Abstract

WAN, XTAOHAI. Numerical Simulation Methods for Biological Tissue
Interactions. (Under the direction of Dr. Sharon R. Lubkin and Dr. Zhilin Li.)

This thesis describes the Immersed Interface Method (IIM) coupled with the Level Set
Method (LSM) for solving viscous two-phase incompressible Stokes equations, with singu-
lar interface force and piecewise constant viscosity coeflficient. Two-phase Stokes equations
appear in many physical and biological applications and we will focus on studying morpho-
genesis using incompressible Stokes equations.

In this thesis, Stokes equations are used to study the interactions between the mes-
enchymal and the epithelial tissue in branching morphogenesis. The Stokes equations are
decoupled into Poisson equations using the projection method. To use the IIM for the
decoupled Poisson equations, we first derive the jump conditions for both the pressure and
the velocity in the case where the two fluids may have unequal viscosity coefficients.

Since the jump conditions for the pressure and the velocity can be decoupled by intro-
ducing augmented variables, we use the Generalized Minimal Residual (GMRES) method
to solve for the augmented variables, and then solve the Stokes equations. For each GMRES
iteration, existing fast Poisson solvers can be used and the number of GMRES iterations
seems to be independent of the grid size. Thus our algorithm is efficient. Numerical ex-
periments using constructed exact solutions confirm the expected second order accuracy in
both 2D and 3D for the Stokes equations.

The interface between two fluid phases is implicitly represented using a level set function.
We couple the LSM with IIM for moving interface problems and test the coupled algorithm
using mean curvature flow problems for both 2D and 3D. Simulation results show that our
moving interface algorithm is efficient and can capture interface dynamics well.

We also study the interactions between mesenchymal and epithelial tissues in the case
where the contraction force of mesenchyme is modeled as a body force which deforms
the epithelium. We show simulation results for branching morphogenesis with varying
parameters.
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Chapter 1

Introduction

Morphogenesis is the generation of form in tissues, organs, and organisms. Understanding
morphogenesis is of fundamental importance in developmental biology [53, 2] and tissue
engineering research [41]. Many biological experiments involving tissue interactions have
been done in the fields of wound healing, angiogenesis and branching morphogenesis. In
general, we believe that to fully understand experimental observations made by biologists,
one also needs to construct and apply mathematical and physical models to help illustrate
underlying principles existing in such complicated biological systems. The ultimate goal of
this high level understanding is to help people invent new tools in both biotechnology which
involves the application of the principles of engineering and technology to the life sciences,
and biotechnics (i.e. organic model of technology).

In this thesis, we use the well-known fluids model to study the interactions of two early
embryonic tissues: epithelia and mesenchyme in the context of branching morphogenesis.

1.1 Biological Tissue Interactions

Epithelial tissue is composed of layers of cells and derives from either the ectoderm or
the endoderm [2]. Epithelial cells sit on a fibrous membrane called basal lamina secreted
by the epithelium. Mesenchyme (embryonic connective tissue), which develops from the
mesoderm, contains fibroblasts and a gelatinous extracellular matrix (ECM). Fibroblasts
are loosely-packed cells and can develop into various types of cells such as blood cells,
endothelial cells and smooth muscle cells. It is known that fibroblasts can secrete collagen
fibers, glycosaminoglycans and glycoproteins into the extracellular matrix [2, 8]. Fibroblasts
play an important role in both embryonic tissue development by providing ground substance
for the ECM and adult tissue regeneration such as wound healing [8].

Experiments on mouse hair follicles, lung, kidney, mammary gland and submandibular
gland (SMG) suggest that various components in mouse embryonic model system contribute



to the observed epithelial morphogenesis [17]. For example, in the mouse SMG branching
morphogenesis experiments, mesenchymal cells of the SMG exert a traction force on collagen
fibers and collagen fibers gather and align along the cleft. It is suggested that this mechanical
traction force of fibroblasts is an important morphogenetic cue to the clefting and further
branching of the epithelium [17]. Also the flowing movement of fibroblasts in groups in the
cleft region is shown to be correlated with the branching process [17]. Other components
such as epithelial cell growth, epithelial microfilament contraction, epithelial cell adhesions,
the basal lamina of the epithelium and other ECM substances (e.g. growth factors) may or
may not play necessary roles in this morphogenesis process [17]. See Fig. 1.1 for an example
of mouse kidney branching morphogenesis. Note that the SMG epithelium branching is
characterized by the formation of narrow and deep clefts [17], which is not seen in the
figure.

(a) (b)

’-
‘ —

-

J

Figure 1.1: Digitized image of an E12 Hoxb7/GFP transgenic mouse kidney branching
morphogenesis. (b) is imaged approximately 30 hours after (a). Courtesy of Prof. John
Bertram with permission.

1.2 Mathematical Models

From previous centrifugation [43, 44, 45] and compression experiments [3, 6, 13, 14, 15] in
vitro, it is known that certain embryonic tissues behave both quantitatively and qualitatively
like viscoelastic fluids [43, 44, 45, 3, 6, 13, 14, 15], which implies that tissues deform as elastic
materials on short time scales and flow as viscous liquids on long time scales. For example,
embryonic tissue rounding is driven by surface tension and resisted by cell adhesion in the



same way that hydrophobic oil droplets deform in water [36, 48]. Another good example is
that one embryonic tissue spreading over the surface of a different tissue mimics the sorting
of two immiscible fluids [3]. Therefore it is a good approximation to model embryonic tissue
dynamics using fluid mechanics equations in the limit of very viscous flow. Note that it
is not appropriate to model mature tissues as viscous fluids [38] since it is known that
mechanical responses are different for aged tissue and embryonic tissue [21] and that ECM
components become stabilized in maturity.

Existing approaches to modeling tissue dynamics may be grouped into either discrete
models or continuum models. In discrete models, tissues are treated as aggregates of cells
and empirical, physical, mechanical rules (such as the differential adhesion rule [43, 44]) are
enforced for both individual cells and cell-cell interactions. Cellular automata models [42],
cellular Potts models [36, 48] and viscoelastic cellular models [42] are all widely used for
various biological problems. It is relatively straightforward to incorporate cellular charac-
teristics and extracellular information into discrete models, but such models may produce
limited insight for physical reality, and the predictions from such discrete models often do
not correspond to physically measurable quantities.

In contrast, continuum models apply viscoelastic equations (e.g. Navier-Stokes equa-
tions [11], Stokes equations [34]) to study tissue interactions. Well established fluid models
such as multiphase flow theory can be applied with few modifications. Results of such
simulations usually have strong physical implications and may well capture the essence of
tissue interactions and morphogenesis. Some geometric models may also be considered as
continuum models where differential geometry plays a major role in studying morphogenesis
[18]. It is also possible to use a hybrid model with both discrete and continuum components
[42].

We will use continuum models to model the interactions between epithelial and mes-
enchymal tissues. Similar models exist in the mixture theory for multiphase material [10].
For example, Murray et. al. [37] have constructed a mathematical model of traction-
producing cells advecting within an elastic ECM. Let ¢ be the cell number density per unit
volume, p be the ECM mass density per unit volume and u be the displacement of the
ECM, the balance equation for the cell density c is [37]

Oc 9 ou

5= -V (DQV (V3e) —D1Vc+ach+cat> +rc(N —c) (1.2.1)
where D1, Do, a and 7 are constants. Here DoV (VQC) — D1V models random dispersal
and contact guidance (i.e. directed locomotion of cells to an anisotropy of the environment)
of cells, acVp represents the haptotaxis (i.e. directional motility of cells up the gradient

u
of cellular adhesion sites) movement of cells, c— is the advection term and rc(N — ¢)

models mitosis of cells with carrying capacity N (i.e. the largest equilibrium size for c).



The balance equation for the matrix density p is [37]

ap ou
—=-V- — . 1.2.2
ot = Y <p 8t> (122)

The force balance equation for both the matrix and the cells is [37]

Oe 00 E v
V-(uat—i—)\atI—i-Q(l_i_V) <e+1_2y0I>—|—TpcI> =0 (1.2.3)
Vu + (Vu)’

where e = is the strain tensor of the matrix, § = V - u is the dilatation of the
matrix, u and A are viscosity coefficients, F is the Young’s modulus of the matrix and v is
the Poisson ratio of the matrix material. 7 measures the traction force for a single cell. T

is the identity matrix.

Lubkin et. al. [32] proposed a multiphase flow model of capsule formation in tumors. In
the multiphase flow model, the mesenchyme is modeled as a mixture of cell/fiber phase and
aqueous phase, and the velocity of the cells was allowed to be different from the velocity of
the aqueous phase. In the limit of a single phase tissue for which the cell/fiber phase is not
separable from the aqueous phase, the force balance equation in the model is reduced to

V- MV -0)I +2ue) — Vp= V(Y — ). (1.2.4)
Vo+ (Vo) oo

strain rate tensor for the tissue phase, p is the pressure, T models the capillary pressure

Here )\ and p are viscosity coefficients, v is the phase velocity, e =

and ¥ models the contractility.

1.3 Our Model for Branching Morphogenesis

We propose a two-phase fluid model for the SMG branching morphogenesis incorporating
(1) the viscous fluids model for both the mesenchyme and the epithelium [34], (2) the
contraction force fibroblasts exerted on the ECM [37], and (3) confluent flow of fibroblasts
along the clefting region of the epithelium [17]. Our model states that the two embryonic
tissues are idealized as two-phase Stokes flow where the viscosity coefficient may be different
for the two phases. Singular interface forces such as surface tension may exist along the
interface separating the two phases. Fibroblasts (tracked by the number density) advect
with the flow in the mesenchyme phase and produce a traction force driving the flow. This
traction force is modeled as a body force for the two-phase Stokes equations.

If we assume that both mesenchymal and epithelial tissues behave like viscous fluids,
from the multiphase flow model [32], we obtain our two-phase Stokes model for the two



tissues with mesenchymal contractility as:

0

8—? =V (cv) (1.3.1)

where c is the spatial number density of contractile mesenchymal cells, and
Vi(e+06)=0 (1.3.2)

where o is the stress tensor for Stokes flow and & is the traction stress of mesenchymal cells
(as a function of contractile cell number density c). See Fig. 1.2 for the components of our
simplified model.

fibroblasts

mesenchyme

Figure 1.2: Epithelium is modeled as the fluid phase inside the interface and mesenchyme
is outside the interface. Fibroblast density in the mesenchyme advects with the Stokes flow
and produces a traction force in the flow field.

The confluent flow of fibroblasts along the clefting region of the epithelium [17] is mod-
eled as an advection process. We track the number density of contracting fibroblasts in
the mesenchyme phase and the contraction force is treated as a body force term for the
two-phase Stokes equations. From Eq. (1.3.1), we have the advection equation in tensor
form as ;

dc _ 0 (ew) (1.3.3)
ot ozt
where ¢ = c(x,t) is the mesenchymal cell number density,  is time coordinate, z* is spatial
coordinates, and v is the advection velocity field which is obtained by solving the Stokes
flow equations. We use tensor notation throughout the thesis; see Appendix A for the

explanations of tensor symbols used. Since for incompressible Stokes flow the velocity field



is solenoidal, i.e.

ou’

- =0 1.3.4

ox' ’ ( )

substituting Eq. (1.3.4) into Eq. (1.3.3), we get the advection equation in dimensionless
form 9 9
c ; Oc

— = — -, 1.3.5

ot~ " o (1.3.5)

Note that in the multiphase mixture model [32], the incompressibility condition Eq. (1.3.4)
is no longer valid and needs to be replaced by a mixture (or group) incompressibility con-
dition. If there is no growth or death for the mesenchymal cell population, we expect that
the total number of mesenchymal cells is conserved, i.e.

/ cde =c* (1.3.6)
Q

where ¢* is a normalization constant.

An initial boundary value problem for mesenchymal cellular dynamics

Let the mesenchymal tissue occupy the space of 2 and the epithelial tissue occupy .
See Fig. 1.3 for the geometry of the problem.

o0

mesenchyme

Figure 1.3: Mesenchymal cells advect in Q1 and epithelial cells in ™ are in contact with
a layer called the basal lamina (T").

Given an initial condition for the number density ¢ of mesenchymal cells, we solve the
advection equation (1.3.5) with periodic boundary condition on 92. This formulates the
initial boundary value problem (IBVP) for mesenchymal cellular dynamics.



Mesenchymal-epithelial interactions

Mesenchymal-epithelial interactions have been studied extensively in biology. We assume
that the mesenchymal contractility can be modeled as a contractile stress

Tij = Pclij (1.3.7)

where p. depends on the spatial number density ¢ of contractile mesenchymal cells.

For branching morphogenesis using the two-phase Stokes flow model, we will not model
the swelling force and the simplest form of p. is just a linear function of ¢:

Pc=TC (1.3.8)

where 7 measures the traction force a fibroblast cell exerts on the ECM.
Incorporating the contractile stress in the Stokes flow, we can find that p. may be treated

as a body force ¢* for the Stokes flow with
gi _ Ope
oxt’

Therefore the mesenchymal cells are advected by the Stokes flow and the condensation of

(1.3.9)

mesenchymal cells feeds back as a body force for the Stokes flow.

To summarize, our branching morphogenesis model includes the incompressible Stokes
equations, the contraction force as a body force for the Stokes equations and the advection
equation for the contractile cell number density c:

_ap_i_i 8ui+8uj fg— 0
9zt 9z \M'\ 027 T B 7= ’
8u' _ 0
Oz (1.3.10)
i_ 0o
de _ ;0c
ot~ " oat

1.4 Outline of the Thesis

In Chapter 2, classical fluid mechanics equations (i.e. Navier-Stokes equations and Stokes
equations) are derived using Einstein notation and the immersed interface problem for two-
phase flow is proposed in the end.

Local Cartesian parameterization of a curve in 2D or a surface in 3D is introduced in
Chapter 3 and this local parameterization approach is indispensable to the development of



accurate sharp interface methods such as the immersed interface method (IIM) used in the
thesis. Jump conditions for Stokes equations are derived in Chapter 3 using both Einstein
notation and the local parameterization.

IIM for elliptic equations with interfaces in both 2D and 3D are derived in Chapter 4 with
emphasis on the case where the interface is represented implicitly using a level set function.
For the case where the viscosity coefficients of the two fluid phases are not equal, the
GMRES iteration method is used to solve for augmented variables of the Stokes equations
and this method is explained in Chapter 5. In Chapter 6, numerical implementation details
such as finite difference schemes and various interpolations are shown in detail.

Grid refinement analysis for fixed interface problems where exact solutions are con-
structed is shown in Chapter 7. For moving interface problems, the two-phase Stokes solver
is coupled with the level set method (LSM). In Chapter 8, we show the surface tension
relaxation test simulations in 2D with both ellipse and star interfaces, and in 3D with both
ellipsoid and sphere-ring interfaces. We study branching morphogenesis by incorporating
the mesenchyme contraction dynamics with the Stokes solver and show simulation results
with varying parameters in Chapter 9. Finally, in Chapter 10 we discuss the biological
implications of the branching simulations and some future work.



Chapter 2

Incompressible Stokes Equations for Flows with
Two Viscous Tissues

We use fluid mechanics equations to model viscous tissues as a continuum. Under the
assumptions that tissues may be modeled as Newtonian fluids with very high viscosity
coefficient, we choose to study the two-phase Stokes flow and propose the mathematical
formulation for the problem.

2.1 Navier-Stokes Equations and Stokes Equations

2.1.1 Navier-Stokes Equations

Most real world objects are classified as solids and fluids. Fluids are different from solids
from a mechanics point of view in that a fluid takes the shape of its container while a solid
has a reference shape. Fluid dynamics has been studied extensively using a set of differential
equations derived from conservation of mass, momentum and energy. In our study, energy
dynamics are not of interest. So we will only study equations for conservation of mass and
linear momentum.

The mass conservation equation for a fluid is [46]

dp , 9 (pu')
E_I_ ox’

=0 (2.1.1)

where p is fluid density, v’ is fluid velocity, 2* is Cartesian coordinates and ¢ is the time co-
ordinate. The linear momentum conservation equation for a compressible or incompressible
fluid follows Cauchy’s equation [46]

Dui o aO'ij

_ 99, i 2.1.2
P Dr = 5y TP (2.1.2)




Du’

where ¢’ is a body force such as gravity. The material derivative " is defined as [46]

Dut o’ O’

= J—. 2.1.3
Dt~ ot " Ol (2.1.3)
For an incompressible fluid, the mathematical statement of incompressibility is [46]
D 0] -0
2P0 g2y, (2.1.4)

Dt ot or
plugging Eq. (2.1.4) into Eq. (2.1.1), we get the incompressibility or continuity equation

ou’
ozt

= 0. (2.1.5)
The stress tensor o;; for an incompressible Newtonian fluid is
Oij = —p(sl']' + ,u2el-j (2.1.6)

where p is the thermodynamic fluid pressure, p is a fluid dynamic viscosity coefficient, and
0;; is the Kronecker delta symbol. The rate of deformation tensor e;; is

1 /0ut ouw
i = = : - | . 2.1.
A (8353 + 8xl> (2.1.7)
Plugging Eqgs. (2.1.3, 2.1.6, 2.1.7) into Eq. (2.1.2), we get the well-known Navier-Stokes
equation A ‘ ‘ ‘
ou’  Ou’ dp 0 ou*  ouw .
J— ) =+ — . . * 2.1.
p(@t o c%cJ) 83:1+8:cﬂ (M <8x3+8$1>>+pg (2.1.8)
or in vector form
0
p <(;; +u- Vu) =-Vp+Vu (Vu + (VU)T) + pg. (2.1.9)

2.1.2 Nondimensionalization and the Reynolds number

It is expected that the velocity and pressure field for flows in similar domains may be deduced
from one another by simply rescaling [46]. Therefore it is helpful to nondimensionalize the
Navier-Stokes equations (2.1.8, 2.1.5) for incompressible Newtonian fluids. Assuming that
L is the characteristic space scale and U is the characteristic velocity scale, let us introduce
the dimensionless variables as follows

. oout ~ 1 s L .
t=—t, u'= 7 P= ﬁp, g = ng (2.1.10)
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and plug them into the Navier-Stokes equations (2.1.8, 2.1.5) to get the dimensionless form

o 00! op o (1 [ou' 0w ,
—F i — =+ — (= : : g 2.1.11
of T om T ox 0w <Re <(%J + a:zz)) +9 (2.1.11)
where the Reynolds number (with no units) is
L L
Re= UL UL (2.1.12)
i v

Here v = ! is the kinematic viscosity coefficient. The dimensionless continuity equation is

ou’
ot

= 0. (2.1.13)

2.1.3 Stokes equations for Newtonian incompressible flows

Under the conditions of extremely low Reynolds number appropriate for modeling morpho-
genesis [33], viscosity coefficient u is very large and velocity U is very small. Although it is
possible to work with the Navier-Stokes equations, we may be able to model the creeping
flow phenomenon using an approximated version of the Navier-Stokes equations, known as
the Stokes equations.

Note that the nondimensionalization of the Navier-Stokes equations (2.1.11, 2.1.13) is
not unique. For example, since the Reynolds number Re has no units, we may multiply
(or divide) any dimensionless variables (e.g. p) using Re to get new sets of dimensionless
variables. Of course, it is preferred to have a dimensionless form with physical meanings.
First we assume that the dimensionless forms of spatial coordinate z*, time coordinate ¢
and velocity u’ are unambiguously chosen as

(2 (2
= % = %t, @ = % (2.1.14)
And it is clear from Eq. (2.1.11) that the Reynolds number Re can be used to measure the
relative importance of inertial forces

Dat 9at 00

DL = 5 44 557 (2.1.15)
and viscous forces 5 sat oy
it u’

55 <85ch 4 ag}i) . (2.1.16)

If we have Re < 1, it is expected that the inertial term in Eq. (2.1.11) may be neglected
without introducing noticeable errors to the solutions. The dimensionless form of pressure
p is rather arbitrary [46], for example,

1

p=

11



used in Eq. (2.1.10) surely is one version of the dimensionless forms for pressure. We can
also use Re to get other versions such as

o Re L

_ e - 2.1.18
P'= P = P ( )

or more aggressively

g (B pL?
pU? I

There are two major points observed here: (1) nondimensionalization of pressure p is arbi-

(2.1.19)

trary, therefore it is not right to say that we can get only the viscous term left by multiplying
Re at both sides of Eq. (2.1.11) and taking the limit of Re — 0; (2) from Egs. (2.1.18,
2.1.19) it is clear that the pressure term scales as a viscous force and therefore must be kept
for the limit of very viscous flow. The same reasoning applies to the body force g*.

Now by ignoring only the inertia term, we can get the Stokes equation in dimensional

Op 0 out  oul i

with the incompressibility condition

form

out

- = 0. 2.1.21
e ( )
We will use the dimensionless form of (2.1.20, 2.1.21) with the same set of notations and
call 5 5 o B
—— 4+ — . . b= 2.1.22
ox? + oxJ (M <6x1 + G:UZ)) tg =0 ( )
and i
u’L
- =0 2.1.23
e ( )

the incompressible Stokes equations.

2.2 The Immersed Interface Problem for Flows with Two
Viscous Tissues

We can model epithelio-mesenchymal interactions as creeping flow of two fluids in domains
QT and Q~ separated by a massless interface I'. See Fig. 2.1 for an illustration.

We assume that the Stokes equations describe tissue dynamics in both Q= and QT i.e.
Egs. (2.1.22, 2.1.23) are valid for both € Q~ and & € QT. Since the Stokes differential
equations only admit smooth solutions, we know that the pressure and the velocity for both
x € QO and & € QF are smooth. But we do not know whether the pressure and the velocity

12
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Figure 2.1: Interface I' divides  into two disjoint regions: Q= and Q. T is (a) a closed
curve for 2D problems, and (b) a closed surface for 3D problems.

are smooth or not over the whole domain 2. Also we know that a fluid property, such as the
viscosity coefficient i, may be different for the two phases across the interface. To retain
generality, we express quantities such as pressure and velocity in terms of smooth functions

in Q7 and Q~ separately. For example,

+ +
pt, xENT,
p:{ . meQ- (2.2.1)

where p* and p~ are sufficiently smooth functions. Also note that

op\ "  opt
<ami) == (2.2.2)

For x, € T, we can choose p(x.) as either the limit from Q~ or the limit from QF. In
other words, p can be chosen as either “inner-continuous” or “outer-continuous”. To be
consistent, we choose p to be “outer-continuous” throughout the thesis, i.e.

p(zs) = lim pT(x). (2.2.3)

L— T

To summarize, the immersed interface problem for two viscous tissues may be formulated

o, 0 (w (a(ui)+ X a(uj)+>> @) =0, zear 224

ot  Ox ozl ort

as
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and

9 (u')
ozt

=0, €O .

Also, balancing of the surface force along the interface I" requires [47]

[O'Z‘jnj] + fZ =0

op~ 0 (o) o) N -
_8xi+8xj<u ( oI + oxt +(g) =0, wel,

(2.2.5)

(2.2.6)

(2.2.7)

(2.2.8)

where f? is the singular interface force (e.g. surface tension and Marangoni traction) and n/

is the unit interface normal vector pointing from Q~ to QF, oy; is the stress tensor (2.1.6),

and the [-] symbol defines the difference of the limiting values across the interface for a given

quantity. For example, given x, € T' with T" being the interface, [p] is defined as

Pl (x = x.) = lim p* (x) — lim p~ (x)

L—TLx L—TLx

=pf (@ =) —pp (x=2.).

14
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Chapter 3

Coordinate Transformations and Jump Conditions
for Stokes Equations

3.1 Local Cartesian Coordinates and Transformations

We use local Cartesian coordinates defined along the interface and tensor notation to ad-
dress interface geometry in our problem. Compared with using a non-Cartesian curvilinear
coordinate system, our approach makes derivations rather elementary and requires less dif-
ferential geometry expertise. Note that local Cartesian coordinates and tensor notation are
used throughout the thesis.

3.1.1 Local Cartesian Coordinates

Stokes equations for two viscous tissues involve the interface I' which is a closed smooth
curve for 2D problems or a closed smooth surface for 3D problems. For most interface
problems, we need to parameterize the interface in some way.

One method is to use non-Cartesian curvilinear coordinates. For example, a closed curve
in 2D may be parameterized naturally using the arc length parameter s as

(2(5).2%(5))

and this parameterization is unique up to shift of parameter. As a special case, a unit circle
with center at the origin may be defined using the polar angle parameter 6 as

(cosf,sinf)

where 0 actually measures the arc length for the unit circle. Comparably, a closed surface in
3D may be parameterized under curvilinear coordinates such as cylindrical coordinates and
spherical coordinates. As an example, a sphere with center at the origin may be specified

15



in spherical coordinates by
(:1:0‘(9, ¢) = rcosfsin ¢, (0, ¢) =rsinfsin ¢, x7(¢) = r cos gb)

where r is a given constant radius, # is an azimuthal coordinate running from 0 to 27 and
¢ is a colatitude coordinate running from 0 to .

Another method to parameterize the interface I' is to use a local Cartesian coordinate
system which is a special case of curvilinear coordinates. The reasons that we adopt lo-
cal Cartesian coordinates are: (1) I' can be specified in a convenient form within a local
region surrounding the Cartesian coordinate origin [24], and (2) calculus operations such
as differentiation are straightforward for Cartesian coordinates. Since we have both the
original Cartesian coordinates and the “new” local Cartesian coordinates, it is necessary
to study the transformation rules between them. Using tensor notations, Cartesian coordi-
nates transformation rules are explained in detail for both 2D and 3D cases in the following
sections.

3.1.2 2D Geometry

Let @, € I where I is the interface curve. We can build a local Cartesian coordinate system
(:io‘,:iﬁ) by using the unit normal direction n’ (x,) pointing from 2~ to Q* and the unit
tangential direction 7% (x,) counter-clockwise of n’ (x,). See Fig. 3.1 for an illustration of
the coordinate transformation between the original Cartesian coordinates (xa, P ) and the
local Cartesian coordinates (:Tca, sl )

The coordinate transformation matrix A therefore is
n®(xy) 7 (x4)

A= . 3.1.1

( W) @) &1y

Note that A is a special orthogonal matrix with detA = 1, and A~! = AT. We define the
local Cartesian coordinate system as (3?0‘, i’ ) and the coordinate transformation rule is [51]

7= (A7) (a7 —al). (3.1.2)
As a special case, the point x, in (a?a, b ) maps to the origin 0 in the local coordinate system
(a?a, 5:/3). For vectors and vector fields such as the velocity field u’, the transformation rule
is [51]

@ = (A7) . (3.1.3)

For any functions piecewise differentiable in both Q* and 7, such as the pressure p,
we have

p=0p (aza,xﬁ) =p (fro‘,iﬁ) . (3.1.4)
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Figure 3.1: Given a point x, € I', a local Cartesian coordinate system (ico‘, .fcﬂ) is built
using x, as the origin, the unit normal vector n and the unit tangential vector T at that
point as the two coordinate axes. The normal vector m points from Q= to Q% and the
tangent vector 7T is counter-clockwise of n.

We know that p (xo‘,xﬁ) and p (:ia,icﬁ) represent the same physical quantity while the
former one is in terms of z* and the latter one is in terms of &, and they are equivalent
under Eq. (3.1.2) and its inverse mapping:

ot = AL + a2l (3.1.5)

To simplify our notation, we use the same symbol p for the two coordinate systems as in
Eq. (3.1.4). First-order coordinate derivatives for p follow the rule:

Op ; Op i Op
= (A)) = = (ATH = 3.1.6

oz’ (A); oxJ ( ) J OxJ ( )

and transformation rules for higher order derivatives can be derived easily using the tensor

notation. The directional derivative such as the normal derivative for pressure p in (ma, 0 )

is defined as

dp o 4

Accordingly, in the local coordinates (55"‘, 0 ), since m is a vector, we need to use Eq. (3.1.3)
to transform m to n and define the same directional derivative as
Ip

6p -k
oFF"

(3.1.8)
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The major benefit of introducing the local Cartesian coordinate system is that in the
neighborhood of the local origin 0, the interface curve I' may be parameterized as [24]

r= (x (@5) ,:zﬁ> (3.1.9)

where x is a sufficiently smooth function of #°. See Fig. 3.2 for an illustration of the local
parameterization of the interface curve I'. Or we can represent the interface I' using the

40

X

Figure 3.2: In the neighborhood of the local origin 0, I' may be parameterized as

d
(> = x (27) ,#%). We also know that x (0) = 0 and d~XB (0) =0 (see text).
z
zero level set of the implicit function
o (aé“,;ﬁﬂ) — %y (:zﬁ) : (3.1.10)

Note that T' passes through the local origin 0 [24], i.e.
X(fcﬁ :0) =0 (3.1.11)

and the axis 7 in the local coordinates is tangent to I' at the local origin 0 [24], i.e.

jgﬁ (:zﬁ - o) = 0. (3.1.12)

Instead of using a global curvilinear coordinate system, we can define jump conditions for
quantities such as the pressure p in the local Cartesian coordinate system (ia, :Eﬁ) as

[p] = pit (X <fﬁ) ﬁfﬂ) ~Pr (X <fﬁ) ’jﬂ> (3.1.13)
— pf: — pr-
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For a function w with support only on the interface I', we have

w = wr (555> . (3.1.14)

3.1.3 3D Geometry

Let ., € T" where T' is the interface surface. We can build a local Cartesian coordinate
system (io‘, P, 5:7) by using the unit normal direction n’ (x,) pointing from Q~ to O+ and
the two unit tangential directions 7¢ () and 1’ (x.) together forming a right-handed Carte-
sian coordinate system. See Fig. 3.3 for an illustration of the coordinate transformation

between the original Cartesian coordinates (xa, 2P, x”) and the local Cartesian coordinates
(22,35, %7).

o0

il

Figure 3.3: Given a point x, € I'; a local Cartesian coordinate system (a?a, 0, fV) is built
using x, as the origin, the unit normal vector n and two unit tangent vectors 7 and 1 at
that point as the three coordinate axes in sequence. The normal vector n points from Q~
to QT. m, 7 and ) form a right-handed Cartesian coordinate system (:EO‘, 0, 5:”).

The coordinate transformation matrix A therefore is

n(@.) T(@x) 0% (@)
A= nf(zs) 7(zs) 7P(zi) |- (3.1.15)

W(@) (@) (@)

Note that A is a special orthogonal matrix with detA = 1, and A~! = AT. We define the
local Cartesian coordinate system as (500‘, 0, 9%7) and the coordinate transformation rule is
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[51] ‘

B = (A1) (o — ). (3.1.16)
For vectors and vector fields such as the velocity field u’, the transformation rule is the
same as in the 2D case (3.1.3).

For any function piecewise differentiable in Q7 and 97, such as the pressure p, we have
p:p(ma,mﬂ,:ﬂ) :p(ja,iﬂ,iv) . (3.1.17)

Note that p (xa,xﬁ ,;177) and p (5:0‘,536 ,577) represent the same physical quantity while the
former one is in terms of z* and the latter one is in terms of &, and they are equivalent
under Eq. (3.1.16) and its inverse mapping:

o’ = ALE + ol (3.1.18)

To simplify our notation, we use the same symbol p for the two coordinate systems. First-
order coordinate derivatives for p follow the same rule as in the 2D case (3.1.6). The
directional derivative such as the normal derivative for pressure p in (aza, 2P, :L‘V) is defined
in the same way as the 2D case (3.1.7).

The major benefit of introducing the local Cartesian coordinate system is that in the
neighborhood of the local origin 0, the interface surface I' may be parameterized as [24]

r— (x (535,@7) &P, 557) (3.1.19)

where y is a sufficiently smooth function of #% and 7. See Fig. 3.4 for an illustration of
the local parameterization of the interface surface I'. Or we can represent the interface I'
using the zero level set of the implicit function

o (f:a,f;ﬁ, :m) — 5y (5%’, 557) . (3.1.20)

Note that T' passes through the local origin 0 [24], i.e.
X (:zﬁ = 0,77 = 0) =0 (3.1.21)
and the two axes #” and #7 in the local coordinate system are tangent to I' at the local

origin 0 [24], i.e.

195'% ox
0P O

Instead of using a global curvilinear coordinate system, we can define jump conditions for

(5&5 — 0,5 = 0) —0, (:zﬁ —0,i7 = o) —0. (3.1.22)

quantities such as the pressure p in the local Cartesian coordinate system (ia, 0, 5:7) as
— pt B v\ 70 77 - B 7Y #8557
i (x (,57),55) i (x (2,57) 5.5
)= ’ g ’ (3.1.23)
=P —r-
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Figure 3.4: In the neighborhood of the local origin 0, I' may be parameterized as

0 0
(i = y (#8,%7) , 5, %7). We also know that x (0,0) = 0 and a;‘ﬁ (0,0) = 0, 8:; (0,0) = 0
(see text).
For a function w with support only on the interface I', we have
w = wr (iﬁ,f’> . (3.1.24)

3D geometry is surely more complicated than the 2D case. Since we adopt the tensor
notation, it is much easier to show the similarities and differences between 3D problems and
their 2D counterparts.

3.2 Derivation of Jump Conditions for Stokes Equations

To use the Immersed Interface Method (IIM) for the Stokes equations, we need to know the
jump conditions of both pressure p and velocity u’. Since the jump conditions for interface
problems play almost the same role as boundary conditions for partial differential equations
(PDEs), it is necessary to derive jump conditions for a given interface problem in order to
capture the dynamics along the interfaces. Our result of jump conditions for the Stokes
equations is a generalization for the equal viscosity case [22, 56] and is consistent with
existing results [19, 20].
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3.2.1 Jump Conditions for Stokes Equations

The formulation for incompressible Stokes equations with two phases includes the Stokes
equations [46]

Op 0 out o’ i n _
_axi—i_axj(’u(f)xj—i_ﬁxi))—i_g =0, zeQ"UQ; (3.2.1)

the incompressibility condition [46]

ou’
ort

=0, zeQ UQ; (3.2.2)
and the surface force balance equation [47]
[oijn!] + f* =0 (3.2.3)

across I'. Note that the stress tensor o;; for a Newtonian fluid is

out o’
Plugging Eq. (3.2.4) into Eq. (3.2.3), we can get
4 out ol ; -
_ 1 J i
[ pn +N<8xj+8xi>n]+f 0. (3.2.5)

We know that velocity across the interface is continuous, and this condition is stated in
terms of jump conditions as:

[u'] =0. (3.2.6)

In order to use Immersed Interface Method (IIM) to solve the two-phase Stokes equations
in 2D and 3D numerically, we need to know the jump conditions for both pressure p and
velocity u’, i.e. the following jump conditions are needed [29]:

7 Bz] ] [a(éi?)] (3:2.7)

It might be possible to use

aui] (3.2.8)

. (5

as a set of jump conditions for velocity u* and apply IIM, but we will not take this approach
in this thesis. In following sections, we will derive the jump conditions (3.2.7) (except for
[pu']) from Egs. (3.2.1, 3.2.2, 3.2.5) for both 2D and 3D geometry.
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3.2.2 2D Geometry

Let @, € ' where I' is the interface curve. We use a local Cartesian coordinate system
(i:a, :?:5) introduced in Chapter 3.1. Note that the origin of the local coordinates is @, and
the two local coordinate axes are formed by normal vector n’ and tangent vector 7° of the
interface I'" at point x,. In the local coordinates (i"‘,i‘ﬂ), the interface curve I' may be
parameterized in the neighborhood of the local origin 0 as

r= (x (:zﬁ) ,505> . (3.2.9)

The unit tangent is given by

N
|

b (o (3.2.10)
i \2 dz’
1+ (&)

and the unit normal direction is

1

PR S SRR (3.2.11)
i \2 dzP

1+ ()

First we have the following coordinate transformation results for normal directional

derivatives:
Lemma 3.2.1. 8( ) 8( )
put) O (put) o booo-
- o i=a,0;, e or . (3.2.12)
Proof. A A
0 (pu') _ 0 () _y
on 01k '
= (AL agﬁ) (A1) (3.2.13)
8(,uui) . 8(,uui) . a(uui)
=0 T T T Ton
O

Remark 3.2.2. This result is also true for general directional derivatives, e.g. tangential

directional derivatives.

The invariance of incompressibility for velocity under coordinates transformation states:

Lemma 3.2.3. ) )
ou*  ou’
_ _ + -
e~ B 0, ze€Q" orQ . (3.2.14)
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Proof.

du’ _q\i OuF
Ot - ( 1)k %
i g 0u
- (A_l)kAQW
_out
0zt
Lemma 3.2.4.
4 (Nuz) K (,uuz) - ‘ )
[ on ]<)_[33}a](0) i=o,f; e or Q.
Proof.
0 (/WZ) |0 (uuz)
[ on ]<0)_ on ](0)
| (o) oG a [
- oy \2 07 oz8  diP
L+ (@)
_ |9 ()
- ore ](0)
Lemma 3.2.5.
0 (pu’ d [t
[ éj@)](o)_ c[liﬂ](o) 1=a,f3
Proof.
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(3.2.15)

(3.2.16)

(3.2.17)

(3.2.18)

(3.2.19)



O]

Remark 3.2.6. Higher order derivatives with respect to ° have similar results, for exam-
ple,

2 ui 2 ui ui 2
lejgsljg (0) = [w] (0) + laé’; )] (O)d;ﬂ;jﬁ (0), i=ap. (3.2.20)

(0) will be derived in the following theorem.

Note that [8 (/fUl)
o0z«

Theorem 3.2.7. For two-phase Stokes equations in 2D, given an arbitrary point x. € T',

o y 9 (pu') ‘ ,
the following jump conditions for —on hold at point x,
8 a7 .
B -yt
no i di8
S| =4 (3.2.21)
ﬂ .
9 (uu ) . (A—l)a d [“uj} _ J?B
on i dib
where A is the local coordinate transformation matriz.
Proof. Multiply 7 at both sides of Eq. (3.2.5) to get
out ol o o
Ji (A
[u <8xj +8Ii>n7'] +f'7=0 (3.2.22)
or ou oud
ut o [T .
) Y g (A
{u <8nT + 5" >] + firt =0. (3.2.23)

Recast Eq. (3.2.23) in #* coordinate and use Lemma 3.2.1 for both the normal and tangential
derivatives to get

on or
Plugging Egs. (3.2.10, 3.2.11) into Eq. (3.2.24) we get

~i ~i o
{u <au siy 01 nj>] I (3.2.24)

1 u~ dy ou’  ou~  9uf dy 1 o dX )
. dxz(aﬁd:iﬁ+aﬁ+a%_a%d:z~ﬂ>+ dX2<fdjﬁ+f>_
1+ () 1+ ()

(3.2.25)
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We can evaluate Eq. (3.2.25) at % = 0 to get

[u (%ﬁ + aaaﬂ (0) + f%(0) = 0. (3.2.26)

on or
Since the viscosity coefficient u is piecewise constant, we can write Eq. (3.2.26) as

[8 (pi?) | 0 (i)

o o= | (0)+ fA(0)=o0. (3.2.27)

Then we can expand the directional derivatives in Eq. (3.2.27) to get

0 (ni’) 9 (ua) 780 —
[ 950 + 978 (0) + f7(0) = 0. (3.2.28)
From Lemma 3.2.3 we know that
O (pa) | o _
[8551] (0) =0. (3.2.29)

0 (pu')
o

is A~! which is non-singular. By solving this system of equations, we can get

Egs. (3.2.28, 3.2.29) form a system of equations for [ ] (0) and the coefficient matrix

6] o 2]

() =A : (3.2.30)
0 u u' ~
[ 32““ ](O> - (A‘l)?aé/;aj)]<0>—fﬂ(0>

Using Lemma 3.2.4, 3.2.5 and suppress the sign for evaluation at the local origin, we reach
Eq. (3.2.21). O

For pressure p, we have the following result:

Theorem 3.2.8. For two-phase Stokes equations in 2D, given an arbitrary point x, € T,
the following jump condition for pressure p holds at point x,:

B d [Mu]} o
;g t I (3.2.31)

[P =—-2(47")
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Proof. Multiply n’ at both sides of Eq. (3.2.5) to get
out  Oul o o
_ y) 1,1

_ auii_’_aiujj ¥ find
— |\ " an "

i

out .
=2 [,u (;; n’] + f'n'

:2[3<W>

(3.2.32)

n'| + fin'.

on

Recast Eq. (3.2.32) in & coordinate and use Lemma 3.2.1 for the normal derivative to get

O (uut) . o
] = 2 [((;?)n + firi. (3.2.33)
Plugging Eq. (3.2.11) into Eq. (3.2.33) we get
1 o (pa®) 0 (pa®) d 1 0 a5 d
bl =2 2 (g~ - (a~ )dNXﬁ " (f _fﬂd};)
dy n n o dT dx \2 %
L+ (i) L+ (i)
(3.2.34)
We can evaluate Eq. (3.2.34) at #° = 0 to get
o (pa® =
0 =2 | 255 )+ f2(0) (3.2.35)
Then we can expand the directional derivatives in Eq. (3.2.35) and use the incompressibility
to get
o (pa” o
0 =2 | 2952 0+ 70
- 3.2.36)
o (pas 0 (
From Lemma 3.2.5, we have
d [/’Lﬂﬁ] ro
[p](0) = =2 =5=(0) + f*(0). (3.2.37)

Using coordinate transformation rule and suppress the sign for evaluation at the local origin,
we reach Eq. (3.2.31). O

The jump condition for the normal derivative of pressure p is shown here:
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Theorem 3.2.9. For two-phase Stokes equations in 2D, given an arbitrary point x, € T,

0
the following jump condition for 8—]) holds at point x,:
n

ol _ , &x ( 71)ﬁd[/‘uj]
on|  TdiBdis i dib
dfs

d? X
dzPdzP dzP

o & [pu’]

~1
+2(47); i

(3.2.38)
+

o+ ==+ 5%

Proof. Multiply n’ at both sides of Eq. (3.2.1) for £ € QT and & € Q™ to get

] = [ (v (55 - 55)) ] 1
_ [a? (pr?)

(3.2.39)

ni

0z dxI + [glnz] '

Recast Eq. (3.2.39) in &' coordinate to get

[ap] _ [62 (') _;

an| = | B5am " | T 197

O (pu') 0% (pa')\
B [(692‘“6500 t 958058 | "

Plugging Eq. (3.2.11) into Eq. (3.2.40) we get

(3.2.40)

+ [

on

[ap] 1 )2 (32 (pa®) 0% (ua®) (32 (uii®) N 0 (mﬂ) dx)

B y diadze ' 9zPiP — \ dicdre | 91P0%P | dif
1+ (—X
dzf

1 5 _g dx
= |ge_gf A
* e\ 2 (g g diﬁ)
1+(—dixg)

We can evaluate Eq. (3.2.41) at #° = 0 to get

2] 0= [S4 + S o)+ 57 0

(3.2.41)

(3.2.42)

Now we take the derivative with respect to #2 of both sides of Eq. (3.2.25) to get
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dx \* (dx\* [ dx )\’ dy \? 2y

(3 1+<d ) <dmﬁ> “Nap) N \@r) ) dasare
N

dx * [0 (na) 5:
/(Hw)) 262+ |-
O (pa®) dy | 0*(ua®) x d’>x  dx
[8f®ﬂuﬁ5+éﬁ%ﬁﬁ]_ (&ﬁ i 1+ f diPdiP diP

ax \?\? [0 (ui) )
S (@)) [P

1+(dz)

( x
2 ~a 2 ~ dax d? _aTx B
0% (pu®) dx | 0% (na®)| | G5 Ghase 0 (ui”)
0320%P dzP 0zPBozTs 2 2 oz
<1 + (dacﬁ
d2X dx dfa

d 2
() B .

14 (ddiﬁ) 0r*9ze dif ' 0798 ] <1 . (dx5>2>§ Wd:}éﬁ

U

_l’_

d d2 ~
Y r N 1 af’ 0
3 2df
2 2 dX
<1 + (dwﬂ) > L+ (djﬁ)
(3.2.43)
We can evaluate Eq. (3.2.43) at #° = 0 to get
d*x [8 (uff")} [02 (uﬂ“)] 0 (pa”)
4——=—(0 — 0)+ | 5=57=7 | 0O+ | 5==7=5| (0)
B 7B lo' BAFL a6
dzPdx 0z 0P 0z 0T*0% (3.2.44)
d2x L4
fo 0)=0.
From the incompressibility condition, we know that
9 (pa*) 0 (ui”) _ + -
950 + 558 0, ze€Q", or Q. (3.2.45)
Taking the derivative of Eq. (3.2.45) with respect to 2% we get
2 ~q 82 =B
O (ui®) | O (W) _ gt o) (3.2.46)

R N
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Therefore from Eqs. (3.2.44, 3.2.45, 3.2.46) we get

[62(;@&)} 0) = -4 la(uﬂﬂ)](oH[%] (0)

vagze | V) T T qiBdis =
0T*0% dzPdx ox (3.2.47)
X oy gy o 4
From Egs. (3.2.42, 3.2.47), we have
ap] d’x 9 (pi’) 0 (ui®)
a. (O) =—4 =8 ~ﬂ(0) 53 (0)+2 =398 (O)
on dzPdx oz 0TPOT (3.2.48)
d2X ro dfﬁ ~q
+ m(o)f (0) + W(O) + (31 (0).
Using Lemma 3.2.5 and Eq. (3.2.20), we get
dp d*x _yy8 4[] pya (@[] d’x 9 (p?)
— =—4 A7) 2(A). -
[871} (0) = 455077 O (A7)~ O+ 247 | 75055 O~ Zaan @ |~z | ©)
d2X ro dfﬁ ~o
+ W(O)f (0) + ﬁ(o) + (9] (0).
(3.2.49)
From Eq. (3.2.45), Eq. (3.2.49) is simplified as
dp d?x 1o d ] e @[]
— =-2—=— A7) 2(A7).
[an} 0) = =2555477 O (A7) —gza~ O +2(A7)} 525 ©) 5250)
d%x o dfs . o
X OF0) + 50 + 5 0).
Suppressing the sign for evaluation at the local origin, we reach Eq. (3.2.38). O

To summarize, for 2D Stokes equations with an interface, we have derived the jump

[ () o |
conditions [ o ], [p] and {8”] as follows:

30



J dzB
- ppd[md] (3.2.51)
[P]——Q(A )jW )
op] _ _, dx g aayed e pya &[]
[ ]__ngzﬁda?ﬁ O = e O M
U
diidzn! T

+ + [3°]-

3.2.3 3D Geometry

Let , € I' where I' is the interface surface. We use a local Cartesian coordinate system
(i‘a, 0, 567) introduced in Chapter 3.1. Note that the origin of the local coordinates is a,
and the three local coordinate axes are formed by normal vector n! and two tangent vectors
7" and 7’ of the interface I' at point x,. In the local coordinates (5;0‘, 0, 5:7), the interface
surface ' may be parameterized in the neighborhood of the local origin 0 as

r— (x (:zﬁ, 557) P, 557) . (3.2.52)
The two unit tangential directions are given by
L 1 1 — (;;,1,()) (3.2.53)
+(a%)
and
n= ! <§5§ 0, 1) : (3.2.54)

The unit normal direction is

A= ! 10X _Ox)) (3.2.55)
|7 = 7| oy ) 2 oy \ 2 o8’ oz
() ()

Most results we have shown for 2D geometry are also true for 3D geometry with few

modifications.
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Lemma 3.2.10.

0 () _ 0 ()

5 = on i=a,B,y; xeQ orQ . (3.2.56)
Proof. See Lemma 3.2.1. O
Lemma 3.2.11. , ,
gzz = gg: =0, z€Qt orQ . (3.2.57)
Proof. See Lemma 3.2.3. O
Lemma 3.2.12.
[a(gsl)] (0,0) = laggf)] 0,0), i=a,B,y; Q" orQ . (3.2.58)

_ 1 (NW’J 9 (pu') ox 0 (uu') 0X> (0,0)
)2

2 97 0x8 0xf 937 OFY
1 ()" (3
: (w')]
= [——2| (0,0).
ore
(3.2.59)
O
Lemma 3.2.13. ' ‘
0 (pu) 0[] o
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ul ul) 0 (pu')
o] -2 00 o
0 (p 0 0 (pu' "
_< éjﬁ) (o,o)&;(o,oH( éjﬂ)> (0,0)
1.“ - F - (3.2.61)
_ ((aggz)) (0,0)%’%(0,0“(82’;)) (0,0))
r r
8(uui)
B [ i’ ](0’0)
O
Remark 3.2.14. Similarly, we have
[aggl)] <0>0>=a$q (0,0), i=a,p,7. (3.2.62)

Remark 3.2.15. For higher order derivatives, we have

52 [Huz] 52 (Muz) o (quz) aQX ‘
and
0? [uuz] 0? (uul) 0 (uu’) 0%x )
ai‘fyai‘fy (070) - 8.{576.i7 (0’0) + 8530‘ (070) 833"70i7 (070)7 v = a’ﬁ?W' (3264)

(0,0) will be derived in the following theorem.

Note that [6 (/fu )
oz

Theorem 3.2.16. For two-phase Stokes equations in 3D, given an arbitrary point x. € T',

the following jump conditions for © %‘:z) hold at point . :
o a2l ey 2]
| el (3265
5] S

where A is the local coordinate transformation matriz.
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Proof. We can multiply 7° and 7° separately at both sides of Eq. (3.2.5) and use coordinate
transformation to get

out _, 0w _ i
~1 ~j ixi
{,u(aﬁT + 87:n>] + 7 =0 (3.2.66)
and o oy
ut u = Fizi _ 9
[u(aﬁn+aﬁn>]+fn 0. (3.2.67)
Plugging Eqgs. (3.2.53, 3.2.55) into Eq. (3.2.66) we get
1 d (pa~) ox | 0 (ni’) 1
ox \2 on 0P on * oy \ 2 o \2
() () ()

(8(;”10‘) 0 (ni’) oy 9 (pa) 0x> N 1 <fa Ox +fﬂ> —0.

o7 of 0if  9F 0 o2 \| 03P
1+ ( 8;;)

(3.2.68)
We can evaluate Eq. (3.2.68) at (#%,77) = (0,0) to get
0 (i) 0 (ui)| :

0,0) + f2(0,0) = 0. 3.2.69

Then we can expand the directional derivatives in Eq. (3.2.69) to get

0 (i) 9 (ua)| ;

0,0) + f#(0,0) = 0. 3.2.70

Plugging Eqgs. (3.2.54, 3.2.55) into Eq. (3.2.67) we get
1 (3(uﬂ“) Ix 8(#@?”)) N
2 on 0z on 2 2
e} e} e}
- () Ve (@) + ()

(3(;“1“) 0 (pi®) ox 0 (pa") 3x>

Bl on 0i8  on o1 2 \' 977
)
(3.2.71)
We can evaluate Eq. (3.2.71) at (Z%,27) = (0,0) to get
[0 (pa?) O (pa”)] ;
0,0 7(0,0) = 0. 3.2.72
Then we can expand the directional derivatives in Eq. (3.2.72) to get
[0 (pu”) 0 (pa®)] ~
0,0 7(0,0) = 0. 3.2.73
i 8'%a 6&7 | ( Y )+ f ( Y ) ( )
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From Lemma 3.2.11 we know that

[a g;u)] (0,0) = 0. (3.2.74)

o0z

ficient matrix is A~! which is non-singular. By solving this system of equations, we can

o A
Eqgs. (3.2.70, 3.2.73, 3.2.74) form a system of equations for [ (,uu )] (0,0) and the coef-

get
0 (pu® B _1189 ('“uj) B 1y 9 (““j)
2651 (00 ey, 200 0.0 eary; 200 g
9 () [ o1ya O () | -
[ ora (0’0) =4 B (A )j OB (070) - f (070)
9 (pu?) [ o O (pu? ] -
|: oFe :| (0’0) - (A_l)j éi,»y ) (070) - f’y(0,0)
] ] (3.2.75)
Using Lemma 3.2.12, 3.2.13 and suppress the sign for evaluation at the local origin, we
reach Eq. (3.2.65). O

For pressure p, we have the following result:

Theorem 3.2.17. For two-phase Stokes equations in 3D, given an arbitrary point x,. € T,
the following jump condition for pressure p holds at point x,:

bl =-2(a")’ agf} —2(a7)] ag;j] + fe. (3.2.76)

Proof. We can multiply n’ at both sides of Eq. (3.2.5) and use coordinate transformation

[p] =2 [a (i) 5

to get

Fimt. 2.
on + f'n (3.2.77)

Plugging Eq. (3.2.55) into Eq. (3.2.77) we get

on on 0¥ om0

(80“1“) 0 (pi®) ox 0 (ua") 0><>
)2

\/ G} (ax
a Bral (3.2.78)
79 aX )
oy \2 oy \2 <f -7 fv(?m“/
@)
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We can evaluate Eq. (3.2.78) at (#%,27) = (0,0) to get

0 (pu® N
[p] (0,0) = 2[ (gg )] (0,0) + £(0,0). (3.2.79)
Then we can expand the directional derivatives in Eq. (3.2.79) and use the incompressibility
to get

0.0 =2 | 2050 | 0.0+ fo(0.0)

-5 . ) (3.2.80)
_ 9 [a g;ﬁ )] (0,0) — 2 [82’;;)] (0,0) + £2(0,0).
From Lemma 3.2.13, we have
[p] (0,0) = —282’;55] (0,0) — 28([)‘;5] (0,0) + £(0,0). (3.2.81)

Using coordinate transformation rule and suppress the sign for evaluation at the local origin,
we reach Eq. (3.2.76). O

The jump condition for the normal derivative of pressure p is shown here:

Theorem 3.2.18. For two-phase Stokes equations in 3D, given an arbitrary point x,. € T,

the following jump condition for op holds at point x,:

on

[gi} — 9 82X (A—l)ﬁ 4 [:U’uj] _9 aQX (A—l)v 9 [quj]

~ 017018 i 9P 031017 i o
2 J 2 J
_9 ?X~ (Afl)ﬁa[/f“]_z ?X~ (Afl)v'a[:‘f“]
02 [ o [jav] 2
1\ —1\«
+2(47); Gamaer T2 AT e
0*x PX N ja, OFF OF |,
" (85:585:5 " a:zvajv) I+ 5+ am T
Proof. Multiply n’ at both sides of Eq. (3.2.1) for £ € QT and & € Q™ to get
P[0 (2% LN ] (i)
on| = 0w \"\ 027 "0t ) )" gn
_ 0? (i) o] + 1o (3.2.83)
OxI OxI gl

Recast Eq. (3.2.83) in &' coordinate to get
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(3.2.84)

9oz | 0iPoiP T 9mom + (97 -

_ !(32 (pir') | O (pii) | O (W)> .

Plugging Eq. (3.2.55) into Eq. (3.2.84) we get

2)-

1 (32 (pa) | 0% (pu®)  0*(pa®)
2 2 \ 0i20i> | 0iP0xP | 0i10i
e ()" ()

_ (5‘2 (pa?) O (ua%) &2 (uﬂﬁ)) Ox

0T*0z™ OzPOTP 0z70z7 | 0P

_ <82 (ui) 02 (ui") . o2 (Mfﬂ)> dx > ] (3.2.85)

0zedz™  9xPoxP  0x10TY ) 0TV
1 <~a pae] Ix a7 Ox > ]
9 —9 53=5 — 9 5= .
2 2 oz oY
9 o)
i () + (%)
We can evaluate Eq. (3.2.85) at (Z°,%7) = (0,0) to get

[317} (0,0)2[32(%“) 0% (pa®)  9* (pa®)

+

on 050z | 0rPoLs 6@3@7](@0”[@“] (0,0). (3.2.86)

Now we take the derivative with respect to #° of both sides of Eq. (3.2.68) and evaluate at
(#%,27) = (0,0) to get

2 e 2 (ua 2 (uaf

-9 82)( (0,0) [8 (Mﬂﬁ)] (070) 82)( (0’0) la(ﬂﬂﬂ>] (0’0) (3.2.87)

0789z0 07 078037 077
OFBOTY

o

oz

(0,0) [8(“5‘7)}(0,0)4r X (0,0)£(0,0) + 2L_(0,0) = 0.

oz 0zPozs

Next we take the derivative with respect to 7 of both sides of Eq. (3.2.71) and evaluate
at (2°,27) = (0,0) to get
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0TY0xY 0x*0zY

9*x 9 (uu") 9*x 9 (uu")
-2y 00|29 00 - 5 00 205 0.0 (3259
9*x 0 (i) 0°x o of o o
From the incompressibility condition, we know that
O (pi®) | 9 (pa®) 0 (ui) + -
= . 2.
550 + 557 + 5 0, z€Q", or Q (3.2.89)
Taking the derivative of Eq. (3.2.89) with respect to ¢ we get
0 (ui) | O (uil®) | 07 (i) ]
= Qr, or Q. 2.
dicdie | opeart | ogeom O TEUL O (3.2.90)

Therefore from Eqgs. (3.2.90, 3.2.87, 3.2.88) we get

2 (pa® 2 2 G
[g@%@ﬂ (0,0) = —2 (Qa;gjﬁ(o’oH 9x (070)) [a(u )] (0.0)

07 0x"

Q
<
~q
=

8*x 0%y
-2 (85:5832*5(0’0) +285m(‘)5m (0’0)> { 977 } 0,0)

#5800+ [F] 0.0

931017
9*x 9 (ua”) 0%x d (pi)
~Zawor 00 | "om (0’0)_23@%9}7(0’0)[ oz ](0’0)
9%x 0%x - afs o
+ (e 0.0+ 5o 0.0)) 0.0 + gh5 0.0 + Z 0.0
(3.2.91)
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From Eqs. (3.2.86, 3.2.91), we have

0%x 9 (paP)
[8 } < xﬁaxﬁ aivajv(oﬁn> [ 0z (0.0)
9*x 9 (ui")
< 7707 0+ 255 va~v(0“n> { 9T ](O””
{89558 } { OTVOTY }
9%x ( ) 9%x 9 ()
~ 25550 ) = 255505 (0 [ 9P ](0’0)
82X aQX ro afl3 af o
+ (Wm,m b0k <o,o>> 70,00+ 20,0+ 20,0+ 3% 0,0).
(3.2.92)
Using Lemma 3.2.13 and Eq. (3.2.92), we get
op 9*x d?x 15 0[]
[an}(o 0) = <23@ﬂa@6(0’0)+'a@vafv(o’o) (A7); —5z (0:0)
9°x 9*x 1yy O[]
) <éﬁﬂ2&fﬂ(0’0)*’2ajva@v(0’0)> (A )j 55 (0,0)
0% [ | 0%y d (pu)
1\«
+2(4 %‘<emﬂa@ﬁ(0”n g:7077 ) | 7oz | (00
0 [p] 0%x 9 (pu)
1\« .
+2(4 )j <8:EVE35:“Y (0.0) 070" (0.0) ox™ (0,0)
O*x “yy0 O[] P*x 1y O[]
2a 505 7(00)(A )j47§%77“L0)__23jﬂajvaho)04 )j 557 (0,0)
P*x Px fo of° of a
+ (5o 0.0+ 522 0.0)) 0.0+ 2550.0+ 20 0.0+ 57 0.0,
(3.2.93)
Using Eq. (3.2.89) and suppressing the sign for evaluation at the local origin, we reach Eq.
(3.2.82). O]

Remark 3.2.19. Notice that in Eq. (3.2.82), we have

Oy ] O oy Py Ty O]

 "0iP0xP i o0x0  Toi10m o1 0iPox i oi
_ 9%x ( 71)7 9 [y ]
xPOTY i o1h

(3.2.94)
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which equals the trace of the following matriz product

% &y (4-1)’ 9 [pu’] (4~1)’ 9 [pu’]
o | 038038 9iPo i 9P i o (3.2.95)
; ) . . 2.
9x 9x (a71y? 0 [y ] (4~1)? 0 [’ ]
0xPOTY 0TV 0T i 9zb i oz

To summarize, for 3D Stokes equations with interface, we have derived the jump condi-

|0 () p
tions [ o ], [p] and [671] as follows:

8(Mua)] o Tuw?
16 0[] A
a(l“”) e O[]
= AT A el Ul ¢
A el el
9 (Y _iva O |pu! ~
5] S
8 [pul o [ud] .
=2 (a)? 2]y oy 2] g (32.96)
] X e O] 9y O]
[871}__285:/385:5 W) = 2amor )i o
O°x g Olmd] gy O[]
ERCET (4™); 0r  ‘oilor (4™); 0P
@ 0[] @ O ]
—1 -1
247 orPoLs 247 halelal
d*x Px \ 70 OFF OfT
+<aa:~ﬂaazﬂ+aa:~vaa~:v>f T o5 top T
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Chapter 4

Immersed Interface Method for Elliptic
Differential Equation with Interfaces

We can solve the Stokes equations for two viscous tissues by solving an elliptic equation
with interfaces using the Immersed Interface Method (IIM). Although the IIM scheme for
both 2D and 3D elliptic problems can be found in the literature [26, 24, 27, 7], here we
show the derivation of the scheme with tensor notation and some new results.

We begin by considering the non-homogeneous elliptic equation in the invariant form
Viu+u+f=0 (4.0.1)
with the constant A < 0. If A = 0, we get the Poisson equation
Viu+f=0 (4.0.2)

and the Laplace equation is a special case of the Poisson equation with f = 0. Here f is a
known function of spatial variable x.

4.1 2D Geometry

The 2D elliptic equation is

0%u . 0%u
0x20ze  9xPoxP

+ A+ f=0. (4.1.1)

We consider a rectangular domain Q = [zf', 2¢] x [mf s ] with a curved interface I' C €.

€
I’ divides Q into QT outside the interface and Q™ inside the interface. For example, see
Fig. 4.1 for a case where an open curve cannot be used for I' since Q1 and Q~ are not well
defined. On the other hand, the interface curve I' can be either simply connected, or not

simply connected; see Fig. 4.1 for examples.
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0 _

Figure 4.1: An open curve cannot be used for the interface I', since QF and Q~ are not
defined (a). Q= (shaded region) can be either simply connected (b) or not simply connected
(c,d).
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Because u might be discontinuous or non-smooth across the interface I', it is more
convenient to express u in terms of smooth functions in QF and 2~ separately. Namely,

ut, et
= ’ ’ 4.1.2
U { wm, meQ (4.1.2)

Similar notations are used for other discontinuous or non-smooth quantities. Eq. (4.1.1)
now becomes

O*u \" 0%u \" .+ ot +
— — A =0 Q 4.1.3
(8.@“81‘0‘) * <83:56xﬂ> AT € ( )
and , ,
0*u 0*u
— — ATu” =0 Q. 4.1.4
(&ro‘@xf") + <85L‘56m5> AT » EE ( )
We also assume that the following two jump conditions are known:
ou
= — | =w. 4.1.5
il =w. 5] = (4.15)
Note that we have , N )
0*u O*u™
— ] ==— 4.1.6
(O:EO‘@J:O‘ > Ox* 0z ( )

etc. Without loss of generality, we define
u(x), xel (4.1.7)
as the limit of u on the interface from the side of QT, which may be written as
u(z) =uf, xel. (4.1.8)

In other words, u(x) is defined to be continuous from the side of Q. The notation up
simply means the limit of v on the interface from the side of Q.

The domain 2 is discretized as

Q= { (o8 =ag +iha) =af + ) i = 0,1, mij = 0,1, n} (4.1.9)

using a uniform grid width h. A grid point (xf‘, :1:]6 ), which is on one side of the interface I,

is called a reqular grid point if the difference stencil centered at (a:f“, a:jﬁ ) contains no grid

points on the other side of the interface. Intuitively, at those majority regular grid points,
if we use a finite difference scheme such as the five-point stencil

Uij1+Uj1+Ui1;+ U —4U;
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using Taylor expansion at grid point (x?" o ), we know that the local truncation error for

17
xq,xﬁ €N is
i)

+ + + + +
U, +ui7j+1+u +ui+17j—4

,]— i—1,7 ui’,
T: J—1 h21j J _i_)\“ruj:j_’_fl—:,‘—]
Pu N a0 Pu \" a8 o o (41.11)
=\ gpogga ) @H%) +  gomp,m | (@i@) + A ui; + fij; + O()
— O(h?).

The same conclusion holds for regular grid points in Q.

At those minority irregular grid points either close to or on the interface I', we hope that
the same second order scheme still works. To facilitate derivations, we locate an interface
point x, € I' close to the five stencil grid points and define a local Cartesian coordinate
system (2%, 7°) centered at x., as

7= (A7) (o7 - ad) (4.1.12)

where the coordinate transformation matrix is

A= ( nt(@.) () ) . (4.1.13)

nB(x,) 70(x,)

Here n'(zx,) is the unit normal direction pointing from Q~ to QF, 7i(x,) is the unit tan-
gential direction counter-clockwise of n’(x,). See Fig. 4.2 for an illustration of the change
of coordinates.

Lemma 4.1.1.

0*u 0%u
gzooie T azsass Tt =0 (4.1.14)
Proof.
CATIN TR VR
07297 ' 9FBOFB T 0F0F  OF i Ol
0%u
= (A (D) 5527
Dutou (4.1.15)
— (A7) (F O
Y 9k ol
-5 82u . 82u
~ M oxkgxl T Oxkoxk
50 (92 82 82 82
u u u U
55950 T 5apa8 TN T = 5ragme T gghas T AUt F=0. (4.1.16)
]

44



8

o002

Ot

xf

0 x

Figure 4.2: Given a point x, € I', a local Cartesian coordinate system (ico‘, .fcﬂ) is built
using x, as the origin, the unit normal vector n and the unit tangential vector T at that
point as the two coordinate axes. The normal vector m points from Q= to Q% and the
tangent vector 7T is counter-clockwise of n.

Remark 4.1.2. It is also possible to prove this lemma using the trace invariance under a
similarity transformation.

Let us consider an irregular grid point (xf‘,xf ) € QF, whose coordinates in the local

coordinate system (2%, #7) is denoted as (5 jf ;)- Now the truncation error is

+
Uij—1 + Wi + Uity Ui — a0
T = s + Ml S (4.1.17)

For the other four stencil grid points, without loss of generality, we assume that only

(@5 1,20, €. (4.1.18)

See Fig. 4.3 for an example of the difference stencil at the irregular grid point (x?, iL‘jB )

Now it is determined that

T — 1,7—1 1,741 ;121,] i+1,7 2,J + )‘+qu + f:‘j (4119)

(04
point x,, or equivalently the origin 0 in the local coordinates (a?o‘,icﬁ). Note that the

Instead of applying Taylor expansion at grid point (& if j), we can expand at the interface
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Figure 4.3: An example of the five-point stencil centered at an irregular grid point

(:cf“,xf) € QF with only <$?,xf_1) e .

interface I' is parameterized in the local coordinates as
r= (X(azﬁ),a?ﬁ) (4.1.20)

and the limit on the interface for a 2D function from the side of either QF or Q™ is param-
eterized only by #%. For example,

_ _ o ou \ . ou \
u;;_y =up(0) + (xi,j—l <355a>r (0) +$£j_1 <8i‘5>r (0)>
(@,.,)° Ou_\- (0) + 279,77 _Ou_ _(0) (4.1.21)
3,j—1 OFOT - 63-1%5-1 \ gragiB r e

(@) (), @) +00%

See Fig. 4.4 for an example of the Taylor expansion at the local coordinate system.

+

N =

Note that the jump conditions (4.1.5) locally can be expressed as

[u] = wr(7%), or wuf (X(iﬁ),iﬁ> —up (X(iﬁ),.fcﬁ> = wr(z%) (4.1.22)
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L—z"‘ Ti 1 T Tit1

Figure 4.4: An example of the Taylor expansion at the local coordinate system (5:0‘, Il )
Note that the local origin must be on the interface I' and close to the five stencil grid points.

and

[gﬂ =or(@), or (gZY (X(fﬁ%i’ﬁ) - (gg)r (X(:iﬁ)ﬁsﬁ) —op(2%).  (4.1.23)

r

We can take the derivative of Eq. (4.1.22) with respect to Z° to get

()0, () () (), () )~ (&), o

or in compact form

ou dx ou dw
— =|(-= - 4.1.2
{agza i 3@5} <d5c5>F (4.1.25)
Since p
X
—=5 (0) =0, (4.1.26)
Eq. (4.1.25) evaluated at the local origin 0 is
ou dw
— =|—-—= . 4.1.2
5 0= () © (11.27)
Then we take the derivative of Eq. (4.1.24) with respect to Z° to get:
2 2 2 2 2 2
Qu _dx | Ou_ (dx Ou A Ou | (dw N g
0z dzPdrP = 01*0z* \ diP 01*0zP dzf = 0TPOIP dzBdzP ) .
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whose value at the local origin 0 is

ou  d*x 0%u d*w
[(%a dipdib aazﬁagzﬁ] 0) = (dfﬁdW)F (0)-

ou
For the jump condition [

on
Lemma 4.1.3.
ou_ou
on  On’
Proof.
ou  Ou ok
on ok
1 ou _1\k 4
= (A 57 (A7)0
ou ou . Ou

J — J

=™ = 55" T an

The unit tangential direction is given by
. 1 dx
T=E— -1
— (1)
X

and the unit normal direction is

ho L f dx
- 2\ dif )

u _ Ou
on agzi”

d &Eﬁ 2 dfcﬁ
/1 x /1
dar:f6

So from Lemma 4.1.3 and Eq. (4.1.23) we have

Note that

07 2 0% w2 d | T

48

] , we first introduce the following result:

(4.1.29)

(4.1.30)

(4.1.31)

(4.1.32)

(4.1.33)

(4.1.34)

(4.1.35)



whose value at the local origin 0 is

{gjﬂ (0) = vr (0) . (4.1.36)

We can take the derivative of Eq. (4.1.23) or Eq. (4.1.35) with respect to #° to get

1 0%u  dy dx 2 0%u 0%u  dy ou  d*x
et S S T (e _ i S e S
iy )2 01*0z> dzP dzh 0x*0z0  0xPozP diP  0%P diPdiP
1+ ()

B 1 dx d’x ou B Ou dx \| _ [ dv
>2>3/2 dif difdzP \ 0z 0P dif )|  \dif )

d
<1 + ( 25
whose value at the local origin 0 is simplified as

0%u ou  d*x dv
[aazaa;zﬁ " 9ip diﬂﬁdiﬁ} (0)= (dﬂ*)F (0)- (4.1.38)

To summarize, at the local origin 0, we have the following six jump conditions from Egs.
(4.1.22, 4.1.27, 4.1.29, 4.1.36, 4.1.38) and Lemma 4.1.1:

(4.1.37)

[u] (0) = wr(0), (4.1.39)
au T dw
|:6j5_ 0) = <dx~g>r(0), (4.1.40)
ou d2X aQU ] de
[89&& dzBdaB + 00070 | 0) = <W>r (0), (4.1.41)
-
[a;a_ 0) = vr(0), (4.1.42)
0%u ou d’x dv
[85@05;6 978 diPdil | 0) = (dj,g>r (0), (4.1.43)
82u 82u )
[a@aagza + gzass TS0 = 0. (4.1.44)
Lemma 4.1.4.
] = up (A + A [u].- (4.1.45)
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Proof.
up AL+ AR [u] = up (AF = Ap) + A7 (u = up)
= Afuf — Apup (4.1.46)
= [Mu].
O

Using algebraic manipulations and Lemma 4.1.4, we can decouple the six jump condi-
tions (4.1.39 - 4.1.44) to get:

[ (0) = wr(0), (4.1.47)
[jgzﬂ (0) = v (0), (4.1.48)
{88;@} (0) = (%)F(O)’ (4.1.49)

—up (0)[A](0) = Af (0) wr (0) — [£](0)

(4.1.50)
d*>w d?
T (diﬂdiﬂ>r (0) +or (0) (d@ﬁ;f}zﬁ)F ©
= (uf (0) = wr (0)) [\ (0) = A (0) wr (0) — [£1(0),

0%u d>w d?
[Ofﬂc‘?iﬁ] (0) = <d$ﬁd$ﬂ>r (0) — vr (0) <dxﬁ;xﬂ>r (0), (4.1.51)

2U w 2 v
[a@iaﬁ] 0) = (j:%ﬁ)p (0) d;@;ﬁ (0) + (ddw)r (0). (4.1.52)
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Using the decoupled jump conditions (4.1.47 - 4.1.52), Eq. (4.1.21) becomes

_ o ou\T o - ou\ "
ui,j—l = ui—t (0) — wr (0) + :Ei,j—l <ai‘a>r (O) — l’i,j_l/UI‘ (0) + :I"iﬁ,j—l ((W)F (O)

dw 1 0%u + 1 d>w
_i# [ 22 L A T B R (U el
Tig-1 (d:zﬁ)F(OHz(xwl) (a&aaza)r(o) 5 (#5-1) ( (dﬁ;ﬁdiﬁ)F(o)

2
o (0) (a5 ) (0) = (uf 0) = wr 0) B (0) = AF (©)r (0= 110

2 + 2
o =B O u Cca B dw d*x dv.
T (aszaaf:ﬁ)r (0) = #1751 <<da§ﬁ)r (0) 2754z O + (dazﬁ - (0)

3600 (af), 05 6 (i) -0 (i), 0)
+ O(h3).

(4.1.53)
We can collect terms related to jump conditions in Eq. (4.1.53) to get

ou\" ou\" 1 ou_\*
_ 4 ~Q 7B Ty ?
Ui = ur (0) + % (W)r (0% T (3556>r S 2 (#-) (W> o

r

2 + 2 +

o w8 (O Lrs V([ _9u_

T 1T (8920‘83?ﬁ>r 0)+3 (#01) (8:%58555 L
~a - dw 1, . 2 d?w

_ <wF (0) —+ LIT,L'J-_I'UI" (0) + xﬁj—l (d:iﬁ)r (O) + 5 (jS,j—l) <_ <W>F (0)

o (0) (s ) (0) = (o (0) = e 0) W 0) = X (0)wr (0) = [1)0)

o B dw d*x dv
s ((55), 0 g0+ (35), 0

3@ (s, 000 (3559, )

+ O(h?).
(4.1.54)
Lemma 4.1.5.
Tij—1+ jijﬂ + g}il,j + ji‘cﬂ,j - 455?73' =0 k=ap (415
Proof.
) - N
i = (AT (@ —ad) + (A7) ("3?71 - xf) (4.1.56)



So

. ~k ~k —k &
Tijo1 + Tijpn + g5 + Ty j — 43

= (AT @ — a2t fa — Al —h— a2l faf +h— 2l — 4 —a?))
1k (8 3 3 8 3 (4.1.57)
+ (A~ )5<xj —h—afl +al +h—al +a] -2l +a] —xf—4(xj —xf))
=0.
OJ

Lemma 4.1.6.
(fﬁj—l)Q + (fﬁj+1)2 + (i‘f-1,j)2 + (:E§+17j)2 —4 (:Eﬁj)z =212, k=aqa,3. (4.1.58)
Proof.
(#) = (A7) g a0+ ((a8) (o =)
F2(A (AN a8 a9 (2 —af) 2 ((a)5) h (af —2f)

(A—l)k)2 B2 _ 9 (A_l)k (A—1)Z (% — 2%) h (4.1.59)

7

—_1\k _1\k
—2(4 l)a (A l)ﬁ(a:?—xf)h
So
_ 2 5 2 B 2 RN AY
(xf,]_1) + (xf,jﬂ) =2(x§‘jj> +2<(A 1)ﬂ) h?. (4.1.60)
Similarly,
’ &\ (k) -k 2 —1yk\2 2
(#0,) + (350,) =2 (k) +2((an)s) » (4.1.61)
Finally, , ) ) , ,
(#h51) + (aten) + (3000) + () - (ah)
_ N AT 1k 2 4.1.62
—2((a)g) w2 ((a)s) n (4.1.62)
= 2h%.
O
Lemma 4.1.7.
B E B E B R A, — A = 0. (4.1.63)
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B30, = aE — (ATNIRE — (AT SRl + (A7) (AT SRS (41.64)

i,j—1%5,5— 0,J"5,] g Wi — B B
So
~ ~ ~ ~ ~a ~ 1\« _1\G
Ty By A = 2805805+ 2 (A7) (A7) k% (4.1.65)
Similarly,
o g0 e 30 =950 4o (AT )Y (A7) p2 4.1.66
i—1,jTi—15 T Tip1,Ti41,j = 2T 5%, 5+ ( )a( )a : (4.1.66)
Finally,
50%—1555]'_1 + jzc'fj—&-ligj—&-l + qu—l,jjiﬂ—l,j + iz‘aﬂ,jjgrl,j - 45”3]'@53'
1\ [ 4—1\B ;.2 —1\@ [ 4—1\B ;2
=2(A7), (A7) P +2(A7), (A7) h (4.1.67)
=0.
]
- + + + +

By expanding U 5 q5 Uy 55 U g o Uity g Uy and A ’fi,j in a Taylor series about the

local origin 0 and applying Lemma 4.1.5 - 4.1.7, the truncation error (4.1.19) is found to be

1= (5o )+<o>+( o )+<o>+ Wmmmm) it (0)

05207 ) 1. 058038 ) 2h2
+ fi (0)+CT +0(h) (4.1.68)
5 2
(m%_1> + -
=T onz [A](0) uf (0) + CT + O(h)

=Ct+0(h) (if [\]=0)
where
1 o . dw 1, 2 d*w
ot = g (e O+ 28500 0+, (525) ©+5 60" (< () ©

2
o (0) (s ) O+ ur O 0) = X ©)wr (0) - [710))

dw d? dv
SO =~ — X 13
FTEj-1%5-1 ((d;zﬁ)F ) Zzzaz O (dfﬁ ) r (O)>

5 @) (i), 00 (3535), )

(4.1.69)
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If —C'" is added to the difference scheme (4.1.10) at the irregular outer grid point (;17?, a:jﬁ )
the truncation error T' = O(h). The consistency of the discretization is guaranteed. It is
also clear that —Ct needs to be added for each stencil point ¢ Q.

For an irregular grid point (xf‘,x]ﬁ > € Q0 with only (x?,xf_1> € QF, following the
same steps we can show that

T . 2
= (afg> 0+ (a%ﬁ) (0)+ —(%) A (0)+ A7 (0) | g (0)

+ fr (0)+C™ +0O(h)

T . ?
- _(z’;};) [A](0) up (0) + C~ + O(h)
—C~+ 0 (if [\ =0)
(4.1.70)
where
™= % <wr (0) + &5;_yor (0) + &, (jx“;)r (0) + % (#4)° ( (Wd;;”xﬁ% (0)
b0 (755 ) (0= A2 ©)ur (0~ 110))
vaty il () 0 s 0+ (12) ©)
2w 2
% (575%1)2 ((M)F (0) = (0) <da~;d5c;<:iﬁ - (0)» '
(4.1.71)

If —C~ is added to the difference scheme (4.1.10) at the irregular inner grid point (xf‘, azf ),

the truncation error ' = O(h). The consistency of the discretization is guaranteed. It is

also clear that —C~ needs to be added for each stencil point ¢ Q~. Note that without the
1 0) [A] (O
5 (5:%,1)2 W term (which is the case if [A\] =0), C* = -C"~.

To summarize, for the 2D elliptic equation (4.1.1) with an interface I" and A being a
constant, the consistent finite difference scheme is [24]

Usjo1 + Uit + Uimrg + Upsry — AUs
1T S h21’3+ 8 LN+ fig +C =0 (4.1.72)
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where the correction term C' is

0, (xf, :cjﬁ ) is a regular grid point,
C=¢ —-C*, (a9, wjﬂ) is an irregular grid point in Q¥ (4.1.73)
—-C=, (z9, xf) is an irregular grid point in Q.

4.2 3D Geometry

The 3D elliptic equation is

O*u 0%y 92w
0x®0z™ * OxBOxB - Ox7Ox + Au + f =0. (421)

We consider a rectangular prism domain Q = [z, 28] X [:ch L al] x [z}, x]] with a surface
interface I' C Q. T divides Q into Q1 which is outside the surface and 2~ which is inside the

interface. We require the surface I' to be a closed orientable surface without singularities.
See Fig. 4.5 for examples of admissible surfaces.

(a) (b)

N N
LI7SZ7SIN N\,
2 ) LS50 W
2] f $ZZSN A\
. N PZZSRN =\
7 N2 ] e RN “\( \
I N = IR Y
A S0 zZS K N \
oo s R
RSt L T
e wavas Sy S (M) <
NI N4
KT TS T AN ‘ X y
LTSN XA N
NCSSW AN )
SRR .Yl ha 7,
~G AT

Figure 4.5: The surface I' needs to be closed and smooth, for example: (a) ring torus (b)
union of two intersecting spheroids.

Because u might be discontinuous or non-smooth across the interface I', it is more
convenient to express u in terms of smooth functions in Q% and Q™ separately. Namely,

ut, xeQr,

u s, e,

u= (4.2.2)
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Similar notations are used for other discontinuous or non-smooth quantities. Eq. (4.2.1)
now becomes

(M) i (W) i (m) AU ST =0 et (423)

and

Pu \© u \ Pu N\ _
(W) +(W) +<W> +A U+ =0, zeQ . (4.24)

We also assume that the following two jump conditions are known:

[u] = w, {ZZ] = . (4.2.5)
Note that we have , N )
0*u o%u™T
(8:50‘(‘%0‘) -~ 0z%0x° (42.6)

etc. Without loss of generality, we define
u(x), xel (4.2.7)
as the limit of u on the interface from the side of Q%, which may be written as
u(z) =uf, xel. (4.2.8)

In other words, u(x) is defined to be continuous from the side of Q. The notation up
simply means the limit of u on the interface from the side of Q2.

The domain 2 is discretized as

Q= {(xf‘ :$§‘+z’h,x§ :x5+jh,x7:xg+lh>

1=0,1,...,m;
(4.2.9)
ij,l,---,n;l:O,l,-~-,s}

B .

using a uniform grid width h. A grid point (z, Ty, ), which is on one side of the interface

B
j 9
grid points on the other side of the interface. Intuitively, at those majority regular grid

T, is called a regular grid point if the difference stencil centered at (2,2, 2]) contains no

points, if we use a finite difference scheme such as the seven-point stencil

Uiji—1 + Uijis1 +Uij—10 + Ui + Uimr g + Ui i — 6U
h2

+ AUZ:JJ + fla.%l = 07
(4.2.10)
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using Taylor expansion at grid point (z¢ 2 337), we know that the local truncation error

7?7 ]7
for (xf‘,x]’g,m;’) €Ofis

ut
T — .05

+ + + + + +
R T L e T ek A e IR R LY a4
h2 i’j?l 7:7j7l

82u+aﬁ’y 82u+aﬁ’y 82u+aﬁV
- (m) “i’%xl”(axaaxﬁ> <xwwm>+(w> (b5 o)
+ 3l - er,z*o(fﬂ)
= O(h?).
(4.2.11)
The same conclusion holds for regular grid points in Q.

At those minority irregular grid points either close to or on the interface I', we hope that
the same second order scheme still works. To facilitate derivations, we locate an interface
point x, € I close to the seven stencil grid points and define a local Cartesian coordinate
system (2%, %%, &7) centered at x, as

7= (A7) (7 — ) (4.2.12)

where the coordinate transformation matrix is
A= | nP(x,) 7°(x) 7°(xs) |. (4.2.13)

Here n(x,) is the unit normal direction pointing from Q= to O, 7%(x,) and n’(x.) are two
orthogonal unit tangential directions forming a right-handed Cartesian coordinate system
together with n(zx,). See Fig. 4.6 for an illustration of the change of coordinates.

Lemma 4.2.1.

0%u 0%u 0%u
A =0. 4.2.14
dzeoze  0x0e0 T owow T (4.2.14)
Proof. Similar to the 2D case; see Lemma 4.1.1. O

Let us consider an irregular grid point (z¢, xf , x?) € O, whose coordinates in the local

coordinate system (io‘, P, iy) are denoted as (:i*;’] B 5:?]. B :Z’Zj ;). Now the truncation error

is
+
Wi -1+ Wi g1 + Wij—10 + U1 + o150 + wig150 — 6uy Nyt I
T= 32 AU i
(4.2.15)
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Y

‘,L.Q
Figure 4.6: Given a point x, € I'; a local Cartesian coordinate system (i‘a, 0, i‘”) is built
using «, as the origin, the unit normal vector n and two unit tangential vectors 7 and 1
at that point as the three coordinate axes in sequence. The normal vector n points from
Q™ to Q7. n, 7 and i form a right-handed Cartesian coordinate system (:E‘*, P, :EV).

For the other six stencil grid points, without loss of generality, we assume that only
~ -8 ~ —
(xiofj,l—l’xi,j,lfl’mz,j,lfl) e . (4.2.16)
See Fig. 4.7 for for an example of the difference stencil at the irregular grid point (:):f‘, xf , x?) .
Now it is determined that
- + + + + + +
Wy sa1  Ugapn T U gt U T g U g — 6wy Nt *
52 TA U T i
(4.2.17)
i’iﬁjl,i'zjl), we can expand at the

T —

(6%
~ i7j7l7
interface point @., or equivalently the origin O in the local coordinates (a?o‘,j}ﬁ ,5:7). Note

Instead of applying Taylor expansion at grid point (Z

that the interface I' is parameterized in the local coordinates as

= (x (;ﬁﬁ,ﬁ) g 5;7) (4.2.18)
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Figure 4.7: An example of the seven-point stencil centered at an irregular grid point
(:c%xf,x?) € QT with only (JZQ,IL’?,Z‘?_I) cO .

(2 3

and the limit on the interface for a 3D function from the side of either QF or Q~ is param-

eterized only by (iﬁ , 567). For example,
_ _ o ou '\~ 3 ou \ - ou '\~
um,l_l = Up (07 0) + <xi,j,l—1 <65L‘~a>1—\ (0,0) + Ii,j,l—l <85E,6)F (0, 0) + .’L'Zle_l <a‘f’7>r (070)>
1{, .4 2 Ou \ 3 2/ 0%u \~
3 <(%‘vl—1) (e ), @0+ (i) (37 ) @0

~ 2 82u B ~Q = 62u _
+ ("’Uzj‘,l—l) <89§78§c‘7)r (0, 0)> " (xi’j’l_lxi’j’l_l <W>F o0
~Q ~ 32u B 7 T aQu _
I T (W)F (0,0) + 775y 17750 (WW)r (O’O)> Foun
(4.2.19)

See Fig. 4.8 for an example of the Taylor expansion at the local coordinate system.

Note that the jump conditions (4.2.5) locally can be expressed as
[u] = wp (&, %), (4.2.20)

or
uk (X(jzﬂ,g:ﬂ),gzﬁ,ﬁ) —up (X(azﬁ,ﬁ),:z:ﬁ,;m) = wp (P, 37); (4.2.21)
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5
Lot

Figure 4.8: An example of the Taylor expansion at the local coordinate system (ia, P, 50'7).
Note that the local origin must be on the interface I' and close to the seven stencil grid
points.

and

[gﬂ = vr(@,27), (4.2.22)

or

<gz>: (X(azﬁ,ng),iﬁ’m) _ <gz>; (X(;zﬂjv),jﬂjﬂ) — op (35, 57). (4.2.23)

We can take the derivative of Eq. (4.2.20) with respect to 0 to get

() (380, () (), ), (220, (3, o

or in compact form

ou Ox ou| [ Ow
[85:04 938 85;5} B (aﬁ)r' (42.25)
Since 5
X —
525(0.0) =0, (4.2.26)
Eq. (4.2.25) evaluated at the local origin 0 is
ou ow
[W} (0,0) = <3iﬁ>r (0,0). (4.2.27)
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Similarly, we can take the derivative of Eq. (4.2.20) with respect to Z” to get

ou Ox ou| (ow
{a&:a 571 ag:w] - (W)F' (4.2.28)
Since 5
X —
Bre (0,0) =0, (4.2.29)
Eq. (4.2.28) evaluated at the local origin 0 is
ou ow
[85@7} (0,0) = (8£’Y>F (0,0). (4.2.30)

Then we take the derivative of Eq. (4.2.24) with respect to 7 to get

Ou 0 Pu_ (N, Pu ox | 0 0w
[aa}aagzﬁagzﬁ+agzaaza (agﬁ) Y 2550038 058 T 9iP0a8 | (W>r (4.2.31)

whose value at the local origin 0 is

du  9x d%u 0w
[&I;a 0EBoEs + agﬁagﬁ] (0,0) = <W>r (0,0). (4.2.32)

Taking the derivative of Eq. (4.2.24) with respect to &7 we get

ou 0%y 0%u  Ox Ox 0%u Oy n %u Oy . 0%u B 0%w
07« 0zP0TY  07*0F3* 03P 0% 03*0FY 0P = 0x*0%P 0x  0xPOTY|  \ 0FPOIY
(4.2.33)
whose value at the local origin 0 is
ou 0%y 0%u 0%w
=\ === . 4.2.34
[85:0‘ or0m 83358:57] (0.0 (85:5855“/)F (0.0 (4.2:34)
Taking the derivative of Eq. (4.2.28) with respect to &7 we get
2 2 2 2 2 2
Ou Ox | 0w (Ox\", , Ou Ox Ou |\ _ [ 0w (4.2.35)
0T 0x70xY  0x*0x™ \ 07 0x*0xY 0T 0TVOITY 0x70T7 ) -

whose value at the local origin 0 is

[8u 9?2y n 0%u }(070):(62“’%(070), (4.2.36)

0z 0x70xY  0TV0TY 0T10x

on

ou
For the jump condition [] , we first introduce the following result:
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Lemma 4.2.2.

ou  Ou
- 4.2.37
on  0On ( )
Proof. Same as the 2D case, see Lemma 4.1.3. 0
The two unit tangential directions are given by
1 195%
F = 1,0 4.2.38
T oy \ 2 (8&5’ ’ ) ( )
1+ ()
and . 5
. X
= 0,1]. 4.2.39
7 (55-0.1) (4.2.39)

2
0
1+ <355Xv>
Note that these two tangential directions are orthogonal to each other at the local origin 0

and may not be so elsewhere. Since |7 x 7| > 0, we know that ¥ and 7 span the tangent

plane. The unit normal direction is

. Txn 1 _8x _8x
A= = <1, pal C(m). (4.2.40)

Note that
ou Ou _,;
on - o
_ 8~u 1 B 8~u 1 8~X
o \/1 () + (&) o7 \/1 () + () P e

1
0 \/1+ (l%%)er (%Y&m'

So from Lemma 4.2.2 and Eq. (4.2.22) we have

ou 1 _ Ou ! O
D oz -
v \/1+ (3852)2"‘ (gm>2 ' \/1+ (‘;2%>2+(%)2 ' (4.2.42)
ou 1 ox




whose value at the local origin 0 is
{ ou

oz

} (0,0) = vr (0,0). (4.2.43)

We can take the derivative of Eq. (4.2.42) with respect to Z° to get

_ 1 oy 0%x ox 0%*x ou B ou Ox B ou Ox
o \ 2 oy \ 2 3/2 \ 0z 0xPozP  0x7 0PIV oxe  9xboxP 0T 0T
() ()

1 ( ?u Oy 0%u ( 0%u Oy 0%u >8X
\/1+(§§3)2+<(%)2 0 0

7097 058 | 970078  \ 930078 938 | 07P978 ) 918
ou 0%y < 0?u Oy 0%u > dx ou 0%y >] _ Our
15)

Q
Q@

T 938 030077  \ 07001 978 | 0901 ) 051 0a 0700:7 ) | ~ 03P
(4.2.44)
whose value at the local origin 0 is simplified to
0%u ou  0%x ou 0%y dur
— — = . 4.2.4
[agzaa:zﬁ 978 07058 _ 0% 65558557} (0.0) = 575 (0,0) (42.45)

Taking the derivative of Eq. (4.2.42) with respect to Z7 we get

ox 0%*x ox 0%*x ou B ou 0y B Ou 0Ox
)2>3/2 0z8 0zBoxY  0xv 077y ) \0x>  OxP OrP Oz 0TV

_l’_

0%u Oy 0%u B 0%u Oy N 0%u ox
0T*0x™ 0" 0T*0T" 0x*0xP 017 0PIV ) 0IP

1

2 2
e (@) ()
ou 0%y _< %u Oy 0%u >6x ou 0%y )]81}p

078 078037 072077 037 ' 031077 ) 07 031 037037 ) | 0F

(4.2.46)

whose value at the local origin 0 is simplified to

0%u ou 0%y ou 0%y our
[a;zaagzv 00 91008 0i a@mm] (0.0)= 5z 0:0)- (4.2.47)

To summarize, at the local origin 0, we have the following ten jump conditions from
Lemma 4.2.1 and Eqgs. (4.2.20, 4.2.27, 4.2.30, 4.2.32, 4.2.34, 4.2.36, 4.2.43, 4.2.45, 4.2.47):
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[u] (0, 0)

o

i
ou |
95 |
[ Ou 0%y N 0%u
| 0z~ 07P0zP  9EPOTP |
[ Ou 0%y N 0%u
| 02> 97PITY  0xPOTY |
[Ou 0% 0%u
| 0z> 0TY0Y  OTVOTY |
ou |
oz |

0%u B ou 0%y _8u 0%y
0z*0xP  9zP 0xPOTP 0TV TPOTY |

0%u _8u 0%x _6u 0?x
019z 9IP 9TPOTY DIV OTVOTY |

+Au+f

d%u . 9%u N 9%u
0320z = 0FPOTP ~ OTVOTY

(0,0)

(0,0)

| 0.0

| 0.0

(0,0)

(0,0)

wr(0,0), (4.2.48)

3536)1“ (0,0),  (4.2.49)

> 0,0),  (4.2.50)
T

R ) ) (0,0), (4.2.52)

(
(
(52 ) 000, @2sn)
(
(

- ) (0,0), (4.2.53)
r

or (0,0), (4.2.54)

(;;)F (0,0),  (4.2.55)

( dv >F (0,0),  (4.2.56)

0. (4.2.57)

Using algebraic manipulations and Lemma 4.1.4, we can decouple the ten jump condi-

tions (4.2.48 - 4.2.57) as:

[u] (07 O) = wF(O7 0)7

o]
8‘%& (07 0) = Ur (O) 0) )
[ Ou ] ow
77| (00 = (axﬂ
[ Ou ] ow
| 077 | 0,0) = <85ﬂ

)F(O’O)’

(4.2.58)

(4.2.59)

(4.2.60)

(4.2.61)



_IX 82710 0%y
iy %ﬁ)F(O’O) (a;gﬂaiﬂ)F(O’O)‘FUr(UaO) <amam F(0,0)

2
__(8?éﬁw>r(uo)_“f“Lm[M(QO)—AFULOMM%QO)—[ﬂ(QO)
00 (535

2 2w 2
(W)F(O,O) - (a;;W)F(o,o) +vr(0,0) <a§vgm>r(0’0)
2w
(o) (0.0) (0.0) = wr(0.0) ] (0.0)
= A£(0,0)wr(0,0) — [£1(0,0),
(4.2.62)
82u 82X aQw
{ajgaﬁ} (0,0) = —vr(0,0) <W>F(O’O)+ <8i58§:5>r(0’0)’ (4.2.63)
2




Using the decoupled jump conditions (4.2.58 - 4.2.67), Eq. (4.2.19) becomes

_ + au + Ié; 8U +
ui,j,lfl :uF(O’O) ’LUF(O 0)+x23l 1 @ - (070) zyl 1UF(O 0)+xz]l 1 axﬁ r (O?O)

. ow ou ow
—xiﬁjl_l (&%5) (0 0)+ngl 1<W>F(O 0) z]l 1<W>F(070)
2 1 ~a 2 62X
(Z550-1) <8xaaxa> 0,0) =3 (#550-1) <UF(O’O) (8@5892'3>F 0.9

41
2

0?x 0%w
< 00 +’UI‘00) (8~’Y(‘)~ > (O,O)—<W)F(O,O)
—(u
1
2

1(0,0) — wp(0,0)) [A] (0,0) — mo 0)wr(0,0) — [£](0,0))
< Lygl— 1) < l,ggxg> (0,0) — ”l 1 2( vr(0,0) < :L'a;&rﬁ> (0,0)
+

<8w38xﬁ> )> * ; (NZJI 1)2 <8x(9726x7>r (0,0) - % (NZJI 1>2
(—mo 0 (o) 00+ (5] 0.0) ¢ 3 (). 00
s ((35) 0 (55 ), 00 (), 00 (250) o0
+ <8xﬂ> ) T30 150”1 1 (%): (0,0) — ‘%iofj,l—ljzj‘,l—l
((5), 00 (575w, 00+ (55), 00 (5555), 00+ (35), 09)
+xzﬁ]l 1] a1 (35658;57)::(070) 552]-,1_1552,]-,;_1

<—U1"(0,0) <8§§@”>r (0,0) + <%a;gm)r (o,o)> L O(h®).

(4.2.68)
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We can collect terms related to jump conditions in Eq. (4.2.68) to get

G (55;): 0,0+ % (@?,j,l_l)Z (&ngﬁ): (0,0)
<:E;Y7j7l—1)2 <a;2§m>:<0 0) + &5, 7)., 1(%):(0,0)
+ 30T ((%8042(;%)* (0,0) + &, 175, <(%?;;ﬁ>+ (0,0)

T
ow ow
~ <wp(o 0) + 32, 0r(0,0) + 705, | <ax5> (0,0)+37,, (a 7) (0,0)
I T

_l’_

N = N

+

L ) 9%y 0*w
+3 (2550-1) (UF(OaO) (W)F 0,0) - <a£ﬁ8§:5>F (0.0)

2 2,w
+UF(0a0)< I >r(°’°)‘< all >F<o,o>—(u;<o,o>—wp<o,o>> A (0.0)

0T 0T 0T 0T

=t (0,0)wr(0,0) — [f] 0,0>

1 -3 82 8271)
3 <x”l ! <_UF (0,0) (83&583&6) 0+ ((%58575>F (0’0)>

L/ 4 0*w ~a -3
3 ( Tiji-1 < (a:ma:m) 0) + <6:ma:m)r (O’O)> TG

((5’%) 0 (g7m59), 000+ (3), 00 (75 ), 00+ (535), 09)
it ((22), 00 (5535), 00 (22) 100 (5235) 0

+ (;{7>F(O 0)) &7 ( £(0,0) (a;%ﬁ)r(o,o) + (%)F(O’O)»
+ O3,

=)

(4.2.69)

Lemma 4.2.3.
& s & & i g ko _
T v T & T YT B — 635, =0, k=a,B,y. (4.2.70)

Proof. Similar to the 2D case, see Lemma 4.1.5. O



Lemma 4.2.4.

2 2 2 2 2 2 2
~k —k - —k . ko -
(xi,j,kl) + <$i,j,l+1) + (xi,jfl,l> + (xi,j+1,l) + <331l,?71,j,z> + (xiJrl,j,l) —6 (%‘,j,l) = 21?,
k=a,pB,7.
(4.2.71)

Proof. Similar to the 2D case, see Lemma 4.1.6. O

Lemma 4.2.5.

p q ~p ~q ~p ~q ~p ~q ~p ~q ~p ~q
Tii1-1Ti i1 v T 1% a1 T 1% -1t T 10T g1 T Tic1uTio1,50 T Tig1,5,0% 41,5

- 6:%2]‘7[%?’]'71 = 07 (p7 q) = (Oé, ﬁ)? (Oé, ’7) or (ﬁa 7)
(4.2.72)

Proof. Similar to the 2D case, see Lemma 4.1.7. 0

: - + + + + + + + ot

By expanding w; ;) 1, w5110 Wij 10 Wi g1 Wi g Yy o Yige 204 AT fi in a Tay-
lor series about the local origin 0 and applying Lemma 4.2.3 - 4.2.5, the truncation error
(4.2.17) is found to be

u \7T Pu \ 7T 2u 7T
r=( 2" _Ou O
(agaaga)r (0.0)+ (8;%56965)F (0.0)+ (ama:m)r (0.0)

T . 2
(x;il;) [A](0,0) + A£(0,0) | 4 (0,0) + £(0,0) + CF + O(h)
(4.2.73)
(at501)
= % [\ (0,0)uf(0,0) + C* + O(h)

=Ct+0(h) (if [\ =0)
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ct = _% <wp(o 0) + i, 1or(0,0) + | (gi“ﬁ)r(o 0)+&,, (g“;)r(w)
200" (w00 (m%ﬂ) (0,0) (%)F 0.0+ 0.0)( 8%@% (0,0)
(0.0)-+ wr(0.0) A (0.0) = AF(0.0)r(0.0) = 71 0.0))
(o), o25) )
1(<§$)F<O’O> <£§w> 00+ (52), 09 (5255:), 0
. (ai%)F 0.0) + i ((355), 00 (5555, 09
(%), 00 (aﬁé‘m +(55),00)
i (‘”F(O’O) <a:?623xv> 0.0+ (aﬂaw) (0’0))>'

(4274)

If —C™ is added to the difference scheme (4.2.10) at the irregular outer grid point (az 2 :U?) ,

77 ] )
the truncation error 7' = O(h). The consistency of the discretization is guaranteed. It is
also clear that —C'™ needs to be added for each stencil point ¢ Q7.

For an irregular grid point (mz , ]ﬁ , T ) € Q™ with only (mf‘,xf , x?_l) € Qt, following

the same steps we can show that

Pu \ TN Pu
7= (2% _cu e
<6§:°‘8§ca>r (0,0)+ (a&ﬁagﬁ)r (0,0)+ <ama@v>r (0,0)

T 2
T (‘76;];1) [A1(0,0) + Ar(0,0) | up(0,0) + fr (0,0) +C~ + O(h)
(4.2.75)

so )
_m [A](0,0)ur- (0,0) + C~ + O(h)
=C 4+ 0(h) (if [N =0)
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i ) - 3 ow ow
c = =3 (wr(0,0) + i j,-1vr(0,0) + xgjl—l <6:E5>F 0,00+ &1 <W>F (-0

~ 2 82 821,0 82X
+ 5 (01 <vr(0 0) (aﬂm«ﬂ) (0,0) = <W>F (0,0)+vr(0,0) <aszam>p(0’0)

(0.0) = XF(0.00ur(0.0) - 1](0.0))
(ron(s23), o0 (25), 0
1 ’ (—vp(o 0) (azaﬂ)r(o,()) n <8§V§ﬁ)r(0’0)>
+ E;;;F(o,o)><+ :Ejfﬂl)y“ . <<§;‘;)§(0 ,0) <>8f;aw) (0,0)
ow 0°x

aw ) OO gom
-+f§jJ_1j;LPJ<—4T(o¢n <;;i;$w> 0.0 + (a$58x7> «LO))>

(4.2.76)

If —C~ is added to the difference scheme (4.2.10) at the irregular inner grid point

(;Uio‘, :17]6 , :L'?), the truncation error "= O(h). The consistency of the discretization is guar-
anteed. It is also clear that —C™ needs to be added for each stencil point ¢ QF. Note that

1 0,0) [A] (0,0
without the term 3 (iffj,lfl)Q wr (0, 22[ 16,0 (which is the case if [\] =0), Ct = -C".

To summarize, for the 3D elliptic equation (4.2.1) with an interface I" and A being a

constant, the consistent finite difference scheme is [24, 7]

Uiji—1 tUijiv1 Y Uij10 + Ui jiorg + Uiy + Uipr, 50 — 6U;

L4 NUiga + figa+C =0

2
(4.2.77)
where the correction term C' is
0, (x 7335, ) is a regular grid point,
C=¢ -C*, (29, :1:6 ,x]) is an irregular grid point in Q,
—-C=, (¥ ,m’g x]') is an irregular grid point in Q7.
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4.3 Level Set Approach

There are two main approaches to modeling moving geometric objects: Lagrangian and
Eulerian. The use of implicit surfaces is a popular Eulerian approach in many computer-
based 2D and 3D geometric models. From physical intuition, implicit surfaces may be
defined by the contour of a field, such as gravitational or electromagnetic field. The field
strength at any point in space is the sum of the field strengths due to each source point.
Mathematically, the level set of a differentiable function

p:R"—>R (4.3.1)
corresponding to a real value c is the set of points
{(z1,--- ,xn)ER"‘go(xl,‘-' ,Tn) =} . (4.3.2)

If n = 2, the level set is a plane curve known as a level curve. If n = 3, the level set is
known as a level surface. See Fig. 4.9 for an example of level curves.

a0 4 3
_1 L
08
_2 !
%2 1 0 1 2
XG
Figure 4.9: Contour plot of a 2D function (z®,2%) = \/(2%)* + (2)* — 1.0 whose zero

level set is the unit circle.
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4.3.1 2D Geometry
Irregular grid points

We denote

and

0 = {(xa,xﬂ) ‘gp(aza,xﬁ) < o}.

(4.3.3)

(4.3.4)

For the five-point stencil, a grid point (xf‘, :UJB > is an irreqular inner grid point if and only
if
B
(p(i‘?, $j) <0

and any of the following four inequalities is true:

B

So(xiavxjfl) > 07 @(vaxfﬂ) > 07 (p(:E?_l, xf) > 07 (P($?+1,$?) > 0.

Similarly, a grid point (xf‘, xf ) is an drregular outer grid point if and only if

p(zf,2]) >0

and any of the following four inequalities is true:

a
7

o(z

Local Cartesian coordinates

5—1) < 07 (P(x?7x]ﬁ‘+1) < 07 ()0(3??_1, xf) < 07 (p(l’?+l, xf) < 0.

(4.3.5)

(4.3.6)

(4.3.7)

(4.3.8)

For a given irregular grid point = (xf‘, acjﬁ ) close to the interface, there is a corresponding

orthogonal projection point x, = (z¢, a:f on the interface satisfyin
" g

. =x +an(x)

where a is a real unknown variable and
n— Vo 1 Op Oy
‘wa‘\/ 0o \2 . (0p )2 \0a% 0o
(3=) +(55)
ox™ OxhB

is the unit outward normal direction at . See Fig. 4.10 for an illustration.

Since
gO(iB*) = 07
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(4.3.9)

(4.3.10)

(4.3.11)



N
®
(.7??,.77?+1) ('7;?+17mf+1)
(29, 27)
®
(:E?,If) (1"?+17Ié3)
Figure 4.10: An irregular grid point * = (m?,xf ) and its normal projection point

z, = (z8, xf) on the interface I

we have [31]

1
0=p(x+an) =~ p(x)+ ||Vo|a+ 3 (n"H (p)n) a* (4.3.12)
where the Hessian matrix H is defined as
¢ 0%
0x0z™ 0x20zh
H = . 4.3.13
(0= | P50 o (4.3.13)

OrP oz OxPOxs
Eq. (4.3.12) can be solved explicitly to get an approximation of x, from Eq. (4.3.9).

The unit tangential direction 7 is

,o 1 < ¢ 890), (4.3.14)

\/(%)2-#(38;%)2 9287 fa

Using calculated x., n(zx,) and 7(x.), we can get the Cartesian coordinate transforma-

tion formulation which is indispensable to the calculation of the correction term.
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Correction term

To calculate the correction term, we need to explain how to calculate the second-order
2

d

surface derivative ﬁ(()) Let ¢ be the level set function and using the local coordinate
zhdz

system (Chapter 3.1), we know that

p(x(#),27) = 0. (4.3.15)

Taking derivatives in the same fashion as deriving the jump conditions, we can get

8@ d2X 82(p
7o) ax8d708 A~89~3\V) = 4.3.1
950 W gz5455 O + 975975 () =0 (4.3.16)
which leads to P . ,
_EX 0y — ® v
a0 = a@ﬂajﬁ(0>//aja<0> (43.17)
To calculat x (0) using Eq. (4.3.17), note that
o calculate BB using Eq. (4.3.17), note tha
dp 1 Op
= Ao 77 4.3.1
ore ( )a ozt ( 3 8)
and 52 ) ) -
b 1 oY l k %
= A=) = D5 (A)5 5557 43.1
0FBoOTB 9B <( )ﬂ 8xl> ( )5( )g G (4.3.19)
Curvature

It is often necessary to obtain extrinsic curvature values for problems such as modeling of
mean curvature flow. It is known that the curvature for a 2D curve given implicitly by

oz, ) =0 (4.3.20)
is [40]
0% (052 g 00 00 0o | 09 (097
Vo 0x*0z™ \ OxP 0z>0xP 0x™ OxP 0xP ozl \ Oz
k=V" = 5 : (4.3.21)
Vel 90 \2 (0 )\2)?2
() + ()
Lemma 4.3.1.
N S 4.3.22
"=~ gzra - (4322
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Proof. By definition, the curvature k for a plane curve given by Cartesian parametric equa-

tions
@ =@, =i (4.3.23)
at the origin of the local Cartesian coordinates (i‘“, o ) is
dz® d*z°  dzf 4Pz d*x
_ il diPdiP ~ di¥ diPdi’ gy _  di’di’ gy FX a0y

N2 (di\?)? aw\: )T wd
<da:5> +<da:5> (M) +1

d2X .
W(O) in the
correction term can be calculated using either the curvature formula (4.3.21) or the formula

(4.8.17).

O]

Remark 4.3.2. For 2D geometry, the second-order surface derivative

4.3.2 3D Geometry

Irregular grid points

We denote
O = {(xo‘,xﬁ,m7> ‘gp(mo‘,xﬁ,:ﬂ) > 0} (4.3.25)
and
O = {(ma,:ﬂﬁ,:ﬂ) ‘(p(f)‘,xﬁ,x'y) < O} . (4.3.26)
For the seven-point stencil, a grid point ( x5 ,xf , x?) is an drregular inner grid point if and
only if
oz ,xf,x?) <0 (4.3.27)

and any of the following six inequalities is true:

oz, a:ﬂ x] ) >0, oz, JB,.%H_I) >0, cp(:z:f‘,xf_l,xf) >0, (43.28)
o(af ,:cfﬂ, )20, ey af,a]) 20, afy, o] 2]) 20 a
Similarly, a grid point (mf‘, ]’g $l> is an irregular outer grid point if and only if
o(xf ,xf,x?) >0 (4.3.29)
and any of the following six inequalities is true:
o(xf ,a:jﬁ,xl 1) <0, o ,m]ﬁ,xlﬂ) <0, cp(:z:?‘,xf-_l,a:;’) <0, (43.30)

(P(.Z',L 7xj6+17 ) < 07 gp(xi—17$]@7x’ly) < 07 W(I?-‘rl? xfax7> < 0.
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Local Cartesian coordinates
For a given irregular grid point * = <:J:9‘ 2 1’7) close to the interface, there is a corre-

77 7 9
sponding orthogonal projection point x, = <:):§‘, zf ,

) on the interface satisfying
Ty =+ an(x) (4.3.31)

where a is a real unknown variable and

_ Ve _ 1 (&p O &p) N
n Vel \/((%2>2+(59;;})2+(%>2 92’ 9B’ O (4.3.32)

is the unit outward normal direction at . See Fig. 4.11 for an illustration.

(x5, mf+171;7+])

;
\ (241 Tjyr 17+1)

B
A (I?+1a$j,$7+1)

B
(51 Tjtr z])

B
(x84, 77, 7))

Figure 4.11: An irregular grid point & = (xla,xf ,x]) and its normal projection point
T, = (29, mf, x) on the interface T
Since
o(x.) =0, (4.3.33)
we have 1
0=p(x+an) = ¢(x)+ ||Vo|la+ B (nTH (p)n) a? (4.3.34)
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where the Hessian matrix H is defined as

0% 0% 0%
0xr*dx™ 0x0xP ok vatotl
H(p) = | 0% 0% Po | (4.3.35)
OxP x> 0xP ozl 0xPoxY
0% 0% 0%

Oz Oz OxY0xP Oz 0xY
Eq. (4.3.34) can be solved explicitly to get an approximation of @, from Eq. (4.3.31).
Unlike the 2D case, there is freedom to choose two orthonormal tangential directions 7
and m satisfying (1) 7 and n cannot be zero vectors, and (2) 7, 7 and n form a right-handed
Cartesian coordinate system. For example [7], if

Op 2 Oy 2
—_— —_— 4.3.
(22)' (22 >0 .
we can select T as ) 5 5
e LA (4.3.37)
90 \ 2 90 \ 2 0xB’ Oz«
(3%) +(55)
otherwise we choose
1 Oy Oy
— — . 4.3.38
T <3x7’0’ 8x‘)‘> (4.3.38)

2 2
0, o)
V() + (%)
Note that this strategy always works provided
dy 2 dp 2 0p 2
— — — | >0, 4.3.39
<8xa> + (830/3 T\ ow ( )

or equivalently ||V| > 0 which is true if surface normal exists. After we determine 7, we
can get 1 = n x T accordingly as

oxP

TR Ty (a5 25a5-(22) - ()

Q
@

(4.3.40)

oxY

oxY

1 1 _ Op Oy <8<p)2+<8g0>2_8g0 Oy
50 \ 2 00 \ 2 00\ 2 00\ 2 0o \2 \ 0z 0zP’ \ Dz oxv ) 7 0xP x|’
TGy~ o) ) @)

(4.3.41)
Using calculated @, n(x.), 7(x.) and n(x.), we can get the Cartesian coordinate

transformation formulation which is indispensable to the calculation of the correction term.
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Correction term

To calculate the correction term, we need to explain how to calculate the second-order

surface derivatives O’ (0,0) O’ (0,0) and O (0,0). Let ¢ be the level set

ur rivatives —==—(0,0), —=—(0, nd —————(0,0). vel se
] - 9389zl o iakekinl 0xPoTY v

function and using the local coordinate system, we know that

p(x(@,27),8°,8) = 0. (4.3.42)

Taking derivatives in the same fashion as deriving the jump conditions, we can get

Oy 0%y 0% B
which leads to 52 52 5
X ¥ ¥
- _ —r : 4.3.44
and 5 52 52
¥ X P
Yo ey = 4.3.4
which leads to o2 o2 5
X 4 '
= - : 4.3.4
oheto kil (0,0) Fele il (0, 0)/33~ca (0,0); (4.3.46)
and 5 52 52
p X @ B
550 (0 0) 5=25-2(0,0) + 525-2(0,0) = 0 (4.3.47)
which leads to o2 52 5
X _ ¥ P
0T (0,0) = 05 (0, 0)/(%001 (0,0). (4.3.48)
2
. X _
For example, if we want to calculate W(O, 0) using Eq. (4.3.44), note that
I 4y 9¥
50 = Aa 51 (4.3.49)
and 0? 0 0 0?
Y o 199\ _ l k P
959058 — 93P <(A)B W) (A)5 (A 5700 (4.3.50)
Curvatures

It is often necessary to obtain curvature values for problems such as modeling of mean
curvature flow. It is known that the extrinsic mean curvature kys for a 3D surface given
implicitly by

oz, 28, 27) =0 (4.3.51)
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is
1 Vo 1 0% 0% Op 2 0% 0% Op 2
M= §V- Vel ~ 2 (((%Uﬂ@xﬁ * 0x"0x7 ) \ Ox® + 0x*0z® * 9z70x7 ) \ OxP
(P P 0o \* _, (90 0o O
Or*dx>  OxPoxP ) \ Oz dr® OzP dx*dxP

3
L D0 0e Po g 0p 0% e\ (00, (00
0z Ox" O0x*0xY  OxP Oz OxPOxY Oz Oxb oz

(4.3.52)

By definition, the intrinsic Gaussian curvature kg is given by

Ve (35 (58 < 6R) + 35 (68 < R + 55 (%R < %))

(Ve - Vi)
0% B 0% 2 N dp 2 0% 0% B 0% 2
(91:0‘ 833ﬁ 893[5 0xYOx 0xBoxY oxP 0x20z% OxV Oz 0x20zY
0% 0% 2 49 dp Oy 0% 0% B 0% 0%
81:7 axaaxa 028028  \ 0x*0xP 0x® 0xP \ 0x20xY 0xPOxrY  Ox0xP OxYOx

dp Op 0% 0% 0% 0%
028 0z \ 02028 220z  OxPOxY x>

+2‘9‘P dp Pp Py _ Po Py Oe 2+ 9y 2+ 9y %\
0z 9z \ 0z20xP 0xBOxY  Ox*dxY dxPOxP Oz 0zb oxY ’

(4.3.53)

Theorem 4.3.3. The principal curvatures k1 and ko relate to the Gaussian curvature kg
and mean curvature Kp; through

K1 = KM+ \/ K3 — kG (4.3.54)
and
Ro = KM — H?M — KG- (4355)
Equivalently,
kG = K1K2 (4.3.56)
and n
K1+ K
Ky = — 5 2 (4.3.57)
Lemma 4.3.4. ) )
1 0°x 0°x
=— | —2—(0,0 ———(0,0) |, 4.3.58
M <0:ﬁ3&%5( )+ a5 )> (4.3.58)



9°x 0°x d°x

2
0 = gm0 g 00 iz 00)

Proof. By definition, the mean curvature s for a 3D surface given by
e (573%,37) =3 = x (3%,3)
at the origin of the local Cartesian coordinates (i‘o‘, P, ;i”) is
1 0% 0%
= — | ====(0,0 0,0
M (aaéﬂaa}ﬁ( 0+ 5705 (00)

1 82X a?x
=3 <W(070) + 3500 (0,0)) :

(4.3.59)

(4.3.60)

(4.3.61)

By definition, the Gaussian curvature x¢g at the origin of the local Cartesian coordinates is

Py Py P ?
w6 = giapes OO gzrae (00 — <agz«ﬁa:m (©, 0)>

0%y

BQX aQX 2
= 29057 Y gzram (&0 - (agzﬁaﬁ (0,0)> :

Remark 4.3.5. Let the second-order surface derivative matriz be

d*x d°x
g _ 0zPOTs 0TBOTY
d’x d’x
0xPoxY 0x10%Y
Then
2k = tr(S)
and
kg = |9S].

This result is well-known in differential geometry.
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Chapter 5

Solving Stokes Equations and Advection Equation

The incompressible Stokes equations may be solved using the projection method [4] which
decouples the Stokes equations into Poisson elliptic equations. The main difficulty for the
two-phase Stokes equations is that the jump conditions [,uu’] are not known except when
pt = . We choose to solve for [uu’] (i.e. the augmented variables [25, 27, 28, 30, 54, 29])
using iterative methods first and then solve the two-phase Stokes equations. The advection
equation is solved using an upwind scheme.

5.1 Solving Stokes Equations with an Interface

The momentum equation for the Stokes equations is

( J )
% _ 0 <M<6u +8u >>+gz, xeQtor QO

oxt ~ Ozi oxi  Oxt
() 0 ()

= it i O + gi (u is piecewise constant) <5'1'1)
9% (uu? )
— 81’5/(;1'?) +q". (incompressibility condition)

If we apply the divergence operator to both sides of Eq. (5.1.1) and make use of the
incompressibility condition in each fluid, we get an elliptic equation for p:

82;0 - agi
oridrt  dxt’

(5.1.2)

9

We can solve Eq. (5.1.2) if we know the jump conditions [p] and [ 3
n

] . After we solve the

pressure p, we can rewrite Eq. (5.1.1) as

9% (pu')  op ,
—_— = P v . . 1 .
o0x? 0xI ox* g (5.1.3)
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0 ()
on
(5.1.3) for put. The velocity field 4’ may be recovered from pu® by rescaling. This is called

If we know the jump conditions [,uu’] and [ ], we can solve the elliptic equation

the decoupled Poisson equations approach.
0 (uuz)
on

the unknown jump condition [uuﬂ Therefore if we know [uui], the Stokes equations may

The jump conditions [p], [gp] and [ have been derived and they depend on
n

be solved using the immersed interface methods. Also notice that since [u’] = 0, we have
i iyt i\~
(] = (), ) = () (). (5.1.4)
Eq. (5.1.4) shows that [pu’] equals (u’);: (or (uz);) rescaled by [pu].

Proposition 5.1.1. If, given a guess of [uuz] for a Stokes flow with boundary conditions
on 0 and with an interface, the solution of Eqs. (5.1.2, 5.1.8) with jump conditions

i 0 (uu') 9p
satisfies the continuity equation
[u'] =0, (5.1.6)

then the given guess of [mﬂ] is the actual jump condition for the problem.

Now we will show how to solve for [,uu’] numerically. Let us look at the discretized
Stokes equations using the immersed interface method. We denote the values of p and pu’
at grid points as a vector X and [uu’] for projection points of irregular grid points as a
vector Y.

Given Y, we can always use the immersed interface method to solve for X. This means
that
CY+DX=F (5.1.7)

where C' and D are two matrices and F' is a vector. Note that D is always invertible and the
inversion of D is to solve the Stokes equations with interface using the immersed interface
method given the jump conditions. So from Eq. (5.1.7)

X=DYF-CY). (5.1.8)

Given X, we can interpolate [ul] for projection points of irregular grid points. We denote
the interpolated values of [uz] as a vector R and it depends on both X and Y linearly, i.e.

R=AY +BX - E (5.1.9)
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where A and B are two matrices and F is a vector. From Eqs. (5.1.8, 5.1.9), we have

R(YY)=AY +BD ' (F-CY)-FE

5.1.10
=(A-BD7'C)Y + (BD'F - E). ( )

From Proposition 5.1.1, we need to solve the Schur complement equation for Y
(A-BD'C)Y = (E-BD™'F). (5.1.11)

To solve Eq. (5.1.11), we need to know the coefficient matrix (A - BD_IC) and the right
hand side vector (E — BD_IF).

We choose to use the Generalized Minimum RESidual (GMRES) method [49] to invert
(A — BD_IC). GMRES is a Krylov based iterative method which has been used to solve
large, sparse and non-Hermitian linear systems. To use GMRES, we need to know the
matrix-vector product (A - BD_lC) V for a given vector V' and the vector (E — BD_lF).

Theorem 5.1.1. Given a vector V, we have

(A-BD'C)V=R(Y=V)-R(Y =0) (5.1.12)
and

E—-BD'F=—R(Y =0). (5.1.13)

Proof.

(A-BD'C)V=(A-BD'C)V+BD 'F-FE
- ((A-BD™'C)0+BD™'F - E) (5.1.14)
=R(Y =V)-R(Y =0).

It is obvious that Eq. (5.1.13) is true. O

After we solve Eq. (5.1.11) using GMRES (or other methods), we can plug the solution
of Y into Eq. (5.1.8) to solve X and this concludes the algorithm.

Since we know how to solve the unknown jump condition [uui], now let us focus on
the forward problem, that is, assuming that [,uu’] is known, we want to solve the Stokes
equations with an interface. Here we explain the details for both 2D and 3D problems.

5.1.1 2D Geometry

For 2D problems, let the coordinate transformation matrix be

na 7_&
A= ( 5 ) . (5.1.15)
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We have the elliptic equation for pressure p:

> p N Pp  0g™  0g°
Or2dx® = OxBoxs Oz

with jump conditions

_ —1\B d [,uuj} ro
" oy ] A
op| _ , d°x 1\ 8 d[pu o A7 |
L’m] = 2 0 (47); diP +2(47); dzBdzs
d2X ro dfﬁ o
T @z a0

There are two elliptic equations for the velocity field (uo‘, uf ) :

0% (pu®) | 0% (pu®) _ dp
zodze | 928018  oze I

(e}

and ) 5 ) 5
8(,uu)+8(/w) dp 3

Vo et ivied 020028  0z8 Y

with jump conditions

(1], [uuﬂ}
and 0 ()’
pu d [pud
o ~(amy e
R
0 (pu ad ul -
[(gn) _ (A—l)j g;ﬁ ] _ s

(5.1.16)

(5.1.17)

(5.1.18)

(5.1.19)

(5.1.20)

(5.1.21)

(5.1.22)

It is clear that we need to call the IIM solver for elliptic equations three times in order

to solve the Stokes equations in 2D with known jump condition [uuz]

5.1.2 3D Geometry

For 3D problems, let the coordinate transformation matrix be

na Ta 17

A=| nf 8 8

[0

We have the elliptic equation for pressure p:

0%p 0p #Pp 99>, 99" 09"
Vo) nado el + 0x80xP + oxYdxY Oz + ozh + oxY
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with jump conditions

= —2 () 2Ly oy 2] g
o Py s dlmd] Py O [ued]
[811] = 2525055 A )i ~ozm 2amor )i Tom
2 (470 Tl 2t o
ra(atyy o) e ay; o]
* <6;;§:%5 * agzang;zv) o géz * % +19°-

There are three elliptic equations for the velocity field (uo‘, ub, uV) :

O (uu?) 0% (pu®) O (uu?) _ Op

«

0zxafzr®  OzPoxb 0xY0x oz I

P ut) 0 l) ) oy
0z Oxe 0xBoxP 0xY0xY ozb ’

and
0% (pu) | 0% () | 0% (pu?) _ Op g
0x%0z® = 0xPOxP = OxY0xY  OxY

with jump conditions
[1u®], [uuﬂ}, (]

and
0 (pu) 0 [pu? 0 |pu!
[ on ] _(Afl)f g;ﬁ] - (47); g;v]
9 (pu? o O |pu?
IR G
9 (pu?) o ene dpd] o
[ on } (4 )j oz /

(5.1.25)

(5.1.26)

(5.1.27)

(5.1.28)

(5.1.29)

(5.1.30)

(5.1.31)

It is clear that we need to call the IIM solver for elliptic equations four times in order

to solve the Stokes equations in 3D with known jump condition [,uuz}
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5.2 Solving Advection Equation

For the hyperbolic advection equation

Oc ; Oc
— =—u'— 5.2.1
ot~ " oxt (5.2.1)
we use the forward Euler method for the time derivative and upwinding for the advection
term. So 5 —
c VT =
—(t=ty,) ~ —— 5.2.2
ge 1 = tn) At (5:2.2)
If u* >0, ' ‘
oc , ; ; cla' =ap) —c(a' = 2;_,)
B (' =2x},) = o , (5.2.3)
otherwise (& N (& 3
Oc , . , clx' =) —clz' = x],
g, (@ = 7h) ~ +1 - . (5.2.4)
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Chapter 6

Numerical Implementation: Differencing and

Interpolation

The elliptic solver using the immersed interface method enables us to use a widely available
fast Poisson solver to solve the discrete systems of equations. The fast Poisson solver, for
example the one from Fishpack [1], only requires O(Nlog(N)) operations, where N is the
total number of grid points. Therefore the Stokes equations with given jump condition [,uul}
can be solved in O(3Nlog(N)) operations for 2D problems and O(4Nlog(N)) operations
for 3D problems, which corresponds to the cost of one GMRES iteration.

One major step of the IIM solver is to calculate the correction term needed for irregular
grid points. For GMRES iterations, the major step is to calculate the residual vector. We
explain the details of those two major steps by showing the finite difference and interpola-
tions involved for both 2D and 3D problems.

6.1 2D Geometry

6.1.1 Differencing

To approximate the derivatives for a given grid function which is smooth in € such as the
level set function ¢, we can use the central finite difference schemes:

(% PYi+1,j — Pi—1,5
— ~ T 6.1.1
Oz i 2h ’ ( )
Op | Pig+l — Pij-1 (6.1.2)
Oxb i 2h ’ o
%o ~ Pitly — 2055+ pi-1, (6.1.3)
0xeOxe i h? ’ o
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% ~ Pigt+l — 2005 + pij (6.1.4)
0Pzl |, ; h? ’ B

% _ P o PitLjtl T Pim1j—1 = Pitlj—1 = Pilj+1 (6.1.5)
020027 |, ~ 0aP0x |, 4h? ' B

If the grid function may be discontinuous in €2 while sufficiently smooth in subregions
QT and Q~, such as the body force component g% in the Stokes equations, we choose to use
a one-sided least square scheme to approximate the derivatives at those grid points close to
or on the interface where the discontinuity happens. For example, given such a grid point

T = (xf,xf) € QT and its neighboring grid points {(x%,:cﬁ) | (w%,xg) € Q*}, we use
the following scheme:
> tmngi (6.1.6)
m,n

where an, , is the coefficient to be determined. The Taylor expansion of gy, ,, at @ is

9g° 9g° s 8\, 1 9%g" 2
i = 9%+ 5a| (o= a8) + 5| (o= o)) + 5 g (o5 =)
: ’ ’ (6.1.7)
1 82901 2 82 a
- B B g (a_a)<ﬁ_ﬂ>
2 028 0xP i <:E" mj) + Ox0xh i Tm = T ) \ T = 25 )+
a Ha® 82 «
Substituting Eq. (6.1.7) into Eq. (6.1.6), to approximate 85:“ ij, 85:/3 ij, Ba:agxa M,
82901 62904 ’ ’ ’
925028 y and W’z E the coefficients a,,, in the interpolation scheme (6.1.6) are
seen to be the solution of the following linear systems of equations :
D> ma
m,n
D (ampn(ag, — 25))
m,n 0 0
Z (am,n(azg - xf) 1 0
m,n 0 0
1 o o)\2 = 0 ) ) 0 (618)
Z §a'mﬂ‘b(xm — &y )
m,n 0 0
1
5 (Gomatel - )?) 0 1
m,n
(aman(af, — 2 (@ — )

m,n

If we choose more than six grid points (including the point «) for the interpolation, then the
linear system of equations (6.1.8) is underdetermined, that is, there are an infinite number
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of solutions. We use the singular value decomposition (SVD) method [9] to get the unique
solution that has the least 2-norm among all feasible solutions. At the majority regular grid
points, the central finite difference schemes (6.1.1 - 6.1.5) can still be used.

6.1.2 Bilinear interpolation

To calculate the local coordinate transformation matrix, we need to approximate the level

0
set derivatives such as —i at interface projection point x, € I' and we choose to use

x
bilinear interpolation here. We label the four grid points surrounding x, as

(zf‘,xf) , (:Ez-o‘+1,a:?) ) <:cf‘7:1:?+1) , (a:?+1,x?+1) . (6.1.9)

2<mf—xf‘> 2(1’5—1’5)
=— -1, b=——-">—1,
h h
then we can use the following bilinear interpolation scheme

If we define

(6.1.10)

dp o 1 dp Dy
L (x=x)~-|(1=-a)(l-b)— 1 1—b)—
(%a(w z") 4<( a) ( b)axa”Jr(Jra)( b)axamj
’ ’ (6.1.11)
dp i
+(1—a)(1+0b) 5 +(1+a)(1+b) 5 :
9z ;1 i1

6.1.3 Interface interpolation

Calculation of the correction term involves both the local Cartesian coordinates (a?a, sl ) and

L : . dw . . : :
local derivatives of jump conditions such as —— where w is a jump condition. Given an in-

dzf
g b (xla,a:f) € F},

terface point ¢, = (:U‘j‘, m) € I' and its neighboring interface points { (;1:9‘ x )
using the local coordinate system centered at x., the least square interpolation scheme to

177

approximate at the local origin can be written as

aw
dz’
> aw(al) (6.1.12)

where a; are the coefficients to be determined and aﬁf = (A*1)6, (xj — xi) Substituting

the Taylor expansion of w(if ) at the local origin
) — W o)+ 1) ()
w(@;) = w(0) + —=5(0)F; + 5—=5--5(0) (77 ) + (6.1.13)

89



into Eq. (6.1.12), the coefficients a; are the solution of the following linear system of

0
Z(“ii@ = (1) : (6.1.14)

equations:

2w
dzPdzP
vector to (1,0,0)" and (0,0,1)" in Eq. (6.1.14). If we choose more than three interface
points for the interpolation, then Eq. (6.1.14) is underdetermined and we use the SVD

We can also approximate w and at the local origin by changing the right hand side

method to solve it.

6.1.4 Residual interpolation

For projection points from irregular inner grid points, the values of unknown jump condi-
tions, such as [uuz] for the Stokes equations, are discretized and denoted as Y and we use
interpolations (6.1.14) to approximate [,uu’} for projection points from irregular outer grid
points.

To solve for Y, we need to calculate the residual vector R and we use a two-sided
least square interpolation method. For example, for Stokes equations, the residual is (uz);

where '’ is the velocity. Given an interface point z, = (acf, zf ) € I' and its neighboring

grid points {(:p‘ﬁm a:g) ’ (:c?n, xﬁ) € Q}, we use the following scheme:

> tmmtthy, , + b (6.1.15)

where a,,, are the coefficients to be determined and b is a correction term due to the
two-sided scheme. Using the local Cartesian coordinate system centered at x,, the local
coordinates for the interpolation grid points are denoted as (i}?nn,ig@n> The Taylor

. 'L o . .
expansion of uy, , at the local origin is

/4 1) RN ) (') IR 7l (7)) PRI
umn_(u) (O)+87(0)xm,n W(O)xm,n im( (l“mn (6.1.16)
12 ()" g N2 ()T g
3 55757 (0 (Emn) + Gamgar Ot + -

The + sign is determined according to whether (5@0‘ :E;in) € QF. Substituting Eq.

m,n’
(6.1.16) into Eq. (6.1.15), to approximate (w)*

r (0), the coefficients a, , in the interpolation
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scheme (6.1.15) are the solution of the following linear system of equations:

g m,n
m,n

§ ~a
(am,r@m,n)

m,n

5" (st

The correction term is

b Z) G ([ui] 0) + [a@%)] ()35, +
cQ—

zo =B
(zm,nvxmﬂl

1| 0% () w2 1] 0% ()
*3 [a:zaagza] (0) (#n)” + 2 laazﬂagz«ﬁ] (0) (

(6.1.17)

O O O O O+

o8 |

0 (ui)] (0)7

SO R G s

(6.1.18)

We choose more than six grid points for the interpolation to get an underdetermined system

of equations (6.1.17) which is solved by the SVD method.

6.2 3D Geometry

6.2.1 Differencing

To approximate the derivatives for a given smooth grid function such as the level set function

, we use the central finite difference schemes:

D Pi+1,50 — Pi—1,5

R oA = 6.2.1
oz il 2h ( )
dp ~ Pij+1,0 — Pij—1,1 (6 9 2)
Oxb il 2h
i Pi,gl+1 — Pigl—1

o e 6.2.3
oxY il 2h ( )
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% ~ Pirlgl — 2051+ ©i-1,41 (6.2.4)
dx*dx™|, h? ’ -
s
foRte o Piitl = 2Pijl t Pij- L (6.2.5)
0xBoP |, h? -
7J7
% ~ Pigltl 20i50 + Piji-1 (6.2.6)
0x70x7 |, -, h? ’ -
7]7
3280 _ 3290 L Pit 1l T Pic1i—10 — Pitl,j—11 — Pi—1,j+1,l (6.2.7)
0x*0xP il 0xBOxe il 4h? ’ -
32@ _ 8280 _ Pit1j+1 T Pi1j1-1 = Pit1,jl—1 — Pi—1,j1+1 (6.2.8)
Oz®0x7 |, 5, Ox10x|, 4h2 ’ o
% D¢ ~ Pitli+l T Pij—1]1-1 = Pij+11-1 — Pij—1,+1 (6.2.9)
0xBox|, il 8:578335 4h? ' -

If the grid function may be discontinuous in € while still smooth in subregions QT
and 7, such as the body force component g® in the Stokes equations, we use a one-
sided least square scheme to approximate the derivatives at those grid points close to or
on the interface where the discontinuity happens. For example, given such a grid point
T = (;vf‘, l‘?, :c;’) € QT and its neighboring grid points {( , b, l‘5> € Q+}, we use the
following scheme:

> tmmsGns (6.2.10)

m,n,s

where @y, n,s 1s the coefficient to be determined. The Taylor expansion of gy, ,, ; at @ is

9g° dg” s_ 8\ 99° y
s = 01+ Ga| (@n=al)+ 55| (m—af)+ 55| @-a])
1 0%g 0 a1 0% 5 5\2
§axaaxai.l(xm_mi) +§8azﬂ8x5 ‘.l<x"_xj>
7.]7 27.]7
1 8290‘ 9 8290‘
- Y Y vy a _ o B _ @)
2 ax'yax'y ijl (‘TS xl ) + axaaxﬂ ijl (xm xz ) (‘Tn x]
82 e’ 8290‘
+ Gangr | ) @2 =) + o) (28— o) (7 =) +
7.77 17.]7
(6.2.11)
i . . dg” 99" 99
Substitut Eq. (6.2.11 to Eq. (6.2.10), t t , , ,
ubstituting Eq. ( ) into Eq. ( ) oapproxunaeaxaijl axﬂz’jl o0,
829a a2ga 8290‘ 829a 82ga w7 8 g i v
d , th -
dzdxe |, ., 02P0xP |, . dxY0x7 |, ., Ox*DxP |, " 9z Oz ox7 |, e 2B iy i o

efﬁ(:lents am n,s in the mterpolatlon scheme (6.2. 10) are the solutlon of the followmg linear
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systems of equations:

§ Am,n,s

m,n,s
> (amns(ay )
m,n,s
> (anmsafl =)
m,n,s 0 .
2 (amns(ay o)) 1 0
m,n,sl 0 ’
Z <2amns 2) 0 0
m,n,s 0 ’
> (el 57) ; :
2 TIZTLS
m,n,s 0 ;
1
2 <2a’””5 = 2) 0 0
m,n,s 0 .
Z (am,n,s(l' — @ )( l’] ) 0 .
m,n,s
Z (am,n,s(ffgn — i) (z] — 337))
m,n,s
S
m,n,s

We choose more than ten grid points (including the point @) for the interpolation and solve
Eq. (6.2.12) using the SVD method. At the majority regular grid points, the central finite
difference schemes (6.2.1 - 6.2.9) can still be used.

6.2.2 Bilinear interpolation

To calculate the local coordinate transformation matrix, we need to approximate the level

set derivatives such as —i at interface projection point @, € I' and we use the bilinear

x
interpolation method. We label the eight grid points surrounding x, as

B8 . a B8 . B B
($15$]7xl 9 xi+1)$j7xl 9 x17$j+15 l 9 xz?*/ljj?irl_i_l 9

5 5 5 5 (6.2.13)
(x?-i—bijrlax?) ) (x?+17xj7x7+1> ) ('rz >$j+1axl+1) ) <$?+1,xj+1,$7+1> .
If we define
2 (acf: — wf‘) 2 (xf — a:f) 2 (xz — :137)
= -1, b= -1 = -1 6.2.14
a h 9 h 9 c h ) ( )
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then we have the following bilinear interpolation scheme

Op (o _ L 9p 9p
%(m—az ) ~ S <(1_a)(1_b)(1_c)8:c0‘ 4 'l—i-(l—i-a)(l—b)(l—c)axa o
irj, i1,
FA—a)4)0 -2 a1 -1 +022
x| 541y 0, jit1
0 0
+(1+a)1+b)(1— )L +(1+a)(1=b)(1+ )
O i+1,j+1, O i+1,4,041
Op dp
+(1—a)(1+b)(1+ o)== +(1+a)(1+b)(1+c)—2 .
Oz i,5+1,0+1 dxe i1,j41,1+1
(6.2.15)

6.2.3 Interface interpolation

Calculation of the correction term involves both the local Cartesian coordinates (9%0‘, P, ai“f)

and local derivatives of jump conditions such as where w is a jump condition. Given

axﬁ
an interface point x, = (x* , :Uf , x*) € I and its neighboring interface points

{(aratal) | (atafa7) e},

using the local coordinate system centered at x., the least square interpolation scheme to

. ow .. .
approximate 958 at the local origin can be written as

Zaz i &) (6.2.16)

where a; are the coeflicients to be determined and .ic]-“ = (A*1)§ (xf —xl), k = 06,7.

Substituting the Taylor expansion of w(w’g z]) at the local origin

ow 8 1 0*w 2

A A =0

w(@,a]) = w(0,0) + 25 (0,007 + 520,00 + 5 5255-5(0,0) (37
1 0*w

0w
Z PNy 7P
+ 3 gmi0m (00 D gz 0037

(6.2.17)
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into Eq. (6.2.16), the coefficients a; are the solution of the following linear system of
equations:

(6.2.18)

| =
Q
k3
—
K
©
S~—
o
~_
Il
O O O O = O

ow 0w 0%w and 0w
077’ 9xPITP’ 0ZVOTY 9T
changing the right hand side vector in Eq. (6.2.18). If we choose more than six interface

We can also approximate w, at the local origin by
points for the interpolation, then Eq. (6.2.18) is underdetermined and we use the SVD
method to solve it.

6.2.4 Residual interpolation

For projection points from irregular inner grid points, the values of unknown jump condi-
tions, such as [uuz] for the Stokes equations, are discretized and denoted as Y and we use
interpolations (6.2.18) to approximate [,uuz} for projection points from irregular outer grid
points.

To solve for Y, we need to calculate the residual vector R and we use a two-sided least

square interpolation method. For example, for the Stokes equations, the residual is (uz);:

where 1’ is the velocity. Given an interface point @, = (:Uf, zf , a:l) € I and its neighboring

grid points {(:z?m b, x})

(:z?m a:g, x?) € Q}, we use the following scheme:

Z Amon,s (u’)m LoD (6.2.19)

m,n,s

where ap, s are the coefficients to be determined and b is a correction term due to the

two-sided scheme. Using the local Cartesian coordinate system centered at x,, the local

«

coordinates for the interpolation grid points are denoted as (:imm’m

=0 =
Tmmn,s) Lm,n,s |- The
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Taylor expansion of (ul)m .. s at the local origin is

310y

(), e = ()7 (0,0) + agf (0,03, + 8(%; (0,082, + ag?i (0,03, ¢
iVt ; i
00 E0.)” 3 ) 00) () 47 (0.0 (520
*2;$%g@0>mns&ns+2;$%vm0>mnﬂ%ns
b L 00128+

(6.2.20)
The =+ sign is determined according to whether (i?nm’s, f%ms, i%ns) € 0O*. Substituting

Eq. (6.2.20) into Eq. (6.2.19), to approximate (u’); (0,0), the coefficients a, s in the
interpolation scheme (6.2.19) are the solution of the following linear system of equations:

E Am,n,s

m,n,s

§ ~ o
(am»“,sxm,n,s)

m,n,s

§ : <am7n75xrﬁn,n,s>

m,n,s

Z (am,n785?7n7n75)

m,n,s

1
S (Gomna(in.

)
3 (;mnns mns2) )
)

(6.2.21)

=l el elelelelelelecll S

amn8$mns mns

/N —~
S
3
3
"z’e
3R
3
3
3

)
)
)

amnsxmns mns
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The correction term is

b= Z Am,n,s ([ul] (07 0) +

(2% .05 5Ty, ) €2
0 (uz)

0z

+ % [aQ («) ] (0,0) (#))” +

d (u) -3
ai,ﬁ] <07 O)xm,n,s

U ~a
B ] (07 O)xm,n,s +
02 (u) o 2, L
8.%0‘8570] (07 0) (xm,n,s) + 5

9% (u")
979EP

_l’_

- 1 9° (v') 5\
] (0,0)F 0+ 5 p— W] (0,0) (#5,..4)

I OFY m,n,s*m,n,s

] (0,0)z% , P

o2 (uz) 92 (uz)
SOz ~0 7Y
+ [8:%0‘8577] (070>$m,n,sxm,n,s + [&iﬂaﬂ <07 O)xm,n,sxm,n,s .
(6.2.22)

We choose more than ten grid points for the interpolation to get an underdetermined system
of equations (6.2.21) which is solved by the SVD method.
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Chapter 7

Numerical Examples with Fixed Interfaces:
Convergence and Efficiency Analysis

We implement the algorithms for Stokes equations with interfaces described in Chapters 5
and 6 in both 2D and 3D. First we show the convergence and efficiency analysis for problems
with fixed interfaces. All the computations are done on a P4 3.20GHz DELL™ desktop
PC with 2GB memory.

7.1 2D Geometry

The computational domain is Q = [—1.5,1.5] x [-1.5,1.5]. We choose to fix u* = 1.0 while
varying p~. The interface is an ellipse

2
go(xo‘,wf6> = (wo‘)2+4(xﬁ> —1.0. (7.1.1)
The initial guess of GMRES for the augmented variable [,u,U ’] takes non-informative zero

values. The tolerance of the GMRES iteration is set to be 107°. Dirichlet boundary
conditions are used for both velocity and pressure.
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The exact solution of velocity u = (uo‘, uf ) and pressure p is constructed as
P if (xo‘)2+4(xﬂ)2 <1,

o z? <(x°‘)2 +4 <x5>2> if (%)% +4 (acﬂ)2 > 1;
(

o -1+ (l’a)2>
5 it (z9)? + 4 (2%)° < 1,
u” = 4 ) (7.1.2)
-z (:U’B) if (z%)? +4 (1:5)2 > 1;
3z (2 () — 1> P )
p={" 3 if (:L'O‘)2+4(xﬂ) <1,
0 if (xo‘)2—|—4(acﬁ)2 >1
The body force term g = (g"‘, gﬁ) is chosen to be
3(6(x*)*—1)a°
=4 ( 5 ) if (:na)2+4(ajﬁ)2<1,
— 26t P it (z9)? + 4 (2%)° > 1; s
(30 (2 ()2 —1+ 4;F>
I S if (a:a)2+4(x5)2 <1,
| 20t a2 if (z9)2 +4(2%)° > 1.
And the singular interface force terms are
o= (i (:1:0‘)3 2’ — gxaxﬁ — 4,u+x°‘:c6> n®
) 4 ; (7.1.4)
+ (—/ﬁ (z°)? = 11p* (a:ff) RS T (az“)z) nf
and 5 5
fP = <4 (z%)3 2P — gx“a:ﬁ + 4/ﬁxaxﬂ) n’
(7.1.5)

2 3 3
+ (—u* (x%)? = 11pt (:cﬁ) o (:c“)Q) n.

Note that this is a very general fixed interface problem with non-homogeneous jumps for
both velocity and pressure.

We use linear regression analysis to find the convergence order of the solution. For this
purpose, we choose m = n = 100, 200,400, 800 and 1600 to run the convergence analysis for
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u~ = 0.001,0.1,10 and 1000. For the special case when p~ = 1.0, no GMRES iterations
are needed. See Fig. 7.1 for the grid refinement analysis and CPU cost.

(a) (b)

-2.5 1.5
H=1.0  order(p)=3.70
-3.5
z
o 1
g 45 E
S )
S 55 order(u B)=2.53, &O
order(u #)=1.9 o' 0.5
o
-6.5
-75 ‘ ‘ ‘ ‘ 0 ‘ ‘
-5 -4 -3 -2 -1 0 -3 -2.5 -2 -15
log , () log , ,(h)

Figure 7.1: For the equal viscosity case, (a) Convergence analysis in the £ norm, and
(b) CPU time cost.

Fig. 7.2 shows the grid refinement analysis of the test problem for the unequal viscosity
cases. The error is the £ error at all grid points. The slope of the linear regression line is
the order of the convergence. It is clear from these results that the algorithm is second order
or almost second order accurate in both velocity and pressure. For this problem, it also
seems that with larger 4, the numerical solution for velocity tends to be more accurate
than the solution for pressure.

See Fig. 7.3 for the computed solution and error plots with 32 by 32 grids and = = 0.8
for pressure p and velocity component u®. Fig. 7.4 shows the algorithm efficiency analysis.
The number of GMRES iterations remain relatively constant with grid size. In Fig. 7.5,
we show the 2-norm condition number of the coefficient matrix for the augmented variable
[,uU "} . It can be seen that the coefficient matrix is ill-conditioned and future research needs
to be done to discover preconditioner techniques for this problem. Note that the condition
number is a measure of stability of the coefficient matrix to numerical operations (see Fig.
7.2) and affects the number of GMRES iterations (see Fig. 7.4).

To enhance the performance of the algorithm, it is very useful to discover where the
code is spending time as it executes. We use a statistical sampling method to record the
location where the code is executing at a predetermined interval. Once we have discovered

100



(a) (b)
1 \ ‘ -1 ;
p =0.001 order(u #)=2.00 n=0.1
0 order(u B):2.10
order(u l?’):2.1 —27
order(p)=2.05
mi m
S 3 -3t
(@] (@]
S L, k<]
order(p)=2.04
—4r oy _
-3t order(u ")=1.96
_4 L L n n _5 L
-4 -3 -2 -1 0 1 =4 -3 -2 -1 0
log ,,(h) log ,,(h)
(c) (d)
0.5 \ 2 ‘
p =10 K =1000
order(p)=1.99
-0.5¢ ) 1 1t
—~ -15 —~ Or
"'Jé EJ/Q order(p)=2.03
g g
- T2y - order(u %)=1.91 |
| order(u ¢)=2.02 N
3.5 order(u B):1.9 2 order(u B)=1.8
-45 : : : : -3 ; : : :
-45 -35 -25 -15 -05 0.5 -5 -4 -3 -2 -1 0
log , () log, ,(h)

Figure 7.2: Convergence analysis in the £ norm for four cases in log-log scale. The slope
of the linear regression line is the convergence rate which is close to number 2.0 for all cases.
(a) = =0.001 and pt =1.0. (b) p~ =0.1 and ™ =1.0. (¢) g~ =10 and pt =1.0. (d)
pu~ = 1000 and p* = 1.0. Linear regressions R? > 0.98 for all cases.
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Figure 7.3: The computed solutions for (a) pressure p and (c) velocity component u®.
The error plot of the computed solutions (b) p — pezact and (d) u® — ul, - We choose
m=mn=32and u~ =0.8.
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GMRES iterations

120 e —_— 4
—0—11"=0.001 st
100t —&— 1 "=0.1 '
B u_=10 % 3t
801 —©—11"=1000 || ° 25l
2 2
E
60f /e\e—o > 2
o
O
% 1.5}
40} o
S 4l
20} 1
E Qﬁ 0.5
0 : : ‘ 0 : :
-3 -25 -2 -15 -1 -3 25 -2 -15
log ,,(h) log ,,(h)

Figure 7.4: Algorithm efficiency analysis for 100 by 100 through 1600 by 1600 grids. (a):
Number of GMRES iterations. (b): CPU cost with unit second.

log 10(Condi'[ion number)

l0g (k")

Figure 7.5: Grid size is 80 by 80 and the size of the coefficient matrix for the augmented
variable [,uU ’] is 232 by 232. Region A represents ;= < 1 where the fluid inside the interface
is less viscous than the fluid outside the interface, region B represents pu~ > 1.
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heavily executed portions of the code, we will be able to either adopt a faster algorithm
for those portions or fine tune the current implementations. From Fig. 7.6 we can find
that a faster Singular Value Decomposition (SVD) implementation will help to improve the
performance of our algorithm for cases with either equal viscosity coefficients or unequal
viscosity coefficients.

(a) (b)

Others: 16% Others: 18%

Fast Poission

Fast Poisson
solver: 3%

solver: 1%

Singular value decomposition: 81% Singular value decomposition: 81%

Figure 7.6: Execution time percentage analysis for (a) u= = 0.1, = 1.0 and (b)
u~ = pt =1.0. We choose m = n = 100.

7.2 3D Geometry

The computational domain is 2 = [-1.5,1.5] x [-1.5,1.5] x [—1.5,1.5]. We choose to fix
™ = 1.0 while varying u~. The interface is an ellipsoid

@ (l‘a,lﬁ, :ﬂ) = (z°)? +4 <.’L"6)2 +4(z7)? = 1.0. (7.2.1)

The initial guess of GMRES for the augmented variable [,uU ’] takes non-informative zero
values. The tolerance of the GMRES iteration is set to be 107°. Dirichlet boundary
conditions are used for both velocity and pressure.

104



The exact solution of velocity u = (uo‘, ub, u”) and pressure p is constructed as

aP (1 —4 (mV)Q)

P <(x°‘)2 +4 (xﬁ>2>
—x%x" <(aza)2 +4 (x7)2>
—x%z7 (1 -4 (:Eﬁ)2>

5x%e” (—1 + (%)% + 4 (mﬂ)z)
4

,

\ —5z°%2P (35”*)2

if (%)% +4 (xﬁ)2 +4(x7)? <1,
if (22)2 +4 (2%)° +4 ()2 > 1
if (z2)* 44 (:zrﬁ)2 +4(z7)* < 1,

if (z9)% 44 (:nﬂ)2 +4(z7)* > 1;

The body force term g = (g"‘, q°, g'y) is chosen to be

3P <6 (z%)2 27 — 27 — 64/1‘)

8
L —26pt 2Py

3 (2 ()2 27 — 27 — 80,u_)

8

—8utza”

3%z (2 () 27 — 27 + 50/f>

4

\ 10p %P
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And the singular interface force terms are

3 3
fo = <4 (2%)? 2P (27)? — gxo‘a:’g (z7)? — 4,u+xo‘x’6337) n® + (—,u"' (z)? 27
2
—16u™ (:cﬂ) o+t + T — 8 (27) = 3u” (2%)? x”) n?
\ . (7.2.4)
+ (—,u+ (22)? 28 — ap™ (:rﬁ) +5utal (a7)? — Eu_xﬁ —12p~ 2" (27)?

15 3
i (@) 2+ B (:L"ﬁ) > n’,
2
= (—u+ (%) 27 — 16" (acﬁ) 2+ pta T = 8u (27)% = 3u (2)? 3:7) n®

3 3 2
+ <4 (z%) 28 (27)? — g:zo‘xﬂ (z7)? — 16,u+xo‘xﬂa:7> nf + <,u+33a — 4t (:cﬁ>

1 ) 2
+5ut x® (27)% + Z,u* (2%)® —12p~ 2% (27)? — Z,u*x + 15p" = (xﬁ> ) n’

(7.2.5)
and

’ 1 15
= <—/L+ (l’o‘)ngg — 4M+ (xﬁ) + 5[[["‘;1:5 (:E’Y)2 _ E'u_lﬁ _ 12,U_lﬁ ({L"Y)z + Z:u_ (l’a)Q l’ﬁ
— ﬁ 3 o +.,..x + B 2 T a 9 1 ~ a3
+5u (az) n®+ (ptx® —4dpTr (:r) +5u"x ($7)+Zu ()
1252 (a7)? — 2 —a (8Y\ 8 (3 (ay3.8 (72
— M$($)_Z/$Z'+15Mm x nP + Z(«r)%(x)

3
—gwo‘xﬁ (x7)? + 20u+x°‘:vﬁx7> n’.
(7.2.6)

Note that this is a very general fixed interface problem with non-homogeneous jumps for
both velocity and pressure.

We use linear regression analysis to find the convergence order of the solution. For this
purpose, we choose m =n = s = 32,56, 80,104 and 128 to run the convergence analysis for
u~ =0.001,0.1,10 and 100. For the special case when p~ = 1.0, no GMRES iterations are
needed and see Fig. 7.7 for the grid refinement analysis and CPU cost.

Fig. 7.8 shows the grid refinement analysis of the test problem for the unequal viscosity
cases. The error is the £ error at all grid points. The slope of the linear regression line
is the order of the convergence. It is clear from these results that the algorithm is higher
than second order accurate in both velocity and pressure. For this problem, it also seems
that with larger p~, the numerical solution for velocity tends to be more accurate than the
solution for pressure.

106



0 ; ‘ : ‘ 2.6
pu =1.0
order(p)=4.60 24l
_l,
% 22}
Y=
ol order(u %_2.39 GEJ ’
) order(u *)=2.25 = 2
S oy
o order(u ")=2.16 EL)
S _3l o 1.8t
S
8 16f
_4,
141
-5 : : : : 1.2 : : :
-3 -2 -1 0 1 2 -1.8 -1.6 -14 -1.2 -1
log , (h) log , ,(h)

Figure 7.7: For the equal viscosity case, (a) Convergence analysis in the £ norm, and
(b) CPU time cost.

See Fig. 7.9 for the sliced solution and error plots with 323 grids and u~ = 0.8 for
pressure p and velocity component u®. Fig. 7.10 shows the algorithm efficiency analy-
sis. The number of GMRES iterations remains relatively constant with grid size for finer
grids. In Fig. 7.11, we show the 2-norm condition number of the coefficient matrix for
the augmented variable [,uU Z] It can be seen that the coefficient matrix is ill-conditioned
and future research needs to be done to discover preconditioner techniques for this prob-
lem. Note that the condition number is a measure of stability of the coefficient matrix to
numerical operations (see Fig. 7.8) and affects the number of GMRES iterations (see Fig.
7.10).

We use the statistical sampling technique to quantify the CPU cost for different portions
of the algorithm. From Fig. 7.12 we can find that a faster SVD implementation will help
to improve the overall performance of our algorithm for both equal and unequal viscosity

cases.
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Figure 7.8: Convergence analysis in the £%° norm for four cases in log-log scale. The slope
of the linear regression line is the convergence rate which is larger than number 2.0 for all
cases. (a) u~ =0.001 and p* =1.0. (b) p~ =0.1and p™ =1.0. (¢) = =10 and p* = 1.0.
(d) p~ =100 and pT = 1.0. Linear regressions R? > 0.95 for all cases.
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Figure 7.10: Algorithm efficiency analysis for 323 through 1283 grids. (a): Number of
GMRES iterations. (b): CPU cost with unit second.
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Figure 7.11: Grid size is 10? and the size of the coefficient matrix for the augmented
variable [MUZ} is 102 by 102. Region A represents p~ < 1 where the fluid inside the
interface is less viscous than the fluid outside the interface, region B represents u~ > 1.
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Figure 7.12: Execution time percentage analysis for (a) p= = 0.1,u" = 1.0 and (b)
p~ =t =1.0. We choose m =n = s = 40.
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Chapter 8

Moving Interface Problems: Two-Phase Flow with
Surface Tension

In order to test our two-phase Stokes flow solver for moving interface problems, we choose to
use the well-known mean curvature flow cases where the surface tension fin’ is proportional
to the mean curvature of the interface and the tangential interface force is zero. For the
mean curvature flow, in terms of jump condition for pressure p, we have the Young-Laplace
equation

[p] = &{rm (8.0.1)

where ¢ is the surface tension constant and xj; is the mean curvature of the interface I'.
We solve the nondimensional incompressible Stokes equations for all the two-phase flow

simulations with surface tension.

8.1 Level Set Method for Interface Advection

The interface between two fluid phases is represented implicitly using the level set function
as

o(x',t) =0 (8.1.1)
where (-) is the level set function, 2 is the spatial coordinates and # is the time coordinates.
Since the solution x’ of Eq. (8.1.1) is the interface which depends on t, we can take the
derivative of Eq. (8.1.1) with respect to ¢ to get the level set equation [40]

_de Oy (9g0dxi_(9<p oy

Tat T ot Todidt ot or”

(8.1.2)

where u’ is the advection velocity. We use the third-order accurate Hamilton-Jacobi essen-

0
tially nonoscillatory (HJ ENO) scheme [40] for the spatial derivative term 8—(’0 with upwind
xl
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differencing. The time advancing scheme is the first-order accurate total variation diminish-
ing (TVD) Runge-Kutta (RK) scheme, which is just the forward Euler method. Stability
of the time stepping scheme is enforced using the Courant-Friedrichs-Lewy condition (CFL

condition) [40]
h

~ T masfu]

where h is the grid size and « is a constant chosen to be 0.5.

At (8.1.3)

It is necessary to keep the level set function ¢ close to a signed distance function [50]
satisfying
dp
oxt
This is enforced by solving the reinitialization equation [40]

i e
at*‘5(¢°)< 0

=1. (8.1.4)

—1):0 (8.1.5)

where
S(p0) = e (8.1.6)

Vieg +h?
In the reinitialization equation (8.1.5), t is the pseudo-time variable for iterations and g is

the initial input of the level set function for this iteration. Eq. (8.1.5) is discretized using
the Godunov scheme for the level set motion in the normal direction [40].

Volume or area conservation for the two fluid phases separated by the zero level sets is

a non-trivial research topic [12, 52, 40]. We adopt the method [16] which iteratively solves
the following equation

M(p+e<0)=M, (8.1.7)

for e. Here M(-) is the volume or area measure and My is the value of this measure at the
initial time of the simulation.

We use the Level Set Method Library (LSMLIB) [5] developed by Kevin T. Chu and
Masa Prodanovic and this library is freely available through the Internet.

8.2 2D Geometry

8.2.1 Ellipse interface

The computational domain is [—1,1] x [—1, 1] with periodic boundary condition, and the
grid size is 64 x 64. The initial condition of the interface for the two phases is chosen to be
an ellipse

~1.0=0, (8.2.1)



and the surface tension constant £ is chosen to be 0.1. We run the simulation to equilibrium
(or close to equilibrium) at ¢ = 100. We first show the time evolution results for the case
when = = 7 = 1.0 in Fig. 8.1 and the final pressure profile in Fig. 8.2. Note that for the
equal viscosity coefficient case, no GMRES iterations are needed.

(a) (b)

0.2
0.5 0.15
0.1
m.x 0
0.05
-0.5
0
-0.05

Figure 8.1: Starting from the ellipse, the interface evolves to a circle under surface tension.
(a) The interface plotted at t = 0 and ¢t = 100. (b) Colored pressure profile with streamlines
of the velocity field at ¢t = 25. Since the pressure is not continuous across the interface, the
color plot for the pressure is not smooth near the interface.

We run the same simulations with 4~ = 0.5 and = = 2.0. For = = 0.5, the fluid
inside the interface is less viscous than the fluid outside and for ;= = 2.0 it is the opposite.
GMRES iterations per time step for both cases are in the range of 2-5. The computation
time for the equal viscosity case is 504 seconds, for = = 0.5 is 940 seconds and for ™ = 2.0
is 978 seconds. See Fig. 8.3 for the pressure color plot and velocity streamlines of these two
cases. The comparison between Fig. 8.3 and Fig. 8.1(b) clearly illustrates the effects of the
viscosity difference for the two-phase flow.

8.2.2 Star interface

It is interesting to see whether our Stokes solver coupled with the LSM can handle flow
with complex interfaces such as the five-star interface in the literature [23, 55]. For this
experiment, the initial shape of the interface between two fluids with = = pu* = 1.0 is
expressed in the polar coordinates (r,0) as

r(0) = 0.5(1 + 0.4sin(50)), 0<6 < 2m. (8.2.2)
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p(t=100)

Figure 8.2: Equilibrium pressure field at ¢ = 100. Notice the sharp interface for the
pressure field. No noise filtering is used to maintain the sharp interface.

f S IR
L N W A=\
=

(G
(

Figure 8.3: Colored pressure profile with streamlines of the velocity field at ¢ = 25 for (a)
u~ =0.5and (b) p~ = 2.0.
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The computational domain is [—1, 1] x [—1, 1] with periodic boundary condition, and the grid
size is 320 x 320. The surface tension constant & is chosen to be 0.05. We run the simulation
to equilibrium which is set as ¢ = 98. See Fig. 8.4 for the time evolution results. From Fig.
8.5, it is clear that our algorithm can capture the highly localized discontinuous pressure
profile, which is critical for simulating the pressure driven interface. The computation cost
is 3350 seconds.

(a) (b)

Figure 8.4: Starting from the five-star shape, the interface relaxes to a circle under surface
tension. (a) The interface plotted at t = 0 and ¢ = 98. The interface with streamlines of
the velocity field at (b) t =7 (c) t =21 and (d) t = 35.
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-1 -0.5 0 0.5 1

Figure 8.5: Pressure field at ¢t = 7. Our algorithm captures the highly localized pressure
gradient with the presence of complex five-star interface.
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8.3 3D Geometry

8.3.1 Ellipsoid interface

The computational domain is [—1, 1]3 with periodic boundary condition, and the grid size
is 643. The initial condition of the interface for the two phases is chosen to be an ellipsoid

@) (@) @)
0.82 0.52 0.42

oz, 2P 27) = —-1.0=0, (8.3.1)
and the surface tension constant ¢ is chosen to be 0.1. We run the simulation to equilibrium
(or close to equilibrium) at t = 100. First we show the time evolution results for the case
when = = p™ = 1.0 in Fig. 8.6. See Fig. 8.7 for a cone plot of the velocity field at ¢t = 30.
Note that for the equal viscosity coefficient case, no GMRES iterations are needed.

We run the same simulations with = = 0.5 and g~ = 2.0. For = = 0.5 we have the
less viscous fluid inside the interface and for u~ = 2.0 it is the opposite. GMRES iterations
per time step for both cases are in the range of 5-6. The computation time for the equal
viscosity case is 3079 seconds, for u~ = 0.5 is 10818 seconds and for pu* = 2.0 is 9033
seconds.

We compare the evolved interface at ¢ = 50 for these three cases and the effects of the
viscosity coefficients for the fluid phase inside the interface are clearly seen.

(a) (b)

) :s’
»rexﬁéé;w
oA

A'AV
R

Y/,

Figure 8.6: Starting from the ellipsoid, the interface evolves to a sphere under surface
tension. The interface plotted at (a) ¢t = 0 and (b) ¢ = 100 with = = 1.0.
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Figure 8.7: Cone plot of the velocity field at t = 30 with = = 1.0.
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Figure 8.8: Comparison of the evolved interface at ¢t = 50 for (a) pu~

and (c¢) p~ = 2.0.
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8.3.2 Cell aggregation implanted in a 3D model gel

Organ printing is a proposed new technology to assemble vascularized 3D soft organs using
computer-aided jet-based 3D printing technology [35]. It is necessary for this new tech-
nology to show tissue tube formation as a result of cell aggregate fusion in 3D. Cell-based
mathematical models have been used to predict cell aggregation behavior when implanted
in a 3D model gel [39]. In this example, we start with ten attached cell aggregates and
simulate the transient dynamics of these cell aggregates under surface tension.

We choose to solve the nondimensional incompressible Stokes equations. The computa-
tional domain is chosen to be [—1, 1]3 with periodic boundary conditions, and the grid size
is 643. The initial condition of the interface is chosen to be 10 spheres with radius 0.2. The
centers of the spheres are evenly distributed on a circle

(%)% + (%) =0.64%, 27 =0. (8.3.2)

See Fig. 8.9 for the interface initial condition sliced at 7 = 0.0.

1
0.5 f
o o ,
~0.9 f
= 205 0 0.5 1

XG

Figure 8.9: Interface initial condition sliced at 7 = 0.0 for cell aggregation fusion simu-
lation.

The surface tension constant £ is chosen to be 0.1. We run the simulation to ¢t = 8 for
three cases where =~ = 1.0,0.5 and 2.0 with ™ fixed at 1.0. See Fig. 8.10 for the initial
interface and the evolved interface at end of the simulation for three different viscosity
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coefficient cases. Also see Fig. 8.11 for the evolved interface at t = 2 and ¢t = 4 for the
equal viscosity case. The computation cost for p= = 1.0,0.5 and 2.0 is 2307 seconds, 9202
seconds and 7215 seconds. The number of GMRES iterations for 4~ = 0.5 is in the range
of 8-24 and for p~ = 2.0 is in the range of 7-31.

(a) (b)

Figure 8.10: The initial interface (a) and comparison of the evolved interface at ¢t = 8 for
(b) u= =1.0, (¢c) p~ =0.5and (d) p~ = 2.0.
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Figure 8.11: Comparison of the evolved interface at (a) t =0, (b) ¢ = 2 and (c) t =4 for
n~ = 1.0.
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Chapter 9

Branching Morphogenesis:
Epithelium-Mesenchyme Interactions

To simulate branching morphogenesis, we model both epithelium and mesenchyme as in-
compressible Stokes flow

op 0 ou'  ou? i n _
_a$l+aﬂ<ﬂ(81‘j+a$l>>+g =0, z€QTUQ, (901)
ou' Fio-
o 0, zeQTUQ. (9.0.2)

Here p is the pressure, u’ is the velocity, u is the viscosity coefficient and ¢* is the body
force. Across the interface I' separating the two embryonic tissues, we have the surface force
balancing condition

[oin?] + f1=0 (9.0.3)

where f? is the interface force such as surface tension, n’ is the unit interfacial normal vector
pointing from Q7 to O, 0, is the stress tensor for Stokes flow defined as

i ow
O’ Ou ) (9.0.4)

o = —p(sl'j +un <81‘J + i

We assume that some mesenchymal cells are contracting and advecting with the Stokes
flow. The advection of mesenchymal cells is modeled using the advection equation

e i Oc
ot oxt

where ¢ is the number density of contracting mesenchymal cells. The contraction force

(9.0.5)

generated by those mesenchymal cells is modeled as a body force for the Stokes flow as

i d(rc)
g' = BIS (9.0.6)
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where 7 measures the isotropic traction force per fibroblast cell.

During branching morphogenesis, it is hypothesized [17] that some mesenchymal cells
produce contraction forces which lead to clefting and further branching of epithelium.
Therefore we assume that mesenchymal cells are distributed everywhere in the mesenchyme
phase, but we only keep track of those cells which are contractile. We will study the two-
tissue interactions given initial distributions of contractile mesenchymal cells with varying
parameters. For branching morphogenesis simulations, we solve the nondimensional Stokes
equations and advection equation. It is possible to estimate the parameters in the model
such as tissue viscosity coefficients, mesenchymal cell number density and traction force per
fibroblast cell [34].

9.1 2D Geometry

The computational domain is chosen to be [—1, 1]2 with periodic boundary condition, and
the grid size is 200%. The initial condition of the interface is a circle with radius 0.4:

v (a;a,a;ﬁ) - \/(xa)2 /0.42 + (8)? /0.42 — 1.0, (9.1.1)
and the initial condition for mesenchymal cell number density is chosen as
c(z®, 2%) = I4(x) (9.1.2)

where A = {(0.42 <r <0.62,—7/12 <60 <7/12)}, and (r,60) is the polar coordinates.
I4() is the indicator function defined as

1 ifx e A,
Ip(x) = (9.1.3)
0 ifx ¢ A

For numerical reasons, we use a diffusion smoother to filter out the roughness of the indicator
function. See Fig. 9.1 for the initial mesenchymal cell number density and interface.

The surface tension coefficient is chosen as 0.001 and the traction force constant 7 is
chosen as 100.0. We run the simulationtot =1 for u= =1.0,t =0.2for p~ =0.1and t = 2
for p= = 10.0 with p* fixed at 1.0. See Fig. 9.2 for the simulation results with p= = 0.1,
Fig. 9.3 with = = 1.0 and Fig. 9.4 with = = 10.0.

The computation cost for 4~ = 1.0,0.1 and 10.0 is 909 seconds, 1911 seconds and 3316
seconds respectively. The number of GMRES iterations for p~ = 0.1 is in the range of
9 — 15 and for = = 10.0 is in the range of 10 — 15. GMRES iteration is not needed for the
equal viscosity case.
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Figure 9.1: Initial number density of contractile mesenchymal cells ¢ (xa,:pﬁ) (red) and
initial interface (green circle) separating epithelium and mesenchyme.

It is clear from the simulation results that viscosity ratio plays a role in the interactions
of the two phases across the interface. Also see Fig. 9.5 for the comparison of the interface
and cell number density profile with different viscosity ratio and similar clefting depth. Note
that due to the numerical inaccuracy of the discretized advection equation, the contractile
mesenchymal cells may bleed into the epithelium phase, which is biologically incorrect.
Also the integrated number density of contractile mesenchymal cells is non-constant due to
numerical dissipations. For future work, a high order conservative scheme for the advection
equation may help solve the problem. It is also desirable to solve the advection equation
with the interface I' treated as an impermeable boundary. It is seen in Fig. 9.5 that the
cleft width is not monotonic with respect to the viscosity ratio. We suspect that numerical
inaccuracy of solving the advection equation may be the major factor causing this result
which needs further studies.
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Figure 9.2: The interface with contractile cell number density profile with ¢~ = 0.1 at (a)
t=10.05 (b) t =0.10 (c¢) t = 0.15 and (d) t = 0.20.
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Figure 9.3: The interface with contractile cell number density profile with ¢~ = 1.0 at (a)
t=0.25(b)t=0.5(c) t=0.75 and (d) t = 1.0.
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Figure 9.4: The interface with contractile cell number density profile with 4~ = 10.0 at
(a) t=0.5(b)t=1(c)t=1.5and (d) t =2.
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a

Figure 9.5: Comparison of the interface with contractile cell number density profile with
(a) pm=01att=02(b) p~ =1.0att=0.5(c) p~ =10.0 at t = 2.
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9.2 3D Geometry

The computational domain is chosen as [—1, 1]3 with periodic boundary condition, and the
grid size is 643. The initial condition of the interface is a sphere with radius 0.4:

¢ (:ca,xﬁ,aﬂ) = (@02 /0.42 4+ (29)% J0.42 + (27)? /0.42 — 1.0, (9.2.1)
and the initial condition for mesenchymal cell number density is chosen as
c (:ca, z”, az”) = Iy(x) (9.2.2)

where A = {(0.42 <r <0.62,—7/12 <0 <7/12,0 < ¢ < m)}, (1,0, ¢) is the spherical coor-
dinates, and I4(x) is the indicator function. As in the 2D case, we use a diffusion smoother
to get the approximated indicator function. See Fig. 9.6 for the initial interface and the
level surface of the initial number density of the contractile mesenchymal cells.

Figure 9.6: Level surface (level value: 0.5) of the initial contractile mesenchymal cell
number density ¢ (%, 2%,27) (red) and initial interface (green) separating epithelium and
mesenchyme.

The surface tension coefficient is chosen as 0.001 and the traction force constant 7 is
100.0. We run the simulation to t = 0.4 for p~ = 1.0, ¢t = 0.2 for g~ = 0.2 and t = 1 for
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u~ = 5.0 with p* fixed at 1.0. See Figs. 9.7, 9.8 for the simulation results with u= = 0.2,
Figs. 9.9, 9.10 with ¢~ = 1.0 and Figs. 9.11, 9.12 with = = 5.0.

The computational cost for p= = 1.0,0.2 and 5.0 is 1008 seconds, 3880 seconds and
7257 seconds respectively. The number of GMRES iterations for p~ = 0.2 is in the range
of 9-14 and for 4~ = 5.0 is in the range of 10-16. No GMRES iterations are needed for the
case when put = pu~.

(a) (b)

Figure 9.7: Interface evolution with p~ = 0.2 at (a) t =0.05 (b) ¢ = 0.1 (¢) t = 0.15 and
(d)t=0.2.

To summarize, we have shown the simulation results for the interactions of epithelium
and mesenchyme by solving the two-phase Stokes equations with discontinuous viscosity
coefficients and singular interface force (surface tension), with the mesenchymal contrac-
tion force modeled as a body force. Our simulations show epithelium clefting due to the
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Figure 9.8: The interface sliced at 7 = 0 (a,c) and 2% = 0 (b,d) and sliced color plot of
contractile cell number density profile (red) with 4= = 0.2 at (a,b) t = 0.05 (c,d) ¢t = 0.2.
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Figure 9.10: The interface sliced at 7 = 0 (a,c) and z® = 0 (b,d) and sliced color plot of
contractile cell number density profile (red) with 4~ = 1.0 at (a,b) t = 0.1 (¢, d) ¢t = 0.4.
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Figure 9.12: The interface sliced at 27 = 0 (a,c) and 2® = 0 (b,d) and sliced color plot of
contractile cell number density profile (red) with 4~ = 5.0 at (a,b) t = 0.25 (c,d) t = 1.0.
Note that (c,d) is non-physical since the advection equation solver returns negative values

for the number density ¢. We truncated the negative values as zero for comparison with
(a,b).
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mesenchymal contraction. The geometry of the cleft is consistent with the geometry in vivo.

As in the 2D case, we need to adopt a better scheme for solving the advection equation.
In Fig. 9.12, we get negative values for cell number density ¢ which is non-physical. For
future work, we propose to use a high order conservative scheme for the advection equation
and it is also possible to enforce the impermeable boundary condition on the interface for
the cell number density c.
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Chapter 10

Discussion

We have developed an immersed interface method (IIM) coupled with the level set method
(LSM) for solving two-phase Stokes equations with an interface. Our numerical solver can
handle two-phase flow problems with complicated interface geometry and discontinuous
viscosity coefficients. Numerical experiments show the expected second-order accuracy for
our method. We have applied the method to study branching morphogenesis focusing on
the interactions between epithelium and mesenchyme tissues. We have presented simulation
results of epithelium clefting due to mesenchymal contraction force in both 2D and 3D.

On a foundation of the immersed interface method, we have combined the local Cartesian
coordinates transformation with tensor analysis to derive jump conditions for the general
two-phase Stokes flow problems in Chapter 3. In Chapter 4, we have derived the IIM scheme
for elliptic equations in both 2D and 3D. Approaches we have taken can be used to study
various interface problems both theoretically and numerically.

Using level set functions to represent the interface implicitly, we can couple the IIM
with the LSM for moving interface problems. Simulations of interface deformations due
to surface tension clearly show that the numerical solver is very efficient and can capture
complicated geometrical changes well.

We have tested our algorithm in Chapter 7 for general fixed interface problems where
exact solutions are constructed. Numerical experiments have showed that the two-phase
Stokes solver is very efficient with second-order accuracy in the infinity norm.

In Chapter 8, the two-phase Stokes solver for moving interface problems was tested using
surface tension relaxation cases and our results compare favorably with existing results in
the literature and also may be used to study cell aggregation dynamics in a 3D model
gel. We have studied branching morphogenesis by coupling the two-phase Stokes flow with
cellular advection. Clefting of epithelium is simulated with the contraction force supplied
by mesenchymal cells.

Our method is based on fixed Cartesian grids and does not involve complicated and
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expensive meshing and re-meshing steps. Using level set functions and operations defined
for those functions (e.g. union, subtraction), we can model very complicated and rather
arbitrary interface deformations. The finite difference scheme we derived allows us to use
existing fast Poisson solvers for interface problems and this boosts the overall performance
of our algorithm. Level set methods also allow one to solve moving interface problems by
simply advecting the level set functions. By deriving and incorporating the jump conditions
for the Stokes equations, we are able to construct the algorithm for Stokes flow with second-
order accuracy. The jump condition results are applicable to other numerical methods (e.g.
finite element methods) for solving the Stokes equations.

Since the interface is implicitly defined by the level set function, it is very critical to
start the simulation with a smooth level set function close to the distance function. In
order to approximate the second-order derivative terms such as the mean curvature with
accuracy and avoid stiffness of the moving interface problem, it is necessary to use some
reinitialization schemes to maintain the level set function as a distance function. Area con-
servation for the level set methods still needs more investigation. Also since the immersed
interface scheme uses surface derivative terms to calculate the correction term, numerical
accuracy and stability depend on the adopted numerical differentiation methods. Simula-
tions also show that for cases with unequal viscosities, because the coefficient matrix for
the augmented variables has very large condition number, GMRES iterations may not be
able to invert the coefficient matrix with good accuracy. Increased number of GMRES
iterations due to high contrast of viscosity coefficients also slows the numerical solver. In
the branching morphogenesis simulations, the epithelium center of mass drifts which may
be an artifact of the area conservation scheme we used. The drifting may also be an effect
of implementing the contraction force as a body force.

For future work, we first need to implement a high order conservative scheme for the
advection equation. It is also possible to solve the advection equation with an irregular
boundary and enforce the impermeable boundary condition. We also hope to use the
same methods developed in this thesis to solve two-phase Navier-Stokes equations with
interfaces. It is worthwhile to combine various numerical techniques such as staggered
or/and adaptive grids with our two-phase fluid solver. We also need to adopt LSM variants
such as local level set methods to improve the overall efficiency and different methods for
volume conservation. Many biological problems involving cells and tissues can be modeled
as multiphase flow problems and it is expected that our solver will be used for various
mathematical biology problems such as cellular fluid dynamics and tissue interactions. We
use periodic boundary conditions for all the moving interface problems in the thesis; we
plan to extend our numerical solver for various boundary conditions.
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Appendix A

Note: Einstein Notation

Indicial notation, or Einstein notation is used extensively in this thesis. Einstein notation is
used to (1) simplify expressions involving tensors and vectors, and (2) facilitate derivations
involving tensor and vector calculus. See [51] for a short exposition of tensor analysis.

Both upper and lower indices are used. Most lower indices are used in grid discretiza-
tions. Indices we use include 7, j, £ and I. Major indicial notation rules we adopt here
are:

(1) Unless otherwise noted, for 2D problems, all indices take on the values « and f;
for 3D problems, all indices take on the values v , 8 and «. For example, the Cartesian
coordinate for a 2D point « takes the form of (x“, xﬁ) and for a 3D point x it takes the
form of (xa,xﬁ,:ﬂ).

(2) Repeated indices of 7, j, k and [ (not index values: «, 3 and «) implies summation.
For example, the Laplacian operator

A=V?>=V.V

2
can be represented using 90a which in 2D is
0z

0?2 ?
O0xeOxe + 0xBoxP

and in 3D is
H? 9?2 0?2
0z 0z + 0xBoxP + 0x10x7

(3) Free (non-repeated) indices in each term of an expression should match. For example,

i and j are both free indices in the following expression

ou’ N ou’
oxd  Oxt
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where u is a vector-valued function.

Our notations are different from existing notations used in the literature in the following
ways:

(1) Since we only use Cartesian coordinates and Cartesian transformations, we can use

upper indices without worrying about covariant and contravariant tensor notations in which
superscripts and subscripts may have different meanings.

(2) Because it is customary to use lower indices in finite difference discretizations, to
avoid overcrowding of subscripts, we choose upper positions for Einstein indices.

(3) It is often seen that Einstein indices take on the values 1,2 and 3. We find that
numbers appearing in the upper positions of a symbol can be confusing. For example,

0%u?
Oxlox?
may be interpreted in many different ways. Therefore we use «, 3 and ~ for indicial values
instead. For example,
0%uP
Ox*dzP
is the second-order cross derivative of the second Cartesian component of a vector-valued
function w with respect to coordinates 2 and z°.

(4) For a 2 x 2 or 3 x 3 Cartesian coordinate transformation matrix A = (a;;), we use
i
45

to denote the matrix element at the ¢th row and jth column. For example,
(03
Aj

is indeed aqs.
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