-sup compatibility condition, i.e., there is a constant c;, > 0 such

that
V- 1
inf sup (@ 2)a Z
9€Qn eV, Hq||L2(Q)HvHH1(Q) Ch

PROOF. See Proposition 4.13 in (Ern & Guermond, 2013). U
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2.3.1. Finite element discretization

To define stable finite element approximation for the Stokes problem we need a pair of
finite element spaces (V},, Q)1,) satisfying the discrete inf-sup condition. Below we provide
examples of these. Also, there are several documented examples of unstable finite element

spaces such as the P; — P; and the P, — P, finite elements.

Consider a shape-regular triangulation 7, of the domain 2. We now introduce the
Taylor-Hood finite element by
Vi = {v, € [C(V)]%: vnlg € [PFTH(Q)]", VK € Tr, vy, = 0 0on 0Q},
Qop = {an € Ly NC(Q) : qu|x € PH(Y), VK € Tp}.
LEMMA 1. Assume that n = 2,3 and that every element K € T, has at least n edges

in the interior of ). Then, there is C' > 0 such that for the Taylor-Hood element spaces V},

and Q)p, o we have
0.V ) 1/2
q, V)
sup ————— > C Z hicllall72 k)
vevi V]l KeT,

and hence satisfy the discrete inf-sup condition uniformly with respect to h
PROOF. See Lemma 4.23 and 4.24 in (Ern & Guermond, 2013). 0]

In the following chapters we will present our model problem under Stokes flow in
two dimensions (n = 2). As we observed in Remark 3, for an easier implementation
of the method it is convenient to rewrite problem (2.4) introducing a Lagrange multiplier

imposing the zero integral condition of the pressure space. Thus, we obtain the following
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system: Find (wp, pp, A) € Vi, X @), X R such that

(uVuy, Vor)o — (pr, V- vp)a = (Ff,on)a Vo, € Vi, (2.52)
—(qn, V- up)a + Agn, 1)o =0 Van € Qn, (2.5b)
7(ph, 1)o =0 V7 € R, (2.5¢)

where

Qn="{an € C(V) : q|lx € P"(Q), VK € T;}.

We solve these equations instead of problem (2.2) simply because it is easier to work
with spaces @, C L*(Q) than spaces Qo C L3(£2) where the basis functions should be

continuous and integrate zero.

2.3.2. Some implementation details in 2D

To fix ideas, consider continuous piecewise P2 — P! functions, i.e., the lowest order
Taylor-Hood element. Since we are working in R?, to obtain a linear function in each
triangle K € T, we need 3 degrees of freedom, while for quadratic functions we need 6.
For a reference element X with nodes &, = (0,0)7, 0, = (1,0)T, 95 = (0,1)7, we will

use the basis functions
¢2(x7y) 23;7 953('%7@) :@

such that ¢;(v;) = ¢ ;. Every linear function in K can be expressed as a linear combi-
nation of functions ;. For quadratic functions we consider the Bernstein basis functions
Y1 = @, Yo = @5, U3 = @3, by = 201, 5 = 20103, Y = 2Paps, such that any
quadratic function in K can be expressed as a linear combination of functions zZAJZ To

define the basis functions in an arbitrary element K € 7, with nodes v; = (z1, yl)T,
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vy = (22,42) 7, v3 = (23,y3) 7, consider the function F : K — K, defined as

z To —T1 X3 —X x x x x
(i) = o G G =) ()
4 y2—y ys—y ) \Y h Y n
This is an affine function such that Fi (v;) = v; for all i. The basis functions in K are

defined as

¢f = dio ', i=1,2,3, (2.62)

Y=o ity i=1,...,6. (2.6b)

Defining V as the gradient operator in the coordinates of K, and V as the gradient in the
coordinates of K, we can now obtain the derivatives of ¢ by applying the chain rule in

equations (2.6):

VoK = By Vg0 Fitt, i=1,2,3, (2.7a)

VX = B Vo Fitt, i=1,...,6. (2.7b)

To ensure continuity of the solution, in ();, we will consider one basis function ; for
each node : of the triangulation. For every triangle K € 7T}, that contains this node, letting
n; be its local enumeration within K, then the basis function restricted to K is given by
vilk = gani , while ¢; = 0 for every other triangle K that does not contain the node .
Similarly for quadratic functions, we will consider one basis function v; for every node
and every edge of the domain. Letting NN and Ne be the number of nodes and edges in
7Ty, respectively, and because V/, is defined in R?, we use basis functions 1p; = (1;,0) " and

Virnnine = (0,;)7 for V,, withi = 1,..., NN + Ne. Thus, the spaces V}, and @), can
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be expressed as

2(NN+Ne)
Vi=< v, €[C)?: v, = Z a;;, o € R, v, = 00n 09, », (2.8a)
i=1
NN
Qn = {Qh cC): g=) Bitn, Bi € R} : (2.8b)
i=1

Using these spaces, the discrete formulation of problem (2.5) is as follows. Find o €

R2NN+Ne) 3 ¢ RVN and A\ € R such that
D i (uV;, Vibi)a = Y Bi(05, V- i)a = (£, e i=1,...,2(NN + Ne),
j j
3 (¢, V- 9)a + M, 1) = 0 i=1,... NN,
J

Zﬁj(% Lo =0.

—

It is possible to rewrite this problem as a linear system in A¥ = f. The components
of A are given by (uVp;, Vp,)a, —(V -4, ¢;), (¢4, 1) or zero depending on the position
that the integrals appear, resulting in a symmetric matrix, which also is positive-definite
for the Taylor-Hood elements. Similarly the coordinates of f are given by (f,;)q or
zero, while 7 = (a' @7 \)T is the solution of the linear system. By solving this, the
finite element approximation of the solution would be

2(NN+Ne)

Up = Z a1,

j=1

NN
Pn = Z Bi;.
j=1
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2.3.3. Computing the integrals

When solving the linear system, each coordinate of A represents an integral over €2 of
combinations of basis functions. As we will see, it 1s not necessary to integrate each one

of them separately. First of all, we can see that

(Vepi, Vibj)a = D (Vb Vb ), (2.92)
K

(60, V- 9)a =Y (6, V - b))k, (2.9b)
K

(60 Do => (6, 1)k. (2.9¢)
K

For the first integral from (2.9) we note that the base functions for V}, are either zero
on their first or second component. Therefore, we only need to compute this integral
when both 1p; and 1); are nonzero on the same coordinate. In this case, we can write

(V;, Vp;)k = (Vih;, Vi);) ik for scalar functions ¢; and +;. By making a change of

variables # = Fy' () and using identity (2.7) we obtain

(Vhi, Vi) i = | det Bi| - (B Vi, By 'V i,
= |det Bg| - (Vibi, Bg' B Vi) &
Now we only need to compute the integrals (8,);, c%@/;j) fos (8,05, 8y1ZAJj) fos (@ﬂ@i, c%gf)j) i

and (8y@/3i, Gyﬂj) > and then multiply their values by the corresponding coordinates of

By Bx" to obtain the integral over K.

For the second integral from (2.9), since only one coordinate of 7); is nonzero, namely
1;, this expression can either be (¢;, 0,1;)k or (¢;, 0,1;) k. Following the same proce-

dure as before, we can see that

(61, 0:0)ic = | det Bye| - (¢, B[}(Tl.)@?;j)fo

(¢4, 0y05) i = | det Bc| - (6i, Biefoa) V) 1
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where B;(Z—E.) represents the /-th row of B;{T. Similar as before, we only need to compute

(¢3i, &gzﬂj) % and ((ﬁl, 8371%) % and then multiply their values by the corresponding coordi-
nates of B[}T to obtain the integral over K. For the last integral from (2.9), by making the

same change of variables we see that

(¢5,1)x = | det(Bg)| - (¢i, 1)z = | det(Bx)|

1=1,2,3.
Thus, we only need to compute a few integrals over the reference element K and then

use these values to compute the integrals over an arbitrary element /.

2.4. Two-dimensional Fourier interpolation

Even though for the steady-state interface Stokes problem in Section 3 we assume that
we know the parametric form of the interface, this is not necessarily true for the moving
interface problem that we solve in Section 4, since the position of the interface keeps
changing at every iteration. We will now show how to approximate the parametrization of

the interface by using a two-dimensional Fourier interpolation of the curve.

In order to approximate the interface X at a given time ¢,,, which is denoted by X", we
take )M points along the interface equally spaced in the parametric space, X[, ..., X, 4,

i.e., we take samples X = X"(s,,) such that s, = 2rm/M forallm =0,..., M — 1.

We approximate the interface using the M points with the Fast Fourier Transform. For

a fixed time t,, we write each point X" = (27 ,y")" as a point in the complex plane,

2" = 2" +i-y". Any parametrization of the interface X"(s) = (2"(s),y"(s))" can be

interpreted as a complex function f"(s) = z"(s) + i - y"(s). Since we assume that the

interface is closed and smooth, then we can think of f™ as a smooth periodic function with
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period 27. Thus, f™ (and its derivatives) can be expanded as a Fourier series:

00
E n iks
- Zk‘ - € 3

k=—o00

034 Z Zy ( (ik)"

k=—o00

Following the procedure outlined in (Johnson, 2011), we approximate f™ using the
discrete Fourier transform (DFT). Considering that the points X are taken in counter-
clockwise direction, consider that we have sample points equally spaced from 0 to 27

independent of time, 2, = f"(s") = f" (2rm/M) form = 0,..., M — 1, such that
Z e
Using the inverse DFT (IDFT), we retrieve the points 2] :

M-—1
n __ n +2mmk
2y = g Zyer M
k=0

Our goal is to approximate the function f"(s). It is easy to see that even with fixed
values for Z}!, any function of the form

M-

,_.

Z0 gilkHteM)s
k=0
will yield the exact same samples 2" for any values of /), € Z. If we choose ¢, = 0 for
k < M/2, ¢, = —1for k > M/2 and split the Z}, ,, term between the frequencies +:1//2
(giving a cos (sM/2) term), we obtain the unique minimal-oscillation trigonometric in-
terpolation of order M, in the sense that it minimizes ||0, f"||12(s1). Thus, the resulting
interpolator is given by:

f(s) =23 + Z Zy e + 7y, e + Zjp /2 cos (sM/2),
0<k<M)/2
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where the M /2 term (Nyquist) vanishes for odd M. Finally, in order to recover the inter-
face X" (s) and its derivatives, we simply take the real and imaginary part of the trigono-

metric interpolation function f"(s) and its corresponding derivatives.

2.5. Numerical methods for ODEs

As we will see in Section 4, the interface I immersed in the domain {2 moves according
to the velocity field w by following a no-slip condition. If we represent the points on the
interface at a time ¢ by the parametrization X (s,t), s € [0, 2], the no-slip condition
between the interface and the fluid is represented by 9, X = u(X,t). This corresponds to

a first order ODE, and we can use different numerical methods to approximate its solution.

Suppose we want to solve a problem of the form y'(¢) = f(¢,y) with an initial condi-
tion y(tg) = yo. Consider the sequence tg, t1,ts, ... witht, =ty + nh (h = At > 0) and
that we have an approximation of the first values of y, with y(t;) ~ y; for all k. Time-
stepping numerical methods for approximating the solution of an ODE can be expressed

as
Yn+1 = yn(f7h7y07y17 cee 7yn)

The method is said to be of order p if

y<tn+1> - yn(fa ha y(t())? y<t1)7 s 7y(tn>> = O(thrl)'

We will now show different methods for approximating the solution of such ODEs,

taken from (Iserles, 2008).
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2.5.1. Euler method

Euler method is an explicit ODE method where, starting from a point (¢, y,,) with

Y, =~ y(t,) we approximate the new value y(t,,, 1) from the formula

y(tn—i-l) N Yn+1 = Yn + h - f(tm yn)

Using the Taylor expansion for y(¢,.1) and the fact that ¥y’ = f(¢,y) we can easily
verify that this method is of order 1. This method is also convergent, in the sense that for

any fixed t* > t, with a time step A we have that
lim ||ly(to +nh) —ynnl =0, n=0,1,....[(t" —t0)/h],
h—0
where v, , is the approximation of the n-th point obtained by using the time step h.

This method can be slightly modified into an implicit method by taking

Ynt1 = Yn + h - f(tn—i—ly yn+1)-

This is known as the backward Euler method, and even though it is also convergent and of

order 1, it is generally more stable than the explicit Euler method.

Geometrically, the Euler method approximates the new point y,, 11 by considering the
slope of the solution at the left-most point of an interval, y'(¢,) ~ f(t,,y,), while its

implicit variant considers the slope at the right-most point of the interval, y'(t,.1) =~

f(thrla yn+1)-
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2.5.2. Runge-Kutta schemes

We can obtain an expression for y(t,1) from y(¢,) with ¢,,,1 = t,, + h by using the

integral formula,

ylta) =it + [ T F () dt = y(t) + b / Flt+ byt + ) dr.

and then obtain an approximation by replacing the second integral by a quadrature. This

results in

yn-‘rl =Yn + thjf(tn + th7y(t” + th))'

j=1
However, we do not know the value of y at every node ¢,,+c;h. The Runge-Kutta methods

focus in approximating y(t,, + c¢;h) by new variables £;, and then using these values to

update y,, into y,,+1. Specifically, we solve the equations

&1 = Yuthda; f(tn+ch &),
§2 = Yuthdaz;f(tntch &),

5,, = yn+hZ;:1au,jf<tn+th7£j>7

And use the solution to obtain the next point

Yn+1 = Yn +h Z bzf(tn + Cz'h7 éz)
=1

The matrix A = [a; ;]7;_, is called the RK matrix, while the vectors b = (by,...,b,)"
and ¢ = (ci,...,c,)" are the RK weights and RK nodes respectively. This data is usually

arranged in a Butcher tableau, which has the form

c| A
b
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When the RK matrix is lower-triangular and has zero diagonal terms, the method cor-
responds to an explicit RK scheme (ERK). In any other case the method corresponds to an

implicit RK scheme (IRK). An example of an ERK method is given by

)

— N
N |—=

Wi

1
6

D=

which is an explicit third-order three-stage RK method. This tableau is equivalent to

solving the equations

El = Yn,
€2 = yn+h %f (tn7€1>7
& Yo+ h (=1 f (&) +2 f(ta+2.&)),

and then using this values to obtain the next point,

h
Yn+1 = Yn + h (éf(tmﬁl) + gf <tn + 5752) + éf(tn + h>£3)> :

Generally, we can obtain v-stages ERK schemes of order v only for v < 4, and to obtain

higher order methods we need to consider even more stages.
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3. STEADY-STATE INTERFACE PROBLEM

The solution to the steady-state Stokes interface problem is proven to be discontinuous.
We show that ignoring this discontinuities can lead to sub-optimal convergence rates when
using a standard finite element method. We show how to precalculate functions, which we
call correction functions, satisfying these discontinuities across I'. Such functions can
be included into the problem to obtain a corrected finite element method. We show that
the convergence rate for any stable discretization spaces V}, and ()}, in the corrected finite
element method is the same as it would be in standard finite element methods for the

non-interface standard Stokes problem.

3.1. Strong formulation

We now show how to obtain the equations describing a steady, incompressible Stokes
flow in presence of a massless, impermeable, elastic interface I'. Since the fluid cannot go
through the interface, we impose that the movement of the interface is given by the fluid

velocity at that point. Thus, we impose continuity of the velocity across I,

[u] = 0. 3.1)

Here, for any quantity ¢ defined in €2, we write ¢* = ¢|o+ and define [¢] as the jump
of ¢ across the interface, i.e. [¢] = (¢7 — ¢~ )|r. As shown in Section 1.3, the presence
of an interface I' = { X (s), s € [0,27]} can be considered in the Stokes flow equations

by adding a local force B defined on I' (Mori, 2008),
—puAu +Vp = f + B, (3.2a)

B:/ﬁﬁ@—XN& (3.2b)
T
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where 3 is a density force acting on I'. Alternatively, it is possible to consider the local
force B only as a discontinuity of the solution across the interface. Multiplying (3.2) by a

smooth function ¢ such that ¢ = 0 on 0f) and integrating, we obtain

—/V-(,uVu—p[)-(;bda::/f-qbda:—i—/ﬁ-qde. (3.3)
Q Q r

Integrating by parts the left-hand side, we find that

—/QV-(uVu—p[)-qﬁdw:/r[[(,uVu—pI)n]]-qﬁdS—i—/Q(,uVu—pI):qud:l:,

where n denotes the unit normal vector to the interface I' pointing outwards {2~. By
choosing test functions ¢ defined on I' which decay rapidly to O, the integrals over ()

vanish and therefore equation (3.3) becomes

/Fﬂ(uVu—pI)n]]‘cde:/rﬁ.gde.

Since this holds for any such functions ¢, we conclude that the local density force 3 can

be expressed as a discontinuity condition across I’

[(1Vu — pI)n] = B. (3.4)

By strongly imposing conditions (3.1) and (3.4), considering a Dirichlet boundary

condition u = 0 on 0 and including the constraint fQ p dx = 0 to ensure uniqueness, we
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obtain the strong formulation of the steady-state problem

—pAu+Vp=Ff  inO\D, (3.5a)
V-ou=0  inQ\T, (3.5b)
w=0  ond, (3.5¢)
[ul=0  onT, (3.5d)
[(uWVu—pln]=8  onTl, (3.5¢)
/ pdz =0. (3.5f)

o

3.2. Weak Formulation

As we did in Section 2.2, to obtain the weak formulation of problem (3.5) we multiply
the first equation by a vector function v € [HJ(2)]*> = V and the second equation by a

function ¢ € L3(2) = Q and then integrate in (2. The first equation becomes

(f,v)a =—=(V- (uVu —pl),v)q,
= —(V - (uVu —pl),v)or — (V- (uVu —pl),v)q-,
= (uVu — pI, Vo)or + (uVu — pI, Vo)o-
+{(uVu — pl)n,v)r+ — (WVu — p)n, v)r-,
= (uVu — pl, Vv)o + ([(kVu — pI)n], v)r,
= (uVu, Vv)o — (p, V- v)o + {[(tVu — pI)n], v)r,

where n is the unit normal vector of I' pointing outwards {2~. Thus, the first equation can

be written as
(IU,V'U,, VU)Q - (p7 % U)Q = (.f7 U)Q - </B7IU>F-
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Following the same procedure we did in Section 2.2, we can consider a Lagrange multi-
plier in the second equation for the [, ¢ d condition, thus resulting in the weak formula-

tion of the steady-state interface problem: find (u,p, \) € V x @ x R such that

(1Vu, Vv)o = (p, V- v)a = (f,v)e — (B,v)r Vv € [Hy ()],
(¢, V-u)a+ g, 1)a =0 Vg € LA(Q),
(p, 1o =0,
[«] =0,

where the constraint [u] = 0 is strongly imposed on the solution.

Just like in the non-interface problem, we may think that to approximate the solution
we could use the same spaces V}, C V and ), C () of continuous, piecewise polynomial
functions (Taylor-Hood elements). However, as shown in appendix A, the only function
that should be always continuous across the interface is w, and we must also consider
possible discontinuities for the derivatives of u, as well as discontinuities of p and its

derivatives across I'.

3.3. Correction functions

Suppose we look for a function which is discontinuous across I', and that we know the
discontinuity that this function holds across I'. In this section we will show how to obtain
a discontinuous function w, which we call correction function, that approximates such
discontinuity. The idea is that any discontinuous function ¢ can be split into an approxi-
mation of its continuous and discontinuous part, ¢ = ¢ + w¥. For a given triangulation

Ty, define the set of all triangles which the interface intersects as

Ty ={KeT: KnT # ¢}.
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We now show how to obtain correction functions on each element K € 7,'. The
method presented here gives us a discontinuous function w defined on each of these trian-
gles, assuming that w has known jump functions J,,o = [w] and J,,; = [0,w] defined

over ' = I' N K. We look for functions w* defined on K* = K N Q% such that

w™(z,y) in K7,

wt(x,y)in K.

(a) Points considered for linear correc- (b) Points considered for quadratic cor-
tion functions. rection functions.

Figure 3.1. Intersection between the interface I' and an arbitrary element
K and points considered for linear and quadratic (first and second order,
respectively) correction functions on the interface.

If we assume that both w™ and w™ are linear functions, we need 6 equations to obtain

them. As shown in Figure 3.1a, for linear functions w*

we consider the points v; with
1 = 1,2,3, where vy, v9, v3 are the nodes of K, and the points zf, ¢ =0,...,k, defined
as the Lagrange nodes on ['x for polynomials of order £ = 0, 1. This function w should

satisfy the jump conditions across the interface and avoid causing discontinuities in points
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of the domain other than I'. The linear system that gives such discontinuous function w is

given by

w(v;)) =0, 1=1,2,3,
wh(z}) —w (2}) = Jwo(z}), £=0,1, (3.6)
On(wt(20) —w™(20)) = Juw1(20)-

The first equation states that the piecewise linear Lagrange interpolator of w is zero,
such that if every jump condition is equal to zero (i.e., there is no jump across I'), the
resulting correction function w should also be zero. This system must be solved for every
element K € 7,1, resulting in a piecewise linear correction function w with non-zero
values only in these elements. Since the functions are linear, we will only be able to
represent the jump conditions exactly if the interface parametrization in K and the jump
functions J,, o and J,, ; are linear. However, it is possible to obtain higher order correction
functions using higher order jump conditions, which result in better approximations of the

solution.

Suppose we also know the second order jump condition J,, o = [02w]. It is possible to
find quadratic correction functions solving a 12 x 12 linear system on each element K € 7Ty,
that I intersects. Similar to the linear case, we consider the points v;, 7 = 1, ..., 6, where
v1, Vg, v3 are the nodes of K and vy, vs, vg are the middle points of the edges of K. For
k=0,1,2, points 2, ¢ = 0,. .., k, are the Lagrange nodes for polynomials of order k on

I'k. The linear system we need to solve in this case is given by

w(v;) = 0, i=1,...,6,
wh(z}) —w(22) = Juo(22), £=0,1,2, a7
On(w(2g) —w™ (%)) = Jualzg), €=0,1,
( On(w*(29) —w™ (%)) = Jua(2)
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As in the linear case, the first equation states that the piecewise quadratic Lagrange inter-

polator of w is zero.

Generally, to obtain correction functions of order k', we need to know the jumps up

to order k' across I, [0%w] = J, . for k = 0,..., k. Taking the the points v; for i =

1 (k1) (k+2)

yeees 5 as the Lagrange nodes in K of order &’ and points 2} for £ = 0, ..., k as

the Lagrange nodes in I'i of order £ = 0, ..., K/, the equations we need to solve to obtain
(k1) (k+2) o (k+1)(k+2)
2 2

the corresponding correction function is given by solving the linear

system

w(v;) =0, i=1,..., e

85/—k(w+(25)_w_(25)) = w,k’—k(zf)7 gzoa"'alﬁ kZO"“7k,'

To obtain correction functions for the steady-state interface problem (3.5) in Appendix
A.1 we use the fact that the jump condition [(Vu — pI)n] = —/3 can be split into jump
conditions for w and p separately (Guzman et al., 2016b). Defining the rotation matrix
R = [n 7], we express the normal and tangential components of 3 as B =(Bn,0B1)=
RT3, where T = 0,X /||0,X|| is the unit tangential vector to I" and n = (75, —7;) is the

unit normal vector pointing outwards €2~. The jump conditions are given by

[p] = 51, (3.82)
[0.9] = [f - ] — 032, (3.8b)
[u] =0, (3.8¢)
[ud,u] = B — pin. (3.8d)

Higher order jump conditions can be achieved by obtaining derivatives of the equa-

tions (3.5) and the jump conditions (3.8) across the interface (Guzman et al., 2016b). For
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example, as shown in appendix A.2, the second normal jump condition for w is given by

[0n1]
95 [pl/10: X |

where £ is the curvature of the interface I'. Replacing the expressions (3.8), we obtain

M%UMZR( )—kmmum—wm

[[f ' n]] - 8332

O’ul = N
Ly On] R(—asﬁl/lasXI

) = k8~ fim) ~ 111

Thus obtaining the second order jump condition for w. It is possible to obtain cor-
rection functions of an arbitrary order for both w and p. Taking divergence of equation
—puAu + Vp = f weget Ap =V - f = f, with known jumps [p] and [9,p]. Since this
is a Poisson problem, we can obtain arbitrary order jump conditions for p (Guzman et al.,
2016b). Similarly for u, we can consider the problem —puAuw = f — Vp, and since we
can obtain all jumps for the right-hand side and it is stated as a Poisson problem, it is also

possible to obtain arbitrary order correction functions for w.

3.4. Corrected Finite Element Methods

Using the explicit expressions for the jump conditions of p and w and their normal
derivatives, we can obtain correction functions wi and w;’ defined on all elements K €
7?. We define the approximate solution (wy, py) of the Stokes problem as @, = u; +
w}* and p, = pp + wy, such that w;, and p, and their derivatives up to the order of
their respective correction functions used are continuous across the interface, while the

discontinuities are approximated by correction functions w}* and wy.
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We use the same Taylor-Hood spaces V}, and (), from (2.8) of continuous piecewise
polynomial functions of order 2 and 1 respectively. The corrected problem reads as fol-

lows. Find (up, pp, An) € Vi, X Qp x R such that

(uNVup, Vop)a — (pr, V- vn)a = (f,vn)a — (B, vn)r

— (uVwy, Vup)a + (wh, V - vp)q, (3.9a)
—(qn, V- up)o + Alqn, Do = (qn, V - wyp)a, (3.9b)
(pha 1)9 = _(wfm 1)97 (39C)

for all v, € V}, and ¢, € Q.

If we wanted to approximate the solution without considering correction functions,
for a given triangulation 7;, we would be approximating a non-smooth velocity v and a
discontinuous pressure p by continuous piecewise smooth functions w;, and p,. When
correction functions are used, we approximate the continuous and discontinuous part of
the solution simultaneously, and as we will see in Sections 3.5 and 3.6 this allows us to

recover optimal convergence rates for the finite element spaces used.

The main advantage of this approach is that the left-hand side of equations (3.9) stays
the same for a fixed domain {2, independently of the function 3 or the position of the
interface I'. This allows us to work efficiently with moving-interface problems, because
the only terms we need to recalculate are the ones containing 3 or correction functions,
which are non-zero only in the elements K € 7, and are not involved in the matrix of the

linear system.

3.5. Analysis of the corrected method

The correction functions for finite elements were first introduced in (Guzman et al.,

2016a) for the Poisson interface problem, using continuous piecewise linear elements
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and introducing corrections based on computation on edges intersecting the interface. In
(Guzmén et al., 2016b) the authors generalized this idea to higher order polynomial spaces
for Poisson problems and Stokes interface problems. More specifically, the authors devel-

oped the correction function under the following assumptions on the space:

Al. Vj, and Q, are a pair of inf-sup stables sub-spaces, with V}, C [Hj(Q2)]?

A2. We let £ > 1 as the maximum integer such that
VE={veC()N[H} Q) : v|x € PHK), VK € T} CV,
and, if ()}, contains the discontinuous pressure space of degree k — 1 we let
= {g € L{(Q) : qlx € PFH(K), VK € T} C Q)
otherwise

ML= {g e LZO)NC): ¢lx € PFUK), VK € Th} C Qs

THEOREM 3. Let (u, p) be solution of (3.5) and assume that u* € [C**1(QF)]? and
pt € C*(QF). Let V), and M, be the finite element spaces satisfying assumptions Al
and A2 and consider the definitions above for k, Ij, and Jy,. Let (uy,pp) € Vi, X My, be

solution of (3.9). Then, there exists a constant C' > 0, such that
IV (T (w) = wn) ||z (@) + [[T(p) = pallzs) < CH* ([utllow @) + [[u” [lorar)
+’|P+||ck(ﬂ+) + ||p_||ck(sr))
and
120 (w) = wnlli@) < CHM M og(1/k) ([lutflerriar) + ullorio))

where I, and Jy, are the piecewise polynomial Lagrange interpolant operator onto V¥

and Qﬁ_l (or the L? projection operator in the discontinuous case),

: ||Ck(Qi) is the
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maximum of the L°°(0*F) norms of all derivatives of order k, and the constant C depends

on the shape-regularity of the triangulation, k, and the regularity of I'.

3.6. Numerical experiments

In this section we will show numerical estimates of the convergence rate of the cor-
rected finite element method (3.9). We will work on © = (—1, 1)? and we will consider a
circular interface I' = {$(cos s,sins) ", s € [0,27]}. As we can see in Figure 3.2, for the
triangulation of the domain we divide €2 in N x N squares, and then divide each of them
into two triangles. The top-right and bottom-left squares are divided into four triangles
in order to fulfill the conditions of Lemma 1. We also see that from the parametrization
of I' we are able to find all intersections between the interface and the triangulation. This

allows us to obtain correction functions in every element K € T,

Consider an exact solution of problem (3.5) with ;« = 1 given by

,  up= . (3.10)
2—y, r>1/3 x—3% r>1/3

— 35

<U1) 3y, m<1/3 -3z, r<1/3
u = ) U =

4r2(4 -y, r<1/3
p= ) : (3.11)
-3 r>1/3
where r = (/22 + y2. We can easily check that V - u = 0 and p integrates 0. The jump

conditions are given by

[[ul]] = 07 [[anul]] =—4 SiHS, [[8721u1]] = 0,
[us] =0,  [Onus] =4coss, [02us] = 0,

b= (0] - (1-7)3
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Figure 3.2. Example of the triangulation of the domain © = (—1,1)? with
N = 8 and the intersections with a circular interface I'.

The right-hand side is given by

fi 84—m/9x, r<1/3 8(4—m/9)y, r<1/3
f = (f >7 fl = ) f2
2 4y/3r3, r>1/3 —4x/3r3, r>1/3

The density force 3 is determined by the jumps of 0,,u and p:

B Tt~ B~ — (50 4 (24 (1= 1) 2 (),
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Table 3.1. L? error for u, Vu and p and their estimated order of conver-
gence (e.o.c.) without using correcting functions in a circular interface with

h =2v/2/N.
up, Vuy, Dh
N error €.0.C. error €.0.C. error €.0.C.
4 3.07e-02 — 4.56e-01 — 1.07e-01 —
8 9.77e-03 1.65 2.10e-01 1.12 1.47e-01 -0.45
16 3.28e-03 1.57 1.12e-01 0.91 9.50e-02 0.63
32 1.27e-03 1.37 8.15e-02 0.46 7.26e-02 0.39
64 4.35e-04 1.55 5.76e-02 0.50 5.19¢-02 0.48
128 1.53e-04 1.50 4.30e-02 0.42 3.89¢-02 042

Table 3.2. L? error for u, Vu and p and their estimated order of con-
vergence (e.o.c.) using correcting functions in a circular interface with

h =2v2/N.
up, Vuy, Ph
N error  e.0.C. error  €.0.C. error  €.0.C.
4 3.44e-02 — 4.72e-01 — 1.62e-01 —
8 497e-03 2.79 1.37e-01 1.78 497e-02 1.71
16 6.82e-04 2.86 4.26e-02 1.69 1.17e-02 2.09
32 9.60e-05 2.83 1.18e-02 1.85 3.31e-03 1.82
64 1.25e-05 2.95 3.21e-03 1.88 8.56e-04 1.95
128 1.62e-06 2.94 8.39e-04 1.94 2.19e-04 1.97

We now compute the solution of problem (3.9). We can see from Tables 3.1 and 3.2

that the presence of correction functions wj* and w?} not only give a much better approx-

imation of the solution, but it also recovers the optimal convergence rate of the P? — P!

elements for a Stokes flow without an interface I', convergence rate of 3 for v and 2 for

Vu and p.

In Figure 3.3 we show the approximation of the exact velocity (3.10) by using the

corrected finite elements method. We can see that inside the circle the velocity changes
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Velocity Magnitude
1.3e-13 1.0e+00

— —

Figure 3.3. Magnitude and vector field of u;,, an approximation of the ve-
locity (3.10) of the corrected finite element method using N = 128.

linearly and that it decays with  when far from the interface. It is also possible to see that

the solution is continuous across I'.

To understand how the correction functions change the behavior of the solution, it is
easier to show how the pressure changes since it is discontinuous across the interface. In
Figure 3.4 we can see that both corrected and non-corrected numerical schemes seem to
give a good approximation of the presssure (3.11), which is quadratic in {2~ and constant
in Q. We can see that when using correction functions we are able to reproduce the
discontinuities on the solution. However, because the solution given by the non-corrected
scheme is continuous, the only way that this method can adapt to the local force 3 is by
considering more triangles near I'. We also show the absolute error of the pressure for
each scheme, and we can clearly see that the non-corrected scheme has a bigger error near

the interface because it is not able to work with discontinuous solutions.
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Pressure X Pressure X
-8.5e-02 1.6e+00 -8.5e-02 1.6e+00
— S — - ——

(a) Approximation of pressure with correc- (b) Approximation of pressure without cor-
tion functions. rection functions.
Pressure Error Magnitude Pressure Error Magnitude

3.9e-10 0.008 1.6e-02 3.9e-10 0.008 1.6e-02
— | — — —

(c) Absolute error of pressure with correc- (d) Absolute error of pressure without cor-
tion functions. rection functions.

Figure 3.4. Approximation and absolute error of the pressure of the prob-
lem with N = 128, for corrected and non-corrected schemes.

Looking at the error of the corrected method in Figure 3.4, we can see that even though

we are using correction functions for p, there still is more error across the interface I' than

in other parts of the domain. This is because we are only considering linear correction

functions for p, but the actual jump of the solution is quadratic.
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4. MOVING INTERFACE PROBLEM

Because the corrected finite element method does not need the interface to match the
triangulation of the domain, it is easy to extend our method to moving-interface problems.
We provide energy estimates for the standard and corrected method and numerically test

the stability of our method for different initial settings of I".

4.1. Strong formulation

In this section we consider a moving interface Stokes problem. For a given position
of the interface, from Section 3 we already know how to approximate the fluid’s velocity
field and pressure by considering an external force caused by the interface. Since the fluid
cannot pass through the interface, for the steady-state problem we imposed a continuity
condition of w across the interface, [u] = 0. In the moving interface problem we must

also consider a no-slip condition
X (s,1) = w(X(s,1),1), (4.1)

such that the movement of a point in the interface at a time ¢ is given by the velocity field
at that point. For this problem we will not only look for the velocity and pressure, but also
we are interested in how the interface changes in time, i.e., we also look for a function
X (s, t) which describes the interface at any time ¢. Physically, for any s € [0, 27| we can
interpret the point X (s, t) as the position of the original material point X (s, 0) at a given

time .

Because the interface is moving constantly, the local force caused by the interface is
also changing. As we saw in Section 1.3, by considering a generalized Hooke’s law to

model the boundary tension 7' = ¢(||0;X||) and considering the unit tanget vector to the
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interface 7 = 0,X /||0s X ||, then

s (o ([0 X)) 7)
B(s.t) =
10, X |
If we assume o to be proportional to ||0; X ||, then the density force on the interface would
be given by
02X
/6<87t) = K- 5—7
10, X |

where £ > 0 and the negative sign appears such that the energy of the system dissipates.

We want to solve for all ¢ > 0 the velocity u(-,t), pressure p(-,¢) and the position of

the interface X (-, t) of the moving interface problem

—pAu+Vp=f in O\T, (4.2a)
V-ou=0 in Q\T, (4.2b)
u=0 on 9%, (4.2¢)
[u] =0 onT, (4.2d)
[(Vu—pl)n] = - |Ig§§|| 8 onT, (4.2¢)
/ pdr =0, (4.2f)

Q
X = u(X, 1), (4.2g)
X(-,0)=X°(). onT, (4.2h)

where the initial position of the interface X°(-) is known. This is a simplified model of
the time-dependant Stokes problem where we omitted the O,u term in the first equation.

We discuss the additional challenges that the time derivative presents in Section 5.

Following the same procedure as in the steady-state problem, we can write the weak

formulation of problem (4.2) as follows. For all ¢ > 0 find (w(-,t),p(-,t),A(t)) €
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[H}(Q)]? x L*(Q) x R such that

(uVu, Vo)o = (p, V- v)o = (fv)o — (B,v)r Yo € [Hy(Q), (4.32)
—(q,V-u)g+ Ag, 1)o =0 Vg e L¥(9), (4.3b)
7(p, Do =0, vr €R (4.3c)

[u] =0, (4.3d)

X = u(X, 1), (4.3¢)

X(-,0)=X°0). (4.3f)

We introduce the elastic energy of the system
K 2
E(t) = 210.X 3
Taking f = 0 and testing equations (4.3) with v = u and ¢ = p, we can see that

2m
—(uVu,Vu)g = /B cudS = —KZ/ 92X -9, X ds
r 0

21 d 27 d
:ﬁ-/ 9,X - 0,0,X ds = — f/ 18, X2 ds ) = &,
; dat \ 2 J, dt

and thus we obtain the dissipation of the energy of the system

d
€= — || Vg (4.4)
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Using that V - © = 0 and that the interface is closed, we also note that there is conser-

vation of area:

o118 [ x4 [ () o)
AFaC) () Q) ()
([ ) a6 (1)
[aG) o) fmss= [ 5 oo

4.2. Semi-discrete scheme

To solve this problem we may consider a semi-discrete scheme, where we have a
triangulation 7, of the domain 2. Using the same spaces as in the steady-state problem,
we multiply the equations (4.2) by test functions v, € V} and ¢, € Q. For every ¢t > 0
we look for functions wy (-, ) X qn(-,t) X A(t) € Vi, x @ X R and a parametrization of

the interface X (-, ¢) such that

(ENVun, Vop)o — (pr, V- on)o = (f,vn)a — (B,on)r - Vop € Va, (4.5a)
—(qn, V - up)o + AMan, 1)o =0 Yaqn € Qh, (4.5b)
(Pr: 1)o =0, (4.5¢)

DX () = un(X (-, ), 1), (4.5d)

X(-,0)=X°(). (4.5€)
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If we also consider correction functions for uw and p, the corrected semi-discrete scheme

is given by

(uVur, Vop)a — (0h, V - vr)a = (f,vr)a — (B, vr)r

— (uVwy, Vop)a + (W), V - vy)q, (4.6a)

—(qn, V- un)a + An(gn, Do = (qn, V - wy)a, (4.6b)

(pr: Do = —(wy, 1, (4.6¢)

X (-, t) = up(X (-, 1),t) + fwy (X (-, 1), 1)}, (4.6d)

X(-,0)=X°(), (4.6¢)

for all v, € V}, and ¢q, € Q. Here, {p} = WT@_)'F is the average value of ¢ across

I'. We use the average value of the solution across I' to evolve the interface because even
though the constraint [u] = 0 is considered for the correction functions, we can only
guarantee that it holds for a few amount of points depending of the linear system that is
solved for obtaining them, e.g. at points v4 and v5 from equations (3.6) or at points vy, vg

and vg from equations (3.7).

4.3. Fully-discrete scheme

For the discrete domain and time problem we will use a quasi-static method to approx-
imate the solution of (4.2). We consider evenly separated time intervals ¢, = n - At. Ata
given time ¢, we may assume that we know the parametrization of the interface X (s,t,) =
X"(s). Using this, at a given time ¢,, we are looking for (u}, p, \}') € V}, x Qp, X R such

that
(uVuy, Vop)o — (p, V- vp)a = (f,vn)a — (8", vp)r Vv, € Vi, (4.7a)

(Ph,1)a =0, (4.7¢)
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where 3" = k- 05s.X"/]|0sX"||. After solving these equations, we evolve the interface
by using explicit ODE methods for the equation (4.1), for example, by using an explicit

forward Euler method
XnJrl — X"
At

thus obtaining the new parametrization X "*! which we then use to solve the Stokes equa-

= uy(X"),

tions for the next time step.

Even though the no-slip condition (4.1) has the form of a simple ODE equation where
implicit methods can be used, we decided to use explicit methods for evolving the interface
because we do not have direct access to compute the right-hand side for any values of .
This is because when solving equations (4.7) we only obtain an approximation of u(x, t,,).
If we want to use an implicit method we would need to know how u}*" looks, which is
not possible to obtain with precision before knowing the density force 3" *!, for which we
would need the parametrization of the interface. However, it is possible to approximate a

solution by carrying out an iterative scheme to represent the interface at a time ¢,, .1 (Tu &

Peskin, 1992).

If we consider correction functions for uj and pj in every time step, the corrected

fully-discrete problem is given by

(uVuy, Vop)a — (0, V- vr)a = (f,vn)a — (8", vn)r
— (uWVw;"", Vo )q + (W™, V - vp)q (4.8a)
—(qn, V- up)a + Ay (an, Da = (qn, V- w"")q, (4.8b)
(s Ve = —(wy™, D, (4.8¢)

for all v;, € V}, and ¢, € @)}, and as in the semi-discrete scheme, the interface at a time

t,11 1s obtained by using an explicit ODE method like forward Euler,

Xn+1 —Xn

= (X + fw (X}
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thus obtaining the new parametrization X" which we then use to solve the corrected
problem for the next time step. Similarly as before, we decided to use explicit methods for
evolving the interface since after solving equations (4.8) we only obtain u} and we don’t
know how the right-hand side looks like at a time ¢,,,, i.e. we don’t know how to com-
pute the correction terms or the density force 3", without knowing the parametrization

Xn+1

Note that the left-hand side of equations (4.7) and (4.8) has always the same form,
while the right-hand side only changes depending on the position of the interface I' at a
specific time. Because of this, the linear system that results from both problems always
has the same matrix, which allows us to obtain the solution at every time step much faster
than in other methods where the mesh or the finite element spaces V}, and ()}, are modified.
It is possible to obtain a factorization of the matrix only once (e.g. LU factorization) and
use it to efficiently solve the linear system for a particular right-hand side at every time

step.

4.4. Energy estimates

Throughout this section we will assume f = O to find energy estimates for each
method, corrected and non corrected semi- and fully-discrete schemes, to determine theo-
retically the stability of each method. Recall that for the continuous problem, we have the

dissipation condition (4.4).

4.4.1. Non corrected schemes

For the non-corrected semi-discrete scheme, we can obtain the dissipation of the en-

ergy by following the same procedure as in the continuous case by testing equations (4.5)
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with functions v, = uy and g;, = p;, obtaining
27
—(,uVuh,V'u,h)Q = /,3 *Up, ds = —/i/ 882X . 8tX ds
r 0

2 2
= IQ/ (9SX . 8t85X ds = at (g/ ||a$XH2 d8> = 8t5,
0 0

thus obtaining the energy estimate
0E = — | Vuallg-

Similarly for the non-corrected fully-discrete problem, testing equations (4.7) with v, =

uj; and ¢, = p; we obtain

2w Xn+1 - X"
—(uVup, Vu)g = /ﬂ"-u;; ds = —n/ PX". <—) ds

2m
- Ait / 0. X" (0, X" — 0,X™) ds
0
K n n n n
= 57 10X ey = 10X G2y = 10X = 0 X772,

thus obtaining the energy estimate

K
EM1 = &" — pAt|Vugllg + 10, X = 0. X7y,

Because of the last term, the non-corrected fully-discrete scheme is not necessar-
ily stable. If a backward Euler method (implicit) was used to evolve the interface, i.e.

W = u}"(X), then it is easy to prove that in this case

n n n K n n
EMTT =& — pAt| Vg = S 10X = 0. X" [aqry,

which proves to be more stable. However we will only show numerical experiments for

explicit methods.



53

4.4.2. Corrected schemes

We now test the corrected semi-discrete equations (4.6) with v, = wuy and ¢, = py.

From the first equation we obtain

(1V (up, +wy), Vup)o — (pr + wz, V-up)o = —(B, un)r,
= —(B,un + {w; H)r
+ (8, {wy Hr. (4.9)

Recalling that the solution must give A, = 0, the second equation becomes (py, V-up)q =

—(pn, V - w}*). Also note that
u _ 2 u\ |2 2 ul|l2
(¥ (wn +wit), Vun)o = 5 (IIV (wn + wi)llg + [ Vanllg = [[Vewil)
Using this, we can write (4.9) as

(B, un + {wy H)r = u(V(uy + wy), Vup)g

+ (pn, V- un)o + (wy,, V- up) + (B, {wy H)r
= — S (19w + w3+ [ Vuala) + 5 Vil
— (pn, V- wy)o + (wp,, V - up) + (B, {wy B)r.

The same result can be obtained for the fully-discrete scheme, where the only thing that
changes is that functions have an additional superindex (-)" depending on the time ¢,, that

is being solved.

Following the same procedure as in the non-corrected energy estimates, we have that

for the semi-discrete scheme

% u H u
0,E = — 5 ([IV (up + wi)[1E + [[Vund) + §||V’wh %

— (pn, V- wp)a + (wp, V - up) + (8, {w Fr,
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while for the fully discrete scheme
n+l _ on w u\ (|2 2 % ul|2
e+t =&+ At = £ IV (wn + wp)llg + IVunl) + 517 3

— (o0 V- wi)a + (0], V- w) + (8. {wi Pr )

H’ n n
+ §|\aSX = 0. X" 72y

4.5. Numerical experiments

In this section we will show how the fully-discrete schemes evolve the interface for
different initial settings X° = X (-,0) and a fixed time step At. To obtain a parametriza-
tion of the interface at a time ¢,, = nAt for each n > 0, we take M sample points across
the initial interface, X', ..., X},_;, and approximate the interface by its Fourier interpo-
lation as shown in Section 2.4. We then use explicit methods for evolving the interface,
thus obtaining the new position of the sample points X ... X which allows us
to obtain a parametrization of the interface in ¢,,1;. Since we want to test numerically
the stability of our method we will assume f = 0. Throughout this section we consider
Q) = (—1,1)? with the same triangulation as in Section 3.6, x = 50 and ; = 1. We take

M = 16 sample points on the interface at any time ¢,,.

4.5.1. Validation in circle

In the particular case where X°(s) = r(coss,sins)', we can easily verify that the
solution of the problem is w = 0 and p = constant in QF with jump [p] = —x and
fQ pdx = 0. Since u = 0, the interface does not move and thus the energy of the system
should be constant. In Figure 4.1 we see that in this case the corrected method seems to
be much more stable than the non-corrected one. When considering correction functions,
the corrected method is able to assign all discontinuities to the pressure, thus obtaining

a much better approximation of the solution v and maintaining a steady interface. We
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—e— energy corrected
—— energy non corrected

0.17

0.00 0.05 0.10 0.15 0.20 0.25 0.30
time

(a) Evolution of the energy of the system for
a circular interface.

—e— area corrected
0.27 { —> area non corrected

0.00 0.05 0.10 0.15 0.20 0.25 0.30
time

(b) Evolution of the area of (2~ for a circular
interface.

Figure 4.1. Evolution of area and energy of the homogeneous problem for
an initial circular interface with N = 32 and At = 0.01.

can see that the energy of the system and area of the interior region for the non-corrected

scheme constantly decreases.

As the circle is the stability point of the Stokes equations, when the initial configuration
of the interface is not a circle then any homogeneous problem should give a solution (u, p)
that moves the interface towards a circle. We will now see how such solution looks like

for two different initial configurations of I'.

4.5.2. Ellipse

For this example we consider an initial interface given by the ellipse equation

X(s) = (% COSS), s e [0,2n].

5811’18

In Figure 4.2 we see how the energy and the area of )~ change in time in both cor-
rected and non-corrected schemes. We can see that the energy of both systems decay in

the first iterations, which makes sense since the initial interface is not a circle. However,
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the corrected method seems to converge to a solution since the quantities £ and |2~ | tend

to stabilize, while the non-corrected scheme does not.

—e— energy corrected
—— energy non corrected

0.9 4

0.8

0.7 4

0.6

—e— area corrected
0.60 1 —« area non corrected

0.5

0.00 0.05 0.10 0.15 0.20 0.25 0.30 0.00 0.05 0.10 0.15 0.20 0.25 0.30
time time

(a) Evolution of the energy of the system for  (b) Evolution of the area of {2~ for an elliptic
an elliptic interface. interface.

Figure 4.2. Evolution of area and energy of the homogeneous problem for
an initial elliptic interface with N = 32 and At = 0.01.

We also see that a small area |Q2~| is lost during the first iterations. This is proba-
bly due to the fact that to integrate the correction functions in a triangle K we use an
isoparametric interpolation of the interface, where we approximate the segment I' N K
by a polynomial of the same order of wy, in this case, by a quadratic polynomial. Thus
we are only maintaining the area of a piecewise-quadratic interpolation of the interface,
which can be improved by considering a higher order representation of the interface in

each triangle.

In Figure 4.3 we see how the elliptic interface moves according to the velocity field
while slowly transforming into a circle. The fact that the interface converges to a circle
matches with the information shown in Figures 4.2 and 4.1 for corrected schemes, since

the the energy of the system and the area of {2~ converge to a constant value.




57

Velocity Magnitude Velocity Magnitude
0.0e+00 166400 0.0e+00 168400
| — — | —

(a)t=0. (b)t = 0.06.

Velocity Magnitude Velocity Magnitude
0.0e+00 1.60+00 0.06+00 1.60+00
| — | —

()t =0.12. (dt=0.18.

Velocity Magnitude Velocity Magnitude
0.0e+00 166400 0.0e+00 166400
| — — | —

()t =0.24. () t = 0.30.

Figure 4.3. Evolution of the velocity field and the interface for elliptic
shaped initial interface problem, fully-discrete scheme. Approximation
given by a triangulation with N = 32 and At = 0.01.




58

4.5.3. Heart

For this example we consider an initial interface given by the heart equation

XO(s) 1 ((7(1 —sins) + 3(1 — cos s)) cos s) . (0_12

~ 20 0,27].
20\ (3(1 —sins) + 7(1 — cos s))sin s 0.12)’ s € [0, 27]

In Figure 4.4 we see how the energy and the area of {2~ change in time in both cor-
rected and non-corrected schemes. We can see that the energy of both systems decay in
the first iterations, which makes sense since the initial interface is not a circle. However,
the corrected method seems to converge to a solution since the quantities £ and |2~ | tend

to stabilize, while the non-corrected scheme does not.

—e— energy corrected 0.96
1.8 —— energy non corrected

—e— area corrected
0.86 { —+— area non corrected

0.00 0.05 0.10 0.15 0.20 0.25 0.30 0.00 0.05 0.10 0.15 0.20 0.25 0.30
time time

(a) Evolution of the energy of the system for (b) Evolution of the area of {2~ for a heart-
a heart-shaped interface. shaped interface.

Figure 4.4. Evolution of area and energy of the homogeneous problem for
an initial heart-shaped interface with N = 32 and At = 0.01.

We can see that a small area |2~ is gained during the first iterations. Similarly as be-
fore, this is probably due to the fact that to integrate the correction functions in a triangle
K we are approximating the parametrization of the segment I' N K by using an isopara-
metric interpolation, where the order of the interpolation curve matches the order of uy, a

piecewise quadratic polynomial. The fact that some area is gained instead of lost like in
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the elliptic interface case is probably caused by the non-convexity of the interior domain

Q.

In Figure 4.5 we see how the heart shaped interface moves according to the velocity
field while slowly transforming into a circle. Similar as the elliptic case, the fact that the
interface converges to a circle matches with the information shown in Figures 4.4 and 4.1
for corrected schemes, since the the energy of the system and the area of {2~ converge to
a constant value. This proves that the corrected method is stable for non-convex interior

domains 2.
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Velocity Magnitude Velocity Magnitude
0.0e+00 2.5+00 0.0e+00 256400
— —

(a)t=0. (b) t = 0.06.

Velocity Magnitude Velocity Magnitude
0.00+00 256+00 00e+00 256+00

()t =0.12. (dt=0.18.

Velocity Magnitude Velocity Magnitude
00e+00 2.50+00 0.0e+00 2.50+00
— | —

()t =0.24. () t = 0.30.

Figure 4.5. Evolution of the velocity field and the interface for heart shaped
initial interface problem, fully-discrete scheme. Approximation given by a
triangulation with N = 32 and At = 0.01.
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S. CONCLUSIONS AND FUTURE WORK

In Section 3 we showed a numerical method to solve the steady-state Stokes equations
with an elastic interface immersed in the domain (2. The approximate solutions u; € V},
and p, € Q) were considered to be piecewise polynomial in P? and P! respectively,
with polynomial correction functions of the same order. We obtained that in this case, the
approximate solution w;, converges with order 3, while Vu,, and p;, converge with order
2. This matches the optimal convergence rate of the method for the standard steady-state

Stokes problem (2.5) on the same spaces V}, and Q).

In Section 4 we presented a fully-discrete scheme to solve a moving interface Stokes
problem. The corrected method proved to be more stable than the non-corrected method
by maintaining some physical quantities like the energy of the system and the conservation
of mass at each side of the interface for the steady-state problem (circular interface), and
giving better estimations of the evolution of those quantities for different initial configura-

tions of the interface (convex and non-convex domains {2~ enclosed by I).

As we can see from the numerical experiments of moving interface problems in Fig-
ures 4.3 and 4.5, the points across the interface are constantly moving. This movement
is not restricted to a few triangles, and the interface can pass through any triangle K in
every iteration. If we were restricted to use meshes aligned with the interface, it would
be necessary to obtain a new triangulation of the domain and recalculate the matrix of
the linear system at every time step. Since our method considers a fixed triangulation the
matrix of the linear system stays always the same for every time step, so we only need to
obtain its inverse once (or any factorization that allows us to efficiently solve the linear

system) independent of the time step we are trying to solve.

As we can see from Section 3.3, the correction function for u; depends on the known
jump condititons [u], [x0,u] and [10,,u]. Since we only worked with constant values

of p, dividing by p at both sides of the jump conditions result in the jump conditions [0, u]
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and [0,,,u], which we can use to obtain the correction function for w. If different fluids
were considered on each side of the interface, then the viscosity ;o would not be constant
across the interface, and different methods should be used to obtain precisely the jump
conditions for the derivative of w. To illustrate this, consider the case where all jump con-
ditions [u], [u0,u] and [0, u] are equal to zero. Using the proposed method to obtain
the correction function for u would result in a homogeneous linear system, which can only
result in a correction function equal to zero. However, since [ud,u] = 0 and [u] # 0,
then 0,0 should be discontinuous across the interface. Thus, additional methods need to
be used in order to obtain the correction functions in this case where p is discontinuous

across I

To evolve the interface we only provided energy estimates and showed numerical ex-
periments from using Euler’s method. The stability of the method might be improved by

using higher order ODE methods like explicit Runge-Kutta schemes from Section 2.5.

Three-dimensional problems may be studied using the same approach as we did on
this thesis. All convergence proofs and energy estimates are valid in higher dimensions,
however, the fact that in R? the interface is represented by a surface suggests that different
interpolation methods must be used to represent it, and finding the intersection between
the interface and the faces of each element becomes a nontrivial task. Using level-set

representations of the curve may be a better approach for this problem.

In the future, we would like to extend this method for a non-stationary Stokes flow
poyu — pAu + Vp = f. This presents an additional challenge, because for any ap-

proximation of the time derivative, for example dyu(-, t,) ~ %}5—”(”

, correction
functions must be considered for the velocity at different time steps simultaneously. The
Stokes problem is still linear in « and p, and thus the correction functions method can still

be used to efficiently solve the resulting linear system.
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Finally, we would like to use our method to approximate the solution of the incom-
pressible Navier-Stokes equations p(d;u + u - Vu) — pAu + Vp = f. Because of the
non linearity of the Navier-Stokes problem, the matrix of the linear system will inevitably
change for different configurations of the interface but only a small number of coordinates

would need to be updated.
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A. FIRST AND SECOND ORDER JUMP CONDITIONS

We show how to obtain jump conditions for the solution (p, ) of the Stokes problem
across an elastic interface I' = { X (s) = (z(s), y(s))", s € [0, 27]}. We assume that the

parametrization of I" and all its derivatives are periodic and continuous on [0, 27].

A.1. First order jumps

To split the jump condition [(¢Vu — pI)n] = 3 into separate jump conditions [10, u],
[p] and [0,,p], we follow the procedure shown in (Guzmadn et al., 2016b).

We define for € > O the set 2. = {x € Q : dist(x,I") < e}, where dist is the standard

distance function. We also denote I'* = 9. N O+,

We consider the integral form of the elastic interface Stokes Flow, —Au+Vp = f+B,
where B(x) = [ B8(s)d(x — X (s)) dS. Taking divergence, multiplying by an arbitrary

¢ € C? of compact support in €2, and integrating we obtain
/ V-Vpgbd:cz/ V-fgzﬁdaz—F/ V.-B¢dz,

Qe Qe QS

:/ V-fgbdaz—/,@-ngdS.
Q. r
For the left-hand side we integrate by parts twice obtaining
/ V~Vpgz§da:—/ Vp-nqde—/ V¢-npd5+/ pV - Vo dex.

Qe r# r Qe

By the definitions of I'* we can fix the normal vectors to be the normal vector to " pointing

outwards €2~. Taking limit as ¢ — (0 we obtain

iy [ - Vpoda = - /F 016 dS + /F onolp] dS.
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Similarly for the right-hand side, integrating the first integral by parts and taking limit we
see that

li_{% Q€V'f¢d32 = —/F[[f-n]]qﬁdS.
On the other hand, we need to write the second integral in terms of the normal and tan-
gential derivatives. We do this by using the rotation matrix R = [n 7|, where n and 7
are the unit normal and tangent vectors, respectively. Using this matrix we can easily see
that V, ,o = RV, ;¢ for any differentiable function ¢ (A.3). Defining ,[3' = R as the

normal and tangential components of 3, we obtain
[ 8:-voas = [ (19,0 as
r r
— [ B-Vasos,
r
~ [howas+ [ o.oas
r r

:/Fﬁ]and) dS—/F&Bm ds,

where on the last equality we integrated by parts and used the fact that I' is closed and

smooth. Putting all together, we have shown that

_/F[[anpﬂ(pdmfr[[p]]amds:—/F[[f-n]](de—/Fﬁlan¢ds+/raﬁ?¢ds.

Testing with adequate functions ¢, we conclude that

Pl = =51, [0up] = [f - n] — O3

Replacing this in [(Vu — pI)n] = 3, we obtain the normal jump condition for wu,

[10u] = B+ [pln = B - fin.
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A.2. Second order jumps

Let (p,u) be a solution of —uAu + Vp = f on QF with known first order jump
conditions, [p] = Jp0, [Onp] = Jp1, [u] = 0 and [po,u] = Jy 1, and let 6 be the angle
from the positive X axis to the unit normal vector ne. First we note that for any function ¢

defined on €2 with continuous second order partial derivatives,

Opp = Oppcosf — O, psind, (A.1a)
Oyp = Oppsinf + O cos b, (A.1b)
02 = 02pcos® O — 20,0, cos Osin ) + 92 sin’ b, (A.1c)
8§g0 = 02psin® 0 + 20,0, cos Osin O + 0*p cos® 0, (A.1d)
0,0, = (02 — 02¢) cos Osin  + 9,,0-p(cos® § — sin” 0). (A.le)

A tangent vector to I' is given by 7 = (2/, /)7, so the normal vector is given by

n = (y', —2’). This gives a relation between 6 and the parametrization of the interface:

/ /

) . T
cosf = , —sinf = . (A.2)
10: X | 10, X ||

Using this, the rotation matrix R can be written as

1 y o cosf) —sinéd

R=[nT]= = ; (A.3)
[0 X || | — a7 Yy’ sinf  cosf

such that V, ,(-) = RV, . (-).
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To obtain second order jump conditions consider first the continuity of the velocity
and obtain its first and second derivative on the interface using the chain rule:
0 = [u], (A.4a)
Js( ) = 0 = [O,u]z’ + [O,u]y, (A.4b)
05() = 0 = [02u](2)* + 2[0.0,u] 2"y’ + [[aju]] (y)? + [O,u]2” + [Oyu]y”, (A.dc)
where all partial derivatives were taken on each coordinate separately. Replacing all
derivatives on x and y by normal and tangential derivatives using expressions (A.1) and
changing the trigonometric functions for the identities (A.2), we can (A.4b) as
0 = ([Onu] cos O — [0-u] sin ) (—sin0) + ([O,u] sin @ + [0,;u] cos 0)(cos 0),
= [0-u].

As for (A.4c), dividing by ||0, X ||* and replacing z" and 3/’ using (A.2) we obtain that

_[0:u]2” + [Oyuly”
10, X[

= [92u] sin® 0 — 2[0,0,u] cos O sin 6 + [9;u] cos® 6.

Using the equations (A.1), it is easy to show that the right-hand side is equal to [0*u].

For the left-hand side, we can also use the fact that [0,,u] = J,,1 and [O,u] = 0, obtaining

_[0eu]2” + [Oyu]y” — (Juicosb)z” + (Ju,1sinb)y”

10: X |2 10: X2 ’
:c’y” _ y/x//
= —HasX‘|3/2 Ju,la

- kJu,la
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