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Abstract

Numerical simulation of vesicle dynamics has been a popular issue for many decades.
In this dissertation, a mathematical formulation for suspension of vesicle in fluid is
modeled by immersed boundary method, where a mixture of Eulerian fluid variables
and curve-linear Lagrangian interfacial variables are used, and the linkage between
these two variables is a smoothed Dirac delta function. The purpose of this disser-
tation is to develop accurate and efficient numerical schemes for simulating vesicle
dynamics through immersed boundary method.

Firstly, we propose a fractional step immersed boundary method to mimic dynam-
ical system of an inextensible interface (vesicle without bending effect). In addition to
solving for the fluid variables such as the velocity and pressure, the present problem
involves finding an extra unknown elastic¢ tension such that the surface divergence of
the velocity is zero along the interface. By taking advantage of skew-adjoint prop-
erty between force spreading operator and surface divergence operator, the resultant
linear system of equations is symmetric and can be solved by fractional steps so that
only fast Poisson ‘solvers are involved. The convergent tests for present fluid solver
is performed and confirm the desired accuracy. The tank-treading motion for an in-
extensible interface-under a simple shear flow has been studied extensively, and the
results are in good agreement with those obtained in literature. This part of work
has been published in STAM Journal of Scientific Computing as in [37].

Secondly, we develop an unconditionally stable immersed boundary method to
simulate 2D vesicle under a Navier-Stokes flow. .We adopt a semi-implicit bound-
ary forcing approach, where the stretching factor used in the forcing term can be
computed from the derived evolutional equation. By using the projection method to
solve the fluid equations, the pressure is decoupled and we have a symmetric positive
definite system that can be solved efficiently. The method can be shown to be un-
conditionally stable, in the sense that the total energy of fluid system is decreasing.
A resulting modification benefits from this improved numerical stability, as the time
step size can be significantly increased. The numerical result shows the severe time
step restriction in an explicit boundary forcing scheme is avoided by present method.
The part of work has been published in East Asian Journal of Applied Mathematics
as in [22].

Lastly, we extend to simulate three-dimensional axisymmetric vesicle suspended



in a Navier-Stokes flow. Instead of introducing a Lagrange’s multiplier to enforce
the vesicle inextensibility constraint, we modify the model by adopting a spring-
like tension to make the vesicle boundary nearly inextensible so that solving for the
unknown tension can be avoided. We also derive a new elastic force from the modified
vesicle energy and obtain exactly the same form as the originally unmodified one.
In order to represent the vesicle boundary, we use Fourier spectral approximation
so we can compute the geometrical quantities on the interface more accurately. A
series of numerical tests on the present schemes have been conducted to illustrate the
applicability and reliability of the method. We perform the convergence check for
fluid variables for present schemes. Then we study the vesicle dynamics in quiescent
flow, Poiseuille and under influence of gravity in detail. The numerical results are
shown to be in good agreement with those obtained in literature. The part of work
has been published in Journal of Computational Physics as in [23].

vi
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Chapter 1

Introduction

Blood flow is a continuous circulation of blood in cardiovascular system. The main
cell in blood is red blood cell, which plays an important role in transporting system
in human body. Especially, vesicles share similar features with red blood cells and
thus its model can be viewed as a simplification of red blood cell. Vesicle dynamics
has been widely investigated in' large amount of literatures. The long turn of present
work is to understand the mechanism of red blood cells; and the short turn is to fully
study the hydrodynamiecal system of vesicle.

1.1 Blood:flow and vesicles

Blood flow has been at the center of the attention of scientists since the 19" century.
Blood is circulated around the body through blood vessels by the pumping action
of the heart. Bloed flow is a bodily flow that transport essential substances such
as oxygen and nutrients to the cells and take away metabolic wastes from the same
cells. In vertebrates, blood is composed by blood plasma, platelets, red blood cells
and white blood cells««The main part of blood is plasma, which is a Newtonian fluid
and constitutes around 55% of blood fluid (the large part of it is water). The rest
45% is red blood cells , while white blood cells and platelets only occupy less than 1%
in blood. The white blood cells are the cells of the immune system that are involved
in defending the body against both infectious disease and foreign materials; the main
function of platelets is to stop bleeding. A scanning electron microscope image of a
normal red blood cell, a platelet, and a white blood cell is shown in Figure 1.1.

Red blood cells (RBCs), also called erythrocytes, delivering oxygen (O3) to the
body tissues via the blood flow through the circulatory system. They take up oxygen
in the lungs or gills and release it by diffusing thorough membrane of RBC into tis-
sues while squeezing through the body’s vessels. RBCs are also able to transport 2%
carbon dioxide (CO2) away from organisms while the major part of CO, are trans-
ported by plasma. The membrane of RBC forms a lipid bilayer, which is constructed



Figure 1.1: The cells in blood. From left to right: red blood cell, platelet and white
blood cell.

by a cytoskeleton network embedding different kinds of proteins, as sketched in Fig-
ure. 1.2. The proteins of the membrane skeleton are responsible for the deformability,
flexibility and durability of the red blood cell. In general, a healthy RBC exhibits
in biconcave shape (see Figure. 1.1) to accommodate maximum carry of oxygen; the
shape of RBC is flexible, especially it can highly deformed while flowing thorough
tiny capillaries with blood.

Glycophorin

Ankyrin
Band 4.1

S Adducin

Band 4.9

Lipid bilayer Spectrin dimer

Tropomyosin Actin

Figure 1.2: A cartoon showing major proteins on the membrane of RBC.

As mentioned in previous paragraph, the model of RBCs is quite complex due to
variety features on its cell membrane. In order to grasp the fundamentals of blood
flow and link them to the properties of RBCs, we consider a model system of vesicles.
Vesicles are fluidic drops which is similar to the one surrounding living cells without
cytoskeleton network structures (compare to RBCs). The most feature of vesicle is
that it can be viewed as an approximation model of RBC. The membrane of vesicles
has similar properties to the membrane of RBCs, resisting strongly surface dilatation



and exhibits a resistance against bending. Despite the simplicity structure of vesicle,
many features observed by RBCs were also observed by vesicles. The mechanical
details of vesicles will be introduced later in Chapter 2.

1.2 Existing works

For the past years, the vesicle problems have been extensively explored by the classic
[24] and small deformation theories [40, 32, 12], flow experiments [26, 10], and com-
puter simulations [25, 3, 45, 66, 67, 28, 4, 60, 68, 72]; just to name a few recent ones.
Readers who are interested in more details on those relevant works can refer to the
recent article [72].

The study of vesicle dynamics is a fluid-structure interaction problem. The nu-
merical simulation of the problem consists of not only solving a two-phase flow but
also requiring to enforce an inextensibility constraint along the surface which makes
the problem challenging. Among the numerical methods for simulating vesicle prob-
lems in literature, one can characterize those methods by how the membrane surface
(or interface) is represented and what the fluid solver is used. Based on this charac-
terization, several methods have been developed such as boundary integral method
(25, 66, 67, 4, 68, 72], level set method [41, 60, 36, 43,11],phase field method [9, 3, 43],
particle collision method [45], immersed interface method [35, 65], and immersed
boundary method [28, 37| et. -al.

1.3 Immersed boundary method

The immersed boundary (IB) method proposed by Peskin [48] has been successfully
applied to many fluid-structure interaction problems, see the review [50]. The IB
formulation employs an Eulerian description for the fluid velocity and the pressure,
and Lagrangian description for the configuration of the immersed elastic structure
(immersed boundary or interface). The immersedsstructure exerts some force into
the fluid that drives the fluid flow~and at the same time the fluid flow carries the
immersed structure to a new configuration. This interaction between the fluid and
the immersed structure is linked through a force spreading and velocity interpolating
operator by the usage of smoothed version of Dirac delta function [50]. This method
is easy to implement and efficient simply because the immersed structure (no matter
how complex) is regarded as a force generator to the fluid so the fluid variables can
be solved in a fixed Eulerian domain without generating any structure-fitting grid.
Therefore, many fast efficient fluid solvers can be applied through the framework of
IB method. We will introduce the numerical part of IB method in detail in Chapter 3.



1.4 Contribution of the present work

In this dissertation, we focus on developing numerical method to mimic vesicle rhe-
ology dynamics through IB method. For two-dimensional space, we propose a frac-
tional step IB method and unconditionally energy stable method, then we extend to
three-dimensional axial symmetric coordinate by using a nearly inextensible approach.
These works are based on our previous work [37, 22, 23]. The brief descriptions of
numerical method are illustrated as below.

e Fractional step immersed boundary method. The governing equation is
an incompressible Stokes equation with a suspension of inextensible interface
(that is, the bending rigidity is neglected). We found that the spreading opera-
tor of force generator has skew-adjoint property to surface divergence operator
both in theoretical continuous and numerical discrete version. By taking advan-
tage of this crucial property, the time-stepping numerical discretization involves
solving a symmetric positive semi-definite matrix, and this linear system can be
done efficiently by employing a preconditioned conjugate gradient method. We
successfully reproduce vesicle-like dynamicssuch as tank-treading motion under
shear flow. As a benchmark; we also measure the inclination angle and tank-
treading frequency when reaching steady state. The numerical result shows a
highly agreement with those in many other literatures.

e Unconditionally energy stable immersed boundary method. The fluid
equation is governed by a Navier-Stokes equation with suspension of vesicle.
Rather than"enforcing purely inextensible constrain, we adopt a nearly inexten-
sible approach to simulate vesicle dynamics. The fluid equations are discretized
by projection-method so the pressure is decoupled. Again by using skew-adjoint
property, it leads to solve-a symietric-positive sparse linear system respect to
intermediate fluid variable, this can be-done efficiently by aggregation-based
multigrid. Meanwhile, we prove that the developed scheme shows an uncondi-
tional stability in®energy sense, which means the total energy of fluid system
decreases during time integration. This'is a significant step to release restric-
tion of numerical time step due to applying the penalized method. Again we
successfully simulated vesicle dynamics, such as a free relaxation to equilibrium
state, tank-treading motion under shear flow, the numerical cost is substantial
saved by this scheme.

e Simulating three-dimensional axisymmetric vesicles. We extend previ-
ous work to three-dimensional space to link the real world. An axisymmetric
vesicle is suspended in incompressible Navier-Stokes flow in three-dimensional
capillary. Again the nearly inextensible approximation in axisymmetric version
is applied. We have shown that the modified interfacial force due to nearly inex-
tensible approaching has exactly the same form to the original one. Besides, we



adopt a high accuracy spectral method to evaluate interfacial quantities such
as mean curvature, Gaussian curvature and surface Laplace of mean curvature.
The fluid variables are solved numerically by traditional projection method in
which fast Poisson solver can be applied to obtain fluid velocity filed and pres-
sure increment. We investigated behaviors of axisymmetric vesicle in situation
of freely suspended, under influence of gravity field and passing through capil-
lary in Poiseuille flow. The numerical result shows a good agreement with what
observed in experiment, and this is an evidence showing the reliability of our
proposed scheme.



Chapter 2

Mathematical model of vesicle
hydrodynamics

The first model used for vesicles can be tracked back to Helfrich (1973) [18], who inves-
tigated the rheology dynamics of vesiele through a elasticity theory. In this chapter,
we introduce more details about vesicle, such.as vesicle mechanism, the vesicle sur-
face energy and the the boundary forces on vesicle' membrane. The mathematical
formulation of hydrodynamical system for suspended vesicle is given.

2.1 Vesicle-mechanics

A vesicle can be visualized as a liquid dreplet within another liquid enclosed by a
lipid membrane with the size about 100 nm to 10 gm. Such lipid membrane consists
of tightly packed lipid molecules with hydrophilic heads facingthe exterior and inte-
rior fluids and with hydrophobic tails hiding in-the middle and thus forms a bilayer
phospholipid with thickness about 6 nm (see Figure 2.1).

Vesicle is widely used for mimicking model of biolegical cells and also gives many
features observed by living cells. The shape of vesicle is deformable, in equilibrium
state, the vesicle usual appears.in shape-of biconcave disk because of minimized
surface energy (see Figure 2.2). Topological changes (fusion, division, etc.) of vesicle
are possible but rarely happened in real world. In principle, the vesicle membrane
mainly undergoes two basic deformation factors, which are inextensibility and bending
effect.

At usual room temperature, since the phospholipidic molecules do not bind with
each other, the membrane is thus regard as a liquid phase. In this scenario, phos-
pholipids stay very close and tend to approximate a constant density, it would lead
to local conservation of vesicle surface. Therefore, the membrane is considered as an
inextensible surface. Moreover, because the permeability of vesicle membrane is very
small and fluid inside vesicle is Newtonian incompressible fluid, this contributes to



_.-Hydrophilic head

Aqueous
solution

“Hydrophobic tail

Figure 2.1: A cartoon showing a vesicle and its molecular structure on membrane.
Picture is taken from the web site of Wikipedia.

Figure 2.2: Biconcave equilibrium state of wvesicles.

total volume of vesicle'is conserved as well. The phospholipid membrane is known to
exhibit a resistance against bending, we have to take bending effect into account in
our mathematical formulation.

In consequence, we list three features of vesicle as below.

e The total surface area of vesicle is conserved because of the inextensibility. This
is the intrinsic feature of vesicle which is regarded as a simplified model of red
blood cell. The mathematical formulation of inextensibility will be explained
later in Section 2.3.

e The total volume of vesicle remains a constant since it contains incompressible
Newtonian fluid. The mathematical statement is shown in Section 2.4.

e The bending effect should be considered in modeling vesicle dynamics. The
explicit form of bending force is given in Section 2.2.

7



When it comes to vesicle dynamics, we must mention a dimensionless characteristic
variable, the reduced volume, which measures the deflation of the vesicle, plays a
significant role in the vesicle dynamics. It is defined as

3D Vo
%W(So/47r)3/2 ’

where V4 and Sj represent the volume and the surface area of vesicle, respectively.
This dimensionless number is nothing but the volume ratio of the vesicle to a sphere
with the same surface area, and thus is equal to 1 for a sphere. In two dimensions a
parameter equivalent to reduced volume is defined by reduced area, which is defined
by

2D Ao

7(Lo/2m)?’
where Ay and Lj denote for the area and the arc-length of vesicle respectively. Again
this definition follows the ratio of the vesicle to a circle with the same arc-length. In
the rest of dissertation, we would use the notation v to denote reduced volume (3D)
or reduced area (2D) for convenience:

2.2 Interfacial forces on vesicle

A vesicle membrane is known-to-be inextensible and exhibits a resistance against
bending. Thus, themembrane energy can be modeled by two parts; namely, the elastic
tension energy F, to enforce the inextensibility constraint [71], and the Helfrich type
energy FEj [18] to resist the bending of the membrane. A way to derive the interfacial
forces on vesicle is from the energy point of view, a variationalmethod. Assume E[X]
is an energy functional corresponding to vesicle‘configuration X (or interface), we can
obtain the interfacial force F by taking variational derivative as

IE[X]
0X
where X is a perturbation on interface.  In next subsection, the mathematical defi-

nition of two energies F, and Ej are given in both two and three-dimensional space,
and the corresponding interfacial force are obtained.

F=-

2.2.1 In two dimensions

Let us define the vesicle by I'(¢), and its configuration is presented by X = X(s,t) =
(X(s,t),Y(s,t)),0<s < Ly, where s is a Lagrangian parameter along interface. The
unit tangent vector (along the interface counterclockwise) and normal vector (pointed



outward of interface) are denoted by 7 and n respectively, and these two vectors can
be obtained by

X
T = (7'1,’7'2> = and n— (nl,ng) = (7'2, —Tl).

= _|Xs

The total vesicle energy E(t) which consists of elastic and bending energy is defined
by

E(t) = E,(t) + Ey(t) = /Fo ds + %/FRQ ds,

where o is the surface tension, x is the curvature and ¢, is the strength of bend-
ing rigidity. Let us get start the process of variational derivative. Denote X(s) =
(X(s),Y(s)) as a perturbation of the interface X (omit time variable t) and ¢ as a
small number. Then the perturbed elastic energy becomes

~ Ly ~
E, (X + eX) :/ 0| X + X, ds.
0

Taking the derivative of abeve energy with respect to e, we obtain
(X, + X)X, + (Yot eY5)Y,
VIR X2 (O RV

dE, ~ L
Z(X X) =
ds( + eX) /0 o

ds.

Then we evaluate the above equation at € = 0 to obtain

dE, > D G Lo <
(X +eX) :/ J—S'Xst:/ o+ X, ds
de ALY 0 |XS| 0}
| Ly -9 -
=o7-X| — a—(a‘r) - X ds (integration by part)
0 s
0
Lb 8 N
by ’ %(JT) - Xods.
This leads to the corresponding elastic tension force
0
F, = a(ar). (2.1)

Especially notice that, if tension ¢ is a constant (for the case of clean droplet), then
the elastic tension force would act only along normal direction of interface. On the
other hand, for obtaining the bending force we perturb the bending energy by

2

92X + X
i ds.

~ Cp Ly
E, (X X)=—
b(X +eX) /0 052

2




Taking derivative with respect to € obtains

dE, X 4 %) /Lb X 4+ X 9°X Lov+ eY 92Y
de » ’ 0 0s?  0s? 0s?  0s?
Lo 92X 9°X
— il |
% 0 852 882 iy
Ly, PAX  ~
= —/ Sy - X ds (integration by part twise)
0

Therefore we obtain the explicit form of bending force as

o*X
Fb = —Cp 884 . (22)
Notice that there is another remarkable version of bending force as
Pr K

One can see the derivation in detail in [27]. Throughout this dissertation, we select
the two-dimensional bending force Fy, in Eq. (2.2).

2.2.2 In three dimensions

In three-dimensional case, the vesicle surface is presented by parametric form as
X<Oéaﬁat) = (X(oz,ﬁ,t),Y(oz,ﬁ,t),Z(a,ﬁ,t)), 0 S « S La and 0 S ﬁ S L,@a where o
and ( are two Lagrangian parameters: The total energy of vesicle is defined by

B(t) = B, (1) L ENt) /0 as+% / H? 45,

r T
where H is the surfaceé mean curvature and d.S is the local surface element. By taking
variational derivative to the surface energy, one can derive the vesicle boundary force

consisting of the elastic force F, and the bending force F, as
F,=V,—2Hon and Fy,=¢, (AH+2H(H? - K))n, (2.4)

where K is the Gaussian curvature respectively, V is the surface gradient operator,
and A, is the surface Laplacian operator. The detailed derivation can be found in
[69]. The computation of these geometrical quantities and operators can be obtained
by geometrical fundamental form, ant they are given in detail in Appendix A.

Remark: Notice that there are terms of derivative of function along interface hap-
pened in the interfacial force term, especially fourth derivative of interfacial position
is involved when evaluating bending force. These terms shall be treated very carefully
in numerical simulation due to there might be a contributed interfacial stiffness.
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2.3 Inextensible formulation

As mentioned previously, the vesicle exhibits inextensible property, which means the
local surface element conserves as a quantity, and obviously this leads to conservation
of global surface area of vesicle. The mathematical description of inextensibility in
two and three-dimensional spaces are shown in the following.

2.3.1 In two dimensions

In two-dimensional space, the vesicle is represented by closed curve and its local arc-

length is conserved. It is straightforward to write changing rate of local arc-length
by

0 0 XX +YsYy 0U
(X ) == (/X2 yy2)=slst T os7st 72 LU XL (2.
571Xl = 57 (VAT EZ) = = T = (V, U)X, (25)

where U = 2% denotes for velocity defined on the vesicle (interface). From Eq. (2.5),
since local arc-length does not change with time varying, i.e. %(|Xs]) = 0, we can
deduce that surface divergenee of velocity must be zero, that is

vV, U=0. (2.6)

2.3.2 In three dimensions

In three-dimensional case; we start by using the fact
|Xa X X5|n = Xa X Xﬁ.

Then taking time derivative to the above equation obtains

0 on 0

By taking inner product of m on the both side of above equation, we have

0 d
- (1Xa x Xl) = = (X XX

=n- (U, x X3) +n- (X, x Up)
:Ua-(ngn)—l—Uﬁ-(nxXa)
U., U,
:W(Xﬁ X (Xa XXﬁ))JrW((Xa x Xpg) X Xp)
U. U,
= —(GX, — FX — (EFXg — FX,
W( ﬁ)+W( 8 )

GuU, - FU, EU, - FU,
e B G Nt it 3
W T w

= (Vs U) ’Xa X Xﬂ’ .

X
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Notice that we use the notation of first fundamental form (refer to Appendix A). One
can see that, from the above equation, inextensible property again leads zero surface
divergence of velocity field as

v, -U=0. (2.7)

In summary, inextensible property is equivalent zero surface divergence of velocity
field as in Egs. (2.6) and (2.7), and this is regarded as an additional constraint. In
fact, tension plays a role as Lagrangian’s multiplier to enforce inextensibility, we will
explain it in detail in later section.

2.4 Hydrodynamical equations

In previous section, the membrane driven force of vesicle is obtained by minimizing
total vesicle energy. The next step is to couple the motion of equation for fluid to
the membrane force. The framework of fluid vesicle mechanism system will be clearly
stated in this section.

2.4.1 Incompressible Navier-Stokes equations

Firstly, we begin by.explaining-mathematical formulation of fluid incompressibility.
Consider a specific‘system of fluid with control volume V/«(shape can change with
time), but the total mass does not change. Denote density by p and velocity field by
u, under Lagrangian framework, by tracking total mass of this control volume, the
mass conservationslaw is stated as

i ),
— p dV =10, 2.8

where % = % +u- V' denotes for material derivative. By Reynolds transport theorem,

the above equation can/be written by
0
P4V (pu) dV =0 (2.9)
v Ot
Since control volume is arbitrary chosen, the integrand in Eq. (2.9) is always zero,
ie.,

dp B
5tV (pu) =0. (2.10)

Eq. (2.10) is called continuity equation and can be alternatively written in the form
of
Dp

— -u=0. 2.11
Dt+v u=20 (2.11)

12



For incompressible fluid, shape of control volume can change but mass and volume
remain, that is, the density of fluid element remains constant. Under this assumption,
Dp _

we can deduce 77 = 0, thus mass conservation law of Eq. (2.11) is reduced by

V-u=0. (2.12)

The Navier-Stokes equation is govern by conservation law of momentum. In clas-
sical mechanics, momentum is the product of the mass and velocity of an object.
The conservation of momentum describes the total amount of momentum within a
control volume keeps as a constant. That is to say, momentum is neither created
nor destroyed, but it can be changed by external forces. Actually, the conservation
of momentum is an application of Newton’s second law of motion, which states the
rate change of momentum of a fluid mass is equal to net external forces acting one
the mass. Such external forces are consisted of two classes. One is the body force
(body force per unit mass), gravitational force or electromagnetic force for instance;
the other one is surface force (surface force per unit area), such as pressure forces or
viscous stress.

With basic physical property of fluid mechanics, now we begin to introduce math-
ematical formulation of Navier-Stokes equation. We assume the fluid is Newtonian,
based on constitutive law, the expression for stresstensor is

aui an )

_|_

R (2.13)

oij = —pdi; +i (
where 0;; presents Kronecker delta function (9,; = 1if 7 = j; §;; = 0if ¢ # j), p
is the pressure and p is the viscosity. Throughout this dissertation, the density and
viscosity are both assumed to be uniform constant. Coupling the fluid incompress-
ibility constrain Eq. (2.12), the mathematical equations of motion consist of a viscous
incompressible fluid-in a domain {2 can be written as follows:

ot
V-u=0 in 2.

0
p(—u+(u-V)u>:V-aij:—Vp+uAu in £,

Notice that there is no equation describing evolution of pressure p. In fact, pressure p
plays a role as Lagrange’s multiplier to enforce the fluid incompressibility constraint.
On the other hand, for well-poseness of Navier-Stokes equation, the velocity field is
equipped with boundary condition, and we name several types of boundary condition
as follows.

e No-slip boundary condition: There is no fluid which penetrates the boundary,
the fluid is at rest status on boundary, that is

11|3Q = 0.

13



e Inflow boundary condition: The velocity field is given specifically on the bound-
ary, that is

u|39 = Up.

e Outflow boundary condition: Neither velocity component changes in normal
direction to the boundary, that is

ou
%—0.

2.4.2 Coupling the fluid equations to vesicle forces

In this section, the governing equation of fluid motion and force acting on vesicle
membrane are combined by Immersed boundary formulation. In immersed boundary
framework, the fluid variables (velocity field, pressure, etc.) are defined in Eulerian
coordinate and interfacial variabless(membrane. position, membrane force, etc.) are
defined in Lagrangian coordinate. “These two types of variable are linked by inter-
action equations in which the Dirac delta function plays a prominent role. Now we
come to state the whole fluid system of vesicle dynamics through immersed boundary
method in two-dimensional space.-The mathematical equations of motion consist of
a viscous incompressible fluid in-a domain ) containing an immersed, inextensible,
massless vesicle boundary (or-interface) I'(¢) which can be written in an immersed
boundary formulation as

p (88_;1 + (u- V)u) = —Vp +pAu + / F(s,t)0(x —X(s5t)) ds in Q, (2.14)

r
V-u=0 inQ (2.15)
Vs-U=0 only (2.16)
0X
W(s,t) =U(s, t) = / u(x, t)o(x—X(s,t)) dx onT. (2.17)
Q
The interfacial force F consists of tension and bending force as
0 o*X
F:FO—‘FFb:%(O’T)—Cb%. (218)

Eqgs. (2.14)-(2.15) are the incompressible Navier-Stokes equations with a singular
force term F arising from the vesicle membrane force. Eq. (2.16) represents the
inextensibility constraint of the vesicle surface which is equivalent to the zero surface
divergence of the velocity along the interface. Eq. (2.17) simply explains that the
interface moves along with the local fluid velocity (the interfacial velocity). Here, the

14



interfacial velocity U is the interpolation of the fluid velocity at the interface defined
as in traditional IB formulation. The interaction between the fluid and the interface
is linked by the two-dimensional Dirac delta function 6(x) = d(z)d(y). One can easily
extend to fully three-dimensional Navier-Stokes equation by taking three-dimensional
vesicle membrane force mentioned previously.

It is worthy to mention that, in fact, the tension o acts like a Lagrange’s multiplier
function to enforce the local inextensibility constraint along the surface which is
exactly the same role played by the pressure to enforce the fluid incompressibility
in Navier-Stokes equations. Therefore, the development of an efficient and accurate
algorithm for vesicle dynamics remains quite challenging; not to mention the vesicle
surface moves along with the surrounding fluid as well.

15



Chapter 3

Immersed boundary method

The immersed boundary (IB) method was firstly proposed by Peskin [48] to simulate
blood heart value problems. The IB method has found a wide variety of applications
in biological mechanics and has been successfully applied to study fluid-structure
interaction problems. The main idea of IB method is to treat Lagrangian material
as a part of fluid in which arises additional interfacial forces. The fluid variables
are solved in regular Cartesian domain (uniform rectangular lattice) without any
modification of fluid equation; the interface is tracked by a set of discrete Lagrangian
markers which can freely move-in-Eulerian domain and the shape of interface can has
complex geometry. ‘The interfacial forces can be computed through spatial position
of Lagrangian markers and only has effect. in its vicinity fluid, i.e. these forces are
spread into its surrounding fluid lattices. With presence of these forces, the new fluid
velocity can be obtained. The interface position is then advanced by this new fluid
velocity through an interpolation.

3.1 Connection between fluids and interfaces

In this section, we introduce the linkage between fluid equation and Lagrangian in-
terface. By taking advantage of Dirac.delta function, a value of function can be
obtained through product with a shifted delta source function, and then integrate
over the whole space (thus the shifted delta function is regarded as a kernel of in-
tegral). We clarify this definition by writing the spreading forces on Cartesian grid
by

£(x, 1) — /F(s,t) 5(x — X(s,4)) ds, (3.1)
r
and the interpolation of fluid velocity field by

u(X(s,t),t) = U(s, t) = /Qu(x, t) 6(x — X(s,t)) dx. (3.2)
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Notice that Egs. (3.1) and (3.2) represent for a line integral along the interface and an
area integral over whole fluid domain respectively (in three-dimensional case, they are
surface and volume integral). It is interesting to see that the total amount of singular
force in Eq. (3.1), which is an integral of f(x,¢) over whole domain, is equal to the
total force on the immersed interface. This means although the interfacial forces
(force per length) are converted to body force (force per area), the total amount of
applied body force still preserves to act on the fluids. The important feature of IB
method is Eq. (3.1) converts Lagrangian to Eulerian coordinate while Eq. (3.2) does
in opposite direction.

3.2 Discrete delta function

As mentioned in previous section, the major novelty of IB method is introducing a
delta function, which plays an important role converting coordinate between Eulerian
and Lagrangian manner. Since delta function is in a view point of distribution under
generalized function theorem, in the aspect of numerics, the discrete version of delta
function shall be acquired.

The discrete version of delta funetion d,(x)should be smooth enough to guarantee
the smoothness of distribution of Eqgs. (3.1) and (3:2), and has compact support in
a narrow region to ensure the numerical efficiency when computing spreading and
interpolation. A twe-dimensional-delta function is required to be the form of

a1~ o) o)

where x = (x,y), ¢(r) is a real function, and 0, — d/as h — 0. We say ¢(r) has
moment condition_of order ¢ if

1., =0
AT _\ 5
ICENEC VIR P Re 33
(2

for all values of . When 7 =0, ensures total mass of the discrete delta function is
identically one. The moment condition.(3.3) represents for the numerical accuracy of
interpolation. For instance of one-dimensional case, suppose ¢ has moment condition
q, let f be a real smooth function and a be an arbitrary real number, we have

fla)=h Z f(@i)on(zi — a) = O(h7),

where z; = th. The above equation can be done directly by using Taylor expansion
on f(x;) at the point = o. Now we list several regular discrete functions which are
popular and widely used in lot of literatures. They are the 2-point hat function ¢,
[29], the 4-point cosine function ¢, [48], the 3-point discrete function ¢z [54], and the
4-point piecewise function ¢4 [50] as follows (with moment condition of order 2,1,2
and 2 respectively).
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e A 2-point hat function ¢;:

L—|rl, |r[ <1,

i) :{ 0, 1< |rl.

e A 4-point cosine function ¢s:

1 r
ba(r) = { 3,(1 Feosti) ek

e A 3-point function ¢s:

(1++vV=3r2+1), Ir| < 0.5,
(53— V=30 =7 +1), 05< <1,
L5 <|r|.

P3(r) =

O ol Wi

e A 4-point function ¢4:

3~ olr| + /I A= 4r2> Nl <1,
5 - 2= /=T 12— 4r2> LT <2,
2< r|.

Ga(r) =

O ol ool

However, it has been found that with these regular discrete funetions, a non-physical
oscillations might happened in numerical simulation which is mainly due to the deriva-
tive of regular functions do not satisfy certain moment condition. In [70], the authors
developed an simple smoothing technique for discrete delta function ¢*(r) by extend-
ing a half mesh wider support as

= [ oty art 34

-0.5

In terms of the definition (3.4), the smoothed functions ¢7, ¢35, @5 and ¢} correspond-
ing to ¢1, @9, ¢3 and ¢4 can be formulated as follows.

e A smoothed 2-point hat function ¢7:

32, 7] < 0.5,
* r?
¢1(r) =< =3[+, 05< || <15,
0 1.5 < |r|.

)
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e A smoothed 4-point cosine function ¢3:

= [7 4 2sin (F(2r + 1)) — 2sin (5(2r — 1))], |r| < 1.5,
¢5(r) = —a= [-5m + 2x|r| + 4sin (Z(27] — 1))] 1.5 < |r| < 1.5,
0, 2.5 <|r|.

e A smoothed 3-point function ¢3:

;

N INA T ER DI
—Yysin”! (%g(QITI -1, Ir| <1,
sr)=9q 8 yam L o2y A8 /1907 1 36| — 23
+3¥g sin” (%g(%"l —3)), 1<|r| <2,
. 0, 2 <|r|.

e A smoothed 4-point function ¢j:

(

s T2
%+3_2_Z’ |T’|<0.5,
Ly B/ 82— Lsin T (V2(fr| — 1)), 0.5<|r| <15,
a(r) =9 Lozl sy T2 2T 6] < de?
+Lsin~! (V2(jrf= 2)), 1.5 < |r| < 2.5,
0, 2.5 <|r|.

A comparativerplot between regular function ¢ and corresponding smoothed func-
tion ¢* are depicted in Figure. 3.1. To summarize, we list the advantages of smoothed
function below.

e Through Eq. (3.4), the:smoothed function has a half mesh wider support and
gains one higher derivative than regular-one

e The moment conditions of smoothed funetion are preserved from original regular
function except ¢35 gains moment condition of order 2.

e The derivative of smoothed functions ¢'(r) have one order higher moment con-
dition than ¢(r).

One can refer the details of proof for last two points in [70]. In our numerical exper-
iments, the smoothed delta function indeed benefits not only improving the stability
of whole numerical scheme, but also removing nonphysical interfacial oscillation. We
take ¢} as a standard to construct discrete delta function throughout all numerical
simulations in this dissertation.

19



1 ——0 1 ——0,
—e —,

i | /\___

09 0 b

-3 -2 -1 0 1 2 3 -3 -2 -1 0 1 2 3
1 ——q, 1 ——0,
— (p3 — (p4

0.5 f \ 1 0.5 -._/\___

09 Y 09 3

-3 -2 -1 0 1 2 3 -3 -2 -1 0 1 2 3

Figure 3.1: The figure of discrete function ¢; (i = 1,2,3,4) and correspond smoothed
functions ¢! (i = 1,2,3,4).

3.3 Numerical setup

In this section, we introduce a numerical setup.for.spatial discretization based on
standard finite difference method-in- detail. Firstly, a famous and traditional stag-
gered grid is applied for discretization of fluid equations. Under layout of staggered
grid, fluid equations can be solved accurately by some existing fluid solver, such as
projection method. Secondly, the usage of boundary conditions and approximation
of values at ghost point will be carried out: Lastly, the numerical setting of interfacial
values are presented.

3.3.1 Staggered grid

The staggered marker-and-cell (MAC) grid was proposed by Harlow and Welsh [17] to
simulate viscous impressible flow. with free surface.”The rectangular computational
domain Q is set by Q = [a,b] X [e;d], speaking in detail, the pressure is defined
on the grid points labeled as z '="(z,y;) = (a + (i — 1/2)Az,c+ (j — 1/2)Ay),
1 =1,2,--- ,m and 57 = 1,2,--- ,n, while the velocity components v and v are
defined at (x;,y;-1/2) = (a+ (1 = 1)Az,c+ (j — 1/2)Ay) and (z;-1/2,y;) = (a + (i —
1/2)Ax,c + (j — 1)Ay), respectively. Here, we assume that a uniform mesh width
h = Ax = Ay is used, although that is not necessary. One can see the sketch of
staggered grid from Figure 3.2.

Let us demonstrate a standard second-order finite difference method based on stag-
gered grid for fluid equation. In two-dimensional space, the incompressible Navier-
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Figure 3.2: The layout of staggered grid in two-dimensional rectangular domain. The
red dots indicate location of pressure p, while the green and blue triangles represent
for velocity component u and v respectively.

Stokes equation is expressed explicitly by

ou ou . Ou op u  O%u
oG+ Bt t ) N (39
v ov L duy - 0p 0*v 9%
p(_8t+u£+vﬁ_y)__8_y+“<?+8_g/2 + 9, (3.6)
ou  Ov
ot ay =" &7

where f and ¢ represent external forces. Let startwith diseretization of fluid incom-
pressibility in Eq. (3.7), a second-order accurate finitedifference based on Figure. 3.2
gives

Ui41/2,5 — Wi—1/2,5 i Vig+1/2 = Vij=1/2

h h
In Egs. (3.5) and (3.6), the standard second-order finite difference expressions for the

= 0. (3.8)
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(45)
Ox i+1/2,j

derivatives with respect to space for (i, j)-cell are computed by

Ui4-3/2,5 — Wi—1/2,5

2h ’

= Ui41/2,5

Vimigt1/2— 20 541/2 + Vigd i 11 /2

h? ’

(v%) = vz-+1/2juiJrl/Z’jJr1 — qu/zJ_l,
dy i+1/2,j 7 2h
(@) _ Pit1,j — Pij
9T/ 1179 h 7
(@) C Uim1j25 — U125 + Uits)
22 ) 10, h? 7
(@) _ Uir1j2,5-1 — 2125 + Uit1/2,5+1
y? i+1/2,j h? ,
ov Vit1/2,j+1 — Uit1/2,5—1
(u%) . = Ujj+1/2 oh ’
4,j+1/2
<v@> = Vi1 /2 e
Y/ ij+1/2 2h
(@) 2 Dij1 mPis
)/ i1y h :
)

i,j4+1/2

(5)
dy? i,j+1/2

Notice that the terms; 1 /2 and vy /2,5 donot show up in staggered grid formation,
and these two terms ecan be evaluated by a second-order linear interpolation as

Vij—1/2 — 25112 Wi i43/2
h? :

1

Wi141/2 = 1 (Uifl/Z,j + Uitiy2,4 FU=173 41+ Ui+1/2,j+1) )
1

Vit1/2,5 = 1 (Ui,j—1/2 + Vit1,j-1/2 T Vigr1/2 + Ui+1,j+1/2) .

In further chapters, we will use the notations V, V- and A, to denote for numerical
gradient, divergence and Laplace mentioned above.

3.3.2 Ghost values from boundary conditions

In this section, we demonstrate the evaluation of approximation for ghost values due
to they are used in fluid solver. In staggered grid formation, the pressure is define on
a cell center, while velocity component u and v are on cell face.
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In our numerical simulation, we always assume that u is given on x = a and
x = b, and v is also known on y = ¢ and y = d. That is, Dirichlet boundary
conditions (either no-slip or inflow) are assigned to u(a,y), u(b,y), v(z,c) and v(z,d).
For the rest boundary conditions ,u(z,c), u(x,d), v(a,y) and v(b,y), can be set as
either Dirichlet or Neumann boundary type. Under this assumption, the boundary
values of uy/5; and u,,41/2; can be obtained exactly corresponding to its boundary
conditions w(a,y) and wu(b,y), as well as boundary values of v; 1,2 and v;,41/2 to
v(z,c) and v(x,d). Therefore, the ghost points are w;y1/2,0, Uit1/2,m+1, Vo 4172 and
Um+1,j+1/2- We separate two types of boundary condition to approximate those ghost
values bellow.

e Dirichlet boundary condition: The value of ghost point is evaluated by a
second-order extrapolation as follows.

Uit1/2,0 = 2u($i+1/27 c) — Uit1/2,15
Uit1/2,n4+1 = 2U($i+1/2, d) — Ui+1/2,n)
Vo,j+1/2 = 2v(a, yj+1/2) = U1 +1/2,

Um+1,j+1/2 = 20(05Y,41/2) = Vi)

e Neumann boundary condition: Suppose the value of g—“(x, c) is given, then
the ghost value ;1 /2,0 can-be obtained by a central difference with local trun-
cation error O(h*) by

Ui+1/2,1 — Uit+1/2,0 ou
= —\Z; ,C)e
h 8y( +1/2 )

Rearranging the above equation gives

ou

U =h=—(Bjs1/2,¢) — u; .
+1/2,0 8y( +1/2,C) +1/2,1

The other ghost values are computed in the similar way as

ou

Uigr1/2,n41 = ha—y($i+1/z7 d) + Uit1/2,n,
ov

Vog+1/2 = hg(a,Yja1s2) = Vi,
ov

Um4-1,j+1/2 = h%(b; yj+1/2) + U j+1/2-
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3.3.3 Lagrangian manners

For the immersed interface X, we use a collection of discrete points s, = kAs, k =
0,1,---, M, with the interface mesh width As so the Lagrangian markers of the
interface are represented by X, = X(s;). Other interfacial quantities, such as force
density F and velocity U are defined on position X so the notations Fy = F(s;)
and U, = U(sg) are used. One can see the illustration of IB framework of regular
uniform grid and set of discrete Lagrangian markers in Figure 3.3.

Figure 3.3: The basic¢ framework-of IB method, spreading discrete Lagrangian markers
in a computational.domain with-uniform mesh.

Especially payrattention that we often have to compute derivatives of interfacial
quantities. For instance, the vesicle membrane forces which consist of tension and
bending force involve evaluating derivatives of position Xj. Therefore calculation of
derivative along the interface plays an important role to the dynamics of the interface.
Here we provide twoways to compute derivativeof afunction along interface. Without
loss of generality, for any function defined on the interface ¢/(s), we approximate the
partial derivative %—f by

e Finite difference method: The value of g—’f can be approached by standard
second-order central difference scheme as

P(s+ As/2) — (s — As/2)
As

Dyip(s) =

e Spectral method: Since v is assumed to be periodic along interface, we can
adopt the spectral Fourier discretization to achieve higher-order of accuracy.
The interface is represented by the discrete Fourier series expansion as

M/2-1

U(s)= > e

k=—M/2
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where @ is the corresponding Fourier coefficients for ¢ (s). This Fourier coef-
ficients can be performed very efficiently by using the Fast Fourier Transform
(FFT). Then the Fourier coefficients of P-th derivative of 9 (s) can be obtained
by taking an inverse FFT to (ik)? 7,/1);
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Chapter 4

Fractional step immersed
boundary method

In this chapter, we develop a fractional step method based on IB formulation for
Stokes flow with an inextensible interface (vesicle without bending stiffness). Solving
the fluid variables such as the velocity and pressure, the present problem involves
finding extra unknown elastic tension such thatthe surface divergence of the velocity
is zero along the interface. Once the velocity is found; the interface is moving accord-
ing to the local fluid velocity.—Sinee the fluid is incompressible and the interface is
inextensible, both the area enclosed by thetinterface and the total length of the in-
terface should be conserved. Notice that, the dynamics of vesicles are determined by
their boundary rigidity, inextensibility, and the hydrodynamical forces. Our present
model for inextensible interface can be regarded as a simplified vesicle model without
bending effect.

The rest of the chapter are organized as follows. In the next section, we describe
our governing equations for the Stokes flow with -an inextensible interface based on
IB formulation. We also show the skew-adjoint property between the spreading oper-
ator acting on the tension and the surface divergence of the velocity. In Section 4.2,
the symmetry of the resultant matrix equation is‘provided first, and then a numerical
algorithm based on the fractional step.method is developed. Finally, the numerical re-
sults including the convergence tests and the tank-treading motion for an inextensible
interface under a simple shear flow are shown in detail in Section 4.4.

4.1 Governing equations

We begin by stating the mathematical formulation of the Stokes flow with an inex-
tensible interface. Consider there is a moving, immersed, inextensible interface I'(¢)
in the fixed fluid domain 2. We assume that the fluids inside and outside of the
interface are the same so the governing equations in IB formulation can be written
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as follows.

—Vp + pAu + / 82(07-)6(}{ — X(s,t)) ds =0 in £, (4.1)
r Os
V-u=0 in Q, (4.2)
V,-U=0 onT, where Us,t) = / a(x, 1)5(x — X(s,4)) dx, (4.3)
0
66—}5(8, t) =U(s,t) onT. (4.4)

Egs. (4.1) and (4.2) are the familiar incompressible Stokes equations with a singular
force term arising from the interface. Eq. (4.3) represents the inextensibility constraint
of the interface which is equivalent to the zero surface divergence of the velocity along
the interface. Here, the interfacial velocity U is simply the interpolation of the fluid
velocity at the interface which is defined as in traditional IB formulation. Eq. (4.4)
simply represents that the interface moves along with the local fluid velocity (the
interfacial velocity). The interaction!between the fluid and the interface is linked
by the two-dimensional Dirae delta function §(x) =d(z)d(y). Unlike the traditional
IB formulation in whichthe elastic tension o(s,) is €ither known or a function of
immersed boundary cenfigurations, here; the tension is a part of solution needed to
be determined. In this model;"we consider the Stokes flow; however, the numeri-
cal method can be_extended to-Navier-Stokes flow straightforwardly by treating the
nonlinear advection terms explieitly during the time evolutions:

The difficultiesiin solving the above interfacial problem are asfollows. Firstly, since
the fluid is incompressible and the interface is inextensible, both the area enclosed
by the interface and total length of the interface should be conserved simultaneously.
Furthermore, the local inextensibility constraint (4.3) is morestringent than the con-
servation of the total interfacial length sinice the latter one'is a global constraint.
Secondly, the elastic tension must be treated as an unknown function which is needed
to be solved with the fluid variables simultaneously: dn previous literature, most of
related work is based on boundary-integral methods, see for example, [71, 66, 59] and
the references therein. However, boundary integral methods generally assume infi-
nite domains, and cannot be generalized to full Navier-Stokes equations since there
is no corresponding Green function. Until recently, Kim and Lai [28] have applied a
penalty IB method to simulate the dynamics of inextensible vesicles. By introduc-
ing two different kind of Lagrangian markers, the authors are able to decouple the
fluid and vesicle dynamics so that the computation can be performed more efficiently.
One potential problem of this approach is that the time step depends on the penalty
number and must be chosen smaller as the penalty number becomes larger. In [35],
a new finite difference scheme based on immersed interface method (IIM) has been
developed for solving the present problem in Navier-Stokes flow. The authors treat
the unknown elastic tension as an augmented variable so that the augmented IIM can
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be applied. In this chapter, we discretize the equations (4.1)-(4.3) directly without
decoupling and use a fractional step method to solve the resultant linear system of
equations. The numerical algorithm will be given in next section.

Before to continue, we first prove that spreading operator acting on the function o
and the surface divergence operator of the velocity are skew-adjoint with each other.
To proceed, let us define the spreading operator S of ¢ and the surface divergence
operator V of U as follows.

S(o) = /Fa(aT)(S(X — X(s)) ds. (4.5)

voU= G = O f1x0 = ([ ueostx - X9 ax) o7 X1 (10)

We also define the inner product of functions on 2 and I' in the following.

wwm:LM@N@M&<ﬁm:Zf®WML (4.7)

where [ in Eq. (4.7) is the arc-length parameter. Then we have

(S(o),u)q = /Q (/r %(ar)é(x —X(9)) ds) -u(x) dx
_ /F %(07’)- ( /Q ()6 (es X(8) dx) ds

ou
= — / o (7’ —) ds  (intergartion by parts and the closed interface)

T

< V UF— US* (48)

By comparison, it leads that the spreading operator and the surface divergence oper-
ator are skew-adjoint.

The reason for showing the skew-adjointness of those two operators are two fold.
Firstly, since the surface divergence of velocity is zero in Eq. (4.8), from the above
derivation, we have (S(0),u)q = 0. That is, the present elastic tension does not do
work to the fluid which is not surprising since it is the Lagrange multiplier for the
inextensible constraint. However, if we add the bending force along the interface as
the one in vesicle problems [66, 28], then the bending force does do work to the fluid.
Secondly, the skew-adjointness is also satisfied in discrete sense (see in next section)
so that the resultant matrix equation is symmetric; therefore, some efficient iterative
solvers such as conjugate gradient (CG) method can be easily applied.
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4.2 Numerical algorithm

We now are ready to discretize Eq. (4.1)-(4.4) by the IB method. Let At be the time
step size, and the superscript of the variables denote the time step index. At the
beginning of each time step n, the interface configuration X}, and the unit tangent
Th_1/o A€ all given. The numerical algorithm can be written as follows.

M-1

=V 4 pAu"t Y O D, (0" ), Sn(x — XR)As =0, (4.9)
k=0
V- u"tt =0, (4.10)
. Un+1 o Unjl . .
Vsh 'UkH = % ) 7'14:—1/2/ |DsX |k71/2 =0, (4-11)
Ut =) u(x)"ou(x — X3) b2, (4.12)

X

Once we obtain the new velocity field u™**.on the fluid grid, we can interpolate the
new velocity to the marker points by Eq. (4.12), and move the Lagrangian markers
to new positions. Thatis,

Xt = X+ AUt (4.13)
Therefore, we have

Xt - X Xp-Xe, | UERE U

As As As

By multiplying the above equation by itself.and using the zero discrete surface diver-
gence (4.11), we obtain the following quality

2 2

2

Xt - XEh | XX, D paL B!
As As As ’
which leads to
| DX Ry = (DX 7y o + (A2 [DUM R . (4.14)

Thus, we conclude the point-wise error for the local stretching factor is first-order
accurate which is comparable to the accuracy of the IB method.
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4.3 Implementation details

4.3.1 Discrete skew-adjoint operators

In this subsection, we show that the spreading operator S acting on the elastic tension
and the surface divergence operator V; acting on the velocity are also skew-adjoint
in the discrete sense. That is, we shall prove the numerical identity for Eq. (4.8). To
proceed, we first define the corresponding discrete inner product on the fluid grid €2,
and the interfacial grid I';, in the following

M
(u, V>Q;L = ZU(X)‘V(X) h2> (¢, WF,L = Z Or—1/2 Vr—1/2 \sz\kqm As, (4.15)

x k=1

where the second summation is nothing but the mid-point rule for the second integral
of (4.7). We also define the discrete spreading operator S, acting on the discrete
elastic tension oy, as

M-1
Sh(on) = D, (o1),, 0p (% — Xpp)As. (4.16)
k=0
Then we have
M—1
(Su(on), wha, = 3 D Dilor), oplx= X@M) u(x) b2
X k=0
M1 M-1
=37 D, (07), - (Z (X))o (x — X} h2> As=>"D,(o7), - UpAs
k=0 X k=0
Ll T —0 T
_ k+1/2 Th1/2 k=1/2 Th—1/2 UjAs
As
k=0
M
U, —U,_
= - Z Th-1)2 (%) “Th_12 As (summation by parts)
k=1

= <Oha _Vsh . U>Fh = <0h7SZ<U)>Fh'

One should notice that this discrete skew-adjoint property is crucial to our IB formu-
lation for solving Eqgs. (4.9) to (4.11). Due to the fact that discrete surface divergence
of the velocity is zero in Eq. (4.11), we can re-scale this constraint to make the resul-
tant matrix obtained by Eq. (4.11) is the transpose of the resultant matrix obtained
by the discrete spreading operator of the tension. One can also verify this symmetric
property by expressing the terms explicitly. The detail is given in the Appendix B.
We now are ready to write down the linear system of equations for Eqgs. (4.9) to
(4.11), and develop a numerical algorithm to solve the system.
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4.3.2 Existence of the solution

By using the staggered grid for the discretization of fluid variables, it is well-known
that the matrix obtained by the discrete divergence operator of the fluid velocity
can be written as the transpose of the discrete gradient operator of the pressure. As
discussed in previous subsection, the resultant matrix obtained by the discrete surface
divergence of velocity can be written as the transpose of the matrix obtained by the
discrete spreading operator of the tension. Thus, the linear system for Eqgs. (4.9)-
(4.11) is symmetric and can be written as

L G S u bCl
G 0 0 p|=1bc |, (4.17)
ST 0 0 o bes

where the sub-matrix L, G and S are represented the discrete Laplacian uAy, discrete
gradient —V},, and the discrete spreading operator S,. The sub-matrix size of L, G
and S are (m—1)n+m(n—1)) x{(m=Dn+m(n—1)), (m—1)n+m(n—1)) x (mn)
and (m — 1)n+m(n — 1) x M, respectively. The right-hand side vector [bey, bey, bes]”
of Eq. (4.17) consists only of the velocity boundary.conditions since the pressure does
not need the boundary condition in staggered grid formulation.

Let us discuss the existence-of-the linear system of Eq:(4.17). From now on, we
denote the matrix in (4.17) by-A.~As is known, without the effect of the inextensible
interface, the linear system becomes pure Stokes flow as

u bCl

= . (4.18)
p bcy
Let us denote the matrix in Eq. (4.18) by A1t s also/ well- known that the nullity
of A equals to one since the pressure is unique up to'a constant, and the existence
of a solution can be verified by using the discreteincompressible constraint (4.10).

To be precisely, since the rank of deficieney of A'is only one, based on the algebraic
structure of the sub-matrix GG, the kernel of A is

L G
GT 0

ker(A) =span{[ 0---0  1---1]"}L (4.19)

(m—1)n+m(n—1) mn
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And for any vector z € ker(AT) = ker(A), we have

ZT[ZE;} - Z(bCQ)kZZ%_ %JFZUZO_ZM,TL

3

: h

k=1 j=1 Jj=1 i=1 i=1

= — (—ZU0]h+ Zum]h — Z’l}i7oh+ vah> h_2
j=1 i=1 i=1
_ ( Z U5 — uz 1,5 + Vij — Vi j— 1) ]’L2) h_
h
i=1 j=1

= 0, (by the discrete incompressibility (4.10)) (4.20)

which shows the compatibility condition for the existence of a solution.

If the effect of the inextensible interface is added, the matrix A is augmented by
S and ST to become A as in (4.17). Since the matrix S comes from the discrete
spreading operator of the tension, the entries of S depend on the number of moving
Lagrangian markers, their positions and. tangents. It is unlikely to show rigorously
that the nullity of A is exactly equal to-one; however, we have checked the above
statement to be true in our numerical experiments. So the apparent kernel will be

ker(A) =span{[®. 0---0  1:::10::0]"}, (4.21)
(m=1)n+m(n=1). mn M

and the existence,of a solution-for the linear system (4.17) follows the equality of
(4.20) immediately:

4.3.3 Fractional step method

In this subsection, we follow the idea of fractional-step method developed by Taira
and Colonius [64] tosolve the resultant linear system of equations (4.17). In [64], the
authors applied the IB.method to simulate the incompressible flow over solid bodies
with prescribed body surface motion. Unlike the previous approaches in [13, 57, 30],
they introduce the boundary force as-another Lagrange multiplier to enforce the no-
slip constraint for the velocity at the immersed boundary. From this point of view, the
present approach shares the similar spirit as in [64] by introducing the elastic tension
as a new Lagrange multiplier to enforce the surface divergence free constraint (4.11)
along the interface. Since the pressure can be regarded as a Lagrange multiplier
for the fluid divergence free constraint (4.10), one can group those two Lagrange
multipliers as a new column vector ¢ = [p, o] and combine the sub-matrices G and
S as Q =[G, 5], the linear system (4.17) now becomes

oo [a] =15 ] e
=| - |, where b= : (4.22)
Q" 0 ) b bes
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As in [64], we perform a block LU decomposition to the above equation to obtain

CEIEE e

Note that, the above decomposition is possible (L ™! exists) since the matrix L arising
from the discrete Laplacian operator is symmetric and negative definite. This matrix
decomposition is also referred to Uzawa method. One can further split the above
matrix equation into following steps by introducing an intermediate velocity vector
u* as

L 0
Q" -Q"L'Q

Lu* = bey, (4.24)
(—QTL'Q)¢ =b— Q" (4.25)
u=u"— L 'Q¢. (4.26)

Recall that the original matrix denoted by A in Eq. (4.17) is singular due to the
pressure value is unique up to-a constant, thus the singularity cannot be removed from
applying the block LU decomposition. In fact, the matrix (—Q7L~1Q) in Eq. (4.25)
is symmetric and singular with rank mn+ M — Lsince G is.singular. We now provide
an existence of solution for Eq:~(4:25) as follows.

For any vector ¢'€ ker((=QTL71Q)T) =ker(—Q* L~1Q); then the vector y satis-
fies y7 (—QTL1Q)y = (Qy)T(=L=1)(Qy) =0. This'implies that Qy = 0 since —L ™!
is a positive definite matrix; thus, y € ker(Q®). By writing L0 + Qy = 0, we can
immediately obtainrthe vector [0 y|* € ker(A) = ker(A”). Notice that, such y also
satisfies yT(g— QTu*) = 0 since yTg = 0 due to the discrete incompressible constraint
(4.10). Therefore, the right-handside vector of Eq. (4.25) belongs to the range of the
matrix (—Q7 L™'Q)dn which a solution exists. One can also immediately see from the
structure of sub-matrix G'that the solution in Eq. (4.25)is unique up to a constant.

Now we are ready to deseribe the detailed numerical implementation for solving
Eqgs. (4.24)-(4.26). It is ‘a_common practice to-avoid the direct computation of the
inverse of the matrix L since it is too expensive. In [64], a second-order approximation
for L=! based on Taylor expansion is implemented for solving similar equations as our
Eqgs. (4.25)-(4.26), and conjugate gradient method is applied to solve those equations
iteratively. However, this leads to another time step constraint related to the viscosity
and the eigenvalues of the discrete Laplacian. In this chapter, since we are working
on the Stokes flow rather than the Navier-Stokes, we are unable to approximate L1
using Taylor’s expansion. Although we do not approximate the L' directly, we still
can solve Eqs. (4.25)-(4.26) efficiently thanks to the fast Poisson solver developed in
public software package FISHPACK [1]. (The present matrix L is nothing but the
discrete Laplacian operator.) The detailed steps for solving Eqs. (4.24)-(4.26) are as
follows.
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Step 1. Solve Eq. (4.24) by two fast Poisson solvers to obtain intermediate velocity field

u*.

Step 2. Since the matrix (—Q7 L™1Q) is symmetric and positive semi-definite, the conju-
gate gradient method can be applied. In each iteration, a matrix-vector product
(—QTL7'Q) ¢ is needed; fortunately, this can be done by letting z = L™'Qq,
and solving Lz = Qy. Once it is done, we multiply z by —QT to obtain the
product needed. Again, the time-consuming cost in each iteration is one fast
Poisson solver.

Step 3. Find the velocity field u from Eq. (4.26). Since ¢ is solved via Step 2, by solving
Lw = ¢, we then obtain u = u* — w. Again, this involves applying one fast
Poisson solver.

Therefore, the overall cost in Step 1-3 for our present numerical algorithm can be
counted in terms of the number of fast Poisson solver applied. In next section, we
shall show the numbers of fast Poisson solver used in the Stokes flow for different grid
resolutions.

4.4 Numerical results

In this section, we perform a series-of numerical tests for the present scheme. We first
provide the convergence and efficiency tests for the Stokes flow without interfaces. We
then perform the convergence test for the Stokes flow with an inextensible interface.
Finally, we simulate single interface problems in a shear flow to mimic the vesicle
problems in [28] without the bending effect. As expected, onecan still see the tank-
treading motion along the interface.Throughout this section, the computational
domain is chosen as = [—1, 1] X {[=1,1].

4.4.1 Convergence and efficiency tests

In this subsection, we perform the convergence test and evaluate the efficiency for the
present Stokes solver without an‘interface. The numerical algorithm for solving this
problem is exactly same as Step 1-3 described in previous section but with a simpler
version; that is, ) = G and ¢ = p. The different efficient Stokes solver can be found
in [55, 2, 53] and the references therein.

Here, we use the following analytic solution so we can easily compute the errors
between the exact and the numerical solutions.

ue(z,y) =sinzcosy, v.(xr,y)=—cosxsiny and p.(z,y) = e’siny.

Note that, the above solution does not satisfy the pure Stokes equations so we need to
add some external force field (can be easily computed) into the equations. However,
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m=n 32 64 128 256 512
l|te — unl|oo 1.578e-4  4.481e-5 1.206e-5  3.153e-6  8.120e-7

rate - 1.82 1.89 1.94 1.96
e — vplle  1.578¢-4  4.481e-5  1.206e-5  3.153¢-6  8.120e-7
rate - 1.82 1.89 1.94 1.96
Ipe — pulle 9.615e-4  4.286e-4  2.052e-4  1.005e-4  4.970e-5
rate - 1.17 1.06 1.03 1.02

Table 4.1: Numerical accuracy of Stokes solver.

m=n 32 64 128 256 012

iterations 12 14 15 16 18
CPU time(sec) 0.02 0.05 0.20 0.93 4.97

Table 4.2: The cost of CPU time.and iterations.

it does not change the method or algorithm since the extra force term appears in
the right-hand side of equations.— Along the boundary of computational domain,
the Dirichlet boundary  conditions for ‘the welocity are provided while no pressure
boundary condition is needed in-our setting.

It is also worth.mentioning that the pressure is unique up to a constant in Stokes
equations. Rathersthan pinning a certain value to a particular discrete pressure as
in [64], the uniqueness can be guaranteed by setting up a constraint for the discrete
pressure as

Zpi,j hz:/pe(x) dx. (4.27)
i,j Q

So it is straightforward that our initial guess p?j in conjugate gradient iteration can be
chosen as py; = [, pe(x) dx/|Q|. By'using the: mathematical induction, one can easily
show that during the conjugate gradient iteration, the discrete pressure does satisfy
the constraint (4.27). In those tests, the tolerance of residual is chosen as 1075,

Table 4.1 shows the maximum errors between the exact and numerical solutions
for different grid resolutions. One can see that the velocity field has clean second
order accuracy while the pressure has clean first-order accuracy. Table 4.2 shows
the efficiency of present Stokes solver. One can see that the number of conjugate
gradient iterations increase slightly even we double the grid sizes and the CPU time
for 512 x 512 mesh is just a few seconds.
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4.4.2 Convergence test for an inextensible interface

In this subsection, we perform the convergence study for the present numerical algo-
rithm to the Stokes flow with an inextensible interface. Here, we put an inextensible
interface I' with initial configuration (X(s),Y (s)) = (0.2cos(s),0.5sin(s)) under a
shear flow (u,v) = (yy,0) in a fluid domain 2, see Figure 4.1 in detail. The shear
rate v is chosen to be v = 1 and the fluid viscosity is u = 1. We choose the different
mesh sizes as m = n = 64, 128,256,512 so the corresponding mesh is h = 2/m. We
also set the Lagrangian mesh width as As ~ h/2 and the time step duration for
interface evolution as At = h/4.

Since the analytical solution is not available in this test, we choose the result
obtained from the finest mesh m = n = 512 as our reference solution, and compute
the maximum error between the reference solution and the numerical solution. All
the numerical solutions are computed up to time 7" = 0.5. Since the interface is
inextensible and the fluid is incompressible, the perimeter of the interface and the
enclosed area by the interface should remain constants theoretically as time goes on.
Let Lo and L; be the perimeters of the interface at the initial time and final time
T = 0.5, respectively. The relative error of the perimeter is defined as |L, — Lg|/ Lo,
and the relative error of the'area enclosed is [Ap—Ag|/Ap. Table 4.3 shows the relative
errors of the perimeter, the area of the region bounded by the interface, the maximum
error of the interface configuration, and the maximum error for the fluid velocity field.
Note that, the fluidivariables are-defined at.the staggered grid so when we refine the
mesh, the numerical'solutions will not coincide with the same grid locations. In these
runs, we simply use a linear interpolation to-compute the solutions at the desired
locations. Due to the fact that the IB formulation has the singular forcing term in
the equations, regularizing the singular term by smoothing discrete delta function
causes the method to be first-order accurate. The numerical results shown in Table

——— ——
——— ———
— —
[ [
-— -
_ _
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_ _

Figure 4.1: A diagram of an inextensible interface in a shear flow.
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m=n =64 m=mn =128 rate m =mn = 256 rate

L, — Lo| /Lo 1.349¢-03 7.20le-04  0.91 3.364e-04  1.10
| Ay — Aol /A 9.069¢-04 413204 1.14 2.010e-04  1.04
1% — Xpoflloo 6.878¢-03 2.498¢-03  1.46 7.808¢-04  1.68
un — tpop]loo 4.110e-02 1.675¢-02  1.30 5.589¢-03  1.46
v — Uyl 4.050e-02 1.672¢-02  1.28 6.086e-03  1.58

Table 4.3: The mesh refinement results for the perimeter of the interface L, the
enclosed area Ay, the interface configuration X, and the velocity u;, and vy,.

4.3 are consistent with what we expect from theory.

4.4.3 Tank-treading motion under shear flow

Unlike the previous subsection that we focus on the numerical convergence test for
our present scheme, in this subsection, we consider the physical transient deformation
of an inextensible interface subject to-asimple shear flow. As mentioned before, the
motivation of this test is'to mimic the simulation of the vesicle dynamics which has
a lot of applications in-bio-fluid problems.

As in previous test; we put-an-inextensible interface I''with initial configuration
(X (s),Y(s)) = (0.18cos(s), 0.5sin(s)) under a shear flow (u,v) = (yy,0) in a fluid
domain Q = [—1, IJ.x [=1,1], see Figure 4.1 in detail. The shear rate 7 is chosen to
be v = 1 and the fluid viscosity is © = 1. The mesh used is 128 x 128 and the residual
tolerance for is 107%. It is worth mentioning that the elastic tension o computed in
previous numerical.experiments [71,28, 35] tends to oscillate along the interface which
makes the conjugate gradient method for solving in Eq. (4.25)difficult to converge if
the residual tolerance is too large. It will be more appealing if we can find a good
preconditioner for thesmatrix in Eq. (4.25) so that PCG method converges faster.
This issue should be investigated further in later work: Figure 4.2 shows the interface
configuration at three different times.t. = 0.0625,1.25,3.125, while Figure 4.3 shows
the corresponding elastic tension g plotted counterclockwise along the interface. (The
starting point of zero length in Figure 4.3 is marked by x in Figure 4.2.) One can
indeed see some slight oscillations of the tension along the interface as seen in previous
literature [71, 28, 35]. Furthermore, one can see that the tension has smallest values
at the interface positions where the curvatures are largest (both tips) which also in
agreement with those in previous literature.

To be more physically realistic, we now run the problem to a longer time. It is
well-known that the equilibrium dynamics of inextensible interface or vesicle under
a simple shear flow undergoes a tanking-treading motion if the viscosity contrast
under a certain threshold [24]. Here, by tank-treading motion we mean that the
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Figure 4.2: The motion of.an inextensiblesinterface in a shear flow with initial con-
figuration (X (s), Y (s)) = (0.18¢cos(s),0.5sin(s)).
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Figure 4.3: The plots.of tension o along the interface.

configuration of the interface or vesicle remains stationary while there is a tangential
motion along the interface. Figure 4.4 shows the evolutional motion of the interface
(bi-concave shape initially) at different times. We can see that after some time, the
interface shape does not seem to change at all; however, the Lagrangian point along
the interface marked by ”*” moves along with its tangential velocity. The streamlines
at three different chosen times are shown in Figure 4.5 in which we can see no normal
motion in equilibrium. This tank-treading motion is good agreement in previous

studies [71, 66, 28, 35].
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Figure 4.4: The tank-treading motion of an inextensible interface under a shear flow.
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Figure 4.5:¢The streamlines of the flow along/with an interface.

As discussed in previous literature [71, 26,.25, 66, 28], the motion of a steady or
an equilibrium inextensible interface-(or-vesicle) can be characterized by both the
inclination angle 6 between the long axis of interface and the flow direction, and the
tank-treading frequency f = 27 / fr % of the revolution, where u, is the tangential
velocity component. The inclination angle has been founded to be strongly dependent
on the reduced area v. However, the angle is independent of the shear rate . This
behavior has been verified in the left panel of Figure 5.2 and is in good agreement with
previous studies [71, 26, 25, 66, 28] which shows the steady inclination angle (6/m)
versus the reduced area (v) with different shear rates v = 1,5,10. We have observed
that the inclination angle increases with the reduced area but is nearly independent of
the shear rate. The right panel of Figure 5.2 shows that the tank-treading frequency

f versus the reduced area v for different shear rates. One can see that as the shear
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Figure 4.6: The inclination angles 6/m (left) and the tank-treading frequency f =
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(right) versus reduced areas v with different shear rates for the tank-treading motions
of an inextensible interface in a shear flo

rate increases, the tangential n [ ) T3 thus, the frequency becomes
larger. Moreover, by ﬁ » the i i ACE larger reduced area then
it has larger frequeng // i are in a good agreement

with previous studie ite
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Chapter 5

Unconditionally energy stable
immersed boundary method

In this chapter, we propose an unconditionally stable IB method to simulate vesicle
dynamics. The vesicle is assumed to be nearly inextensible, that is, the magnitude
of time changing of stretching factor is not exactly zero but quite small. Under
this penalty method, the tensionof vesicle has an explicit form so we do not need to
solve fluid variables and surface tension simultaneously (differ form previous chapter).
However, since the cost of penalty-method contributes to interfacial stiffness, there is
a harsh restriction on choosing time step At to maintain numerical stability.

As known in literature [62,-38,°58, 50]; the IB method suffers a time step restriction
to maintain numerical stability. This restriction becomes more stringent when the
elastic force is stiff and the force spreading occurs at the beginning of each time
step (an explicit scheme). Note that; such time step restriction cannot be elevated
even the fluid solver is discretized in a‘semi-implicit manner (the explicit differencing
of the advection term and implicit differencing of the diffusion term). Rather than
performing the force'spreading at the beginning of the time step, one might consider
to perform the procedure atithe intermediate (semi-implicit scheme) or even at the
end of time step (implicit scheme). There haverbeen many attempts to reduce the
stiffness or to overcome this difficulty. of time step restriction in the past decade
[44, 46, 20, 21, 6, 7, 16]. However, there is always a trade-off between the stability
and efficiency of those algorithms. In this chapter, we shall propose a new semi-
implicit scheme that can be solved quite efficiently (the resultant linear system is
symmetric positive definite) and the time step size can be significantly increased.

This chapter is organized as follows. In Section 5.1, we introduce the formulation
of incompressible Navier-Stokes equations with an ordinary immersed elastic interface
(tension has explicit formulation). We then develop semi-implicit IB schemes based
on the projection method for the fluid solver in Section 5.2. We also show those
developed schemes to be unconditionally energy stable. Then we modify those semi-
implicit schemes to be more efficient so that the resultant linear system is symmetric
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positive definite. Finally we apply present method to simulation of vesicle dynamics,
the numerical results are given in Section 5.6.

5.1 Governing equations

We begin by stating the mathematical formulation of the Navier-Stokes flow with
an immersed boundary (or an interface). We consider a moving, immersed, elastic
boundary I'(¢) which exerts forces into an incompressible fluid in a fixed fluid domain
2. We assume that the fluids inside and outside of the boundary are the same so the
governing equations in immersed boundary formulation can be written as follows.

p (3_u + (u- V)u) + Vp = puAu+ /FF(S,t)(S(X — X(s,t)) ds in £, (5.1)

ot
V.ou=0 inQ, (5.2)
%—)t((s, £) = Uls,t) = /Qu(x, DO X(s,)) dx on T. (5.3)

Egs. (5.1) and (5.2) are the familiar incompressible’ Navier-Stokes equations with a
singular force arising from the immersed boundary. Eq: (5.3) simply represents that
the immersed boundary moves-along with the local fluid velocity (the interfacial veloc-
ity). Here, the interfacial veloeity-U is simply an interpolation of the fluid velocity at
the immersed boundary. The interaction between the fluid and the immersed bound-
ary is linked by the two-dimensional Dirac delta function d(x) = §(x)d(y). In this
chapter, the elastie force mainly comes from the tension which satisfies the Hooke’s
law as

F(s,t) = %(07‘), o = 0o(|Xs| —70); (5.4)

where og is the elastic.coefficient, and ry is the rest length. Note that, the rate of
local stretching factor can be derived to satisfy-the following equation [33]

9, ou

— | X4 = : Xs|=—"T1. .
X = (Ve U)X | = S (55)

5.2 Numerical algorithm
Let At be the time step size and the superscript index be the time step level. At the

beginning of each time level n, the boundary configuration X}, and the unit tangent
Th_1/o are all given. To simplify our notations, we define the discrete spreading
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operator acting on the tension and discrete surface divergence operator acting on the
velocity as follows.

S 1o1() = S 01X () = 37 Dy 00(1Xe] — 7)), 83— X[ As, (5.6)
(o) = O A, U= Y ude - X{OR. (6.7

The superscript m stands for the information of immersed boundary position adopted
at time level mAt¢. Note that, the above discrete operators are skew-adjoint as
(Si*lo],u)q, = (o, —=T,"[u])r,. It is also worthy mentioning that the skew-adjointness
property plays an important role in our energy stability analysis later.

In present chapter, our numerical discretization and energy stability analysis are
based on unsteady Stokes equations instead of Navier-Stokes. For the latter, the
nonlinear advection term can be treated explicitly during the time evolution with
moderate CFL condition. Alternatively, ene can split the Navier-Stoke equations into
an advection part and unsteady Stokes part-in. which the advection equation is solved
by an alternating direction impli¢it (ADI) method to maintain the unconditionally
numerical stability [21]:

Here we introduce two time-integration schemes; namely, the backward Euler (BE)
and Crank-Nicholson(CN) scheme in conjunction with the projection method [31] as
follows.

e Backward Euler (BE) scheme

* n

u* —u @ .

e pAu* + SPop(|X T =) in/, (5.8)
0

Ahgb = —Vh in Qh; —¢ = 0, (59)
on|,,

u" = ut — AtVuo in Oy (5.10)

Vip" T = pVie — uVi(Vy -a*) fin Q (5.11)

|X8‘n+1 _ ’X5|n N[ N

A7 =T [u""] onTy (5.12)
Ut =) u)""ou(x — Xp) b on Ty, (5.13)
Xt = Xp+ AtUPT on Ty, (5.14)
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e Crank-Nicholson (CN) scheme

u* —u" 2 * n n ’XS‘H+1 + ’XS‘” :
v §Ah(u +u™)+S; | oo ( 5 — 70 in 2 (5.15)
1 8¢
App=—Vp-u* inQy — = 1
hgb Atvh u 1 Yip on oo, O, (5 6)
u"t = u* — AtV,é  in Q (5.17)
Vhpn+1/2 = pthb — ;Nh(Vh : 11*) in Qh (5.18)
Xs n+l Xs n R
X, | A7 X, | = T[(0" +1")/2] on T} (5.19)

Ut =3 u()" ™ ox—Xp) 12, Up =Y u(x)"su(x—Xj)h* on Ty,

(5.20)
X+ = X2 AL(UEH £ U,) /2 on Ty, (5.21)

The spatial operators 'V, and A, are the standard second-order central difference
approximations to the gradient and ‘Laplacian: Here, 05 is a smoother version of
discrete delta function developed-in [70]. Notice that, unlike the explicit scheme, both
backward Euler and Crank-Nicholson schemes treat the stretching factor |X,|"™" as
an unknown solution which is closed by the discretization of Eq.(6.14). Thus, in terms
of immersed boundary force computation, the above two schemes are semi-implicit.

5.3 Energy stability analysis

In this subsection, we perform the energy stability analysis for our present schemes.
We shall show that both methods are unconditionally stable in the sense that total
energy is decreasing. Here, we follow the similar-energy analysis proposed in [44, 21].

To proceed, we define the kinetiec-energy 4 and potential energy P of the system
as follows.

P P 0o 00
K =B, =S wo,, P =X = rollt, = S| =0, [X,] = o,
(5.22)
where the associated discrete inner products are defined as
M
(w,v)q, = Z u(x) - v(x) h?, (9. ), = Z Pr—1/2 Yr—1/2 As, (5.23)
X k=1

respectively. Thus, the total energy is £ = K + P.
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Theorem 1. The backward Euler (BE) scheme of Eqs. (5.8)-(5.14) is unconditionally
enerqgy stable; that is, the scheme satisfies Bt < E™ for each time step n.

Proof: We first consider the stability analysis for BE scheme. For convenience,
let us denote the singular force term in Eq.(5.8) by Si'[o™"1]. We first substitute u*
in Eq. (5.10) into Eq. (5.8) to get the equation for p(u™™ — u™), and then take the

discrete inner product with u"*! 4+ u” to obtain

K= K= Bt g, = g ut)g,

2 P2
— §<uﬂ+1 + un, un+1 . un)Qh
- g (_<un+1 —u”, u" - un>9h + 2<un+17 u"tt — un>Qh)
p n n n n n
= D, e p (),
= <D = R, 4+ AU Vi + pAu™ - p AT AL + SEo™ o
= —gHunJrl — a3, — Atplu* ™ Vg oy £ At U Aputtg,

+ pAE W Vi Ajg)a, 4 At(umt, Spo" g,

The successive difference of potential energy can be obtained as

0- n n n n
prit — pr = 50 (X "=, | XK 75— moday = (X" — 70, | Xs|" = To)r,)

0o n+1 n n—+1 n
= 5 (X ot 1] 2, [ X P X,

= 2009 X, [P = 2rg — AR, AT u e, (user | X" = XM = AT u
5 h @ h h

n UAt N[y, ni, N
= (on(IX. " )~ G AT T )
ooAE?
= At(o" T [0 s 02 17 [l

Thus, the total energy between two successive time steps can be written as

En+1 — Em

— —gHu”Jrl — u"||?lh — Atp(u"tt Vyd)q, + pAt(u"t Apu™t g, + pA (" VL ARd) o
n[__n+1 n+1 n+1 n,,n+1 O-OAt2 nl,.n+17(12

+AUSE"T ] u" g, + AHe™L T 0 ey, — 1T 0"

The second and fourth terms vanish due to the orthogonality of discrete divergence-

free velocity and the gradient, and the commutativity of V, and Ay.

The fifth

and sixth terms are cancelled out due to both discrete operators are skew-adjoint
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as (Splo],u)q, = (0,—7[u])r,. The third term is always negative by the negative

definiteness of discrete Laplace operator. Therefore, we have

o 0At2
2

)
B = B = Dt g, — p AV,

17 a1, -

Thus, the total energy is decreasing which shows the present BE scheme is uncondi-
tionally energy stable.

Theorem 2. The Crank-Nicholson (CN) scheme of Eqs. (5.15)-(5.21) is uncondi-
tionally energy stable; that is, the scheme satisfies E™tY < E™ for each time step
n.

Proof: For the CN scheme, one can also do similar stability analysis. Again, let
us denote the singular force term in Eq.(5.15) by S7[(c™*! + ¢")/2]. By substituting
u* in Eq. (5.17) into Eq. (5.15) to get the term p(u™*! — u") and then taking the
discrete inner product with u”*! 4+ u”, we obtain the successive difference of kinetic
energy as

Kn+1 — K" — g<un—&—17 un+1>Qh o g<un’ un>Qh
— g<un+1 + un7 un+1 / un)Qh

A
2

The successive difference of potential energy can be written as

At
<un+1 4 un, _,Ovh¢ + gAh(un-H 4 un) + MthAh(b + S}?[(O'n+1 + 0'")/2]>Qh

o) n n gl n
prtl _ pn — “0 <<|Xs‘ +1 To, ‘Xsl Fril r0>Fh — <|Xs| = To, |Xs‘ - 7’0>Fh)

R
o n n n n
= §O<|XS| Ty X | =270, Xss - |1 X ")
At n+1l n nr..n+1 ~n .
= I<O’Q(|XS| — g + X" —710), 7, 0" + 4" Dy, (using Eq. (5.19))
At n
= = (0" + 0", T u i,
Thus, the successive difference of total energy is
—pAt At
Entl — pr = me”+1 +u”, Vid)a, + MT(u”“ +u”, A" +u"))g,
At? At
'MT<un+1 =+ un’ VhAh¢>Qh + I<un+1 4 un73}rLL[0_n+1 + Un]>Qh
At o At n "
+ I<0n—i-1 +Jn’z]71n[un+1 +1 ])Fh — _’uTHVh(u +1 +u )||S22ha

The first and third terms after the first equality vanish due to the orthogonality of
discrete divergence-free velocity and the gradient, and the commutativity of V, and
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Ay. The fourth and last terms are cancelled out due to both discrete operators are
skew-adjoint. The third term is always negative by the negative definiteness of discrete
Laplace operator. Thus, the total energy is decreasing which shows the scheme to be
unconditionally energy stable.

5.4 Modified projection method

To avoid solving a coupled linear system of equations in Egs. (5.8)-(5.12) or Egs. (5.15)-
(5.19), we can modify the above BE and CN schemes slightly in the following. The
key idea is to march the time integration of the stretching factor |X,|*™" by the in-
termediate velocity u* rather than u™*!, and substitute it into the discrete spreading
operator S so that |X,|*™" is no long part of unknowns.

e Modified BE scheme

o2 ;t“ = pApat + SPo" + oo AtSPT M u] in (5.24)
. o)
Ah¢ = Evh u’ in Qh, 8_11 ~ = O, (525)
u"t =u* SAEVL0  in Q, (5.26)
Vhpn+1 == pthzS T th(Vh : 11*) - O'OAtQS;LL’];’n[VhQﬁ] in Qh, (527)
Uptt = Tu(x) "8, (x — X7)h° on Ty, (5.28)
Xt = X2+ AtUP™ on Ty (5.29)
e Modified CN.scheme
: A_tu :Hﬁh(u* +u®) + Splo"]
At o At .
“O S TS "0 SMTMW] in Q. (5.30)
1 y 2 ool
Ahgb = Evh -u m Qh a—n 1 L 0, (531)
u"t =u* — AtV,¢ in Q, (5.32)
0 At2 .
Vi = pV,6 ngh ) = DS T VG i (5.33)
Ut = u(x)"6, (x — X}) b, Zu )2On(x — XP)h%,  on Ty,
(5.34)
X = X2 AH(UPH +UL)/2 on Ty (5.35)
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Now, let us discuss the computational cost of the above numerical schemes. As men-
tioned before, the discrete operators S;' and 7, are skew-adjoint in which the matrix
forms can be related by 7, = —Z—Z(S}Z)T. Thus, the resultant matrix equations for u*
in Eq. (5.24) and Eq. (5.30) are both symmetric and positive definite. Thus, it can
be solved efficiently by the aggregation-based multigrid (AGMG) method recently
developed by Y. Notay [47]. In Eq. (5.25) and (5.31), Poisson equation for pres-
sure increment ¢ is solved by public software package FISHPACK [1]. One should
notice that, despite the fact that the modified BE and CN schemes are not exactly
unconditionally energy stable as the original schemes, the time step size At can be
tremendously alleviated in practical computation as shown in our numerical results.

5.5 Applications to simulating vesicle dynamics

In [28], Kim and Lai developed a penalty IB method to study the dynamics of inex-
tensible vesicles by introducing a dual representation (denoted by X(s,t) and Y (s, 1))
of the immersed boundary in which one. of its representatives X(s,t) interacts with
the fluid directly as in traditional IB- computation, and another one Y (s,t) follows
the equations of vesicle dynamics including the.inextensibility constraint without a
direct interaction with the fluid dynamics. Both IB representatives are linked by stiff
springs. The advantage of this penalty idea is to decouple the solutions of fluid and
vesicle dynamics atieach time step so that the traditional IBrimplementation can be
simply applied without much-extra effort. However; the tension must be solved in
this approach and the penalty numbers must be chosen sufficiently large to keep those
two IB representations close enough. In practice, one should.choose the time step
size sufficiently small because of the usage of explicit forcing computation. Recently,
we simplify the penalty approach by introducing a spring-like tension to keep the
vesicle boundary nearly inextensible. As a result, the tension (Lagrange’s multiplier
for inextensibility) ismo longer to be solved as part of solutions. We apply this sim-
plified penalty approach to simulate the dynamics of three-dimensional axisymmetric
vesicles in Navier-Stokesflows [23]. However, one need to choose the time step size
sufficiently small because the IB force is computed at the beginning of each time
step. Here, unlike those above mentioned explicit schemes, we use the developed
semi-implicit schemes to simulate the vesicle dynamics in Navier-Stokes flows.

Vesicles are closed lipid membranes suspended in a viscous fluid. The membrane
force consists of the elastic and bending parts as

0'X

0
F(s,t) = — (o1) — Cb@’

o (5.36)

where ¢, is the bending rigidity. Here, the tension ¢ is introduced as an unknown
function to act as the Lagrange’s multiplier for enforcing the local inextensibility of

48



the membrane as

VS‘U:(;—EW':O, on I'. (5.37)

As in [5, 23], we replace the unknown tension o by
o =0y (X - [X4I) (5.38)

where the elastic coefficient oy > 1 and |X,|” is the local stretching factor of initial
vesicle configuration. This spring-like tension intends to keep the stretching factor
X, | close to its initial counterpart |X,|°. (Note that, the exact inextensibility means
1X,| = |X,|° for all time.) The numerical schemes presented in Section 3 can be
straightforwardly extended to handle the tension computation by replacing the con-
stant rest length ry with the initial stretching factor |X8|0. We leave the computational
detail for the bending force in the Appendix C.

Throughout this section, we set the fluid density p = 1, viscosity 4 = 1, and the
computational domain ©Q = [—1,1] x [—1,1]; unless otherwise stated. The stopping
tolerance of the iterative method AGMG is-107°;

5.6 Numerical results

5.6.1 Convergence study

We first conduct arconvergency study for the present modified BE and CN schemes.
We put a vesicle with an elliptical shape X(s;0) = (0.2 cos(s), 0.5sin(s)) in quiescent
flow initially. The elastic coefficient is chosen as oo = 10° and the bending coeffi-
cient ¢, = 0.01. We use different mesh sizes as m = n = 64,128,256, 512 with the
corresponding mesh'h = 2/m. We also set the Lagrangian mesh width as As ~ h/2
and the time step At = h/4. Since the fluid is incompressible and the vesicle bound-
ary is inextensible, the‘enclosed area and the total perimeter of the vesicle should
be conserved theoretically as time.evolves. For the fluid variables, we choose the
result obtained from the finest/mesh m =512 as our reference solution and compute
the maximal error between the reference solution and the numerical solution. All
numerical solutions are computed up to 7" = 0.125.

Table 5.1 shows the relative errors of the vesicle area and the perimeter, the
maximum errors of the vesicle boundary configuration, and the fluid velocity field.
Here, we list the results obtained by modified BE and CN schemes. Since the fluid
variables are defined at the staggered grid, when we refine the mesh, the numerical
solution on the refined mesh do not coincide with the one obtained from the coarser
mesh. In these runs, we simply use linear interpolation to compute the solutions
at the same grid locations. One can see from Table 5.1 that the present numerical
results show roughly first-order convergence for all solution variables.
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BE m=n =64 m=n =128 rate m =mn = 256 rate

| Ay — Ao| /Ao 1.470e-3 1.252e-3  0.23 7162e-4  0.81
\Lh — LO\/LO 7.444e-3 2.684e-3 1.47 1.154e-4 1.22
X5 = Xpofllo 4.209e-3 8.477e-4  2.31 4.762e-4  0.83
un — tyoflloo 5.453¢-2 8.110e-3  2.75 1.578¢-3  2.36
[—— 5.628¢-2 1.098¢-2  2.36 3.203¢-3  1.78
CN m=n=64 m=n=128 rate  m =mn = 256 rate
|An — Aol/ Ao 2.688¢-3 2.082e-3  0.37 1.148e-4  0.86
L1, — Lo|/Lq 6.899¢-3 2.447¢-3 150 1.052e-4  1.22
| Xy — XrefHOO 3.296¢e-3 9.643e-4  1.77 6.821e-4  0.50
un — tyoflloo 7.318¢-2 4919e-2  0.57 2.744e-2  0.84
|vn = Vpeflloo 7.561e-2 5.790e-2  0.39 1.935e-2 1.58

Table 5.1: The mesh refinement results for the vesicle area Aj, the vesicle perimeter
Ly, the boundary configuration X, and the velocity u;, and vy.

5.6.2 Maximal time step comparison

Now, let us investigate the numerical stability of the present schemes by testing
the maximal time steps for the-explicit scheme (EP), the modified BE, and CN
scheme. Here, we use three different elastic coefficients aq = 107, 10%,10° to study
the numerical stahility by comparing the maximal time step that can be used in each
scheme. To determine the maximal time step, we make sure that the vesicle boundary
behaviors are reasonable in which the relative errors of area and perimeter are both
within 1% and no numerical instability occurs. The numerical parameters are chosen
as same as in previous convergence study except-the initial vesicle configuration is
chosen as X(s) = (0.1sin(s);0.5cos(s)). Table 5.2 shows the maximal time steps for
three different schemes. One can see that the time step for both modified BE and
CN schemes can be chosen as'3-4 order larger thanthe time step used in the explicit
scheme. For explicit scheme, as the.grid becomes finer or the elastic coefficient o
becomes larger, the time step should become smaller accordingly in order to maintain
numerical stability. However, for both BE or CN schemes, we can always set At =
O(h) to maintain the desired numerical stability.

Table 5.3 shows the average CPU time (in seconds) for each time step and total
CPU time for the computation up to 7" = 1. One can see that, the present modified
BE and CN schemes outperform the explicit scheme in terms of total CPU time.
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gg = 107 og = 108 gpg — 109
m,n
EP BE CN EP BE CN EP BE CN
128 2.22e-5  1.56e-2  1.56e-2 4.36e-6  1.56e-2  1.56e-2 1.02e-6  1.56e-2  1.56e-2
256 1.03e-5  7.8le-3  7.81le-3 1.74e-6  7.8le-3  7.81le-3 3.81e-7  7.8le-3  7.8le-3
512 4.74e-6  3.91e-3  3.91e-3 7.44e-7  3.91e-3  3.91e-3 1.53e-7  3.91e-3  3.91e-3

Table 5.2: Maximum time steps for the explicit(EP), modified BE and CN schemes
with different elastic coefficients oy.

EP BE CN
m,n
At Average Total At Average  Total At Average  Total
128 1.02e-6 0.07 68627 1.56e-2 0.13 8 1.56e-2 0.13 8
256 3.81e-7 0.16 419947* 7.81e-3 0.39 50 7.81e-3 0.43 55
512 1.53e-7 0.45 2941176* 3.91e-3 1.25 320 3.91e-3 1.45 371

Table 5.3: The average CPU time (in seconds) of each time step for different schemes.
The total time with ”*” means the-estimated value:

5.6.3 Tank-treading motion under shear flow

To be more physically realistic,-we now comsider the transient motion of a vesicle
with the initial configuration X(s) =.(0.Lsin(s),0:5cos(s)) under shear flow u =
(7y,0). The elastic coefficient is chosen as ¢, = 10° and the bending coefficient
¢, = 0.01. It is well-known that the equilibrium dynamics of wesicle under a simple
shear flow undergoes tanking-treading motion if the viscosity contrast is under a
certain threshold [24]. Here, by tank-treading motion we mean that the configuration
of the vesicle remains stationary while there is.a tangential motion along the vesicle
boundary. Figure 5.1 shows the evolutional motion of the vesicle at different times.
One can see that after some time, the vesicle shape‘does not change; however, the
Lagrangian point (marked by #).along the interface moves along with its tangential
velocity. This tank-treading motion is in good agreement with previous studies [71,
66, 28, 35].

As discussed in literature [71, 26, 25, 66, 28|, the motion of a steady vesicle under
shear flow can be characterized by the inclination angle 6 between the long axis of
vesicle and the flow direction, and the tank-treading frequency f = 27 / fr %, where
u, is the tangential velocity component. The inclination angle has been found to
be strongly dependent on the reduced area v. As the reduced area increases, the
inclination angle will increase too. However, the angle is independent of the shear
rate . This behavior has been verified in the left panel of Figure 5.2 which shows
the steady inclination angle (/) versus the reduced area (v) with different shear
rates v = 1,5,10. Our numerical results are again in good agreement with those
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Figure 5.1: The tank-treading motion of a vesicle under shear flow.
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Figure 5.2: The inclination angles /7 (left) and the tank-treading frequency f =
2m / Jr % (right) versus reduced areas v with different shear rates for the tank-

treading motion of an inextensible vesicle in a shear flow.

obtained in previous studies [66, 28]. The right panel of Figure 5.2 shows that the
tank-treading frequency f versus the reduced area v for different shear rates. One
can see that as the shear rate increases, the tangential motion becomes stronger; thus,
the frequency becomes larger. Moreover, by fixing the shear rate, if the vesicle has
larger reduced area then it has larger frequency as well. Again, our numerical results

are in good agreement with those obtained in previous studies [66, 28].
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Chapter 6

Simulating three-dimensional
axisymmetric vesicles

There are two different approaches to enforce the local inextensibility constraint in
literature. The first one needs to.discretize the whole equations first (regardless
of using boundary integral, finite element or finite difference method) and then to
solve the tension and fluid variables simultaneously. Based on different time stepping
schemes, this kind of approach can be explicit.or semi-implicit depending on how
we treat the force computations.—There usually exists a trade-off between the time-
step stability and efficiency in-those algorithms. Some recent works using boundary
integral method [66, 67, 68, 4,-72], level set method [60, 36] et. al. fall into this
category, just to name a few. Recently, we have also introduced a linearly semi-
implicit scheme tossolve a 2D Stokes flow with an inextensible interface enclosing a
solid particle [37]."The scheme solves the fluid variables, the tension and the particle
surface force altogether. There are two advantages of the method as follows: (1)
the scheme preserves some operators symmetrically so the resultant linear system is
symmetric; (2) the loeal inextensibility error can be estimated analytically. Although
one can increase the time step significantly, more improvements have to be done on
the iterative methods for‘solving'such resultant linear system, especially finding good
pre-conditioners.

Another approach is called penalty method. In [28], the authors introduced a
dual Lagrangian immersed boundaries to represent the vesicle boundary. One vesicle
boundary interacts with the fluid dynamics directly and the other vesicle boundary
follows the equations of the vesicle dynamics, including the inextensibility constraint,
without a direct interaction with the fluid dynamics. The two boundaries are con-
nected by the penalty forces which act on both boundaries by Newton’s third law.
The tension must still be solved in above approach.

However, one can even simplify the above penalty approach by introducing a
spring-like force to replace the tension and to keep the surface area from dilating.
Thus, the tension or Lagrange’s multiplier for inextensibility is no need to be solved
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as part of the solution. Although the inextensibility constraint is not exactly satisfied,
we can get physically reasonable results as long as the penalty number (stiffness
number) is chosen large enough. This approach has been adopted successfully by
incorporating the level set method to study 2D or 3D [39, 41, 11] vesicle dynamics
in finite element framework. A partially implicit sharp interface method in [5] also
used the above approach to test a 2D case with an inextensible interface. In this
chapter, we use the above similar idea to study 3D axisymmetric vesicle dynamics
in immersed boundary framework. One should notice that all the calculations about
the spatial derivatives, geometrical quantities (mean and Gaussian curvatures), the
bending and elastic forces, and the Navier-Stokes solver have non-trivial differences
comparing with our previous 2D works.

The rest of the chapter are organized as follows. In Section 2, we will describe the
fluid-vesicle governing equations in axisymmetric form based on immersed boundary
formulation. Instead of introducing a Lagrange’s multiplier to enforce the vesicle
inextensibility constraint, we modify the model by adopting a spring-like tension to
make the vesicle boundary nearly inextensible so that solving the unknown tension
can be avoided. Since higher-order spatial derivatives are needed in computations of
interfacial geometrical quantities, we use Fourier spectral approximation to represent
the interface. A detailed mumerical algorithm is deseribed in Section 6.2. A series of
numerical tests to demonstrate the accuracy and reliability of the present scheme are
presented in Section6.3.

6.1 (Governing equations

We consider a single 3D axisymmetric inextensible vesicle I'(¢)suspended in a viscous
incompressible Navier-Stokes fluid domain €2. Here, the vesicle is time-dependent and
is symmetry in the € direction so_that the vesicle surface has the parametric form as

X(s,0,t) = (R(syt)cos b, R(s,t)sinb, Z(s,t)), (6.1)

where the parameters (s,6) are in.[0, 7] X [0;27]: One should also note that the
vesicle membrane force which/is defined-later has the same symmetric form as in
Eq. (6.1). Under such symmetry, one can regard the vesicle boundary as the surface
of revolution around the z-axis with the radius R(s,t) so that it can be simplified into
a two-dimensional immersed boundary X(s,t) = (R(s,t), Z(s,t)),s € [0, 7] in the 2D
meridian r — 2z domain.

Under the same assumption of axisymmetry, the 3D Navier-Stokes equations can
be simply written in a 2D manner using the axisymmetric cylindrical coordinates
x = (r,z). In the following, we denote u = (u,w) as the velocity field defined on
a 2D meridian domain Q@ = {(r,2)|0 < r < a, ¢ < z < d}, where u and w are
the radial (r-coordinate) and axial (z-coordinate) velocity components, respectively.
We also denote U = (U, W) as the corresponding velocity components on the vesicle
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boundary. The mathematical equations of motion consist of a viscous incompressible
fluid in a domain €2 containing an immersed, inextensible, massless vesicle boundary
(or interface) I" which can be written in an immersed boundary formulation as

p (8_u + (u- V)u) — —Vp+ pAu + /OWF(S, t)6(x — X(s,t)) ds in Q, (6.2)

ot
V-u=0 in{, (6.3)
V.-U=0 onT, (6.4)
%_}t((s’t) =U(s,t) = /Qu(x, t)o(x — X(s,t)) dx onT. (6.5)

Here, we assume the fluid has the same viscosity and density inside and outside of
the vesicle boundary. For axisymmetry, the gradient and divergence operators are
defined as

o 0 10 0
thus, the Laplace operator is
10 ) 02
A—V-V—;E<TE)+@, (67)

and Au = (Au — 5, Aw).

Egs. (6.2)-(6.3) are the familiar incompressible Navier-Stokes equations with a
singular force termF arising from the vesicle membrane force: Eq. (6.4) represents
the inextensibility econstraint of the vesicle surface which is equivalent to the zero sur-
face divergence of the velocity along the interface, see the explanation later. Eq. (6.5)
simply explains that-the interface moves along with the local fluid velocity (the in-
terfacial velocity). Here, the interfacial velocity U is the interpolation of the fluid
velocity at the interface definedwas in traditional IB formulation. The interaction be-
tween the fluid and the interface islinked by the two-dimensional Dirac delta function

d(x) =0(r)d(z).

6.1.1 Vesicle boundary forces in axisymmetric coordinate

Vesicle membrane is known to be inextensible and exhibits a resistance against bend-
ing. Thus, the membrane energy can be modelled by two parts; namely, the Helfrich
type energy E, [18] to resist the bending of the membrane, and the tension energy
E, to enforce the inextensibility constraint [71]. So the total energy is

E(t) = Ey(t) + E,(t) = /

r

(%H2 + 0) ds, (6.8)
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where ¢, is the bending rigidity, H is the surface mean curvature, and o is the tension
which acts as a Lagrange multiplier to enforce the inextensibility constraint Eq. (6.4).
By taking the variational derivative from the above surface energy, one can derive
the vesicle boundary force Fr = F;, 4+ F, consisting of the bending force F;, and the
elastic force F, as

F,=c, (AH +2H(H? — K))n, F,=V,0—2Hon, (6.9)

where K is the membrane Gaussian curvature, n is the unit outward normal vector,
V, is the surface gradient operator, and A, is the surface Laplacian operator. The
detailed derivation of Eq. (6.9) can be found in [69].

Under axisymmetric assumption, one can further write down H, K, and A ;H in
terms of R and Z explicitly (see the Appendix in detail) as

]- Zs RSZSS - RssZs Zs(RsZss - RssZs)
H = — —|— y K = 3 6].0
2 <R|Xs| X[ ) RIX,[* (010
1 0 R OH
AH = - —— 6.11
R|X,| 0s (IXs] 85) ( )

The unit tangent 7 and the unit'outward normal.vector n can be hereby defined as
Xs (RS7ZS) (Zsa —Rs)

’T(S,t) = = H(S,t) = \/ﬁ

(6.12)

Xl JRZEZE

Thus, by substituting the above surface geometrical quantities into Eq. (6.9), an
explicit form for the bending force F; can be derived easily. Similarly, the tension
force F, can also be explicitly written as

F,=V,0—2Hon

1 Jo \ 7, . R.Zs. —~R:Z. 4
=\ <5 \ a
1X,| s RIX,| X, [°

(RSSZS—RSZSS L 0o ) A

= (o S o
X, [? X Os R|X.|
1 [ or 0o 7. 1 0 7.

= i) - = ——(oT) — ——=_on. 6.13
X, ] ("aﬁaﬁ) rRX,|" yxs|as(‘”> RIX," (6.13)

The delta function in 3D Cartesian coordinates and axisymmetric cylindrical co-
ordinates can be related as 6 = §?/r where ¢? is the two-dimensional delta function
in r — z plane. Therefore, the singular force term can be written as

™ 2 - ™
/FF53(X_X) dgz/ FF”X—RX)RyXS\ ds:/ Fr [X.| 8%(x — X) ds.
T 0 0

We thus obtain the immersed boundary force F(s,t) = Fr |X]|.
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6.1.2 Nearly inextensible approach

As mentioned before, to avoid solving the extra unknown tension o(s,t), we adopt
an idea that is simpler than our previous work [28] to study 2D vesicle dynamics.
Let us start with the derivation of inextensibility constraint (6.4) in axisymmetric
coordinates. The rate of change of the surface dilating factor R |Xy| can be derived
as follows [34].

) aR ROIX] X, - Xt
X, - U ou
=U|Xy| + R——=U |X,| + R— -
Xl + RS = UK+ R
(g+g—U T)R|X|—(V U)R|X,|. (6.14)

The above derivation shows the expression of the surface divergence V- U explicitly,
and also shows that if the surface is locally inextensible (the rate of change of surface
dilating factor equals to zero); then we obtain V- U = 0 which is exactly the
constraint shown in Eq. (64). In order to relax the constraint a bit, one can replace
the unknown tension by a spring-like elastic force as

o = oo(R|X,| —RY[X 9 (6.15)

with a large stiffness constant og, where R)X,|%is the initialsurface dilating factor.

Therefore, the interface now is nearly inextensible. Consequently, the elastic energy
E, is modified by

Ea(t):/o %(1~zp<s|—}z°|xs|°)2 ds, (6.16)

and the total membrane energy becomes

E(t)—/ (3 (RIXJSRAKEF2H R, ) ds. (6.17)

0

6.1.3 Elastic boundary force

Since the elastic energy is modified, the resultant tension force F, must be modified

as well. This can be done by taking the variational derivative of new energy FE, as
follows. Let X(s) = (R(s), Z(s)) be a perturbation of the interface X, and ¢ be a
small number. Then the perturbed energy becomes

T e
0
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Taking the derivative of above energy with respect to £, we obtain

dE -
i (X+5X>
de ~
" - - _ - 1 X, +eX, <
:/ - [(R+6R)|XS+5XS| e |XS|°} [R|XS+5XS|+ <R+5R>] DT R, ds.
0 X + X

Then we evaluate the above equation at € = 0 to obtain

dE,
de

(X + ef()

e=0

:/ o0 (RIX.| — R°|X,|") (§|XS|+RT-)ZS) ds

0

:/ oR|X,| ds+/ oRT - X, ds (sinces = oy (R]XS\—RO\XS|O))
0 0

= / oR|X,| ds — / 9 (Ror)-X ds (integration by parts and R = 0 at end points)
0 0

RIX.J?
oZs [ Z, Rs ) 1.9 -

, — - —(07')} «X dS
RIX4| (|Xsl | X |1 Xs| Os

10 Z ~
-~ [ [gat e mpr

Js
o ~ 1 0 RoT | < )
4 2 2 o 2 1 9 Y
_ 7)) — — - X d
[Rlxsl2 (87720 (o 20N, 95 (M)} °

This leads to the corresponding elastic force
1 0 Z
F,=——(o7)= ——on.
x.10: 77 “EpK]
It is very interesting to conclude that the above form is exactly same as the one in
Eq. (6.13) despite the fact that the definition of tension o is different.

(6.18)

6.2 Numerical discretization

6.2.1 Fourier representation of the interface and computa-
tion of geometrical quantities

We adopt the spectral Fourier discretization to achieve higher order of accuracy as
in [67]. Since the interface is axisymmetric and is defined in 2D meridian domain
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(r — z plane with » > 0), one can extend the interface representation X(s) =
(R(s),Z(s)),s € [0,m] to be in another half of meridian domain (r < 0). More
precisely, we perform the radial component R(s) by the odd extension and the ax-
ial component Z(s) by the even extension so that this extending interfacial repre-
sentation is periodic in [0,27] in the r — z plane. Under such extension, one can
choose an even number of grid points M such that the interface is discretized by
X(sk) = (R(sk), Z(sk)), sk = kAs = 2kn/M,k = 0,1,... M. (Note that, the spectral
representation for the interface adopted in [67] used the sine and cosine expansions
for the radial and axial components, respectively.) Thus, the interface is represented
by the discrete Fourier series expansion as

M/2—1 M/2—1
R(s)= > Rie** and Z(s)= > Zye'*, (6.19)
k=—M/2 k=—M/2

where Ry, and Zj, are the corresponding Fourier coefficients for R(s) and Z(s), respec-
tively. Those Fourier coefficients can be performed very efficiently by using the Fast
Fourier Transform (FFT).

As described in previous section, in order to.obtain. the interfacial bending force,
one need to compute the mean curvature H and its'surface Laplacian A H, and the
Gaussian curvature K. Those geometrical quantities are explicitly expressed before
as in Egs. (6.10)-(6.11). One can-see the.computations of those geometrical quantities
need the calculations of up to-fourth-order derivatives of interface components R(s)
and Z(s). However, these can be done quite easily by using the pseudospectral method
[63] in which the Fourier coefficients of p-th derivative of R(s) can be obtained as
(il)pﬁ so by taking one more inverse FET, we can obtain the'derivative in physical
space. (Similar procedures should be«done for the derivatives of Z(s)). Notice that,
we should expand all the derivatives involving R(s) and Z(s) explicitly for those
geometrical quantities in Eq. (6.10)-(6.11) and compute them to enhance the accuracy.

Remark: It is important to mention that in the above spectral computations for
Egs. (6.10)-(6.11), special care must be taken at.the points of s = 0 and s = 7 where
the radial component R = 0. However, due to the odd extension of R(s) across at
s = 0,7, one can conclude that the second derivative R,, and the fourth derivative
R,sss are both zero at those two points. Similarly, due to the even extension of the
axial component Z(s), the first derivative Z; and the third derivative Zgs are both
zero at s = 0, 7. By applying the the I'Hospital’s rule and using those conditions
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mentioned above, one can evaluate the geometrical quantities at s = 0, 7 as follows.

Zss .

2O = RR | o DR AN =0

li H ( ) QREZSSSS - 6ZSS(R5RSSS + Zszs) - 2R5RsssZss

im H.(s) = )
s—0,m 3R5|Rs|3 0

_ Z2, , 2H.,
Jm K(s) = 7 o Jim AH(s) = = )
s=0,m s=0,m

6.2.2 Time-stepping scheme

Let us denote the time step size by At and the superscript of the variables as the time
step index. At the beginning of each time step n, the interface configuration X"(s) =
X(s,nAt) = (R™(s), Z"(s)) is given so the unit tangent vector 7"(s) = X"/ |X,|"
can be evaluated accordingly. Here-and the following, the subscript s-index denotes
the spectral derivative with xespect to s as described in previous subsection. The
unit outward normal n"(s) can be obtained easilyfrom #"(s). The steps of numerical
time integration are as follows.

1. Compute the interfacial tension and bending force.

n

o" = ap(R" | X" = R*X,|°), Fr=ol7"+olrt - o,
F!' = ey(AH™ + 2H"((H")? —K™)) |X,|" n?,
F" = F" 4 F

where the mean curvature H and its surface LaplaciannA,H, and the Gaussian
curvature K are all computed in the way described in previous subsection. One
should also notice that the.term Z”/R™ in F, at the collocation points s = 0,7
must be modified to ZZ/R™ due to the fact of R = 0 at those two points.

S

2. Distribute the interfacial force from the interface to the fluids.

f(x) = Y F"(s) 6, (x — X"(s)) As.

Note that, when a marker X" is close to the z-axis (r = 0), the spreading region
will cover some grid points in another half of meridian domain (r < 0) due to
the support of discrete delta function. In that case, we should make the same
supplement to the symmetric grid points in the right half domain.
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3. Solve the Navier-Stokes equations. This can be done by the following semi-
implicit second-order projection method, where the nonlinear term is approxi-
mated by the Adams-Bashforth scheme.

3u* —4u” +ur !
2At

p F2U" - Vy)u" — (T V)ut ) = — Vi pAut £

3 . 9
Ah¢—EV}l'u, 8—n—00n89,

2
't =ut — gAchgb,

9
V" = pVio + Vip" — gAtﬂAh(vh¢)-

The spatial operators V,, and V- are the standard second-order central dif-
ference approximations to the gradient and divergence operators in Eq. (6.6).
Also, the spatial operator A, is the standard second-order central difference
approximation to the Laplace.operatoryin Eq. (6.7).

Notice that, due to the axisymmetric. property, the boundary conditions for
velocity and pressure-at'r = 0 are u = 0, dw/Or-= 0 and dp/dr = 0. One
can see that the above Navier-Stokes solver involves solving two Helmholtz-
type equations for the velocity u* and one Poisson equation for the pressure
increment ¢... Those elliptic-equations can be_ solved efficiently by the public
software FISHPACI [1].

4. Interpolate the new velocity from the fluid lattice points to the Lagrangian
markers and then advance the markers to new positions as

X (s)= Xy + At Y ut R (x —X"(s))h’.

6.3 Numerical results

In this section, we perform a series of mumerical tests for the present scheme de-
veloped in the previous section. We first verify the spectral accuracy for the spatial
discretization of the interfaces by calculating their geometrical quantities such as mean
curvature, Gaussian curvature and the surface Laplacian of mean curvature. Then
we will choose different stiffness numbers to study the effect on the resulting flows.
The mesh refinement study will be performed to check the accuracy of the scheme
and an equilibrium biconcave shape of vesicle in quiescent flow will be demonstrated.
We also study the vesicle deformations under the gravitational force and conclude
that even with the same reduced volume but different initial shapes can cause very
different final stationary shapes. The above results are consistent with those used

61



either 3D axisymmetric [67] or 3D simulations [4, 68]. We conclude our numerical
tests by simulating the vesicles in Poiseuille flows and study the equilibrium shapes
under the effects of different reduced volume, the confinement, and the mean flow
velocity.

6.3.1 Accuracy check for the interfacial geometrical quanti-
ties

In the following, we check the accuracy of the spectral scheme for the computations of
the geometrical quantities of the interface under the Fourier spatial representations.
Here, we test four different axisymmetric surfaces depicted in Figure 6.1 in which
(R(s), Z(s)) are listed as follows.

e Spherical surface: (0.5cos s, 0.5sin s)

e Prolate surface: (0.1coss,0.5sins)

e Oscillatory surface: (27 (s) oss, 257 (s)sins), where r(s) = v/sin® s + 9 cos® s + cos? 4s

e Peanut-like surface: ((0:0414 + 0.4006 sin*s.—0.2246 sin" s) cos s, 0.5 sin s)

| = |

Figure 6.1: Four different surfaces:..Spherical;"Prolate, Oscillatory and Peanut-like
surface (from left to right).

Table 6.1 show the maximum absolute errors (not relative errors) between the nu-
merical results obtained by present spectral method and the analytical results which
can be computed easily from their parametric forms. Here, we show the errors for
mean curvature H, Gaussian curvature K and the surface Laplacian of mean cur-
vature A;H as well. One can see that for smooth surface such as spherical, prolate
or peanut-like surface, using the grid number M = 32 to compute H and K has
already achieved the accuracy close to the machine error. As the mesh is refined, one
can see the absolute errors slightly increase due to the round-off error effect which
is quite common in practical spectral computations. This effect becomes even more
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prominent when we compute AgH since higher derivatives cause larger conditioned
numbers. The spectral method used in [67] shows the same error behaviors.

For the oscillatory surface, as expected, using a little finer grid point M = 256
can achieve better accuracy as previously mentioned cases. Meanwhile, in this case,
one can see the error decreases exponentially which shows the spectral accuracy of
the method. We also show the errors obtained from the second-order finite differ-
ence scheme for the oscillatory surface case in Table 6.2. It is apparently to see that
the spectral method outperforms the finite difference method for the computations
of those geometrical quantities in terms of the magnitude of absolute errors. Nev-
ertheless, the finite difference method still shows the convergence in a lower order
way.

v Spherical surface Prolate surface

H K AH H K AsH

32 1.643E—-14 6.528E—14 1.284E—-11  3.339E—13 3.365E—11 1.909E—-08
64 6.662E—13 2.646E—13 1487E—-10» . 7.176E—-13 6.207TE—11 8.812E—08
128  3.586E—13 1.434E—12° .6:741E-09 * .8.647E—12 8.649E—-10 3.949E—-06

v Oscillatory surface Peanut-like surface

H K AH H K AH

32 4.600E-02 5 1.440E+00—1.907E+03 7.993E—14 1.705E—-12 5.575E~10
64  3.336E—04 m:5.181E-03  2.799E+01 2.398E—13 «4.874E—12 4.561E—-09
128 3.572E—-09""5:304E—08 9.222E—04 ~1877E—-12 3.969E—-11 1.823E-07

256 6.068E—12__1.511E—-10 1.475E—06

Table 6.1: The mesh refinement study for the computationsrof H, K and A H by
the spectral method.” Theumaximum absolute error is defined as ||H — H.||~, where
H, is exact value of mean eurvature. Similar notations for other quantities.

6.3.2 Study on different stiffness number o

As mentioned before, the stiffness parameter oy in Eq. (6.15) must be chosen large
enough to keep the nearly inextensible property. In this subsection, we test three
different numbers to see how the vesicle behaves on those choices. We put a vesicle
with elliptical shape X¢(s) = (0.5coss,0.1sins) in quiescent flow. Three different
stiffness parameters 2 x 10%,2 x 10* and 2 x 10° are chosen, and the time steps
are chosen as At = h/16,h/32, h/256, respectively. We set the bending coefficient
¢y = 2x 1072 and run the simulations up to time 7' = 2. As shown in Figure 6.2(a), all
vesicles coincide with each others (better view from cross-section) at different times
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M H K AsH
32 6.359E+00 1.703E+02 1.956E+05
64 3.061E+00 2.529E4-02 1.197E+05
128 1.787E+00 4.163E+01 7.090E+-04
256  5.464E-01 1.145E+01 3.499E+-04

Table 6.2: The mesh refinement study for the computations of H, K and A;H by
the second-order finite difference method. Only the results of the oscillatory surface
are listed.

and they all reach the bi-concave shape eventually. We also plot the time evolution of
total energy computed by Eq. (6.17) in Figure 6.2(b), once again, the total energies
are also coincided. This consistence indicates that as long as the parameter o is
large enough, the flow remains the same. Table 6.3 shows the maximum errors of
area dilating factor, the relative errors of the total surface area and the volume of the
vesicle at T' = 2. Notice that, the total surface area.and the volume are calculated in
the axisymmetric way. It.iS interesting to see that as the stiffness increases an order
of magnitude, the maximum error of area dilation will be reduced, which results the
surface area error is.reduced by the same order of magnitude. This kind of error
behavior is quite physically reasonable since.the larger oy is, the stronger spring force
is provided to keep R |X,|" closer to the initial one. Althotigh the volume relative
error does not show the ‘same asymptotic behavior as thessurface error, both relative
errors are within 0.03% when g is equal to or greater than 2 x 10*. We also test
the case of a vesicle under shear flow and obtain almost'the same error behaviors so
we omit here. Based on this test; we<choose gy = 2 x 10* in"the remainder of this
chapter.

a9 At INX.] - RO X o AR5 Aol/A0 Vi = Vol/Vo
2 x 107 h/16 2.088E04 2.431E—03 9.391E—04
2 x 10 h/32 6.551E%05 2.060E—04 2.865E—04
2x10°  h/256 2.903E—05 2.105E—05 2.657E—04

Table 6.3: The errors of the area dilating factor, the total surface area, and the
volume.
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total energy
o
o
~
1

Figure 6.2: (a) A freely suspended vesiclewith different stiffness numbers oy. 0y =
2x103: =75 09 = 210" "x’;.00 =2%X140°% . (b) The corresponding time evolutions
of total energy.

6.3.3 Convergence test

In this subsection, we perform the convergence study for the present numerical algo-
rithm. Again, we put a vesicle with elliptical shape Xo(s) = (0.5cos s,0.15sin s) in
quiescent flow initially. The computational domain is chosen as [0, 1] x [—0.5,0.5].
We choose the different mesh sizes as m = 64,128,256 and 512 so the corresponding
mesh is Ar = Az = h = 1/m. Since the analytical solution is not available in this
test, we choose the result obtained from the finest mesh m = 512 as our reference
solution, and compute the maximum error between the reference solution and the
numerical solution. The bending coefficient is chosen as ¢, = 2 x 1072 as before, and
all the numerical solutions are computed up to time 7" = 0.5. Table 6.4 shows the
relative errors of the vesicle surface area and the vesicle volume, the maximum error
of the vesicle interface configuration, and the fluid velocity field. Note that, the fluid
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variables are defined at the staggered grid so when we refine the mesh, the numerical
solutions will not coincide with the same grid locations. In these runs, we simply use
a cubic spline interpolation to compute the solutions at the desired locations. Due to
the fact that the immersed boundary formulation has the singular forcing term in the
equations, regularizing the singular term by smoothing discrete delta function causes
the method to be first-order accurate. The numerical results shown in Table 6.4 are
consistent with what we expect from theory.

m = 64 m = 128 rate m = 256 rate
|Ap — Ao|/Ag  4.032E—04 2.024E—04 0.99 1.009E—04 1.00
Vi — Vol/ Vo 6.434E—04 1.505E—04 2.10 3.170E—05 2.25
IXh — Xyolle  1.689E—03 4.625E—-04 1.87 9.937TE—05 2.22
lun — upeplloe  2:363E—03  1.162E—03 1.02 5.321E—04 1.13
lwn — wpeflle  1.876E—03  T7.652E—04 1.29 T.069E—04 0.11

Table 6.4: The mesh refinement results for the'surface area Ay, the enclosed volume
Vi, the configuration X;,, and the velocity field uyand wy,.

6.3.4 A suspended vesicle in quiescent flow

In this test, we putra freely suspended vesicle with an oscillatory initial configuration
as described in subsection 6.3.1 in a quiescent flow. The computational domain is the
same as previous test and bending coefficient is chosen'as ¢, = 5 x 1072, Figure 6.3
shows the snapshotsof the vesicle shapesin both cross-sectional. and three-dimensional
visualizations. Onecan see that the initially escillatory interface reaches a stationary
bi-concave shape which is consistent with-those results in literature [4, 67]. The
evolutional plot of the corresponding energy described in Eqs (6.17) is shown in Figure
6.4 so one can see that the total membrane energy is.decreasing and tends to a constant
indicating that the vesicle 4s in equilibrium shape eventually.

6.3.5 Vesicles under the gravity

As in [4, 67], we also study the gravitational effect on the shapes of the vesicle by
considering different density across the interface. To simulate this problem, we simply
add an extra interfacial force F, as

F,= (s — ") (X)X n.

into the vesicle boundary force [49]. Here, p’ and p° represent the fluid density inside
and outside of the membrane, respectively, and g is the gravitational field . With
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Figure 6.3: (a) Snapshots of a freely suspended vesicle in quiescent flow. (b) The
corresponding plots'result in 3D view:
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Figure 6.4: The membrane energy evolution of the freely suspended vesicle.

presence of the gravitation, a vesicle drops (since p' > p°) and reaches a terminal
velocity with an equilibrium shape. Figure 6.5 shows the snapshots of two different
initial shapes; namely, an oblate vesicle X¢(s) = (0.25cos s,0.125sin s) and prolate
vesicle Xo(s) = (0.1531 cos s, 0.3333sin s). Notice that, both vesicles have the same
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Figure 6.5: Snapshots for the vesicles under the gravity. The gravitational force is
pointing into negative z direction. Top: initial oblate shape; bottom: initial prolate
shape

volume and surface area. The oblate one (top).converges toward to a ”parachute-like”
shape while the prolate vesicle (bottom) will converge toward to a ”pear-like” shape.
Those results are qualitatively consistent with those results obtained in [4, 67].

6.3.6 Vesicles in Poiseuille flow

As mentioned before, vesicles have the similar mechanical properties that mimic RBCs
in flows. There have been widely investigated in the rheology of red blood cells
passing through capillaries in Poiseuille flows numerically such-as [56, 52, 61] and the
references therein. (Therefore, it will be quite natural to study the vesicle dynamics in
Poiseuille flows. Reeently, Coupier et. al. [8] study-the problem through experiments,
numerical, and theoretical ecomputations to characterize the shape diagram of vesicles
in Poiseuille flow. In the following, we shall also investigate the problem and compare
our axisymmetric results with the ones shown in (8.
In this subsection, we set up the Poiseuille flow as illustrated in Figure 6.6 by

2
w:Wm(l—ﬁ), u =0,

where L is the capillary radius, and W, is mean flow velocity indicating the centerline
velocity. Throughout this subsection, as in Figure 6.6, we draw the z-axis along the
horizontal direction (different from those in previous subsections) since the flow is
along the axial direction.

It is known that, in Poiseuille flow, a vesicle reaches its equilibrium shape and then
moves with a constant velocity. As discussed in literature [8], the reduced volume v
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r—axis
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Figure 6.6: The velocity profile of Poiseuille flow.

measured the deflation of the vesicle plays a significant role in vesicle dynamics which
is defined as

Vo

YT (A A

where V and A, represent the-volume.and the surface area; respectively. This di-
mensionless numberiis nothing-but the volume ratio of the wesicle to a sphere with
the same surface area. Thus, for a sphere, the reduced volume equals to one. In ad-
dition, we define a characteristic non-dimensional parameter R to indicate the vesicle
confinement in theflow by
R="
L

where the effect raditis.can.be computed by Ry =(3Vg/47)/3. Thus, a larger R
means a stronger confinement. In this subsection; we shall investigate three different
effects by varying the reduced volume v, the -confinement R, and the mean velocity
W,, individually. The computational »—z domain is chosen as {2 = [0, L] x [-5L, 5L].
Unless otherwise stated, we all use oblate vesicles as our initial shapes in the flows.

o FEffect of the reduced volume. In this test, we choose an oblate vesicle with three
different reduced volumes v = 0.48,0.75, 0.9 but the same volume in a Poiseuille
flow with a weaker confinement R = 0.3 and W,, = 1. We run the simulations
until the equilibrium shapes are obtained. Figure 6.7(a) shows the snapshots
toward to equilibrium shapes for those different reduced volumes. One can
see the parachute-like shapes are observed in all three cases while the smaller
reduced volume deforms significantly more since it is thinner. This behavior is
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Figure 6.7: (a) Snapshots of the vesiclein.Poiseuille flow with different reduced volume
v = 0.48 (top), v = 0.75 (middle), and v = 0.9 (bottom). The flow comes from left
to right. (b) A vesicle with initial prolate shape with reduced volume v = 0.9 results
in the bullet-like shape eventually.

consistent with the results obtained in [8]. On the other hand, it is interesting
to see that if we choose the prolate vesicle initially (with same surface area and
volume as the oblate one with v = 0.9), we can obtain the bullet-like shape as
shown in Figure 6.7(b). Notice that, the parachute-like shape has a concave
rear part while the bullet-like shape has a convex one instead.
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e Fffect of the confinement. To study the confinement effect, we keep the mean
velocity W,,, = 1 and reduced volume v = 0.95 fixed but vary the confinement as
R= 0.3,0.375, 0.5, respectively. Figure 6.8 shows the cross-sectional view of the
equilibrium shapes with different confinements in which the confinement gets
stronger from left to right. One can see that the equilibrium shape turns from a
parachute-like shape into bullet-like one as the confinement gets stronger. This
is a physically interesting result which can be explained as the confinement is
sufficiently large, its effect will dominate the other flow effects. This is also in
a good agreement with the result obtained in [§].

0.5

r-axis
o
T
1

-0.5

Figure 6.8: Cross-sectional view of the equilibrium shapes with different confinements
Left: R = 0.3; middle: R = 0:375-and right: R.=0.5. As the.confinement increases
from left to right,sthe shape turns from parachute-like to bullet-like.

e Fffect of thesmean wvelocity. ~In the final test, we keep the reduced volume
v = 0.95 andrthe weaker confinement R = 0.3 fixed but vary the mean velocity
as W,, = 1,10,100. Notice that, varying the mean velocity alone (but keep-
ing other parameters fixed) means to vary the eapillary number Ca = %.

Thus, the effect can be regarded as the effect of capillary number. Figure 6.9

shows the cross-sectional view of the equilibrium shapes with different mean

velocity. By increasing the mean flow velocity, the equilibrium vesicle will turn
from parachute-like to an unexpected bullet-like shape. This interesting result

has been obtained from the experimental observations [8] (the authors used v

between 0.95 and 0.97) and our result in Figure 6.9 is qualitatively consistent

with theirs.
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Figure 6.9: Cros i > th with different mean ve-
locity. Left: W, i : ; oht: i +100. As the mean flow

velocity increases, t ; I8 e-1 et-like.
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Chapter 7

Conclusions and future works

In this thesis, we developed three kinds of numerical methods to simulate vesicle
dynamics. The governing equations are formulated based on immersed boundary
framework where a mixture of Eulerian fluid variables and Lagrangian interfacial
variables is used, with the linkage of these two kinds of variable is by smoothed Dirac
delta function. Firstly, We state the model of an inextensible interface (vesicle with-
out bending effect) suspended in-Stokes flow. By.taking advantage of the property of
skew-adjointness between spreading operator and . surface divergence operator, the re-
sultant linear systemu.can be solved. efficiently by iterative conjugate gradient method.
Secondly, we turn our direction to employ the nearly inextensible approach to mimic
vesicle dynamics. We proposed an unconditionally energy stable scheme so that the
time restriction can be released substantially. This scheme involves solving a positive
definite linear system which can be done efficiently by multigrid method. Lastly, we
consider the realistic case of three-dimensional vesicle. The vesicle model is approx-
imated by penalized nearly inextensible approach. Moreover, differ to our previous
work, the derivative-of interfacial variables-are evaluated by high accuracy spectral
method which outperforms finite difference method: The fluid equation is discretized
by projection method and then fast Poisson solver<can be used. We investigated
vesicle dynamics numerically; such as relaxationsto-equilibrium state, tank-treading
motion under shear flow, with presence of gravity field and shape rheology under
Poiseuille flow.

As a next step, we will generalized the present model to with consideration of
viscosity contrast which is close to the realistic world. In particular, we plan to
extend our work to real three-dimensional space, while the presentation of vesicle
shall be treated carefully when it deforms.
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Appendix A

Geometrical operators and
quantities on a surface

In this appendix, we provide computation process of mean curvature H and Gaussian
curvature K which can be obtained by first and second fundamental forms [51] and
geometrical differential operators on surface.

A three dimensional surface can be presented by parametric form as X(«, 5) =
(X (e, 08),Y (e, 8), Z(a, 8)), 0 < o <_L, and 0.< B.< Lz, where a and [ are two
Lagrangian parameters. From-first-fundamental form, we have

E=X, Xu F=XXg G=Xz Xz W=vVEG-—F?
by second fundamental form, we have
L:Xaa-n, M:Xa5~n, N:Xﬁ5~n,

where unit normal‘vector can be obtained by n = X, x X3/W. With these elementary
geometrical quantities, the mean curvature H and Gaussian curvature K is computed
by

1EN —2FEM — M?
gl RGL o LN - M
2 W?2 Ww?2
Suppose ¢ is a scalar function and f is a vector function, then we have surface gradient
V,, surface divergence V- and surface Laplace operator A; (or Laplace-Beltrami

operator) as follows.

GX,— FX EXsz — FX,
[ a1

Gf, — Ff; Efs — Ff,
vsf:TXa—f—TXB,

1 [(Gou—Foy\  (Eéy—Fon
A= — | (ZL—L% 205~ 0 |
¢ W( W )+< v,
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Appendix B

Discrete skew-adjoint operators

In this appendix, we give a direct derivation to the matrix obtained from the discrete
spreading operator Sy of 0, and the matrix obtained from discrete surface divergence
operator V,, of fU are transpose with each other. First, let us rewrite the operator
Sh(on) by

<
L

Sh(O'h) =

(]

Dy (a7); 0n(x — X)) As
0

= -

(% Tk — Of—_ Ti—
_ Z +1/2 +1/2As 1/2 1/2 5h(X L \ Xk)AS
k=0

M M
= Z Ok—1/2 Tk=1/2 5h(X & Xk—l) V- Z Uk—1/27'k—1/25h(X - Xk)

k=1 k=1

—  O—1y2T—1/20h(x= X0) + onr—1/2Tn—1/200 (% — Xas)
M

= (On(x = Xp21) = Opl(x=X3)) T2 01 1/2-
k=1

Note that, the last two terms are cancelled.out'due to the periodicity of the interface.
Now we can write down the discrete operator Vi, as

U, — Uy
Vs, - U = Tl'Tk—1/2/|DsX|k—1/2
h2
= - on(x —Xpq) — Op(x — X LUy
As |DSX|k_1/QZ( n(x k-1) n(x k) T 1/2 * Wi

Since the discrete surface divergence operator of the velocity is zero as described in

Eq. (4.11), we can scale out the coefficient _As\DhT/ so that the resultant matrices
S k—1/2

obtained from S;, and V,, - are transpose to each other.
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Appendix C

Unconditionally stable IB method

In this appendix, we provide the numerical detail on how we compute the bending
force in Eq. (5.36). To proceed, we first define the discrete force spreading operator
v, and the velocity interpolating operator Z;’ by

FRIF](x) = D F(se)dn(x = Xf)Ase=Tpful(si) = > u(x)o(x—X}) h*, (C.1)

= X

respectively. It is well-known [50,.44] that the above both operators are adjoint with
each other as

(FRF, Wom= Y (Z F(s5)on(x — XZ)AS) ~ua(x) 4

X k=1

M

=D Bsk)s (Z u(x)d, (x — X}) h?) As = (F, Z;'ul)r, .
k=1 X

The singular immersed. boundary force arising from the bending is written as

o*X

r 884

fy(x) = —cy 5(x = X{set)).ds. (C.2)

To simplify our notations, we define the discrete fourth-order centered difference oper-
ator Aj, as an approximation to the fourth-order derivative. Thus, the discretization
for Egs. (C.2) can be written as

£ (x) = e [AR X" ().
By substituting X" = X" + AtZ7"[u"™!] into the above equation, we have
£11(x) = — FP[ALX" + AtAZ u" ] (x)
= —be;; [AhX"] (X) — CbAtf}TLL.AhI;Z [u"“](x). (C3)
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Since the discrete operators F;' and Z;’ are both adjoint to each other and the discrete
fourth differential operator A;, is symmetric positive definite, we can conclude that
the above composite operator F}' A,Z} is also symmetric positive definite. So in our
modified BE scheme, we only need to add the additional singular force f;(x) as

£y (x) = = F7 [ARX"](X) — o AtF; AL [u"](x). (C.4)

One should note that, the symmetric positive definite matrix structure for u* in
Eq. (5.24) does not change at all even we add this extra bending force term. The
bending term for modified CN scheme can be similarly derived so we omit the detail
here.
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Appendix D

Geometrical differential operators
in axisymmetric coordinate

In this Appendix, we derive the mean curvature H, Gaussian curvature K, and the
surface Laplacian of mean curvature AgH-in axisymmetric coordinates as shown in
Eq. (6.10). The mean curvature H-and Gaussian curvature K can be computed
by the the first and second fundamental forms [51}.¢ As before, under axisymmetric
assumption, the interface can be parameterized as

X(s,0) = (R(s)cost, R(s)sinb, Z(s)).

Here, we omit the.dependence-of time ¢ for simplicity. The coefficients F, F', G of
the first fundamental form for the above surface; and the surface area dilating factor
W can be obtained as

E=X, XJ= X,
F=X, X,=0,

G =Xy Xy =R

W =VEG — F? = R|Xy|.

The unit outward normal vector is

Xy x X, 1
n= 9;/ — ]Xs|(ZS cosf, Zssinf, —Ry).
The coefficients of the second fundamental form L, M and N can be obtained as
1
L = Xss ‘N = _(RSSZS - RSZSS)7
| X ]
M=X,4-n=0,
—RZ,
N = X@g N =——.
| X
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Therefore, the mean curvature H and Gaussian curvature K can be computed ex-
plicitly as

1EN —2FM +GL 1 7 R, 7. — RosZ,
H = —Z — _ D.1
2 W2 2 (R]Xs\ + X, ) ’ (D-1)
LN — M? ZS(RSZSS — RSSZS)
K = = . D.2
W2 R ’XS|4 ( )

It is interesting to note that there is another way to derive the above curvatures H
and K. Using the formula of the surface divergence operator derived in Eq. (6.14)
and substituting the normal vector into the definition of 2H = V, - n, we obtain the
mean curvature H by

2H =V -n=

Zs (an 1 > Zs RSZSS - RSSZS
T

L (o _ D.3
ax T e X AT OXP (D-3)

One can immediately see that those two terms in above equation comprise two prin-
cipal curvatures, thus their product leads to the Gaussian curvature as shown in
(D.2).

Note that, the surfage gradient operator in axisymmetric coordinates is defined as

oH 1 r0H
H=—7m= —
Vs oT T (|XS| s ) 'k

where the tangent.vector is defined in Eq. (6.12).-By applying the surface divergence
operator (as defined in Eq. (6.14)) to the above equation, one ean obtain

I 0+ R OH

85



	cover_nctu
	cover
	face-en
	Immersed boundary methods for simulating vesicle dynamics

	abstract-ch
	acknowledgement

	wfhu_dissertation

