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Abstract

Phase-field theory is a powerful method which is widely used in dealing with multiphase
problem in fluid dynamics in recent years. In this thesis, models of moving contact lines and
vesicle motion, deformation and interaction would be established with phase-field method.
Energy variational approach is used to derive the governing equations from some basic
energy assumption. C? finite element scheme is given to perform numerical test. Continuous
and discrete energy decaying law are also given to prove the feasibility of the model. Finally,
numerical simulation is applied. A number of results in different conditions are shown. By
comparing with experimental data from previous research, the models are proven to be with
good accuracy.
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Chapter 1

Introduction

1.1 Modelling Methods of Multiphase Flow

Multiphase flow refers to the coexistence of substances in fluid flow with an exact interface
between two (or more) phases or different components. The study of multiphase flow mainly
focus on its dynamics [114, 78, 151, 150], thermodynamics [62, 39, 43], heat and mass
transfer [144, 61] at the interface. The research covers a wide range of subjects like mantle
melting [151, 150] in geophysics, printing [84] and spray cooling of surfaces [15] in industrial
application, blood clot growth [162] and red blood cell property [148, 18, 112] in biomedical
research. Thus, establishing accurate mathematical models of multiphase flow has became a
point of interest in recent years.

Compared with single phase fluid flow, there are more features and difficulties in modelling of
multiphase flow problem. Firstly, multiphase flow contains several different immersible com-
ponents, each of them has its unique physical features (density, viscosity, specific heat...).
Thus, more parameters are required to describe the flow which makes the mathematical
model more difficult. Secondly, There are complex interactions at the interface of two phases
like fraction, displacement, energy exchange, chemical reaction and deformation. Those in-
teractions would affect the flow greatly. Finally, in some cases such as large density ratio
between two phases and non-constant temperature, the problem becomes highly nonlinear,
which brings difficulties to calculation.

Aiming at modelling of multiphase flow, a number of methods and approximations are de-
veloped. Molecular dynamics simulations [82, 83, 145], microscopic—macroscopic hybrid model
[58, 124] and dissipative particle dynamics model [89] are introduced in microscopic scale. In
macro-scale, the modelling can be generally divided into two types: sharp interface model and
diffuse interface model. Sharp interface model consider the interface of different phases as a
sudden cut. The interface works as a boundary of the phases. In mathematical treatment, the
feature of the interface would be expressed as boundary condition of the governing equations.
There have been various methods under sharp interface frame such as front tracking model
[86, 122, 123, 175], boundary integral model [65] and immersed boundary model [106]. Some
scientific research has been applied based on sharp interface models like multi-phased fluid
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flow [176, 69] and Marangoni effect [149, 113]. However, in numerical calculation, sharp
interface models require the mesh of the domain renewed frequently in order to track the
interface. The boundary condition at the interface need to be handled properly at the same
time. These factors make it hard to solve the discrete partial differential equations with general
calculation software which decrease the universality of the models.

Compared with sharp interface model, diffuse interface model could adapt numerical calcu-
lation better and show better continuity in mathematics. In the model, the material interface
is treated as a diffuse layer instead of a sharp discontinuity. The position of the interface
is no more defined explicitly as a variable in the governing equations (the position of the
boundary) but captured by a solution of the equation of an implicit function defined in the whole
domain. Thus the boundaries between different phases do not exist anymore which makes the
derivation of the governing equations much easier. Also, the position of the interface is now
received by solving the equations directly, remeshing of the domain is not necessary, which
simplifies the numerical calculation greatly. So far, a lot of typical interface capturing methods
have been reported such as volume-of-fluid methods [130], level set method [109, 159, 158,
127] and phase-field method.

Among those models, phase-field method [6, 57, 73] is one of the most popular and powerful
methodologies. This regularization can be rigorously formulated through a variational process.
The main advantages of the phase-field method are twofolds. First, the phase-field order
parameter identifying the diffuse interface is treated as an additional primary unknown variable
of the problem to be solved on the whole domain. The governing equations can be derived
by energy-based variational approach [38, 172, 94]. As a result, the obtained system is
compatible with the law of energy dissipation, which makes it possible to design efficient
and energetically stable numerical schemes. Second, interface transformations are predicted
without the necessity of a remeshing algorithm to treat the evolution of the interface, thus
it becomes easy to track the interface and numerically implement even if there are large
topological changes [28]. In this thesis, we focus on phase field method. Based on proper
assumption in Navier-Stokes equations, energy variational approach [95, 126, 119] is used to
establish thermodynamically consistent models.

With so many models in multiphase flow, a variety of numerical methods are developed.
Lattice Boltzmann method is reported in [173], layer-by-layer decomposition methods is used
in [167]. The most common methods are finite difference and finite element method which are
widely used in calculation of various methods such as immersed boundary model [79, 131,
108, 153, 156], immersed interface model, [67, 81], spectral model [97], fictitious domain
model [60] and phase-field model [53, 52, 54]. Also, the energy law of discrete scheme is
considered by some of the researches. In [51, 53] energy law is presented based on finite
element scheme. In [54] a mass conservative and energy stable finite difference methods
is introduced. In this thesis, works are done referring to the idea of [53, 52] to establish
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phase-field models and the corresponded C? finite element schemes are given as well. The
corresponding discrete energy decaying law is then derived and tested numerically to prove
the thermodynamic consistency of the discrete scheme. In recent years, the invariant energy
quadratic (IEQ) approach is proposed in [166, 169]. The basic idea is to convert the volume
potential in the model into a quadratic form by using a new set of variables. Also semi-explicit
treatment is applied on all non-linear terms, making the governing equations discretized
into linear elliptic equations. The method is successfully applied to various gradient flow
models. However, this approach has some shortcomings as indicated in [134, 133] and see
also [88]. Firstly, the method requires solving a complex variable coefficient linear equation.
Secondly, a lower bound of the energy density function is needed which decrease its scope
of application. Finally, the method would result in a coupled system for gradient flows with
multiple components. To improve the IEQ approach, a new method called scalar assisted
variable (SAV) method is developed in [134, 133]. The SAV enjoys all advantages of the
IEQ approach but overcomes the disadvantages mentioned above. The SAV method only
needs to solve the decoupled equation with constant coefficients at each time step. Thus,
an unconditionally energy stable numerical scheme could be obtained. The scheme is not
limited to the special form of the nonlinear part of free energy, so it is suitable for a large
class of large gradient flows. Though the discrete energy in IEQ or SAV is usually a numerical
approximation of the energy in the continuous model. Or in other word, the discrete energy
law in IEQ or SAV is a numerical approximation of the continuous energy law. In this thesis
our numerical method will be based on mid-point type of schemes where the discrete energy
law usually has the same form of the continuous energy law.

In this thesis, phase-field modeling of two specific cases are studied: moving contact lines
problem and vesicle motion and interaction problem. In the following part of the chapter, a
brief introduction of the problems is given together with the related works published recently.

1.2 Application of Multiphase Flow Modelling

1.2.1 Moving contact lines

The modeling and simulation of moving contact lines (MCLs), where the interface of two or
more immersible fluids intersects with a solid wall [23, 33], have attracted much attention
in fluid mechanics study in recent years. Applications of MCLs in industries and medical
fields (for example, printing [84], spray cooling of surfaces [15], blood clot [162], microfluidics
[152], surfactant[158, 175]) have motivated scientific interests and mathematical challenges
on associated issues such as the stress singularity and contact angle hysteresis. In order to
model the dynamics around the contact lines, various types of models and approximations
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have been developed, such as direct molecular dynamics simulations [82, 83, 145], micro-
scopic—macroscopic hybrid model [58, 124], front tracking model [86, 122, 123, 175], phase-
field model [8, 77, 116, 128, 139] and Lattice Boltzmann model[71]. For reviews of the current
status of the MCLs problem, we refer to the articles [13] and [146].

Among the modelling methods, phase-field modelling shows great efficiency and accuracy
on dealing with moving contact line problem of multi-phased flow. However, one of the main
challenges in phase-field method is to model the immersible two-phase flow with different
densities. When the density ratio between the two phases is small, it could be handled by
the Boussinesq approximation [93]. However, it could not be extended to the case with a
large density ratio due to its underlying assumption [94]. One key problem arises from the
inconsistency between the mass conservation and the incompressibility especially near the
diffusive interface region. It was first pointed out by Lowengrub [99] and later by Shen et al. [94,
138]. Two main approaches are proposed to overcome this difficulty: one is based on volume
averaged velocity; the other is based on the mass averaged velocity. For the volume averaged
velocity model, the incompressiblity is assumed everywhere including the interfacial region [1,
14, 25, 136, 135]. A thermodynamically consistent and frame invariant model was developed
by Abels et al. [2], where the mass conservation equation is modified with a mass correction
term. On the other hand, for the mass averaged velocity method, the mass conservation is
assured instead of incompressibility. This naturally yields the quasi-incompressible Navier-
Stoker-Cahn-Hilliard (9-NSCH) model [54, 99], which in fact leads to a slightly compressible
mixture only inside the interfacial region.

Besides, the boundary condition of the contact point is also relatively hard to handle. The
velocity of the fluid on the wall is treated as 0 in many researches on single-phased fluid flow.
However, this non-slip boundary condition is incompatible with moving contact lines problem
since it leads to a non-integrable singularity [116]. Navier boundary condition arose to describe
the slip of the fluid at the wall [104, 5]. In the past decade, a number of studies on moving
contact lines have applied generalized Navier boundary condition (GNBC) [115, 116] in which
the slipping is proportional to the sum of tangential viscous stress and the uncompensated
Young stress.

In chapter 3 of the thesis, a quasi-incompressible phase field model of moving contact lines
is established through energy variational method and general Navier boundary condition
(GNBC) is adapted and applied to our model. A thermodynamically consistent C? finite ele-
ment scheme is derived with an discrete energy law. Numerical simulations are shown to
prove the feasibility of our model.
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1.2.2 Vesicle motion and deformation

Studying dynamic motion and shape transformation of biological cells (vesicles) has recently
become a point of interest in biological fluid dynamics, because the shapes of the cells usually
relate to their function. For example, many blood-related diseases are known to be associated
with alterations in the geometry and membrane properties of red blood cells [148]. Red blood
cells in diabetes or sepsis patients exhibit impaired cell deformability [18, 112]. During blood
clot formation, an indicator of platelet activation is its shape change by forming filopodia and
lamellipodia. Notably, platelets shape changes facilitate their adhesion to the site of vascular
injury and cohesion with other platelets or erythrocytes [143, 7].

In simulation studies, it is vitally important to establish a proper model of cell membranes for
analyzing the dynamical shape transformation of cells, in addition to modeling intracellular and
extracellular fluids. Various mathematical models were introduced for predicting cell morpho-
logy and function. Dissipative particle dynamics [89] models of red blood cell were developed
in[111, 89, 110] and were used to study effects of red blood cells on platelet aggregation [111].
Models based on interface tracking or capturing such as level set method [159, 158, 127] were
also developed [12, 75, 66, 60] to take into consideration the fluid-cell-structure interaction.
In numerical treatment, various methods such as immersed boundary method [79, 131, 108,
153, 156], immersed interface method, [67, 81], spectral method [97] and fictitious domain
method [60] using finite difference or finite element formulation have been introduced to solve
governing equations of these models.

Lots of phase-field type vesicle models have been introduced lately [70, 170, 100, 30]. Mech-
anical properties of the vesicle membrane such as bending stiffness and inextensibility can
be incorporated rigorously by the phase-field theory [30, 27, 29, 32] to establish a realistic
mechanistic model. For instance, the bending energy of bending resistance of the lipid bilayer
membrane in the isotropic case ( neglecting the proteins and channels on the membrane)
given in the form of the Helfrich bending energy can be approximated by a modified elastic
energy defined on the whole domain in the phase-field formulation [21, 31, 27, 29]. Constraints
conserving cell mass and ensuring global inextensibility of cell membrane are frequently
introduced into vesicle models to keep the mass and surface area of the vesicle constant
[32, 3].

In chapter 4 of the thesis, a vesicle model is established using Allan-Chan type interface
through eneregy variational method. A GNBC is applied to deal with the wetting phenomenon
when the vesicle contact the wall. A second ordered convergent C? finite element scheme is
derived later. Finally, bench mark test and and simulation results compared with lab data are
posted to show that our model fits the experiment well.
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1.2.3 Interaction of multiple vesicles

In the study of hemodynamics, the interaction between various structures (cell-cell and cell-
vessel) is a very important part since it is related to a wild range of problem like red blood
cell distribution [80] in blood vessel, the growth of blood clot [42], blood cell aggregation [87],
sickle cell disease [4], tumor cell dynamics [22] and diabetes study [24].

So far, under the frame of sharp interface condition, there are a number of studies focusing
on the modeling of this interaction effect in blood flow. Cell-wall interaction models have been
arise in [22] to simulate the adhesion and deformation of tumor cells at the vessel wall. Local
and non-local models are introduced in [46] to explain the invasion and growth of tumor cells.
Cell-cell interaction modeling at micro-scale is performed in [178, 98, 177, 173] to study
red blood cell aggregation problem. Multi-scale models are introduced in [37, 165] where
dissipative particle dynamics is used in [37] to establish a blood cell model in blood flow and a
stochastic Cellular Potts Model (CPM) is introduced in [165] for blood clot growing simulation.
In[41, 118] Lennard-Jones type potential arises in cell-cell interaction to study cell deformation
and doublet suspension.

By regarding the membrane as a diffused interface, some vesicle interaction model based on
phase-field method has been reported recently. Fusion of cellular aggregates in biofabrication
is modelled with a single phase field function in [167]. Vesicle-substrate adhesion model is
established in [48] where two phase feild function is used to indicate wall and vesicle. Vesicle-
vesicle adhesion model is introduced in [49] where different phase field function represents
different vesicles. Further, a multiple cell aggregation model and corresponding simulation is
reported in [76].

In the thesis, an energy stable C? finite element scheme is established based on a Chan-
Hilliard type interface model of multiple vesicle. Energy variational method is used for continu-
ous model derivation. Simulation results indicates that the model fits the experiment well.



Chapter 2

Mathematical Background and
Notations

2.1 Material Derivative

Consider a physical variable v(z,t) of the fluid defined in a fixed domain, such as temperature
and density where x is space coordinate and ¢ is time. It is obvious that the velocity of such a
physical quantity is same as the velocity of the fluid u(x,7) which means the physical quantity
is moving with the substance of the fluid. Taking the time derivative of the variable and applying
the chain rule, we have:

As mentioned before, the velocity of v is equal to the fluid, thus we have:

dac_

Substitute Eq.(2.2) back into Eq.(2.1) and use the new notation g to represent such a mater-
ial. We finally have the formula:

D av
Ev(az,t)— W—Fu-Vv (2.3)

Equation (2.3) is celled the material derivative of quantity v.

For a scalar field, the calculation is trivial as shown in Equation (2.3). While for a vector field
V = (v, V, V), the calculation result is:

A A v, A
- or Tl gy T Uy 5 Uy
Dv _ | 9w dvy vy dvy (2 4)
D | o Ty TGy T -

v, av, av, av,
o TGy TGy Tl

according to tensor analysis.
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2.2 Conservation Law of Mass

In this thesis, conservation law of mass is always discussed in the model derivation. We start
from the integral form. Consider an arbitrary volume V (¢) whose shape and size changes with
time. The conservation law of mass p states [56]:

d

— dr =0 2.5

7 V(I)P (2.5)
The physical meaning of the equation is that the mass of a control volume doesn’t change

with time as the volume deforms and moves.

By applying Reynolds’ transport relation, the deviation form of the conservation law can be
written as [56]:
dp

§+v-(up) =0 (2.6)

For other conservation laws, the detail would be discussed in the following sections.

2.3 Sobolev Space

CY finite element scheme would be used for discrete analysis and this requires the discrete
variable functions defined properly. In this thesis, the functions are all defined in Sobolev
space with notation goes: W/P. Where | means the order of the derivatives of the functions
that are integrable and p means the order of the L”-norm that the space equipped with. The
definition of L”-norm is shown below:

Wil = ([ 11177 )

More detail of the property and definition of Soblev space could be found in [17]. In this thesis,
L*-norm are used to measure the convergence rate of the numerical scheme.

2.4 Energy Variational Method

Derivation of the model in this thesis is based on the energy dissipation law which holds
ubiquitously in physical systems involving irreversible processes [160, 35, 72, 161, 55]. This
law states that for an isothermal and closed system, the rate of change of the energy balances
with the energy dissipation [160]:

%Etotal = _A S 0 , (28)



2.4. Energy Variational Method 9

where E°? s the total energy of the system and A is the rate of energy dissipation or entropy
production, which is usually represented as a quadratic function of certain rates such as the
fluid velocity [160]. Eq. (2.8) can be easily derived via the combination of the First and Second
Laws of Thermodynamics [161]:

From the first law of thermodynamics we can get

d(K+U) dw dQ
—_ = = 2.
dt dt + dt (2.9)

From the second law of thermodynamics we have

TdS dQ
—=—+4A 2.10
dt dt ( )
Where K is the kinetic energy, U is the internal energy, w is the work done from outside of the
system, Q is the heat generated, S is the entropy, T is the temperature and A is the entropy
production [161]. Combine the two equations and assume the system is thermostatic, we

have:

d dw
—(K+U-TS)=——-A 2.11
dt( - ) ” (2.11)

Where K 4+ U — TS is the total energy E'“ . If the system is enclosed, which means‘fl—vf =0,

then we have the energy dissipation law:

dEtotal
dt

=-A (2.12)

The choices of the total energy functional and the dissipation functional, together with the
kinematic (transport) relations of the variables employed in the system, determine all the
physical and mechanical considerations and assumptions for the problem [47]. A general
technique to determine these relations of variables may be found in [52, 55].

2.5 Finite Element Method

Finite element method (FEM) has been introduced into computational fluid dynamics for a
long time [20]. FEM is suitable to solve problems that requires different space accuracy in
different part of the domain or requires a smooth solution in the whole domain. This property
makes FEM a very good choice when dealing with phase-field method.

The first step of FEM is to discretise the domain into a mesh which is consist of small triangles
as shown in Figure 2.1. The specific grouping of the triangles are called the element. Different
kinds of elements are used in different problem depending on its behaviour. By doing this, the
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initial problem could be divided into a combination of problems in each small elements. By

solving the equation set of all the elements, we are finally able to get an approximation of the

solution on the domain. More details of the theoretical support of FEM could be found in [121].



Chapter 3

Moving Contact Lines Problem

3.1 Introduction

In this chapter, the phase field function is firstly defined using volume averaged density and
mass fraction of a control volume. Then, we rederive and generalize the thermodynamic-
ally consistent g-NSCH moving contact lines model in [99] from a variational point of view
by combining with the Energy Variational Approach (EnVarA) [35, 96, 172] and Onsager’s
Variation Principle [2, 122, 123, 175]. It starts from two functionals for the total energy and
dissipation, together with the kinematic equations based on physical laws of conservation. The
specific forms of the fluxes and stresses in the kinematic equations is obtained by taking the
time derivative of the total energetic functional and comparing with the predefined dissipation
functional. More details could be found in [163]. In addition to bulk energy and dissipation,
the energy and dissipation on the boundary are introduced to model the dynamics of contact
lines. Our energy variational approach consistently yields both the correct bulk equations (the
g-NSCH sytem) and a modified General Navier Boundary Condition (GNBC) for the case of
mass averaged velocity. The density effect on the contact line is explicitly modelled compared
with the traditional GNBC [44, 45, 116, 160, 171] in the case of volume averaged velocity,
where the effect is modelled implicitly by the bulk and boundary interactions.

The second goal is to design an efficient energy stable scheme for the obtained g-NSCH sys-
tem with large density ratio. There are not many such schemes developed for the MCLs. For
the incompressible NSCH system, the development of such schemes may be found in [128,
44, 45,101, 174, 26, 137, 168, 171] and only a few of them [45, 171] are for variable density
MCL models using the volume-averaged velocity (satisfying the incompressible condition in
the whole domain). We shall develop an energy stable scheme for our thermodynamically
consistent variable density g-NSCH system using the mass-averaged velocity. Based on
the author’s previous works [53, 54, 77], we design a mass conservative C finite element
method for the g-NSCH system with a consistent discrete energy law. Thanks to a Ap term
in the quasi-incompressible condition, which is similar to the pressure stabilization of pseudo-
compressibility methods [16, 120, 132], g-NSCH system does not need to satisfy the Babuska-
Brezzi inf-sup condition [90, 91, 92, 132]. This may be considered as another benefit of the
developed quasi-incompressible NSCH system.

11
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The rest of this chapter is organized as follows. In Section 3.2, we present the thermody-
namically consistent derivation of the g-NSCH system and its non-dimensionlization. The C°
finite element algorithm for the g-NSCH system and the energy stable analysis are shown in
Section 3.3. Section 3.4 presents the numerical results, including the convergence case study
and the example of rising bubbles.

3.2 Mathematical Model

3.2.1 Phase field function and laws of conservation

We consider a complex mixture consisting of two phase fluids with different density. The
interface of two fluids intersects with the wall dQ,, at the contact line I',, (see Fig. 3.1 (a)).
Around the interface, we choose a control volume V (), where there are two phases labeled
by i = 1,2, with volume V; and mass M; (see Fig. 3.1 (b)). If local average density of each
phase is denoted by p; = M;/V and pure phase density is denoted by p; = M;/V;, then we
define the density of mixture as:

<Ix

My M,
Vv

p= ty =Pith2 (3.1)

Letc; = % be the mass fraction of each phase. Then we have [52]

1 V. Vi W oa

_ 2 c l—c
p M M M p

P2 p1 p2

where ¢ = ¢ is adopted in last equality. By its definition we can easily find that ¢ = 1 indicates
that the domain is purely consist of phase 1, with ¢ = 0 for pure phase 2, and 0 < ¢ < 1
for mixture of phase 1 and 2. Thus ¢ actually works as a measurement of the composition
of substance at every space point in the domain. In the rest of the chapter, c is called the
phase field function or phase order which works as a variable that describes the distribution
of different phases.

Remark 3.2.1. In this thesis, p; and p, are given as constants. Thus, according to the
definition (3.2), the mixture density p is constant almost everywhere except the interfacial
region.
If we assume those two fluids move with velocities u; (i = 1, 2), then the mass conservation of
each phase inside the control volume is
Ipi
ot

+V-(wp) =0, i=1,2. (3.3)
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Figure 3.1: Schematic of moving contact line problems (a) and interface (b).

Introducing the mass averaged velocity as
pu=piu; + Pouy, (3.4)

and combining with Eq.(3.1) yields the conservation of mass for the mixture

d
L 1v-(p) =0, (3.5)

Next, with an arbitrary volume V() € Q, laws of conservation state [52]

d
— d. :—/ jo - NdS, 3.6
dt /v(z)pc * av(z)J (3.6)

d
4 dx = / +o.)-ndS. 37
= /V(t)pu X aV(Z)(a'n oc) N, (3.7)

Here, the first equation is the conservation of phase-field function (phase 1) and j. is the flux
of phase-field function. The second equation is the conservation of momentum, where o, is
the viscous stress and o is the extra stress induced by two-phase interface due to nonzero
Ve.

Thanks to the Reynold transport theory, Egs.(3.5)-(3.7) yield the following kinematic equations
in the domain Q [54, 163]

p%:_v‘jm
%@’erv-u:%—’,’Jrv-(up):o, (3.8)

p(%—ku-Vu):V-an +V.o..

By definition of p = p(c(x,t)) in Eq. (3.2), above equations yield the quasi-incompressibility
condition [54, 99]
1 dp

V~u:?%(v-jc). (3.9)
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In the present case, we denote

1d —
=S _PTh (3.10)
psdc  pip2
then the quasi-incompressibility condition is written as
V-u=—-aV-j.. (3.11)

Remark 3.2.2. Equations (3.10)-(3.11) show that the quasi-incompressibilty condition de-
pends on the density difference of two fluids. When the two phases have the same density, i.e.
p1 = P2, it will consistently degenerate to the incompressibility condition. It makes a difference
when two fluids have large density ratio and near the interfacial region [52, 54, 99].

On the boundary of domain d€, the following boundary conditions are used

un=0, v-n=u=fg
9% +u-Vre =Jr, (3.12)
Je-n=0,

where u* = u; —u,, with u; = u— (u-n)n is the fluid slip velocity with respect to the wall,
% = % +u- Vrc is the surface material derivative, the Allen-Cahn type boundary condition
is used for ¢ and Vr = V —n(n- V) is surface gradient on the boundary dQ. The quantities
fr and Jr are to be determined. During the derivation, we assume the solid wall is fixed, i.e.

u =u;.

3.2.2 Model derivation

Now we start to derive the exact forms of j., oy, o in Eq. (3.8), fz; and Jr in Eq. (3.12) by
using energy variation method.

The total energy consists of the kinetic energy, the phase mixing energy and the energy on
solid wall boundary 0Q,,
E" = Eiin + Epix + Ey
2 2
— /”“”“'dw/ 2ep (c) <G(c)+y\V02> daz+/ £u(0)dS, (3.43)
Q 2 Q 2 Q.

together with

(2c—1)rm

T)’ (3.14)
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where A, is the mixing energy density, y is the capillary width of the interface, 0; is static
contact angle and o is surface tension. The mixing energy E,;x represents the competition
between a homogeneous bulk mixing energy density term G(c) (‘hydrophobic’ part) that
enforces total separation of the two phases into pure components, and a gradient distortional

2
term \Vg\ (‘hydrophilic’ part) that represents the nonlocal interactions between two phases

and penalizes spatial heterogeneity.

The dissipation functional is composed of the dissipations due to fluid friction and irreversible
mixing of two phases in bulk and the dissipation on the boundary

A:/ 2n(c)]Dn|2dw+/l(c)]V-u\zdaz—i—/M’lljclzdzc—k/a (M 72+ Brlug|?) ds
Q Q Q Q,
(3.15)

where A(c) and 1(c) are the two Lamé coefficients, Dy, = (Vu+ (Vu)7)/2 is the strain rate,
M is mobility coefficient in bulk, Mr is mobility coefficient on the wall, in this thesis M and
Mr are treated as constant for convenience. fBr(c) is wall friction coefficient. In the present
chapter, 11(c) and Br are linearly approximated by

1 ¢ (1-¢) 1 _i_|_(1_c>
ne) m - m Pl B, Br,

where 1; and fr; with i = 1,2 are coefficients of each phase.

Remark 3.2.3. A recent paper has pointed out that the mobility of the multiphase flow M
should take a degenerate form M(c) where M(c) = 0 when ¢ =1 and 0 in order to make the
system consistent in single fluid [34]. In this thesis, we take M a constant in consideration of
the simplicity of numerical calculation. However, it should be mentioned that in our model, we
can let the mobility depend on c so as to satisfy the requirements in [34].

During the derivation, the following lemma is frequently used.

Lemma 3.2.1. For a continuous function f(x,t), if the density p satisfies the conservation
law (3.5) in the domain Q andu-n = 0 on the boundary dQ, then we have

d d
& [p@nsend= [ pLar.

By taking the time derivative of the total energetic functional, we have

dEtat d d d
d[ - %Ekin—i_EEmix—i_ EEW :I] +12 +I3 (316)
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For the first term in (3.16), using the last two equations in Eq.(3.8) yields

d [ pluf?
L = = d
! dt/g 2
= —/(a’n:Vu+0'C:Vu)daz+/Och-jcda:—/qudm
Q Q Q

+ aQ ((a-n +0-C)‘n)’quS, (3.17)

where we have introduced a Lagrangian multiplier p with respect to the quasi-compressibility
condition (3.9) and have used the boundary conditions u-n =0 and j.-n = 0. For the second
term in (3.16), using the first equation in Eq.(3.8) and last two boundary conditions in Eq.
(3.12) yields

_d Y o
L = E/Qplc (G(c)+2|Vc\ >d:c

= /V;,L~jcd:c—/itcyz(ch®Vc):Vudm+/ pzcyza,,c%ds, (3.18)
Q Q oQ, Dt

where u = A, (— —fylv ch))

where we have used the definition 2L¢

Dt
the boundary conditions in (3.26). The detailed derivations of Egs.(3.17) -(3.18) are given in

Appendix A.1.1. The last term I3 in (3.16) yields

d df, dc
=2 g Ew 7€ A
3= 8wa ds= /89 1o o1 das (3.19)

= a, +u; - Vre and u; = vé. Also we have used

Combining Egs.(3.17) -(3.19), we obtain the derivative of the energy functional

dEtot
. :Vud:c—/ c+ Ay pVe®Ve) : Vudx
dt /QU" Q(U ypVesVe)
+/V,u-jcdm+/V(ap)-jcdm—/pv-udm
Q Q Q
dc dfw dc
+/ +o0.)n)-u dS+/ AcY Opc—dS+ —dS
agw((an oc) ) Us agwp r “dr 20, dc ot

= —/ oy :Vudw—/ (O'C—l—lcyszc@Vc) : Vudx
Q Q
+/Vﬁ-jcdm—/pv-udm
w d
+/ <0'n+a'c n—erc> ufds+/ L(c dde
= —/ oy :Vudw—/ (O'C—l—lcyszc@Vc) :Vudz
Q Q

—i—/Vﬁ-jcdw—/pV-uda:
Q Q
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dfw
+ +0.)-n——2Vrc | -udS+ L(c)JrdS, 3.20
[ (v to0n=2evee) s [ sion (3.20)
where we have defined
3 dG 2.
g = pu+ap=A—— YzV-(ch)—i—ap, (3.21)
dc P
dfy
L(c) = p?LC}/zﬁnc—Fd—J;. (3.22)

Using energy dissipation law dE'” /dt = —A [35, 161] and comparing (3.20) with the pre-
defined dissipation functional in Eq.(3.15) yields

jo= MV,

on =2NDy+AV-ul — pl =n(Vu+ (Vu)') + AV -ul — pl,

o.=—AYp (Ve® Vo), (3.23)
Jr =—MrL(c),

Uy, = Prlri- (—(on+0c) n+ %Vrc).

By the definition of o, and o, the slip boundary condition (last equation in (3.23)) could be
further written in the GNBC format

Uy, = Br'7i- (—on -n+L(c)Vre). (3.24)

To summarize, we have the following model for the two-phase flow with variable density for

three unknowns c,u, p, in domain Q,

Dc

_— = V VN .
P D (MVLL), (3.25a)
- dG Ay

=Age P 2
=2 Te p (pVe)+ ap, (3.25b)
Dp
- V.u= .
pr TPVu=0 (3.25¢)
p% =V-(2nDy) +V(AV-u) =Vp—V-(A:¥’pVe® Vo), (3.250)

with boundary conditions on dQ

%f = _MFL(C)7
VA =0, (3.26)
u-n=0, ’ '

wi, =B (—(m oy 1) +L(c)dgc),i = 1,2.

where L(c) and o are defined in (3.22) and (3.23).
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Remark 3.2.4. Note that in the above boundary conditions (3.26), the density effect on the
contact line dynamics is explicitly modelled both in the boundary dynamics of phase-field and
in velocity slip boundary condition through L(c) term.

It is worth noting that the above system satisfies the following energy dissipation law.

Theorem 3.2.2. I/fc,u, p are smooth solutions of above system (3.25)-(3.26), then the follow-
ing energy law is satisfied:

dE"! plu\2 Y v
= —|V
— dt{ dz + / Aep (Gle)+ L|Ve? )+ /a  fulc)as

= —/ 2n\D,,yzda:—/ Mv-u\zdx—/M\vaFdx
Q Q Q

- /a N (MrIL(e) P + Bl ) ds. (3.27)

Proof: The main idea of the proof is obtained by multiplying the phase-field equation (3.25a)
by fi, multiplying the chemical potential equation (3.25b) by 4 Jr» multiplying the mass conser-
vation equation (3.25c) by p, multiplying the Navier-Stokes equation (3.25d) by u, and then
summing them up.

Taking the inner product of the phase-field equation (3.25a) with fi results in the following
equation

D
/Qpﬁjﬁd:c:—/QMWMde, (3.28)

where we used the boundary condition d,fi = 0 in (3.26).

Multiplying the chemical potential (3.25b) by p ; yields

' Dc " pdp Dc / Drc
e PV PAPZC 4 Y, Wt
/.Lp /Acp da:+/ A CV< t>d$ o p de [d:v (mwl Yo e tdS

(3.29)

Summing up the above two equations, we have

DG Dc
00— VeV —
/Qlcp Dtdac—i—/g?tyz c <Dt>dac

- dpDC Drc
— [ MV pap ¢ / s 3.30
/Q \Vii|?dx + dethda:—l— aQWM/zm?th ds (3.30)

where the boundary condition u-n = 0 is used.

Multiplying the Navier-stokes equation (3.25d) by u followed by integration by parts, the rate
of change of kinetic energy is calculated as

/ !uP
ar JoP 2
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- —/2nyD,,yde—/Ayv-u\zdm+/pv-udx+/sz(vcgwc);Vudm
Q Q Q Q

df,

2 w

— u +/ ——Vrc-udS
/mw Priuc| 90, dc reTe

- —/ 2nyD,,yde—/Ayv-u\de+/pV-udx+/Mﬁp(vc@Vc);Vudx
Q Q Q Q

d df,
2 w
— - — WdS—/ ——MrL(c)dS, 3.31
/(mwﬁrhlr dt /agwf 0, dc rLie) ( )

From the derivation of I, in Appendix A, we get

d Vo2
E/Qp/lc <G(c)+2vcy )dm

= /p?LCDde+/p)Lc}/2Vc~V<DC> da:—/ pAY(Ve®Ve) : Vudz. (3.32)
Q Dt Q Dt Q

Combining the equations (3.30)-(3.32) leads to the final energy dissipation law. [

Remark 3.2.5. In the above derivation, we have neglected the external body force, for ex-
ample the gravity. If the effect of gravity needs to be taken into consideration, an extra gravit-
ational potential should be added to the total energy

2 2
E””:/ plul dm—}—/ Acp (G(c)—l—y|VC|2> dm—l—/ fw(c)dS+/ pgzdx, (3.33)
o 2 Q 2 o, Q

where g is the gravitational constant and z is the vertical position. Using the fact that [52]
d : T
—/ pgzdv = / pgu-edx, e,=(0,0,1)", (3.34)
dt Jo Q

the conservation of momentum equation (3.25d) is changed to

D
pﬁl; —V.(2nDy)+V(AV-u)—Vp—V- (APpVe® Ve) — pge.. (3.35)

3.2.3 Non-dimensionalization and reformulation
In the following parts of the chapter, we assume that A = —27" for simplicity. Now we introduce

the dimensionless variables

A X A u A ~_ s _
X =1 u_Wv p_ﬁa t_f*v .u_ﬁa pP=
1

P
ﬁ: ’ %:AA/;I*? %F:%E7 ls_ :%11;7 g:L—t, (3.36)

Sl



3.2. Mathematical Model 20

where L*, U*, p*, n* and M* are the characteristic scales of length, velocity, density, viscosity,
and mobility coefficient,

l‘*zi *:A’C) P*: **’ M*: s M*: N *:7. 337
U+’ u € pu o r t*p*lcfy BF L* ( )

For convenience, the hat symbol will be removed in the dimensionless quantities, and the
dimensionless system of (3.25,3.26) is given by

D
poe = V- (V). (3.382)
1dG ¢
i=————V-(pV 3.38b
Du 2n Re
— =V-n(Vu+(Vu)"))=V(=V.u)—- =V
Rep o = V- (1(Vu+(Vu)") = V(¥ -w) - -V
Re
—F&‘V (pVe® Ve), (3.38¢)
Viau=aV-(#Vj), (3.38d)
with boundary conditions
Drc
= - _ #-L .
o = ML), (3.39a)
il =0, (3.39b)
u-n=0, (3.39¢)
R
A ﬁeLafic, (3.39d)
where
dfw 1 . (26‘ — 1)717
= 2 = ) sin(~———2=). 4
L(c) = epdyc+ 1o Sw(c) 2cos(O ) sin( > ) (3.40)
and with dimensionless parameters
Re = ., B= . Oy = (3.41)
o P prhcy
If we redefine
_ 1 € 2
p=p+p( Gle)+5|Vel), (3.42a)

p=f-ap, (3.42b)



3.2. Mathematical Model 21

then the system (3.38) could be rewritten as
Dc
P Dt

1 €
=2 _Ev. (ove)—ap(~ Z|Ve|? 4
A=ede (pVe) aP(SG(C)Jer cl%), (3.43Db)

V- (#VR)+aV - (AVp), (3.43a)

Rep™2 = v (n(Va-+ (V) )) =V (CLv-0) - ’;;vw ’;;pwc (3.430)

Vou=aV-(#Vi)+o?V-(A#Vp), (3.43d)

For the purpose of obtaining a meaningful weak form, we define the Sobolev spaces as follows
[53]

W (Q) = (W4 (Q))?, (3.44)
W, (Q) = {u= (ug,u,)” € W3|u, = b,on 9Q,}, (3.45)
Wy, = W3(Q) x W3(Q) x W, (Q) x W!3/2(Q), (3.46)

where Q is the domain that considered. Then,the system satisfies the following energy dissip-
ation law.

Theorem 3.2.3. If (c,u,u, p) € W), be smooth solutions of above system (3.43) with bound-
ary conditions (3.39), then the following energy law is satisfied:

e f [ plut :
= dt{ dx +ﬁ/ < f]Vc| )d:n+/ deS}

_ /n2|8u +8u,|2d:c——/ n'Y |9 — du [ Pd - ////]Vﬂ|2dm
Q

1<j i<j

2 1 512
[ (Gl + ol ) as .

The proof is similar as Theorem 3.2.2. Here we omit the details.

Remark 3.2.6. When the walls move, i.e. u,, # 0, the above energy dissipation law has an
extra term induced by external energy input

dgl’()l 1 )
d Re/nZ\auj—i—Qu,’zda:— /”Z\au, djuj*dzx — ﬁ/g«///’V.u’Zda:

i<j 1<J

1 N T / 1
— — L — |’ as— —u’-u,dsSs. 3.48
[ (gaiiers powk)as— [, (8.48)




3.3. Numerical Scheme and Analysis 22

3.3 Numerical Scheme and Analysis

3.3.1 Time-discrete primitive method

In this section, we present the numerical method of system (3.43) with boundary conditions
(3.39) in the primitive variable formulation. Let Ar > 0 denote the time step, and assume
(0", p",c", ") are the solutions at the time r = nAr. We then find the solutions at time r =
(n+1)Ar are (u"t!, gt 1 fmtl) that satisfy

n+1 _ .n
P"% +p" (V) =V (VR +av - (V) (3.493)
n—n+1_pn+l/2 ntl n V. (p"1/2y /2
PR =g — eV (p ")
Gn+1/2
_apnpn-H <8+ §(|Vc‘2)n+l/2> 7 (3.49b)
un+l —u" 1 pn+l _ pn 1
n n(.n. n+l | * (A n+l | * ywga=ntl
L VI +p"(u"-V)u +2<At +V (pu)))u —I—BVp
1
— *Pn—i_l,ﬂ”—’_ch‘nH + LV . (nn(vurH-l + (Vun+l)T))
B Re
2
—%V(n”v-u’”l), (3.49c¢)
Vau'tl =aV. (ava) + V- (Vv imh, (3.49d)
with boundary conditions
= 1 1/2 1/2
T +u’j_+ 'Vrcn+ 2= —%anJr / (C), (3.503)
"t =0, (3.50b)
CnJrl — fu "
L"+‘/2(c)=sp"+‘/28nc"+‘/2+ocwfw< c’”‘])—f”( ), (3.50c)
utln=0, (3.50d)
Re

l;lug;rl - - (nn(vun+l + (Vun+1)T)) Tt FLn+1/23‘L_[Cn+1/2, (3.50¢)

Note that Eq.(3.50a) and Eq.(3.50c) would give out the description of d,c on the boundary,
together with Eqg.(3.50b), making Eq.(3.49b) uniquely solvable. fi is defined in (3.42b) and we
have used the notations

(P2 =S+ O P = (e, @51
g, e = HE @ =)@ - D) e 1), (8.52)

For above discretization, it satisfies the following properties.
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Lemma 3.3.1. ([54]) If c"*! is the solution of above system (3.49)-(3.50), then we have

G = G(c") = g ) (" =), (3.53a)
p(c") —p(c") = —ap™p (" ). (3.53b)

And the system (3.49)-(3.50) yields mass conservation for each component of binary fluid

/ p"Hd — / p'dz, (3.54a)
Q Q

/ pH et g — / p"cda. (3.54b)
Q Q

Theorem 3.3.2. If ("™, u™™! w™™! p"*1) € W), are solutions of above system (3.49) with
boundary conditions (3.50), then the following energy law is satisfied:

(gan+ 1tot & Jtot

/n Z|aun+l+aun+l de

i<j

At At
-5 v fae - | (//
/3/9 VR o \ BT

2At

/ Z’aun-‘rl aun—‘rl|2dm

i<j

21
L”“/z(c)‘ iR | "“|2> ds, (3.55)
where

1 1
éonJrlt()t / P n+1 2d£L'—|— /pn+1 (G(Cn+1)+gvcn+l|2) dl‘ﬂ-%/ fw(cn+l)dS
B Ja 2 B Joo,

e

is the discretized total energy.

Proof: Taking inner product of the first equation (3.49a) with %ﬂ"*‘ results in the following
equation

ﬁ/p n+1 n n+1dw+ B /pn+1 n+1 VCnJrl‘unJrlda:

- _B/ AVE .V da, (3.56)
Q

where we used the boundary condition (3.50b) and the definition of {1 in (3.42b).

Multiplying the second equation (3.49b) with <~—=<" yields [54]
B

B/p n+1 Cn n-i-ldm

_ [3/ n+1< n+1)+§|vcn+l|2> B/ n ( |Vcn|2>

ﬁ : gpn-l—l/Za Cn+1/2( n+1 Cn)dS, (3.57)
Q)¢

where we use the results in above Lemma and the boundary condition (3.50a).
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Multiplying the Navier-Stokes equation (3.49c) with Aru”*!, we have

n+1),.n+12
2/ w1 )d 2/p\u

= o [ R g+ a P 2”/ "Y1l — d P

i<j i<j
/ —n+1v_un+1dm+l/pn+1ﬂn+1vcn+l_un+1dw
B Ja
At ) At
_R76/aKZ ls_1|u37n+1|2dS+7/89 Ln+]/2V[‘Cn+l/2‘ui+ldS,
At

— / [T, dS, (3.58)
Re Joa,

where we used the slip boundary condition (3.50e) and the tensor calculation in Appendix
A.1.3.

For the last term in above equation, combining the definition of L"/2 (3.50c) and equation
(3.50a) yields

%t& L2y 12 uitlgs
QW‘
At Sl = fule ) 12t
N /3</«99 G Vrc" s
Jr/(9 gpn+1/28ncn+l/2vrcn+l/2.ur;_JrldS)
Q
1 Ar Sl = fu(e)
= _B agwaw(fw(cnﬂ)_ﬁv( ))dS_F ch s w %FLH+1/2dS
+%f/a £p™H129, 12yt gt g, (3.59)
Q
Then equation (3.58) could be rewritten as
2/ n-H‘un-H 2/ p |ll dm+ﬁ/ 0y fw n—H) fw( ))
2At
_ /Tl Z|aun+l+aun+l de / Z’aunJrl aun+l|2dw
i<j i<j
—|—ﬁt/ﬁn+lv-u”+ld:1:+t/p"H[L"HVC"H-u"Hd:B
Q
At 1 +112 ﬁv(cn+l)_fw(cn) n+1/2
—R—e o b s - ﬁ T AL S

A
/ Spn—l-]/Za 2y Cn+1/2 wHas — t/ s, dS. (3.60)
ﬁ Re Jag,
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Multiplying the last equation (3.49d) with %ﬁ"“ yields

At At
0=— W B? PV ou g — /Q///Vﬂ”“ Vit lde. (3.61)

Summing up equations (3.56), (3.57), (3.60) and (3.61) results

éan-i—l tot —&m ot
2At
— / n Z‘au11+1+a Mn+1|2d:v / n Z|aun+1 a u"+1|2da:
i<j i<j
At At At
= V~n+l 2d / ?n+l 2 / 2 sl d
B /Q//{| AT - lRe’ I o0, lsReu tydS

n+l
_g awf( ) fW( )%FLH—H/ZCZS
B 29, cn-‘rl_cn

+[13/ Epn-‘rl/Zancn-‘rl/Z(Cn-‘rl —Cn)dS—l—ABt 8p"+1/28nc”+]/2Vrc”+1/2 'uﬁ-‘rldS

do
_ S 4 9.4 1P 241 N 19 — 9l P
o [ Y lau 0 P — 2 [ 7Y o~ oy P

i<j i<j

At At At
= %V~n+l 2d / Yn+l 2 / 2 sl ds
B /Q Ve P de — W Ls Re’ " 90, lsReu e

" 1
A awf( ) = fule ),///pL”“/zdS—%t/ 0" /20, V2 L 24
QH/

B 20, Cn-‘rl_cn
2At
— /n Z’|aun-&-]_‘_8un+l|2dm /n Z|aun+1 8u”+1|2dm
i<j i<j
t At
_7/'//|V‘an+l|2dm / ’ sn+1’2dS / Mt |Ln+1/2‘2dS
B Ja 20, lsRe
At
- / N e s, (3.62)

where we used the definition of fi (3.42b) and slip boundary condition (3.50e). [

Remark 3.3.1. The scheme is highly nonlinear and coupled since we would like to ensure that
the discretise energy decays in the same manner as the continous version, i.e. the equality.
However, it brings difficulties on analysis of convergence study. The proof of the unique
solvability could be as hard as the original PDE. Most of existing studies on the solvability
of Cahn-Hilliard system [36, 154, 68], are done by using the linearization (convex splitting)
treatments which highly decrease the nonlinearity.

Newton’s method [54, 53] is utilized to solve the nonlinear system and the solvability of Newton
iteration is given in the following Theorem.
Theorem 3.3.3. If time-step At is small enough, Newton method of system (3.49) with bound-

ary condition (3.50) is uniquely solvable.

Proof: Combining Eqgs.(3.49) (b)(d) with boundary conditions (3.50) yields:
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ﬁn—l-l p( l’l+1 I’l+1) (363)
'al’l-‘r] ‘LL( I’l+1) (364)

Substitute 7"*! and i"*! into Egs. (3.49) (a) and (c), then apply Newton method to the
equations. Let ()"*!* be the value of the variable at kth iteration loop at time step (n -+ 1)At.
Let ()" be the value of the variable at time step nAz. Assume that u" 1%, ¢"t1k prtlk and
fi"t1* are the original guess of solution of the equations, we have:

un+1,k+1 _ un+l,k

y(unﬂ,k,cnﬂ,k) +Vun+l.k7cn+ltk9 ( ) +<5(u",c") =0 (3.65)

LI _ Lk

Where .7 (w1, ¢ t1%) and €' (u”,¢") are known. V i1k 14 is Jacobian of .. Multiply-
ing f)—t,,) to the equation and merge the known terms we have:

1—AtA A ur LA
! ’ =% (u”+1’k,c”+l’k,u”,c”> (3.66)
Az I —AtA4 Lkt
where
oprtik qn T n"
A] :—un'v—pn[)) aun+17k+p”ReV.(V+(V) )—WV (367)
1 dprilk
Ay = _W(pnﬂ,k‘awhkv_i_ apn+1 - kg Lk
a‘aVH—l,k
P S e ) (3.68)
Az = i( n+1,kvcn+1,k _ OC//V28 —n+l k) (3 69)
3T pn p JEESW -
1 9 n+1,k
As = _ﬁ alszrl.,k (un-i-l,k . V)C”+1’k—|—p"+l’ku”+l’k .V
aul’l-i-]k apn+1 k
2 2
MV — MV ) (3.70)
ﬁn+1 k ,Lt( n+1, k) pn+1 k p< n+1, k n+1,k),pn+l7k — p(cn+1,k) (3.71)

With Gauss’ elimination, we have:

I — AtA Ar Lk :Cg//(un-i-l,k Lk g .
0 I—AIA4—(I—AtA1)—1AtA3 Lk ) ,ua,
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When At is small enough, I — AtA;, i = 1,2 is invertible.

(I—AtA) ™" =T+ AtA; + ArPA? + .. (3.72)

Thus the coefficient matrix is invertible. So the Newton iteration of system (3.49) is uniquely
solvable.

3.3.2 Fully-discrete C? finite element scheme

The fully-discrete C finite element scheme for this time-discrete primitive scheme (3.49)-
(3.50) is presented in this section. For simplicity, we only consider a two-dimensional case
here. It is straightforward to extend the results to three-dimensional case. The domain Q is
a bounded domain with Lipschitz-continuous boundary dQ. Specifically, we denote dQ,, as
the solid wall where the slip boundary condition is used. Let W} = H" x H" x U} x P" be
the finite dimensional space of W), based on a given finite element discretization of Q. If we
assume that p" € L= (Q) and positive [53], then the weak form of semi-discrete system (3.49)
with boundary conditions (3.50) is the following: finding (c} ™!, g, ui ™! 5!y € W}, such

that

CZH Ch 1 1 1
[ or gt vy ) v
Q

/ A (VI +avpit!) - Vyde, (3.73a)

n+1/2
/PZMZHthw:/QLS gl eh xhd:c+/ ep AV Vda

Gn+1/2 £
/OCPhP/?Jrl <h+2(|VCh2)"+l/2> xndx

1S
n+1 n+1
1 u n+1 Ve n+1/2 f( ) — fw(ch) S .
* agw(%r ( At )+ ZH—CZ )2ndS, (3.73b)

W0 " A -
/Q{Ph]AtJrPh(“ V)u +1+2< : A LV (pjug) | ¢ vide

/Vpthl Vhd.’L'/ ﬁleJﬁl +1Vcn+1.vhd:1;
Re/(n (Vuy ! — (Vi ™hT) - Vvhdw+—/ n'"v-utv.vydo
1
_/BQ Re l - W VhdS-i-/ B ZJFI/ZVFCZJFI/Z‘Vhd:B, (3.730)

/ V-t = —a / A (VI +aVpit) - Vg,de, (3.73d)

forany (W, Xn, Vi, qn) € W(f’. Here we use boundary condition (3.50a) and (3.50c) in Eq.(3.73b)
to get the final term.
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Lemma 3.3.4. The fully discretized system (3.73) satisfies mass conservation for each com-
ponent of binary fluid

/ pde = / prdz, (3.74a)

/ pretld = / plchdx (3.74b)

Proof: Setting i, = ¢, = p; "' in Egs.(3.73a) and (3.73d), we have

12“ Ch 1 1 1
[ (Pt S (o (V) ) da
/% Vun+l_|_avpn+l> Vp;llJrldw’
_7/ Ver-l uZHd:c—/./// Vun+l+avpn+l) Vp,’;“dac

Adding the above two equations and using Egs. (3.10) and (3.53b) yields

pn+1 pn
/ (’M’ +V (p"“u;;“)> dx = 0. (3.75)
Q At

1

Using the boundary condition u”+ -n = 0, we have the conservation of total mass

[ (it =iz =o. (3.76)

An+1 n+1

Choosing v, = g, = p, in Egs.(3.73a) and (3.73d), similarly we have

n+l
L/<mlmfh"“+V(WHWT5>4“d$=Q 877)
Q

Choosing vy, =1 in Eq.(3.73a) yields

n+1 n
/ pg@ o Vet | g =0, (3.78)
o At h h h

1

Adding the above two equations and using the velocity boundary condition u”+ ‘n=0, we

have
/ (op eyt —pjici)dz=0. D
Q

Theorem 3.3.5. If (¢}, @™ w51 are solutions of above system (3.73), then the
following energy law is satisfied:

n+1,tot n,tot
éah - éa/z
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n 2At n n
/nhz\auh o Paw— 2o [ 0t Y 1o = 9 P
1<j i<j
At [ 3 1 n1/2, |2 1
—— [ #|\Vit! de—Az/ <,/// L ’ w ) as
ﬁ/g vE [ (|| + i
1
—At / sitl o, dS (3.79)
2Q,, lsR

where

ntl Pn+l|“n+1’2 ntl n+l n+1 2 n+1
& / d+/p )+ 21V d+—/ fule

is the discretized total energy.

It can be proved by choosing

At c’;l“ -y At

Yy = B — " X = B Vi =A== FﬁZH (3.80)

in Eqg. (3.73) and following the proof of Theorem 3.3.2. The proof of sovability of the fully
discrete scheme could be referred to Theorem 4.4.5 in Chapter 3. We don’t show the detalil
here.

3.4 Simulation Results

In this section, we present some numerical simulations using the aforementioned algorithm.
Three cases are considered: Couette flow, moving oil-water mix in shear flow and rising
bubbles to illustrate the convergence rate, the effect of contact angle and the quasi-incompressibility
of two-phase flow with large density ratio. All of the numerical simulations in this part are based

on above debeloped finite element scheme and implemented with the software FreeFem++

[63].

3.4.1 Convergence study: Couette flow

We first present the convergence test by using Couette flow with different density and viscosity
[45, 171] (see Fig. 3.2 ). The domain size is [0,0.6] x [0,0.1] The top and bottom walls move
oppositely with u,, = (1,0)7. We do the convergence state for two-phase fluids with both low
and high density ratios.

For the case of low density ratio, the parameters are listed as follows:
Re =200, =10,.#4 =2.5x107%,e =0.01,0, =4.17x1073,p; =0.8,pp = 1,

m=m=1,0,=120°,.4r=5x10°,
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Il =1p=0.01,Ar =1x 1073,

We first present the convergence study for P1 element with # = 1/160,1/226,1/320,1/640
and P2 element with 4 = 1/80,1/113,1/160,1/320. The results with 7 = 1/640 and 1/320
are used as the reference solutions for P1 and P2 elements, respectively.

0.05 0.1 0.15 0.2 0.25 0.3 0.35 0.4 0.45 0.5 0.55

Figure 3.2: Initial condition of phase 1 concentration ¢ for the two phase Couette flow.
Positions a and b are two contact points on the bottom walls.

Space step h P1 Element
Err(u,) | Rate | Err(u,) | Rate | Err(c) | Rate
1/160 4.9e-2 2.6e-2 8.5e-2
1/226 1.9e-2 | 257 | 1.8e-2 | 1.46 | 5.3e-2 | 1.59
1/320 7.2e-3 | 264 | 6.4e-3 | 2.78 | 2.2e-2 | 2.38
Space step & P2 Element
Err(u,) | Rate | Err(u,) | Rate | Err(c) | Rate
1/80 2.9e-2 2.5e-2 7.4e-2
1/113 9.9e-3 | 293 | 7.5e-3 | 3.32 | 2.8e-2 | 2.63
1/160 3.0e-3 | 3.34 | 2.5e-3 | 2.97 | 1.0e-2 | 2.80

Table 3.1: L? norm of the error and convergence rate for velocity u = (u, u,), phase function
¢, attime ¢ = 0.4 with density ratio p; : po = 0.8 : 1 viscosity ration; : > =1: 1.

For the case of high density ratio, the parameters are listed as follows:
Re=20,=167x102.4=3x10"",p; =0.01,p, = 1,

Mm=001,m=1e=15x10"3a, =833x 1078 6, = 120°, .4 =5 x 10°,
I =1.33,1p=0.1,At =0.25x 1073.

The convergence rate for both P1 element and P2 element are shown in Table 3.2. Itillustrates
the 2nd-order for P1 element and 3rd-order for P2 element convergence rate in the sense of

L? norm.
The profile of interface and velocity fields around steady state are shown in Fig. 3.5.

The fluid velocities on the wall are shown in Fig.3.6. It shows that for both low and high density
ratio case, P1 element could yield consistent contact velocity with P2 element.

In Fig.3.7, we check the L? norm of V -u with different €. The results confirm that as &
decreases, the solution converges to the sharp interface incompressible fluids.
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— P2a
— — P2b
— P1:a
— — P1b

velocity of contact line

0 0.1 0.2 0.3 0.4
time

0.1t —P2 ]
— P1

velocity on the wall
o
~

0 0.2 0.4 0.6
X

Figure 3.3: The velocity on wall for low density ratio. Left: Dynamics of two contact points a
and b.; Right:velocity u, along lower boundary at T=0.4.

Figure 3.4: The interface and velocity profile at steady state T = 0.4 with density p; =
0.8, pp=1.
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T Ll
0 0.1 0.2 0.3 0.4 0.5 0.6
t=0.4

Figure 3.5: The interface and velocity profile at T = 0.4 with large density ratio p; =0.1, p, =
10.

P2
P1

velocity on the wall
o
N

0 0.2 0.4 0.6

velocity on the wall

X

Figure 3.6: Velocity on wall around equilibrium state.Left: low density ratio p; = 0.8, p» = 1;
Right: large density ratio p; = 0.01, p, = 1.
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Space step h P1 Element
Err(u,) | Rate | Err(u,) | Rate | Err(c) | Rate
1/160 8.8e-3 4.9e-3 2.2e-2
1/226 6.9e-3 | 1.27 | 3.8e-3 | 1.27 | 2.0e-2 | 1.12
1/320 22e-3 | 3.17 | 1.5e-3 | 259 | 7.8e-3 | 2.52
Space step h P2 Element
Err(u,) | Rate | Err(u,) | Rate | Err(c) | Rate
1/80 5.8e-3 3.6e-3 2.5e-2
1/113 4.0e-3 | 1.46 | 1.9e-3 | 1.86 | 1.1e-2 | 2.20
1/160 1.1e-3 | 3.83 | 6.3e-4 | 3.08 | 3.5e-3 | 3.27

Table 3.2: L? norm of the error and convergence rate for velocity u = (uy,uy), phase function
¢, attime T = 0.2 with density ratio p; : p» = 0.1 : 10 viscosity ratio 17y : 12 = 0.1 : 10.

0.056

0.054 ¢

0.052

0.05 1

0.048

0.046 1

L2 norm of V-u

0.044 ¢

0.042

0.04 : : :
12 10 8 6 4
€ %107

Figure 3.7: L? norm of V - u with different &.

In Fig. 3.8, we check the total mass convergence of each phase in Lemma 3.3.4 for both low
and high density ratios. It confirms that P1 and P2 elements could preserve the mass very
well in both cases.

Then we set the wall velocity u,, = (0,0)” to check the evolution of the total free energy when
there is no input energy from outside. It is shown in Fig.3.9 that the free energy decreases
over time for both methods and two density ratios, indicating that our schemes are energy
stable.
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Figure 3.8: Mass conservation for each component. Left: low density ratio; Right: high density

ratio.
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Figure 3.9: Total energy as a function of time. Left: lower density ratio; Right: high density

ratio.

3.4.2 Contact angle effect: moving droplet

In this example, we show the dynamics of an oil droplet in water with shear flow. The density

ratio is p; : p» = 0.8 : 1 and viscosity ratio is n; : 12 = 1 : 1. The other parameters are as

follows

Re=5,8=7.14x1073, .4 =2.8x107*, & = 0.005, o, = 0.129,

Mr=5x108,1, = 6.667 x 107°.

The domain size is [0,4] x [0,0.5] with adaptive mesh and Ar = 4 x 10~*. The initial profile is

set to be a half circle

co=0.5—0.5tanh (

V2e

= l)2+y2—0.2>
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In Figs. 3.10 and 3.12, the profiles of droplets under shear flow at different time are presented.
For the acute contact angle cae (Fig. 3.10 ), the droplet is elongated by the shear flow force
and hydrophilic force on the wall. The distance between two contact points increases over time
(see Fig. 3.13 black curve) as a spreading droplet. While for the obtuse case (see Fig. 3.12),
the hydrophobic force induced the shrink of contact lines on the wall. The distance between
two contact points keeps decreasing (see Fig.3.13 blue curve). With the help of shear force,
the droplet eventually detaches from the wall around ¢ = 0.1 and get stabilized at the center
of the flow. When the contact angle is 90° (Fig. 3.11), the competition between wall attraction
force and bulk shear force first elongates the droplet and finally breaks the bubble around time
t =0.15.

Figure 3.10: Moving droplet in shear flow with acute static contact angle 6; = 60°.
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Figure 3.11: Moving droplet in shear flow with acute static contact angle 6; = 90°.

3.4.3 Large density ratio: rising bubble

As the last test, we simulate the air bubble rising in water. The density ratio is setto be p; : p2 =
0.001 : 1 and viscosity ratio is 17; : 72 =0.01 : 1. The domain size is (x,y) € [0,0.15] x [0,0.15]
with mesh size i = 1/540 and timestep Ar = 2 x 10~*. Parameters are listed as follows

Re =300,8 =0.09,.# =6.67x 1077 £ =0.01, o, = 100,

Mr=5x108,1, = 0.04.

The initial profile is set to be a half circle with radius 0.05 and center at (0.075,0):

¢ = 0.5+0.5(~tanh((y/ (x—0.075)% +)? —0.05)/0.007))
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Figure 3.12: Moving droplet in shear flow with obtuse static contact angle 6, = 120°.

The snapshots of interfaces with velocity fields and V - u profiles for droplets with acute
contact angle 6; = 60° and obtuse angle 6; = 120° are presented in Figs. 3.14 and 3.15,
respectively. When the angle is acute, the attractive (hydrophilic) force from the wall competes
with the buoyancy force and break the bubble. While for the obtuse case, the wall repulsive
(hydrophobic) fore enhances the bubble rising under buoyancy force. The V -u profiles confirm
that the quasi-impressible property of two-phase fluid with different density only happens
around the interface due to the slightly mixing [54].

- fs;:i;‘;j“ of bubble with different static

contact angles. The vertical dash lines are the time when bubbles break (6, = 60°,90°) or fully
detach (8, = 120°) from wall. It shows that the hydrophobic bubble (Blue line 8; = 120° ) has
a larger acceleration to form a sealing bubble. At ¢ = 0.0384, the bubble fully detaches from

In Fig. 3.16, we show the dynamics of rising velocity V.

the wall. For the hydrophilic bubbles, in the beginning, the velocity increases slowly due to
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Figure 3.13: Moving droplet in shear flow: dynamics of the distance between two contact
points.

the competition between hydrophilic force, surface tension and buoyancy force. The bubble
is stretched into a tear shape which induces a larger velocity around the narrow neck region
(see Fig. 3.14). The maximum velocity is achieved around the break time because of the
instantaneous response of the surface tension to the large surface deformation.

3.5 Conclusion of The Chapter

In this chapter, we first derived the quasi-incompressible NSCH system for MCLs with variable
density by using energy variational method consistently. GNBC for mass-averaged velocity is
obtained during the variation due to the boundary dissipation.

Then we designed an energy stable C? finite element scheme to solve the obtained system.
We also proved that the fully discrete scheme is mass conservative for each phase. Thanks to
the quasi-incompressible and Ap term, the finite element space for Navier-Stokes equations
do not need to satisfy the Babuska-Brezzi inf-sup condition (as in the case of the pressure
stabilization method for the standard Navier-Stokes equations).

Three numerical examples were investigated numerically. The Couette flow test illustrates the
2nd-order for P1 element and 3-order for P2 element convergence rate and the energy decay
of the scheme. The contact angle effect on the droplet is illustrated by oil-water droplet in
shear flow. Finally, the rising bubble is applied to confirm the ability of our scheme to handle
large density ratio and the quasi-incompresiblity only happens around the interface.
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Chapter 4

Single Vesicle Motion Model with
Allan-Cahn Type Interface

4.1 Introduction

With the works done in chapter 1 itis likely to find out that the interface model can be applied to
modelling of biological membrane by taking the corresponding energy into account in energy
variational approach. The focus of this chapter is to model flowing vesicles interacting with
the domain boundaries which mimics scenarios such as red blood cells passing a narrowed
blood vessel in the absence of the cell-wall adhesion introduced by ligand-receptor binding
or when the impact of this cell-wall adhesion can be neglected. This involves considering a
moving contact lines problem since three different phases meet to form a triple point [116].

The first goal of this chapter thus is to derive a thermodynamically consistent phase-field
model for vesicles’ motion and shape transformation in a closed spatial domain by using
an energy variational method [140, 52]. All the physics taken into consideration are intro-
duced through definitions of energy functionals and dissipation functional, together with the
kinematic assumptions of laws of conservation. Besides the energy and dissipation terms
defined on bulk region of the domain, terms accounting for boundary effects are also added to
the functionals. Then performing variation of these functionals yields an Allen-Cahn-Navier-
Stokes (ACNS) system [155] with Allen-Cahn general Navier boundary conditions (GNBC)
[116]. This is in contrast to most previous works [27, 29, 19] in which dynamic boundary
condition was rarely derived during the course of model derivation. Dirichlet or Neumann type
conditions were simply added to these models at the end to close the governing equations [3,
32, 31]. Moreover, in model derivation, the incompressibility of the fluid, the local and global
inextensibility of the vesicle membrane and the conservation of vesicle mass are taken into
account by introducing two Lagrangian multipliers, hydrostatic pressure and surface pressure
[108] and penalty terms, respectively.

42
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The second goal is to propose an efficient and accurate numerical scheme for solving the
obtained fourth-order nonlinear coupled partial differential equation (PDE) system. Over the
past decades, a lot of schemes have been developed for Allen-Cahn- or Cahn-Hilliard-Navier-
Stokes systems. As for systems such as vesicle models introduced in the current and other
works which are more sophisticated than the Allen-Cahn- or Cahn-Hilliard-Navier-Stokes
systems, backward Euler time discretization method is frequently used [3, 27, 49, 48] leading
to a first-order accurate scheme. Later on, decoupled energy stable schemes were proposal
in [19] and [51] by introducing explicit, convective velocities. Liu et al. [97] introduce a vari-
ational framework for inextensible membrane with immerse boundary formula and propose a
spectral method for solving the obtained problem. In the current work, an efficient, energy-
law preserving (thus energy stable) and second-order accurate C? finite element scheme
is proposed to solve the obtained vesicle system using ideas introduced in [53]. The key
idea of this scheme is to utilize the mid-point method in time discretizaiton to ensure the
accuracy in time, and that the form of the discrete energy dissipation law is same as that
of the continuous model. In order to properly treat the term related to inextensibility of the
membrane, a relaxation term of local inextensibility as in [3] is introduced. The numerical
study of convergence confirms the proposed scheme is second-order convergence in both
time and space. Furthermore vesicle deformation simulations illustrate it is energy stable, and
numerically conserves mass and surface area of vesicles.

The introduction of the GNBC in this work makes it possible to study a broad class of com-
plicated fluid-structure interaction problems. In this chapter, the developed model is applied
to studying vesicles passing narrow channels. The results confirm that the more rounded the
vesicles (smaller surface-volume ratio) are, the more likely the vesicles form lockage when
they pass through narrow channels.lt is also worth noting that it is critical to include the local
inextensibility of the vesicle membrane in the model when studying this type of problems.
Without the local inextensibility, the vesicle membrane can be falsely stretched or compressed.
Lastly, although membrane structures of vesicles and blood cells are quite different, a blood
cell in many studies can be treated as an elastic capsule with bending rigidity, in which the
membrane is impenetrable to both interior and exterior fluids. Therefore our model developed
for vesicles can be readily applied for studying a vast body of blood cells related problems
[103].

The rest of chapter is organized as follows. Section 4.2 begins with introducing basic dynam-
ical assumptions that have been used in many papers [32, 116], and is devoted to model de-
rivation. Dimensionless model governing equations and the energy decaying law of the model
are presented in Section 4.3. In Section 4.4, the numerical scheme solving the proposed



4.1. Introduction 44

model is developed, and its energy law is given. Numerical simulation results are described in
Section 4.5 to confirm the energy law of the numerical scheme and the feasibility of our model.
A case study of vesicle passing through a narrow channel is shown, which is to simulate the
motion of red blood cells in small blood vessel. Conclusions are drawn in Section 4.6.

4.2 Model Derivation

Derivation of the model for simulating a flowing vesicle deforming in a channel filled with
extracellular fluid is presented in this section. A new phase-field label function ¢ is introduced
to track the motion of the vesicle where ¢ (x) = £ 1 denotes the intracellular and extracellular
space, and ¢ = 0 is the vesicle membrane or interface. Note that different from ¢ in the
previous chapter, ¢ is a more abstract concept that is directly given without definition.

The model is derived using an energy variational method [140]. It begins with defining two
functionals for the total energy and dissipation of the system, and introducing the kinematic
equations based on physical laws of conservation. The specific forms of the flux and stress
functions in the kinematic equations are obtained by taking the time derivative of the total
energy functional and comparing with the defined dissipation functional. More details of this
method can be found in [140].

In what follows, we detail steps of using this method to derive the model. We first make the
following assumptions about mass and momentum conservation of the mixture of extracellular
fluid and vesicle and interface inextensibility, and assume that the dynamics of the phase-field
function ¢ is an L? gradient flow:

P
24V (up) =gy,

P(%—F(UV)U) :V'O'n + Finter ,
(4.1)
V-u=0,

8,(2:Vu)+ EY’V-(92VA)=0.

with specific forms of flux gy, stress o, and interfacial forces F;,., induced by the physics
of the interface such as bending energy and local inextensibility constrain, which is to be
determined. p and u are the density and velocity of the mixture, respectively. In this paper, we
assume that the density is a constant. The first equation is the Allen-Cahn type equation to
track the interface. The second equation is the conservation of momentum. The third equation
accounts for the fluid incompressibility (or mass conservation).

The last equation is related to the local inextensibility of the vesicle membrane. This local
inextensibility prevents from stretching on any point of the vesicle membrane surface [11]. In
the sharp interface model, the local inextensibility (or mass conservation on the interface) is
represented by Vr--u = 0 defined on the interface I" [100, 103]. This equation is equivalent
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to & : Vu = 0 where the projection operator & = %, is defined to be (I —n,, ®n,,), and
n, = % is the unit outward normal vector of the interface when it is defined as an implicit
surface by the level function. In the phase-field formulation, the interface is modelled as a
diffuse layer. This is different from the sharp interface concept. For computational convenience
using phase-field formulation, this local inextensibility constraint on the interface I is extended
to the domain Q by multiplying with a scalar function

1
8 =37 IVol*, (42)

where V¢ is nonzero only in the diffuse interface layer, and v is the thickness of the diffuse
interface layer. Here a relaxation term £72V - (¢>V 1) for the local inextensibility near the mem-
brane is introduced as shown in [3]. § is a parameter independent of ¥, and A is the a function
that measures the interface “pressure” induced by the inextensibility of the membrane.

On the wall boundary dQ,, of the domain, without considering wall movement, the following
boundary conditions are assumed

u-n=0,

u‘C'Ti:fTia

¢=2 fu-Vrp =Jr, (4.3)
f=0,

oA =0,

where an Allen-Cahn type boundary condition is employed for ¢, u; = u— (u-n)n is the fluid
slip velocity with respect to the wall, 7;,i = 1,2 are the tangential directions of the wall surface
(2D), and Vr =V —n(n- V) is the surface gradient operator on the boundary dQ,,. fz, is the
slip velocity of the fluid on the wall along the 7; direction. And Jr represents the Allan-Cahn
type of relaxation on the wall by using the phase-field method. Here we abuse the notation
when there is no confusion, and the subscript I refers to dQ,,, and n is its unit outward normal.
The meaning of equation f = 0 will be made explicit after definition of the interface curvature
(see Eq. (4.8)).

The rest part of this section is devoted to deriving the exact forms of gy, oy, F, fz. and Jr using
the energy variational method. By following the works in [155, 30], the total energy functional
E, a1 Of @ cell- (or vesicle-) fluid system is defined to be the sum of the kinetic energy Ey;,, the
cell membrane energy E..;; and the specific wall energy E,, due to the cell-wall interaction

Etotal = Ekin JFEcell +Ew . (44)

Macroscale Microscale
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The kinetic energy accounts for the transport of the cell-fluid mixture, and is defined as:

1
Eyin = / <2p‘u|2> dx , (4.9)
Q

where p is the macroscale density of the mixture, and is assumed to be equal to a constant
Po in this work (matched density case).

The cell energy E,.;; is defined to be the sum of the bending energy Ej.,.s and two penalty
terms in order to preserve the total volume and surface area of the cell:

(V(9)—V(90))* , M (S(9) —S(9n))*
\%

M,
Ecell = Ebend""i (¢0) ) S (PO) )

> (4.6)

where V(¢9) = [, ¢dx is the volume difference of the cell-fluid system and the value of S(¢) =
2 2)\2

Jo @dw is used to measure the surface area of the cell with G(¢) = [, 72'%‘1" + %d:p.

M, and M; are cell volume and surface area constraint coefficients, respectively.

If the cell membrane is assumed to be isotropic and only composed of lipid bilayer, the bending
energy of the bending resistance of the cell membrane can be modeled by an approximation
of the Helfrich bending energy [30] as follows

_ [ Re|f(0)[
Epena = /Q Z’ T dzx , (4.7)
where K3 is the bending modulus and
oG
f(9) 22%2—1’2A¢+(¢2—1)¢~ (4.8)

In order to take into account the interaction at the interface between vesicle, fluid and vessel
wall on 2, the wall free energy E,, is introduced

&:Ammww, (4.9)

where f,, is the vesicle-wall interaction energy density.

Remark 4.2.1. Here we borrow the idea introduced in moving contact lines models [116] :

fw(®) = _9 sin <¢27T> cos(6y) , (4.10)

with a static contact angle 0, [122, 124] when the cell-wall adhesion is absent or negligible.
This is justified by the fact that a triple point is formed when cell contacts the wall, cell and
extracellular fluid meet, and its dynamics can be modeled through a contact line model. We
also note that the choice of contact angle can be subtle and affects the simulation outcome.
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Low contact angle values show a tendency of the cell to spread and “adhere” to the surface
(hydrophilic) due to the existence of a wetting force, whereas high contact angle values
represent the surface’s tendency to repel the cell or an absence of the wetting force (hy-
drophobic) (See Figure 4.4 in Section 5.2 later). In fact, the wall energy f,, can be made more
sophisticated in order to faithfully represent the complicated vesicle-wall interaction in case
that the cell-wall adhesion by ligand-receptor binding is involved, for example by introducing a
new phase to represent the wall [48].

The chemical potential u is obtained by taking the variation of Ep,;x = Erin + Ecer; With respect

to ¢,

_ SOEpux _ Kp V(¢)—V(go)  M;S(¢)—S(¢o)
= 5o~ pt M e @) (4.11)

where g(¢) = —y’Af + (390> —1)f.

It is assumed in the present work that dissipation of the system energy is due to fluid viscosity,
friction on the wall, and interfacial mixing due to diffuse interface representation. Accordingly,
the total dissipation functional A is defined as follows

A = /2n\Dny2dm+/Mq;1\q¢yde+/ e;-w¢v/1|2dm+/ B,Ju, [ds
Q Q Q 20,

+/ ke |Jr|*ds . (4.12)
aQ,,

Here the first term is the macroscopic dissipation induced by the fluid viscosity with D, =
%[Vu+ (Vu)7], the second term is the microscopic dissipation induced by the diffuse inter-
face, the third term is the dissipation induced by diffuse interface method for imposing local
inextensibilty of the interface, the fourth term is the boundary friction dissipation, where f3; is
related to the roughness of the vessel wall, and the last term is the dissipation induced by the
diffuse interface contacting the wall.

By taking the time derivative of the total energy functional (4.4), it is obtained that (detailed
derivation is given in the Appendix of this paper)

dEtotal_iE__i_iE —i—iE
dt _dt kin dt cell dt w
= —/Q((O’n + pl) :Vu)dm—i—/Q(Fimer—,uV(p—V-(ASYQ))-udaH-/QHCIW'“?
T,
2 . . —_—
+/Q§(}/¢Vl) dx+/mw((an+myg>) n) ufds—l—/aQSL(d)) 0 s
_ f/Q((onwLpl):Vu)dach/Q(F,-me,—uV(p—V-(lﬁy@))nd;ch/Quqd,dm
+/Q§(y¢V/l)2da:—|—/aQ ((0n+15y@).n)-urds+[99 L(0)(—u- Vo +Jr)ds

= _/Q((Un"'lﬂ)Vll)dw—i-/Q(szer—.UV¢—V(7L5ya@))udw+/guq¢da:
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+ [ E0ovaYdzt [ (o0 +48,2)n-L(0)Vr0) ueds

+ L(¢)Jrds , (4.13)
Q.

where p and A are introduced as Lagrange multipliers accounting for fluid incompressiblity
and local inextensibility of the cell membrane, respectively. Further, , is defined in Eq. (4.2)

P (o)~ KB S(¢) —S(¢o) 9w
and L(¢) = 7anf+MsW YO0 + =— 96

Using the energy dissipation law % = —A [161, 35], and the definition of the dissipation
functional (4.12), it is obtained that

on=2nDy—pl, inQ,

g9 = —Myu , inQ,

Finter = UVO+V-(16,7) , inQ, (4.14)
Jr=—kg'L(9), on dQ,, ,

ug, = By (—(m- (on +A8,2) 1) +L(9)d59) , i=1,2, ondQ,

Here constant M, is called the mobility (a phenomenological parameter), Ky is the boundary
mobility (a phenomenological parameter) and f3; is the wall friction coefficient.

To this end, the proposed phase-field model is composed of the following equations

a V-(ug) = —Myu
u= 7? §(0) + M, MGl 4 ST £ (g)
g(9) = —VAf+ (30> —1)f(9),
(@) =—VAo+(¢*—1)9, (4.15)
p(L+(u-V)u)+Vp=V-2nDy)+uVe+V-(18,2),
V.-u=0,
8,(2 :Vu) +EYPV - (¢92VA) =
with the boundary conditions
(un=0,
—Bsttr, = (- (oq +A18,P) - 1;) —L($)050 , i= 1,2,
/=0,
s (3 +u-vi0) = -100), 1
L(9) = %20, f + M2 %0 y0,0 + 5
A =0.




4.3. Dimensionless Model Governing Equations and Energy Dissipation Law 49

4.3 Dimensionless Model Governing Equations and Energy Dis-
sipation Law

If the viscosity, length, velocity, time, bulk and boundary chemical potentials in Egs. (4.15)-

(4.16) are scaled by their corresponding characteristic values no, L, U, 5 % and noU,

respectively, and let € = ’z’ be the non-dimensionalised thickness of the interface. Egs. (4.15)-
(4.16) can be rewritten as

Re(%+(u-V)u)+VP=V-(2nD)+uvV+V-(15:2), inQ,
V-u=0, inQ,
%—‘f—i—u-V(}):—///y, inQ,

(4.17)
= KBg(¢)+//lv(V(¢>(V( o) ., B9 )( §§ 2 £(9) inQ,
F(9)=—erp+ o g(9) = —Af+ 530>~ 1)f(9), inQ,

8:(2 Vu)+§SZV-(¢2V/l) =0, inQ,
with the boundary conditions
(k¢ +L(p)=0, ondQ,, ,
L(§) = Kgof + .4, ia N +o¢w‘g;;“ , on 0Q,, ,
—I ug, =7 - (2nDyy +)L§£97’) —L(9)d.0,i=1,2, ondQ,, (4.18)
f=0, ondQ, ,
A =0, ondQ, ,

1
where V(¢) :/ odx, S(¢) = / gyv¢\2+g(¢2 —1)%dz and &, = 1£?|V¢|?. The dimen-
Q Q
sionless constants appeared in Egs. (4.17)-(4.18) are given by e = £, Re = p°UL , M = Mgy,

— kg — Mo — 0
Kp = LGoU,k op s = B Ow = nogs Ms = nU,and/// nOU

If we define the Sobolev spaces as follows [53, 140]

w3 =whH2  (4.19)
wWh(Q) ={u=(u,u,) e W u-n=0,0n09Q,}, (420
W, = W3 (Q) x W3(Q) x W3(Q) x WH2(Q) x W3 2(Q) x WI3(Q),  (4.21)

1 1
and let || - = (fo |- [*d=)? and || - [lw = ([5q, |- [*ds)? denote the L* norm defined in the
domain and on the domain boundary respectively, then the system (4.17)-(4.18) satisfies the
following energy law.
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Theorem 4.3.1. If(¢, f, u, A, P, u) € W}, are smooth solutions of the above system (4.17)-
(4.18), then the following energy law is satisfied:

d d
E@(dtoml = E (gkin + gcell + gw)

1 . _1/2
= 2 (210" Dy |2 =l = ElleoVAIP — k91— 1 Pucl}) . (422

1 K V(p)—V(g))?
where (gamtal — éﬁ)kin"“’gacell +(g)w: (gakin - */ |ll|2d213, (gacell — ﬁ/ ’f‘zdl’—l—%‘;( ((P) ((PO))
Q

2ReV (¢o)

(S(¢) —S(¢0))? _a
%gW and &,,= / deS

Proof: Multiplying the first equat|on in Eq. (4.17) with u and integration by parts yield

d 1
Eéakm = Re{—/QZn\Dn\zdx+/mw(a'n-n)-ufds+/g,uV¢~udx—/9158@:Vud:z:

+ [ (182 m) -ufds}
Q.

1
_ L {_/ 2Dy~ [ 267 Vudz—1;" [ - ucfds
Re Q Q o0

w

—i—/aQWL(q))af(p-qus—l—/Qqu)-udac ,} (4.23)

where the slip boundary condition in Eq. (4.18) is applied.

Taking the inner product of the third equation in Eqg. (4.17) W|th - results in

0
3?“ x+— / v¢udm_——////|m2dm (4.24)

Multiplying the fourth equation in Eq. (4.17) with Rie%—‘f and integration by part give rise to

1 20 1 L) d (V(9)—V(¢o))* S(¢)—S(¢o) L)
we i = glm ), gdw*m('/”v ) )*J/’Sw ot

= /f(%( + (07~ )d —f/ anf
e s (e
s <W) /anwea ¢7¢d
(KB [ amet=) + i (e (fﬁe‘wéﬁ’”z)
(

Ty <W) _/agw LI(:: 55T Re dt/ fw *

d
dt

+

iz}
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_d (¢)9¢
- E(&E”J”’K(;W)_/ag Re a1

where the definitions of f(¢), g(¢) and the boundary conditions of ¢ and f are utilized.

Multiplying the last equations with % and integration by parts leads to
1/ (A8:2) : Vudz — 1/ E€20% (VA =0 (4.26)
Re Jo € ' Re Jo ’ '

Finally, the energy dissipation law (4.22) is obtained by combining Eqgs. (4.23), (4.24), (4.25)
and (4.26). |

4.4 Numerical Scheme and Discrete Energy law

4.4.1 Time-discrete primitive method

The numerical scheme for solving Egs. (4.17)-(4.18) uses the mid-point method for temporal
discretization. Let Ar denote the time step size, ()"*! and ()" denote the value of the variables
at times (n+ 1)Ar and nAt, respectively. The semi-discrete in time equations are as follows:
in Q

n+1

u A?un 4 (un-s-% ‘V)u’”'% + R%VPIH—% _ R%;V,(nn(vum—% + (Vu’”'%)T))
e Y ()
Vot =0,

¢n+2[_¢n + (un—&-% . V)(PVH-% — _%‘LLVH‘% ,

n 1 n n V n+l —V (427)
untr = kg0 9 )_}_z//( (¢ 2(;)0) (¢0))
n+
+.M, ;Tf«p"“w )
= —eAgTTE 4+ L((9mE)2 19t
[ EE2V-((9")2VA"H2) + 82" : V' = 0.
The numerical boundary conditions can be written as:
KOty = [t ondQ, ,
Ln+2 = K‘Ba fn+2 +%87S08 ¢n+2 +aW¢::i:£v;z ) on aKZW )
I = (Ve (V) £ A, ) (4.28)
LR i=1,2, onoQ, ,
=0, on oQ,, ,
A+ =0 , onoQ, ,

(4.25)
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where

flom 9" = eA¢"+2+ ((¢"+‘> +(9")?—2)(¢" ' +9") (4.29)

1

g(9"".9") = (—Af"*i + 5 (9" 4 (0") + 9" 19" — l)f”“) : (4.30)

(.)"Jr% = (')"+( "™ and P =1 - n, ®n; withn = %.
The above scheme obeys the following theorem of energy stability.

Theorem 4.4.1. If (¢",u", P") are smooth solutions of the above system (4.27)-(4.28), then
the following energy law is satisfied:

Sronad ~ Grorar = (G + 80l +ETT) = (i + Ele + )
At +3 il nd
_ Re( 2" DI — a2 — £ " VAT
Liegorehyz - i ”“HZ) @31

g N E with & = L2, 6, = UL L VOO VOR | (S0 S(on)?

where &" 1 OCcell = "DRee 2Rev(¢>o) (¢0)

total
and &"=% / flds.

The following two lemmas are needed for proving Theorem 4.4.1. Proof of these two lemmas

can be found in the appendix.

Lemma 4.4.2. Let
FO™,9") = —eAg™ 7 + %((tb"” 2+ (9" =2)(9" +¢") . (4.32)

Then f(¢"*!, ¢") satisfies
@ on e —gde =5 =5 [ eagntient—gnds, 43

where S = [, G(¢" V) dz,S" = [, G(¢")dx

Lemma 4.4.3. Let g(¢"t! ¢") = —Af"2 + (0" )2+ (¢m)2 + "o — 1)f*2 . Then
g(¢"+1 ¢") satisfies

/g(¢n+1’¢ )<¢n+1_¢n)dx
= [ a = [ gt —enas, 43

where fn-‘rl — —8A¢n+1 4 é((¢n+l)2 _ l)q)n-‘rl’fn — —8A¢n+ é((¢n)2 _ 1)¢n
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Proof of Theorem 4.4.1: Multiplying the first equation in system (4.27) by Aru"tz gives
/ ()2 = (@ )da + /Q A (V) e
——/P”+2V w2 dx

/Vu”+2: Vun+2+(vun+ ) )d33+ / n+2 V¢n+] n+1d$
At [ 1
——/ A8 P Vu"*fd:c—l—R— A"1(5, 2" ) -u7+2ds
eJQ

€ .Joq,

A
L2 [ vt 4 (VurtH T - n)ds (4.35)
Re Joo n

Multiplying the fourth equation in system (4.27) by %;q’" and integration by parts lead to

1
E/Q‘unJrl/Z(q)nJrl n /28 n+1 (f")z)d:c
L V@) Z VR = (VO Vo | A (S (65— (5187 5
Re 2V Re 250
X5 ety (" n M S(¢n+%)_SO n+% ( hn n
Re agwan + (¢ +l_¢) )ds— Re /()Qwsoga”q) + (¢ +1_¢ )ds. (4.36)

Multiplying the third equation in system (4.27) by £ :A’ and integration by parts yield

1 il Af/ 1 n+1/2 +1
- n n+l _ 4n = n n .V)o"
Re/gu (¢ ¢")dx+ oo | pt (u )¢" " dx

A At
= /Q(u”“)2dx. (4.37)

Multiplying the last equation in system (4.27) by % ZA’

and integration by parts give

At
de+ o (/1“%68@") VU dz =0. (4.38)

—At/éez ‘V?L"+2
Re Jo

The discretized energy dissipation law (4.31) is obtained by combining Egs. (4.35)-(4.38) and
organizing the terms according to the boundary conditions L(¢) as shown in (4.28). [ |

Remark 4.4.1. The system (4.27) is second-order accurate in time except for the last equa-
tion. It can be changed to be second-order accurate as well by using ¢/ and 2"+1/2. By
doing this, theorem 4.4.1 still holds with the term £|| e9"VA™*2 ||* changed into & || €2 VA" 2 |2,
However, this change makes the Newton iteration discussed in next session very complicated.

For simplicity of computer implementation, a first-order accurate treatment for the last equation

is adopted here.
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The unique solvability of the scheme can be referred to Theorem 3.3.3. We don’t show it here.

4.4.2 Fully-discrete C? finite element scheme

The spatial discretization using C? finite element is straight forward. Let Q be the domain of in-
terest with a Lipschitz-continuous boundary 9Q. Let W,," c W,, be a finite element space with
respect to the triangulation of the domain Q. The fully discrete scheme of the system is to find
(" ™ A A py T w ) € WM, such that for any (W, Xk Sy O, i, Vi) €
wi,

Jo (W + (uZJr% -V)uZJr% + leV}’,;H;) -vpdx
~ Jo A MRV, 4 (V" )T)) < Ve
+ o Reuh 2V¢n+2 vidx — [ 2 ! ln+2@"3g cvpdex
+ g, en (1] ot ) A o0 e
Jo(V- u, Hgpdx =0,

n+1 n n L
Jo (U (W2 V)6 yda = — [ ) ida,

n+2

n+3 n n
fguh“xhdwzfg(@;z<< 2 (G0 4 g g — 1)
V! vig) (4.39)
A )

OO LSO (L (2 g ()2 - 2)( "+‘+¢h>>)xhdm

+ [o K'BVfﬁ+% +%8MV¢"+2) Vyndx

—fagz (Kp0n fﬁ +//184( 9 S(Go) %—8 ¢n+2)th~'13
Joft 2= fgewh*z VOt fo 202 = 1)) Gda

— J50, €0n ¢h 2da

1
JoEE2((B)PVAID) . VOdx = [o 6. 2 : VUl @yd
ntd
+ [ya, EEX((0))20nA, *)Opda .

Theorem 4.4.4. If ("', "1, £, A" Y pp w1 € W, are solutions of the above

system, then the following energy law is satisfied:

At + n+ +
Sl Slnan = Re( O N e R A2 Yaul

Loy Iz - "*2||2) (4.40)
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n+1 nt+1__
It is easy to prove this theorem by letting v, = Aru ™! g;, = el Py = C’l = A’“"H 0, =
n+1
AM and following the process of proving Theorem 4.1. Details of the proof is presented in
the Appendlx.

4.4.3 Linearization and unique solvability

Note that the energy stable scheme (4.39) is a coupled nonlinear system. Newton’s method
[53] is used to solve the scheme equations. First, the scheme (4.39) can be written into the
following form:

Lo}*nJrl @ ,

by relocating all of the constant terms to the right-hand side (RHS) and the terms containing
unknown variables to the left-hand side.

For the sake of simplification, we let U 14 = (¢, 1k pynt 1k gtk g, mebk g nitk p ntlk)
be the solution at time (n+ 1)At in the k™" iteration of Newton’s method, and the variation
between iterations be

(5U)Z+l7k _ ((6¢h)n+l7k+lv (5‘uh)n+l,k+l7 (th)n+l,k+1’ (5A,h)n+l’k+1, (5uh)n+1,k+17 (6Ph)n+1’k+1).

Here (5-) stands for the amount of change of the value, (§-)"+1k = (\)rHlkHl _ (ntLk

Newton’s method can be formally written as:
gnJrl ([Uﬂ+l k) 4V n+| T g~n+l (UZJrl,k) (SU)H+1 k (K(Un)

The solution is updated by IU"’L] krl IUZ“’k + SUZH’]‘, where UZH’O =T}

Then the theorem for the solvability of the fully discrete scheme could be given.

Theorem 4.4.5. If the time step At is small enough, then the equations of the scheme (4.39)

is uniquely solvable.

Proof: From the last three equations we find w'™' = u(¢/h), it = fopth), Ar! =

A (w1, With the first and the second equations, P;'"! can be expressed as P! = P(u} ™, ¢/ ).

Then the first and the third equations can be solved separately. Applying Newton’s method to

the first three equations, we have their linearized form:
yn-kl( n+1, k’ n+1, k) +V n+| k n+| kﬁn-i,-] (uZ+l k’ ;Z’L+l,k) . (u;ll+1,k+1 7uZ+1,k’ ]/rll+1,k+1 . (P]:l+1,k)T
=7, (4.41)
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Note that uZ+1’k+1 = (uZ+1’k,vZ+1’k+1). Multiplying At to (4.41) yields

I — AtAq AtAqp AtA3 Z+1’k+1
Aty I—AtAy  AtAx AR (4.42)
AtAz AAz  1—NAz) \gptHHH!

Ant = 2RO deptd) T 1 D+ Dt 49, ) — S (200 5 (MD) + O (M) D)) +

1 @l 1 9T B df) )+ 0, (A KD 070000

m (9 un+]‘k 4R€ au'H»lJ( 3
" -Hk) a(a (l +]k(a n)Z)) P (A. +|ka )
n+1,k 1 G 1 Oh@en(Ay" " (Fcn®))+n (A" Oc 019
Ap= ”h A h = 356 M O Oyh + 3z aXnJrhlk e = /av"“j‘ h 0k
h
Jrlk a n+1.k n+lk 1,k
Ap=— 4Re('uh e ZH‘/\'ax, ‘|‘.u;,laxh+a¢n+1k xh‘Ph)
h

+lk @Bl 1 @A () Fdn (A 907 900
A21: O — 2Renf8xha,h+% 18) s iR : aun+1j< b
h

Azzzz(vhH’ka at vy k+v7if9yh+3yhvh+3xhu2“k) sie (Oen (M) 0cn) + 20,5 (N Oyn)) +

1 @B 1 @A (902 H0en (A 09 0000
m (9 n+l,k 4R€ IV n+1‘k ’

Lk Lk ; lk 1k
Ay =— 4Re('uh+ 8 ht ¢n+lk8)h h+ +.U;7‘9y, + ¢n+lk yh‘Ph)

A31_la(¢l’l+1k+¢h)’
Aszz = Z(( "*‘ e u) e+ T 1 vm o) + ot ouy

a¢n+lk .
Using Gaussian elimination, left side of the above matrix system can be transformed as
follows:
I — AtAqq AtA1p AtA13
0 I—AtAy — (A1) (I —AtA1)) " 'ApA1n AtAss — (A)> (I — AtAy) A A 5 (4.43)
0 0 A,

Where A%y = I — AtAsz — (A1) (1 — AtAyy — (A1) (1 — AtA ;) ~1A1A 1) 1 AsAss. C,C are
constant matrices. When At is small enough, I — ArA;(i = 1,2,3) is invertible. Thus the
given matrix is invertible, we can obtain the unique solution of (u, ntl, k+1, ,’ZH"H]) with given

boundary condition, which means the equation (4.39) is uniquely solvable. |
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4.5 Simulation Results

Numerical simulations using the model introduced in the paper are presented in this section.
The first example is used to illustrate the convergence and energy stability of the proposed
numerical scheme. Then feasibility of the proposed model and the model simulation scheme
to studying vesicle motion and shape transformation is assessed by cell tank treading and
tumbling tests. The last simulation is devoted to studying effects of mechanical and geometric
properties of a vesicle on its deformability when it passes through a narrow channel.

4.5.1 Convergence study

The initial condition of the convergence test is set to be a 2D tear shape vesicle in a closed
cube with intercellular and extracellular fluid velocity being 0. The initial conditions are:

Po(x) =

Ug = (0,0).

—tanh[(15(y — 0.185)(y — 0.065) —x+0.125) /v/2€], x <0.125
—tanh[(/(x—0.125)2 + (y — 0.125)2 — 0.06) /v2e], x>=0.125,  (4.44)

Remark 4.5.1. During the convergence test, we mainly focus on the convergence rates of the
velocity and the phase-field function. The local inextensibility is neglected, and only the global
area and volume constraints are taken into consideration.

Thanks to the bending force of the cell membrane, the shape of the vesicle gradually trans-
forms into a perfect circle to minimize the total energy (see Figure 4.1). The parameter values
used for this simulation are chosen as follows: Re =2 x 10™*, .# =5x 107>, kg =8 x 1071,
e=25x10"2, 4, =20, #;=2,E=1.6x10°, k =8x 10719 [, =5x 1073.

0.2r 0.2
0.15¢ 0.15
0.1r 0.1
0.05¢ 0.05
0.65 DI.1 D.‘1 5 D.‘Z 0.05 0.1 015 02
t=0 1=0.02

Figure 4.1: Relaxation of a tear shape vesicle.
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In the simulations, the numerical solution computed with a mesh size 4 = 1/240 is treated as
the reference solution or “the true solution”. As shown in Table 4.1, our scheme is a second-
order accurate in space.

Spac.lal mesh P2 Element
size h
Convergence Convergence Convergence
Errus) Rate?ux) Err(uy) Rate?uy) Er(@) | Rate(o)

1/47 1.3e-1 1.5e-1 1.4e-2

1/71 8.3e-2 1.15 7.6e-2 1.71 6.1e-3 1.97
1/107 3.8e-2 1.94 3.7e-2 1.83 2.3e-3 2.45
1/160 1.5e-2 2.35 1.3e-2 2.59 5.7e-4 3.42

Table 4.1: L? norm of the error and convergence rate for velocity u = (ux,uy), phase-field
function ¢, at time ¢ = 0.02 with both intercellular and extracellular fluid viscosity being 1.

The time convergence rate of the scheme is obtained by comparing the numerical errors
calculated using each pair of successively reduced time step sizes. The purpose of doing so
is to eliminate the influence from the error of the reference solution which is also a numerical
result. Larger Reynolds number Re and interface thickness &€, and a smoother initial profile
of the interface are applied to ensure that the convergence rate is not affected by any sharp
changes in the phase field label function ¢ (x). Results in Table 4.2 confirm that our scheme
is a also second-order accurate in time.

time step At P2 Element
Convergence Convergence Convergence
Bred) | Ratew) | 5" | Ratew,) | =" Rate(9)
0.025 - - -
0.0125 8.12e-6 8.13e-6 9.92e-6
0.00625 2.90e-6 1.49 2.97e-6 1.45 2.42e-6 2.04
0.003125 | 1.03e-6 1.48 1.07e-6 1.48 5.98e-7 2.01
0.0015625 | 2.53e-7 2.03 2.60e-7 2.03 1.49e-7 2.01

Table 4.2: L? norm of the error and convergence rate for velocity u = (u,,u,), phase-field
function ¢, at time r = 0.05 with both intercellular and extracellular fluid viscosities being 1.

Finally, the energy law (Theorem 4.4.1) and conservation of mass and surface area of vesicles
are tested by simulating the relaxation of a bent vesicle. The vesicle gradually evolves back
to its equilibrium biconcave shape. Figure 4.2 shows the snapshots of the vesicle profile at
different times ¢t = 0,0.25,0.5 and 1.25. The parameter values used here are:

Re=2x10"% # =25%x1073 kg=2,e=75x1073, 4, =20, My =2, =7.1x10%
Kk=2x10"191,=0.5.
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The initial conditions are:

(0 = —tanh[(5(y —0.7)(y —0.3) —x+0.5)/V/2¢], x<0.5
Polx) = —tanh[(400(y —0.7)(y — 0.3)(y — 0.5)> +x—0.5)/v/2¢], x>=0.5, (4.45)

Uy = (0, 0) .
1 1 1
-0.5 0.5 0.5
). )2 .
l 1 -1
0.2 04 0.6 08 0z 04 0.6 0.8 oz 04 06 0.8
+=0.5
1
0.8
0.5
0.6
0
0.5
-1

t=0.25
oz 04 a8 0B Dz 04 a8 08 02 04 a6 ng
=1

=0

1 1

03 08
05 0.5

06 06
0 0
0.5 0.5
4 -1

t=0.75 t=1.25

Figure 4.2: Relaxation of a bent vesicle. The fluid viscosities are 1 and 50 for intercellular and
extracellular fluids, respecfively.

The changes of vesicle mass and surface area and the change of total discrete energy of this
test case computed by the scheme (Eqgs. (4.17)-(4.18)) are shown in Figure 4.3. It is evident
that the vesicle mass and surface area are almost perfectly preserved, and the total energy
decays over the course of time as expected.

14 Conservation law of mass and surface area 0.02 Energy decay
Total energy
1.2f
1 1 0.0157
0.8
E Mass S
g Surface area g
0.6 1 0.01f
0.4
0.0k ] 0.0051
0 0.5 1 1.5 2 25 3 0 1 2 3
Time (s) Time (s)

Figure 4.3: The test case of relaxation of a bent vesicle. Left: Change of mass and surface
area vs. time; Right: Change of discrete energy vs. time.
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4.5.2 Vesicle-wall interaction

This example is used to investigate the effect of the contact line model used for describing
vesicle-wall interaction. As shown in the Figure 4.4, a vesicle is initially placed at a location
with a point-wise vesicle-wall contact, and a shear flow from left to right is introduced to the
system. The parameter values of this simulation are listed as follows:

Re=2x10"* .4 =15x1073,k3 = 0.1, = 0.03, .4, =200, .4, =2 x 10°,& = 10* x =
1 x 10719 o, = 80,1, = 0.5. 6y is set to be 85° (or 180°) for different interactions between the

vesicle and the vessel wall.

=184

1 e

0s 05 05

o 05 0o 05 0

05 s {‘ 2 05

TN % 15 2 25 3 '
=184

05

1 15 2 25 3
1=0.92

Figure 4.4: The top three pictures show the result of no wetting force modeled using a contact
angle 180°. The bottom three pictures show the result of existing cell-wall wetting condition
modeled using a contact angle 85°.

Remark 4.5.2. As can be seen in Figure 4.4, when the contact angel is 180° high, the cell
is carried away by the flow due to an absence of “attraction’between cell and the wall by
a wetting force which is introduced by the contact line model. When the contact angle is
significant lower, say 85°, the vesicle membrane is torn apart at the vesicle-wall contact
location due to the existence of a wetting force. We point out that the simulation using 85°
contact angle is not biologically relevant. This shows the limitation of our current model based
only on hydrophobicity in considering interaction. The idea of modeling cell-wall adhesion by
forming ligand-receptor bonds from [48] could be a good way to model the adhesion force by
introducing a wall phase and its interacting potential with the vesicle phase. We will thus use
a significantly higher contact angle, i.e. 8, = 180° in the rest of simulations presented in the

paper.

4.5.3 Tank treading and tumbling

The vesicle motion in a Couette flow changes with respect to the ratio of the viscosities 1;,,
and 1, of intracellular and extracellular fluids [85, 10, 40, 60]. When this viscosity ratio is
small, the vesicle is prone to move in the tank treading mode; while the tumbling mode is
preferred when the viscosity ratio is large. The parameter values utilized for this vesicle motion
simulation are set as follows:
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Re=2x10"% 8= |Vo"|>, # =103, kg =5x 1073, € = 7.5 x 1073, .4, = 20, .4, = 200,
E=178x10", k=2x10""1%, 1, =0.2.

The upper and bottom walls of the domain are set to move in opposite direction horizontally
with velocities —20 and 20, respectively. The simulation domain is 2 x 1, and the initial shape
of the vesicle is chosen to be an ellipse with eccentricity /3. The ratios of viscosities of
the intracellular and extracellular fluids are set to be 1 : 1 and 1 : 500, respectively. Figures
4.5 show the interfaces of tank treading vesicle (low viscosity ratio case) and tumbling vesicle
(high viscosity ratio case) and corresponding fluid velocity fields at different times, respectively.
A point on the interface (black solid) is tracked to illustrate these two different types of motion.
For the tank treading motion, the angle between the long axis of the vesicle and horizontal axis
is fixed when the vesicle is at equilibrium, but the tracer point rotates in a counter clockwise
direction along the membrane. For the tumbling motion, the vesicle keeps rotating and the
tracer point does not move with respect to the membrane shape.

Remark 4.5.3. Tracking of the marker point (the black solid dot) is done by the following steps:
Determine a marker point P that is located on the interface with coordinate (x,y);
Compute the velocity u(P) = (u.(P),u,(P)) of the marker point by interpolation;
Update the marker point position at the next time point by (x +u(P)At,y + uy(P)Ar);
Go to step 2.

A DN~

This tracking gives the trajectory of the marker point.

t=0.35 1=0.7

Figure 4.5: Top:Tank treading with viscosity ratio 1 : 1. The orientation of the vesicle and the
velocity field are kept stable when the system comes to equilibrium.; Bottom:Tumbling with
viscosity ratio 1:500. The vesicle keeps rotating in the flow. Position of the tracer point (in
black) is fixed with respect to the vesicle membrane

Next, simulation result of tumbling motion of a rigid ellipse is compared with the theoretical
solution obtained using Jeffery’s orbit theory [74]. Specifically, the angle between the long
axis of the ellipse and the horizontal axis is compared. As shown in Figure 4.6, our simulation
result is in close agreement with the analytical Jeffery orbit.

Remark 4.5.4. The long axis of the rigid ellipse during the tumbling motion is determined as
follows:

1. Determine the interface location of the ellipse by ¢ = 0;
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2. Find the point on the interface that is farthest away from the center of the vesicle in
upper domain;
3. Match these two points and the line is considered as the long axis of the ellipse.

Since the ellipse is located at the center of the domain at the initial time point, and the motion
of the fluid is centrosymmetric according to the specified boundary condition, it is expected
that the center of the ellipse is kept at the center of the domain Q. Therefore the determination
of the long axis of the ellipse based on its geometry character is acceptable.

Jeffery orbit
150 ' - ryl ' '
o simulation result
theoretical value
100 1
501 1
o
(@]
c
(1]
D L p
501 1
-100 ' : : ' '
0 0.2 0.4 0.6 0.8 1
time

Figure 4.6: Comparison between theoretical and simulation results of the flipping ellipse. The
blue line is the angle between the long axis of the ellipse and the horizontal axis predicted by
the Jeffery orbit theory, and the red circles are the angle from the simulation.
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4.5.4 Vesicle passing through a narrow fluid channel

Finally, the calibrated model is used to study the effects of mechanical properties of the
membrane of the vesicle on its circulating through constricting micro channels [59]. The
vesicle shape is described by an ellipse with eccentricity v/3, and the width of the squeezing
section of the narrow channel is 0.3 by default. A pressure drop boundary condition is applied
at the inlet (left) and outlet (right) of the domain by setting the pressure on the inlet and outlet
to be P =50 and P = —50, respectively. Fluid viscosity ratio is set to be 1 : 10 for extracellular
and intracellular fluids, respectively. The other parameters are as follows:

Re=2x10"% 8 =10x |Vo"|>, # =5x107%, kg =4 x 1072, £ =7.5x 1073, .4, = 20,
My =100,E =7.1x10*, k=4 x 1071 [ =5x1073.

The effect of the local inextensibility of vesicle membrane is assessed by comparing vesicle
simulations with and without using the local inextensibility constraint &7 : Vu = 0 in the model.
Snapshots of these simulations at different times are shown in Figure 4.7. They illustrate
that a vesicle modeled without using the local inextensiblity can pass through the channel
by introducing large extension and deformation of its body with a relatively small value of
global inextensibility coefficient .#Z; while a vesicle modeled with the local inextensibility
hardly exhibits large extension and deformation of its body and blocks the channel. This is
also confirmed by Figure 4.8. It shows under otherwise same conditions, the total arc length
of the membrane of the vesicle modeled without the local inextensibility increases significantly
when it passes through the channel, and the vesicle with the local inextensibilty preserves its
membrane arc length well during the course of the simulation.

Although the total arc length of a vesicle without the local inextensibility and with a very large
M value could maintain almost unchanged as shown in 4.7 (c) and 4.8, the morphological
changes of vesicles with and without the local inextensibility are drastically different. For the
vesicles modeled without the local inextensibility, Figure 4.9(b,c) illustrates that the vesicle
membranes are stretched (red) or compressed (blue) everywhere, even though the total arc
length of the vesicle modeled using a large modulus .#; value could be preserved, and the
vesicle forms the blockage. For the vesicle modeled with the local inextensibility, Figure 4.9(c)
confirms that there is almost no local extension or compression of the membrane, which
is consistent with experimental observations. All simulations described below use the local
inextensibility.

Both experiments and clinic reports have shown that the cell bending modulus and surface-
volume ratio play important roles in determining the deformability of vesicles, especially when
they pass through narrow channels [147, 107, 125]. The latest results reveal that a moderate
decrease in the surface-volume ratio has a more significant effect than varying the cell bending
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Figure 4.7: Snapshots of vesicles passing a narrowed channel with different surface area
constraints at times ¢ = 0.08,2 and 4, respectively. (a) .#; = 100 with the local inextensibility;
(b) .#; = 100 without the local inextensibility; (c) .#; = 20000 without the local inextensibility.
The curves on the top and bottom ceiling are the wall boundary of the narrowed channel.
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Figure 4.8: Total arc length of vesicle membrane with the local inextensibility (blue line), and
the total arc lengths of vesicle membranes with low (100) (red dashed line) and high (20000)
(black point) .#; and no local inextensibility, respectively, during vesicles passing through the
constriction of the micro channel with otherwise same parameter values and settings.

stiffness. This surface-volume ratio effect is tested by increasing the ratio value slightly from
1.5: 110 2: 1. Results in Figures 4.10 and 4.11 confirm that the more rounded vesicles are
much harder to pass through the narrow channel and can easily form the blockage. This is
consistent with the experimental observations.
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Figure 4.9: Effects of the local inextensibility &2 : Vu = 0. Snapshots of membrane forces
of vesicles: (a) .#, = 100 with the local inextensibility; (b) .#; = 100 without the local
inextensibility; and (c) .#, = 20000 without the local inextensibility.

The effect of the bending modulus is assessed by increasing its value 10 times. The surface-

volume ratio of the vesicle is 2 : 1 in this test. Figure 4.11 illustrates that this more rigid vesicle

can also pass the

Figure 4.11:

same size channel but exhibits very different shape transformation.
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Side view of a vesicle with surface-volume ratio 2 : 1 at different times.
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Figure 4.12: Side view of a vesicle with large bending modulus xz = 4 x 10~ and surface-
volume ratio 2 : 1 at different times.

4.6 Conclusion

In this chapter, an energy variational method is used to derive a thermodynamically consistent
phase-field model for simulating vesicle motion and deformation under flow conditions. Cor-
responding Allen-Cahn GNBC boundary conditions accounting for the vesicle-wall (or fluid-
structure) interaction are also proposed by introducing the proper boundary dissipation and
vesicle-wall interaction energy.

Then an efficient scheme using C? finite element spatial discretization and the mid-point
temporal discretization is proposed to solve the obtained model equations. Thanks to the
mid-point temporal discretization, the obtained numerical scheme is unconditionally energy
stable. The numerical experiments confirm that this scheme is second-order accurate in both
space and time. Simulations of the vesicle tank treading and tumbling motions reproduce ex-
perimental observations. And the flipping ellipse simulation agrees with the analytical solution
well. Finally, the model is used to investigate how vesicles’ mechanical properties affect the
vesicles’ capability to pass through narrow channels. It is shown that whether a vesicle can
pass a narrow channel is largely determined by the surface-volume ratio of the vesicle, which
is consistent with in vitro experiments.

The model can be used to study the impaired dynamics of red blood cells due to altered
mechanical properties of red blood cell membranes in sickle cell disease [9] and in diabetes
[102]. Combining with the restricted diffusion model [117], our model can be generalized to
model the mass transfer through a semi-permeable membrane, for example oxygen delivering
[153].

There are limitations in our model if we need to consider an adhesion based on the ligand-
receptor binding. When the static contact angle is lower than 180°, the vesicle is torn apart due
to the wetting effect. In [48], the authors proposed an adhesion model by introducing a new
phase label for vascular wall, and an adhesion energy functional using labels of wall phase
and cell. In the future, we will combine the adhesion model with the contact line model and
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more realistic sub-models for cell-wall and cell-cell interactions to model the cells aggregation
[162, 164], cells crawling and invasion problems [129, 22]. In the next chapter, a new idea of
modelling wall adhesion is used to overcome the tear phenomenon together with the multiple
cell interaction model.



Chapter 5

Multiple Vesicle Interaction Model
with Allan-Cahn Type Interface

5.1 Introduction

In the previous chapters, phase field models with GNBC are given in moving contact line and
vesicle motion. However, despite of good numerical performance, we find that the adhesion
force between vesicle and wall is likely to lead to a tear of the cell at the wall. Thus indicates the
GNBC used in the model is not consistent with the physics of vesicle mechanics. To avoid the
non-physical phenomenon, some modifications need to be applied to the cell-wall modelling.
Furthermore, a single vesicle model is not enough for hemodynamics study. A Multiple cell
model considering the interaction with each other need to be established.

The main purpose of this chapter is to model vesicles interacting with each other and the
domain boundaries in a flow, such as red blood cells passing a branched blood vessel.
The first goal of this chapter thus is to derive a thermodynamically consistent phase-field
model for vesicles’ motion and shape transformation in a closed spatial domain by using an
energy variational method [140, 52]. All the physics taken into consideration are introduced
through definitions of energy functionals and dissipation functional, together with the kinematic
assumptions of laws of conservation. In this model, all of the energy and dissipation terms are
defined on bulk region of the domain including boundary effects energy.

A few works have been published about modeling of the interaction between cells[49, 118].
Lennard-Jones potential is applied to model the interaction in [118], an energy related to
the inter-cell attraction is introduced using phase-field method in With phase-field theory in
[49]. Those models all provide good simulation results compared with experiment in lab [105,
80]. In this paper a new potential with phase-field method would be derived based on the
previous works. A Lennard-Jones type potential would be established with respect to the
phase order. The boundary effect part in the new model are counted as a independent phase
which is defined in the bulk. Then performing variation of these functionals yields an Cahn-
Hilliard-Navier-Stokes (CHNS) system with Allen-Cahn general Navier boundary conditions
(GNBC) [116]. This is in contrast to most previous works [27, 29, 19] in which boundary

68
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effect was rarely derived during the course of model derivation. Dirichlet or Neumann type
conditions were simply added to these models at the end to close the governing equations
[3, 32, 31]. Moreover, in our model derivation, the incompressibility of the fluid and the local
and global inextensibility of the vesicle membrane are taken into account by introducing two
Lagrangian multipliers, hydrostatic pressure p and surface pressure A [108] and penalty
terms, respectively.

In the first section of the chapter, a model including interaction between cells are given. The
formula corresponding potential is derived in the following part. Finally, results of numerical
simulation are shown and compared with the data received by experiments.

5.2 Model Derivation

5.2.1 Multi-vesicle interaction System

Energy variational method [140] is adopted for model derivation to ensure the thermaldynam-
ics consistence. It consists of two functionals for the total energy and dissipation of the system,
and the kinematic equations based on physical laws of conservation. The specific forms of the
flux and stress functions in the kinematic equations are obtained by taking the time derivative
of the total energy functional and comparing with the defined dissipation functional. More
details of this method can be found in [140, 141, 163].

For multicellular system, the motion of i’ vesicle is tracked by the phase field function ¢;. We
start from the following laws of conservation for the mass and momentum and interface local
inextensibility [142],

d9;
a(]; +V'(u¢i) :V"N’iv

P(L+(u-V)u)=V-oq+Fg 0, gy
(5.1)
V.u=0 y

8(Zi:Vu)+ &YV (¢7VA) =0

and the boundary conditions on the top and bottom of the domain, denoted by dQ,,:

un=0,

u 'Tk:f )

20 o (5.2)
9t —|—u-Vr¢i—Jri ,

g9, m=0,

where (.);,i = 1,2,3,...N refers to different cells. The first equation with undetermined flux
q¢; is used to track the motion of vesicle, where Cahn-Hilliard equation is used to ensure the
conservation of vesicle’s volume during the motion. The second equation is Navier-Stokes
equation of the velocity field u with viscous stress oy and body force induced by vesicle-
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fluid interaction Fy, o, .. ¢,. The third equation are incompressibility of fluids. And the fourth

one is diffusive interface approximation for the local inextensibility of i/ cell membrane with
relaxation [141, 3]. §; = %}/2|V¢,~|2 is the surface delta function with the diffusive interface
thickness 7. Z; is the projection operator defined to be (I —n;,, ®n; ), and n,, = |§$’| is the
unit outward normal vector of the interface when it is defined as an implicit surface by the level
function. £ is a parameter independent of ¥, and A is a function that measures the interface

“pressure” induced by the inextensibility of the membrane.

On the boundary dQ,, the Allen-Cahn type boundary condition is employed for ¢;. VI =
V —n(n- V) is the surface gradient operator and u; = u— (u-n)n is the fluid slip velocity
with respect to the wall where 7;,i = 1,2 are the tangential directions and n is outward norm
vector of the wall. f7, is the slip velocity of the fluid on the wall along the 7; direction. And Jr
represents the Allan-Cahn type of relaxation on the wall by using the phase-field method.

The total energetic functional for the multicellular system is formed by the kinetic energy in
the macroscale Ey;,, cell membrane energy E..;;, cell-cell interaction energy E;,;; and cell-wall
adhesion energy E,, in the microscale,

Etoral = Ekfzﬁ +Ecet1 + Eint + Ey (5.3)
—_———
Macroscale Microscale
1o - / Rs | £(90)|° o M (S(¢1) — S(¢i0))?
pu— —_— d R —_— —_
/g(zpu\ ) a:—i—i;.sz Y ; 2 (¢z )
N
+ /Hd:n+Z/fW(¢,~)ds. (5.4)
Q i—1/Q

Here p is the density of fluid which is constant in this work and u is velocity. K3 is bending
modulus of the membrane, and

oG

F@) = 54 =TA0+ (07 1), (55)

with

Vo rIvel | (1-¢7)?

The function S(¢;) = [o %dx is used to measure the surface area of the cell with constrain
constant M;.
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The term H denotes the interaction energy density induced by the interaction of cells. There
are many different previous works to define interaction potential H. See [50, 76, 167]. Here
we begin with considering mechanical interaction between two cells identified by phase-field
functions ¢; and ¢,, respectively. Recall that ¢; = 1 represents the intracellular space, and
¢; = —1 represents the extracellular space of the i cell, respectively. Whether there exists
mechanical interaction between the two cells can be determined by measuring the overlapping
(i.e., occupying the same physical space) of the intracellular spaces of these two cells.

In this work, we propose the following Lennard-Jones type interaction energy density

H=0(¢1+1)*(d2+1)> = 02(07 — 1)*(97 — 1)* . (5.7)

The first term in Eq. (5.7) accounts for the repulsion and achieves the maximum when two
cells overlap at a spatial location x, i.e., ¢;(x) = ¢(x) = 1. The second term represents
the adhesion and is nonzero only when the diffuse layers of the two cells overlap, i.e., at
the overlapping location &, —1 < ¢;(x) < 1 and —1 < ¢»(x) < 1. This is used to mimic
the adhesive interaction mediated by the formation of adhesive bonds with cell adhesion
molecules (CAM) on adjacent cell membranes, or via forming binding bonds between CAM
and cell-extracellular matrix. In general, the formation and dissociation of the bonds are
stochastic and depend on the concentrations of agonists [64, 24]. Here for simplicity, we set
the O and Q, as constants in the work.

Figure 5.1 plots the energy landscape of the interaction potential at a space point due to
presence of the phases ¢; and ¢,. The energy is equal to 0 when two phases do not touch
or overlap i.e., ¢, = ¢, = —1. When they start to overlap, the energy firstly decreases which
means that the attraction force between these two phases dominates. Then the energy goes
up which indicates the repulsive force dominates. This prevents the two phases from oc-
cupying the same physical space. So the interacting potential energy behaves conceptually
similar to a 2D kind of Lennard-Jones potential. We remark that in [48] a potential of form
(92 — 1)2(¢2 — 1) is used, where only attractive feature is included.

Eq. 5.7 could be understood in the following way as well. It may be formulated by the following
two measurements of the relative position of cells.

di(z) = (¢1(z) = 1)(2() = 1), z€Q,

and
dy(@) = (91() + 1) (a(@) +1), zEQ.
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[N] w N
o [=3 (=3
o =] =]
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o

Interaction energy

Figure 5.1: Interaction energy with respect to ¢; and ¢, at a space point. The energy status of
different overlapping condition of the cell phase at the point are pointed out as well. ( Q1 = 50,
0, =400.)

It is obvious that d;,d, € [0,4]. From physical point of view, we can regard d; as the “distance”
in the space of phase-field functions since it reaches maximum when both ¢;(x) and ¢,(x)
equal to -1, namely, there is no overlap between the two cells at x. d; reaches minimum
when diffused surfaces of two cells fully overlap, i.e., ¢ (x) = ¢,(x) = 1. Similarly, d» could
be regarded as the extent of overlapping since it reaches maximum when diffused surfaces
of cells fully overlap, and reaches minimum when there is no overlap. Then we may propose
the interaction potential H to be a polynomial function of d, and d:

H=0(d§ +C)df = 0C(¢1+ 1)P (92 + 1)P — 0(¢7 — 1)*(93 — 1) (91 + 1)P~%(9 +1)P~* (5.8)

where Q and C are constants that control the minimum of the interaction energy and result
in attractive/repulsive Lennard-Jones kind of behaviour in 2D as shown in Figure 5.1. So Eq.
(5.7) may be considered as a case of Eq. (5.8) with o« = =2, QC = Q1, Q = Q».

More general, the interaction energy in the multiple phases case based on Eq. (5.7) goes:

N N
H=Y Y Hj=Y Y [01(¢i+1)*(9;+1)* = 02(¢? — 1)*(97 — 1)*]. (5.9)

i=li<j i=li<j

For the cell-wall adhesion energy, ¢,, is defined along the wall with a thickness [48] as shown in
Figure 5.3. We simply use the same interaction potential formulae and the cell-wall interaction
energy is defined by setting ¢, = ¢,, in Eq. (5.7),

Fu(@1) = O, (01 + 12 (9w + 1) — O, (7 — 1) (92— 1), (5.10)
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where Q,,, is repulsive energy density and Q,,, is adhesion energy density. Notice that the
cell-wall energy E,, is defined in the bulk not on the boundary. However, f,, is non-zero only
when the two phases overlap which could be regarded as the attraction force is only induced
when the vesicle is contacting (or close enough to) the wall.

Then the corresponding chemical potential for each vesicle ; is defined as follows

8fw(¢t)
919’

o 6Ecell oH M S(¢1) S( )
Hi= "5, y3 90 S(6r0)

where g(¢;) = —PPAf(¢:) + (307 — 1) f(9;)-

The dissipation functional consists of the dissipation induced by fluid viscosity, friction near

8(0r) +

f(oi) +

(5.11)

the wall, and interfacial mixing due to diffuse interface representation [141],:
2 - 1, |2 2
[ 2niDy| dm+;/QM¢ a0 Pda+ [ Bolurfds

+Z (/ K |Jr, 2ds+/ E|lyoiVA; ]2ds> , (5.12)

Vu+(Vu)

where Dy, = , M is the viscosity of fluid mixture, B is wall fraction, My and k- are the

mobility of phase in the bulk and boundary. Especially, in general, the viscosity n could be a
function of all phases ¢;

=N(Pw,P1,*, Pn)- (5.13)

Then the time derivative of the total energy goes:

dEtolal d d d
—— = TEunt —Ec —E, 5.14
dt ar i g et g (514)

= Lh+bL+15h. (5.15)

For the first term, the conservation law of momentum and imcompressibility yield
d [ pluf?
L = — d
! dt/g 2
1dp, » Jdu
= —Tul?d = .ud
9281"“‘ :L'+/Qpatum

1dp, » du
- —_F . — -Vu) -
W ul dar:+/ P ” udx / (pu-Vu)-udz

19p, du ] ]2
= — —— —_— V.
3o ul a’a:+/gpdt ua’:z:—l—/Q (pu)——dx

N N
= /(v.a,,).uder/F-uderZ/Aiéigz,»:Vudx+Z/gﬂiv- (0?VA))dx — /pl Vudx
Q Q i—1/¢Q =179
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N
= —/Q((ffn +p1):Vu)dac+/QF-udx_;/gv.(zisi@i).udw
N 5 ) N
_2/957’2‘151 (VL) da:—!—/tmw((an+;Ai6i@i).n).urd5,

where the slip boundary condition is used.

The second term is calculated by using the conservation of each phase

d i
L = ;’;X‘;f ’ i + & /Hd +Z ((pl(;bo))
_ [ Re-fidf OH 99: s<<@>— S(¢i0))*
B /gy;;yzat /;8@ ot dt? S(¢i0)

- A?;y(fA(%¢’> a9 “)d LG e
e
?f( VAfi+ (307 —1)fi+

1

>

LU
3¢l S(¢i0)

8(;),

Il
\

(0))

\

(¢l,0)

99; ¢i) — (‘Pi,) a¢z
,u,atda:—i—/(mwyf,a 9¢zds+/ M—(¢i) 3(151 >

™= M=

/N N

A
X/,

((PLO)

I
™=

( / do, -V pid — / - Voo + / KBa a‘P’

(¢1) _S( ) a¢l
+/39WMS S(¢i0) o en ) ’

where the Allan-Cahn boundary condition for each phase is used.

Il
—

For the last term, it yields

s d fu(9:) 29,
13_,-—21</89 36, o ds> . (5.18)

Combining above Egs. (5.16), (5.17) and (5.18), we have:

d N N
EEZOMI = —/Q((O’n —|—p1) Vu)d:l:—l—/Q(F—Zu,V(pl—ZV(&51,@,))udw
i=1 i=1

ﬁ'N 8 8, ¢1_ ¢ a(pz
7; §a¢,ds+/ KBZaf, ¢d+Z/ M—( )8¢l

HiV - ggde = /u,u V¢zdﬂ3+/ 5 nflaq)ld +/ MM Yo

(5.16)

8(])1 )

(5.17)
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—Z/qd), Vuzd$+2/57’2¢, (Vi) 2dﬂv+/ an—l—Zl&@ )-ucds
. dP;
+,-_Zl/aQSL" o, s

N N
- —/((a,,+p1);vu)d:c+/(F—Zu,w,-_zv.(;L,-ai@,-))-udm

—Z/q¢, vu,d:c+2/§y2¢, (VA) 2da:+/ an+2169 ) -ucds
+;/(9gxzzi(_u'vf¢i+~]ﬂ)ds
N N
_ —/((o—,,+p1):Vu)dm+/(F—Zu,wi_Zv.(A,-&-@,-))-uda:

Q Q i=1 i=1

N N
X /| a0 Viido+ ) | 6P (va da

N

+/ a,,+Z/169f) Z iVré;) ufds+2/ Lers (5.19)

S(¢:) —S(¢io)
S(9ip)

For the close system, we have the energy dissipation law [161, 140, 96]

where [; = K—;c?nﬁ + M, Y0, ;.

dE
—=-A 5.20
= A (5.:20)

where means the changing rate of energy is induced by the dissipation. Comparing with
predefined dissipation functional in Eq. (5.12) yields

;

q¢; :M¢]Vuj R in Q s
F= Z ([J,V¢, +V. (115191)) s in Q s (5.21)
Jr, = —KEI_IL,- , on dQ,, ,

:Bs (—( ‘(O'r, +Zi\,:1 liBie@i)‘Tj)—f—Z?]:ll:ia;i(bi) y ]: 1,2, on 8Qw .

To this end, the proposed multi-cellular interaction model is composed of the following equa-
tions:
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ad)i (u(Pl) M¢1A.uz ,

i = $8(90) + 5o+ O £ (00) + U
g(0) = —VAfi+ (3¢2— 1)f(¢z),

() = —V*Adi+ (97 — 1),

)

(212 Vu) + 8PPV (97 VA;) =

with the boundary conditions on dQ,,

un=0,

fi=0,

<a¢’+u Vl—q),)_ —L;,
Li= 50, f+ M %2005,
Ol =0 .

5.2.2 Dimensionless

(
PP+ -V)u)+Vp=V-2nDy) + X (;V9;+ V- (1;8;2))) ,

Bz, = (- (oq + XN L8 P) 7)) — L Lide, 05, j=1,2,

(5.22)

(5.23)

The viscosity, length, velocity, time, bulk and boundary chemical potentials in the equations

UL noU

are scaled by their corresponding characteristic values no, L, U, , and noU, respect-
ively. Write Oy, , Ow,, Q1,02 into Qogw,, Qoqw,-Qoq1,0Qoq2, where Qy is the character energy

density. The governing equation of the system can be rewritten as

Re(%} +(u-V)u)+VP=V-2nD) + LV + L, V- (4 7).,
V-u=0,

T Vo = — A,

S(¢;)—S(¢:. aw i

fi=—eAg;+ 2 g(9r) = —Afi+ é(3¢? ~-1fi,

581.(@,' :Vu) + 582V- (¢L-2Vl,‘) =0

in Q|
in Q|
in Q
(5.24)
in Q|
inQ |

inQ |
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with the boundary conditions

K¢+ L(¢:) =0, on dQ, ,
L(¢:) = xBanf<¢>+e//z Sy S0l 5.1 on 9, |
—Iu =7 (2nDy + L A 5& ) on—Y,L(¢;))0.¢;, i=1,2, ondQ, , (5.25)
fi=0, on dQ,, ,
hiti =0, on dQ,, ,

€ 1
where S(¢;) = /Q 5|V¢,.|2+ E(q)f —1)*dz and &, = 1€2|V¢;|>.

The dimensionless constants appeared in Egs. (5.24)-(5.25) are given by € = ’/ , Re = p(;]le’

_ Myno _ kg _ Mo _ O _ M
%— L2 yKB LZTI U’k OL,l BL,a nOU’%_HOU.

If we define the Sobolev spaces as follows [53, 140]

w3 (W1’3)2 . (5.26)
Wy, 2—( LN (5.27)
Wyt =W (5.28)
WAI,’%(Q):{A M2y )Y, (5.29)

W (Q) = {u= (u,,u,) e W u-n=0,0n99Q,}, (530

{cp (01,02, ...08) T €W =1 <@ <1,i=12,..N, in Q} . (5.31)
W1 .3 { (1, o, ... tty)| € Wy |9 = 0,i =1,2,...N, on QQW} . (5.32)
wh *(Q) { = (fi, for i) € WL fi=0,i=1,2,...N, on agw} (5.33)

3
W, = Wa3(Q) x W3 (Q) x WP (Q) x Wy (Q) x W3 (Q) x W3(Q),  (5.34)

1 1
and let || - || = (fo |- [*d=)? and || - [lw = ([5q, |- [*ds)* denote the L* norm defined in the
domain and on the domain boundary respectively, then the system (5.24)-(5.25) satisfies the

following energy law.

Theorem 5.2.1. If (®, F, U, A, P, u) € W), are smooth solutions of the above system
(5.24)-(5.25), then the following energy law is satisfied:

d d
E(gj‘oml = E(@@kin + gcell + gw)

1 . _
T Re (—mmlﬂmnz—%Zumuz—iuemuz— kY11 = 1 ”2uf||5c5>35>
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where éatotal = @@kin + éacell + éavw éakin

) —S(¢i0))?
/[u[ dx, been = 2R s /\fz’ dm+'//lz 2ReS(¢l ) i
Rge/QHdm and & W= ReZl/fW (Pz dac

Proof: Multiplying the first equation in Eq. (5.24) with u and integration by parts yield

d
& in
dr "

Re {—/9211|Dn|2dalc4—/(9%(0,7 -n)-ufds+;/g/.t,~V¢,'-udm—zi:/gli&g,e@' :Vudzx

+Z/ (W8, 7 ufds}
1) 25 , » B 71/
Re{ /an|D,,| dz ;/gzl,aeiﬁ,.Vudx I

+zi:/(me(¢,-)8r¢‘ufds—kzi:/guiV(b,--udaz ,}

where the slip boundary condition in Eq. (5.25) is applied

lu;|%ds

W

(5.36)

Taking the inner product of the third equation in Eq. (5.24) with £ and summing up with
respect to i result in

8(1), 1 1 5
2‘ = Vo ldr — — — Vi
» / Uidx +Re Ei /Qu Voiudx Re/// E,- /Q| Wi|“dx

(5.37)
where d,u; = 0 is considered here

Multiplying the fourth equation in Eq. (5.24) with R

Z/ a¢l

a[ ' and integration by parts give rise to

Z{KB/ ¢‘dm+/// S¢’° /ﬁa¢’d ta /ggaq), T+ 0 /f8¢, aa‘f’ }

iz/ﬁﬁ <_A¢i+ )dw_z/ Ry s +///Zdt( 2ReS(qEz¢Z)O)))
L (Miston” ) Lo, 005 +ReZ/ A0 8

it 2oL 3, 1
( Z/z‘ﬁg ) ( 2ReS¢l )) ) Red[Z/fW ¢,da:+——/Hd

_Z/ag Rq: ?9?

L[, 5%

(5.38)
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where the definitions of f(¢), g(¢) and the boundary conditions of ¢ and f are utilized.

Multiplying the last equations W|th . and integration by parts and sum up by i leads to
Z/ (W85, ) : Vuda — 72/ Ee202 (VM) dz = (5.39)

Finally, the energy dissipation law (5.35) is obtained by combining Egs. (5.36), (5.37), (5.38)
and (5.39) considering the boundary conditions in (5.25). |

5.3 Numerical Scheme and Discrete Energy law

In this section, an energy stable temporal discretization scheme is first proposed for the multi-
celluar system (5.24)-(5.25). Then C? finite element method is used for spacial discretization
to obtain the fully discretization scheme.

5.3.1 Time-discrete primitive method

The mid-point method is used for temporal discretization of Egs. (5.24)-(5.25). Let Ar denote
the time step size, ()"*! and ()" denote the value of the variables at times (n+ 1)At and nAt,
respectively. The semi-discrete in time equations are as follows: in Q

n+1

u A;u"+( ”+%-V) n+%+ivpn+% :éV-(n”(Vu”Jr%qL(Vu"*%)T))
n n 1
E TR T ALRS VR (k,-”@fag,-) :
Vot =0,

¢"“—¢, +(u n+%_v)¢¢t+% Z—J//Au,"+l7
n+ ntl ((I’HZ) S(¢o;)) n+l 4n (5:40)
u; —Kg(q) ;07 )+%—(%i) F(o", 98
ol vt
= —eng (0 - e
[ 8,220 : Vurtd 162V ((61)2VA2) =0,

with boundary conditions on dQ,, ,

. il
K¢[ = _L[ : ’

ntd +1 S(q;.”%)fso. ntl
L; = K38nff —{—%87' So. t 8,1(1)‘ R

1
Ny T = (n (Vu’”%Jr(Vu”+ SRS ,+25e,9?’") (5.41)
_Zz l+2arj¢ 7’ j=1,2,
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with ()3 = U™ ang g0 — 1t n, with 0, = |V¢n‘ and

(

O 0 = —eA! 4 L (0124 (012~ 2)(9F+ + 01
2(6*,91) (Af"*z L (@124 (92 + o gp — )f"“>,

Y = 200+ 17 % [<¢"*2 ) } (o) — 1)L, [((gb}’”)znﬂ . 642)
HPH = 0 1 B 07 12 = (01 02 (0T 17
[ £0(0") = dun (07 + 1200+ 1) — qun (05— ()2~ 1).

Thus we have

H'" — P 1 ntl 2 nty n1\2 2 N 2
B = g ) Z[ +1>] a((6r) 1)2[(@, >—1>]
(P (P (P J#i

—q ¢,+122[ ”*2+1>}+q2 (97 —122[ e D

J#i J#

= a2 Y [w;’*% T 1)2}
iZi

—q2(9] + o) (871)? + (91)? ~2) ; [((%’7%)2 - 1)2] (5.43)

Similarly,

fw(¢in+1) *fw(¢zn)
o1 —of

w (07 + 0 +2) (9w +1)°
—qu, (070191 +(01)7 —2) (95— 1) (5.44)
Fu(9 ) —fu(0F) H(g!")—H(9/")
¢n+1 (1)” ¢n+l (P”
The above scheme obeys the following theorem of energy stability.

Later on, we keep the form and for convenience in later derivation.

Theorem 5.3.1. If (¢/', ul*,u",P") are smooth solutions of the above system (5.40)-(5.41),
then the following energy law is satisfied:

égtﬁ;’;z} tﬁtal = é(;:ll;l'] Z [(ggcré—l’}] é(zntjl_tl éov};;+1:| ) - (éakrzln + Z ém ell; + éi int + ém ] )
i
At

n+1 N n+i Al n n+%
— Re( 2[|(n™)"/*Dy 2||2‘///Z.”V“l‘ 2|\2—§le eorva; |?

1 +1 —1/2_n+}
e DI C AR T o I (5.45)
1
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: il i,
+(§VZ Wlth(gdkr;n:%”unHz’ gcnell = K32|1‘?e5‘” +%( 2ReS(¢()¢:)))) +

1,int

where éf}tﬁtal = gkrtln +ZN |: cell; + &
rH! and &)\ =x; f dx.

The following two Iemmas are needed for proving Theorem 5.3.1. Proof of these two lemmas
can be found in [141].

Lemma 5.3.2. Let

F(971,97) = —£A™E 1 (0" (672 —2) (67 + 97 . (5.46)

4e

Then f(¢"*!, ¢") satisfies

/ f(¢n+17¢n)<¢n+1 o ¢n)dw — Sn+1 _g" _/ gan¢n+%<¢n+1 o ¢n)ds ’ (5.47)
Q d

w

where S = [, G(¢" ) dz,S" = [, G(¢")dx

Lemma 5.3.3. Let g(¢"+!,9") = —Af"2 + L((¢")> + (¢")> + ¢"1¢" —1)f"*> . Then
g(¢"+1, ¢") satisfies

[ eem oM — 97)da
/28 n+1 ( dCL‘ / afnJrz ¢n+1 ¢n> s, (5.48)

where fn+1 — _8A¢n+l 4 %((¢n+1)2 _ 1)¢n+1’fn — _£A¢r1+ %((q)n)Z o 1)¢n
Proof of Theorem 5.3.1: Multiplying the first equation in system (5.40) by Atut2 gives

I
/ S — () + / At (@) a ) de
Q Q
—At/P"Hv-u”ﬂdx

— /Vu"+2: Vun+2 +(Vun+ ) )d$+ Z/ n+2 V¢n+1“n+ldm

Z/wg,@"-vunﬂdﬁ Z/ A2 (8,20 ) ul s

At

+— wt (V' + (V2T n)ds (5.49)
Re Joo M

n+1
Multiplying the fourth equation in system (5.40) by "+ ¢‘ and integration by parts lead to

1 n
2o X [ R - gp)da
1
= BY | Ut - (e
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M (S9! = Si0)* = (S(9]") — Sin)?
Re 2S8i0

2 ¥ [ _Hf>dx+lj‘e; (g = fulo)dz
Z/ £ (90— gmyds

n+2 "
L na n+l n
" Re Z /agw Sio O (9 —i')ds . (5.50)

n+l

Multiplying the third equation in system (5.40) by X' yield

3 n+i n+1
iZ/ Ky “<¢£’“—¢;’>dw+%2 fu et vyt e

.///At

"*2 Ydx . (5.51)

n l
Multiplying the last equation in system (5.40) by % and integration by parts then sum by
i give

2
1
VA2 dz=0. (5.52)

g nt3 ny . nt1 _ﬂ / 2 an\2
R L Jo 3870 iV hdn = 0 | Eeor)

The discretized energy dissipation law (5.45) is obtained by combining Egs. (5.49)-(5.52) and
organizing the terms according to the boundary conditions L(¢;) as shown in (5.41). [ ]

5.3.2 Fully Discrete C" Finite Element Scheme

The spatial discretization using C? finite element is straight forward. Let Q be the domain of
interest with a Lipschitz-continuous boundary dQ. Let W, © W, be a finite element space
with respect to the triangulation of the domain Q. The fully discrete scheme of the system is
to find

({q)h}n-i-l’{U}Z-&-l,{Fh}n+17{Ah}n+17{ph}n+17{uh}n+1) c W/Z’
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such that for any (Wl,h:"'a YN s X1,k "'7%N7h7C1,h7 -'-,CN7h,®1,h,---7®N,haCIh,Vh) S Wl[;’ the fol-
lowing scheme holds.
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Newton method is applied to linearize the equations. The proof of the unique solvability can
be referred to [141].

5.4 Numerical Results

5.4.1 Bench mark: nonlinear elastic and viscoelastic deformation

Experiments in lab have tested the non-linear elasticity and deformation of red blood cell [105].
Optical tweezers are used to provide stretching force to the cells. Detail about the experiment
can be found in [105]. In this part, we set up a numerical simulation of the experiment. New
phases ¢y,,, ¢:,, are introduced to represent optical tweezers. The corresponding energy is
defined as:

Hyy, = Ot (01 + 1) (@, + 1)* — Qnuz (07 — 1)%(¢5, — 1)%i = 1,2 (5.54)
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where 0, is a coefficient that controls the attraction the optical tweezers provide. The value
of other parameters are chosen to fit the experimental data: Re = 2 x 107%,.# = 0.25, kg =
2x 1073, k=2x10""2,1, =5x 1073, .4, = 2.

The force of applied on the cell is calculated by the following equation:

aHlW,’
F /Q 5 Vodz (5.55)

The curve of axial and transverse diameter versus stretching force is shown in 5.2 together
with the experimental data from [105]. From the figures we can see that the numerical simu-

20 T T T T T
Axial and transverse diameter in simulation

&  Experimental data

Diameter(um)

) 1 1 1 1 1 1 1 1 1
0 20 40 60 80 100 120 140 160 180 200

Streching Force (pN)

Figure 5.2: Nonlinear elastic deformation of red blood cell. The curve shows the change of
the diameter versus stretching force. The diamond is the experiment data published in [105].
In the experiment schematic diagram, the centered phase is set to be the cell and the circulate
area on the two side stands for the light tweezers. The force applied on the membrane is kept
a constant when the tweezers moving. The equilibrium is reached when the membrane no
longer extends under the certain stretch force.

lation fits the experimental data very well. However, the error still exist since the simulation is
in 2-D domain and the initial shape of the red blood cell a circle instead of a biconcave curve.
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5.4.2 Wall attraction

This example is used to investigate the effect of the vesicle-wall interaction, for example
platelets adhesion to vessel wall under blood flow conditions [157]. As shown in Figure 5.3,
a vesicle is initially placed at a location with a point-wise contact with the wall phase. Then
the deformation of the vesicle with and without local inextensibility is shown in Figure 5.4 The
parameter values of this simulation are listed as follows: Re =2 x 107*,.# =5 x 107* k3 =
2x 10726 =2x 1073, .4, = 10> k=4 x 107" [, =5 x 1075, o = 1000, g, = 2, ¢y, = 1.

1 1
05
0.5 10
()
0 -1
0 0.5 1 15 2
t=0.2
1 1
05
05 10
O I'8
0 -1
0 0.5 1 15 2

t=0.2

Figure 5.4: The top three pictures shows the deformation of the vesicle with local inextensibil-
ity. The bottom three pictures shows the deformation of the vesicle without local inextensibility.

As can be seen, dispite the equilibrium states are similar, the motion of the vesicle is highly
different when local inextensibility is applied. Figure 5.5 shows the map of the value of surface
divergence &2 : Vu of each case.

The total energy change with time of different cases are also shown in Figure 5.6.

The effect of the strength of the adhesion force is also tested. As shown in Figure 5.7, different
adhesion force is applied by setting a = 400, 1000,2500 which represents weak, moderate
and strong adhesion. It is easily to observe that the stronger the force is, the larger the
defromatin would be.
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Figure 5.5: The top two pictures shows the value of surface divergence with local inex-
tensibility. The bottom pictures shows the surface divergence of the vesicle without local

inextensibility.
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Figure 5.6: Total energy of the two system versus time.

Finally, a dynamic test is also performed by applying a shear flow goes form left hand side

to the right of the field, as shown in Figure 5.8. Two cases of strong and weak adhesion is
simulated by setting Q0ng = 1500 and oy,.qx = 150. It is obvious that the weakly adhesive
cell deforms less and is more likely to be flashed away.
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Figure 5.7: Equilibrium of the cells at different strength of the adhesion force. (Left: oo = 400;
Mid: e = 1000; Right: a = 2500.)
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Figure 5.8: The top three picture shows the motion of the cell in strong adhesion case. The
bottom three pictures shows the cell motion in weak adhesion case.

The corresponded surface area and volume versus time is also shown in Figure 5.9

Strong adhesion
— — — Weak adhesion

—— Strong adnesion
0.45 * _ Weak adhesion

Surface area

Figure 5.9: The curves show how the surface and volume change with time.

5.4.3 Aggregating and offset

Aggregation of red blood cell is a phenomenon observed in experiment [80]. In this part, we
set up a simulation with four red blood cells contacted with each other at a small point. The
parameters are shown below. Re =2x 107>, . # =5x 1074, kg =4 x 1072, k=4 x 10712, [, =
5x 1073, .4, = 10°,a = 3 x 10%,g; = 1,g> = 0.5 The evolution of the system with time is
shown in 5.10.

From the result we can see that they are creeping together with time under the attractive force
which is consistent with the experimental result shown in [80].

Also, the deformation of the cells at equilibrium is related to the value of the attractive force.
5.11 shows the status of moderately and strongly aggregate. The parameters are shown
below. Re =2 x 107*, # =5x10* k3 =2x 10 2,k=2x 10" [, =5%x 1073, .4, = 10.
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Figure 5.10: Aggregating of four red blood cells.

057 0.5}
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D
>

Figure 5.11: Left: Strong aggregate o = 15 x 10,4 = 1,¢> = 1. Right: moderate aggregate
o= 100,q1 = 1,QQ =1.

From the figure we can see that under strong aggregation force, obvious terminal hemispher-
ical caps is shown and the offset between each adjacent cell is smaller as well. This result fits
the experimental phenomenon observed well[80]. In the following test we set the cells on a
Couette flow with shear rate equal to 207°. The motion of the cells are shown in figure 5.12.
This result is consistent with the sharp interface model reported in [173].
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Figure 5.12: The top three figures shows the motion of the cells with strong aggregation. The
bottom three figures shows the motion under moderate aggregation.

5.4.4 Red blood cell motion at bifurcation

In this part, we simulate the red blood cells’ motion in branched vessel. 4 cells are initially set
in the Y shaped branch. The width of the main channel and the bottom branch of the vessel
is set to be 1 x 10~7 meter and the top branch is 0.7 x 10~ meter, which is close to the size
of red blood cell. A pressure drop is applied to the channel inducing a shear flow in the vessel
with the velocity around 5 x 10~#m/s, which is close to the blood flow in capillaries. Other
parameters are shown below: Re =2 x 1074 . #Z =5x107* kg =4x 1072 k=4x 107" [, =
2 =5x 1075, .4, = 20. The motion of the cells and the velocity field of the flow are shown in
Figure 5.14, 5.15, 5.13. We firstly test the motion of the cell group with moderate aggregation
force when they pass a Y-shaped channel with the same width of the both branches. The
cells divide equally at the bifurcation. Then one of the channel is widen and we observe a
non-equal deviation. Finally, a strong aggregation force is applied to the cells and we could
observe that all of the cells goes into the wider channel.
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Figure 5.13: Cells are set in a cluster initially under a moderate aggregating force with o =
25,91 = 1,2 = 1.The main channel width is 1 and the branches width is 0.7 cells divide
equally. The velocity field is shown as well.
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Figure 5.14: Cells are set in a cluster initially under a moderate aggregating force with o =
25,91 = 1,q2 = 1. The top branch is set to be 1 with the other stays 0.7. One of the cells is
going into the branched vessel. The velocity field is shown as well.
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Figure 5.15: Cells are set in a cluster initially under a strong aggregating force with a =
1.5x10%,1; = 1,0, = 1. The set up is the same as Figure 5.14. None of the cells is going
into the branched vessel. The velocity field is shown as well.

The simulation result explains the experimental result in [80], which a great number of red
blood cells are observed to be absent in the branched vessel under strong aggregate case
compared with moderate aggregate.
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5.5 Conclusion

Based on last chapter, a more powerful model is established in this chapter which is able to
simulate the interaction between vesicles and overcome the shortage of vesicle-wall interac-
tion.

Same as before, energy variational method is used to derive a thermodynamically consistent
phase-field model.Chan-Hilliard type interface is applied instead of Allen-Cahn type interface.
Interaction energy of different vesicle phase is included to describe the vesicle-vesicle inter-
action. GNBC boundary conditions are modified with contact angle term removed. Instead, a
wall phase is introduced in the domain together with the corresponding energy that describes
the vesicle-wall adhesion.

Then C? finite element spatial discretization and the mid-point temporal discretization is still
used to derive the unconditionally energy stable discrete scheme. Simulations of the vesicle
nonlinear deformation reproduce experimental observations. The red blood cell aggregation
test is also highly consistent with published experiment. And the simulation of the red blood
cell motion in branched vessel well explains the phenomenon recorded in the lab.

The model can be used in the study of hemodynamics especially in terms of the problems
need to consider the interaction between cells and vessel wall like growth of the blood clot
and platelet agglutination.



Chapter 6

Conclusion and Future Works

In this thesis, we first establish a phase field model of moving contact line coupled with general
Navier boundary condition. A quasi-incompressible Chan-Hilliard type interface is used in
order to describe large density difference of different phases. The interface is described using
a diffusion equation. Combined with Navier-Stokes equation, the governing equations of the
system is established. Energy variational method is used to derive the equations based on
some assumptions of the system energy. Thus the energy decaying law can be proof easily.
Then a C° finite element scheme is given together with the discrete energy law. Finally,
numerical simulations are applied and the results shows model performs well in large density
difference condition.

Based on the study of moving contact line, we model biological membrane using a diffuse
interface. An Allan-Chan type interface model using phase field method is established and
coupled with GNBC. Same as previous, energy variational method is still used in the deriva-
tion. A C? fintie element scheme with second order convergence rate using Crank-Nicloson
method is given together with the energy law. In the numerical test, the new model works well
in showing the motion and large deformation of the vesicle. The results fits the experimental
data on red blood cells well. However, the model has a limitation in dealing with wall adhesion.
When the vesicle contacts the wall, the adhesion force is likely to tear the cell apart, which
is not consistent with the mechanics. Furthermore, for a better application in hemodynamics,
a model which is able to simulate a number of cells is needed, the interaction between cells
also requires consideration.

To solve the problem found in the single vesicle model, modification and implement is applied.
A Chan-Hilliard-Navier-Stokes system with a modified GNBC is then given in the thesis. In
the new model derivation, we treat the wall as a new phase which is defined in the domain,
thus the wall adhesion could is treated as a type of energy in the energy variational approach.
Furthermore, we added interaction energy of between cells into the derivation. By doing such
a modification, we finally establish a multiple vesicle model with the interaction between each
other and the adhesion with the wall. continuous and discrete energy law is given as before.

92
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Numerical simulation is carried out using finite element method. From the results we find
that the model can well perform in adhesion test and other kinds blood flow simulation which
indicates the model proper to be used in hemodynamics research like blood clot growth and
red blood cell distribution pattern in blood flow.

In future works, we plan to expand the model into 3-dimensional thus more complicated cases
can be studied which is more close to real condition. In multiple vesicle model, the wall is
treated as a independent phase, which brings the idea that the visco-elastic model can be
introduced in the system to describe the dynamcs of the vessel wall. Then a more complex
model would be established to perform much more simulations and research in the blood flow
related problem.
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Appendix A

A.1 Appendix of Chapter 3
A.1.1 Energy Variation Details

For the first term I in (3.16), using the last two equations in Eq.(3.8) yields
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where we have introduced a Lagrangian multiplier p with respect to the constraint (3.11) and
have used the boundary conditionu-n=0and j.-n=0.

For the second term I, in (3.16), using the first equation in Eq.(3.8) and last two boundary
conditions in Eq. (3.12) yields
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where u = A, (d—G — fyzv ch)). Here the boundary condition u - n is used.

A.1.2 Proof of Lemma 3.2.1

Proof:

o L@@

dt Ja
B ap af

af
- _/gzv'(“p)fdwr/gpatdw
_ If
- /gp(E*“'Vf)dw

= /Q p%{dar:. (A.3)
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A.1.3 Tensor Calculation

(Vu+ (Va)?) : Vu— %(V‘u)2

2
= Z (8,~uj+8jui)8ju,~—§ Z (aiui)z

ij=1.273 =123
- 200 + Y 2(0u;05) + Y (0 — = Y () — 2 Y 2(uidjuy)
i=1.2,3 i< pry 3.5 3
4
=Y (Quj+du;)* + (X (Gui)* = Y (Quidju;))
i< =123 i<i
2
= Z(&iuj+8jui)2+52(8,~u,~—8juj)2 (A.4)

i<j i<j
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A.2 Appendix of Chapter 4

A.2.1 Derivation of Total Energy
By taking the time derivative of the total energy functional, it is obtained that

dEt()tal d d d
= —E —F, —FE, A5
dt dt kin + dt cell T dt ( )

= Lh+L+5. (A.6)

This leads to

d [ pluf?
dt Q 2

= / ] |dx +/p—-udw

2
) .Vu) -
8t ]u\ dm+/ P udx / (pu-Vu)- -udx

11 dx

1dp, » du lu ]2
= [ 2P M ud V.
T lu ar:+/gpdt u :c+/g (pu)——dx

= /(v.an)-udm+/F¢-udm+/ wy@:Vuder/ éysz-(q)ZVl)dm—/pI:Vudm
Q Q Q Q Q

= ;}((anq—pl):Vu)dac—i—/QFWudx/QV-(ASYW)-uda:

- PO TR s [ ((00+28,2) m)-uds.

where p and A are introduced as Lagrange multipliers accounting for fluid incompressiblity
and local inextensibility of the cell membrane, respectively. The velocity boundary conditions
and integration by parts are utilized in the above derivation from step 4 to step 6.

Using the first equation in conservation assumption, and the definitions of g(¢) and f(¢) gives

rise to

o d [ Re|f@O), d (M (V($)=V(90)® M, (S(9)—S(d0))
ko= df/gzzyy dw*m(z view 2 S(0) )

kg f Of ¢ ) 09 S(¢) —S(¢o) IS(9)

= /gfyzazd z+M, / e +M/Q Sy o ®

B kg f 9 99 "

B /QMZ< YZA(8> Ge° 1>3t>d

0) ¢
—l—M/ % atdac

M / (f - v 1 (92 —1>¢‘;‘f>dw
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) Lo

= /Q (~PAf+ (30>~ 1)f
V) -V(9) 99
o [

V(o)
+M/ L)? S(9o) 1 (—PA+ (97— 1)9) O;(Pd
L, g s+/wy o, [ SIS0 5,090,
B /g“ﬁdwf/a *ff(amds
+/a o LPAl d+M/ Mama(pds
- /”q‘”d‘”c /”“ VW“/ nfa‘pd +M/ %)(%)M 0,

(A.8)

Here the second and third equations in the boundary conditions and integration by parts are
used in step 4 in the above derivation.

For I5 in Eq. (A.5), it is easy to see that

24,99,

0., WE S (Ag)

I; =
A.2.2 Proof of Lemma 3.4.2

/Q F(O™1,0™) (9" — ¢")dx

= [ (807 @M - (@R (07 - 20 4070 o)) o
— /EV(])'H%'V((P’HI—(Pn)d:E—/BQ ean¢n+%(¢n+l_¢n)ds
n+1 n+1 n\4 n\2
+ [ o9 =2(0m = (97 + 209"
_ n+1\2 2 - n+1\2 _ 1\2 n\2 _ 1)2
= [ [5T0mR n  (0 R 2 (072 1) o
_/ 88n¢n+%(¢n+l_¢n)ds
IQy
= [ (5o e 17 Yaw [ (57072 4 0717 ao
a\2 4e o\2 4¢e
_/ gan¢n+%(¢n+l_¢n)ds
2Q,,

— Sn+l_Sn_/89 san¢n+%(¢n+l_¢n)ds.
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A.2.3 Proof of Lemma 3.4.3

By the definition of g, we have

[ stem0m6" — 97)da

_ / an-s-%v(q)n—&-l —q)")d:v—/ anfn-&-%(q)n—&-l —(])n)ds
Q 2Q,,
_|_/Qelzfn-i-é((¢n+1)2+(¢n)2+¢n+l¢n )(q)n-H (Pn) T

— / an—&-%v((pn-&-l_q)n)dm_/ anfn+%(¢n+1_¢n)ds
Q 2Q,,
[ @R = 00 = (0" - 10 (A10)

Similarly, the definition of f**! and f" yields

/f"Jr%f"Hdw:S/ Vf"+iV¢"“d:c+l/fn+é((¢n+l)2—1)¢n+ldw (A-11)
o o € Jo
[riras=e [ Vrivetas s [ e - netde. (a12)
0 o € Ja
Then we have
I oniy2 2
|32 =)z A1)
L g
_ g/gf ("~ f)da
_ /an_,_%v(q)m_l —(])n)dw—l-/ izfr1+%(((¢n+l)2_l)¢n+l —(((j)”)z—l)(j)”)da:.
Q Q€

Comparing Eq. (A.10) with (A.14) yields Lemma 3.4.3.

A.2.4 Proof of Theorem 3.4.5

1
Let V}, in (3.4.13) equal to AtuZ+2 and do integration by parts gives

1
/2 w2 — (u)) dm+/Az "+ V(5 u' " P)d
1 1 1ol
—/P;ﬂv-uzﬂdm—i—R—/ PZ+2uZ+2~nds
= /2 w2 — (u))?)dx — /AtV unﬂ( |un+2 da:+/ Atu nﬂ' n(; |h+2|)

1 At 1 1
——e/QP”*?V-uZJ”dx—l—E/Q.P:JrzuZJr2 -nds
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LHS
At At
_ _7/Vun+2 nh(VuhﬂJr(Vu"ﬂ) )dm+7/un+%.v¢:+zuz+zd
Q
At n 1
/z”*zag@h O P / A (S, ) ul ds
At n+2 ntl ntdir
- /a (VU (VT s (A14)
1 1
With the boundary condition uZ+2 -n = 0 and the constrainV - uZ+2 =0, we have
:/ l((un+l)2_(un)2)d$
0?2 h h
(A.15)
thus we have
/2 n+l uh)z)dm
Vs n+§ (VY n+% v n+% T d At n+% v n+% n+%d
_ﬁguh (Y, ? + (Vu, ))334'@9“ Vo, *w, “dx
At 41 ; 41 At 41 ; il
_E/ﬂ 5. V! 2dm+R—/ EARCE AU Rt

+£2/a ”*2 nh((Vuh+2+(Vun+2) )-n)ds . (A.16)

Let v, in system (3.4.13) equal to £ A" and do integration yield

1 n n n o 1
E/ +2<¢ +1 ¢h dw+R / +2 +2 ~V)¢h+2d
AN n+§ 2
= —— . A7
o w2z (A17)

+1
¢;§’

Let x5, in system (4.13) equal to ¢h and integration by parts lead to

LHS = — /u’”z oM da (A.18)

with Lemma 3.4.2 and Lemma 3.4.3 (which is also valid in fully discrete condition) we have
the following result on the right hand side:

KB

om | s(gi on e — gp)da

KB/(”*‘) ~ (e 2 [ o o - gpds

- 2Ree Jo
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M S( n+2) S(ono) et ntl _ on
R e RICAR AT AT

My SO +S(07) —25(0n0) o/
= 2 25((1520) N EN/A))

A SO+ S(97) —28(9no) nH g
Re 25((})[10 / a ¢ * ‘Ph)

/// S( n+l)2 S((Ph) 25(¢h,0) ( n+l)+2$(¢ho) (¢,?)+S(¢h70)2_5(¢h,0>2

" Re 28(n0)
M SO +S

" Re 2SE )) = ¢h0/ 8¢”+2( ANALS
S

A (S(O) = S(980))> — (S(95) = S(910))°
Re 25(¢n0)
S+ S (o) —

2S (PhO n+2 n+l
" Re 25(n.0) / €00 — 0i)ds

By simple calculation we also have

VOV O0) [ v
- Uin [0 —9p)da

V(O + V(9 —2V(dno n

— T 20y 1) v o)

AV = V(O T2V (9n0)V (0, + 2V (000)V (97 + V(810)* — V (9n0)?
" Re 2V (¢n,0)

My (V(ORT") = V(n0)* = (V7)) = V(9n0))?

Re 2V(no) '

Thus we have the equation

i ntloantl  an
o b — gpyaz

e RUAD VAR CEa oy NEVARICASS P

L (SO = 5(910)) = (S(97) = S(90))?
Re 25(no)

M S( P+ S(07) — 285(9n0) n+2 1
Re 25(n0) / €9 T gids

My (V(OFT) =V (910))* = V() = V(9no))?
Re 2V (o) (A19)

Where ¢, is the initial condltlon of phase order. V(¢;') = fQ ordz,S()) = o 5IVer* +
n+ nJr "

2e (@) = 1)%dw. V(9 *) = 3(V(& + 1) +V(phi})),S(9, *) = 3(S(¢) +1) +5(9;)) are

considered as constants in the integration.
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n+ 2

Let ® in system (3.4.13) equal to )“h & and integration by parts give

112
n+x

o [ eetopy?

1
With the boundary condition 8n/l;'+2 =0, we have

o [ ety

(A.16)-(A.17)+(A.19)-(A.20) and relocate some terms we have

At 2/ n\2 n+i nt+l At nt+l n ntd
da:—i—Re/Qwég (94)" Ay 2Oy, st oo Q(Ah 18 7y): Vw, tdz =0

At

1 1
vx”*z da+ (A, 28:27)) : Vu, 2dx=0. (A20)
Q

(|| w7 — [[up][*) + (AP = A1)
2R €

+%(S( ) = S(¢r0))* = (S (¢;§’)—S(¢h,o))2+%(v( ) = V(010))* = (V) —V(9no))?
Re 28(¢no) Re 2V (¢np)

2At n M Nt n
=~ llmp)D “HZ——HuMF——&H e(op) VAl 2|2

A At ) 2
+E/ uy (v (VT )-n)dﬁﬁ/ 12“(589’;’2-11)'“232“

'// S( n+1)+S(¢h) 2S ¢h0 ""‘2 n+1 ”+2 n+1
Re 25(0n0) / €y, (¢ —Oy)ds+ > / Ity — 0y )ds

With boundary conditions: on dQ,,

n+%

Kq)h = ) (A.21)
S n+2 _S fn—H fn
L = a0 ) =Sk S) LTRSS ey wL (A22)
70 —op
1
1N = (nf (Vg (v T >+AZ*2659;:>-n
—L"+28qub"+2, i=1,2, (A.23)
We have the following derivations on those integration on the boundary.
At n+ n+t ! el At nil il
Re ) (Va4 (Va, )T m )dS+R mﬂh 267y -m) -, ds
«///S(¢"+1)+S(¢h) 28( ¢h0/ ntd n+
a 2 n+1 d + == / d 2 n+1
R€ 2 ((Ph()) (P ¢h n (Ph)
At
:E/Q Z_:ZK l 1|llh ’+Ln+2a n+2 d +— / < n+2 n+1_¢n) (fn+1 f}:l,w)) ds
| At

+1 n
B l’l+ 2 At n+ n+f n+l ];l ¢ O +1
= 1 e e s+ [ L e B s 2 £l
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= 2= 4w I L) — 2 o 1 )
By the definition of &;',,, &' ...;, &, and éah”Z}z, cg”}:f;},,éah’fxl, we can finally get the energy law
gél:’}“l ~ htoral = (éahnlzrlt + ‘gahrf:_elll + ghrf:gl) — (Ehkin+ Ehcerr + Epw)
— e (2 PO R e

1 +1 —1/2. n+}
IR IR ) (A24)
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