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Abstract

This thesis presents the research of my PhD, which is the study of two-phase flows by
using the phase-field methods. The key point for this work is the thermodynamic con-
sistency. We begin by introducing an extension of the Model H to study the two-phase
flows with thermocapilliary effects, where we assume that the coefficient of the surface
tension is temperature dependent, and the classical energy equation is coupled with the
Model H. We then investigate numerically an established phase-field model (Quasi-
incompressible NSCH model) for the two-phase flows with varible density. We design
a numerical method where the energy law of the model is preserved at the discrete
level. Fianlly we develop a new model to study the two-phase flows with thermocapil-
liary effects where the model allows the two fluids to have different physical properties
meanwhile maintaining the thermodynamic consistency. The pillbox argument is em-
ployed to show that our model can reduce to the sharp-interface model where the jump

conditions can be recovered.
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Chapter 1

Introduction

Multiphase flows play an increasingly important role in many current scientific and en-
gineering applications. In recent years, there have been both extensive theoretical and
experimental studies, yet the area remains an active interdisciplinary research field.
Improved numerical algorithms have resulted in direct numerical simulations of mul-
tiphase phenomena leading to improvement in predicting the behaviour of multiphase
flows. The available numerical methods for multiphase flows can roughly be divided
into two categories: interface tracking and interface capturing methods. In interface
tracking methods, the position of the interface is explicitly tracked, which requires
meshes that track the interfaces and are updated as the flow evolves. Boundary inte-
gral methods (see the review [64]), front-tracking methods (see the review [118, 67]),
and immersed boundary methods (see the review [91]) are examples of this type. In
the context of the multiphase flow with thermocapillary (Marangoni) effects, e.g., the
thermocapillary migration and thermocapillary instabilities, several works have been
performed by using interface tracking methods. Here we refer [136, 20} [102]] as exam-
ples for boundary-integral methods, [115, (94,93, [128] for front-tracking methods, and

[99] 23] for immersed-boundary methods. In interface capturing methods, on the other



hand, the interface is not tracked explicitly, but instead is implicitly defined through
an interface function (e.g. level-set, color or phase-field function). This means that
the computations are based on fixed spatial domains and thus eliminate the problem of
updating the meshes encountered in interface tracking methods. For example, volume-
of-fluid (VOF) methods (see [104] for the review, and see [44,[88] as examples for ther-
mocapillary effects), level-set methods (see [95, [108] for the review, and see [58, 62]
as examples for thermocapillary effects) are of this type.

Another interface capturing method is the phase-field method, or diffuse-interface
method (see the review [8, 140, [75]), which has now emerged as a powerful method to
simulate many types of multiphase flows, including drop coalescence, break-up, rising
and deformations in shear flows [68, 78, 79, 26, 85, [15} (130, [77, 131, 35, 109, |65, 54],
phase separation [15, [76, [74], contact line dynamics [69, 59, 45, [16) [71], and dy-
namics of interface with surfactants adsorption [120} [116] and thermocapillary effects
[70, [24] 25, 1113, 55, 53]]. Phase-field methods are based on models of fluid free en-
ergy which goes back to the work of van der Waals [121], Gibbs [46] and Cahn et:
al: [28, 27]. The basic idea for phase-field method is to treat the multiphase fluid as
one fluid with variable material properties. An order parameter is employed to char-
acterize the different phases, which varies continuously over thin interfacial layers
and is mostly uniform in the bulk phases. Sharp interfaces are then replaced by the
thin but non-zero thickness transition regions where the interfacial forces are smoothly
distributed. A set of governing equations of the fluid flows of the whole computa-
tional domain can be derived variationally from its energy density field, where the
order parameter fields satisfy an advection-diffusion equation (usually the advective
Cahn-Hilliard equations) and are coupled to the Navier-Stokes equations through extra
reactive stresses that mimic surface tension.

The classical phase-field model, in the case of two incompressible, viscous Newto-

nian fluids, is the so-called Model H [63]], which couples fluid flow with Cahn-Hilliard



diffusion through a conserved parameter. It has been successfully used to simulate
complicated mixing flows involving a binary incompressible fluid with the same den-
sities for both components (see [29] for example). Gurtin et al: [56] re-derived this
model in the framework of classical continuum mechanics and showed that it is con-
sistent with the second law of thermodynamics in a mechanical version based on a
local dissipation inequality.

One of the fundamental assumptions when deriving Model H is that the binary fluid
is incompressible, more precisely, its total density as well as the densities for each
component are constant. Therefore this model is restricted to the density matched case
and cannot be used for the case if the two incompressible fluids have different densi-
ties. To treat the problems with small density ratios, a Boussinesq approximation is
often used, where the small density difference is neglected except in the gravitational
force. The achieved model maintains thermodynamic consistency (see [65] as an ex-
ample). This approach however is no longer valid when the density ratio is not small.
Several generalizations of Model H for the case of different densities have been pre-
sented and discussed by Lowengrub and Truskinovsky [87], Boyer [26], Ding et al:
[35], Shen and Yang [110], and most recently by Abels et al: [2]. Benchmark com-
putations for three of them, namely the models of Boyer [26], Ding et al: [35], and
Abels et al: [2], were carried out by Aland and Voigt [5]. Thermodynamic consistency
however could only be shown for the models proposed in [2, 87]. Antanovskii [12]
derived a quasi-incompressible phase-field model for two-phase flow with different
densities. The extended model was presented by Lowengrub and Truskinovsky [87],
where they employed the pressure rather than density as an independent variable and
worked with a Gibbs free energy. In their model, the two fluids of different densities

are assumed to be mixed and compressible along the interfacial region (introducing the



quasi-incompressibility into the model). The flow in the interfacial region is in gen-
eral nonsolenoidal (v & 0), resulting in an expansion or contraction flow. Thermo-
dynamic consistency is maintained within the resulting system (quasi-incompressible
NSCH) where the Navier-Stokes equations are coupled with the Cahn-Hilliard equa-
tions, and the Kkinetic fluid pressure and variable density are introduced into the chem-
ical potential. Very recently, a numerical method for the quasi-incompressible NSCH
system with a discrete thermodynamic law (energy law) was presented by Guo et: al:
[54], where the quasi-incompressibility (the non-solenoidal velocity) near interfaces
was captured. Namely, the numerical results reveal that away from interfaces the fluid
is incompressible, while near interfaces waves of expansion and contraction are ob-
served (See chapter 4 for details).

Another assumption for Model H is that the fluid flow is isothermal. However, for the
case that considers thermocapillary (Marangoni) effects, the surface tension gradient
is produced by the inhomogeneous distribution of the temperature, so that the system
can’t be assumed to be isothermal and the transport of temperature field can’t be ig-
nored. The extension of Model H to the non-isothermal case was presented by Jasnow
and Vinals [70], where, to study the thermocapillary migration of droplets, a constant,
externally imposed temperature gradient is considered. Several other works, as men-
tioned above, have also been devoted to the use of the phase-field method to simulate
the dynamics of interface with thermocapillary effects [24] 25, [113 55]. For most of
these models, the system equations of flow field (the Navier-Stokes equations with ex-
tra stress) and phase-field (the advective Cahn-Hilliard equations) are usually derived
from the free energy functional that depends on temperature. The energy equations,
however, were not derived together with the system equations. Instead, the classical
energy transport equations are incorporated into the system directly, or the tempera-
ture fields are assumed to be fixed so that the energy equations are not needed. In

these treatments, thermodynamic consistency can be hardly achieved. It turns out that



the concept of thermodynamic consistency plays an important role for the phase-field
modeling. As the phase-field model can be derived through variational procedures,
thermodynamic consistency of the model equations can serve as a justification for the
model. In addition, it ensures the model to be compatible with the laws of thermody-
namics, and to have a strict relaxational behaviour of the free energy, hence the models
are more than a phenomenological description of an interfacial problem. In [12], An-
tanovskii presented a phase-field model to study the thermocapillary flow in a gap,
where to obtain a free energy that depends on the temperature, the Cahn-Hilliard gra-
dient term associated with the phase-field is introduced into the entropy functional of
the system, which leads to a corresponding extra term appearing in the energy equation.
The resulting system of equations were derived together through the local balance laws
and thermodynamic relations, which maintains thermodynamic consistency. A similar
gradient entropy term was considered by Anderson and McFadden [7] to study a sin-
gle compressible fluid with different phases near its critical point. In their work, the
phase-field model was derived through a thermodynamic formalism [107] based on
entropy generation. Through a similar thermodynamic framework, Verschueren et al:
[122] presented a phase-field model for two-phase flow with thermocapillary effects
in a Hele-Shaw cell. The system equations maintains thermodynamic consistency, in
which the energy equation contains an extra term associated with the variations of
the phase field. In [53], Guo et al: developed a new phase-field model for two-phase
flows with thermocapillary effects, where the model equations are derived through the
theromdynamic framework based on the entropy generation that guarantees thermody-
namic consistency. (See chapter 5 for details).

Several numerical methods have been used to solve the phase-field model includ-
ing spectral methods ([30, 136, [79, 185, (110, 127]), adaptive moving mesh methods
([89, 118, [133, [134])), finite element methods and adaptive finite element methods ([31,
37, 142|148, 165] 1131} [132]]) and finite difference methods ([32, 76, [77]), and we refer



to [43] and references therein for some recent discussions on adaptive methods for
the long time simulation of the Cahn-Hilliard equation. In particular, the phase-field
model can be derived from an energy variational approach. With thermodynamic con-
sistency, an energy law is naturally associated with the well-posed nonlinearly coupled
system. Note that the energy law can be preserved in the fully discretized system. It
is highly desirable to have a numerical scheme that preserves the accurate energy law
at the discrete level, in order to ensure the stability of the numerical algorithm and the
accuracy of the solution, especially when a rapid change or a singularity occurs in the
solution, such as occurs in non-Newtonian hydrodynamic systems ([83, [84]). When
the underlining energy law is preserved in the fully discretized system, it is also pos-
sible to use a relatively coarse mesh in the simulation. Consequently such a method
can reduce the cost of computations while resolving the prominent features of the flow.
Recently, Hua et al: [65] introduced a C finite elements formulation for a phase-field
model in which the energy law of the system was well preserved at the discrete level.
They obtained more accurate results for interface motion on coarser grids than another

scheme that does not obey the energy law at the discrete level.

In this thesis, we will focus on two aspects of the generalizations of the classical phase-
field model for two-phase flows (Model H). One is the variable density flows where
the two fluids are assumed to have different densities. The other one is the two-phase
flows with thermocapillary effects. In chapter 2, we present background for phase-
field modelling, thermocapillary effects and continuum mechanics. In chapter 3, we
develop a phase-field model for two-phase flows with thermocapillary effects by using
an energetic variational procedure, where the two fluids are assumed to have the same
densities. Through the examples of thermocapillary convection in the two-layer fluid
system, we show that our phase-field model can reflect the mechanism of the threom-

capillary convection appropriately. In chapter 4, we present a numerical method for



an established model for two-phase flows with variable density (quasi-incompressible
NSCH model by Lowengrub & Truskinovsky [87]). We first show that the energy
law (thermodynamic consistency) can be derived from the model equations. Under
the weak formulation, we design a C° finite element method and a special temporal
scheme where the energy law is preserved at the discrete level. Such a discrete energy
law (almost the same as the continuous energy law) for this variable density two-phase
flow model has never been established before with CO finite elements. Some numeri-
cal experiments are carried out using the adaptive mesh to investigate the scenario of
coalescing and rising drops with differing density ratio. The snapshots for the evolu-
tion of the interface together with the adaptive mesh at different times are presented to
show that the evolution, including the break-up/pinch-off of the drop, can be handled
smoothly by our numerical scheme. In chapter 5, we develop a thermodynamically
consistent phase-field model for two-phase flows with thermocapillary effects, which
allows for the binary incompressible fluid (quasi-incompressible fluid) to have differ-
ent densities, viscousities and thermal conductivities for each component. This model
can be seen as a non-isothermal extension of the quasi-incmopressible NSCH model
(Lowengrub & Truskinovsky [87]). The model equations, including the Navier-Stokes
equation with extra stress, an advective Cahn-Hilliard equation and energy equation are
derived under a thermodynamic framework (Anderson and McFadden [7]). To the best
of our knowledge, such a thermodynamically consistent phase-field model for binary
incompressible fluid with thermocapillary effects, which allows for different physical
properties of each component is new. To validate our model, we first show that ther-
modynamic consistency are maintained in both models. We also show that our model
equations satisfy the Galilean invariance and the Onsager’s reciprocal relations. We
then analyze the model in the sharp-interface limit to show that the governing equa-
tions and interfacial conditions of the classical sharp-interface model can be recovered

from our phase-field models, which reveals the underlying physical mechanisms of



phase-field model. To validate our model, we also compute two examples, including
thermcapillary convection in a two-layer fluid system and thermocapillary migration
of a bubble in a medium fluid. The numerical results for both examples are consis-
tent with the corresponding analytical solutions [98] or theoretical predictions [129].
Moreover, another example is computed to study the effects of the Marangoni number.

Finally, concluding remarks and discussion about future work are given in chapter 6.



Chapter 2

Background

2.1 Phase-field methods

2.1.1 Surface energy and Cahn-Hilliard equations

In phase-field models, the interface is represented as a thin layer of finite thickness
and an auxiliary phase-field function is used to indicate the phases. The phase-field
function varies smoothly between distinct values in both phases and the interface can
be associated with an intermediate level set of the phase-field function. Phase fields
can be constructed by physical arguments if one has an expression for the free energy
of the system. A typical choice for the energy associated to a fluid-fluid interface is the

Cahn-Hilliard free energy given by:

Z 1 e
Es= -F(F)+ fj% (2.1)
W e 2

Here W is the computational domain, T is the phase field (mass or volume concentra-

tion of one phase, or the concentration differences between the two phases), e is related



to the thickness of the diffuse interface, F () = f2(f? 1)=4 is the double well po-
tential having local minima in those values of £ which represent the bulk phases. The
second term in (2.I) is the squared gradient energy that was introduced by Cahn &
Hilliard [28,27] to describe the process of phase separation.

In a system described by Eq.(2.I)), thermodynamic equilibrium can be characterized
by a state of the phase variable T that minimizes the Cahn-Hilliard free energy. This

requires the variational derivative of Eg to vanish, such that

dEs 1TF(F)
if e Tf eDf =0: (2.2)
Here we define the chemical potential by
dEs 1YF(F) .
m—df—e T eDf: (2.3)

Since T represents a concentration or the concentration difference, it must satisfy the

conservation law

1f

w9 (2.4)

where the flux term J can be defined through Fick’s law
J=M m; (2.5)

and M is a constant standing for the mobility of the diffuse interface. Combing Egs.(2.3),
(2.4) and (2.5) gives the Cahn-Hilliard equation

1f 1R (F)

Tt = (- eDf) (2.6)

e f
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In the 1D case, we assume the boundary conditions
f( a)=0; Ff(b)=1: (2.7)

where a and b are the boundary of this 1D problem. The solution at equilibrium for

Eq.(2.2) with respect to (2.7) can then be given as

1
1 x 1

f=—tanh p— +;
2 2 2e 2

where we can see that the interface thickness really depends on how we define it, e.g., it

could be the width of the set fxjf(x) 2[0:2;0: 8]g or the set fxjf(x) 2 [0:05;0: 95]g.

For T(x) between these two ranges the thickness of interface would be 4 10 times of

the value. Therefore e is a small parameter related to the interface thickness.

2.1.2 Phase-field model for two-phase flows

In the context of the binary fluid flows, the Navier-Stokes equation is typically coupled
with the advective Cahn-Hilliard equation, where an extra stress tensor appears in NS
equation to mimic the surface tension. The classical phase-field model, in the case of
two incompressible, viscous Newtonian fluids, is the so-called Model H [63]. In the

case of constant physical properties (density, viscosity and surface tension), the model
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reads:

ftu+(u w+ p m Du+se (f F)=g(x); (2.8)

u=0; (2.9)
fF+u f= M m); (2.10)
m=35e F(f) $SeDf; (2.11)

with the boundary conditions may be posed at W

u=0; noslip; (2.12)

n c¢=0;n m=0; noflux; (2.13)

in the domain W. n  m =0 is the no flux boundary condition for m. Here u, p, f and
m are the velocity, pressure, phase-field variable and chemical potential, respectively.
The function F(F) = f2(f2 1)=4 is the double well potential energy, such that ¥ 1
inWgand ¥ 0inW,, M is a constant standing for the mobility of the diffuse interface,
m is the viscosity and g is the body force. The parameter e is related to the thickness
of the diffuse interface, S is the surface tension which is related to the physical surface

tension s through a ratio parameter h, such that s = hS (See section 5.6.6 for details).

2.2 Thermocapillary effects

When the interface separating two fluids is exposed to a temperature gradient, the vari-
ations of surface tension along the interface leads to shear stresses that act on the fluid
through viscous forces, and thus induce a motion of the fluids in the direction of the

temperature gradient. For most of the fluids, the surface tension generally decreases
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with the increasing temperature, and is normally a linear decreasing function of tem-

perature, such that

S(T):So ST(T To); (2.14)

where sg is the interfacial tension at the reference temperature Ty, S1 is the rate of
change of interfacial tension with temperature, defined as st = s(T)=1T. The non-
uniformity of surface tension then drives the fluids to move from the region with higher
temperature to that with lower temperature. This effect is known as the thermocapillary
(Marangoni) effect [80], and it plays an important role in various industrial applications
involving microgravity [112] or microdevices [33], where the surface forces become
dominant.

One example for thermocapillary effects is the thermocapillary convection in a two-
layer fluid system (thermocapillary instabilities), where the system is typically con-
fined between two parallel plates and subjected to a temperature gradient. Due to the
perturbations in the temperature, velocity field as well as the interface position, surface
tension gradients will occur at the interface and drive the fluid to motion. The instabili-
ties then set in and leads to the convective motion, where a typical convection pattern is
the hexagonal cell formation found by Bénard [14]. The thermocapillary instabilities
are widely studied which can be traced back to some pioneering works performed by
Block [22], Pearson [97], and Sternling and Scriven [111} [106]]. Literature reviews of
recent experimental and analytical work on instabilities in thermocapillary convection
are provided by Schatz and Neitzel [105], Davis [34] and Andereck et al: [6].

The mechanism of thermocapillary convection in a two layer fluid system, which is
heated from above has been summarized by Johnson and Narayanan [72] (Figure[2.1).
In both diagrams, the two-layer fluid systems are all heated from above, with a con-
stant temperature gradient between two horizontal plates. In the upper diagram (Case

1), a perturbation in the interface towards the low temperature side is assumed (bottom
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boundary). This local temperature reduction of interface lowers the surface tension
and leads to a surface tension gradient along the interface due to its temperature de-
pendence, with the largest surface tension in the centre of the interface. For the upper
layer, this local gradient drags the fluid towards the centre of the interface. This is then
replaced by hot fluid flowing downward from the top boundary to the edge of the in-
terface, reinforcing the perturbation. Meanwhile, as the flow of lower fluid is coupled,
there is upwelling of cold fluid from the bottom boundary to the edge of the interface,
which tends to lower the local temperature and dampen the perturbation.

The lower diagram (Case 2 in Figure [3.T) just shows the opposite scenario, in which
the perturbation in the interface towards the high temperature side (top boundary) is
assumed. Again, the convection sets in, with the flow in the upper layer reinforcing the
instability and reducing it in the lower layer.

Another example for thermocapillary effects is the thermocapillary migration of
drops, where the drops are set in a liquid possessing a temperature gradient, and will
move toward the hot region due to the thermocapillary effects. The thermocapillary
migration of a drop was first examined experimentally by Young et al: [129], who de-
rived an analytical expression for the terminal velocity of a single spherical drop in a
constant temperature gradient by assuming the convective transport of momentum and
energy are negligible. Since then, extensive works were carried out experimentally,
analytically and numerically in order to investigate this phenomenon, where many of
them are summarized by Subramanian and Balasubramaniam [112]. In chapter 3 and
5, we will study the thermocapillary effects for two-phase flows by using phase-field

models.
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Case 1

Case 2

Figure 2.1: Sketch for two cases of Marangoni-Bénard convection in a two-layer fluid
system heated from above.
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2.3 Continuum mechanics

In this section, we introduce the basic knowledge of the continuum mechanics, which

would be used in Chapter 3 and Chapter 5.

2.3.1 Tensor algebra

We first give a brief introduction to the tensor algebra. In order to represent vectors
and tensors in component form, we first introduce a right-handed system of rectangular
Cartesian axes Ox1x»>x3, and the unit basis vectors €1, €, €3. In terms of this basis, an

arbitrary vector v can be given in component form by
V=V181 +Vo€y + V383 = Vi€i: (2.15)

For simplicity, we agree that whenever a subscript appears exactly twice in a given
term, that subscript will take on the values 1, 2, 3 successively, and the resulting terms
summed. In the tensor algebra, this assumption is called “summation convention”.

Therefore Eq.(2.15) can be written as

3
V= Vi =Vjé; (2.16)
i=1

where we have deleted entirely the summation symbol . For the basis vectors, we

have the following properties

8
2 itz

20 if i6j:

& €j (2.17)
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Therefore, we introduce the Kronecker delta defined by

8
E1 if i=j;
dij = (2.18)
?O if 16 j;
and we have that
& éj=dij (;,]=1,2;3): (2.19)

Further, the dot product of vector u v may be written as
u v=ui& Vvjéj =ujvj& &j=ujv;dij = ujvi: (2.20)

We now introduce the permutation symbol e;jx, which can be given as

8
%1 if numerical value of ijk appear as in the sequence 12312;

€ijk = 1 if numerical value of ijk appear as in the sequence 32132;

5,

- if numerical value of ijk appear as in any other sequence :

Now, based on the above definition, the cross product of the basis vectors &; (i =1;2;3)

can be written as
& & =eixe (i;);k=1,2,3) (2.21)
And further the vector cross product becomes

U V=u& Vjéj=ujv;é éjzeijkuivjék: (2.22)
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2.3.2 Particles, configurations, deformation and motion

Continuum mechanics considers the material bodies in the form of gas, liquids or
solids. We begin by describing the model used to represent such material bodies.
We first define a material body B as the set of elements X, called particles or material
points, which can be put into a one-to-one mapping correspondence with the points of
a regular region of physical space. Note that whereas a particle of classical mechanics
has an assigned mass, a continuum particle is essentially a material point for which a
density is defined. The specification of the position of all of the particles of B with
respect to a fixed origin at some instant of time is said to define the configuration of

the body at that instant. Mathematically, this is expressed by the mapping

x =k(X); (2.23)

in which the vector function k relates the position of x to each original particle X of
the body. Here we assume that this mapping is uniquely invertible and differentiable

as many times as required (two or three times). The inverse can be written as

X =k (x): (2.24)

A motion of body B is a continuous time sequence of displacements that carries the set
of particles X into various configurations in a stationary space. Such a motion may be

expressed by the equation

x = k(X;t) (2.25)

which gives the position x for each particle X at any time t, where t 2 [0; +¥). The
initial configuration which the body occupies at time t = 0, is normally chosen as the

reference configuration. The current configuration is the one which the body occupies
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at the current time t.

2.3.3 Material and spatial coordinates

Consider the reference configuration prescribed by some mapping function F, and the

position vector (material coordinates) X of particle X can be represented as

X =F(X): (2.26)

Here the position vector X can be expressed in terms of the base vectors as

where the component Xp are the material coordinates, or referential coordinate of the

particle X, and I are the unit vectors. Moreover, we define an inverse mapping

X=F YX): (2.28)

Substituting into Eq.(2.25). we obtain

x =Kk[F 1(X);t] = c(X;t); (2.29)

which defines the motion of the body in physical space relative to the reference config-
uration prescribed by the mapping function F. In particular, att =0, Eq. (2.29) defines
the initial configuration which is often adopted as the reference configuration, and this
results in the initial spatial coordinates being identical with the material coordinates,

such that

x=c(X;0)=X (2.30)
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at time t = 0. Note that Eq.(2.29) maps the particle at X in the reference configuration

onto the point x in the current configuration at time t, this can be expressed as

X = Xij; (2.31)

where the components x; are called the spatial coordinates of the particles. For Eq.(2.29),
it is common practice in continuum mechanics to write these equations in the alterna-

tive forms

X = x(X;t); (2.32)

where the symbol x on the right-hand side of the equation represents the function
whose arguments are X and t, while the same symbol on the left-hand side represents
the value of the function, that is, a point in space. We shall use this notation frequently
in the text that follows.

The velocity v of the particle along its path can then be defined as the time rate of

change of position,

dx et Ix(Xit)
e T (2.33)

Here we assume that no two particles can occupy the same location in space at a given
time, and furthermore, in the smooth motions we consider here, any two particles arbi-
trarily close in the reference configuration remain arbitrarily close in all other configu-
rations. Therefore, the function ¢ in Eq.(2.29) must be single-valued and continuous,
and must possess continuous derivatives with respect to space and time to whatever

order is required, usually to the second or third. Moreover, we assume the inverse
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function as

X=c (x;t) (2.34)

to be endowed with the same properties as c. Then the Jacobian determinant J can be

defined as

X Tci
J=j—j=j—i: 2.35
J.HXAJ JﬂXAJ (2.35)

and the mathematical condition that guarantees the existence of such an inverse func-

tion is the non-vanishing of the Jacobian deternimant, say J & 0.

2.3.4 Lagrangian and Eulerian descriptions

If a physical property of the body B such as its density r, or velocity v, is expressed
in terms of the material coordinates X, and the time t, we say that property is given by
the referential or material description. When the referential configuration is taken as
the actual configuration at time t = 0, this description is usually called the Lagrangian

description. For examples, we have

r =r(Xa;t) or r =r(X;t); (2.36)

and

Vi = Vi(Xa;t) or v =v(X;t): (2.37)

In contrast, if the properties r and v are given as functions of the spatial coordinates x

and time t, we say that those properties are expressed by a spatial description, or as it
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is sometimes called, by the Eulerian description. In view of Eq. (2.34) it is clear that
Eq.(2.36) and Eq.(2.37) may be converted to express the same properties in the spatial

description, such that

r=rt=rlc (i)t =rxt); (2.38)

and

v=v(X;t)=v[c 1(x;t):t] = v(x;t): (2.39)

We note that in the material description, attention is focused on what is happening
to the individual particles during the motion, whereas in the spatial description the

emphasis is directed to the events taking place at specific points in space.

2.3.5 The material derivative

We first use a general symbol p to represent any physical or kinematic property of a
continuum body, (e.g., scalar, vector or tensor property). We then have the material

description

p = p(X;t); (2.40)

or spatial description

p = p(x;t): (2.41)

The material derivative of any such property is the time rate of change of that property
for a specific collection of particles (one or more) of the continuum body. This deriva-

tive can be thought of as the rate at which p changes when measured by an observer
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travelling with the particle or group of particles. We use the differential operator d=dt,
or the superpositioned dot * to denote a material derivative. When p is given in the ma-
terial description of Eq.(2.40), the material derivative is simply the partial derivative

with respect to time,

d 1
GPOGDI= OGO (242)

where, as it is mentioned above, the material coordinates X do not change with time.
For the spatial form, we note that the particle will change the position, and we must

use the chain rule of differentiation of the calculus to obtain

d . — ﬂ . ﬂ . dXi.
a[p(X,t)] = ﬁp(x,t) + ."—Xp(x,t)a, (2.43)

where the first term on the right-hand side gives the change occurring in the property at
position x, known as the local rate of change; the second term results from the particles
changing position in space and is referred to as the convective rate of change. Having

in mind of the definition of the velocity, Eq.(2.43) may be written as

d T T T
E[p(X;t)] = ﬁp(X;t) + ﬂ—xip(X;t)Vi = ﬁp(X;t) +v  p(x;t); (2.44)

from which we deduce the material derivative operator for properties expressed in the

spatial description

(2.45)

where s the gradient operator.
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2.3.6 Deformation gradients

In deformation analysis we confine our attention to two stationary configurations, the
initial (referential) and the final deformed configuration, and we ignore the sequence
between the two configurations. Accordingly, the mapping function is not dependent

upon time as a variable, so that Eq.(2.29) takes the form
x = c(X): (2.46)

We now consider two neighboring particles of the body situated at two points P and Q
in the referential configuration, such that Q is located with respect to P by the relative

differential position vector
dX = dXA|AZ (2.47)

Under the mapping of function c, the particles originally at P and Q move to the
position p and q, respectively, in the deformed configuration such that their relative

position vector is now
dx = dxje;j: (2.48)
As we assume the mapping function x in Eq.(2.46) is continuous, so that

fci

dXi = ﬂXA

dXA = Xi;AdXA; (2.49)

where X;.a = Fia is called the deformed gradient tensor or the deformation gradient.

Therefore Eq.(2.49) can be written as

dx = FdX; (2.50)
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where F = (Fa) is a matrix from Eq.(2.35), we obtain that

det(F) = J: (2.51)

2.3.7 Material derivative of volumes

We consider a volume element dV  defined in the referential configuration. Recall that
the magnitude of the scalar triple product equals the area of a parallelogram with the
vectors for sides, we have that the volume element defined in the referential configura-

tion
v =dX® dX®@ dX® = eppcdXPdxPdx (2.52)
and for the deformed volume element be given by
av =dx® dx@  dx® =ejaxPaxPax: (2.53)

Note that to derive Eq.(2.52) and Eq.(2.53), we have used the following identity for the

vector dot and cross product

In Ig  Ic =eapc: (2.54)
For the motion x = x(X;t), dx = FdX so the current volume is the box product

dv = [FdXD; FAX@; FdX®)] = g;x:.aj:8XccdX XD dx P = Jav ; (2.55)
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which gives the current volume element in terms of its original size. Here we have

used the following identity
&jjkXi:aAXj:BXk.c = eapcdet(F) = eagcJ (2.56)

To determine the time rate of change of dV, we take the material derivative as follows

[90]
(dv) =Jadv =J vdv = wvdv (2.57)
where, for the incompressible fluid flow, we have that
v=0 (2.58)

Let P be any scalar, vector, or tensor property of the collection of particles occupying

the current volume V, we then have the expression in the terms of the integral,

Z
P(t) = y p(x;t)dv; (2.59)

where p represents the distribution of the property per unit volume and has continuous
derivatives as necessary. The material derivative of this property is given in both spatial
and material forms,

dP(t) d“ dZ

5 T @ ' p(x;t)dv = @y pIx(X;t);t]dav (2.60)

Since V s a fixed volume in the referential configuration, the differentiation and in-

tegration commute, and the differentiation can be performed inside the integral sign.
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Using chain rule, we obtain,

dP(t)y dZ Z d )
& T, PHOGOIY = f)[x(X,t),t]J av
, '

= PIXOX;1);t1 + pIX(OX;t);t]d dv

1
7 L

PIXCX; t);t] + Vi pIXCX; t);t] Jav

1
7 L

= PXCX;t); ]+ viek pIX(X; 1) 1] aV (2.61)

where we have used the identity JdV = dV to convert back to the spatial formulation.
With the help of the material derivative operator given in [90], the above equation can

be written in the form

dP) 2 Tp[X(X;t);t]
_ = ———— 4V p[xCXt);t]+( V)p[X(X;t);t] av
dt v Mt ,
7 1
= y p+  (vp) adv (2.62)

This gives the material derivative within a control volume.
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Chapter 3

Continuous finite element schemes for
a phase-field model in two-layer fluid
thermocapillary (Bénard-Marangoni)

convection computations

3.1 Introduction

In this chapter, we study a phase-field model for a two-layer fluid where the temper-
ature dependence of both the density (buoyancy forces) and the surface tension (ther-
mocapillary effects) is considered. The phase-field model consisting of a modified NS
equation, an advective Cahn-Hilliard equation and an energy transport equation is de-
rived through an energetic variational procedure. An appropriate variational form and
a continuous finite element method are adopted to maintain any possible underlying
energy law to its greatest extent. Several examples for Bénard-Marangoni convection

in an Acetonitrile and an n-Hexane two-layer fluid system heated from above will be
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computed to justify our phase-field model. In addition, an interesting numerical exper-
iment will be performed to show the competition between the thermocapillary effects

and the buoyancy forces.

3.2 A phase-field model with thermocapillary effects

and energetic variational procedure

We consider a phase-field model with thermocapillary effects for mixtures in two
isotropic fluids of different densities because of their simplicity in the practical im-
plementation. After applying the Bousssinesq approximation (where the small density
difference is neglected except that in the gravitational force) and assuming that two
fluids hold the same physical properties, i.e. dynamic viscosity, thermal conductivity,

the governing system of equations can be given as the following:
ro uy+(@Uu Ju + p m D(u)

1@
+ I(q) T f+TJ ficl+1(Q)F(F)I =s(f;q); (3.1

u=~0; (3.2)
fi+(u )F+gD Df f(F) =0; (3.3)
rocp q¢+(Uu )g =kDq; (3.4)

where the vector u represents the velocity of the fluid mixture, p is the hydrostatic pres-
sure, T represents the “phase” of the mixture (f = 1: fluid 1; f = 1: fluid 2), and q
stands for the temperature, m is the dynamic viscosity coefficient, D(u) =1=2(( u) +(
is the stretching tensor, f () is the variation of the bulk mixing energy density F(T) =
(jfj2 1)=4e2, in which the e is related to the capillary width (width of the mixing
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layer), l =es =e(sp s1(g Qo)), s is the surface tension parameter s, where s,
by E6tvos rule [96], is a linear function of the temperature with sg and s; being the
constant, and qg is the reference temperature. The term T is the usual tensor
product,ie. ( ¥  F)ijj= if ;F, listheidentity matrix,s(f;q) = r(f)h(q)gj
stands for the buoyancy force with gravity g, where the density function of mixtures is
defined as r (f) = (r1(1 f)=2+ ro(1+ £)=2) with the density r; and r, for fluid 1
and fluid 2 respectively, h = (1 a(q qo)) according to the temperature-dependence
of density. In addition, g represents the elastic relaxation time of the system, c;, is the
specific heat capacity and k the heat conductivity coefficient.

The initial conditions for the system is given as
Uig=Uo T y=T0 q o =00; (3.5)

and the Dirichlet boundary condition for u(= by), and the Neumann boundary condi-
tion for ¥ in the Cahn-Hilliard equation: f n=0; Df n =0, where n is the unit
outward normal vector of the boundary.

When taking the surface tension I as a constant (isothermal case), and neglecting the
energy transport equation (3.4), the above system equations reduce to the classical
phase-field model, Model H, that was employed to study binary incompressible fluid
flows (e.g., 65} 185]). For the homogeneous case (i.e. the buoyancy force is negligible
s(f) = 0 and the boundary value b, = 0), the system obeys an energy dissipation law.
Multiplying (3.1) by uand (3.3) by (Df f(f)), the corresponding system gives the
following energy estimate [65, 85]:

= mjj ey + 100 OF FF)ia (3.6)
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where

1 I Z

— T i 2 .
E= ErOJJuJJLZ(W) + E” fJJLZ(W) +1 WF(f)’ (37)

is the total energy of the reduced system.
In the case of I as a function of both the time and space, we can still consider the

following action functional [[113]:

Z+1Z (r "l
A= I TOGD) SIF T FOGDI)
#)
+F(F(xX(X;t);t))  JdV dt; (3.8)

where Wy is the initial domain occupied by the fluid, X can be viewed as the La-
grangian (initial) material coordinate and x(X;t) the Eulerian (reference) coordinate.
The Jacobian matrix J and the control volume V are introduced in section 2.3.7. Fur-
ther the notation £(x(X;t);t) and 1 (x(X;t);t) indicates that ¥ and I are transported
by the flow field. For an incompressible fluid, we look at the volume preserving flow

map x(X;t) such that
X (X;t) =u(x(X;t);t);  x(X;0) =X; (3.9)

and F = X, as introduced in section 2.3.6, is the deformation tensor satisfying the

following property [57, (90, [101]:
x=F1 x=FT x (3.10)

where the corresponding Jacobin determinant J = detF = 1 due to the incompressible
constraint.

Based on the least action principle, the linear momentum equation shall be the least
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action state. Here, a one parameter family of maps x" is employed, such that,

dxh
0_

X’ =x and d—h:y; (3.11)

where y is an arbitrary vector field that yji=o.1 = 0 (see [21] as an example). The
deformation tensor F", again, satisfies the property (3.10). The Jacobian J" = detF" =

lor y=0due tothe incompressible constraint.

Applying the least action principle dA(x) = 0, say dﬁﬁ‘) = Ojph=0, We can obtain the
following:
d d Z+1Z (ro o 1
= A= S OGOE 1M GD) i e FOC OG0}
dh ho dhp=p 0wy 2 2
#)
+FEEM(X;t):t)  JdV dt =0: (3.12)

Further computation for the kinetic energy part leads to [126]:

d  Z1Z py Z+2

— —ix{ (X;0)j2IdV dt = roxc(X;t) yJdv dt:  (3.13)
dh h=0 0 Wp 2 0 W

Integrating by parts gives us that

Z+Z Z+Z

roXt ytJdV dt = FoXit deV dt
Wo 0 Wy

Z+Z

= rout(x(X;t);t) yJdv dt

0 _W
AR

= ro Ui +x(X;t)y xu ydvdt
0 W '
Z:2 -

= rp uy+u u ydVdt; (3.14)
0 W
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where we have used Eq.(2.55). The elastic energy part leads to:

C " #)
d Z+Z 1
o 1" (X;1)) 5l O OGN +FEENGE)L))  JdV dt
Z -|-Z 1 #
= w20 xFORDIDPHFECEGDID) F T oxE i) y
q 1
L(x(Xt);t) F ToxFxOXt);it) T 3 (CHEEHY
#) h=0
+F T gFEXOGH:D)) y  JdV dt
Z+Z C "1 #
= . HF T xFEEGOIDIZ+FEEXDD) F T ox IO y
q 1
LxOGE;) F ToxFOOGE);t) - KONt xnx
# dh =
+F T gFEXOGH:D)) y  Jdv dt
Z:Z C "1 #

0w SIF T X FOGD)DP +FEXOGD;D) F T ox I (x(Xt)st) y

d(Fh) T
L(xOGt)it) F ToxFxOKt);t) —n xF (XX );t)
' h=0 #)
+F T xF T xfxOGtt) y +F T xF(RXQOGE);) y  JdV dt

Z+1Z C "1 #
= S FGOP+FEED) (1) y
0 W 2
1] ! #)
1(xt)  «F(xt) YR+ x xFOst) y + F(R(t) y  dvdt
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v #
Z+Z C 1 5
= 5 fi*+F(f) 1y
' ! 1 #)
I f f y+1 F fy+ F(f) y dvdt

Z+Z C | D
= I f+o fP2I+1F(F)l y dvdt: (3.15)

Here we have used the property of the invertible matrix that ([S0] P 171):

d(Fh) T d(Fh)T
T (FM TT(Fh) T (3.16)

Further computation gives that:

hyT
FY) "= FED T = FTFT= (xwFHFT= JyFT
h=0

(3.17)

where the property (3.10) is used. By substituting (3.14), (3.15) into (3.12), we arrive

at:

Z1Z G | ')
rh uu+ u u + IR T fPI+1F(F)l  y dvdt=0:

(3.18)

Having in mind that y is an arbitrary divergence free vector field, (3.18) can only be

valid provided that :

I
ro(uy+@w Huy+ p+ 1 f f+§j fi2 1+ 1LF(F)1) =0 (3.19)
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Assuming the surface tension parameter is a linear function of temperature, and adding
the viscous term and the external forces term together as complement, we finally get

the momentum equation (3.1):

1@, _,
U+@ W+ pom D@+ K@ T Fr—j T

+1(QF (@)1 =s(f;q):

Note that the similar energetic variational procedures were also used in [81} [85] 113,

126].

3.3 Non-Dimensionalization

Consider a two-layer fluid in a two-dimensional domain, W, sketched in Figure[3.1] To
simplify the study of thermocapillary effects, we non-dimensionalize the phase-field
model (3.1)-(3.4) as follows. Let the distance between the plates d = d; +d; denote the
length scale. The velocity scale is chosen to be k=d, where k = k=rcy is the thermal
diffusivity, k the thermal conductivity and cp the specific heat capacity. This then
gives d°=k and mk=d? as time and stress scales, in which m is the dynamic viscosity.
Correspondingly, the interface length is non-dimensionalized by e = e=d, d =(q

go)=q is chosen as the temperature scale, where e and q are the dimensional parameter
and variable in the dimensional system (3.1)-(3.4), qo is the reference temperature (in
the present work, it is set to be zero), q, is the temperature difference between the top

and bottom boundaries. Dropping the bar notations, the non-dimensional phase-field
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model with the thermocapillary effects can be rewritten as :

1 1 i fj

ﬁut+ u u+ p Du+ Ca Maq T f+TI+F(f)I

=ri(Rag  G)j; (3.20)

u=~0; (3.21)
ft+ u f+PeD DF f(F) =0; (3.22)
g+ u g =Dq; (3.23)

where the non-dimensional parameters are the Prandtl number, Pr, the capillary num-
ber, Ca, the Marangoni number, Ma, the Galileo number, G, the Rayleigh number, Ra,

and the Peclect number, Pe, defined by

mk es1d gd? gad3q Kk
esed VAT TR CT e ReT g PE g

n
Pr=— Ca=
r K a

in which n = m=r is the Kinematic viscosity. When comparing our non-dimensional
parameters (i.e. capillary number, Ca, and Marangoni number, Ma) with those in the
sharp interface model (see [115] as example), the capillary width e is considered in
our parameters to reflect the effects of the mixing layer of non-zero width. The density

ratio, ry, appearing in the system to be evaluated, is

re= + ;
r 2 2 g

so that, in liquid 1(F =1) rr =1, and ry = ry=rq in liquid 2 (f = 1). In addition,
for the main system in the isothermal case, we non-dimensionalize the energy of the
system (3.6),

1 I Z

— a2 g2
E = srolluliieawy * 5l Tiliey 1 F(T)
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by rescaling E=E d2%=am 1=d? based on the energy scale given in [87]. Dropping

the bar notation, we can obtain:

1 1 17
_ - 2 - ..2 .
E=opdlUliew * ol Tliew + 55 | FOP); (3.24)

and the corresponding non-dimensional energy dissipation law:

!
dE P

e
o= i Uiyt i OF  F(iitzg, (3.25)

3.4 Weak Form

As it can be implemented easily and many existing codes may be incorporated to re-
duce various complications, a C°(conforming) finite element method will be employed
to solve the problem. To use this method, we will reformulate the phase-field model to
obtain a weak form where both trial and test functions are involved with only the first
order derivatives.

We first consider the Cahn-Hilliard phase-field equation (3.22):
fi+ u  f+PeD DFf f(f) =0:

Due to the bi-harmonic operator in the equation, it is necessary to introduce an extra
variable and use the mixed formulation to arrive at the weak form. Hence Eq.(3.22)

can be rewritten into the following system (e.g., [65, [127] [131]):

Pe
fi+ u f= e_ZD w+cf ; (3.26)
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w= e’Df+ f2 1 c¢ f; (3.27)

where the positive constant c is introduced to enhance the stability of the numerical
method (see [131] as an example).

Now we consider the momentum equation (3.20):

1 1 j fi?
pr U+ U u+ p Du+ Ca Mag T f+—2 I+ F(F)I
=rr Rag G | (3.28)

A further computation for the surface tension part shows:

1 i fi°
Ca Maq T f+TI+F(f)I
1 1
= Ma g f f+ - Mag Df f+ — Mag i fj?
i fi° 1
Ma qT Ma qF(f)+ ca Mag F(f): (3.29)

Note that a second order derivative term is present in the momentum equation, which
implies that a C? finite element method would normally be required to solve the prob-

lem. To avoid this case, we rewrite (3.27) as follows:

1 1
Df = — w+cf + 2 1 f: (3.30)

Now the surface tension term can be rewritten as:

1 i ff’
Ca Maq 1 f+TI+F(f)I
1 1 1
= Magq f f — Mag —;w+cf F+ - Maq j fj2
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)
j fj 1
Ma qT Ma gqF(f)+2 Ca Maq F(f): (3.31)

Substituting the above relation to the momentum equation (3.20), we end up with a
modified N-S equation without DF.

Let W be a bounded domain in R?, suppose JW is the boundary of W, which is suffi-
cient smooth (for example, Lipschitz-continuous). The following spaces are denoted
as WIB(W) = (WL3(W))2; Wi = fu 2 WE3(W);u = by, on Wg; L2(W) = (L2(W))?
and L3(W) =fp 2 LZ(W);RW pdx = 0g:

By multiplying test functions v, y, ¢ and z to the equation (3.20), (3.26), (3.27)

and (3.23), respectively, the weak form for the system reads : Find u 2 th)f(W); p2

La(w); f 2 Wi3w);w 2 WE3(W) and g 2 W3(W) :

Z 1 1
WﬁutV+ﬁu uv+ u: v p v Ma q f fv
1 1 j fj?
o2 Ca Maq w+cf f v +Ma qvVv
! 2
— M j Tj MaF(f
ca Magq | 1) v aF(f) q v
1 1
1 i Z )
+2 — Maq f(fF) v dx= rr Ragq G j v dx; (3.32)
Ca W
Z L]
uq dx=0; (3.33)
w
!
Z Pe
fiy+ u fy+e—2 w +cf y dx=0; (3.34)
W 1
7 !
wec e2 f ¢ f2 1 ¢ fc dx=0; (3.35)
W 1
7 !
giz+ u gz+ q z dx=0: (3.36)
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In the homogenous case, takingv =u,q=p,y = w-+cf =Caand c = f;=e?Ca in
(3.32) (3.34) and (3.39) respectively and summing them up, we obtain the following

energy law for the isothermal case,

d 1 .- 2 1 - 2 l Z
qt apAie ol T+ F(D)

1
o Pe i )
= Ul gl (el o (3.37)

3.5 Numerical Methods

For our computations, a finite difference scheme in time and a conformal C° finite
element method in space are used to approximate the solutions of the weak problem. In
the temporal direction, since phase-field models are highly nonlinear, explicit-implicit
(or semi-implicit) first order schemes are usually adopted, where a part of the nonlinear
term is treated explicitly and the rest is treated implicitly. We will use a modified
midpoint scheme [65, 83, 84], which is originally designed for a liquid crystal model,
to compute the advective Cahn-Hilliard equations. With this method, a discrete energy
law can be obtained and consistent to the continuous one. However, Hua et. al. [65]
observed some non-physical oscillations of the solution at the interface defined by
T =0, which were caused by the time discretization using this midpoint method. A
remedy was proposed that a lower order scheme (say, implicit backward Euler) was
used at the initial time step and the modified midpoint scheme for other ones. The
corresponding algorithm will be adopted in the present work.

Let

W=WeiW)  Lw) WHW)  wHw);
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then we seek the weak solutions of the resulting variational forms in W" = uh  ph

H" TN which is a subspace of W given by a finite element discretization of W, WB
represents the space W satisfying the homogeneous Dirichlet boundary condition.

If (up; pp; Fswisal) 2 W" is an approximation of u(t") = u(nDt); p(t") = p(nDt),
f(t") = £(nDt), w(t") = w(nDt) and q(t") = g(nDt) at time t" with Dt representing
the time step size, then the approximation at time t"*1 = (n+ 1)Dt can be denoted
as, (uD™; p0* L £ wh ™ g ) 2 W and can be computed by the following finite

element methods:

z 1
1 1 1 1 1
ettty e gty
1 1 1 1
pﬂ+2 v Ma q:+2 fr?+2 fr?+2 v
11 1 1 1 1 Ma .
g Maoy oo T ve o (T gy
1 1 ;2 .
o MagT BT v MaR@HRD 67 v
1
2 1 . L
n+3 n+3
*2 ca Mag, 2 gn(F)"HfDa, 2 v dx
|
z n+31 n+1 . )
= re(f, ?) Rag, > G jv dx (3.38)
7 |
n+1
u, * q dx=0; (3.39)
w
Z |
1 1 Pe 1 1
W ft_n+1y_|_ UE+2 fr?+2y+e_2 WI-T+2+Cfr?+2 y dx=0; (3.40)
L|
‘ n+3 n+3 2 £N+3 n+1..¢n
w, *+cf, c e T, C on(f, " f)c dx=0; (3.41)
zW !
n+1 n+3 n+3 n+3 o
dr z+ u, q, ‘z+ q, z dx=0; (3.42)
w
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forall (v;q;y;c;z) 2 Wh, where u?™ = L (un+1 umy;up 2 = =1t +u);

o2 = LML pl): L = LEM D) = L) w2 = L+
W{]‘) gt =A@t Mg - = 1(g** +q"), and the other two terms,
Fa(f 5T = g (G2 D+GRP D) on(F5 D = J(GRT2 D+
(fj 1))(fr?+1 + T, are the approximations of the nonlinear function F(f) and
g(f) = (jfj> 1)F respectively.
Note that, the divergence free equation (3.39) will be replaced by the following formu-
lation corresponding to the penalty method:
1

Z 1 1
( uZ+dpy 2)q dx=0; (3.43)

W

in which a small term containing the pressure is added. In our computations, the co-
efficient d is chosen to be 10 © to enforce the divergence free condition. When it is
necessary to use a larger d in order to improve the stability and accuracy a sequential
regularisation formulation (see [82]) may be used to replace the penalty formulation.

The divergence of the velocity, however, is no longer exactly zero after the above

replacement In order to maintain the possible underlying energy law, a term %(

u 2)u +5 is added in (3.38)), corresponding to an additional zero term %( uu to

(3.1) following the pseudo-compressibility method that was mentioned in [117]
Those three terms in (3.38), i.e. Fy(FI*L ), gn(F D) and 3( up 2) E+ ,

based on the modified midpoint scheme, are so designed that when taking the surface
tension coefficient as a constant (isotherm case, say, 11 = 0) and ignoring the external

forces term (e.g. the gravitational term), an accurate discrete energy law for the fully
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discrete system can still be derived:

|
1 n+1::2 1 n+1; 1 z n+1
2PrJJUh JJ|_z+—2CaJJ L JJLz Ca w F(F, )

—

Pe

Sicsl (w, 2+cf ijz ; (3.44)

.. +1.
= i uy it
in which way, our methods are trying to maintain such a possible underlying energy law

at its greatest extent for the case where the surface tension is assumed to be temperature

dependent.

3.6 Implementation issues

In this section, we consider the iterative algorithm to compute the solutions of the mod-
ified midpoint scheme. Since the system (3.20)-(3.23) is a strongly coupling system,
including a modified N-S equation, an advective Cahn-Hilliard equation and an energy
transport equation, a linearisation is needed so that the solutions can be computed by
solving a linear system at each time step. In [113], Newton’s method was employed
to linearise a similar complicated system, which led to a linear system depending on
time. A different linear system had to be solved for every time step, indicating that
the process would be highly time-consuming. In the present work, a fixed point iter-
ation is used as a linearisation for all the nonlinear terms, so that we can get a linear
system which is symmetric and, more importantly, does not depend on time. Then the
Cholesky factorisation is needed only once to factorize the symmetric linear system at
the initial time step, since after that the coefficient matrix will remain the same. So the
solution of the implicit scheme can be computed as if it is an explicit scheme at any
time step other than the initial one.

The algorithm is designed as the following:
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Starting with (u"; p"; ¥";w";g") as the initial guesses at the (n + 1)th time step, we
can find the solutions (uf+3; per1; Fll wiil afh) (which can be seen as approxi-
mations for u"*%; p*1: £1+1.wh*+1 and q"*1, respectively) by interactively solving the
variational equations:

(a) for the initial estimate, the Backward Euler method is employed:

z 1 n+1 n
u u 1
. Pr —k+Et v+ oupttouitt v+ urtt utt v
un+1+un n+l+ n
+ k+12 Y pk+12 p Vv Ma qI?+1 fl?-'-l f|?+1 v
i i Ma n+1 Wn+1_|_C.':n+1 fn+1 v
e? Ca Y k k k
Ma n+1 2 n+1 1 n+1 n+1:2
+— & q. Vv oz Mag™ J R v
1
n+1.g£n n+1 2 1 n+1 n+1..¢n n+1
Mak,(F " F") g \Y +e_2 Ca Magy, on(f ) q v dx
7 1
= (™) Rag{™ G jv dx (3.45)
w
]
Z n+1 n n+1 n -
u:+u +
1T 4 g B T8 g ax=0, (3.46)
W 2 2
1
S v Pe J
+
LTpr YT W KTyt wi el Y dx=0;
(3.47)
Z L]
whit+cfil ¢ oe? fYT ¢ gn(fh e dx=0; (3.48)
2 gml g !
k+1Dt z+ ut gtz gl oz dx=0 (3.49)
w

(b) for the other iteration steps, a modified midpoint method is used. And then the
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resulting nonlinear system is solved by a fixed point iteration, evaluating all the non-

linear terms as the previous iteration.

Z i UE:% un - UE+1+Un UE+1+Un V+E UE+1+Un UE+1+Un
w Pr Dt 2 2 2 2 2
un+1_|_un pn+1_|_pn Ma fn+1+fn 2 qn+1_|_qn
+ k+1 Y k+1 vV o+ k k 1 Vv
2 2 2 2 2
Via q||(1+1+qn f|?+1+fn fl?+1+fn y
2 2 2
1 1 Maql?-'-l_'_qn W|?+1+Wn +Cfl?+l+fn fl?"'1+f” .
e? Ca 2 2 2 2
1 gt g fnrlgn N+l on
o Mt v MaR(Rrhen) Ty
1
2 1 gt wrieqn
+— — M fn+1.fn k
e2 Ca & 2 On(fic™ 517 2 v dx
1
7 !
fn+1+fn n+1+ n
= Ty R TN v k=0 (3.50)
W 2 2
1
Z n+1 n n+1 n
u +u +
k+12 +dpk+12 p q dx=0; (3.51)
w
Zo gl g . THARE UL SSES il
w bt Y 2 2 7
1
Pe  witlpwn £+ 4 0 B
+e_2 |<+12 te |<+12 y dx=0; (3.52)
1
z n+1 n n+1 n n+1 n B
Wy, +W f. . +f f. . +f
k+12 +cC k+12 c e’ —k+12 c gh(fhfMe dx=0;
w
(3.53)
YA n+l  4n n+1_ N n+1 4 4n n+1 4 gn
qk+:|bt q 7+ Uy, , u Ay 5 q 7 + Qk+12 q 7z dx=0:
w
(3.54)
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Considering the following stopping criteria for the iteration, if

Giupt  ulthiz, iR FiE diwirl withiz, +jadit g thid,)e

6 tolerance; (3.55)

then the solutions for the (k + 1)th time step can be defined as

U™ P LW g™ = (it it L e hwer o) (3.56)
otherwise, the current iteration would be continued. As it can be seen that the stiffness
matrix is independent of the time step n and the number s of the fixed point iterations,
and is symmetric if ¢ = 0. Therefore in our computations, the Cholesky factorisation
was only used to solve the NS equations (3.50), (3.51), and the direct solver (UMF-
PACK) is used to solve the CH (3.52), (3.53) and heat equations (3.54). Moreover, the

system (3.50)-(3.51) for u and p, the system (3.52))-(3.53) for ¥ and w and also (3.54)

for g are separated automatically, which means that 'y} and w/\ can be obtained

first by solving (3.52)-(3.53), then followed by solving (3.54) to obtain gy, the NS

equation would be solved finally in order to get u{(‘ﬂ and pﬂﬁ This procedure further

reduces the size of the system and the cost of computations. It could also be an efficient

way to achieve time-domain parallelization.

3.7 Numerical experiments for Bénard-Marangoni con-

vection for heating from above

Since two immiscible liquids (Acetonitrile and n-Hexane) share the similar physical

properties, the system consisting of an Acetonitrile and an n-Hexane can be solved by
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Property Acetonitrile n-Hexane

r(10% kgm °) 0.776 0.655
n(10 m?s 1 0.476 0.458
k(10 1Jm 1s 1K D) 1.88 1.20
cp(10® Jkg K 1) 2.23 2.27
a(l0 3K 1 1.41 1.41
So(10 3Nm 1) 28.66 17.89
s1(10 °Nm K 1) 12.63 10.22

Table 3.1: Physical properties of the Acetonitrile and n-Hexane.

our phase-field model, where all the properties (except the density) of the two liquids
can be assumed to be the same (here we employ the parameters of n-Hexane for both
fluids). We will compute a few examples for Bénard-Marangoni convection in such
a two-layer fluid system heated from above, with the physical properties reported by
Jule ([73], see the following table). Note that a similar simulation was also performed

by Cliffe and Tanvern [115], in which a sharp interface was assumed.

3.7.1 Mechanism for Bénard-Marangoni convection

The mechanism of heating from above, as sketched in Figure[3.1} has been summarized
by Johnson and Narayanan [72]. In both diagrams, the two-layer fluid systems are all
heated from above, with a constant temperature gradient between the two horizontal
plates. In the upper diagram (Case 1), a perturbation in the interface towards the low
temperature side is assumed (bottom boundary). This local temperature reduction of
interface lowers the surface tension and leads to a surface tension gradient along the
interface due to its temperature dependence, with the largest surface tension in the
centre of the interface. For the upper layer, this local gradient drags the fluid towards
the centre of the interface. This is then replaced by hot fluid flowing downward from
the top boundary to the edge of the interface, reinforcing the perturbation. Meanwhile,

as the flow of the lower fluid is viscously coupled, there is upwelling of cold fluid
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from the bottom boundary to the edge of the interface, which tends to lower the local
temperature and dampen the perturbation.

The lower diagram (Case 2 in Figure [3.I) just shows the opposite scenario, in which
the perturbation in the interface towards the high temperature side (top boundary) is
assumed. Again, the convection set in, with the flow in the upper layer reinforcing the
instability and reducing it in the lower layer.

As shown in Figure 3.1} a rectangular domain is defined that W = W1 [ W, = [0;2]
[0;1]. Let W =qW1 [TWa21 [ TW22 [ TW3 [ TW41 [ 1W42 denote the boundary of W,
d =d; +dj is the distance between two horizontal plates, Py, P, denote two intersection
points between boundary W and the horizontal midline G, where G is also adopted as
the initial interface for the two-layer fluid. Now we give the boundary and initial
conditions for the problem.

Boundary and Initial conditions for velocity

Ujgw =0;  Uo(X) = po(x) =0 x2W): (3.57)

Boundary and Initial conditions for phase

fjpl[Pz =0; fjﬂwl [TWor [TWain(PLLP2) — L fjﬂW3 [TWa2 [TWaon(PLLP2) — 1; (3.58)
fo(xX) =1 (x2W;y); To(x)= 1(x2W,); To(x)=0(x2G0C): (3.59)

Since in the present work, the experiments are carried out to test our phase-field model
with thermocapillary effects, a Dirichlet boundary condition for ¥ is assigned, im-
plying that the intersection points between the phase interface and boundary W, on
which f = 0, are fixed. When it is necessary to consider the effects where the fluid-
fluid interface intersects the plates, the moving contact line problem will be involved.
The generalized Navier boundary condition for the velocity u and a dynamic boundary

condition for the phase variable T can be imposed to supplement the phase-field model
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Case 1

Case 2

Figure 3.1: Sketch for two cases of Marangoni-Bénard convection in a two-layer fluid
system heated from above.
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(see [45] as an example). Further, G is assumed to be the initial position of the interface

G = Gy + Gp;

where Gr, is the midline of the domain, and G, is the perturbation added in the interface.
Based on the work done by Tavener et. al. [115], a half cycle of a sine wave is added as
a perturbation, say, Gp = a; sin(k  2px)+cy for Case 1, and G, = azsin(k  2px) +c;
for Case 2, where a; = 0:1;¢c; = 0:05;a = 0:1;c, =0:05and k = 0:5.

Boundary and Initial conditions for temperature

For top heating and bottom cooling, the temperature boundary conditions for the two

horizontal plates can be given as:

digw, =1, dlgw, =0; (3.60)

since the two vertical plates are assumed to be adiabatic, Neumann boundary condi-

tions are specified:

dqg dq.

&Jﬂwz = &Jﬂm =0 (3.61)
for the two vertical plates. Note that the temperature boundary conditions are not
specified on TWa1, TWoo, TWa1 and JWjyo.

The initial condition for temperature is given as:
Qo(X) =Aér r (x2W); (3.62)

where a temperature gradient of the above form is imposed, A is a constant, ér is the
unit vector in the direction of the temperature gradient and r = (x;y) is the spatial
coordinate. Based on our top and bottom temperature boundary condition, a constant

temperature gradient between two horizontal plates is assumed, say, A=1;ét = (0;1).
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Numerical Results

Considering the boundary and initial conditions (3.57)-(3.62)), we compute a few ex-
amples for Bénard-Marangoni convection in an Acetonitrile and an n-Hexane system
heated from above to justify our phase-field model and further to demonstrate our
method. A 60 30 grid will be used for all the examples. The computations are car-
ried out with the help of the freefem++ platform ([61]) and MATLAB. We apply the
fixed point iterative method (cf. (3.45)-(3.49) and (3.50)-(3.54)) with a sufficiently
small tolerance. All computations are carried out using the P, (piecewise polyno-
mial of degree two) finite element space for the velocity u, the phase variables £, w
and the temperature variable g, and the P; finite element space for the pressure p.
All the computations are performed with the following parameter values if not other-
wise stated, Pr=5:76;Ca=10 3:G=5 10%Ra=2 10%r,=1:2;e=10 2;Pe=
2:5 10 3:dt =10 “. Note that our numerical method works well and can converge
within several iteration steps (e.g., 10-15 iteration stpes) with this set of parameter val-
ues. However, when we chagne the parameter value (for example, increasing Pe or
reducing e), our numerical method seems to converge hardly. The reason is that as we
increase the value of Pe, the diffusivity of the diffuse interface is increased as well.
The fast changes of the interface can be a challenge to convergence of the numerical
methods. On the other hand, as we decrease the value of e, the thickness of the diffuse
interface is decreased correspondingly, a finer remeshment is required so that the thin
interfacial region can be resovled. Therefore, for a larger value of Pe a smaller time
step is suggested, and for a smaller value of e a finer mesh (especially for the interfacial

region) is required.
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t =10dt

t =100dt

t = 400dt

t =500dt

Figure 3.2: Flow field with deformed interface and Streamlines for Bénard-Marangoni
convection with Ma = 80 in Case 1. Positive values of the stream function indicate

clockwise circulation and negative values indicate anti-clockwise circulation. Pr

2:5

e =10 2and Pe

=1:2;

rr

5:76:Ca=2:5 10 3:G=5 10%Ra=2 103

10 3.
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t=0 t = 500dt

Figure 3.3: Isotherms for Bénard-Marangoni convection with Ma = 80 in Case 1.
Pr=576;Ca=25 10 3,G=5 10%Ra=2 10%r,=1:2;e =10 ?and Pe =
2:5 10 3.

3.7.2 Ma=80 for Case 1

We first compute an example for Case 1. The velocity field and the deformation of
the interface are shown on the left in Figure[3.2, while on the right is the streamlines.
As can be seen that, the Marangoni forces dominate the convection for Ma = 80. As
the two pairs of anti-rotating convection set in, the fluid is dragged from both the edge
to the middle of the domain, producing downwelling along the centreline of the lower
fluid and upwelling of the upper fluid. As time progresses, the pair of rolls in the upper
layer dominates the convection, leading to a slight deformation of the interface.

Figure shows the corresponding isotherms. For t = 500dt, we can see that, the
isotherm lines in the upper and lower layers are distorted strongly further away from
each other along the centreline, and closer to each other along the edges. Due to
the strong heat convection in both layers, the local temperature of the middle of the
interface is kept lower than that of the edges, despite the slight deformation of the

interface.

3.7.3 Ma=80 for Case 2

This time, we compute the flow with the perturbation in Case 2, where all the values

of parameters including Marangoni number are kept the same as in x3.7.1.
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10dt

t

t =100dt

t = 400dt

t =500dt

Figure 3.4: Flow field with deformed interface and streamlines for Bénard-Marangoni

convection with Ma = 80 in case 2. Positive values of the stream function indicate

clockwise circulation and negative values indicate anti-clockwise circulation. Pr

5:76:Ca=2:5 10 3:G=5 10%Ra=2 10%

1:2;e =10 2and Pe =2:5

rr

10 3.
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t=0 t =500dt
Figure 3.5: Isotherms Bénard-Marangoni convection with Ma = 80 in case 2. Pr =
5:76;,Ca=25 10 3,G=5 10%Ra=2 10%r,=1:2;e =10 2and Pe =25
10 3.
Figure [3.4] shows the reversed situation for Case 2. Again, there are two pairs of anti-
rotating convection. However, the fluid is dragged from the middle of the domain to
both of the edges. The isotherms, from Figure 3.5 for t = 500dt, are distorted closer
to each other in the middle, and further away on both of the edges of the interface.
Thus, we computed two cases of the Bénard-Marangoni convection in an Acetonitrile
and an n-Hexane two-layer fluid system heated from above, the computing results show
the physics of the convection and consequently, it justices that our phase-field model
derived from the energetic variational procedure reflects the mechanism of Bénard-

Marangoni convection in the two-layer fluid system.
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3.7.4 Thermocapillary-driven Convection

To validate our phase-field model numerically, we now investigate the thermocapillary-
driven convection in a heated micro-channel with two-layer superimposed fluids with
a planar interface [98]. Note that the dimensional formulations (3.I)-(3.1) will be
computed for this example. Our numerical results will be compared with analytical
solutions obtained in [98]. Note that a similar comparison are also carried out in section
5.7.3. Considering two-layer fluids (figure[3.6)), where the heights of the fluid A (upper)
and fluid B (lower) are a and b, respectively, and the fluids are of infinite extension
in the horizontal direction. The physical properties of the fluids are their densities,
viscosities and heat conductivities. The temperature variations in the present study are
considered to be small enough so that the thermophysical properties of each fluid are
assumed to remain constant, with the exception of surface tension. The temperature of

the lower and upper plates are

TP(x; b) =T, +To cos(wx) and T3(x;a) = T, (3.63)

respectively, where T, > T, > To > 0, and w = 2p=l is a wave number with | being
the channel length. The above temperature boundary conditions establish a tempera-
ture field that is periodic in the horizontal direction with a period of I. Therefore, it
is only sufficient to focus on the solution in one period, i.e., 1=2 <x <1=2. In the
limit of zero Marangoni number and small Reynolds number, it is possible to ignore
the convective transport of momentum and energy. In addition, we assume that the
interface is to remain flat. By solving the simplified sharp-interface governing equa-
tions with the corresponding jump boundary conditions at the interface, Pendes et al,

[98] obtained the analytical solutions for temperature field T (x;y) and stream-function
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Figure 3.6: The schematic diagram showing two immiscible fluids in a microchannel.
The temperatures of the lower and upper plates are T°(x; b) = T, + Tocos(kx) and
Ta(x;a) = T, respectively, where T, > T, > Ty and k = 2p=I is the wave number, and
a and b are the heights of the fluid A and B respectively.

y (x;y), where for the upper fluid

(Tc Th)y+kTcb+Tha

TA(XY) = - +Tof(a;b;k) sinh(a  wy) cos(wx);
a+kb
(3.64)
yA(y) = Umax L r‘wy sinh?(a)cosh(wy)
ﬁN sinh’(a) a2 : o
% 2a’+wy sinh(2a) 2a sinh(wy) sin(wx); (3.65)

and for the lower fluid

K(Te  Th)y+KTcb+Tha h

TB(x;y) = > +T01;(a;b;R) sinh(a)cosh(wy)
ksinh(wy)cosh(a) cos(wx); (3.66)
s+ Una 1 n .,
yo(xy) = W sin?(b) b2 wysmh_(b)cosh(wy)
%thZ wy sinh(2b) 2b Isinh(wy)Qsin(wx): (3.67)

57



e =0:02 e =0:01 e = 0:005 e =0:002

jj)j/JyJ}j/jiLz 6:037 10 2 1:538 10 2 3:904 10 3 8292 10 *4
L

Table 3.2: L2 norm of the relative difference between the numerical results and the
analytical solutions for section 3.7.3

In the above equations the unknowns are defined by k = ka=ks, @ = aw, b = bw,
f(a;b;k) = 1=(ksinh(b)cosha +sinh(a)coshb), g(a;b;k) = sinh(a) f(a;b;k) and
1

U= 12T g(a:b:kh(a;b; y;
MB
h(a;b;m)
sinh’(@) a? sinh?(b) b?

k sinh(b) b2 sinh(2a) 2a + sinh?(a) a2 sinh(2b) 2b

Based on their work, the simulations for our phase-field model are carried out in a
2D domain [ 1=2;1=2] [ b;a]withl=1:6 10 4, anda=b=4 10 5. As the
interface between the two fluids is assumed to be flat and rigid, the initial conditions

for the phase-field is only depending on y, and can be given in the form

£(y) = tanh 243’% L fory 2 ( b;a); (3.68)

where e is related to the thickness of the diffuse interface. The periodic boundary
conditions are applied on the left and right sides of the domain. On the top and bottom

walls, the no-slip boundary conditions are imposed such that
u=0fory=a; b (3.69)

Eq.(3.63) are used as the boundary conditions for temperature with T, = 20, T, = 10
and Tp = 4. Moreover, the fluid properties are set as ro =1, cp = 1, ma = mg = 0:2,

k=02 s0=25 10 !, st= 5 10 3 (atTref =Tc). The contours of stream
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Numerical reaults Analytical solutions

Figure 3.7: Streamlines of the numerical results and analytical solutions for the exam-
ple of thermocapillary convection in two-layer fluid system. Positive (negative) values
of the stream-function indicate the clockwise (the counterclockwise) circulation.

function with e = 0:002 are shown in figure ??. It can be seen that our numerical
results are in good agreement with the analytical solutions. In order to show that our
phase-field model approaches to the sharp-interface model as the thickness of diffuse
interface goes to zero, the computations are carried out by using four different values
of e(= 0:02;0:01;0:005;0:002). The L2 norm of the relative difference between the
numerical results and analytical solutions are shown in table 2. We can observe that
as the value of e decreases, the L? norm of relative difference decreases for stream
functions. Note that a more detailed description of ths numerical experiment will be

provided in section 5.7.3.

3.8 Numerical experiments for thermocapillary effects

To illustrate the thermocapillary effects, two interesting numerical experiments were
carried out in [30]. In their experiments, a square domain with a circle inside was
occupied by a two-layer fluid. When applying two different temperature boundary
conditions: one is heating inside (on the circle boundary) and cooling outside (on the
square boundary); and the other one, conversely, is heating outside and cooling inside,

some thermocapillary effects can be observed. Due to the temperature dependence of
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Figure 3.8: Domain W for flow with thermocapillary effects.

the surface tension, the horizontal interface between the two layers deformed, present-
ing sine/cosine-like curves. However, no further analysis about the mechanism was
reported. Moreover, for a simpler numerical treatment, they employed an Allen-Cahn
equation to describe the phase-field equation rather than Cahn-Hilliard equation, which
involves fourth-order differential operators.

In the present work, we will repeat this experiment with our phase-field model, in
which the Cahn-Hilliard phase-field equation is employed. Equipped with one of their
temperature boundary conditions (heating inside and cooling outside), we will provide
analysis about the mechanism that results in the sine/cosine-like curve, the correspond-
ing computational results will be compared to show the reliability of our methods.

As shown in Figure[3.8] a squared domain with a circle inside is defined, W = [0;2]
[0:2] \F(x;y)j(x 1)°+(y 1)?>=>0:25g. Let TW = TW, [ TW; denote the boundary
of W, with TWo = TWq [TW21 [TW22 LIW3 [TWa1 [ TWaz2 and TW; = Ws [ We rep-
resenting the outer boundary and inner boundary respectively, P;, P>, P; and P, denote

four intersection points between boundary W and the horizontal midline G, where G
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is also adopted as the initial interface for the two-layer fluid.

Note that, the non-dimensionlized system for this experiment is kept the same with
that for Bénard-Marangoni convection, (3.20)-(3.23), except that the distance between
two parallel plates (horizontal or vertical) is chosen as the length scale, and q =
(9 qo)=q as the temperature scale, where qq is the reference temperature ( in the
present work, it is set to be zero), q, is the temperature difference between the square
and circle boundaries.

Now we introduce boundary conditions and initial conditions for non-dimensional
phase-field model (3.20)-(3.23) in domain W.

Boundary and Initial conditions for velocity

Ujgw =0;  Uo(X) =po(x) =0 (x2W): (3.70)

Boundary and Initial conditions for phase

firrrrsre =00 Fieqw, owar LW )n(P [P [TWsn(Ps [Py = L3
T 1w LW [TWa)n(PL L) [TWen(Ps [P) = 1 (3.71)
fo(X)=1(x2Wq); Ffo(x)= 1(x2Wy); Tp(x)=0(x20G): (3.72)

Again a Dirichlet boundary condition for f is assigned to fix the intersection points.
The horizontal line G is assumed to be the initial position of the interface.
Specic boundary and initial conditions for temperature

Case 1 : Heating inside and cooling outside

digw; =1 and djqw, =0;  do(X)jqw; =1 and qo(x) =0 elsewhere: (8:3)

As a first try, we let Ma = 80, Ra = 0, and the other parameters are kept the same with

those in Section 3.7, say Pr=5:76;Ca=2:5 10 3;G=5 10%Ra=2 10%r, =
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1:2;e =10 %;Pe=2:5 10 3. However, as the time progresses, no deformation of
the interface is observed, the corresponding streamlines are shown in Figure[3.9al As it
can be seen that, like Bénard-Marangoni convection in Case 2 of Section 3.7, two pairs
of anti-rotating convection set in, the fluid is dragged from both the middle to both
edges of the domain, producing downwelling along the centreline of the upper fluid
and upwelling of the lower fluid. Since the initial interface is assumed to be flat and no
buoyancy forces are considered (Ra = 0), the strength of the two pairs of convective
rolls are of the same degree and no deformation of the interface can be caused. As we
increase the Rayleigh number say Ra = 500; 1000; 5000, the balance of the convection
rolls is broken, with the Buoyancy forces gradually dominating the convection over
the thermocapillary effects. Streamlines for the flow at time t = 100dt with different
values of Ra are shown in Figure (3.90)-Figure (3.9d), with the increasing Ra, the two
pairs of convection rolls disappeared with one pair rolls gradually controlling the flow,
which is caused by the increasing effects of buoyancy. Figure[3.10|shows that the inter-
face eventually evolves to a sine/cosine-like curve with Ma = 80 and Ra = 5000, when
time marches longer, this curve turns out to be steeper, which are similar with those
reported in [113], where the Allen-Cahn phase-field equation is employed. Therefore
we conclude that the competition between the Buoyancy forces (Ra) and the thermo-
capillary effects (Ma) can be shown in this interesting experiment, where the interface
deforms and presents the sine/cosine curve with buoyancy forces dominating the con-

vection over the thermocapillary effects.
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@ Ra=0 (b) Ra =500

(c) Ra = 1000 (d) Ra = 5000

Figure 3.9: Streamlines for the flow with thermocapillary effects for different values
of the Rayleigh number at t = 100dt. Positive values of the stream function indicate
clockwise circulation and negative values indicate anti-clockwise circulation. Pr =
5:76;,Ca=2:5 10 3Ma=80;G=5 10%Ra=2 10%r, =1:2;e =10 2 and
Pe=25 10 3.

63



t = 0dt t = 10dt

t =100dt t =200dt

Figure 3.10: Deformation of the interface with of Ra =5 103, Pr =5:76;Ca =
10 3;Ma=80;G=5 10%r,=1:2,e =10 2andPe=2:5 10 3.
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3.9 Discussion

In this chapter, we studied a phase-field model consisting of a modified N-S equation,
a Cahn-Hilliard phase-field equation and an energy transport equation. The modified
N-S equation was derived through an energetic variational procedure, in which a spe-
cial surface tension part was considered to serve as the temperature dependent surface
tension (thermocapillary effects). An appropriate variational form and a modified mid-
point method which preserve the possible underlying energy law to its greatest extent
are adopted to compute the strong nonlinear system. By solving the non-dimensional
system, a few examples of Bénard-Marangoni convections in an Acetonitrile and an
n-Hexane system heated from above were carried out. The results presented were in
a good agreement with the physics for two-layer Bénard-Marangoni convections sum-
marized by [72]. In addition, we computed an example for thermocapillary effects
that was originally carried out in [113] where an Allen-Cahn phase-field equation was
employed. Comparing to those in [113], we present similar results to show the relia-
bility of our methods. By developing the results further, we provided an analysis of
the mechanism about the deformation of the interface, turning out that the experiment
exhibited the competition between the thermocapillary effects and buoyancy forces.
Based on our results, we conclude that our phase-field model reflects the mechanism
of Bénard-Marangoni convection in the two-layer fluid system, and the modified mid-
point methods for the phase-field model performs well with the interface deformation

in a two-layer fluid.
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Chapter 4

A numerical method for the
guasi-incompressible
Cahn-Hilliard-Navier-Stokes
equations for variable density flows

with a discrete energy law

4.1 Introduction

In this chapter, we investigate numerically a diffuse interface model for the Navier-
Stokes equation with fluid-fluid interface when the fluids have different densities [87].
Under minor reformulation of the system, we show that there is a continuous energy
law underlying the system, assuming that all variables have reasonable regularities. It

is shown in the literature that an energy law preserving method will perform better
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for multiphase problems [65, [83) 184]. Thus for the reformulated system, we design
a CO finite element method and a special temporal scheme where the energy law is
preserved at the discrete level. Such a discrete energy law (almost the same as the
continuous energy law) for this variable density two-phase flow model has never been
established before with CP finite element. Newton’s method is introduced to linearise
the highly non-linear system of our discretization scheme. Some numerical experi-
ments are carried out using an adaptive mesh to investigate the scenario of coalescing
and rising drops with differing density ratio. The snapshots for the evolution of the
interface together with the adaptive mesh at different times are presented to show that
the evolution, including the break-up/pinch-off of the drop, can be handled smoothly
by our numerical scheme. The discrete energy functional for the system is examined

to show that the energy law at the discrete level is preserved by our scheme.

4.2 Quasi-Incompressible NSCH System

We consider the following non-dimensional Navier-Stokes Cahn-Hilliard (NSCH) sys-

tem with variable density governing the motion of a two-phase fluid:

u= PieDm; orr= r u (4.1a, 4.1b)
1 1 1 1 "
ru= vl p+C (r ¢ ¢ + (R_e u)+ ﬁ( u) ﬁ(r ro)j;
(4.2)
1
rc= (% m); 4.3)
frp C Mroa
m = f(c) Tcrz v (r o = Y (4.4)
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where

X=x+(U )X

r=r(c)

ro

X=(X;y)

—)

y

F(c)=c?(c 1)%=4

f(c)

cC
C
M

Re
Fr

Pe

the material derivative,

the velocity of mixtures,

the pressure,

phase variable (c = 1: fluid 1; ¢ = 0: fluid 2),

the variable density of the mixture, a function of c,

the chemical potential,

a constant representing the “background” or reference density,
the Cartesian coordinate system,

the vertical component of the unit vector in

Cartesian coordinate system,

the vertical coordinate,

double-well potential (free energy),

the derivative of F,

extra reactive stress,

the capillary number measuring the thickness of the interface,
an analogue of the Mach number measuring the relative strength
of the surface tension and chemical energies,

the Reynolds number,

the Froude number measuring the relative strengths of

inertial and gravitational forces,

the diffusional Peclet number measuring the relative strengths

of (chemical) diffusion and advection.

Note that, as the gravitational effects are considered here, the system (4.1)-(4.4) we in-

vestigate in this paper is modified from the quasi-incompressible NSCH system in [87].

Comparing to the system of equations in [87], a gravitational force (r ro)j:Fr2 is
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added to our momentum equation (4.2). Further, in order to maintain the thermo-
dynamic consistency of our system, an extra term  rogay=Fr? corresponding to the
gravitational forces is added to the chemical potential equation (4.4) (See Remark 4.2.1
for details).

Following Lowengrub and Truskinovsky [87], a simple mixture assumption is used
and the variable density is given by a harmonic interpolation of the densities of the two

incompressible constituents:

1 ¢ 1 c

rc)y ri ry’

where c is the mass concentration (phase variable), and ry, r» are constants represent-

ing the densities of the two incompressible fluids respectively. Further we have

fir )
o ar (4.5)

where a = (r2 rp)=r,rq is a constant. Note that the above variable density model
is different from the most other models, where in the most other models the density
is assumed to be a linear function of c. This is a good approximation of the simple
mixture formulation if the densities are nearly matched. The harmonic interpolation
means that the volume of the mixture is preserved (see [13] and [19] for comprehensive
reviews). Moreover, by considering Eq.(4.3), we obtain

1Mr a

u= F%c = %Dm: (4.6)

It can be observed that the two continuous equations in Eq.(4.1) are equivalent

a
r= r u u= —Dm: 4.7
O - (4.7)
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It is well known that for the incompressible flows, the velocity field satisfies the diver-

gence free condition,
u=0: (4.8)

In this variable density model, however, this condition is no longer valid. Due to
the variation of ¢, a mixture of two incompressible fluids with different densities can
be compressible across the interface. In [87], such binary fluids satisfying Eq.(4.1)
are termed as quasi-incompressible. Note that the energy law preserving numerical
method is designed in this paper corresponding to either Eq.(4.1a) or Eq.(4.1b), where
in practice the method with Eq.(4.1a) is chosen for our computations. By presenting
the distribution of  u, the compressibility of quasi-incompressible flows along the
interface is demonstrated in 84:6 (Fig. [4.4)and Fig. [4.5).

The system is supplied with the initial conditions:
Ujt=0 = Uo; Cjt=0 = Co;

the Dirichlet boundary conditions for the velocity: u(= by) and the Neumann bound-
ary conditions for the phase variablecandm: ¢ A=0and m A =0, where fiis the

unit outward normal vector of the boundary.

Remark 4.2.1. Based on entropy production, the quasi-incompressible NSCH system
[87]] was derived through an energetic variational procedure. It is thermodynamically

consistent with an energy functional E,

Z 1 - 2 l C - 2
E= W EI’]UJ +MrF(C)+WrJ cjc dx; (4.9)

where rjuj?=2 is the kinetic energy, and r F(c)=M +Crj cj?=2M is the Cahn-Hilliard

free energy. For simplicity, we only consider the two-dimensional case in this paper.
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Here x = (x;y) is the two dimensional Cartesian coordinate system. Note that the
potential energy is not considered in the original system.

In this paper, as the effects of gravity are considered, we consider the modified system
(4.1)-, where the corresponding non-dimensional total energy E for the system
(4.1)-(4.4) now can be defined as

B=E-+E,
1
Z 11 c 1 -
= EI’]U] +MrF(C)+W” Cj +mry dx (4.10)

in which E is from the original system (Eq.(4.9)) and Eg is the gravitational potential

energy,

1
Z 1 -

Eq= —ry dx; 4.11
where W is a bounded domain and y is the coordinate in vertical direction.
We now rederive the system of equations with respect to the total energy E (Eq.(4.10)).
Differentiating Eg with respect to time (associated with the the variational procedure)

we obtain

dgg < 1
= — (ru)y dx; (4.12)

dt W Fr2

where Eq.(4.1b) is used. Note that, for the sake of convenience, a reference density
o is subtracted off from the gravitational forces in the NS equation (4.2). In order to

derive the gravitational force (r ro)]:Fr2 within a thermodynamically consistent
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framework, we multiply Eq.(2.1a) by  roy=Fr? to obtain

z 1 1 1

W ﬁroy u ﬁroya (% m) dx=0: (4.13)

Adding Eq.(4.13) to Eq.(4.12) and using integration by parts, we obtain

dgg < 1 ayro
= . - Ad
dt w Fr2(r Fojyu Frzpe ' "
1
V4 1 roa R
— . | dx; 4.14
W Fr2(r Fo)u Frepe Jox; (4.14)

where A is the unit outward normal vector of the boundary W and

= O

(4.15)

—
[l

<
[l

is the vertical component of the unit vector in Cartesian coordinate system. With the
homogeneous boundary conditions that the interface is assumed to have no intersec-

tions with the boundary W, we arrive at

1
dgg 2 1 1 Mroay ~

T— W ﬁ(r I’o)j u I\/I_Pe m (?) dX, (416)

where, we notice that, with the reference density, not only the gravity but also the
chemical potential contribute to the time rate of the change of the potential energy.
Based on the entropy production and the variational procedure that is used in [87], the
first term at the right hand side will result in the gravitational forces (r ro)j:Fr2
in the NS equation (4.2)), acting as the external forces of our the system, and the second
term at the right hand side will contribute to the entropy production and will result in

Mroay=Fr? in the chemical potential of our system. We thus obtain a new
chemical potential (4.4), which differs in the original model derived in [87] that an
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extra term  Mroay=Fr? appears to account for the potential energy associated with
the gravitational force. In what follows (section 4.3), we will derive the energy law with
respect to the total energy B (Eq.(4.10)) to show that the thermodynamic consistency

is maintained in our new system.

4.3 Energy Law Preserving Weak Form

We note that, only first order derivatives of u, p, G, ¢, mc are present so that the C°
finite element method can be used to solve the problem under this weak form. For
simplicity, we only consider the two-dimensional case in this paper. The results can
be straightforwardly extended to three dimensions. Let W be a bounded domain. We
denote the boundary of W by W and suppose that W is sufficiently smooth (for ex-
ample, Lipschitz-continuous). Denote the following spaces as W13 (W) = (W13 (W))?,
W3 (W) = fu 2 WE3(W);u = b on TWg. Note that in order to obtain a meaningful
weak form, we require r is positive and r 2 L¥(W), and ru 2 WX3(W). A direct vari-
ational or weak form may be derived straightforwardly by multiplying Eq.(4.1a) with a
test function g, Eq.(4.2) with v, Eq.(4.3) with y and Eq.(4.4) with c. Using integration
by parts, we obtain the weak form as the following: Find u 2 W>(W), p 2 W132(w),
c 2 WH3(w), m 2 WL3(W) such that

a

u gq 5o m g dx=0; 8q2WH=2(W);  (4.17)
W Pe
Z 1 C 1 1
W ru V+MV p M(r cC ©): v+% u: V+ﬁ( w( v)

!
! R 13
+ﬁ(r ro)j v dx=0; 8v 2 W, (W);  (4.18)
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|
Z 1 -

réy+—m y dx=0; 8y 2WL3=2(w):  (4.19)
w Pe
|
z firp C Mroa =
W mc f(c)c+%ﬁc+F( r c)c Cc c+ == yc dx=0;

8c 2Wi3(w): (4.20)

At most, only first order derivatives of u, p, ¢, m, v, g, y and c are required so that
the C° (conforming) finite element method can be used to solve the problem in this
variational form. In the case of homogeneous boundary conditions, there is an energy
law that underlies the system [87]. We now formally rederive the continuous energy
law using the weak form (4.17)-(4.20) (with homogeneous boundary conditions for u),
which is useful in deriving the discrete energy law preserving numerical scheme later.
For the momentum equation (4.18)), by setting v = u and using integration by parts, we

obtain

Z di 1 Z 1 C

raz(u u) (ru)z(u u)y dx= W Mp( u)+m(r c ¢):u

1 1 1
. - _.. ..2 _.. ..2 .
F2(f roj udx i Uiz gedl ulizr (4.21)

where we used the following identity under homogeneous boundary conditions

| [ |
Z - Z 1 -

r(u Juu dx= (ru)z(u u) dx for ujqyw =0:
W W 2
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For the Cahn-Hilliard equation (4.19), we sety =m=M a(r ro)y=Fr> aru
u=2 arF(c)=M arC( ¢ c¢)=2M ap=M to obtain

1

z 1 roa 1 1 1 C 1p =

—rém+ —yré¢+ —yr + — r+ —F()r+— F + ——

W I\/Ircm l:rzyrc I:rzyr 2u ur v ©r M c cr M r dx
1

Z a rr 1 1 C p- 11
= e m Yty u+MrF(c)+mr c CcHo dx vipel M
(4.22)

For the chemical potential equation (4.20), we set ¢ = r¢=M to obtain

Z 1 d 1 C d C ]
—r—F — F — r— N
W Mrdt (© v (ru) (c)+2Mrdt cC 0©) oM (ru)( ¢ c¢) dx
1
Z 1p C 1  ra -
= MFr M(r c C): u+mrcm+ﬁyrc dx; (4.23)

R
where, for the term ,(r f(c)c=M)dx, we have

1 1
Z 1 N Z 1 d 1 )
Mrf(c)c dx = W MraF(c)+Mr(u )JF(c) dx
1
Z 1 d 1 )
= MraF(c) M (ru)F(c) dx: (4.24)

R
And for the term ,(Cr ¢ c¢c=M)dx, we have

| 1
Z C N Z ¢ d C )
" Mr c ¢ dx= W Wrﬁ( c C)+Mr Cc (u ) dx
|
Z c d C C )
= Wra( cC ©) o] (ru)( c C)+M(r c ©): u dx; (4.25)
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in which the following identity is used,

1
(rrc ¢= (r o c+§r ( c o), (4.26)

such that

Mr c (u ) dx

C C
(r o)(u ) mru (c c)+mru (c ¢ dx

N
20 Zo

(rrc c¢u M (ru)( ¢ c¢) dx

Z C C '
- —(rc ¢:u — (ru( c ¢ dx (4.27)

By adding Eqgs.(4.21)-(4.23) together, we obtain

dlp ., Cp 2 1
g 2l Ui+ ol T clie+ " MrF(C) dx

1 1 1
_ _.. 2 ae ..2 -u ..2
= ReJJ ujji2 _3Re“ ujji 2 _MPe” mjJi2
Z 1 . roa 1 1 C
+ + - +— +—
rg)j u FrZPeJ m+( u) 2ru u MrF(C) 2Mr( cC 0©)

=

1 a 1 1 C 1
+_—_p +— — + — + + — : .
Ile Po m 2ru u IVIrF(c) 2Mr c ¢ Ile dx: (4.28)
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For the continuous equation (4.17), wesetq=ru u=2+rF(c)=M+rC( ¢ c)=2M+

p=M + (r ro)y=Fr?, through integration by parts we obtain

z 1 1 C 1 r
= = + —rF(c)+ — +_—p+
0 " ( v ru u Mr (© 2Mr( c 0©) Mp Fr2 y
1
a 1 1 C 1 r rop
— - + — + — +_—p+ : )
Pe m 2ru u IvlrF(c) 2Mr c ¢ Mp 2 y dx:  (4.29)

By adding Eq.([4-29) to Eq.(4.28), having in mind Eq.(4.15) and the following identity

under the homogeneous boundary conditions for u

1 1
Z 1 - Z )

W Frz(r ro)j u dx= W Er? (r rouy dx; (4.30)

we finally obtain the continuous energy law for the quasi-incompressible NSCH sys-

tem with respect to the total energy [ (defined in Eq.(4.10)),

1
. '
dE’dlp_ C p_ 1 1

o a P rUJJ._2+2—JJ r CJJ._z W —rF(C)+ 'y dx

1 1
= = ujjz, ji mjjt: (4.31)

i it e

3Re

By using Eq.(4.16), we obtain

1
7 !
de d 1 C p_

1
_ = _ _i™Fuii? 4+ _
G g A MUt T CJJLz W MrF(C) dx

1 - - .2
= @JJ ujj2
Z 1 ) ra .

W ﬁ(r ro)j U+Fr2Pej m dx; (4.32)

_.. ..2 _.. ..2
3Re” ujjy 2 M Pe” myJi2
1
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for the original energy E (Eq.(4.9)), without the potential energy. Note that two energy
laws (4.31) and (4.32) are equivalent in the continuous case, whereas, at the discrete
level, this equivalence relation depends on the discretization of the numerical meth-
ods. In section 4.4, two energy law preserving numerical methods are developed cor-
responding to the energy law (4.31)) and (4.32) respectively. The method (based on
Eq.(4.1a)) with respect to the energy law (4.31)) is used for our computations, and the
other method (based on Eq.(4.1b)) that preserves the energy law (4.32) at the discrete
level is presented in Remark 4.2.

From Eqgs.(4.22)), (4.25) and (4.29) we notice that, in deriving the energy law, the terms

Cr ¢ [(u )]=Mand aC m (r c¢ c)=2MPe are involved, implying that a
higher regularity than ¢ 2 W12 is needed and that more complicated C? finite elements
are needed. To ensure the energy law with the lower regularity ¢ 2 W %3, we need to re-
formulate the equations of the system (4.1)-(4.4), so that only first order derivatives of
c are required during the derivation so that an energy law preserving C° finite element

method can be derived.

4.4 Reformulation and the Numerical Method that Ac-

curately Preserve the Energy Law

We first reformulate the momentum equation (4.2) and the chemical potential equation
(4.4) in order that a rigorous energy law can be derived using lower regularity require-
ments so that the continuous (C°) finite element can be used. We emphasise C° finite
elements because they are much simpler than the finite elements with a higher degree
of smoothness and are available in most existing finite element software packages,
which reduces various complications. Based on the weak form of reformulated sys-

tem, we then develop a special numerical scheme such that a discrete energy law can
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be rigorously obtained that is very similar to the continuous one (4.3I). This feature
not only immediately implies the stability of the numerical scheme, but also ensures

the accuracy of the solutions.

4.4.1 New Formulation of the Momentum Equation

In order to obtain an accurate discrete energy law, we first consider the continuous

equation (4.1b)

rr+ (ru)=0;

by multiplying u=2, we obtain

1 1

— + — =0:
2rtu 5 (ruyu=0

By adding this term to Eq.(4.2), we obtain

1 1
PrPruy+ru yu+ 5 (ruu= = p+C (rc o
1 1 1 .
+ (@ u) + ﬁ( u) ﬁ(r ro)j: (4.33)

We next consider the chemical potential equation (4.4) and rewrite it as

frp C Mroa

m f(c)+ﬂﬁ+F (r o)+ Fr2

y=0;
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by multiplying r ¢=M and using Eq.(4.26), we obtain

1 1 1p C
Mr cm Mr F(C)+MF r+m (rc o
C roa
mr (c c)+ﬁyr c=0: (4.34)

By introducing a new pressure p,

C
p=p+rF(Q+rj o (4.35)
we obtain
C
p=p rF() Erj cj?: (4.36)

Adding Eq.(#.34) to Eq.(#.33) and using in mind of Eq.(4.38)), we obtain a new formu-
lation of the momentum equation

IDF(IDFu)t+r(u )u+} (ruu= ir (E)+irm c
2 M r- M
1 1 INnpa 1 N
+ (R_e u) + ﬁ( u) +ﬁyr c ﬁ(r ro)j: (4.37)

Note that the similar treatment for the variable density terms can be found in [110],

where a different phase-field model has been studied and a variable s = P

T was in-
troduced.
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4.4.2 New Formulation of the Chemical Potential Equation

For the chemical potential equation (4.4), by multiplying r on both sides and substi-
tuting (4.36) we obtain

frp 9r irC Mrpa

rm=rf(c) ﬂF_'-ﬂF(C)_'—EE( c ¢) C (r o =

yr:

Note that the reason we introduce a new pressure p and reformulate Eq.(4.2) and
Eq.(4.4) is that, in the weak form presented later, we can derive an accurate discrete
energy law while keeping the variables in appropriate functional spaces as we assume

at the beginning of section 4.3.

4.4.3 New System and Weak Form

Now we obtain the new system for the quasi-incompressible NSCH system for variable

density flows,

a
u= P—eDm; (4.38)
PrPruy +r )u+E (ruyu = 1 (—ﬁ)+irm c
2 M r M
1 1 roa 1 .
+ (R_e u) + ﬁ( u) +ﬁyr c ﬁ(r ro)j; (4.39)
1
rc= (% m); (4.40)
frp 9r irC Mrpa
rm=rf(c) %F_F%F(C)_F%E( c ¢) C (r o Fr2 yr: (4.41)
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The corresponding new weak form reads: find u 2 Wi °(W), p=r 2 W13=2(w), ¢ 2
WL3(W) and m 2 WL3(W) such that

Z ! Z a !
Loud dx = L dx; 8q2WL32(W);  (4.42)
1
Z = 7 N
P_ P 1 _ 1 p
r¢C ru v+r(u Juv+- (ruu v dx= —r(v )—
2 w M r
1 1 1 roa
Re u: v ﬁ( u)( v)+mr(v )cm+myrv C
1
1 . .
Ea(r o) v odx; 8v 2 Wy (W); (4.43)
1 |
Z - Z 1 -
y réy dx= - dx; 8y 2WE32(W);  (4.44)
L]
z z frp 1qr frc
" rmc dx= W rf(c)c %FC+%F(C)C+%E( c ¢c+Cr ¢ c
|
Mroa  ~ _
=z yre dx 8c 2W3(w): (4.45)

Ifweletv=u,y =m=M (r rglay=Fr? ap=M, c =c:=M and q = p=M, we

can still obtain the continuous energy law

d® d 1p  Cp 21 1
G Tar ) TulFoygllt Tocli+ W MrF(C)+ﬁry dx
l.. ..2 1 .e ..2 .. ..2
= %JJ ujji2 ﬁ” ujji 2 mﬂ mjJ 2-
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From Sobolev’s embedding theorem [3] (page 85), we know that

- - : np
iifiicowy  Cii fiiwy: 8F 2WHPI 1 p<q -
where C is a generic constant. As mentioned earlier, we only consider the problem in

2D cases. By setting f =c3,n=2, p=1andg=np=(n p), we have
jictiiss =lic%iie  Ciisc? cij  Ciiciifaii cils ;

where the Holder’s inequality is used (jjfgjj_r  jjfjj s=2jjgji s)- Hence, in the third
term at the right hand side, F(c) 2 L32. In the fourth term at the right hand side, it
is obvious that ¢ ¢ 2 L32 when ¢ 2 W13 by Holder’s inequality. Bearing in mind

r 2 L¥(W) and Eq.(4.5), we obtain

v 3=2 r 3=2
%F(c) 2L°“ and T c c2L7 (4.46)

and thus both integrals are finite when c 2 W23 and ¢ 2 W13,
Next we present a special temporal scheme where an accurate discrete energy law can
be obtained. If C° finite elements are used and if time remains continuous, the finite

element solution belongs to the functional spaces required in weak form (4.42)-(4.45).
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4.4.4 A Special Temporal Scheme with an Accurate Discrete En-

ergy Law

We seek to solve the weak problem (4.42)-(4.45) using a finite difference scheme in

time and a conformal C? finite element method in space. Let
Wp =WyP(W) WHZw)  wh3w)  whw);

and WD =Ul P" HM HM be a finite dimensional subspace of W, given by
a finite element discretization of W. Let Dt > 0 represent the time step size and
(ull; ;e m™) 2 W be an approximation of u(t") = u(nDt), f(t") = p(Dt), c(t") =
¢(Dt) and m(t") = m(Dt). The approximation at time t"*1 = (n+ 1)Dt is denoted as

ul™L; pn*L et mi 1) 2 WE and is computed by the following finite element scheme
h
' '
g n+1 _Z a n+3 )
Cropt g o= 55 M 0 qodx; (4.47)
w w €
Z
p_
" 2( ru)n+1 v+r, 5 Pruyt  Prupt v
|
1 1
+§ rE+2(pFU)ﬂ+l ( ru)n+l dx
z R pn 2 1 1
= "2 h P yn+t . n+1
= VU I = Pruets v (Pru v
r
h
'
1 1 1 1 rpa 1 1 1 )
- n+; n+z 09 n+; T 3 2 ]
Marn+1(v )y “my Frzy—ar’”%v r, =T ro)j v dx;
h h
(4.48)
z rcptt;ch) 1
i Ctg+1y+ - (r +1) ( ru)n+1 CR+1
W n+3 n+;
ary 2rh
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Z 1 1 =
+(rM?( ru)”+1 ly dx= _ mr? y dx; (4.49)
W Pe
1
VA repttel) L1 z 1
1h m 2c dx= re g(cn+1 che r(cn+1 chpy
w ar’ 2 w r
h h

1 C
+5 FE™)+F@E) riephiape+4( o™ o+ of  epr(ep™iene
1

1 1 r(c”+1 C )Ml’o
+Crr?+ cﬂ+2 c+ v " yc dx; (4.50)
h

for all (v;q;y;c) 2 Wh, where WH represents the space WI (b = 0) satisfying homo-
geneous Dirichlet boundary conditions and

P

rn+1 _ r]_ I’g ] rn+% _ rrzH'l -+ r[q pFn+% _ rr?+1 =+ ﬁ

" (2 r)ct+ry h 2 h 2

q
n+1 +1,,n+1 p +1,,n+1 p*
o+l o+ p nel _ "E‘ Up "+ Uy o nel — rp " ug rpup.
Ph "= % Cruy e, P - (Cruy Dt
rh + rh
n+1 n+1 n+1
c'J*l _"h Cﬂ_ Cn+% — Ch +CE. n+% — My, +mfr11:
1 Dt ' h 2 h 2
Further,
n+1. 1 n+1/~n+1 NgAN n+1 n
g(cy ch) =12 ch (ch D+cy(cy 1) (¢, " +cy 1) (4.51)

is an approximation to the nonlinear function F'(c) = f(c) =c(c 1)(c 1=2), where

we note the identity,

Fp™) Fp) =ap™™eper™™ o (4.52)
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Here

rira(ra  rp)
rch*tep) = n : (4.53)
+
(ro ry g +ry) (r2 rycp+r;

is an approximation of the nonlinear function

Tr(c) ) rira(rz i)
7 = ar<(c)= 5 (4.54)
: (rz ric+r
where we note the identity
riept™  riep) =repttepert™t o (4.55)
And we use
e (Y )
il 0 el N0 —7 (4.56)
ar 2 r 2 r 2
h h h

to approximate r (c).

Theorem 4.4.1. In the case of homogeneous boundary conditions, the solution of
scheme (4.47)-(4.50) satisfies the following discrete energy law, which is analogous

to that obtained in the continuous case in Eq.(4.31),

1 Z 1
1 I 1 1::2 - 1 1::2 1 1
B+t = S G+ o i o + y R
1
1
TEam Y o
t
= i Prortz, i Prort, i ™R @s)
Re h L2 3Re h Hz ype? Th M T
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Proof. According to the continuous energy law, by setting v = (pFu)ﬂ+1 in Eq.(4.48)

and using integration by parts, we have

1
Z 1 rjn"'?
.. .. h n+1 P—
_ rn+1un+1 2 — . r. 2 ru n+1
2]] h Un J2 T Mrrr]]+% ho h
1 rOy p_ n+1 1 1 p_ n+i n+i
M n+%( I"U)E_'_l rh ’ M n+%( I"U)E_'_l rh th ?
arh arh
1
1 1 ) 1 1
n+1 . P_ . P_ N . P o
+ea(rn T vl Crupt dx i CTuRti ol Crunit
(4.58)
Takingy = (ri"™ ro)ay=Fr2 apy =M +m"""*=M in Eq.(4.49) leads to
g ! n+1 ! g a n+3 n+3 1 P— \n+1 n+3
w B2 VX = Fome M C ) G
1 roy roy 1 a 1
n+1l, = P— \n+1 n+3 n+3
Er2 ok Marn_._%( ru), ry ErZpe My (roy)
h h
AN+1=2 AN+1=2
1 pﬂ+ h 1 a 1 1
1 P— 1 n+3 n+3 N+ 3
M  n+l rtD+ M n+%( I’U)E_F M 2+Mpe my, ’ Ph ’
h h
1 +1 |
1 :+2 ml.? 2 p 1 l 1
+ iy ( Fu)n+1 rn+i dx JJ mn+§jj2 . (459)
17t 1 h h h L2
Marrr]wz Marrr]l+2 MPe

By taking ¢ = cf**=M in Eq.(4.50), we obtain

C HH n+1 n+1;::2 1Z n+1 n+1
—2ij r Ch JJLZ+M W r,F(, ) dx =
t
1
z 1 1 . 1prtE 1 roy )
n+1.,N+3 h n+1 0 n+1 .
— i | P r- — r; dx: (4.60)
k: h Tt 2 't
w Marr?"'z M I’;H_Z Fr rrr]‘"'z



n+1=2

51 1=2o\ + (r,

Taking q = p,,

ro)y=Fr? in Eq.(4.47) and using integration by

parts, we obtain

z P n+1 1An+1=2 1
0= W (" ru), P +m(r ro)y
1
a 1 1 1 }
. n+;5 _An+1:2_|_ .
Po my, Mph _FrZ(r ro)y dx: (4.61)

Combing Eqs.([4.58)-(4.61) together, we finally obtain the discrete energy law (4.57)
for the weak form (4.47)-(4.50),

Z
lj_gp+1= Ejjqrn+1un+1jj22+£jj rn+1 Cn+1jj22+ irn+1F(Cn+1)
t 2 h h L M h h L W h h
1
+ﬁr{]‘+ly dx
t
1 1 1 1
— P \n+1:2 = P \n+i2 PR LS FTY I
= gzl ( ru)ntijc el ( ru)ntiics Vipgl M itz

This completes the proof. 2

Note that the numerical scheme (4.47)-(4.50) is used for our computations later. An-
other energy-law preserving numerical method with respect to the continuous energy

law (4.32) may be also designed, see Remark 4.4.2.

Remark 4.4.1. We now remark about how to implement the scheme (4.47)-(4.50) and
how to choose continuous finite element spaces based on the above derivation of the
discrete energy law. From the weak form (4.47)-(4.50) we observe that u appears in the
form of pFu and p appears in the form (or can be made in the form) of p=r. We can
thus introduce new variables @ = PFu and p = p=r, and denote the corresponding

finite element spaces as U" and P" respectively.
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Remark 4.4.2. If we want to solve the model based on equation (4.1b) instead of

(4.1a), we can also design a method which can preserve the energy law (4.32) at the

discrete level. With ul™*®; pi*t; c2*1mM;v; q; y; ¢ in the appropriate spaces, we seek
solutions (uf™*; pi+t; i+t mM*1) by computing the following finite element scheme
Z ! Z !
y r’*lg dx= y re 2( ru)n+l dx; (4.62)
Z
2( ru)n+1 V+rh 2 ( r.u)n+l ( ru)n+1
w
1
1
+5 M2 PRyt Prort v o
zZ 1 1
— n+s n+1 . P— \n+1
= — v) — (Cruftts v —— ru v
W MPh (v ( h 3re (W) W)
1 41 et 11 1
+ o m 2(v e 24— FEMH+F(E)  (rp 2v)
M 2M
Lpy C )
S e (D LA G A S B )
My
1
od 1 n+1 L et 2
+ﬁyrh v ¢ ? ﬁ(rh 2 rg)j v dx; (4.63)
' '
z n+ n+3 z 1 e
r, : My +r z ( ru)n+l ¢, ’y dx= —m ’ y dx
W Pe
(4.64)
Z ! Z
n+% ”+% _ n+1. n+1 2
r, ‘m, ‘c dx= rh g(c ;cp)C ch)ph C
w w rh
1
1 Mrpa +1
+Crr? 2 E+2 C £r2 yr,? c dx; (4.65)

where, instead of Eq.(4.1a), Eq.(4.1b) is used for the weak form, rn+1 = (rn+1

n+1=2

ri=Dt; and py - = (pp** + pf)=2. Note that when taking v = (pru)n+1 y =
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n+1=2 n+1=2

— —Cv2- ~ — SN+1_ —_ n+1=2
my, =M +rpay=Fr-;c =c;" =M andq= p,

=Mr
h
C( cf™ o™+ ¢ c!)=4M in the weak form (4.62)-(4.65) respectively, we can

obtain the discrete energy law corresponding to the continuous energy law (4.32),

1 C Z 1 )
E»[D-'-l: EJJ rr?+1uﬂ+ljjﬁz+mjj F}T+1 Cﬂ+ljjﬁz+ y Mrr?-'-lF(CR_Fl) dX ]
t
1 1 1 1
A © .. . P— . . +5..
= i CrOiit g=di Crufis i my i
'
z 1 1 roa )
+z2 > P— o . +1
y ﬁ(rg 2 ro)j ( ru)ﬂ+1+mj mr? 2 dx: (4.66)

4.5 Implementation Issues

As the weak form (4.47)-(.50) is a highly nonlinear system consisting of the vari-
able density Navier-Stokes equation with extra stress term, an advective Cahn-Hilliard
equations, we employ Newton’s method to linearise the system. We first briefly intro-
duce a Newton’s linearisation for time-dependent nonlinear equations associated with

the unknowns, G, p, ¢ and m at the implicit time level,
F(Gn+1; p-n+%;cn+l; mn+1) — O, (467)

where F is a vector function corresponding to the weak form equations (4.47)-(4.50)

respectively, G and f are the new variables defined in Remark 4.4.1. and ﬁﬂ“zz =

ﬁﬂﬂzz:r{:ﬂ:z (treating it as a solution for p at the (n+ 1=2)th time step in our compu-

+ FE™+F(c)) =2M+

tations). The solutions at the (n+ 1)st time step ((n+ 1=2)th for §) (@™*%; p7*2: c+1; mn+1y

are unknown, and (a"; p" 2:cM; m") atthe nth ((n 1=2)th for ) time step are obtained.
If n =0 the initial conditions for {; f;c;m are taken as the initial guess (iG%; p°;c%; m)

for the nonlinear iteration with f° = p°. For the iteration of Eq.(4.67) at the (n+ 1)th
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time step, the Newton’s method is

1
_ n+1. sN*+3. n+1..,,n+1
0= I:(us+1 ps+1 ’Cs+1 ) ms+1

n+1(Un+l,ps Cn+1 n+1)(G2:11 l~J2+1)

N+ N+ n+1
+ pn+1(un+1’p5 2 Cn+1, n+1)(ps+1 Ps 2)

l
+Fa (00 s 25el;mM (el E ity

+F0 n+1(un+1 ps 2 Cn+1 Q+1)(mn+l msn+l)

s+1
n+1. n+1 n+l .
+F (™ b *i, JCg Mg )
Further we can have
n+1. N+ 2 n+1 n+1 n+1 0 n+1. 2 n+1 n+1 ~N
Floa (G2 Bs 25 )US+1+F 1(u ;P 2;ch )Bos s

0 n+1. n+1 n+1 n+1
+F n+1(U ,ps 2, G Ty Mg )Cs+1

0 n+l. AN+3. el n+1 n+1
+F n+1(u 1pS 2 C ’ S )ms+1
— 0 n+1. n+1. n+1 ~n+1
=F; n+1(U ps C ; )Us

1
~n+1 n+1 n+1 ~N+35
+F~n+1( ; Bs *2, ; Cs )Ps

0 n+1. n+l n+1 n+1 0 n+1. xN+3 n+1 n+1 n+1
+Fn+1(U ps *3. ; Cg )C ~+F n+1(U ;Ps Zicg mimg T )mg

F(u”*l,ﬁg 3. Cn+1 sn+1); (4.68)

1
where (G0*L; pe 2;c0*L:mI*1y are the solutions obtained after the s’th iteration step
at the (n+ 1)th time step. In the two dimensional case, we define the differentiation

operator for the velocity u as

F0n+1(~2:11 0 =Fh 0y Wi +FL T wlth): (4.69)
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In accordance with the local quadratic convergence theory of Newton’s method, Eq.(4.68)
should converge rapidly with good initial guesses. Note that the initial guesses of iter-
ation at the (n+ 1)th time step are usually given as the solutions of PDE at the previous

nth time step

o ~n.an i
(un+1 n+3, c8+1;m8+1)=(u”;p” 2:¢™m"):;

1
We then solve Eq.(4.68) by treating (G72; pry 2; ¢+ mP L) as an approximation for

the solution at the (n + 1)th time step (@™*%: p1*2;¢™1;: m"*1), where, in the end, we

expect

1
n+1 n+1. n+1 n+1 ~N+ n+1...n+1
( ’p ;M ) I ( s+1° ps+1 1Cs+1’ms+1

Note that the solutions of velocity u and pressure p at the (n + 1)th time step can then

be obtained by
Gn+1
An+l _ antdon+l
un*l = pP—; p”+2 = p”+2 rhtz
rn+l

In practice, we introduce a stopping criteria for the inner nonlinear iteration

+1

~+
O OiR ity Pe Ziid. +iickiE T2,
1
+jimIt w2, <tol: (4.70)

With a sufficiently small tolerance (here we set tol = 10 ° in Eq.(4.70)) and proper
initial guess, our numerical method for (4.47)-(4.50) converges rapidly in practice.
Several examples are presented in the next section to demonstrate the capability of our

method.
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4.6 Numerical Experiments

With the help of the FreeFem++ platform [61] and MATLAB, the computations are
carried out using the P, (piecewise quadratic) continuous finite element for the veloc-
ity @, the phase variables ¢, m and the pressure . Note that in this computation, the
same order elements are used for the velocity u and the pressure p, which is not a
normal stable combination for the computations of incompressible NS equations. The
model we consider here is quasi-incompressible, where the velocity is not divergence
free anymore, and the chemical potential appears in the continuous equations (4.47).
Therefore we use the p, elements for chemical potential and velocity. As the pressure
term appears in the chemical potential equation (4.50), and the pressure is linearly re-
lated to the chemical potential, we therefore use the P, elements for the pressure as
well. On the square domain W =[ 1;1] [ 1;1], we apply Dirichlet boundary condi-
tions for the velocity (i = 0) and Neumann boundary conditions for the phase variables
( ¢ A=0, m A=0). Moreover the initial condition for the velocity is set to be zero
(Ujt=0 = 0). For the phase variable c, different initial conditions will be supplied as
appropriate for the examples considered.

The solutions to the Cahn-Hilliard equations are nearly constant in the so called bulk
region, which typically comprise the largest part of the domain. Between the bulk
regions, the solutions exhibit thin transition layers, through which their values can
change rapidly but continuously between their values in the bulk regions. In many
cases, it is sufficient to finely resolve only the transition layers, and a fixed grid mesh-
ing represents a waste of computational resources. Thus, efficient adaptive mesh which
resolves only the thin layers near the interface is desirable [76]. In this paper, we adopt
a variable metric/Delaunay automatic meshing algorithm for all the examples, which is
built in the FreeFem++ platform (see [60] for details of this method). All the examples

are computed using adaptive meshes. Snapshots for the adaptive mesh together with
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the evolution of the phase variable c at different times are presented in Example 6.2

below.

Example 6:1 We study the coalescence of two kissing drops with different density
ratios: (a) 1 : 1 (density matched case, r{ =rp =1); (b) 1: 10 (variable case, r; = 1,
ro = 10), where the heavier drop is set in a lighter medium. The effect of gravity is
ignored in this experiment. Moreover we set e = 0:01, C = 100e2; M = 1=(10e); and
Pe = 100=e, Dt = 0:01 for the time step. Here e is a small parameter related to the
interface thickness. In [87], the stationary solutions for the phase field and pressure
were given, which can be used as the approximations for the initial conditions. Based

on their work, we use the following as the initial condition for the phase variable c,

P '
1 r+ (x a)+(y ay)?
c = <tanh P—
2 2" 2e
-
1 r+ (bRl byt
+ Etanh 2p§e ; (4.71)

where r is the drop radius, (ax;ay) and (by;by) are the initial centre positions of two
drops. Here we setr = O:Zpi, (ax;ay) =( r:pi; r:pi) and (bx; by) = (r:pﬁ; r:pi).
For simplicity, we set p = 0 as the initial iteration of Newton’s method for the pressure.
Here we refer [87] for detailed study of the pressure. This example is computed using
the adaptive mesh, where the shortest edge of all the grids is set to be 1=128 <.

Fig. [4.1] shows the evolution of the ¢ = 0:5 contours (black solid line) together with
the velocity field for the density matched case and the variable density case from times

t =0:01tot =260 andt = 0:05tot =70, respectively. Because their interfaces over-
lap, the two drops coalesce into one larger drop for both cases with slightly visual
differences.

In [87], a sharp-interface asymptotic analysis was carried out for the quasi-incompressible

94



NSCH system, where the interface was assumed to be normal to the z-axis and the fluid
velocity, pressure and concentration are independent of time, x and y. At the equilib-
rium, they used the excess free energy to identify the surface tension s of the system,
which can be given as

CZ ¥

s=— r(c)c2dz: (4.78)
M +¥

We see that the surface tension for the quasi-incompressible NSCH system is density
dependent, where to be specific, for our example, the surface tension for the density
matched case (r; = rp = 1) is smaller than that for the variable density case (r; =1,
r, = 10). As can be seen from Fig[4.1} our numerical example agrees with this analy-
sis, where the effects of surface tension are stronger in the variable density case lead-
ing to a higher rate of interface coalescence, and the corresponding velocity fields are
stronger as well. Moreover, the magnitude of the velocity is decreasing as the time
passes for both cases, which states that the systems are approaching to the equilibrium.
From Fig. 4.2} we observe that the volume of the drop in the entire domain is preserved
well, where RW cdx = constant = 3:49321 for the kissing drop examples in the whole
time interval of computation.

We also examined the time evolution of the total energy (with the discrete energy law
defined in Eq.(4.57)) for both cases. The discrete energy functional is shown in Fig.
[4.3] As the interface deforms, we observe that the total energy is decreasing mono-
tonically as predicted by Theorem 4.1, and tends to a constant value corresponding to
a single larger drop near the equilibrium. Moreover, the case for variable density has
a larger total energy than that of the density matched case, which is consistent with
the density dependence of the total energy of the quasi-incompressible NSCH system
(Eq.(.10)). We have also tested different mesh sizes and can conclude that the energy

law (the decay of the energy) for this variable density model is indeed preserved very
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Figure 4.1: The deformed drop interfaces (black solid line) with the velocity fields
(with arrows representing the velocity vectors and color representing the norm value)
for kissing drops. e = 0:01, C = 100e2, M = 1=(10e), Pe = 100=e and Dt = 0:01.

well using our energy preserving numerical scheme.

Example 6:2 We now consider a drop of lighter fluid rising in a heavier medium with
different density ratios: (@) 1: 2(r1 =1, r, =2)and (b) 1: 50 (r =1, r, =50).
Moreover we set e = 0:01, C = 200e2; M = 1=(20e); Pe = 1000=e; and 1=Fr? = 10:
And we set the time step to be Dt = 0:001 in (a) and Dt = 0:00025 in (b). The initial

Figure 4.2: The integral of the volume fraction c for kissing drop example in Fig.
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Figure 4.3: The energy for both cases in Fig/4.1]

condition for the phase variable ¢

P 2 2 !
1t X r (X c)?+(y cy)
C= —tan p—
2 2" 2e

1
+ 5 (4.79)

where r is the radius of the drop and (cy; cy) is the initial position of the drop centre.
Here we set r = 0:2 and (cx; cy) = (0; 0:6).

For a drop rising in a liquid, it is often desirable to study the long-time behaviour and
the temporal evolution of the interface. The drops may move a relatively long dis-
tance. Thus the computational domain must be correspondingly large which is likely
to be computationally infeasible, and this constraint may therefore prevent the desired
long time simulation. A non-inertial reference frame [66} 67] that moves with the inter-
face can be employed as a remedy for this problem. In this paper, we enlarge the effect
of the gravity as an alternative, so that the dramatic deformation can be detected in a
relatively short time period. 1=Fr? is therefore set to be 10 in this example, whereas in
[77], 1=Fr2 = 1.

The square domain W= 1;1] [ 1;1]is discretized using an adaptive mesh, where
we use a variable metric/Delaunay automatic meshing algorithm built in the FreeFem++
platform. Since the values of phase variable ¢ can change rapidly but continuously

across the interface, the mesh is adapted according to the value of j cj after every 10
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time steps, in order to track the features of the phase variable as the computation pro-
gresses. The shortest edge of all the grids is set to be 1=128 < e, so that at least one
grid cell is located across the interface to ensure accuracy. An example of the dynamic
adaptive mesh can be seen in Figi4.9

Snapshots of the deformed interface (black solid line) together with the  u are pre-
sented in Fig. [4.4)and Fig. [4.5 where we observe that the drop with a low density ratio
deforms slowly, resulting in a mushroom shape by time t = 1:4. On the other hand,
the high density ratio drop rises much faster and has deformed into a mushroom shape
by the time t = 0:225. Our results are similar to those found in [114] when the effects
of density ratio in rising drops were simulated using a level-set method. In the large
density ratio case, the upwelling motion continues to deform the drops which attain
a horseshoe shape around t = 0:4. As the drop broadens, we observe drop pinch-off
around t = 0:85, as the tips of the drop roll up and smaller drops eventually detach.
The divergence of velocity  u (color representing its value) are presented in Fig.
4.4 and Fig. 4.5 Recall that the divergence-free condition does not hold for quasi-
incompressible fluids with different densities because the fluids may mix slightly across
the interface. The two incompressible fluids can be compressible across the interface
where the two components are mixed. It can be observed that u =0, such that the
fluid is incompressible almost everywhere except along the moving interface. Near the
interface, waves of expansion ( u > 0) and compression ( u < 0) are observed.
Note that in the case of the larger density ratio, the distribution of  u > 0 is found to
be larger and more spatially localized than in the case with smaller density ratio. Fur-
ther, the compression and expansion waves tend to trail the drop in the large density
ratio case whereas in the smaller density ratio case, the waves tend to be ahead of the
drop. The divergence free condition is satisfied in the bulk regions for each component
during the pinch-off (from t = 0:85 to t = 0:915), where the distribution of  u with

non-zero value tends to appear around three drops. We expect that a smaller value
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for parameter C and corresponding finer mesh grids causes a narrower distribution of
non-zero values of  u around the drop boundary.

The flow field and the vorticity contours are presented in Figi4.6}Fig[4.8) where we can
observe that the velocity field for the second case with the lager density ratio are much
more enhanced than that for the smaller matched case, with strong spinning motions
of the fluid distributed across the drop boundary. Both cases have vorticity contours
along the wall and the boundary of the drop, where the positive value stands for the
clockwise rotation and the negative for the counterclockwise rotation. The rising of
the drop seems to affect the shape of the streamwise vortices, where the concentration
of vorticity becomes more apparent near the rear as the drop rises.

For the second case with larger density ratio, the vorticity contours are much more
condensed with the absolute value being increased significantly. Att = 0:5, we can
observe that, as the drop broadens, a pair of co-rotating streamwise vortices begin to
appear at the rounded bottom of the drop. They gain strength as they grow along the
bottom boundary, where, on the other hand, another pair of vortices that are associated
with the rotation of the elongating trailing arms of the drops tends to diminish the dom-
inance. It is interesting to note that, during the pinch-off (fromt = 0:85 to t = 0:915),
two pairs of co-rotating vortices seem to balance and both concentrate near the rear of
the larger drop.

The adaptive meshes for the rising drop of density ratio 1 : 50 are presented in Fig. 4.9}
where a grid structure that adapts to the locations of the moving interfaces is generated
automatically and adapts around the isolated drops after break-up.

In addition, we also examined the time evolution of the total energy (with the discrete
energy law defined in Eq.(4.57)) for the case of density 1:2. The discrete energy func-
tional is shown in Fig. 4.10] As the bubble rises, we observe that the total energy is

decreasing monotonically as predicted by Theorem 4.1
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e =0:01, C = 200e?, M = 1=(20e), Pe = 1000=¢, 1=Fr? = 10 and Dt = 0:00025.

4.7 Discussion

In this chapter, we designed a new numerical method to solve two-phase flow using the
quasi-incompressible NSCH system with a variable density. Gravitational forces are
incorporated into the system in a thermodynamically consistent way. We reformulated
the continuous system that enabled the use of C° finite elements. We designed a C°
finite element method and a special temporal scheme that ensured that the scheme has
an energy law at the discrete level, which is analogous to the one in the continuous
level. To our knowledge, this is the first such scheme for the quasi-incompressible
NSCH flow system.

Two examples are computed to test our energy law preserving adaptive numerical
scheme for this variable density two-phase model and to see the effects of the den-
sity ratio. In the case of kissing drops, increasing the density ratio increases the rate
of coalescence because the surface tension also increases. The drop volumes are well-

preserved by the numerical scheme. Simulations also confirm that the discrete energy
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Figure 4.10: The energy for the case of density ratio 1:2 in Fig/4.4]

functional is non-increasing, as predicted by our theory. In the example of the ris-
ing drop, the effects of the density ratio are much more obvious, where the shape of
the drop deforms faster with larger density ratio compared to the case where the den-
sity ratio is smaller. Moreover, in the case of the density ratio 1 : 50, the pinch-off
event is smoothly captured by the numerical scheme. In the NSCH model, the velocity
is not solenoidal near interfaces because fluids of different densities may mix. Our
simulations capture this feature. Namely, the numerical results reveal that away from
interfaces the fluid is incompressible, while near interfaces waves of expansion and
contraction are observed. Increasing the density ratio results in narrower waves with
larger magnitudes.

In future work, we will perform extensive studies of the two-phase problems with
more complicated interface dynamics, e.g., the moving contact line problems, where
the fluid-fluid interface interacts with a solid wall, and the dynamics of interfaces with
Marangoni effects, where surface tension gradients are induced by inhomogeneous
temperature distributions or surfactants that can be absorbed at the liquid/gas or lig-
uid/liquid interfaces. Our algorithm may also be implemented using supercomputers

S0 as to possibly simulate an air bubble in water.
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Chapter 5

A thermodynamically consistent
phase-field model for two-phase flows

with thermocapillary effects

5.1 Introduction

In this chapter, we develop a phase-field model for a binary incompressible (quasi-
incompressible) fluid with thermocapillary effects, which allows for different prop-
erties (densities, viscosities and heat conductivities) of each component while main-
taining thermodynamic consistency. The governing equations of the model including
the Navier-Stokes equations, Cahn-Hilliard equations and energy balance equation are
derived within a thermodynamic framework based on entropy generation, which guar-
antees thermodynamic consistency. A sharp-interface limit analysis is carried out to
show that the interfacial conditions of the classical sharp-interface models can be re-
covered from our phase-field model. Moreover, some numerical examples including

thermocapillary migration of a drop and thermocapillary convections in a two-layer
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fluid system are computed using a continuous finite element method. The results are
compared to the corresponding analytical solutions and theoretical predictions as vali-

dations for our model.

5.2 Variable density and mass-averaged velocity

In phase-field modelling, an order parameter (phase variable) is normally introduced
to distinguish different phases and the diffuse interface. Lowengrub and Truskinovsky
[87] have argued for the advantage of using a physically realistic scalar field instead
of an artificial smoothing function for the interface. Several physically realistic scalar
fields have been suggested as the order parameters for phase-field modelling, e.g. the
mass density r for the case of a single compressible fluid with different phases [7],
the mass concentration c of one of the constituents for the case of compressible and
incompressible binary fluid [87, [2], or an alternative phase variable, the volume frac-
tion T for the case of a incompressible binary fluid [85] and solidification of single
materials [123]. Here we choose the mass concentration ¢ of one of the constituents as
the phase variable, and begin by introducing the variable density for the mixture. We
consider a mixture of two fluids in a domain W, and take a sufficient small material
volume V 2 W. We then have the following theorem that was introduced in section

2.3.7 (e.g. [90]),

Theorem 5.2.1. For a smooth function f(x;t) in the Eulerian coordinate,
! 1

Z Z - Z
ﬂ f(x;t)dv = I:)—f+ f( u dv= E+ fu dav; (6.1
vi) Dt v (it

dt v

where D=Dt ={={t+u isthe material derivative and u is the velocity of the moving

volume V (t).
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In the control volume, the two fluids are labeled by i = 1;2 and they fill the volumes V;
separately. We then introduce the volume fraction g; for the ith fluid such that

gi = \73 (5.2)

Further we assume that two fluids can mix along the interfacial region and the volume
occupied by a given amount of mass of the single fluid does not change after mixing.

Then within the material volume V, g; satisfy the following condition

g +g =1 (5.3)

Let M = My + M5 be the total mass of the mixture, and M; be the mass of the ith fluid
in the volume. We now introduce the local volume-averaged mass density taken over

the sufficient small volume V for each fluid

. M

Fi= V‘; (5.4)
and the actual local mass density for each fluid
Mi

ri=—: 55

=y (5.5)

Note that for incompressible components, we assume that r; are uniform constants.
Having in mind Eq.(5.2), we obtain the relation between the volume-averaged mass

densities and the local mass densities

r rn r
i=—and —=+-—==1: 5.6
i = pand (5.6)
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We then define the volume-averaged mass density for the mixture as

~ ~ M1+ M,
r:r1+r2=—v

M .
v (5.7)

Let cj be the mass concentration for the ith fluid, such that

M I
ci=—=— and c1+c,=1: 5.8
kvl 1+C (5.8)
Using Egs. (5.6) and (5.8), we obtain
cir Cor C1 Co 1
—+=—=1 —+ == 5.9
ry | ) ) rp o r ( )

Here we chose the mass concentration of fluid 1 as the phase variable for our phase-
field model, such that c =c; =1 c¢,. The variable density for the mixture of two
fluids can then be given as

L_c,tle (5.10)

It can be seen that, for two incompressible components of different densities, the vari-
able density r(c) for the mixture is constant almost everywhere except that near the
interfacial region. For simplicity, we write the variable density r(c) as r in all the
following derivations.
Now we suppose that the two fluids move with different velocities u;(x;t). The equa-
tion of mass balance for each fluid within the material volume V can then be written in
the form [87,, 126, 2]

%+ (Fijuj) =0 (5.11)

We then introduce the mass-averaged velocity for the mixture as

ru=riu;+rou; Or U=cqUy+CoUy: (5.12)

109



Substituting the density (5.7) and mass-averaged velocity (5.12) of the mixture into

Eq. (5.11)), we obtain the mass balance for the mixture of two fluids

1111—: + (ru)=0: (5.13)

In the following derivations, we consider the mixture as a single fluid moving with
velocity u. Note that if we consider a binary incompressible fluid (assuming the two
fluids of the mixture are incompressible, and the temperature effects on the densities of
both fluids are negligible), then ry and r; are constants, and the above equation (5.13)

can be further written as

1D 1drD D
e (5.14)

U= ybtT racor 2'or

where a = (rp rp)=ryrq is constant. We note that, due to the variations of phase
variable c, the mass-averaged velocity for the mixture is non-solenoidal (  u & 0)
near the interfacial region, which introduces the compressibility effects into the model,
and this compressibility is caused by the variations of phase variable rather than pres-
sure. Such binary incompressible fluid is termed as a quasi-incompressible fluid and
was introduced by Antanovskii [12], and by Lowengrub and Truskinovsky [87] who
developed a phase-field model for two-phase flows where the two fluids have different
densities (quasi-incompressible NSCH model). In the previous chapter, we have pre-
sented a numerical method for the quasi-incompressible NSCH system with a discrete
thermodynamic law [54], where the quasi-incompressibility near interfaces was cap-
tured. Namely, the fluid is incompressible away from interfaces, while near interfaces
waves of expansion and contraction are observed.

We remark that as well as this mass-averaged velocity, another velocity for the mixture,
the volume-averaged velocity was considered by Abels et. al. [1} 2], Boyer et. al. [26]

and Ding et. al. [35], where the volume fraction g instead of the mass concentration ¢
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is used to relate the velocity of single fluids and the mixture. This volume-averaged ve-
locity of binary incompressible fluid is solenoidal (  u = 0) over the whole domain,
where an extra term that accounts for the mass flux relative to the volume-averaged

velocity appears in the Navier-Stokes equations (see, for details, [2]).

5.3 Phase-field model for binary compressible fluid with

thermocapillary effects

In this section, we develop a system of equations for a binary fluid with thermocapillary
effects, in which both components are compressible and Cahn-Hilliard diffusion is

coupled with fluid motion.

5.3.1 Derivation of the model

We first consider a mixture of two fluids moving with the mass-averaged velocity u in
a domain W, and we take an arbitrary material volume V 2 W that moves with the mix-

ture. Within the material volume, we define the properties for the binary compressible

fluid as
z
M = r dv; (5.15)
V(t)
Z
P = rudv; (5.16)
V(t) 1
Z 1 -
E = Zrjuj+rgz+rd dv; (5.17)
Vi) 2
Z
S = rsdv; (5.18)
V(t)
Z
C = rcdv; (5.19)
V()
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where M, P, E, Sis the total mass, momentum, energy, and entropy of the mixture, C is
the constituent mass of fluid 1, r(c) is the variable density of the mixture (Eq.), u
is the mass-averaged velocity of the mixture, juj?=2 is the kinetic energy per unit mass,
gz is the gravitational potential energy per unit mass, z is z-coordinate, U is the internal
energy per unit mass, § is the entropy per unit mass, c is the phase variable (here we
chose the mass concentration of fluid 1, and we set ¢ = c¢1). For our phase-field model,
we chose mass concentration c as the phase variable and let ¢ = ¢;. Substituting the

mass concentration (5.8) into Eq.(5.19) gives

z YA YA

C= rcdv = rcydv = rydv; (5.20)
V(1) V(1) V(t)

where we see that C stands for the constituent mass of fluid 1 within the material vol-
ume V (t). In phase-field modelling, as well as the classical free energy density for
bulk phases, an extra gradient term is typically added into the model accounting for
part of the free energy of the diffuse interface [28]]. Several ways have been suggested
to introduce the gradient term into the phase-field model, e.g. by introducing it into the
entropy functional [12} [123]], free energy functional [87] or internal energy functional
[81122]. In the present work, as the thermocapillary effects (Marangoni effects) along
the interface are investigated, we expect that the surface free energy (serving as the
surface tension (See section 5.5.2) of our phase-field model is temperature dependent
(linearly). Therefore, according to the thermodynamic relations, we introduce the gra-
dient term as the nonclassical contributions into both the internal energy and entropy
of our model. The specific internal energy, entropy and free energy can then be given

in the form

a(s;r;c; c)=u(s;r;c)+u"( c); unc:lu%j ci%; (5.21)

§(T;ric; ©)=s(T;r;c)+s™( c); S”°=Is%j ci’; (5.22)
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f(T;ric; c)=f(T;r;c)+ "(T; o); f”°=|f(T)%J ¢’ (5.23)

where u, s and f stand for the classical parts of the specific internal energy, entropy and
free energy separately. Here f is the Helmholtz free energy, where, for compressible
flows, f is depending on the density as it has contributions from both the compressible
components of the mixture. The nonclassical parts u"®, s"® and f"° are the gradient
terms analogous to the Landau-Ginzburg [49] or Cahn-Hilliard [28] gradient energy.
In addition, 1, and I are constant parameters, 1¢(T) is a parameter depending on
the temperature and will lead to the thermocapillary effects along the interface. Note
that 1, Is and 1;(T) can be further used to relate the surface tension of the phase-
field model to that of the sharp-interface model when the phase-field model reduces
to its sharp-interface limit (see section 5.5.2 for details). As u(r;s;c) is the classical

contribution to the specific internal energy U, we have the thermodynamic relation

flu ds+‘"—u dr+‘"u

fs ric Tr e Tc sir
P flu

L + — : .
r2dr T S;rdc, (5.24)

dc

du(s;r;c)

= Tds+
where the subscripts indicate which variables are held constant when the various partial
derivatives are taken. This relation states that the heat T ds, the pressure-volume work
(p=r?)dr, and chemical work (fu={c)dc that accounts for the variation of the phase

variable c all contribute to the changes in the internal energy. Further, we have the

following thermodynamic relation for the Helmholtz free energy

f=u Ts: (5.25)
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Having in mind the relation (5.24), we obtain

df =du d(Ts)=du sdT Tds= %dr sdT + Tu dc; (5.26)
r fic S;r
such that
f f f
1t = %; I = sand T = Tu : (5.27)
e 0T Terr Mo gy

Similarly, we assume that the same thermodynamic relations, which hold for the clas-

sical terms also hold for the general terms, such that

f=a TS and — = & (5.28)

With the relations (5.25) and (5.27)), we must also have the relations for the nonclassical

terms
nc nc nc ﬂfnC nc
f*=u™ Ts™ and = s (5.29)
T .
and for the corresponding parameters
dl¢(T
1;(M)=1, TI and Ji )o . (5.30)

For simplicity, we omit all the subscripts in the following derivations. Under the as-
sumptions above, the general forms of physical balance associated with M, P, E, S and

C can be given as follows

dM
M~ o (5.31)
dt 7 z
dpP
= = m A dA rgz dv; (5.32)
dt V() vV (t) '
e Z )
= = um~A ge A g A dA; (5.33)
dt V() .

Z - Z
ds e . nc a
- = — N+ A dA+ Sgen dV Sgen >0 ; (5.34
at VO T Js Ve gen gen ( )
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Z
 _ e A dA; (5.35)
dt I0)

where m is the stress tensor, fi is the unit outward normal vector of the boundary, rgz
is the gravitational forces, g is the gravitational constant, Z is the vertical component
of the unit normal vector, ge (gg°) is the classical (non-classical) contribution to the
internal energy flux, ge=T (qd°) is the classical (non-classical) contribution to the en-
tropy flux, Sgen(> 0) is the local entropy generation within the volume, and qc is the
mass flux of fluid 1 with the velocity (u; u).

Eq.(5.31)) represents the mass balance of the mixture within the volume. Eq.(5.32) rep-
resents the momentum balance, stating that the rate of the change in total momentum
equals to the force (surface forces m and body forces rgz) acting on the volume. Here
only the gravitational forces are considered. The energy balance equation (5.33) states
that the change in total energy equals to the rate of work done by the forces (m) on
the boundary plus the energy flux (classical qg and non-classical qg° internal energy
flux) through the boundary. The entropy balance (5.34) states that the rate of change
of entropy in the control volume during the process equals to the net entropy trans-
fered through the boundary (classical ge=T and nonclassical gg¢ entropy flux) plus the
local entropy generation (Sgen) Within the control volume (e.g. [92]). Based on the
second law of thermodynamics, the local entropy generation is non-negative for a dis-
sipative system (or say for an irreversible process), which is key to the thermodynamic

frame that we used for the derivations. For the constituent mass balance (5.35)), we use

Eq.(5.20) and theorem 5.2.1] to obtain

1
Z Z ~ - Z

dc _d . ir, . o

~ = Fdv = —+ riu) dv = ndA: (5.36

dt  dt v ! vy Tt (Fa) ﬂV(t)qc (539

Substituting (5.11)) into (5.36)), we obtain

dc =F1(ur u); (5.37)
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where we see that F1u; stands for the mass flux of fluid 1 with velocity u; through the
boundary of the control volume, ryu stands for the mass flux of fluid 1 with velocity
u through the boundary. We then identify qc as the mass flux of fluid 1 with velocity
(ug u), orsay the net mass of fluid 1 that transported by velocity (u; u) through the
boundary of the control volume. Note that in the following derivations, the constituent
mass flux qc will be related to the chemical potential of the phase-field, which is anal-
ogous to the standard derivations for the Cahn-Hilliard equations (see, for examples,
[8], [56] and [87]).

In what follows, we use the definitions (5.15)-(5.19) and the balance laws (5.31))-(5.35)
to obtain the equations that expressed in terms of the above unknowns, including m,
e, OE°, 93¢, dc and Sgen. We then specify those unknowns with respect to the second
law of thermodynamics (ensuring Sgen = 0) and the concept of thermodynamic consis-
tency of the phase-field model.

For mass balance (5.31)), we use theorem[5.2.1] to obtain

= r( uw; (5.38)

based on which, we have the following theorem

Theorem 5.3.1. (Transport Theorem 2) For a smooth function f(x;t) in the Eulerian

coordinate,
1
d Z Z Z qf =
— rf(x;t) dv = r—dv = r —+( f dv; 5.39
dt v it vy Dt vy Tt ) (5:39)

where r is the density of the mixture defined in the volume V (t) and satisfies the mass

balance (5.38).

Note that as theorem [5.2.1 and theorem [5.3.1] are frequently used, we will not refer

them in the following derivations.
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For momentum balance (5.32), we simply have

Du
— = Z: 5.40
r Dt m rgz ( )

For energy balance (5.33), we obtain

Du Du Dc Dc
r— u+rgz u+r—+ rl,— ¢) rl c c): u 1 r ¢)—
Dt g Dt ( UDt ) u( ) u ( )Dt

= (um e aE; (5.41)

where the following identities are used

z z z

— rgzdv = rgu zdv = rgu zdv; (5.42)
dt v V(t) V(t)

and

h i
D1 . o _ D c_ 1 c
I’E(zluj cj)=rl, c F_”” c T+u ( ¢

_ Dc . Dc.
= (rluﬁ ¢c) rlig(c ¢: u Iy (r C)ﬁ' (5.43)

Here “ : ” stands for the double dot product of the stress tensor (e.g. [90]). Multiplying
the momentum balance equation (5.40) by u and substituting into (5.41), we obtain the

simplified energy balance equation

Du Dc
ra= (rlua o)+ m+rly( c ¢ : u
Dc
+lho (r o5 % O (5.44)

where we have used the identity

um=( m)u+m: u: (5.45)
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Having in mind the thermodynamic relation (5.24), the energy equation (5.44) in terms

of the entropy density can be expressed as

Ds Dc
— = — ¢)+ m+ :
rT Dt (rIuDt o)+ m+rly ¢ ¢ u
Dc fuDc pDr
+1 = e S 4
o« W95 % 9% Tgenr ron (5.40)
For entropy balance (5.34), we obtain
Ds Dc
rDt (rISDt o+rls( c ©): u
Dc e )
+1; (r C)Ft (?)'*'Sgen qgc, (5.47)
where, similar to Eq.(5.43), the following identity is used,
D 1, . . _ Dc _ Dc.
rﬁ(zlsj cj9) = (rlsﬁt c) rls(c ©¢): u Iy (r C)Ft.
(5.48)
For constituent mass balance (5.35), we simply have
Dc
== = : 5.49
" ot dc (5.49)

We then use Eq.(5.47) and Eq.(5.49) to substitute the terms rDs=Dt and rDc=Dt in

(5.46), and use the relation (5.30) to obtain the expression for the entropy generation,

I |
— 1 . DC nc
Sgen—? m+r I, Tl T+pl © u+ rluﬁ C+Qe +0g McOc T
n #
1 Dc 1 1 1
“rly Tl — c+=gfF =m e = me: 5.50
T L S D TUE TMedc Os°  TOc Mo (5.50)
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To ensure the non-negativity of the entropy generation Sgen > 0 (second law of ther-

modynamics), we specify the unknown terms in the form

de= KO T = rlg ot (551

qe = rls% c m= r(ly TL)T+s; (5.52)
Tf 1

m=— Iy Tl)= (r o); dc = mc Mc; (5.53)
fc r

= Cc G s = pl+t; (5.54)

_2ff, _ Ty 2 :

p=r i t=m()( u+ u’) §m(c)( wl:  (5.55)

Note that t is the deviatoric stress tensor from the classical Navier-Stokes equations
(e.9. [17]). Here we use the thermodynamic relation (5.27) to obtain the chemical
potential mc. The pressure p can be obtained immediately through the thermodynamic
relation (5.27).

By substituting the above specifications into (5.3I)-(5.35), we obtain the system of
equations for the phase-field model governing binary compressible flows with thermo-

capillary effects

Dr
o= r( u:; (5.56)
Du A.

— roz; (5.57)
Du Dc

ra=(5+rTlsT): u+l, (r C)ﬁ"' (k(c) T+mcme mec); (5.58)
Ds 1 _ Dc 1 :
Dc

F o = mcDme; (5.60)

_0f 1 )

me = Tc y, T IS)F (r c): (5.61)
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Here, the stress tensor m is defined by

m= r(ly TL)(c c¢)+s; (5.62)

where the first term is the extra reactive stress (Ericksen’s stress) to mimic the surface
tension. This stress term is associated with the presence of concentration gradients
energy (Cahn-Hilliard energy). We note that the coefficient of this stress is a linear
function of temperature, which leads to the thermocapillary effects along the interface
(see section 5.5.2 for details), m¢ is a positive constant standing for the mobility of
the diffusing interface. Note that in the non-classical heat (entropy) flux gg° (92°), the
term rl, c Dc=Dt (rls c Dc=Dt) is associated with the gradient energy (entropy)
and is in the direction of the gradient of phase variable. Similar terms were obtained
by Wang et. al. [123] who used a phase-field model to study the solidification of
single material, and by Anderson et. al. [7] who used a phase-field model to study a
single compressible fluid with different phases near its critical point. They identified
the term as an energy (entropy) flux associated with variations in the phase-field at
the boundary of the control volume. In addition, a non-classical energy flux term
mcmc  mc appears in our energy balance equation (5.58). The same energy flux term
was obtained by Gurtin et. al. [56] (see Eq.(28)), who re-derived the Model H in the
framework of classical continuum mechanics. A “counterpart” entropy flux term was
identified by Lowengrub and Truskinovsky [87] when deriving a phase-field model for
binary compressible fluid, where it was assumed in this form to keep the derivations
compatible with the second law of thermodynamics. In the latter work, the isothermal
fluid flow was studied, such that the temperature T in the entropy flux was treated as
constant, whereas in our term, the temperature is not a constant as the thermocapillary
effects are considered here. They identified it as the energy flux transported through
the boundary by chemical diffusion. Our model agrees with these works well and

therefore we identify this non-classical energy flux term as the energy that is carried
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into the control volume by the chemical diffusion.
Similar to the approach that defines the variable density (5.10), we define the variable
viscosity m(c) and the variable thermal diffusivity k(c) for the mixture in the form of

the harmonic average,

mgmy _ _ kiko ,
e mycrm O G kcrk

m(c) = (5.63)

where mq, my, k; and k; are the viscosities and thermal conductivities of fluid 1 and 2

respectively.

5.4 Thermodynamic consistency and Galilean invari-

ance

As our phase-field model (5.56)-(5.61) is derived within a thermodynamic framework,
which implies that the first and second thermodynamic laws are naturally underlying
the model. However, from the numerical point of view, thermodynamic consistency
can be further served as a criterion to design the numerical methods. In our phase-field
model, the Navier-Stokes equations are coupled with the Cahn-Hilliard equations and
energy balance equation, which leads to a nonlinear system. Moreover, as the rapid
variations in the solutions of the phase variable occur near the interfacial region, the
stability of the numerical method is critical. Recently, the preservation of the ther-
modynamic laws at discrete level has been reported to play an important role in the
designing of numerical methods (e.g. [83, 184] for liquid crystal model, [65] 54] for
phase-field model), which not only immediately implies the stability of the numerical
scheme, but also ensures the accuracy of the solutions. Hence, in contrast to the deriva-
tions, we now show that the first and second laws of thermodynamics can be derived

from the system of equations (5.56)-(5.61)), which can be further used to design the
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numerical methods.

5.4.1 The laws of thermodynamics

Here we show that our phase-field model satisfy the first and second laws of thermo-
dynamics. Multiplying the mass balance (5.56) by p=r +u u=2+u, we obtain

p 1 Dr _ ) 1 .

(F+§u U+U)Ft_ pl: u r( u)(2u u-+u): (5.64)
Multiplying the momentum balance (5.57) by u gives

(5.65)

1D D
riﬁ(u u)+r5t(gy)— m u:

By using the identity (5.43), the entropy balance (5.59) can be rewritten in the form

Ds 1. D1, . ., 1 ) 1 Dc
ra+?r§[(§|uj (:J)_?(t+r(lu TIHT): u+_|_ (Ith C)
1 Dc 1 mc . .
T T (r o5+ KO T+ mit (566)
Multiplying (5.66) by T gives
Ds D 1 . . Dc
T+ oGl G =(t+r(ly TIHT): u+ (g ©
Dc
(I(T) TI(T)) (r C)Et: (5.67)
For the Cahn-Hilliard equation (5.60), we multiply by mc to obtain
(5.68)

Dc
0= r—mec+mecmeDme:
Dt "C cMcDmc
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For the chemical potential equation (5.61), we multiply by r Dc=Dt to obtain

ffDc _ Dc

Dc
— + - .
7c Dt Dtmc I, Tk (r C)Dt' (5.69)

Combining Eq.(5.64)), (5.65), (5.67)-(5.69) together, and having in mind the definition
of the total energy of the system (5.17) and the identity (5.45), we finally obtain the

first law of thermodynamics for our phase-field model within the domain W

7 !
dE

1
— rd+—-ru u+rgz dx
t dt w 2 g

= mu+ (k(c) T)+ Iu% c ; (5.70)

which is in agreement with the energy balance law (5.33) that we used to derive the
model. If we further assume that there is no stress along the boundary and no heat
flux through the boundary of the domain W, and the interface does not contact with the

boundary, we obtain the energy balance for an isolated system,

1
7 L

1
— = r0+§ru u+rgz dx=0: (5.71)

By substituting the terms, m, ge, qg°, qg° and qc into the entropy generation (5.50),

we obtain the second law of thermodynamics,

S = lt' u T ! m
gen = T 9e57 dcg Me
= —t: + — "+ = =>0; .
=L k()] =i+ e 0; (5.72)

where we see that except the contributions from the traditional parts (viscous dissipa-
tion and heat transfer), the chemical potential or say the variation of the phase variable
also contributes to the entropy generation of our phase-field model. Note that the same

entropy generation equation was obtained by Lowengrub and Truskinovsky [87] when
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deriving the phase-field model for binary compressible fluid.

5.4.2 Onsager reciprocal relations

From Eq.(5.72), we observe that the entropy generation can be seen as the sum of terms
each being a product of a flux and thermodynamic force. The simplest model, based on
the linear thermodynamics of non-equilibrium processes [51], assumes linear relations

between the fluxes and thermodynamic forces, such that

t = Ly v+l T+Li3 me;
Qe = Lo v+Lyp T+l mg;
c = Ls1 v+Lls T+Llsz mc; (5.73)

where the coefficients Lj; are chosen to guarantee the non-negativity Sgen. Moreover,
microscopic reversibility requires the Onsager reciprocal relations Ljj = Lji ([51], and
see, for examples, [100, [38]). From Egs.(5.55), (6.51) and (5.53), we see that our
choices of t;ge and gc satisfy the linear relation (5.73) and the reciprocal relations.
Moreover, the entropy generation (5.72) is zero when the thermodynamic equilibrium
conditions are satisfied within the system (i.e. thermodynamic forces are zero at equi-

librium).

5.4.3 Galilean invariance

Another requirement which the entropy generation (5.72) must satisfy is that it be
invariant under a Galilei transformation [51], since the notions of reversible and irre-
versible behaviour must be invariant under such a transformation. It can be seen that

(5.72) satisfies automatically this requirement. Moreover, the model equations must
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be Galilean invariant as well, where, according to the classical mechanics, the balance
equations must be the same in the inertia frames.

Here we first briefly introduce the concept of Galilean transformation, and show that
our model equations and entropy generation satisfy the Galilean invariance.

Let (x;y;z;t) be the coordinate system of the first observer, and a quantity of fluid (ve-
locity, density...) in this frame be denoted by f(x;y;z;t). For the second theoretician,
the quantity of fluid in this frame is denoted by f(x’;y; 2";t"), and the coordinate sys-
tem is x;y%2%:t’ in the frame moving in the +x direction with a constant velocity U,

such that

x=X+Uth y=y, z=2; t =t (5.74)

d=u Ui (5.75)

where U and u are the velocity of the fluid in the corresponding frames, i is the unit

vector in the x direction. Further we have

00y 2%t Ea.574 Ty z;b); (5.76)
TSyt TF Yy z;t)
% = X : (5.77)
1%yt TF(y;zt)
= : 5.78
Ty Ty .78)
Tyt TF(xy;zt)
= (5.79)
For the time derivative, we have that
df Oy 2t dF(xy;zt)
= ; (5.80)

dt’ dt
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The left hand of Eq.(5.80) gives us that

df oy 2t 1ROy 9ROyt Y 1ROy 2t

dtO ﬂXO ﬂto + ﬂyO ﬂto + ﬂzo c"to
ey 2ty 9f
t——p gt f: (5.81)

Similarly the right of Eq.(5.80) hand gives us that

df(x;y;z;t)  §F

i = ﬁ+ u T (5.82)

Substituting Eqgs (5.81) and (5.82) into Eq.(5.80) gives that

af . If

af . If

W+(u Ui) f=ﬁ+u f; (5.84)
f 9f 3

W:ﬁ+Ui f;and f= T: (5.89)

For the material derivative we have that

pf ¢f  _ 9f Df

- - ﬂf
TR TR f—ﬁ+U| f+(Uu Ui f—ﬁ+u f=50 (586

where we see that the material derivative D=Dt and spatial gradient are Galilean
invariant.

Now we go back to our system equations. Firstly, we note that the scalar fields (tem-
perature T, mass density r, phase variable c, pressure p and chemical potential mc) are

independent of the observer (invariant). For example, temperature at a given point in a
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room and at a given time would have the same value for any inertia frames. The gravita-
tional acceleration g is invariant for any inertia frames. We see that all of our equations
are invariant. Therefore we can conclude that our system equations satisfy the Galilean
invariance. Note that, another phase-field model was developed by Abels et. al. [1]
to study the binary incompressible fluid with variable density. In their model, as the
volume-averaged velocity is employed for the mixture, which leads to a non-objective
scalar term appearing in the chemical potential equation. Therefore a particular for-
mulation for the convective terms is needed to keep the Galilean invariance of their
model equations. In our model equations, on the other hand, the mass-averaged ve-
locity is employed for the mixture, and therefore no non-objective terms are involved.

Our system equations satisfy the Galilean invariance automatically.

5.5 Phase-field for quasi-incompressible fluid with ther-

mocapillary effects

In this section, we develop a model of a binary Cahn-Hilliard fluids with thermocapil-

lary effects in which both components are incompressible.

5.5.1 Derivation of the model

In order to study situations in which the density in each phase is uniform, it is con-
venient to adopt a thermodynamic formation which does not employ the density as
an independent variable, as in the model of quasi-incompressible flow considered by
Lowengrub and Truskinovsky [87]. Following their work, we choose the pressure and
temperature as independent variables, and work with the Gibbs free energy. In addi-

tion, for a binary incompressible fluid system, the free energy density can appear as
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the per unit mass quantity or per unit volume quantity. In most phase-field models
for two-phase flows (e.g. [63, 85]), the density of two components are assumed to be
constant and equal, and the per unit mass and per unit volume specification of the free
energy density are equivalent. However, in the situation we study here, the densities of
two fluids of the mixture may not be matched and thus the per unit mass and per unit
volume forms are not equivalent. As we mentioned above, several models have been
developed for a binary incompressible fluid with different densities, in which the per
unit volume form of free energy density was employed in [26} [35} (110} 2] and the per
unit mass form in [87]. Here we concentrate on the Gibbs free energy density in the
per unit mass form, and denote it by §(T; p;c; c¢). Again, similar to the definition of
the free energy (5.23) for a binary compressible fluid, we introduce the nonclassical
terms (gradient energy) into the Gibbs free energy of our model, which can then be

given in the form

1
§(T:pic; ©) =g(T;pic)+g"(T; o) g =fC=1(T)5j c*; (5.87)

where g is the classical part of the Gibbs free energy density, and 1;(T) is a tem-
perature dependent coefficient and will lead to the thermocapillary effects along the
interface (see section 5.5.2 for details). For the classical part of the internal energy

defined by (5.21)), we have the following thermodynamic relation

us;r;c)=9(T;p;c)+Ts ?: (5.88)
Using the thermodynamic relation (5.24) leads to
1 P
dg(T;p;c) =du(s;r;c) sdT Tds+de ﬁdr
= sdT + ldp + Tu dc; (5.89)
r fic rs
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where we note the relations

flg(T;p;c)  _ fu
nd 7 =0 (5.90)

Te T;p rs

a

To(Tipic)  _ . T9(T;pic) 1
17 pic ’ fip Te T

Here as we assume that the variable density is independent of temperature and pressure,
the condition of the incompressibility can then be written in the terms of the Gibbs free

energy

1%9(T; p;c) _

0; 5.91
12p (5.91)

where the second condition in (5.90) is used. Condition (5.9I)) implies that Gibbs free

energy is a linear function of pressure, (e.g. [87])

o(T; ;) = go(T; ) + T"C): (5.92)

We then re-define the classical internal energy as a function of T, p and c,

a(T;p;c) =u(s;r;c) =g(T;p;c) +Ts (5.93)

P
r©'

where the relations (5.89) and (5.90) still hold. Similarly to the definition of the internal

energy (5.21) and entropy (5.22) for the binary compressible fluid model, the specific
internal energy U and the specific entropy § for binary incompressible fluids, which

contain both the classical and nonclassical contributions, can be re-defined in the form

G(T; p;c; ©) =0(T; p;c) +u™( o); u”C=Iu%j ci’; (5.94)

S(T;p;c; ¢) =§(T;p;c)+s"( ¢); s = ls%j cj’; (5.95)

where (0 and § are the classical parts of the specific internal energy and entropy that

associated with the Gibbs free energy, 1, and I are constant. In addition to these
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classical contributions, we assume that the same thermodynamics relations that hold

for the classical terms also hold for the total terms, such that
;= = & (5.96)

Based on which, we obtain the following relation for the coefficients

di(T) _

M=hL Tl —

I (5.97)

The specifications of these three coefficients will be discussed in section 5.5.2. Note
that 1, Is together with 1¢(T) (in Eq.) can be further used to relate the surface
tension of phase-field model to that of the sharp-interface model when our phase-field
model reduces to its sharp-interface limit (see section 5.6.4 for details).

Now we derive the system of equations for the quasi-incompressible phase-field model.
We still use (5.15)-(5.19) to define the total properties, namely mass M, momentum
P, energy E, entropy S and mass constituent C in a material control volume V (t) of
the domain W. We further assume that the corresponding general balance laws (5.31)-
(5.35) that hold for the binary compressible fluid also hold for the quasi-incompressible

fluid, which can then be written as

Dr

- = . 5.98

=~ r( u); (5.98)

Du A

roc= more (5.99)

Di Dc Dc

U — o)+ —+(m+ ; £

o (rligy O+l (r g +(Mm+rkT): u Qe qE"
(5.100)

§ Dc Dc

ree= (g O+l (F 9 rhkTiu () g+
(5.101)

Dc

r— = : 5.102
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where, as the pressure p is not defined in the traditional way, the general stress tensor
m is not defined explicitly.

Note that, in contrast to the case of binary compressible fluid, the classical part of the
internal energy U we defined here does not depend on the entropy § directly. However,
as our derivations are carried out within the thermodynamic framework that is based
on the entropy generation, we still need a thermodynamic relation between the internal
energy and entropy. Having in mind the definition of the internal energy (5.93) and
using the relations (5.89) and (5.90), we obtain the following relation between the
classical part of internal energy 0, Gibbs free energy g and entropy §

DG @%+rT Ds(T;p;c):

D _ 1
Dt " fc Dt Dt (5.103)

Then similar to the method used for the binary compressible fluid model, we use the
unknowns, including m, ge, g¢°, q2° to express the entropy generation in the form
1 1
Sgen =+ m+r(MT : u+ & rIB c+ge+qgl° ficqe
' LE::

Lor(MB ¢+ ficgc Tol tac  fic; (5.104)

where we have used Egs.(5.98)-(5.103), fic = g¢(T)Tgo(c)=Tc 1+(T) (r c)=r
is the chemical potential, T= ¢  c is the extra reactive stress (Ericksen’s stress)
to mimic the surface tension, which is associated with the concentration gradients en-
ergy. As the pressure is no longer defined by the thermodynamic formulas in this
model, we now derive the pressure in an alternative way to that used by Lowengrub
and Truskinovsky [87], where the pressure was obtained from the non-dissipated part
of the general stress m. Considering a dissipative process, we denote the general stress
tensor by m = mq +t, in which t is the deviatoric stress tensor with zero trace, and

My is the unknown part to be defined later. The entropy expression (5.104) can then be
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written in the form
1

1 ) 1 1 c
Sgen:? mo+rils(T)T : u+_|—_t: u+ = |«-|uﬁ C+ Qe + gl
! " 14
M DC nc ~ nc 1 ~
— — + - .
Mcdc T ril:(T) Ot c+a¥ ficgc Tl TqC fiic:
(5.105)

We then denote Du= u ( u)l=3 as the deviatoric part of u (tr Dv = 0) and

substitute into (5.105) to obtain

1 C
1 1 1 Dc -
Sgen:? mo+rl¢(T)T :Dv+?t: u+ T rl“ﬁt C+HOe+QF e
# ) n
1 1dr 1 Dc
+Z trmo+r Iy, Tl j cj?2 = — Zorlg(T)= c+q¥
#) n
1dr 1 1
fic+ trmg+rls(T)j cj2 — — TqRe l fic+= trm
c 0 (M a° 740 9% Tds T c c*3 0
#
(5.106)

.. 1
+r 1y Tl cf? e

where we have used the mass balance (5.98) and the following identity
! !

1
mo+ris(T)T trmog+rls(T)rT ( u):(5.107)

( u)|:_

w

Now we assume the first two terms on the right-hand side of (5.106) are non-dissipative

and define the pressure p by
! !
1 1 1 .9
p= étr m = gtr mo+ris(T)T = 3 trmog+rils(T)] cj© ; (5.108)
such that
(5.109)

pl=mo+r(ly TIHT;
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in which the way we use to define the pressure in Eq.(5.108) is analogous to the way
that defines the kinematic pressure for the classical Navier-Stokes equations [17]. To
ensure our model is consistent with the second law of thermodynamics (Sgen > 0), we

specify the unknown terms as the following

ge = k(o) T; qE° = rlu%+mcqc; (5.110)
o = r.%f c: me= pl riy(MT; (5.111)
_T% pdr 1 : _ -
=TT vZdc (M- (r o) gc = mc mc; (5.112)
T= ¢ c t=m()( u+ u') %m(c)( uwl: (5.113)

We observe that, besides the Navier-Stokes equations, the pressure appears in the
chemical potential equation as well, which is different to the chemical potential (5.61)
for the binary compressible fluid model. Moreover, as the quasi-incompressibility is in-
troduced to our phase-field model, the velocity fields is non-solenoidal (see Eq.(5.14)),
the term 2m(c)(  u)1=3 does not equal to zero and thus cannot be eliminated from t.
By substituting the above specifications into Egs.(5.98)-(5.102), we obtain the system
of equations for the phase-field model governing the quasi-incompressible fluid with

thermocapillary effects

%: r¢ou; (5.114)
r%: m rez (5.115)
rg—leu (r c)g—:+( pl+rTIT+t): u+ (k(c) T+mecmc meo);
(5.116)
rB—leS (r c)%+%(rTlsT+t): u+% (k(c) T); (5.117)
r% = MeDme; (5.118)
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_ Y90 pdr 1 :
mC —_ % ﬁ% If(T)F (r C), (5119)

where, similarly to binary compressible model, the coefficient of the Ericksen’s stress
T is linearly temperature dependent, leading to the thermocapillary effects along the
diffusing interface, mc is a positive constant stands for the mobility of the diffuse
interface. The definitions are still employed for the variable viscosity m(c) and
variable thermal conductivity k(c).

By substituting the terms, including m, g, gg°, g3¢ and qc into the entropy generation

(5.106), we obtain the second law of thermodynamics for our phase-field model,
Sgen = %t DU+ k(C)J.TTj2 + %J m(;j2 >0: (5.120)

Similar to the binary compressible model, the choices of the terms t; qe and qc satisfy
the linear relation (5.73) and the Onsager reciprocal relations. Moreover, it can be
observed that the entropy generation (5.120) and the system equations are Galilean
invariant.

As mentioned above, several phase-field models have been developed for two-phase
flows with thermocapillary effects. However, in most of these models, the classical

energy balance equation

DT
— = k T) 121
rewse= (kT (5.121)

was incorporated directly into the phase-field model, where thermodynamic consis-
tency can be hardly maintained. Comparing with the classical energy balance equation
(5.121)), several extra terms appear in our energy balance equation (5.116)), which guar-
antee thermodynamic consistency (see section 5.4). Thetermr 1, cDc=Dt (r s ¢ Dc=Dt)
that appears in the non-classical heat (entropy) flux gg° (q2°) is associated with the

gradient energy (entropy). Here similar to section 5.3, we identify it as the energy
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(entropy) flux associated with variations in the phase-field at the boundary of the
control volume. Note that, in the isothermal case, our model reduces to the quasi-
incompressible NSCH model [87] (Eq.(4.1)-Eq.(4.4)) which is studied in chapter 4.

By using the variable mass density (5.10), the mass balance equation (5.114) can be

further rewritten as

1Dr Dc
—— =ar— =amcDmc; 5.122
_— Dt cDmc; ( )

where we have used Cahn-Hilliard equation (5.118) and leta = (rp r1)=rsry.

The initial conditions are given by

Ujt=0 = Up; Cjt=0 = Co; and T ji=¢ = To: (5.123)

For the velocity, the usual no-slip or no-flow boundary conditions can be posed on W

U=vp; oru N=vp A: (5.124)

For the phase-field, it is normal to employ Neumann boundary conditions on W

c A=he; and mc N =hpy: (5.125)

For the temperature field, Dirichlet and Neumann boundary conditions can be posed

on W

T=Tyor T A=qp (5.126)

for the specified temperature and heat flux on the boundary W respectively, and Robin

boundary conditions can be posed as well.
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5.5.2 Specifications of the model

We now specify the properties including the Gibbs free energy, entropy and internal
energy for our phase-field model (5.114)-(5.119). In [9], a phase-field model for the
solidification of a pure material that includes convection in the liquid phase was de-
veloped, in which the case of the quasi-incompressibility (assuming that the density
in each phase is uniform) was discussed. In their work, the Gibbs free energy was

suggested in the form

(T pi0) = Go(T;0) + b+ 14 (T)j o (5.127)

r©
BT =t oTo (1 1) oTIn(p)+ar (D) (6129

which we adopt for the present work. Here, cyc is the heat capacity, Ty is the reference
temperature, Uy is the reference internal energy corresponds to To, and g(T) is a tem-
perature dependent parameter that will be discussed later in this subsection. The free

energy function h(c) is a double-well potential and is given by
(5.129)

where the wells define the phases, and leads to an interfacial layer with large variations
for ¢ (e.g. [56]). Note that the form for § (5.127) is consistent with the incompressible
condition (5.92), which is a linear function of pressure. Moreover, this form for §
Is consistent with an internal energy U, which is a linear function of temperature and
leads to the classical heat equation in the bulk liquid [123| [10]. The corresponding

expressions for the entropy and internal energy are assumed in the form

T 1. .
u0+chcln(_|_—0)+gsh(c)+ls§] cj’; (5.130)

[ =y
[l
e

T =l oe(T T+ + L) o (513D
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where Uy is the reference internal energy corresponds to Tp.

We now specify those coefficients, including 1¢(T), Is, 1y, 9¢:(T), gs and gy, which are
used to define the internal energy, entropy and free energy of the system (Eqs.(5.127)-
(5.131)). In a sharp-interface model for the thermocapillary flow, the interface is usu-
ally represented as a surface of zero thickness with the surface tension as its physical
property. An equation of state is required to relate the surface tension to the tempera-
ture, which may be linear or nonlinear. For the sake of simplicity, we only consider a

linear relation in this study, such that

s(M=so st(T To); (5.132)

where s (T) is the linear function of the temperature, Sq is the interfacial tension at the
reference temperature Tp, St is the rate of change of interfacial tension with temper-
ature, defined as st = {s(T)=1T. In our phase-field model, however, the interface
has finite thickness and the extra reactive stress (Ericksen’s stress) T appears in the

Navier-Stokes equation to mimic the surface tension, where the coefficient of T

(T)=1, TIg (5.133)

is a linear function of temperature. Ass(T) and 1;(T) are used to describe the thermo-
capillary effects in the sharp-interface model and our phase-field model respectively,
and both of them are linear functions of temperature, we then try to relate our coeffi-
cient 1+(T) to its “sharp-interface counterpart” s(T) by introducing two parameters:
the first parameter is e with respect to the thickness of the diffuse interface, and the sec-
ond one is a ratio parameter h that relates the surface tension between the two models.
As the interface thickness e goes to zero, our phase-field model can reduce to its sharp-
interface limit, and the value of h can then be determined through the relation between

the surface tensions of two models (see section 5.6.7 for details). The corresponding
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coefficients can be given as

i(T)=hes(T)=heso hest(T Ty (M) =s(M ="y sr(T To)

h
Is = hesr; gs=€ST:

h h
I, =hesy+hestTy; Qu= ESO+ ESTTQZ (5.134)

Here the coefficients 1¢(T), Is and 1, for the gradient terms are O(e?) approxima-
tions to those coefficients g (T), gs and gy for the corresponding classical terms, which
agrees with the definition of the Cahn-Hilliard free energy (e.g. [87)85]). With the

specifications above, the total energy E of our phase-field model can now be written as

1
7 L

1 .. - 1. .
E= Erju12+rgz+ru0+rchc(T T0)+rguh(c)+rluij cj’ dv:
V()

(5.135)

5.5.3 Non-dimensionalization

With the help of the specification in Eq.(5.134), we non-dimensionalize the phase-field
model (5.114)-(5.116), (5.118) and (5.119) as follows. We let L?, V? and T~ denote

the characteric scales of length, velocity and temperature. Then introduce the dimen-

sionless variables X = x=L?, t = V°t=L?, and also e =eL’, U =u=V?, p = prim},
me = mc=mg. For the variable density r(c), viscosity m(c) and thermal conductiv-

ity k(c)(Eqs.(5.10) and (5.63)), we let rj, m; and k; (i=1,2) denote the correspond-

ing properties of the ith fluid, and introduce the non-dimensionless variables r, =
r(c)=ry, my = m(c)=m; and ke = k(c)=ky. Moreover, for the temperature field, we in-
troduce a new non-dimensonless variable T = (T To)=T?. The surface tension s (T)
(Eq.(5.132)) is scaled by s such that S(T) = s(T)=so, St is then scaled by so=T?,

such that st = s7T’=s(. Omitting the bar notation, our phase-field model can now be
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rewritten as

19rDc
D: ] T*%a P 2 o
or = 1 Ptca res(T)T + o m( u+ u’) émr( ul
%A’ (5.137)
r%%z%Mm; (5.138)
mczgs(T)¥ r%% i—‘:‘s(T) (rr ©); (5.139)

DT EcCa Dc Ec 1
rrchcﬁ— M (L+s71Ty) (ry C)E+V( pI+CarrTsTT+%t): u
1 Ec
+ — ke T+ — : 14
(ke T+oete e); (5.140)

where M =V ?=m¢ is an analogue of the Mach number, Ca = hesy=mcL is the Capil-
lary number that measures the thickness of the interface, Re = m1=r1V L is the Reynolds
number, Fr =V ?2=gL is the Froude number, Pe = rLV=mcmc is the diffusional Peclet
number, Ec = V?=c¢,T is the Eckert number that characterizes dissipation of enrgy,

Ma = rcgnV L=k; is the Marangoni number.

5.6 Sharp-interface limits

Theoretically, there are usually two ways to validate the phase-field model. The first,
as mentioned above, is to show thermodynamic consistency of the model. The sec-
ond is to relate the phase-field model to its sharp-interface counterpart. Base on the
assumption that a given sharp-interface formulation is the correct description of the
physics under consideration, the phase-field model can be justified by simply show-
ing that it is asymptotic to the classical sharp-interface description. In the isother-

mal case, some sharp-interface limit analysis have been carried out for the phase-field
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model of two-phase flow to show that the corresponding sharp-interface equations and
jump conditions across the interface can be recovered from the phase-field model (e.g.
[87], 124, 2]). However, much less attentions have been paid on the asymptotic analysis
of the phase-field model for two-phase flows in the non-isothermal case, (e.g. thermo-
capillary flows, solidifications). Antanovskii [12] presented a phase-field model to
study the thermocapillary flow, and showed that the hydrostatic equilibrium condition
for the case of a flat interface and the Laplace-Young condition for the case of a drop
in equilibrium can be recovered from his phase-field model. Jasnow and Vinals [70]
extended Model-H to study the thermocapillary flow, including the migration of a drop
and spinodal decomposition of a binary fluid under a constant temperature gradient.
In the corresponding sharp-interface limit, he showed that the additional stress term
in the Navier-Stokes equation of their phase-field model is equivalent to the tangential
and normal force of the appropriate sharp-interface model. Anderson et. al.[9] devel-
oped a phase-field model of solidification with convection in the melt, in which the two
phases are considered as viscous liquids. In the sharp-interface analysis [10], they used
the matched asymptotic expansions to show that the standard boundary conditions, in-
cluding Young-Laplace and Stefan conditions can be recovered from their phase-field

model.

5.6.1 Pillbox argument

To illustrate this concept, we apply a similar pillbox argument to our phase-field model
(5.114)-(5.119). In contrast to sharp-interface model, the interface of the phase-field
model is diffusive with a finite thickness e. The phase variable (here is mass concentra-
tion c) is chosen to characterize the different phases, which takes distinct values (here
c = 1) for the different phases, and changes rapidly through the interfacial region.

Within this interfacial region, we chose a contour line of ¢ (here ¢ = 0:5) to represent
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Figure 5.1: A schematic diagram showing a diffuse-interface between two fluids inter-
secting with a pillbox shaped control volume, fit, Aig and Ag stand for the unit normal
vector of the pillbox boundary on its top, bottom and side, respectively. The dotted
lines represent the diffuse-interface with thickness e, 2d is the thickness of the pill-
box. Inthe limite d L, the interface thickness goes to zero, and the interface
has constant density, N, and m; stand for the unit normal and tangent vector of the
interface.

the dividing surface G for the following derivations (See section 5.6.6 for details of the
dividing surface). Moreover, as the largest variations of the phase variable occur in the
direction normal to the interface, the side faces of the pillbox need to be treated care-
fully. Figure[5.T]shows the pillbox shaped control volume designed for our phase-field
model, where the surface of the pillbox here is divided into three parts, namely the top
Stop, bottom Sper and side Ssige surfaces with their unit normal vector fit, fig and fis,
respectively. The pillbox has thickness of 2d, where the top of the pillbox is above the
dividing surface G at a height z = d and the bottom is below G at a height z = d.
Here, z is a local coordinate normal to the interface S;. In addition, the pillbox contains
a portion of the diffuse-interface with thickness e, in which G stands for the dividing
surface with its normal and tangent unit vector n; and m;. The key limit in the pillbox
argumentisthate d L, where L is a length scale associated with the outer flow.
In this limit, the volume of the pillbox becomes negligible on the outer scales, but the
variations in the concentration variable c that define the interfacial region, occur over

a region fully contained within the pillbox. Also in this limit, the top (Stop) and the
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bottom surface (Spot) Of the pillbox collapse onto the interface G, and have the normal

vectors with opposite directions

Stop = Sbot = G; fir =fy; ig = Ny and fis = My: (5.141)

Moreover, we assume that the interface is moving with the velocity v, ([7, 8]). Note
that, as the thermocapillary (Marangoni) effect can be important under the case of
microgravity or microdevices, where the surface forces become dominant, we assume

that the viscous forces are small comparing to the surface forces.

5.6.2 Governing equations in sharp-interface limit

We first derive the system of equations in the bulk regions away from the interfacial
region. Here we only concentrate on the equations of mass, momentum and energy
balance. In the limite 0, the system of equations (5.114)-(5.116) reduce to the

classical equations appropriate for the incompressible flows in bulk regions

u= O; (5.142)
ri% = p+ m( u+ u')  rigZ; (5.143)
richC% = (ki T)+m( u+ u"): u; (5.144)

where rj, mj and k; are the corresponding physical properties for the ith fluid.

We now seek to derive the jump conditions for Egs.(5.142)-(5.144) at the interface
from our phase-field model (5.114)-(5.119).
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5.6.3 Jump condition for mass balance

Inthe limite d L, we have the properties [7, 8]

Z Tr Z
—dVv ru, nds; (5.145)
v (it S
Z Z
1(ru) .
dv ru u, nds: (5.146)
v it S

Substituting Eq.(5.145) into Eq.(5.98), we obtain

Z
r(u u) AdS=0: (5.147)
S

According to the pillbox designed earlier, we break up the above surface integral into

pieces for the top, bottom and side surfaces to obtain

z z 1z,

r(u u) AtdS+ r(u u)) ngdS+ r(u uy) hsdzdl =0:
Stop Shot c d

(5.148)

Here the surface integral of side portion is further written in term of a line integral
on the surface and an integral in the normal direction ng, where the line is a closed
curve at the side of the control volume that parallel to the interface. For a viscous fluid
under normal operating conditions, it is an experimentally observed fact (like the no-
slip boundary conditions at solid walls) that no slip takes place at the interface [119].

Therefore, in the limite d L, we have

\' rﬁ. V| I’ﬁ| (5.149)
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This condition implies that the third left terms in Eq.(5.148) are bounded and do not
contribute to the integral. Eq.(5.148) can be reduced to

Z h i
r(u u) MdS=0; (5.150)
G

where [c] = c, ¢ refers to the jJump of the quantity ¢ across the singular interface.
Since the pillbox control volume V that contains a portion of the diffuse-interface is
arbitrary, the integrand in Eq.(5.150) must be zero. This then yields the mass balance
jump condition at the interface in a multiphase fluid system

h i
r(u u) n=0: (5.151)

Further if we assume that there is no phase change (i.e. no flux) across the interface,

Eq.(5.157) reduces jump condition that

h i
u f=0: (5.152)

5.6.4 Jump condition for momentum balance

Substituting Eq.(5.145) into the momentum equation (5.115)), we obtain

1
7 L

ru (u u)+pl+hes(MrT m( u+ uT)+§m( wl ndS=0;

where, in the limite d L, we assume that the gravitational term rgz is bounded

and thus do not contribute to the volume integral. We then break up the above surface
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integral into pieces for the top, bottom and sides of the pillbox to obtain

7 !
ru (u u)+pl+hes(MrT m( u+ uT)+§m( wl n7dS

stzop 2 .
+ ru (u u)+pl+hes(MrT m( u+ uT)+§m( wl  ngdS
Shot

1 Z
+ ru (U u)+pl+hes(MrT m( u+ u")

c d '

2 R
+§m( wl Agdzdl =0: (5.153)

We assume that the most rapid variations in the phase-field take place across the inter-
facial region with the direction normal to the interface G. Inthe limite d L, local

to the interface we have

T .. fc.. . 12 1 T
ﬂ—znh C ﬂ—znh DC @ and ﬁ V| n|ﬂ—z, (5154)
such that
_ e e, . fcfc, . .
T= ¢ o ‘n_zn'ﬂ_zn" T 0y ‘n_zﬂ_zn" and T m; O: (5.155)

Condition (5.149) implies that the fluid velocity term rv (v v|) Ag is bounded and
does not contribute to the integral over the side surface of the pillbox. The tangential

derivative terms m( v+ V') fis are bounded and do not contribute to the side

integral. For the term 2=3m(  v) fs, Egs.(5.122) and (5.154) gives

2 2 Dc 2 fc.
gm( v)—gmarﬁt gmarc(v V')ﬂ_z’ (5.156)

which implies that 2=3m(  v)I fg is bounded and does contribute to the side integral.

Morevoer, the non-classical stress term T does not contribute to the integral over the
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top and bottom surfaces. Eq.(5.153) reduces to

'
Z h i h 1 h i B
ruu uw) A+ pl A+ m( u+ u') A dS
1 Z,

+ pl mdzdl =0; (5.157)
C e

where the condition (5.147) is used.

We now seek to identify the last right term in Eq.(5.157) as the surface tension of
our phase-field model. At equilibrium, we argue that in the momentum equation, the
largest variations in the direction normal to the interface occur in the pressure and the
phase-field, so that theterms pand (he?s(T)r( ¢  c)) have the leading order,
and the momentum equation (5.115) in the term of the local co-ordinate can then be

simplified as

fp. 1 e, _ ..
‘ﬂ_z+‘ﬂ_z hes(T)r(ﬂ—Z) =0; (5.158)

where we note the conditions

p=p ;C=cC and%]—EZOasz T d: (5.159)

Here p are constant value that p takes at the top and bottom surface of the pillbox, and
c are the value of c in the bulk region of fluid 1 and 2 separately. We then integrate

(5.158) from d toapositionz 2[ d;+d] to obtain

p(z)=p hes(T)r(:]T—;)Z; (5.160)
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where the condition (5.159) is used. Inthe limite d L, we integrate (5.160) from
d to d to obtain

1 1
Z 4 Z 4 Z 4

_ T Ty g,
dp(z) dd = . hes(T)r(ﬂZ) dz hs(T) . er(ﬂz) dz;
(5.161)

where p is bounded and does not contribute to the line integral. Here, for our pill-
box argument to make sense, we require that within the pillbox the temperature are
continuous and the variations is small over a small distance (of order of the pillbox
thickness d). In the limite d L, the temperature T is approximately uniform
along the direction normal to the interface and thus is independent of the local coor-
dinate z. Note that the similar assumption for the temperature was also suggested by
[70], where a surface tension term with thermocapillary effects was identified from a

phase-field model in its sharp-interface limit. Denoting by

Z 4 -
. pn : fic,, _
s(T)—hs(T)ell!rr(l) ; er(ﬂ—z) dz; (5.162)
and substituting into (5.157), we obtain
|
Z h i h i h i [
ruu uw) A+ pl A+ m(u+ u) A dS  Srydl =0;

C
(5.163)

where, inthe limite d L, we assume that the tangential unit vector m, is indepen-
dent of z and thus can be taken out of the line integral. Using the surface divergence

theorem [125] leads to
1 Z Z

Smdl=  (&dS (s A)SAS: (5.164)
C G G
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Substituting Eq.(5.164) into Eq.(5.163), we obtain
Z h [ h 1 h i
ruu uw) A+ pl A+ m( u+ u') A dS

Z Z
SdS+ (s AEAS=0: (5.165)
G

Note that, as the pillbox is arbitrary, the jJump condition for the momentum balance at
the interface can be given as
h i h i h i
ruu uw) A+ pl A+ m( u+ u') A= §+kSh;

(5.166)

where s is the surface gradient, k = s Ny is the mean curvature of the surface
(e.g. [125]). The first term on the right is the tangential thermocapillary (Marangoni)
force that accounts for the non-uniform surface tension, while the second is the normal
surface tension force. Again if we assume that there is no phase change (i.e. no flux)
across the interface, Eq.(5.166) reduces to the jump condition that

h i h i
pl A+ m( u+ u') A= §+kSh; (5.167)

which is the classical momentum balance jump conditions at the interface for two-
phase incompressible fluid with thermocapillary effects. However it still remains to
confirm that the term S in Eq.(5.162) stands for the surface tension. In what follows,
we will first derive the free energy boundary conditions at equilibrium (5.6.5), based
on which we use the excess of interfacial free energy to identify that the term S defined

in Eq.(5.162) stands for the surface tension of our phase-field model (section 5.6.6).
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5.6.5 Free energy balance

We now rewrite the Cahn-Hilliard equations (5.118) and (5.119) as one equation

, ( 1

e h (T)dh(c) ﬂz‘;'l_ es(T)— (r ¢ dv=0(168)

v Dt

At equilibrium, we expect that all the terms in the braces have the leading order. Hav-
ing in mind the assumption (5.154), the Cahn-Hilliard equation (5.168) can be reduced

to
L]

Z g2
1 h dh(c) p dr 1d, dc o
oS~ g hesMo(ry) dv=0  (5169)

viz? e

As the pillbox control volume is arbitrary, we have

q2 dh(c) p dr 1d, dc,
@ sM—5 vzgc hesMog(ry) =0 (5.170)

where we note the following boundary conditions

h(c) =h(c ) and % =hl(c Yforc ¥ d: (5.171)

Note that in section 5.6.4, Eq.(5.160) is also expressed in the form of local coordinate

z, we then substitute it into Eq.(5.170) to eliminate the pressure term  (p=r2){ p=1c,
so that

_ 1% h_, . dn p dr d*c

Having in mind the definition of variable density for quasi-incompressible fluid r (c)

(5.10), we see that the secondterm  (p =r?){ p=Tcin (5.172) is constant, and Eq.(5.172)
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can be further simplified as

ﬂ2

h dh d%c

Using the conditions (5.159) and (5.171)), we integrate (5.173) twice to obtain

2c

dh(c) hes(T)d gs(T)hO(c ); (5.174)

0—— s(T)——

or

2

dh(c) hes(T) d°c gs(T)hO(C+): (5.175)

o_— S(T)—2

Again, we assume that the temperature T is independent of local coordinate z and drop

the coefficient s(T) to obtain

_ hdh(c) dc h,

"t ac Mgz o"C) (5379)
or

_ hdn(c) dc h,

Subtracting Eq.(5.176) from Eq.(5.177), we then obtain the boundary conditions for

the free energy at the interface
h'(c+) =h'(c ): (5.178)
Again, multiplying Eq.(5.176) by fc={z and integrating from d to d, we have

o=2 h(c+) h(c ) gho(c Y+ C); (5.179)
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where we note that (5.178) and (5.179) are the Gibbs equilibrium conditions for the
free energy at the interface (e.g. [39]). In the next subsection, we will use the concept
of excess of interfacial free energy to identify the surface tension from our phase-field

model, where the Gibbs equilibrium conditions (5.178)), (5.179) are used.

5.6.6 Excess of interfacial free energy

In a multiphase fluid system, the surface tension is identical to the surface energy den-
sity. As the interface possesses more energy compared to that of the bulk phases, this
surface energy can be determined as the excess energy at the surface compared to the
corresponding bulk phases [47, 41, 103]. For the phase-field model, as the interfacial
region has finite thickness, in which the different phases are mixed, a definition of in-
terface is needed in order to determine the excess energy. For this purpose, the Gibbs
dividing surface [47] is typically adopted for the phase-field model (e.g. [7,/87]), where
the two phases are thought to be separated by an infinitesimal thin surface.

We begin by introducing the way to determine the exact location of the Gibbs dividing
surface. In Gibbs model, the constituent mass of the two-phase fluid can be written as
a sum of three components: one of bulk phase 1, one of bulk phase 2, and one of the

interfacial region G, so that
M; = M +M? + ME: (5.180)

Here as the interface (G) is assumed to be ideally thin (Vg = 0) with zero mass, we may

have

ME=M; MI MZ=0: (5.181)
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For our phase-field model, as the mass concentration of one fluid component is chosen
as the phase variable, we rewrite the balance of constituent mass (5.187)) in term of the

phase variable

Z Z 4, Z 4

rcdz r c dz r.Ccy dz =0; (5.182)
d d Z0

where r and c represent the value of r and c that take in different bulk phases. The
location of the dividing surface G is denoted by zp and can be determined through the

above equation. In addition, for the phase variable c, we have two sets of values,

c+=0;c =1(c=cypasz d; (5.183)

c+=1,¢c =0(c=cp)asz d: (5.184)

Using Egs.(5.183) (5.183), Eq.(5.182) can be further written as

' '
z Z 4

20
r r dz+ r ri dz =0; (5.185)

d Zo

where we have used the condition ¢; + ¢, = 1. Eq.(5.185) stands for the mass balance
of the mixture with the Gibbs dividing surface, which will be used for the derivation
later.

With the location of the dividing surface, we now identify the surface tension with re-
spect to the concept of excess of interfacial free energy. Anderson et. al. [7] presented
a phase-field model to study a single compressible fluid at different phases, where, at
equilibrium, the Helmholtz free energy was used to determine the excess of interfacial
free energy. Similarly, Lowengrub and Truskinovsky [87] used the Helmholtz free en-
ergy to determine the excess of interfacial free energy and thus to identify the surface
tension of quasi-incompressible phase-field model for two-phase flow at equilibrium.

Following these works, we use the relation (5.28) and (5.96) to define a Helmholtz
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free energy for our phase-field model of quasi-incompressible fluid. Having in mind

the Gibbs free energy (5.127), we have

fg P
f=¢ -

T T  h 1. .
= Uy cncTo (I =) cheTIn(=)+ —s¢(T)h(c)+ehs¢(T)j cj’
To To e 2

(5.186)

where we see that the free energy fis temperature dependent as the non-isothermal
case is considered here. In the isothermal case, (say T = Tp), our free energy (5.186)

reduces to the classical Cahn-Hilliard free energy (e.g. [28, 87]):

hs j cj?

f=""h hse—=: 187
. (c)+hse 5 (5.187)

In what follows, we use the free energy (5.186) and the dividing surface G to determine

the excess free energy. Let Eeqys be the excess of interfacial free energy per unit area,

then
Z 44 ) Z 20 A Z L4 )
Eexs = rfdd r f dd r.fydd
d d Zg 1
Z+d g dc 2 2 h
s(T) —her(c)(—)%dz +s(T) — r()h(c) r h(c) dz
d 2 dz q e
1
Z 4 h -
+s(T) . r(c)h(c) r+h(csy) dz; (5.188)
Zp

where f are the values of the Gibbs free energy that take in the bulk phases corre-
sponding to ¢ . Note that, in the limitofe d L (ord is sufficiently small), we
assume that the variations of the temperature T along the direction normal to the in-
terface are small and thus independent of the local coordinate z. Then the first two
terms associated with the temperature in (5.186) are constant and can be eliminated.

For the derivations later, we first multiply Eq.(5.176) by fc={z and integrate from d
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to a position z to obtain

1, ,dc, _h h _
Ehe(E) =3 h(c) h(c ) Eh (c )(c c); (5.189)

where the condition (5.159) is used. We then rewrite Eq.(5.188) in the form

Z 4

_ dc.,
Eexs =S (T) ; her(c)(E) dz '
Z 20 -
+s(T) h rc) h(c ) h )c r h(c) hc ) dz
de .
Z gy h -
+s(T) o 1@ h() h'(c )c r+ h(c+) h'c )es dz;

(5.190)

where we have used the balance of constituent mass (5.182). Using the condition
(5.179) and mass balance equation (5.185), we finally obtain the expression for the

excess of interfacial free energy

Z =+
Eexs = S(T) dd her(c)(g—g)zdz =$(T); (5.191)

where we identify that the term S(T) in the jump condition for momentum balance
(5.167) is identical to the excess of interfacial free energy, and thus stands for the
surface tension of our phase-field model. In addition, if we use the specification for the

double-well free energy (5.129) and substitute Eq.(5.189) into the excess of interfacial
free energy (5.197), we have

G dc, h o
Eexs =S (T) ; zher(c)(d—z) +Er(c)h(c) dz =S(T); (5.192)

which reveals that in the free energy (5.186), both the gradient energy 1¢(T)j cj?=2

and the double well free energy g¢(T)h(c) contribute equally to the surface energy
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at equilibrium. This agrees with the results obtained by Lowengrub & Truskinovsky
[87], and Liu & Shen[85], where the phase-field model for a quasi-incompressible
fluid (variable density case) and binary incompressible fluid (density matched case)
were studied in the sharp-interface limit, respectively.

With the help of the location of the dividing surface and the excess of interfacial
free energy, we can further relate the surface tension of the our phase-field model

S(T) (identified in Eq.(5.191)) to that of the sharp-interface model s(T) (defined in
Eq.(5.132)) by letting

Z 4
§(T)=s(T) dd her(c)(g—z)Zdz =s(T): (5.193)

The value of the ratio parameter h can then be determined through the following equa-

tion

1

h=g :
Ter(c)(L)2dz

(5.194)

It has been argued by [29] that in the limit of gently curved interface, and when the
motion of the interface is slow, the phase variable ¢ can be approximated by its 1D
stationary solution cg along the direction normal to the interface. For simplicity, we
now assume that the local coordinate z coincide with the y direction, and the position
of the dividing surface is yg = 0. In the 1D case, we have the following stationary

solution cq near the interfacial region,
1 1
Coy) = > +>tanh —B— ; fory2[ d;d]; (5.195)
2 2 2 2e

which is shown in Figure 5.2l Herey =d and y = d are the positions of the top

and bottom surface of the pillbox separately. In the limite d L, we note the
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Figure 5.2: The stationary solution cq (black solid line) for the phase-field. A is a point
on the dividing surface G, d and d are positions of the top and bottom surfaces of the
pillbox (blue dotted line).

conditions

c=0fory=d;andc=1fory= d: (5.196)

Substituting Eq.(5.195) and the variable density (5.10) into (5.194) we obtain

h =

p_
p 2 2rz 1)’ i (5.197)
rir; r3 r? 2r1r2In(:—i)

where the condition (5.196)) is used. Note that for the density matched case (r; = ry),
Eq.(5.194) leads to a simpler expression for h, which is

h=6 2: (5.198)

This agrees with the result obtained by [103], [130] and [4]. In next section, we will
compute some examples using our phase-field model for quasi-incompressible fluids
(5.114)-(5.119). As both examples are computed under the density matched case, we
use Eq.(5.198) for the computations. The numerical results will be compared to the
analytical solutions that derived for the sharp-interface model to validate this value of

h and further to validate our model.
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5.6.7 Jump condition for energy balance

To derive the jump condition for the energy balance at the interface, we first substi-

tute the terms E, m, ge and qg° ((5.17), (5.110), (5.111) and (5.113)) into the energy

balance equation (5.33). In the integral form, we obtain

Z
ra(v v.)+r%jvj2(v Vi) pl Li(MrT+m( v+ V')
|
2 Dc
ém( VI v Iy(r Cﬁt) Kk T mecmc mc ndS=0; (5.199)

where we have used the identities

DG _ 1(rd) .
Dt Tt (rav); (5.200)
D1, 1,1 , 1o

and the following properties which are similar to (5.145) and (5.146),

z T(rd) z
dv rdv, Ads; (5.202)
7 It s 5
T Livi2 dv L AdS: 5.203
Vﬁ(riwj ) SVEJVJ V| nas: (5.203)

We then break up the above integral into pieces for the top, bottom and sides of the

pillbox to obtain

Z
racv v.)+r%jvj2(v Vi) pl Li(MrT+m( v+ V')
Stop
|

gm( VI v Iy(r c%) K T mcmc mec ArdS

3 Dt

z 1
+ racv v|)+r§jvj2(v Vi) pl Li(TrT+m( v+ V')

Sbot

(5.204)
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D
m( WL v (r cﬁf) K T meme me  AgdS

3
1z 1
+ ra(v v|)+r§jvj2(v Vi) pl Li(MrT+m( v+ V')
C d
|
2 Dc

gm( VI v Iy(r Cﬁt) K T mcmec me HAsdzdl =0; (5.205)
where we assume that the heat capacity cy¢ is a constant. In the limite d L,
the non-classical terms of the internal energy a, T, I,(r c%) and mcmc  mc do not
contribute to the top and the bottom surface integrals. So that the terms ria(v v))+
rijvil(v. v)+m( v+ v') v 2m( v)l v fis are bounded and do not con-
tribute to the side integral. Moreover, the non-classical terms §¢(T)rT, 1y(r c%

and mcmec  mc do not contribute to the side integral, k T is bounded and does not

contribute to the side integral. Eq.(5.205) then reduces to

Z h i h 1 i h i h i
riche T(V V) + rizjvjz(v vi) + plv  m( v+ V) v
i, | 1
h 1 1 Z gy B
ki T N, dS + pdz v, mdl =0; (5.206)
c d

where in the last term of Eq.(5.206), we argue that the interface velocity v is indepen-

dent of the local coordinate z and thus can be taken out of the integral in the normal

direction. By using Egs.(5.161) and (5.162), we obtain

Z h i h 1 i h i h i
richeT(Vv V) + rizjvjz(v vi) + plv  m( v+ V) v

|
h i 1 24

ki T N ds + ; Sv, mdzdl =0: (5.207)
C
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The surface divergence theorem gives

Z h i h 1 i h i h i
FiChe T(Vv Vi) + riEJVjZ(V vi) + plv  m( v+ V) v
h il z z
K T AdS s (Bv)dS KSR vdS=0; (5.208)
G G

where the condition (5.141) is used. As the surface is arbitrary, we obtain the energy
balance jump condition at the interface

h i h ih i h ]

ki T Ar= roT(v vi) + riéjvjz(v vi) + plv

N
h i’

m( v+ vVIYv A s (8v)) kSA v (5.209)

where the energy spent by the interface deformation and the effects of the interface
curvature are taken into account in our jJump condition for energy balance at the inter-
face. Eq.(5.209) agrees with the result obtained in by [11], where the energy balance
condition is derived by using a pillbox for sharp interface model. Again if we assume

that there is no phase change across the interface, Eq.(5.209) then reduces to

ho h i h i’
ki T A= plv m(v+ vI)v A s (§v) kSA v:

(5.210)

If we further ignore the energy spent by the interface deformation and the effects of

interface curvature, we can obtain the classical jJump condition for the energy equation,
h i
k T A =0; (5.211)

which is widely used for the computations of sharp-interface model (e.g. [115]).
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5.7 Computational methods and results

In this section, we investigate numerically our phase-field model through three exam-
ples. One is the thermocapillary convection in a micro-channel with two-layer super-
imposed fluid, and the second (third) one is the thermocapillary migration of a drop
with zero (finite) Marangoni number. All examples will be computed by using contin-
uous finite element methods. The numerical results of the first and second examples

will be compared to the existing analytical solutions and theoretical predictions.

5.7.1 Simplified model and the weak form

For the sake of simplicity, we assume that the densities of the two fluids are matched.

The system equations (5.114)-(5.119) can then be simplified in the form

v=0; (5.212)
Dv h i
L Ii(T)(c ¢ + (m v) (5.213)
B_leu ( CB—(,[:)+ pl Is4(M)(c c¢)+m v @ v
+ (k T+meme me); (5.214)
% = mcDmc; (5.215)
mc = gf(T)¥ 1:(T)Dc; (5.216)

where the variable thermal conductivity (5.63) is employed. Here we have rewritten

the energy balance equation (5.116) by using Eq.(5.43) and the definition of G (5.131).

Note that the reason we need to rewrite energy equation is that in the weak formulation
of Eq.(5.116), the second order derivative is involved implying that more complicated
C! finite elements are needed. However in the weak formulation (5.219) below we find

that only first order derivatives of ¢ are involved, so that the C° finite element method
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can be used for our computations. The benefits of using C° elements are obvious, that
the method can be implemented easily and many existing codes can be incorporated
to reduce various complications. Note that Eqgs.(5.212)-(5.214) of the system will be
computed for the example of thermocapillary convection, Egs.(5.212)-(5.216) will be
computed for the example of thermocapillary migration with zero Marangoni number,
and the non-dimensional system equations (5.136)-(5.140) will be computed for the ex-
ample of thermocapillary migration with finite Marangoni number. For simplicity, we
only present the numerical scheme for dimensional system equations (5.212)-(5.216).
The numerical method for the non-dimensional system (5.136)-(5.140) can be obtained
correspondingly. By multiplying the system (5.212)-(5.216) with the test functions g,
u, ¢, T and y respectively and using integration by parts, the weak form can be de-
rived straightforwardly (where v, p, U, ¢, m and test functions u, g, ¢, ¥ and y are in

appropriate spaces),

Z
vqg dx=0; (5.217)
w
|
7 !
vi u+(v )vu p u K(TM)(c ¢): u+m v: u dx=0;
w
(5.218)
z Dc
Gic + (v )Gc+luﬁ c c+Il¢«(T)( c ¢): vc+pl: vc
" I
mv: vc+k T c++mcmc mc € dx=0; (5.219)
1
7 I
cfF+(v )eF+mg mec F dx=0; (5.220)
ZW !
dh(c)
W mcy 05(T) dc \Y% 1;(T) cy 1+(T) ¢ y dx=0: (5.221)
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5.7.2 Temporal schemes and implement issue

The solution of the weak form (5.217)-(5.221) is approximated by a finite difference
scheme in time and a conformal CP finite element method in space. To ensure the sta-
bility of our numerical method, we adopt the fully implicit backward Euler scheme to
compute the problem.

We let Dt > O represent a time step size, and (vp; pp;Gp;cp;me) (in a finite dimen-
sional space given by a finite element discretization of the computational domain W) is
an approximation of (v; p;d;c;m) at time t" = nDt, where vj = v(nDt), pp = p(nDt),
ah = G(nDt), ¢ = c(nDt) and mc) = mc(nDt). Then the approximation at time t"*+?

n+1. n+1.sn+1. n+1. o n

is denoted as (v, ~; py, 5 U, ¢y ,mch+1) and computed by the following finite ele-

ment scheme

z

y vitlg+dpitlg dx=0; (5.222)
z

y AT R (VAR (VAR  V I A T BT @ A T AN i) T

L

+m vt ou dx=0; (5.223)
YA

y ate+ (it e+ (et (vt et ot o

+If(Thn+1)( CR+1 Crr;+l): VR+1C m Vﬂ+l: vﬂ*lc+k Thn+1 c

+memel ™t mef*tt ¢ dx=0; (5.224)
1
7 '
(V)T et Eme meptt f dx=0; (5.225)
Z

meftly g (MO )y (T oty
1

(T o™ty dx=0; (5.226)
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where vl = (vi*! v)=Dt, a7t = (ap*!  al)=Dtand ¢f*t = (cf™* c[l)=Dt. Note
that the divergence free equation needs to be treated carefully in incompressible flow
computations. Here we rewrite Eq.(5.222) in the penalty formulation, where d is a
relatively small parameter and is set to be d = 10 °© for all the computations. Note that

for every time step, T"* can be obtained by using Eq.(5.131), such that
1 .
CheT n+1 _ ['jn+1 guh(c”“) IUQJ Cn+1j21 (5_227)

Since the scheme is nonlinearly implicit we need to linearize the system and then solve
a linear system iteratively at each time step. We follow the numerical methods designed
in [65], where the linear system is symmetric and does not depend on time. Therefore,
we only need to calculate the Cholesky factorization for the symmetric linear system at
the initial time step. After the initial time we do not need to factorize the linear system
again since the coefficient matrix is independent of time.

For a phase-field model, it is sufficient to finely resolve only the transition layers, and a
fixed grid represents a waste of computational resources. Therefore, efficient adapting
mesh that resolves the thin layers near the interface is desirable. For the example of
the thermocapillary convection, we design a mesh that has relatively high-resolution
grids near the flat interface. For the example of the thermocapillary migration, as the
interface moves as the drop rises, an adaptive mesh is designed, in which there is a
smaller frame that moves with the drop. Within the frame, the resolution of grids
is much higher than those outside the moving frame, so that the moving interface
of the drop can be resolved purposely. Here, only the meshes for the example of

thermocapillary migration are shown.
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Figure 5.3: The schematic diagram showing two immiscible fluids in a microchannel.
The temperatures of the lower and upper plates are T°(x; b) = T, + Tocos(kx) and
Ta(x;a) = T, respectively, where T, > T, > Ty and k = 2p=I is the wave number, and
a and b are the heights of the fluid A and B respectively.

5.7.3 Thermocapillary-driven Convection

We now investigate the thermocapillary-driven convection in a heated micro-channel
with two-layer superimposed fluids with a planar interface [98]. Considering two-layer
fluids (figure[5.3), where the heights of the fluid A (upper) and fluid B (lower) are a and
b, respectively, and the fluids are of infinite extension in the horizontal direction. The
physical properties of the fluids are their densities, viscosities and heat conductivities.
The temperature variations in the present study are considered to be small enough so
that the thermophysical properties of each fluid are assumed to remain constant, with

the exception of surface tension. The temperature of the lower and upper plates are

TP(x; b) =T, +To cos(wx) and T3(x;a) = T, (5.228)

respectively, where T, > T, > To > 0, and w = 2p=I is a wave number with | being
the channel length. The above temperature boundary conditions establish a tempera-
ture field that is periodic in the horizontal direction with a period of |. Therefore, it
is sufficient to only focus on the solution in one period, i.e., 1=2 <x < 1=2. In the
limit of zero Marangoni number and small Reynolds number, it is possible to ignore

the convective transport of momentum and energy. In addition, we assume that the
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interface is to remain flat. By solving the simplified sharp-interface governing equa-
tions with the corresponding jump boundary conditions at the interface, Pendes et al,
[98] obtained the analytical solutions for temperature field T (x;y) and stream-function

y (x;y), where for the upper fluid

(Tc Th)y+kTcb+Tha

TA(XY) = - +Tof(a;b;k) sinh(a  wy) cos(wx);
a+kb
(5.229)
yA(y) = Uax 1 r‘wy sinh?(a)cosh(wy)
ﬁN sinh’(a) a2 : 5
% 2a’+wy sinh(2a) 2a sinh(wy) sin(wx); (5.230)

and for the lower fluid

K(Te Th)y+KTcb+Tha h

TB(xy) = T +T01;(a;b;R) sinh(a)cosh(wy)
ksinh(wy)cosh(a) cos(wx); (5.231)
_ U 1 n
Bxy) = —= sinh?(b)cosh
yo(xy) ﬁ” Sn?(b) b2 Wy si _() (wy)
i o
12b2 wy sinh(2b) 2b sinh(wy) sin(wx): (5.232)

2

In the above equations the unknowns are defined by k = ka=kg, @ = aw, b = bw,
f(a;b;k) = 1=(ksinh(b)cosha + sinh(a)coshb), g(a;b; k) = sinh(a) f(a;b;k) and
]

Tos ~ ~
Umax = ?H—BT g(a;b;k)h(a;b;m);

h(a;b;m)
sinh’(@) a? sinh?(b) b?

K sinh®(b) b2 sinh(2a) 2a + sinh’(a) a2 sinh(2b) 2b

Based on their work, the simulations for our phase-field model are carried out in a

2D domain [ 1=2;1=2] [ b;a]withl=1:6 10 4, anda=b=4 10 °. As the
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e =0:02 e =0:01 e = 0:005 e =0:002 e =0:001

k=01 U 5445 103 2:503 10 ° 1:189 10 ° 4:551 10 ¢ 2:200 10 *
. 2.2
mjljy'j)j/_gLZ 4:309 10 2 2:668 10 2 1614 10 2 6:94 103 644 103
2L

k=0.5 % 1585 10 3 5748 10 4 2:098 10 4 5167 10 5 1:815 10 5
114

Byhe 6796 10 2 2:208 10 2 8:682 10 3 3:688 10 ° 7:318 10 *
L

Table 5.1: L2 norm of the relative difference between the numerical results and the
analytical solutions for section 6.3.

interface between the two fluids is assumed to be flat and rigid, the initial conditions

for the phase-field is only depending on y, and can be given in the form

1 1
c(y) = = + =tanh 43/_— ; fory2 (- b;a); (5.233)
2 2 2 2e

where e is related to the thickness of the diffuse interface. The periodic boundary
conditions are applied on the left and right sides of the domain. On the top and bottom

walls, the no-slip boundary conditions are imposed such that
u=0fory=a; b (5.234)

Eq.(5.228)) are used as the boundary conditions for temperature with Ty, = 20, T, = 10
and Tp = 4. We let the ratio parameter h = 6p§ (Eq. ). Moreover, the fluid
properties are set as ma = mg = 0:2, kg = 0:2, sg = 2:5 10 1, k = ka=kg (thermal
conductivity ratioc)and st = 5 10 3 (at Tret = To).

To show the influences of the thermal conductivity ratio on the stream-function and
temperature fields, the simulations are carried for two cases with different value of k,
where k = 0:1 for case 1, and k = 0:5 for case 2. Here the variable thermal conductivity
k(c) (Eq. (5.63)) is employed, where we fixed kg(= 0:2), and change the value of ka

for the two cases. The contours of temperature fields and stream function for the
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Figure 5.4: Isotherms of the numerical results and analytical solutions for the example
of thermocapillary convection in a two-layer fluid system with the different thermal
diffusivity ratios, k =1 and k = 0:2.

Figure 5.5: Streamlines of the numerical results and analytical solutions for the ex-
ample of thermocapillary convection in two-layer fluid system with different thermal
diffusivity ratios, k=1 and k = 0:2. Positive (negative) values of the stream-function
indicate the clockwise (the counterclockwise) circulation.
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two cases at e = 0:002 are shown in figure 5.4 and figure [5.5| respectively. It can be
seen that our numerical results are in good agreement with the analytical solutions.
In order to show that our phase-field model approaches to the sharp-interface model
as the thickness of diffuse interface goes to zero, the computations are carried out by
using four different values of e (= 0:02;0:01;0:005; 0:002). The L2 norm of the relative
difference between the numerical results and analytical solutions are shown in table 2.
We can observe that as the value of e decreases, the L? norm of relative difference
decreases for both temperature field and stream functions. We also note that there are
slight differences between our numerical results and the analytical predictions. The
reason is two-fold. For one, and most importantly, the thickness of the interface of
our model is finite, and the thermal diffusivity changes across it. The second reason is
that the viscous heating term is considered in our energy balance equation (5.214). As
can be observed from the isotherms in figure [5.4} the cosine like boundary condition
for temperature leads to the non-uniform distributions of the temperature along the
interface. This results in a shear force along the interface that is from the centre to
both sides of the domain. The fluids are set to motion by this shear force and move
from the middle toward both sides of the domain. It is then replaced by the fluid
flowing downwards (upward) from the top (bottom) boundary. Also as the domain is
periodic in the horizontal direction, the velocities of fluid that moves towards both sides
decrease and the fluids are forced to move upward (downward) to the top (bottom) of
the domain. This mechanism results in the formation of the circulation patterns that
can be observed in the stream function fields (figure[5.5), where the fluid flow consists
of four counter-rotating circulation that divide the domain into four parts. Moreover, in
the context of the thermal conductivity ratio, we find that the decrease of the value of
k leads to a more non-uniform distribution of temperature along the interface, and thus
strengthens the thermocapillary-driven convection. This agrees with the recent result

obtained by Liu et al. [86], where the same thermocapillary convection in a two-layer
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fluid system was investigated numerically by using a lattice Boltzmann phase-field

method.

5.7.4 Thermocapillary migration in the limit of zero Marangoni

number

The thermocapillary migration of a gas bubble was first examined experimentally by
[129], who derived an analytical expression for the terminal velocity (also known as
YGB velocity) of the drop in an infinite domain. In his study, both the Marangoni
and Reynolds numbers are assumed to be infinitely small, such that the convective
transport of momentum and energy are negligible. Instead, the terminal velocity of the
gas bubble is derived in a infinite domain with constant temperature gradient fields,

and can be given in the form

2U

~ —: (5.235)
(2+k)(2+3m)

Vyee =

where U = s7Gt1R=mg is chosen as the velocity scale, R is the radius of the drop and
Gt stands for the constant temperature gradient, k = ka=kg is the thermal conductivity
ratio and M = ma=mg is the viscosity ratio between the two fluids. In our simulation,
we consider a 2D domain W of size [0;7:5R] [0;15R] where a planar 2D circular
drop of fluid A with radius R = 0:1 is placed inside the medium of fluid B, with the
drop’s centre located at the center of the box (Xc;yc) = (3:75R; 7:5R). We set the initial
condition for the phase-field as
h Ly

R (X x)?+( Yo)? 1 (5.236)
o + = : .
2" e 2

Nl

c(x;y) = %tanh

169



where e =0:001 15R stands for the thickness of the diffuse interface. In figure 5.6]
we present the initial condition (5.236)) for the whole domain (left hand side), and for
fixed x = 3:75R (right hand side), where it can be observed that the area with c =1
represents the drop (fluid A) and the area with ¢ = 0 represents the medium (fluid B),
between which the value of ¢ varies rapidly resulting in a diffuse interface with finite
thickness. Within this transition layer, the dotted contour line is at level ¢ = 0:5 that
represents the dividing surface G. No-slip boundary conditions are imposed on the
top and bottom wall, and periodic boundary conditions are imposed in the horizontal

direction. A linear temperature field is imposed in the y direction

Tt Tby =Tp+Gry, (5.237)

TXY) =Ty + R

with T = 10 on the bottom wall and T; = 25 on the top wall, resulting in a constant tem-
perature gradient, Gt = 10. Again, we let the ratio parameter h = 6p§ (Eq.(5.198)).

Moreover, the fluid properties are shown as the following:

my=mg =02, kg=02; so=2:5 10 !;

k = ka=kg (thermal conductivity ratio); st = 5 10 3 (at Tret = To);

Using these values, the theoretical terminal velocity of a spherical drop can be given

as
VWyeg =8:333 10 4 (5.238)

Numerically, we use the following equation to calculate the rise velocity v, of the drop

for our phase-field model,

R s
_ _ptu jav.

Vr = oV (5.239)
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Wherej is the component of the unit vector in y direction.

Figure 5.7 shows the temporal evolution of the drop velocity normalized by Vygg be-
tween two different interface methods, phase-field method and level set method ([62]).
Similar to the last example, we compute our model by using two different interfacial
thickness corresponding to e = 0:002 and 0:001. Both the level set method and phase-
field method seem to converge to a value of v,=\iy gg = 0:8, roughly 20% different from
the theoretical prediction. The reason for this discrepancy is two-fold. For one, and
most importantly, the theoretical rise velocity is for an axisymmetric sphere, whereas
our simulations are carried out for a planar 2D drop. The second reason is that the
simulations include small blockage effects from the finite computational domain size
as well as minute deformations of the drop, whereas the theoretical formula assumes
an infinite domain and a non-deformable drop. As the thickness of the diffuse interface
decreases, our results seem to coverage to the that obtained by level-set method ([62]).
For the case e = 0:01, we present the streamlines together with the moving interface
att =1andt =50 in figure[5.10, where we observe that the streamlines for both cases
exhibit the similar patterns, with two asymmetric recirculations around the drop. Fig-
ure [5.10] shows the meshes together with the drop interface att = 1 and t = 50. Here
the size of the smaller frame is set to be [3R 3R], in which we take the shortest edge
of the grids inside the frame as 15R=1000 = e, so that at least 7-9 grid cell (corre-
sponding to the definition of the interfacial thickness) is located across the interface to
ensure accuracy of our computations. In addition, the moving velocity of the frame is
set to be equal to the drop rising velocity Virame = Vr, such that, through this relative

long-term behavior, the rising drop is always kept inside the smaller moving frame.
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Figure 5.6: Initial condition of the phase variable c for the example of the thermocap-
illary migration of a drop. The dotted line stands for the dividing surface.

Figure 5.7: The time evolution of the normalized migration velocity of a drop. The
dashed line represents the theoretical prediction for a 3D drop (Vygg), while the solid
line is our numerical results for a 2D planar drop (vy).
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Figure 5.8: The drop interface (black) and the streamlines (colored lines, left), and the
meshes (gray lines, right) att =1 and t = 50. Positive values of the stream-function
indicate the clockwise circulation and negative values of the stream-function indicate
the counterclockwise circulation.

5.7.5 Thermocapillary migration with finite Marangoni number

We now compute the example of the thermocapillary motion of a drop with finite
Marangoni numbers. Due to the finite Marangoni numbers, the energy equation is
coupled with the Navier-Stokes equations. This is expected to result in a reduction
of the tangential temperature gradients at the drop interface due to the interfacial flow
driven by the Marangoni stress, which in turn will also be reduced. In this simulation,
we consider a 2D domain W of size [0; 10R] [0; 15R], where a planar 2D circular drop
of fluid A with radius R = 0:5 is placed inside the medium of fluid B, with the drop’s
centre located at the centre of the box (x¢;yc) = (0;1:5R). Att =0, Eq.(5.236) is em-
ployed as the initial condition for phase variable, and a linear temperature distribution
from T, = 0 at the bottom to T; = 1 at the top is imposed for the bulk liquid, and we
assume that the drop has the same initial linear temperature distribution as the bulk
liquid. Again, no slip boundary conditions are imposed on the top and bottom bound-
aries, and periodic boundary conditions are imposed in the horizontal direction. The
two fluids are assumed to have the same densities and viscosities. We set the thermal
conductivity k; = 0:1 for the drop and k, = 1 for the bulk fluid. Moreover, we set

the non-dimensional parameters as e = 0:002, Re =10, M =1, Pe = 100=¢, Ca =1,
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Figure 5.9: The time evolution of rise velocity of a drop with different finite Marangoni
number.

Ec = 1. Five different values of Marangoni number are employed for the computa-
tions, such that Ma = 50;100; 500; 1000; 1500.

Figure 9 shows the velocity of the drop versus time for the five cases. As the time
progresses, the rise velocity reduces in all five cases, where we can observe that the
increase in Ma leads to the decrease in the rise velocity, which is consistent with the
simulations in [62} (128, [135].

Figure 10 shows snapshots of the isotherms at 4 different times for the corresponding
three cases, where the dependence of the migration velocity on the Marangoni number
can easily be explained. Obviously, the enhanced convective transport of momentum
and heat with the increase of the Marangoni number results in more disturbances of
the temperature field. Inside the drop, as we increase the Marangoni number, the larger
variations can be observed, leading to a substantial reduction in the surface temperature

gradient and the corresponding rise velocities.

5.8 Discussion

In this chapter, we present a thermodynamically consistent phase-field model for two-

phase flows with thermocapillary effects, which allows the binary incompressible fluid
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Figure 5.10: The snapshots of drop interface (black) and isotherms (colored lines) for
different time and different Ma as indicated.
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(quasi-incompressible fluid) to have different physical properties for each component,
including densities, viscosities and thermal conductivities. To the best of our knowl-
edge, such a phase-field model is new. We chose the mass concentration as the phase
variable, where the corresponding variable density and mass-averaged velocity lead to
a quasi-incompressible formulation for the binary incompressible fluid. As the ther-
mocapillary effects are produced by the non-homogenous distribution of a temperature
dependent (linearly) surface tension, we introduce the square-gradient (Cahn-Hilliard)
term into the internal energy and entropy of our phase-field model, so that the interfa-
cial free energy that is associated with the surface tension in our model, can be linearly
dependent on the temperature. Our model equations, including mass balance equa-
tion, Navier-Stokes equation with extra stress term, advective Cahn-Hilliard equation,
energy balance equation and entropy balance equation, are derived within a thermo-
dynamic frame based on entropy generation. Comparing with the classical energy
balance equation employed by other phase-field models, the non-classical terms as-
sociated with the square-gradient term appear in our energy balance equation (5.116)
accounting for the energy spent by the variations of the phase-field. In addition, we
verify the first and second thermodynamic laws from the system of equations to show
that thermodynamic consistency is maintained in our model.

In the sharp-interface analysis, we show that the system of equations and jump con-
ditions at the interface for the classical sharp-interface model are recovered from our
model, which reveals the underlying physical mechanisms of the phase-field model,
and provides a validation of our model. It is worth mentioning that, in the jump condi-
tion of the momentum balance, we identify the square-gradient term of the free energy
as the surface tension (Eq.(5.162)) of our phase-field model. We further relate it to
the physical surface tension through a ratio parameter, where a relation (Eq.(5.194)) is
provided to determine the value of this parameter.

We also compute two examples, including thermocapillary convection in a two-layer
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fluid system and thermocapillary migration of a drop. The results for both examples
are in good agreement with the existing analytical solutions, which validates our phase-
field model. Thus, on the whole, we conclude that the phase-field model can be very
suitable for simulating multiphase flows with thermocapillary effects.

In the future work, besides exploring various applications and extension of the model,
we aim to provide an asymptotic analysis of the solution of the model, and use it as
a further validation of our model. We also plan to design a numerical method with
respect to thermodynamic consistency at the discrete level. Thermodynamic consis-
tency is critical not only to the phase-field modelling, but also to the numerical method
designing. In our previous work [54], the quasi-incompressible NSCH model [87] was
investigated. The numerical method that preserves the thermodynamic law (energy
law) at the discrete level is presented to show that it captures the pinch off and the
feature of quasi-incompressibility of the system, namely, the numerical results reveal
that away from interfaces the fluid is incompressible, while near interfaces waves of
expansion and contraction are observed. For the phase-field model developed here,
we will present a thermodynamic consistency preserving numerical method with the

corresponding numerical results in a forthcoming work [52].
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Chapter 6

Conclusion and future work

6.1 Conclusion

In this thesis, we have used the phase-field method to study the two-phase flow with
the variable density and thermocapillary effects. On the whole, we conclude that the
phase-field model can be very suitable for simulating two-phase flows with variable
density and thermocapillary effects. Moreover, we show that thermodynamic consis-
tency is a critical feature for the phase-field modelling and also for the designing of
numerical methods.

In the case of variable density flows, we show that the energy preserving numerical
method can be robust when handling the highly nonlinear and coupled phase-field
model equations. Through the numerical examples (kissing drop and rising drop),
we show that the coalescence and pinch-off of the interface are captured smoothly
using our numerical method, and the discrete energy functional of the system is non-
increasing, as predicted by our numerical method. Moreover, in the NSCH model, the
velocity is not solenoidal near interfaces because fluids of different densities may mix;

our simulations capture this feature. Namely, the numerical results reveal that away
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from interfaces the fluid is incompressible, while near interfaces waves of expansion
and contraction are observed. Increasing the density ratio results in narrower waves
with larger magnitudes.

In the case of thermocapillary effects, we show that, for two-phase flows, the temper-
ature dependence of the surface tension can be coupled easily to the model equations,
and can be implemented easily by using the phase-field method. We also show that the
thermodynamic framework can be a strong tool for phase-field modelling, where the
model equations can be identified by ensuring the non-negativity of the entropy gen-
eration, and the model equations satisfy the law of thermodynamics automatically. In
the sharp-interface analysis, we show that the system of equations and jump conditions
at the interface for the classical sharp-interface model are recovered from our model,
which reveals the underlying physical mechanisms of the phase-field model, and pro-
vides a validation of our model. It is worth mentioning that, in the jump condition of
the momentum balance, we identify the square-gradient term of the free energy as the
surface tension of our phase-field model, and we relate it to the physical surface ten-
sion through a ratio parameter, where a relation (Eq.(5.194)) is provided to determine
the value of this parameter. We also compute two examples, including thermocapillary
convection in a two-layer fluid system and thermocapillary migration of a drop. The
results for both examples are in good agreement with the existing analytical solutions,
which validates our phase-field model.

Together with the energy law preserving numerical method, we show that the adap-
tive mesh is also very desirable for the computations of the phase-field methods. In
chapter 4 and 5, the numerical examples are all computed with the help of the adaptive
mesh. For the phase-field model, we show that it is sufficient to finely resolve only the

interfacial region, and the relative coarser grids are sufficient for the bulk regions.

179



6.2 Future work

In future work, we will perform extensive studies of the two-phase problems with
more complicated interface dynamics, e.g., the moving contact line problems, where
the fluid-fluid interface interacts with solid wall, and the dynamics of interface with
Marangoni effects, where surface tension gradients are induced by inhomogeneous
distributions of surfactants, which can be absorbed at the liquid/gas or liquid/liquid in-
terfaces. For the model developed in chapter 5, we plan to design a thermodynamically
consistent numerical method for the full model, where the energy law of the phase-field
model can be preserved at the discrete level. The quasi-incompressibility together with

the thermocapillary effects will be studied by using our numerical methods.

180



Bibliography

[1] H. Abels, H. Garcke, and G. Grun. Thermodyanimcally consistent diffuse
interface models for incompressible two-phase flows with different densities.

arXiv:1011.0528, 2010.

[2] H. Abels, H. Garcke, and G. Griin. Thermodynamically consistent, frame
invariant, diffuse interface models for incompressible two-phase flows with
different densities. Mathematical Models and Methods in Applied Sciences,

22(3):1150013, 2012.
[3] R. A. Adams. Sobolev Spaces. Academic Press, New York, 1975.

[4] S. Aland. Modelling of two-phase flow with surface active particles. PhD thesis,

TU Dresden, 2012.

[5] S. Aland and A. Voigt. Benchmark computations of diffuse interface models for
two-dimensional bubble dynamics. Int. J. Numer. Meth. Fluids, 69:747-761,
2012,

[6] C. D. Andereck, P. W. Colovas, M. M. Degen, and Y. Y. Renardy. Instabilities
in two layer Rayleigh-Benard convection: Overview and outlook. Int. J. Eng.

Sci., 1451(36), 1998.

[7] D. M. Anderson and G. B. McFadden. A diffuse-interface description of fluid
systems. NIST IR 5887 (National Institute of Standards and Technology), 1996.

181



[8] D. M. Anderson, G. B. McFadden, and A. A. Wheeler. Diffuse-inteface methods
in fluid mechanics. Annual Review of Fluid Mechanics, 30:139-165, 1998.

[9] D. M. Anderson, G. B. McFadden, and A. A. Wheeler. A phase-field model of
solidification with convection. Physica D, 135:175-194, 2000.

[10] D. M. Anderson, G. B. McFadden, and A. A. Wheeler. A phase-field model

with convection: sharp-interface asymptotics. Phys. D, 151:305-331, 2001.

[11] D. Andrea. Equations for two-phase flows: a primer. arXiv:1101.5732v1
[physics.flu-dyn], 2011.

[12] L. K. Antanovskii. A phase field model of capillarity. Phys. Fluids, 7:747-753,
1995.

[13] R.J. Atkin and R. E. Crane. Continuum theories of mixtures: basic theory and

historical development. Q. J. Mech. Appl. Math., 29:209-244, 1976.

[14] H. Bénard. Les tourbillons cellulaires dans une nappe liquide. premiere partie:

description. Rev. Gen. Sci. Pure Appl., 11:1261-1271, 1900.

[15] V. Baldalassi, H. Ceniceros, and S. Banerjee. Computation of multiphase sys-

tems with phase field models. J. Comput. Phys., 190:371-397, 2004.

[16] K. Bao, Y. Shi, S. Sun, and X.-P. Wang. A finite element method for the numeri-
cal solution of the coupled Cahn-Hilliard and Navier-Stokes system for moving

contact line problems. J. Comput. Phys., 231:8083-8099, 2012.

[17] G. K. Batchelor. An introduction to fluid dynamics. Cambridge University Press,
2000.

[18] G. Beckett, J. A. Mackenzie, and M. L. Robertson. An r-adaptive finite element
method for the solution of the two-dimensional phase-field equations. Comm.

Comput. Phys., 1:805-826, 2006.

182



[19]

[20]

[21]

[22]

[23]

[24]

[25]

[26]

[27]

[28]

A. Bedford and D. S. Drumheller. Theories of immiscible and structured mix-

tures. Int. J. Eng. Sci., pages 863-960, 1983.

V. Berejnov, O. M. Lavrenteva, and A. Nir. Interaction of two deformable
viscous drops under external temperature gradient. J. Colloid. Interface Sci.,

242:202-213, 2001.

A. N. Beris and B. J. Edwards. Thermodynamics of Flowing Systems: with

Internal Microstructure. Oxford University Press, 1994.

M. J. Block. Surface tension as the cause of Benard cells and surface deforma-

tion in a liquid film. Nature, 178:650-651, 1956.

M. G. Blyth and C. Pozrikidis. Effect of inertia on the Marangoni instability of
two-layer channel flow, part ii: normal-mode analysis. J. Eng. Math., 50:329—

341, 2004.

R. Borcia and M. Bestehorn. Phase-field for marangoni convection in liquid-gas

systems with a deformable interface. Phys. Rev. E, 67(066307), 2003.

R. Borcia, D. Merkt, and M. Bestehorn. A phase-field description of surface-

tension-driven instability. Int. J. Bifurcat. Chaos, 14(12):4105-4116, 2004.

F. Boyer. A theoretical and numerical model for the study of incompressible

mixture flows. Computers & Fluids, 31:41-68, 2002.

J. W. Cahn and S. M. Allen. A microscopic theory for domain wall motion
and its experimental verication in fe-al alloy domain growth Kkinetics. J. Phys.,

Colloque C:7-51, 1978.

J. W. Cahn and J. E. Hillard. Free energy of a nonuniform system. 1. interfacial

free energy. J. Chem. Phys., 28:258-267, 1958.

183



[29]

[30]

[31]

[32]

[33]

[34]

[35]

[36]

[37]

R. Chella and J. Vinals. Mixing of a two-phase fluid by cavity flow. Phys. Rev.
E, 53:3832-3840, 1996.

F. Chen and J. Shen. Efficient energy stable schemes with spectral discretiza-
tion in space for anisotropic Cahn-Hilliard systems. Commun. Comput. Phys.,

13:1189-1208, 2013.

Z. Chen, R. H. Nochetto, and A. Schmidt. Error control and adaptivity for a
phase relaxation model. M2AN Math. Model. Numer. Anal., 34(4):775-797,
2000.

C. Collins, J. Shen, and S. M. Wise. An efficient, energy stable scheme for
the Cahn-Hilliard-brinkman system. Commun. Comput. Phys., 13 (2013), pp.
929-957., 13:929-957, 2013.

A. A. Darhuber and S. M. Troian. Principles of microfluidic actuation by mod-

ulation of surface stresses. Annu. Rev. Fluid Mech., 2005.

S. H. Davis. Thermocapillary instabilities. Annu. Rev. Fluid Mech., 19:403,
1987.

H. Ding, P. D. M. Spelt, and C. Shu. Diffuse interface model for incompressible
two-phase flows with large density ratios. J. Comput. Phys., 226:2078 — 2095,
2007.

S. Dong and J. Shen. A time-stepping scheme involving constant coefficient ma-
trices for phase-field simulations of two-phase incompressible flows with large

density ratios. J. Comput. Phys., 231:5788-5804, 2012.

Q. Du and J. Zhang. Adaptive finite element method for a phase field bend-
ing elasticity model of vesicle membrane deformations. SIAM J. Sci. Comput.,

30(3):1634-1657, 2008.

184



[38]

[39]

[40]

[41]

[42]

[43]

[44]

[45]

[46]

[47]

C. Eck, M. Fontelos, G. Grun, F. Klingbeil, and O. Vantzos. On a phase-field
model for electrowetting. Interfaces Free Bound., 11(2):259-290, 2009.

H. Emmerich. The Diffuse Interface Approach in Materials Science: Thermo-
dynamic Concepts and Applications of Phase-Field Models. Lecture Notes in

Physics Monographs. Springer, 2003.

H. Emmerich. Advances of and by phase-field modeling in condensed-matter

physics. Adv. Phys., 57:1-87, 2008.

D. H. Everett. Definitions terminology and symbols in colloid and surface chem-

istry. Pure Appl. Chem., 31:577, 1972.

X. Feng. Fully discrete finite element approximations of the Navier-Stokes-
Cahn-Hilliard diffuse interface model for two-phase fluid flows. SIAM J. Numer.

Anal., 44:1049-1072, 2006.

X. Feng, T. Tang, and J. Yang. Long time numerical simulations for
phase-field problems using p-adaptive spectral deferred correction methods.

http://www.math.hkbu.edu.hk/ ttang/Papers/SDC-submit.pdf, 2014.

T. Gambaryan-Roisman, A. Alexeev, and P. Stephan. Effect of the microscale
wall topography on the thermocapillary convection within a heated liquid film.

Exp. Therm Fluid Sci., 29:765-772, 2005.

M. Gao and X. Wang. A gradient stable scheme for a phase field model for the
moving contact line problem. J. Comput. Phys., 231:1372-1386, 2012.

J. W. Gibbs. On the equilibrium of heterogeneous substances. Trans. Connect.

Acad., 111, 1875.

J. W. Gibbs. The Collected Works of J. W. Gibbs. Longmans and Green, 1928.

185



[48] J. Giesselmann and T. Pryer. Energy consistent discontinuous galerkin
methods for a quasi-incompressible diffuse two phase flow model.

http://archiv.org/abs/1307.8248, 2013.

[49] V. L. Ginzburg and L. D. Landau. Theory of superconductivity. Zh. Eksp. Teor.
Fiz., 20:1064-1082, 1950.

[50] F. A. Graybill. Matrices with Applications in Statistics. Wadsworth International
Group, Belmont, California, 2nd edition, 1983.

[51] S. R. De Groot and P. Mazur. Non-Equilibrium Thermodynamics. Dover Books
on Physics, 1985.

[52] Z. Guo and P. Lin. A thermodynamic consistency preserving numerical method

for a phase-field model with thermocapillary effects. In preparation., 2014.

[53] Z. Guo and P. Lin. A thermodynamically consistent phase-field model for two-
phase flows with thermocapillary effects. Under revision of J. Fluid Mech.,

2014.

[54] Z. Guo, P. Lin, and J. Lowengrub. A numerical method for the quasi-
incompressible Cahn-Hilliard-Navier-Stokes equations for variable density

flows with a discrete energy law. J. Comput. Phys. in press., 2014.

[55] Z. Guo, P. Lin, and Y. Wang. Continuous finite element schemes for a phase field
model in two-layer fluid Benard-Marangoni convection computations. Com-

puter Phys. Comm., 185:63-78, 2014.

[56] M. E. Gurtin, D. Poligone, and J. Vinale. Two-phase fluids and immiscible fluids
described by an order parameter. Mathematical Models and Methods in Applied

Sciences, 6:815-831, 1996.

186



[57] M. E. Guttin. An Introduction to Continuum Mechanics (Mathematics in Science

and Engineering). Academic Press, 1981.

[58] H. Haj-Hariri, Q. Shi, and A. Borhan. Thermocapillary motion of deformable
drops at finite reynolds and marangoni numbers. Phys. Fluids, 9:845-855, 1997.

[59] Q. He, R. Glowinski, and X. Ping. A least-squares/finite element method for
the numerical solution of the Navier-Stokes-Cahn-Hilliard system modeling the

motion of the contact line. J. Comput. Phys., 230:4991-5009, 2011.
[60] F. Hecht. The mesh adapting software: bamg. INRIA report, 1998.

[61] F. Hecht, O. Pironneau, A. Le Hyaric, and K. Ohtsuka. Freefem++ (version
2.17-1), 2007 (http://www.freefem.org/++/ftp/freefem++doc.pdf).

[62] M. Herrmann, J. M. Lopez, P. Brady, and M. Raessi. Thermocapillary motion
of deformable drops and bubbles. Center for Turbulence Research, Proceedings

of the Summer program, pages 155-170, 2008.

[63] P. C. Hohenberg and B. I. Halperin. Theory of dynamic critical phenomena.
Rev. Mod. Phys., 49:435-479, 1977.

[64] T.Y. Hou, J. S. Lowengrub, and M. J. Shelley. Boundary integral methods for
multicomponent fluids and multiphase materials. J. Comput. Phys., 169:302-

362, 2001.

[65] J. Hua, P. Lin, C. Liu, and Q. Wang. Energy law preserving C° finite element
schemes for phase field models in two-phase flow computations. J. Comput.

Phys., 230:7115-7131, 2011.

[66] J. S. Hua, P. Lin, and J. F. Stene. Numerical simulation of gas bubbles ris-
ing in viscous liquids at high Reynolds number, moving interface problems and

applications in fluid dynamics. Contemporary Mathematics, 466:17-34, 2008.

187



[67] J. S. Hua, J. F. Stene, and P. Lin. Numerical simulation of 3d bubbles rising in
viscous liquids using a front tracking method. J. Comput. Phys., 227(6):3358—
3382, 2008.

[68] D. Jacgmin. Calculation of two-phase Navier-Stokes flows using phase-field

modeling. J. Comput. Phys., 155:96-127, 1999.

[69] D. Jacgmin. Contact-line dynamics of a diffuse fluid interface. J. Fluid Mech.,
402:57-88, 2000.

[70] D. Jasnow and J. Vinals. Coarse-grained description of thermo-capillary flow.

Phys. Fluids, 8:660-669, 1996.

[71] Y. Jiang and P. Lin. Numerical simulation for moving contact line with contin-

uous finite element schemes. In preparation, 2014.

[72] D. Johnson and R. Narayanan. A tutorial on the Rayleigh-Marangoni-Bénard
problem with multiple layers and side-wall effects. Chaos, 124(9), 1999.

[73] A. Juel, J. M. Burgess, W. D. McCormick, J. B. Swift, and H. L. Swinney.
Surface tension-driven convection patterns in two liquid layers. Physica D,

169(143), 2000.

[74] J. Kim. A continuous surface tension force formulation for diffuse-interface

models. J. Comput. Phys., 204:784-804, 2005.

[75] J. Kim. Phase-field models for multi-component fluid flows. Commun. Comput.

Phys., 12(3):613-661, 2012.

[76] J. Kim, K. Kang, and J. Lowengrub. Conservative multigrid methods for Cahn-
Hilliard fluids. J. Comput. Phys., 193:511-543, 2004.

[77] J. Kim and J. Lowengrub. Phase field modelling and simulation of three-phase

flows. Interface and Free Boundary, 7:435-466, 2005.

188



[78]

[79]

[80]

[81]

[82]

[83]

[84]

[85]

[86]

H. G. Lee, J. S. Lowengrub, and J. Goodman. Modeling pinchoff and recon-
nection in a Hele-Shaw cell. i. the models and their calibration. Phys. Fluids,

14(2):492, 2002.

H. Y. Lee, J. Lowengrub, and J. Goodman. Modeling pinchoff and reconnection
in a Hele-Shaw cell. ii. analysis and simulation in the nonlinear regime. Phys.

Fluids, 14(2):514, 2002.

V. G. Levich. Physicochemical hydrodynamics. Englewood Cliffs, N. J.,
Prentice-Hall, 1962.

F. H. Lin and C. Liu. Static and dynamic theories of liquid crystals. J. Partial
Diff. Egns., 14:289-330, 2001.

P. Lin. A sequential regularization method for time-dependent incompressible

Navier-Stokes equations. SIAM J. Numer. Anal., 34:1051-1071, 1997.

P. Lin and C. Liu. Simulation of singularity dynamics in liquid crystal flows: a

C? finite element approach. J. Comput. Phys., 215(1):348-362, 2006.

P. Lin, C. Liu, and H. Zhang. An energy law preserving C° finite element scheme
for simulating the kinematic effects in liquid crystal flow dynamics. J. Comput.

Phys., 227(2):1411~1427, 2007.

C. Liu and J. Shen. A phase field model for the mixture of two incompressible
fluids and its approximation by a Fourier-Spectral method. Physica D, 179:211—
228, 2002.

H. Liu, A. J. Valocchi, Y. Zhang, and Q. Kang. Lattice Boltzmann phase-field
modeling of thermocapillary flows in a confined microchannel. J. Comput.

Phys., 256:334-356, 2014.

189



[87]

[88]

[89]

[90]

[91]

[92]

[93]

[94]

[95]

[96]

[97]

J. Lowengrub and L. Truskinovsky. Quasi-incompressible Cahn-Hilliard fluids

and topological transitions. Proc. R. Soc. Lond. A, 454:2617-2654, 1998.

C. Ma and D. Bothe. Numerical modeling of thermocapillary two-phase flows
with evaporation using a two-scalar approach for heat transfer. J. Comput. Phys.,

233:552-573, 2013.

J.A. Mackenzie and M.L. Robertson. A moving mesh method for the solution of
the one-dimensional phase-field equations. Journal of Computational Physics,

181(2):526-544, 2002.

G. E. Mase and G. T. Mase. Continuum Mechanics for Engineers, Second Edi-

tion. CRC Press, 1999.

R. Mittal and G. laccarino. Immersed boundary methods. Ann. Rev. Fluid

Mech., 37:239-361, 2005.

M. J. Moran, H. N. Shapiro, D. D. Boettner, and M. Bailey. Fundamentals of
Engineering Thermodynamics. Wiley, 7 edition, 2010.

S. Nas, M. Muradoglu, and G. Tryggvason. Pattern formation of drops in ther-
mocapillary migration. Int. J. Heat Mass Transfer, 49:2265-2276, 2006.

S. Nas and G. Tryggvason. Thermocapillary interaction of two bubbles or drops.

Int. J. Multiphase Flow, 29:1117-1135, 2003.

S.J. Osher and R. P. Fedkiw. Level set methods: An overview and some recent

results. J. Comput. Phys., 169:463-502, 2001.

S. R. Palit. Thermodynamic Interpretation of the E6tvds constant. Nature,

177:1180, 1956.

J. R. A. Pearson. On convection cells induced by surface tension. J. Fluid Mech.,

4:489-500, 1958.

190



[98]

[99]

[100]

[101]

[102]

[103]

[104]

[105]

[106]

[107]

B. Pendse and A. Esmaeeli. An analytical solution for thermocapillary-driven
convection of superimposed fluids at zero Reynolds and Marangoni numbers.

Int. J. Therm. Sci., 49:1147-1155, 2010.

C. Pozrikidis. Effect of inertia on the marangoni instability of two-layer channel

flow, part i: numerical simulations. J. Eng. Math., 50:311-327, 2004.

T. Qian, X. Wang, and P. Sheng. Molecular hydrodynamics of the moving
contact line in two-phase immiscible flows. Comm. Comput. Phys., 1(1):1-52,

2006.

J. N. Reddy. An Introduction to Continuum Mechanics. Cambridge University

Press, 2007.

M. A. Rother, A. Z. Zinchenko, and R. H. Davis. A three-dimensional boundary-
integral algorithm for thermocapillary motion of deformable drops. J. Colloid

Interface Sci., 245:356-364, 2002.

J. S. Rowlinson and B. Widom. Molecular Theorey of Capillarity. Dover Pub-

lications, INC. Mineola, New York., 1982.

R. Scardovelli and S. Zaleski. Direct numerical simulation of free surface and

interfacial flows. Ann. Rev. Fluid Mech., 31:567-603, 1999.

M. F. Schatz and G. P. Neitzel. Experiments on thermocapillary instabilities.

Annu. Rev. Fluid Mech., 33:93-127, 2001.

L. E. Scriven and C. V. Sternling. On cellular convection driven by surface
tension gradient: effects of mean surface tension and viscousity. J. Fluid Mech.,

19:321-340, 1964.

R. F. Sekerka. Notes on entropy production in mutlicomponent fluids. unpub-

lished, 1993.

191



[108]

[109]

[110]

[111]

[112]

[113]

[114]

[115]

[116]

[117]

J. A. Sethian and P. Smereka. Level set methods for fluid interfaces. Annu. Rev.

Fluid Mech., 35:341-372, 2003.

J. Shen and X. Yang. An efficient moving mesh spectral method for the phase-

field model of two-phase flows. J. Comput. Phys., 228:2978-2992, 2009.

J. Shen and X. Yang. A phase-field model and its numerical approximation for
two-phase incompressible flows with different densities and viscosities. SIAM

Journal of Scientific Computing, 33:1159 — 1179, 2010.

C. V. Sternling and L. E. Scriven. Interfacial turbulence: hydrodynamic insta-

bility and the Marangoni effect. AIChE J., 5:514-523, 1959.

R. S. Subramanian and R. Balasubramaniam. The motion of Bubbles and Drops

in Reduced Gravity. Cambridge University Press, 2001.

P. Sun, C. Liu, and J. Xu. Phase field model of thermo-induced Marangoni
effects in the mixtures and its numerical simulations with mixed finite element

method. Commun. Comput. Phys., 6:1095-1117, 2009.

M. Sussman, P. Smereka, and S. Osher. A level set approach for computing
solutions to incompressible two-phase flow. J. Comput. Phys., 114:146-159,
1994,

S. J. Tavener and K. A. Cliffe. Two-fluid Marangoni—Bénard convection with a

deformable interface. J. Comput. Phys., 182:277-300, 2002.

K. E. Teigen, P. Song, J. Lowengrub, and A. Voigt. A diffuse-interface method
for two-phase flows with soluble surfactants. J. Comput. Phys., 230:375 — 393,
2011.

R. Temam. Navier-Stokes Equations : Theory and Numerical Analysis. North-

Holland, 1977.

192



[118]

[119]

[120]

[121]

[122]

[123]

[124]

[125]

[126]

G. Tryggvason, B. Bunner, A. Esmaeeli, D. Juric, N. Al-Rawahi, W. Tauber,
J. Han, S. Nas, and Y. J. Jan. Front tracking method for the computation of

multiphase flow. J. Comput. Phys., 169:708-759, 2001.

G. Tryggvason, R. Scardovelli, and S. Zaleski. Direct Numerical Simulations of

Gas-Liquid Multiphase Flows. Cambridge University Press, 2011.

van der R. Sman and van der S. Graaf. Diffuse interface model of surfactant

adsorption onto flat and droplet interfaces. Rheol. Acta., 46:3-11, 2006.

J. D. van der Waals. The thermodynamic theory of capilliary flow under the
hypothesis of a continuous variation of density, english translaion. J. Statist.

Phys., 20:197, 1979.

M. Verschueren, F. N. van de Vosse, and H. E. H. Meijer. Diffuse-interface
modelling of thermo-capillary flow instabilities in a Hele-Shaw cell. J. Fluid

Mech., 434:153-166, 2001.

S. L. Wang, R. F. Sekerka, A. A. Wheeler, B. T. Murray, S. R. Coriell, R. J.
Braun, and G. B. McFadden. Thermodynamically-consistent phase-field models

for solidification. Phys. D, 69:189-200, 1993.

X.-P. Wang and Y.-G. Wang. The sharp interface limit of a phase field model
for moving contact line problem. Methods Appl. Anal., 14(3):285-292, 2007.

C. E. Weatherburn. Differential Geometry of Three Dimensions. Cambridge

University Press, 1939.

H. Wu, X. Xu, and C. Liu. On the general Ericksen-Leslie system: Parodi’s
relation, well-posedness and stability. Arch. Rational. Mech. Anal., in press,

2012.

193



[127] X. F. Yang, J. J. Feng, C. Liu, and J. Shen. Numerical simulations of
jet pinching-off and drop formation using an energetic variational phase-field

method. J. Comput. Phys., 218(1):417-428, 2006.

[128] Z. Yin, P. Gao, W. Hu, and L. Chang. Thermocapillary migration of nonde-
formable drops. Phys. Fluids, 20:082101, 2008.

[129] N. O. Young, J. S. Goldstein, and M. J. Block. The motion of bubbles in a
vertical temperature gradient. J. Fluid Mech., 6:350-356, 1959.

[130] P. T. Yue, J. J. Feng, C. Liu, and J. Shen. A diffuse interface method for simu-
lating two phase flows of complex fluids. J. Fluid Mech., 515:293-317, 2004.

[131] P.T. Yue, C. F. Zhou, J. J. Feng, C. F. Ollivier-Gooch, and H. H. Hu. Phase-field
simulations of interfacial dynamics in viscoelastic fluids using finite elements

with adaptive meshing. J. Comput. Phys., 219(1):47-67, 2006.

[132] J. Zhang, S. Das, and Q. Du. A phase field model for vesicle—substrate adhesion.
J. Comput. Phys., 228:7837-7849, 20009.

[133] Y. Zhang, H. Wang, and T. Tang. Simulating two-phase viscoelastic flows using
moving finite element methods. Commun. Comput. Phys., 7(2):333-349, 2010.

[134] Z. Zhang and H. Tang. An adaptive phase field method for the mixture of two
incompressible fluids. Computers & Fluids, 36:1307-1318, 2007.

[135] J. Zhao, Z. Li, H. Li, and J. Li. Thermocapillary migration of deformable bub-
bles at moderate to large Marangoni number in microgravity. Microgravity Sci.

Technol., 22:295-303, 2010.

[136] H. Zhou and R. H. Davis. Axisymmetric thermocapillary migration of two de-
formable viscous drops. J. Colloid Interface Sci., 181:60-72, 1996.

194



	Introduction
	Background
	Phase-field methods
	Surface energy and Cahn-Hilliard equations
	Phase-field model for two-phase flows

	Thermocapillary effects
	Continuum mechanics
	Tensor algebra


	Continuous finite element schemes for a phase-field model in two-layer fluid thermocapillary (Bnard-Marangoni) convection computations
	Introduction

	A numerical method for the quasi-incompressible Cahn-Hilliard-Navier-Stokes equations for variable density flows with a discrete energy law
	Introduction

	A thermodynamically consistent phase-field model for two-phase flows with thermocapillary effects
	Introduction
	Variable density and mass-averaged velocity

	Conclusion and future work
	Conclusion
	Future work


