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ABSTRACT

The thesis consists of two parts. In the first part we propose several second
order in time, fully discrete, linear and nonlinear numerical schemes to solve the
phase-field model of two-phase incompressible flows in the framework of finite ele-
ment method. The schemes are based on the second order Crank-Nicolson method
for time disretizations, projection method for Navier-Stokes equations, as well as
several implicit-explicit treatments for phase-field equations. The energy stability,
solvability, and uniqueness for numerical solutions of proposed schemes are further
proved. Ample numerical experiments are performed to validate the accuracy and
efficiency of the proposed schemes thereafter.

In the second part we consider the numerical approximations for the model of
smectic-A liquid crystal flows. The model equation, that is derived from the varia-
tional approach of the de Gennes energy, is a highly nonlinear system that couples
the incompressible Navier-Stokes equations and two nonlinear coupled second-order
elliptic equations. Based on some subtle explicit-implicit treatments for nonlinear
terms, we develop unconditionally energy stable, linear, decoupled time discretiza-
tion scheme. We also rigorously prove that the proposed scheme obeys the energy
dissipation law. Various numerical simulations are presented to demonstrate the ac-

curacy and the stability thereafter.
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CHAPTER 1
NUMERICAL ANALYSIS OF CERTAIN SCHEMES FOR PHASE

FIELD MODELS OF TWO-PHASE INCOMPRESSIBLE FLOWS

1.1 INTRODUCTION

Interfacial problems have attracted much attention of scientists for over a century.
A classical approach to dealing with such problems was to introduce a mesh with grid
points on the interfaces which deforms according to the motion of the boundary. This
method, however, had a drawback that large displacement or deformation of internal
domains could cause computational issues such as mesh entaglement. To overcome
this, sophisticated remeshing schemes were often times used [57]. Other methods
which proved to work well were the volume-of-fluid (VOF) [48, 49], the front-tracking
[40, 41] and the level-set [61, 78] fixed-grid methods, where the interfacial tension is
represented as a body-force or bulk-stress spreading over a narrow region covering
the interface. The VOF method is a numerical technique for tracking and locating
the interface between the fluids using the marker function. The disadvatage of this
method is in its difficulty maintaining the sharp interface between the fluids and
the computation of the surface tension. The level-set method has improved the
accuracy and, hence, the applicability of the VOF method. The problem with the
level-set method occurs when one tries to use it in an advection field, for example,
uniform or rotational velocity field. In this case the shape and size of the level set
must be conserved, however, the method does not guarantee this, so the level set

may get significantly distorted and vanish over several time steps. This requires



the use of high-order finite difference schemes, such as high-order essentially non-
oscillatory (ENO) schemes [47], and even then, the feasibility of long-time simulations
is questionable. To overcome this difficulty, more sophisticated methods have been
designed, such as combinations of the level set method with tracing marker particles
advected by the velocity field [60]. In the front-tracking method a separate front
marks the interface but a fixed grid, only modified near the front to make a grid line
follow the interface, is used for the fuid within each phase.

Phase-field or diffuse-interface model is another mathematical model for solving
various interfacial problems. In recent years it has been successfully used to simulate
dynamical processes in many fields and has become one of the major tools to study
various systems arising from the energy-based variational formalism. The method
employs an order parameter, called the phase field, and substitutes boundary condi-
tions at the interface by the partial differential equation involving this new variable.
The phase field is assigned distinct values on each phase (for example, -1 and 1) and
a thin smooth transition layer marking the interface is defined as the set of all points
where the phase field takes a certain value (for example, 0). Hence the dynamics
of the interface can be simulated on a fixed grid without explicit interface tracking,
which renders the diffuse interface method an attractive numerical approach to sim-
ulate free moving/deforming interfacial problems. Based on variational approaches,
the governing system can be derived from the total free energy, which usually leads
to some well-posed nonlinear partial differential equations. This makes it possible to
carry out mathematical analysis and design numerical schemes which preserve the
thermo-dynamically consistent dissipation law (energy-stable) at the discrete level.
The preservation of such laws is critical for numerical methods to capture the correct
long time dynamics.

The dynamics of phase field models can be described by either the Allen-Cahn

equation [4] or the Cahn-Hilliard equation [8, 9] based on choices of Sobolev spaces



of the variational approach. In details, the Allen-Cahn equation is a second-order
equation, which is easier to solve numerically but does not conserve the volume frac-
tion, while the Cahn-Hilliard equation is a fourth-order equation which conserves the
volume fraction but is relatively harder to solve numerically. Basically, the coarse-
graining (macroscopic) process described by these two equations may undergo rapid
changes near the interface, so the noncompliance of energy dissipation laws may
lead to spurious numerical solutions if the grid and time step sizes are not carefully
controlled [52, 36]. Thus, from the numerical point of view, people are particularly in-
terested in designing simple, efficient and energy stable numerical schemes satisfying
discrete energy dissipations laws.

There are several challenges to construct the efficient numerical schemes to solve
the hydrodynamics coupled phase field model numerically, namely, i) the small in-
terfacial width introduces tremendous amount of stiffness into the system ii) the
nonlinear coupling between the phase variable and velocity due to the nonlinear con-
vections and stresses, iii) the coupling between the velocity and pressure in the fluid
momentum equation. It is by no means an easy task, in particular, the development
of any efficient and accurate numerical schemes while maintaining the dissipative
energy law.

It is remarkable that many attempts have been made in this direction recently (cf.
a comprehensive summary in [65]. However, due to the complexity of the nonlinear
convection terms and stresses in the system, most of developed schemes are either
only first-order in time [44, 69, 67|, or are nonlinear schemes which need some efficient
iterative solvers [76, 15], or only focus on the no flow case [59, 77, 31], or unable to
provide the stability analysis [17]. There are very few works with the focus on the
development of the second order schemes for the hydrodynamics coupled phase field
model.

Recently, in [32], a second order, unconditionally stable, semi-discrete scheme for



the hydrodynamics coupled Cahn-Hilliard phase field model was developed, which
could be regarded as one of the limited successful efforts in the development of second
order schemes. However, in [32], first, the schemes for the computation of the phase
field variable are nonlinear thanks to the application of the convex splitting approach,
thus one in turn needs some efficient iterative solvers. Second, the computation of
the phase variable is always coupled with that of the velocity. Third, the proof of
energy law is only for the time discretization case.

Therefore, the main objective of this paper is to develop some fully discrete,
second-order, unconditionally stable schemes for the hydrodynamics coupled Cahn-
Hilliard phase field model. We combine several approaches which have proved efficient
for the phase equations and for the Navier-Stokes equations, namely, linear methods
based on the Lagrangian multiplier approach (cf. [31]) and nonlinear methods based
on the convex splitting approach (cf. [71, 32, 74, 22, 35, 75]) for the phase equations,
and projection-type approaches [5, 43, 30] for the Navier-Stokes equations. For the
proposed linear schemes, in spite of the fact that the computation of the phase field
variable is still coupled with that of the velocity, one only needs to solve a linear
elliptic system. This is extremely convenient since one can explicitly find the mass
matrix for the linear system associated with the Finite Element method or Finite
Difference method. In additions, we prove that the modified discrete energy law
holds for all schemes. For the proposed nonlinear schemes, we prove rigorously its
unconditional solvability for the fully discrete case. Ample numerical experiments are
performed to validate the accuracy and efficiency thereafter.

The rest of the chapter is organized as follows. In Section 2, we present the whole
model and the PDE energy law. In Section 3, we develop the numerical schemes
and prove their unconditional stability and unconditionally unique solvability in the
time discrete case. In section 4, the schemes are further discretized in time and space

by mixed finite element approximation. Energy stabilities for fully discrete case are



proved. For nonlinear schemes, we further prove the solvability and uniqueness.
Finally, we present some numerical experiments to validate our numerical schemes in

Section 5. Some concluding remarks are presented in Section 6.

1.2 THE PDE SYSTEM AND ENERGY LAw.

We consider the phase field model for a mixture of two immiscible, incompressible
fluids in a confined domain Q € R?, (d = 2,3). In order to label the two fluids, a

phase variable (macroscopic labeling function) ¢ is introduced such that

1 fluid I ,
¢(z,t) = (1.1)
—1 fluid II,

with a smooth but thin transition layer, which is controlled by the parameter n < 1.
The (equilibrium) configuration of this mixing layer, in the neighborhood of the level
set Iy = {x : ¢(z,t) = 0}, is determined by the microscopic interactions between
fluid molecules. For the isotropic interactions, the classical self consistent mean field
theory (SCMFT) in statistical physics [10] yields the following Ginzburg-Landau type
of Helmholtz free energy functional: where the first term contributes to the “hydro-

philic" type (tendency of mixing) of interactions between the materials and the second

part, the double well bulk energy F'(¢) = (¢24;21)2 represents the “hydro-phobic" type
(tendency of separation) of interactions. As a consequence of the competition between
the two types of interactions, the equilibrium configuration will include a diffusive
interface with thickness proportional to the parameter 7; and, as 1 approaches zero,
we expect to recover the sharp interface separating the two different materials (cf.,
for instance, [80, 6, 21]).

The total energy of the hydrodynamic system is a sum of the kinetic energy Fj

and the mixing energy FE,,;.:

Vol?
2

E = Ep+ Epip = /Q (;W +A( + F(¢>))>dx, (1.2)



where we assume the density of the two fluids are matched with p = 1 and w is
the fluid velocity field. Assuming a generalized Fick’s law that the mass flux be
proportional to the gradient of the chemical potential [9, 8, 24, 55], one can derive

the following (non-conserved) Allen-Cahn-Navier-Stokes (ACNS) system:

¢+ (u-V)o = =My, (1.3)
OE
i= g = N=A6 -+ f(0), (1.4
u+ (u-V)u+ Vp —vAu = uVe, (1.5)
V-u=0, (1.6)
where f(¢) = F'(¢) = wi}%”, p is the pressure, M is the relaxation or mobility

parameter of the phase function, and v is the viscosity parameter. If the variational
derivative can be taken in the H !, leading to the (conserved) Cahn-Hilliard-Navier-

Stokes (CHNS) equations,

¢+ (u-V)p = MAp, (1.7)

1= N=A¢+ f(9)). (18)
Throughout the paper, we assume the boundary conditions
ulog =0, Ohdloa =0, Oupulosn =0, (1.9)

although all results are valid for periodic boundary conditions as well.

Since the above system was derived from the energetic variational formulation, it
can be readily established that the total energy of the ACNS system ((1.3)—(1.6)), and
CHNS system ((1.7)—(1.8)—(1.5)—(1.6)) are dissipative. More precisely, by taking the

inner product of (1.3) with 22

90 (1.5) with u, and then summing up these equalities,

we obtain the following energy dissipation law for ACNS system:

d ., 5 OF
—F = /QI/|VU| +M‘a¢

2
da. 1.1
o x (1.10)




For CHNS system, by taking the L? inner product of (1.7) with p, of (1.8) with ¢,

of (1.5) with u and summarize all equalities, we obtain

d 2 2
ZE= —/Q (vIVul> + M|Vpu?)da. (1.11)
However, for Allen-Cahn equation (1.3), the variational derivative ‘;g involves

the second order derivative, thus it is not suitable to use them as test functions in
numerical approximations, making it difficult to prove the discrete energy dissipation
law. Hence, it is a common practice to rewrite (1.5)-(1.6) as the following equivalent

form [79, 37, 65].

ut—l—u-Vu—l/Au—i—Vp—i—]\1/[<¢t+(u-V)¢)V<b:O, (1.12)

V-u=0. (1.13)

Now, by taking the L? inner product of (1.3) with ¢; and (1.12) with u, we obtain

d

%E = —/Q (V|Vu|2 + ]\14|q3|2)dx, with ¢ = ¢y + (u- V). (1.14)

We emphasize that the above derivation is suitable in a finite dimensional approxi-
mation since test function ¢, is in the same subspaces as ¢. Hence, it allows us to

design numerical schemes which satisfy a discrete energy law.

Remark 1.2.1. o [t is well known that the solutions of the conserved Cahn—
Hilliard phase equation, with suitable boundary conditions, satisfy the desired
conservation property Oy [o ¢dx = 0, which is not satisfied by the solutions of
the non-conserved Allen—Cahn equation. In fact, one can add a scalar Lagrange
multiplier in (1.3) to enforce this conservation property (cf. [79, 68]), or modify
the free energy functional by adding a penalty term for volume, similar as [18].
Both ways will not introduce any mathematical or numerical difficulty, thus we

shall not include it in the discussions below.



o For simplicity, we consider only in this paper the ACNS model (1.3)-(1.4)-
(1.12)-(1.13). All theoretical proof can be generalized to the CHNS model (1.7)-
(1.8)-(1.5)-(1.6) without any further difficulty. The detailed stability proof for

CHNS system will be left to the interested readers.

1.3 SECOND ORDER, SEMI-DISCRETE SCHEMES AND THEIR ENERGY

STABILITY.

In this section, we construct several second order in time, semi-discrete schemes
and present their energy stabilities. Let 6t > 0 be a time step size and set t" =
not for 0 < n < N = [T/t]. Without ambiguity, we denote by (f(z),g(x)) =
(Jo f(@)g(z)dx)2 the L? inner product between functions f(z) and g(z), by ||f| =
(f, f) the L? norm of function f(x).

1.3.1 THE LINEAR SCHEME.

We first construct a linear scheme based on a Lagrange multiplier approach in

[31], where it is first developed to solve the Cahn-Hilliard equation without flow.

A function g = d’;;l is introduced such that one can write f(¢) = g¢. It then

follows that ¢; = n%gb@. By using the variable ¢, the total energy can be written as

2 2
E= /( ul? + A W;' —|—7zlq2)>dx. (1.15)

It is remarkable that energy dissipation laws (1.11) and (1.14) still hold.

A linear scheme for solving the ACNS system is constructed as follows:
Given the initial conditions ¢°, u°, ¢° = (¢073 and p° = 0, we compute @', u', ¢!
and p' by any first order methods (cf. [31, 69, 70]). Having computed ¢™ 1, ¢~ u" 1,
p" ! and ¢, ¢", u”, p" for n > 1, we compute ¢" L, g" L gty ptl by the fol-

lowing steps.



Step 1:

n+1 n n+1 n
. + ¢ 3 1, ¢ +q¢q
N Vd N B e il ) 1.1
¢A(2 (59" = 59" 0, (1.16)
2 n+1 n n+1 n
n g —q T AN
s (2 LA 1.1
2 ot <2¢ 2¢ ) ot ’ (1.17)
an—i—l —un an+1+un 3 . 1 - an+1+un
—5 A=) +B<(2“ -3¢ 7). (%)
(bn—&—l 3 1 o
7 . — A AT —= ]_1
FV" V(500 - 50" =0, (1.18)
with boundary conditions
90,0" o = 0,0 aq = 0,0,¢"sq = 0, (1.19)
where
1
B(u,v) := (u-V)v+ §(V - u)v, (1.20)
n+1 n ~n+1 n
n+1 ¢ _¢ U +u 3 n 1 n—1
= . —o" — = ) 1.21
é st () V(50— 50" (1.21)
Step 2:
un+1 an+1 1
V"t —p") =0 1.22
5 +5V(p p") =0, (1.22)
V-u"t =0, (1.23)
u"t - n|gq = 0. (1.24)
Several remarks are in order.
Remark 1.3.1. In fact, (1.17) can be rewritten as
2 - L. n n
Tt =q"+ ?¢"+2(¢> "), (1.25)

where é"*é = 3¢" — L¢"~1. Thus we can replace the ¢"*' in (1.16), it is equivalent

to the following.

n+1 n
Pl )\M(Au) +AM¢™Te (7712&%(&“ — ") + q") =0. (1.26)



Therefore, we can solve for ¢"™' and u"*' directly from (1.26) and (1.18). Once we
obtain ¢"*1, the ¢" ™' is automatically given in (1.25). Namely, the new variable q

does not involve any extra computational costs.

¢*—1
P>

Remark 1.3.2. We note that ¢" is formally a second order approzimation of

Indeed, Eq. (1.17) implies that

n+12_1 1 n+1l _ n\2 n2_1 1 n __ 4n—1\2

where R, = —#(qﬁ”“ — 2¢™ + ¢" )2 Since, heuristically, R, = O(5t*) for

0 < k < n and assuming q' — (¢113271 + %(d’l;fO)Q = O(6t?) (for instance, by a first

order approzimation), we then get ¢"*' — (‘z’nt;)tl + %(¢7L+;;¢7L)2 = O(6t?). Notice

that (¢" T — ¢™)? ~ O(6t?), therefore, ¢"** is formally a second order approzimation

¢°—1

to .
772

Remark 1.3.3. A second order pressure correction scheme [43] is used to decouple
the computations of pressure from that of the velocity. This projection methods are
analyzed in [66] where it is shown (discrete time, conlinuous space) that the schemes
are second order accurate for velocity in (2(0,T; L*(Q)) but only first order accurate
for pressure in £>°(0,T; L*(Q)). The loss of accuracy for pressure is due to the ar-
tificial boundary condition (1.22) imposed on pressure [20]. We also remark that the
Crank-Nicolson scheme with linear extrapolation is a popular time discretization for
the Navier-Stokes equation. We refer to [39] and references therein for analysis on

this type of discretization.

Remark 1.3.4. B(u,v) is the skew-symmetric form of the nonlinear advection term
in the Navier-Stokes equation, which is first introduced by Temam [72]. If the velocity
is divergence free, then B(u,u) = (u-V)u. We define

b(u,v,w) := (B(u,v),w). (1.28)

10



ﬂn+1+un

5 ) is mot divergence free, but notice the following

In our numerical scheme (

identity
b(u,v,v) = (B(u,v),v) =0, if u-nlsg = 0. (1.29)

In other words, this identity holds regardless of whether u or v are divergence free or

not, which would help to preserve the discrete energy stability.

Remark 1.3.5. e [t is remarkable that in [70], the authors proposed some lin-
earized schemes for Allen-Cahn equation (no flow case) using the second order
backward differentiation formulas (BDF2), where the nonlinear term f(¢) is
treated by second order extrapolation. However, the linear second order scheme
in [70] is conditionally stable where there exists a constraint on the time step.
The authors in [70] also developed a second order, unconditional stable scheme
based on the Crank-Nicolson method, however, the obtained schemes are non-
linear. In [77], the authors developed a second order, linear, unconditionally
stabilized scheme for Cahn-Hilliard equation (no flow case) based on the con-
vex splitting approach for the modified functional F(¢) (the functional F(¢) is
modified to get uniform upper bound for its second order derivative). However,
a high order stabilizer term (A%*(¢"1 — ¢™) for Cahn-Hilliard equation, analo-
gously A(¢™ —¢m) for Allen-Cahn equation) is added in their scheme that has
higher splitting error O(0t||¢¢||g2) from spatial derivatives, that is somewhat not
resonable because the splitting error is much higher than the explicit treatment

for the nonlinear term of f(¢").

o The framework of the above scheme takes the second order Crank-Nicolson to
discretize the phase equation (1.16)-(1.17). Inspired from [31], we introduce
a new variable q(x) thus the order of Ginzburg-Landau double well potential
is reduced by half. By some explicit-implicit treatments, we obtain a linear

scheme (1.16)-(1.17) while maintaining the second order accuracy As we shall

11



show below, the above scheme is unconditionally energy stable. It is noticable the
discrete energy we obtained is the modified energy (1.31), where the nonlinear
potential F(¢) is replaced by the term of ¢>. We emphasize that the obtained
dissipation law in (1.30) is a second order approximation of the PDE energy
law (1.14) (note that the energy law is “="in stead of “<"). To the best of the
our knowledge, this is the first such unconditionally stable, second order, and

linearized scheme for the hydrodynamics coupled phase field model.

Theorem 1.3.1. The solution of (1.16)-(1.24) satisfies the following discrete energy

law

ot?
E(Un+1,¢n+1,qn+1) + §||Vpn+1||2
1.
an+1+un) 2>( 30)

n o n .n ot? n||2 1 in+112
= B 6" q") + IV = ot 16 + w9 ()

where
1 2 1 LT
B(u, 6,9) = Sllull + A(51V9l + Tlal?), (131)
thus the scheme is unconditionally stable.
Proof. By taking the L? inner product of (1.16) with %, and performing inte-

gration by parts, we obtain

1., L[ amth +u” 3., 1,
g = (o (D) 9 (G- o)

Al n+11|2 1 n 2)
+ 2SIV = SIver .
+ A((?)qbn N }(bnfl) anrl +4q" ¢n+1 B ¢n> .
0t \\2 2 2 ’
=0.
By taking the L? inner product of (1.17) with )\an;qn, we obtain
A? 1112 2 A3 1, N\ +q" +1
20 g™ —o"|?) — Z( (S — Zpn )1~ 1 pntl o gn) 1.33
= 1) - 5 (5o - o) T e - 6) =0, (133)
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By taking the L? inner product of (1.18) with W%“n, and using identity (1.29), we

obtain
1 an+1+un 2 ﬁln—l—l_'_un
~n41012 ), |2 no_
S (a2 = )+ o[V () |+ (90, )
1/ 3 1 "ttt
- (¢n+1v(2¢n oY), “2+“) (1.34)

= ()7
By taking the L? inner product of (1.22) with u"*! and performing integration by

parts, we have

1
g7 1P = @ + ™™ — @ )%) = 0, (1.35)

where we use explicitly the divergence-free condition for u"*!,
(VO =pm ) = (0 =), Vourtt) = 0.

We rewrite the projection step (1.22) as

S TN DD
2)) +5Vptt —p") =0.

(e )

ot

By taking the inner product of the above equation with %Vp”, one arrives at

2 (e = 1o - 1 ) = (v (). e
On the other hand, it follows directly from (1.22) that
T I = gl — (1.37)
Hence, by combining (1.32)-(1.37), we obtain
L+ 2 (v = Lwenie) + 2 e - i)
4o (= ) + o (E )
2 (1.38)
+ S (1v e - vy ?)
= 0.
This concludes the proof. O
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Remark 1.3.6. It is obvious that 5 (E(u”“, Pt gntl) 482 =Vt P=E(u”, ¢, q")—

o < IVp" ||2) is a second order approzimation of £E(u,¢,q) at s

The similar scheme can be applied to the CHNS model, the scheme reads as

follows.
Step 1:
¢n+1 — gbn gt + u” n n—1 nt+s
= +( 5 ) ( o — Qg ) — MAp™: =0, (1.39)
. AP S B L nat "
g 2:”( T G-y ). (1.40)
2 n+1 n n+1 n
n ¢ —q 3 L ,o\Q"" — ¢
M S S (g LR 1.41
2 St (2¢ 2¢ ) ot ’ ( )
an—i—l —un an—i—l + u” 3 . 1 - an-ﬁ-l + u™
5 A+ B<(2“ -3¢ 7). (%)
3 1
SV 2 V(;b” _ §¢n—1) =0, (1.42)
On¢™ Mo =0, Op"Ploq =0, @ o = 0. (1.43)
Step 2:
vt — gntl 1 41
Lo T® ntl _ oy — 1.44
5 +5V(p p") =0, (1.44)
V-uttt =0, (1.45)
u" - nlpq = 0. (1.46)

Similary, we obtain the energy stability as follows. The detailed proof is left to the

interested readers.

Theorem 1.3.2. The solution of (1.39)-(1.46) satisfies the following discrete energy

law

ot?
B, " ) o S VP

ot? 1
= E(u",¢",q >+f\|Vp 12 — M6tV "2 |* — otv

an+l+un) 2

2

v(

where E(u, ¢,q) = |ul|? + /\(%||V(/§||2 + %Hq”z), thus the scheme is unconditionally

stable.
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1.3.2 THE NONLINEAR SCHEME.

We now propose a second order, semi-discrete numerical scheme to solve the ACNS
system based on the convex-splitting approach for the nonlinear potential F'(¢). A
similar scheme for solving the CHNS system had been proposed in [32].

For the nonlinear potential, we can rewrite F'(¢) as the sum of a convex function

and a concave function as

ﬂ@:aw+mww3$w+ggaﬁ+m

and accordingly f(¢) = F!(¢) + F!(¢). The idea of convex-splitting is to use explicit
discretization for the concave part (i.e. F/(3¢"—1¢"')) and semi-implicit discretiza-
tion for the convex part. Further we approximate qu(‘ﬁnﬂ%‘bn) by the Crank-Nicolson

scheme

¢n+1 + ¢n
2

) ~ Fv(¢n+1) B Fv(¢n)

B 1<(¢n+1)2 + (¢n)2> ¢n+1 + ¢n
an—H _ ¢n - 772 2 2 '

Such a second order convex-splitting scheme is originally proposed and analyzed in

F/(

v

[35, 2] in the context of phase field crystal equation, see also [71] for applications in

thin film epitaxy.

Having computed ¢" !, ¢" 1, w1, p"! and ¢",¢" u™, p" for n > 1, we compute

ot gt gt gt ptt by the following steps.

Step 1:
. ¢n+1 +¢n
Ot — AM <A2 — fo(o"™™, gb”)) =0, (1.47)
an-{—l_un an+1+un 3 . 1 . an-{—l_i_un
&‘”A(gz)+B<Q“"ft )<ﬁz)>
n ¢n+1 3 n 1 n—1\ __
V" + 7 -V(§¢ 39 ) =0, (1.48)
0n 0" Hag = 0,4" ™ |sq = 0. (1.49)
where
n+1 n ~n+1 n
1 T — 0 a3, 1
= () V(59" 50, (1.50)
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folg™t gm) = 12((¢”+1)2 + (an)?) <¢"+1 + ¢n) _ i(§¢n _ ;an—lll'm)

n 2 2 n2\2
Step 2:
un-l—l _ an—O—l 1
—V({p"tt—p") =0 1.52
TV = =0, (1.52)
V-u"tt =0, (1.53)
u"t - n|gq = 0. (1.54)

We show the energy stability theorem as follows.

Theorem 1.3.3. The solution of the scheme (1.47)-(1.54) satisfies the discrete energy

law of
E n+1 n+1 )\ n+l _ nj||2 67t2 n+112
(u"", ¢ )+74772(H¢ o"17) + g Ive™™ |

n n )\ n n—1|2 6t2 n |2
< B 6") + 716" = o) + 19

~n+1_|_n
u 2u>

)

where E(u,¢) = $|ul]* + )\(;HVQSHZ + (F(9), 1)), thus the scheme is unconditionally

1 in+112
= at (16 + o]

stable.

Proof. The only difference between the linear scheme (1.16)-(1.24) and convex split-

ting scheme (1.47)-(1.54) is in the discretization of the Allen-Cahn equation.

By taking the L? inner product of (1.47) with ‘z’n;}g‘i’n, and performing integration

by parts, one obtains

w2 (v = 2veie) + 2 (e, gm0 o) 0.
Recall the definition of fy(¢™!, ¢") from (1.51) and the equality as follows,
(36" — o )
= (M =) - (6 207 4 g o )
= (61 = 17 ?) = (67 = 672 = 197 = 6P + 67 — 207+ 7 ?)
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we obtain

. e (R 31
sta = (o (D) v G- o)

+ 5 (G196 = SIV6IE + (R = Fe), 1) (1.56)
Al

+ 5l = o = P e =267+ ) = 0

For the momentum equation, we get the same results as (1.34)-(1.37). Thus, by

combining with (1.56), we obtain

S + 5 (GIV6mE = SIV + (Ple™) - F(™), )

o = )+ oo (T X (e - ) .
s (167 = 9P = o — P 67 — 267+ 67 )
=0.
This completes the proof. O

Remark 1.3.7. Heuristically, E(u"*", ") 4+ 75 [l¢" ™ — ¢"||* + 8\ \Vp 2 s a

second order approzimation of E(u™™, ¢" 1), as one can write

lg™h — ¢"|1* = ot*[I(¢™ " — ¢™) /dt|I%,

and (¢"T' — @) /5t is an approvimation of ¢, at t"T1/2,

1.4 FuLLy DISCRETE SCHEMES AND ENERGY STABILITY.

We now consider the fully discrete versions of schemes (1.16)-(1.24) and (1.47)-
(1.54) to solve the system in the framework of finite element method.

Let T, be a quasi-uniform triangulation of the domain 2 of mesh size h. We intro-
duce X}, and Y, the finite element approximations of Hj(Q2) and H'(f2) respectively
based on the triangulation 7j,. In addition, we define M), = Y, N L3(Q) = {q\ €

Yi; [o gndz = 0}. We assume that X, and M, are stable approximation spaces for

17



the velocity and pressure in the sense that there exists a constant ¢ such that

V - Un, qn
sup o) > cllqnll2,  Van € M.
oneX ol
It is pointed out [28] that the inf-sup condition is necessary for the stability of pressure
even though one may solve the projection step as a pressure Poisson equation.

For simplicity, the following notations will be used thereafter.

1 -1
OO el 30h — o)
= 7 =

) n 1 1 -1
ath +2+uh T 3“h2“h (1.58b)
1 n Tty
Pl o) = (S r s @it -m). s

1.4.1 THE FULLY DISCRETE LINEAR SCHEME.

We now give the fully discrete formulation for the linear scheme (1.16)-(1.24). In
the framework of the finite element spaces above, the scheme reads as follows.
Find (¢, ¢+, @2 pp ! wlt) € Yi X Yi X X X My, x X, such that for all

)

(Vn, vn, gn) € Yi X Xp, X Y}, there hold

Step 1:
(B2 )+ (@ vy ) + AM (V6,91
+ /\M( n+3 <771 "+2(¢n+1 — ) + Qh> @Dh) (1.59)
=0,
2~n—"_l — Quh ~ n+i _n+
<T h) + U(Vuh Vvh) +b< Uy, Q,Uh)
n+1 n 1 .
= —(Vop, o) - T (<¢ +(5t % gyt > Vot w ) (1.60)
Step 2:
ntl _ gntl
(W,Uh) + ;(V(pﬁ“ —pj),vn) =0, (1.61)
(V-upt gn) =0 (1.62)



Step 3:

’f] <q2+1 ( it ¢n+1 _¢n

g b ) = (@ ). (1.63)

Remark 1.4.1. Note that the update of ¢;t* in (1.63) is decoupled from the rest of

equations.

Remark 1.4.2. We remark that the velocity u™" is sought in the space X, C H}(Q).

It implies that u}™' satisfies the essential boundary condition uj™* = 0 on O,

whereas vt € H satisfies u"™ -n = 0 on 0y,. Here H := {v € L*(Q),V -
v = 0,u"" - nl|gg = 0}. As is pointed out in [29] (Remark 3.3), X, is a discrete
approzimation of H since H} is dense in H. Thus (1.61) and (1.62) can be viewed as
an approzimation of the Darcy problem. This formulation is shown in [29] to yield an
optimal condition number for the pressure operator associated with the finite element

spatial discretization.

In order to establish the stability of the fully discrete scheme (1.59)-(1.63), for
convenience, we introduce the discrete (negative) divergence operator Bj : Xj(C

H}) — M, (C H', endowed with L? norm) such that for u;, € X}, and ¢, € M,

(Brun, qn) == —(V - un, qn) = (un, Var) := (un, By, qn), (1.64)

where B : M, — X, is the transpose of By, (the discrete gradient operator). Thus
one can write the projection step (1.61) and (1.62) in the discrete form
uptt — gt 4 52 Bl (pit —pp) =0, in X, (1.65)
Bruptt =0, in M, (1.66)
Now one can proceed by testing the above equation with v} BI'pit! € X, respec-
tively. The modified energy law is valid with the discrete gradient operator associated

with pressure terms.

19



Theorem 1.4.1. Given that q; € Y, ﬁ,qzﬁz_l €Y, uﬁ,u}l‘_l € X, and p; € My,
the system (1.59)-(1.63) admits a unique solution (¢}, g, ~Z+ D upth) € Y x
Y, x X, x My, x X;, at the time step t"*! for any h > 0 and 6t > 0. Moreover, the

solution satisfies a discrete energy law

ot?
(Bt o) + 2B ) - (Bt otai) + 6 1BEREIR)
niyo 0| én — 6 -
S —§ty’|Vuh+2H2 M Th h . v¢h+2 , (167)

where E(uy, o7, qp) = 3|upr]l* + )\(%HngZHZ + %Hqﬁ”z) Thus the scheme is uncon-

ditionally stable.

Proof. We note that the scheme (1.59)—(1.63) is a linear system. Thus the unique
solvability would follow from the energy law (1.67).

To establish the energy law, we define an intermediate variable §7 ™ such that
-n 2 —n+l n n n
QhH P o ° (¢h+1 — &h) + qy-

Then (1.59) and (1.63) can be written as

(¢”+1 qﬁh,%) ( -+l V¢n+2,¢h)
+)\M(V¢h : vwh) +)\M< e qh;qz,z@ =0, (1.68)
n+1 n n+1
772 <qh+5t%7¢h) @T L ¢h,¢h) (1.69)
(g™ vn) = (@, n). (1.70)

One can obtain the following version of energy law, by working with (1.68), (1.60),
(1.61), (1.62), (1.65), (1.66), and (1.69), and by following the same proof of Theorem
1.3.1,

n T ~n mn n n n 6t2 n
(PG o) + SN BE 1) — (B o o) + B

n+1
= it v - S A g (1.71)
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Here E(uf, ¢}, ) = 3lupl® + A(31V31? + T llgr]?). The energy law (1.67) then
follows from the fact ||gp"!||F.2 < || "!||E.2 as is evident from (1.70). The proof of

the theorem is complete.

]

For completeness, we also gives the corresponding linear scheme for solving the
CHNS system:
ek
Find (¢Z+1,q,’;‘“,uh+2,uh ot € Y, x Y, x Y, x X x M), x X, such that

for all (Yp, @n,vp, gn) € Yn X Y x X; X Y}, there holds

Step 1:
¢n+1 o nti L opyl
(P vn) + (MVi2 V) = (617237, V) =0, (1.72)

n+3g n o % L % n n n
(Mh+2790h> = )\(V( h+1/2avcph> + )‘<¢h+ (77 ¢h+ ((b i (bh) +qh>7§0h>7 (173)

_n+i n 1 1 1
(ijh) + (vViy, 2, Vo) +b(@, 2, 7 o) = — (Vo) (L74)

- A(7+%VMZ+%, vh).

Step 2:
n+1 ~n+1
up U ot gl n B
5 o) + 5(V(ph —pp),on) =0, (1.75)
(V : u"“,gh) = 0. (1.76)
Step 3:
n+1 n+1 n
" (an ah e
D (Bt ) = (2 ). (1.77)

For the scheme (1.72)—(1.77), one can prove

Theorem 1.4.2. Given that ¢, ¢}, ¢y € Yy, uf,ul™" € Xy, and p} € My, the
system (1.72)-(1.77) is uniquely solvable, for any h > 0 and ot > 0. Moreover, the

solution satisfies a discrete energy law
n+1 n+1 n+1 n+1(12 n n n 6t2 T ni2
Bl o) + S 1B ) — (B ) + 2 1B
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nt3 2 g2
< —OtM|[ V2|7 = otvl|Vay, 27,

where E(ul, ¢, qp) = 3llup|® + )\(%HquZHQ + nZQquP) Thus the scheme is uncon-

ditionally stable.

Remark 1.4.3. We point out that the modified energy stability in Theorem 1.4.1
implies the (discrete) L* stability for up™, Vet and ¢ in the scheme (1.59)-
(1.63) for the ACNS model. The H' stability for ¢} is not yet available, although
such an estimate is valid for the original PDE as is implied by the continuous energy
law Eq. (1.10). We note that formally ¢} is a second order in-time approzimation
of %, as is explained in Remark 1.3.2.

This is in contrast to the case of CHNS model. We note that the scheme (1.72)—
(1.77) is mass-conservative, in the sense that o it de = [ olidr = -+ = [ d)dx.
Hence the L?* stability of Vot in the scheme (1.72)~(1.77) plus Poincare inequality
implies the H* stability of ¢}'. These remarks are also true for the semi-discrete
linear schemes (1.16)-(1.24) (ACNS) and (1.39)-(1.45) (CHNS). Note that the H*
stability of ¢} are valid in the nonlinear schemes for both ACNS and CHNS models,

see Theorem 1.4.3 and Proposition 1.4.1 below.

Remark 1.4.4. The error analysis of the discrete schemes (1.59)-(1.63) and (1.72)—
(1.77) can be very difficult. For instance, the error analysis of Eq. (1.63) would require

n+1 n
¢y —%h

an L? estimate of the derivative 57

, which in turn needs high order estimate of
"t via Eq. (1.59) among others. The case for CHNS could be even worse because
of a lack of diffusion in g™ for the high order estimates of ¢}™'. We leave the error

analysis of these schemes to a future work.

1.4.2 THE FuLLy DISCRETE NONLINEAR SCHEME.

Now we present the fully discrete version of the nonlinear scheme of (1.47)-(1.54).

The scheme reads as follows.

22



Find (¢}, ~Z+2,p2+1 upth) € Y, x X, x My, x X, such that for all (¢, vp, gn) €

Yh X Xh X Yh7 there hOld,

Step 1:
(A )+ (57 )+ 000 (T, 7
ot " R0 h h
+jjf((( P2+ (67) )(¢Z+1+¢z),wh> =@ ). 1)
n+2
(zu(st_ZUh Uh) +I/<Vuh 3 vvh) ‘l—b( n+j UZ+2 Uh)
(Vph,vh)—M((d)W& Oh az*i-vﬁ%)v&z*%,vh). (1.79)
Step 2:
n+1 ~n+1
S h ) + 5( it = pi). o) =0, (1.80)
(V- u”“,gh) 0. (1.81)

The following theorem states that the fully discrete scheme (1.78)—(1.81) is un-

conditionally uniquely solvable and satisfies a discrete energy law.

Theorem 1.4.3. Given that ¢}, ¢} € Yy, ult,ui ™" € X, and p} € My, the system
(1.78)-(1.81) admits a unique solution (¢}, 177;? Lty € Y, x X x My, x X,
at the time step "™t for any parameters h > 0 and 5t > 0. Moreover, the solution

satisfies a discrete energy law
(Bt o) + Lallon™ = onle + 1L )

n n )\ n n
—@M@MWM¢¢1W+!@WM

ﬁ n+1 . ¢n

n+i 2 5 —n+i 2
< —étv||Va, *||* — M s 3 Vo, *

Y

where E(u}l, ¢7) = |lup|? + )\(;HngZHQ + (F(o}), 1)> Thus the scheme is uncondi-

tionally stable.
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Proof. Note that (1.80) and (1.81) (or equivalent (1.65) and (1.66)) are decoupled
from the rest of the system. Given @} (or equivalent ﬂz%), the unique solvability
of (1.80) and (1.81) is classical, see for instance [29]. Hence one only needs to show
that (1.78) and (1.79) are uniquely solvable. We define a finite dimensional Hilbert

space Zj := Y, x X} endowed with the usual H' inner product and norm. We

introduce an operator Sy, : Zj; — Zj, such that

(Sh(¢h,uh)> Wm%))zh = ]\14<¢h5_t¢2 +un- Vo ?:) ( (&n + &), qﬁ:)

f(@m> Wwy%+%>%)_;(fg%)
< up — Quh ) + V(Vuh, Vvh> + b(ﬂz%’uh’%)

otmto (25 e s n)

ot

for (¢n, up) € Zy and (Y, vy) € Zy,. Note that Eq. (1.78) is scaled by 175 in the defini-
tion of Sj,. It is clear from Sobolev embedding and Holder’s inequality that the opera-
tor S}, is a continuous operator. We proceed to show that (Sh(gbh, up), (on, uh))zh >0,
for ||(¢n,un)||z, large enough. Then Lemma 1.4 in [73] (pp. 164) implies that there
exists (o)1, ~n+2) € Zj, such that Sj,(¢p*, ~n+2) = 0.

We have

L(%éﬁl%hVMJQZ) M<@?fﬁ+%wwfavﬁ%ﬂﬁ

by, V% 2 M(¢hé¢ﬁ+uh.v¢z+é7§)
iy hVﬂ“ oz IS - 1S+ 52 - S27)
1
—MHWHM
P ey +(|?Z -5 - %)

14 —n+= n
— S IVunll® = G, A M, 66)|| V6, JR A

where one has utilized the Sobolev embedding and the Poincaré inequality. Further-
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more, applying the Young’s inequality and Sobolev embedding, we can obtain

(@2 + @r)onon. )

A A

T R R R ((<¢h>2 (@07 (6 + 6, ¢g)
A

> G5 o Ok = COn 0 60l 07l

Combing the above inequalities, and in view of the skew symmetry (1.29) of the

trilinear form b(u, v, w), we obtain

(Sh(n.un), (n,))_ = CClnll + ) .

n n n 7”"'%
— Cw, A\, M, S(IVPrll? + I onllan + luill + 11V, 21D

Thus for ||(¢n, un)|/z, large enough, one has (Sh(gbh,uh), (gzﬁh,uh)) > 0. The exis-
Zy

tence of (¢) 1, ~n+2) €Y, x X, to (1.78) and (1.79) are hence proved.

For uniqueness, suppose ((bh , ZJ(FZ)) i = 1,2 are two solutions of (1.78) and

1
(1.79). Then their differences ¢, = qb;l“(Lll gsz(}l and 1y, = uZJ(rl) ﬂn+(22) satisfy

(22, ) + (- Vo ) + 222 (Von, Vi)

M)x
<¢h<( nih T )+ (Bh + oh )’ + (Dh +¢Z)2>>Uh) (1.83)

= 0’ (1.84)
and
(2;; vh) + V(Vuh, Vvh) b(ﬂZ%, Up, Uh) (1.85)
+M((?; -V )VE ) (1.86)
=0. (1.87)

The uniqueness follows simply by taking the test functions v, = ﬁth and vy, = Uy

in (1.84) and (1.87) respectively, and summing up the results.
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Finally, for the stability of the scheme, one works with (1.78), (1.79) and abstract
equations (1.65), (1.66). Following the same procedure as in the proof of Theorem

1.3.3, one derives the modified energy law (1.82). This concludes the proof.
]

We comment how to implement the nonlinear scheme (1.78)—(1.81). Note that
the only nonlinear term appears in the Allen-Cahn equation (1.78). We thus adopt a
Picard iteration procedure on velocity to decouple the computation of the nonlinear
Allen-Cahn equation (1.78) from that of the linear Navier-Stokes equation (1.79).
Denote by i the Picard iteration index. Specifically, given the velocity ﬁ"+%’i, we solve
for ¢" 14! from the Allen-Cahn equation (1.78) by Newton’s method. As ¢"*h+ is
available, we can then proceed to solve for @21 from the linear equations (1.79).
We repeat this procedure until the relative difference between two iterations within
a fixed tolerance.

Numerical simulations in [46] suggest that at least 4 grid elements across the in-
terfacial region of thickness /21 are needed for accuracy. To improve the efficiency of
the algorithm, we explore the capability of adaptive mesh refinement of FreeFem++
(cf. [33]) in which a variable metric/Delaunay automatic meshing algorithm is im-
plemented.

Finally we state without a proof that similar result as Theorem 1.4.3 also holds

for the fully discrete scheme for solving CHNS system (see (4.43)—(4.47) in [32]).

Proposition 1.4.1. Given that ¢}, ¢} ' € Yy, ul,uy™' € X;, and pi! € M, there
S Rt

exists a unique solution ( Z“,/Lhﬂ,uhﬂ,]ﬁﬂ,uzﬂ) €Y, x Yy x X, x My, x X, to

the corresponding system for solving the CHNS system for any parameters h > 0 and

ot > 0. Moreover, the solution satisfies a discrete energy law
E n+l n+l A n+l _ nj2 ot? BT n+1|2
(up ™ 00 ) + g5l — opll” + — 1B ||
4n 8
~ (B o) + gallen — o™+ BRI
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< —SIMIVITE 2 — st va T |2
< —6tM ||V, || tv||Va, *|°.

Thus the scheme is unconditionally stable.

1.5 NUMERICAL EXPERIMENTS

In this section, we present some numerical results using our schemes. We use
P1-P1 or P2-P2 finite element function spaces for Y, x Y}, , and P1b—P1 or Taylor-
Hood (P2-P1) mixed finite element spaces for X, x Y}, . It is well-known that these
approximation spaces satisfy the inf-sup conditions for the biharmonic operator and

Stokes operator, respectively (cf. [14, 1]).

1.5.1 CONVERGENCE TESTS.

In this subsection, we verify the second order convergence of the proposed schemes
via the Cauchy convergence test. The computational domain is [0, 1] x [0, 1], we take
uniformly 2% grid points in each direction for & from 4 to 8 (h = g), and we take
a linear refinement path 6t = %h. We calculate the rate at which the Cauchy
difference (e.g. ¢F —@F~') converges to zero in the L? norm at the final time 7' = 0.1.
Here the P1 finite element space is used for Y}, and the mini P1b—P1 mixed finite
element spaces are used for X, x Y},. The error is expected to be at the order of

e = o(6t?) + o(h?) = o(6t?).

For all of the convergence tests, the initial conditions are taken to be
¢o = 0.24 cos(2mz) cos(2my) + 0.4 cos(mz) cos(3my),
uy = (— sin(7z)? sin(27y), sin(7y)? sin(27z)).

The parameters of the problem are n = 0.1, M = 0.01,A = 0.001,~v = 0.1. The
errors and convergence rates are presented in Tables 1.1, 1.2, and 1.3 for the linear
scheme (1.59)-(1.63) solving ACNS, the linear scheme (1.72)-(1.77) solving CHNS

and nonlinear scheme (1.78)-(1.81) solving ACNS, respectively. The results show
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that the schemes are of second order accuracy for ¢ and u in L? norm, and the rate
of convergence for pressure p appear to be only first order which is known for the

pressure projection scheme.

Table 1.1: Cauchy convergence test for the linear scheme (1.59)-(1.63) solving ACNS
system; errors are measured in L? norm; 2% grid points in each direction for k from 4
to 8, 0t = %2h, n=0.1, M =0.01, A = 0.001 , v = 0.1.

16 —32 rate 32—64 rate 64— 128 rate 128 — 256
1.50e—3 186 421—4 196 108e—4 199 2.72e—5
3.00e —3 2.04 724e—4 203 1.77e—4 2.02 4.38¢—5
3.00e —3 203 737¢e—4 2.03 18le—4 2.02 4.48e—5
1.65e—2 144 6.10e—3 143 230e—3 142 8.40e—4

SIS SR SN

Table 1.2: Cauchy convergence test for the linear scheme (1.72)-(1.76) solving CHNS
system; errors are measured in L? norm; 2% grid points in each direction for k from 4
to 8, 0t = %2h, n=0.1, M =0.01, A = 0.001 , v = 0.1.

16 — 32 rate 32—64 rate 64— 128 rate 128 — 256
¢ 33le—2 202 810—3 199 20le—4 198 5.17e—14
u 3.00e —3 2.04 725e—4 2.03 1.78e—4 202 4.3% -5
v 3.10e—3 2.03 749e—4 2.02 1.84e—4 201 4.56e—5
p 16be—2 144 6.10e—3 142 230e—3 141 853 —4

Table 1.3: Cauchy convergence test for the nonlinear convex-splitting scheme (1.78)-
(1.81) solving ACNS system; errors are measured in L2 norm; 2% grid points in each
direction for k from 4 to 8, ot = %h, n=20.1, M =0.01, A\=0.001 , » =0.1.

16 — 32 rate 32—64 rate 64— 128 rate 128 — 256
1.60e—3 186 4.34—4 196 1.1le—4 199 280e—4
3.00e —3 2.04 T724e—4 203 1.78e—4 2.02 4.38¢—5
3.00e —3 2.03 7.36e—4 2.03 18le—4 2.02 4.47¢e—5
1.65e—2 144 6.10e—3 143 230e—3 142 840e—4

SSTEESEEE S SN

1.5.2 THE VELOCITY OF A CIRCULAR MOVING INTERFACE.

Here we perform a classical numerical experiment of a shrinking circular bubble

[13] for Allen-Cahn equation (u = 0, no flow). We show that we can accurately
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t = 1000 t = 2000 t = 3000 t = 4000 t = 5000

Figure 1.1: Temporal evolution of a circular domain driven by mean curvature without
hydrodynamic effects. The parameters are n = 1.0, M = 1.0, A = 1.0, §t = 0.1,
Q= [0,256] x [0, 256].
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Figure 1.2: The areas of the circle as a function of time. n = 1.0, M = 1.0, A = 1.0,
ot = 0.1, Q = [0,256] x [0,256]. The slope of the line is —6.2842 and the theoretical
slope is —2.

calculate the velocity of a moving interface via our second order schemes. The set-up
of the numerical experiment is the same as of that in [13] with the domain size of
2 = [0,256] x [0, 256]. The parameters are taken to be unity, i.e., n=1,M =1, = 1.
Initially, there is a circular interface boundary of radius 100 in the middle of 2. Within
the circle the phase variable is +1 and outside it takes the value —1. As it is pointed
out in [13], the circular boundary will shrink and disappear eventually driven by the
mean curvature. The area of the circle can be found explicitly, A = Ay — 27t, where
Ap is the initial area. Thus the circular boundary shrinks at a rate of V = 27.

The temporal evolution of the circular domain is shown in Fig. 1.1. We take
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0t = 0.1 in the simulation. In space, we explore the adaptive mesh refinement of
FreeFem++ (cf. [33]) such that at least four grid cells are located across the diffuse
interface (A, =~ 0.2). The results shown are produced using the linear scheme
(1.16)-(1.24), and the same results are obtained via the nonlinear convex splitting
scheme.

The areas of the circle as a function of time is shown in Fig. 1.2. The slope of
the line is approximately —6.2842. The relative error of the velocity compared to the
theory is 1.61e — 04. Our scheme performs better than any of the schemes presented

in [13] in this regard.

1.5.3 SHAPE RELAXATION.

In this subsection, we perform another two standard numerical tests in the context
of phase field fluid models— shape relaxation in Fig. 1.3 and Fig. 1.4. In both tests,
the P2 finite element space is used for Y}, and the Taylor-Hood P2-P1 mixed finite

element spaces are used for X, x Y},.

=4 t =40 t =60 t =380

Figure 1.3: Snapshots of the relaxation of a square shape by the ACNS system.
n=0.01, A\ = M = 0.0001, 5t = 0.05.

In the first numerical test, we simulate the square evolves to a circular bubble
using the linear scheme (1.59)-(1.63) for the ACNS system. The phase variable ¢
takes value +1 inside the square and —1 outside of it. The initial velocity u and
pressure p are zeros. The parameters are n = 0.01, A = M = 0.0001, v = 0.1,

0t = 0.05. Fig. 1.3 shows some snapshots of the zero contour of the order parameter
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of the ACNS system. We observe that the isolated square shape relaxes to a circular
shape, due to the effect of surface tension. The shape also appears to shrink a bit
during the relaxation because the ACNS system is not mass-conservative.

In the second numerical test, we simulate the merging process of two circular
bubbles using the CHNS system. In Fig. 1.4, we show the merging of two circles next
to each other under the influence of surface tension in the CHNS system. The circles
quickly connect and eventually relax to a large circle at which the surface energy is
minimal. In this simulation, the parameters are n = 0.01, A = 0.0001, M = 0.1,
v =0.1, 6t = 0.01.

OO CO OO

OO O

Figure 1.4: Zero contour plots of the merging and relaxation of two kissing circles by
the CHNS system. From left to right, t = 0.0,t =0.2,t=2,t=4,t =12, t = 18.
n=0.01, A =0.0001, M = 0.1, v = 0.1, ot = 0.01.

1.5.4 A RISING BUBBLE.

In this numerical experiment, we simulate the rising process of a lighter liquid
bubble using the CHNS system driven by the buoyancy. In particular, the density
difference of the two fluids is small so that a Boussinesq approximation is applicable

[56]. Specifically, a buoyancy term G(p(¢) — p)i := B(¢ — ¢)j is added to Navier-
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Stokes equation. Here p(¢) p1+ %pg, p and ¢ are the spatial averages of p
and ¢, B= G252 4= (0,1)".

The filled contour plots in gray scale of the rising bubble are shown in Fig. 1.5. We
see that the bubble rises due to the buoyancy. As it rises, the bubble also elongates

horizontally, especially when it is near the upper boundary.

Figure 1.5: Filled contour plots in gray scale of the rising bubble by the CHNS
system. From left to right, ¢t = 0.64, t = 1.2, t = 1.6, t = 2, t = 2.4, t = 2.8.
n=0.01, A = 0.0001, M = 0.1, v = 0.01, 6t = 0.01, B = 1.0.




CHAPTER 2
NUMERICAL APPROXIMATIONS FOR SMECTIC—A LIQUID

CRYSTAL FLOWS

2.1 INTRODUCTION

Liquid crystal (LC) is often viewed as the fourth state of the matter besides the
gas, liquid and solid. It may flow like a liquid, but its molecules may be oriented
in a crystal-like way. There are many different types of liquid-crystal phases, which
can be distinguished by their different optical properties. Thermotropic LCs can
be distinguished into two main different phases: Nematic and Smectic. In Nematic
phases, the rod-shaped molecules have no positional order, but molecules self-align to
have a long-range directional order with their long axes roughly parallel. Thus, the
molecules are free to flow and their center of mass positions are randomly distributed
as in a liquid, although they still maintain their long-range directional order. In
smectic phases, which are found at lower temperatures, the well-defined layers form,
that can slide over one another in a manner similar to that of soap. The smectics
are thus positionally ordered along one direction inside the layer. There are many
different smectic phases, all characterized by different types and degrees of positional
and orientational order (cf.[11, 26]). In particular, in Smectic-A phases, molecules
are oriented along the normal vector of the layers, while in Smectic-C phases they
are tilted away from the normal vector of the layer.

The mathematical model of liquid crystals can often be derived from an energy-

based variational formalism (energetic variational approaches), leading to well-posed
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nonlinear coupled systems that satisfy thermodynamics-consistent energy dissipation
laws. This makes it possible to carry out mathematical analysis and design numerical
schemes which satisfy a corresponding discrete energy dissipation law. For smectic-
A phase liquid crystals, in de Gennes’ pioneering work [26], the phenomenonlogical
free energy of smectic—A phase is presented by coupling two order parameters which
represent the average direction of molecular alignment, as well as the layer structure,
respectively. In [12], the authors modified the de Gennes’ model by adding a second
order gradient term for the smectic order parameter to investigate the nematic to
smectic—A or smectic—C phase transition, and to predict the twist grain boundary
phase in chiral smectic liquid crystals. In [42], the authors used the de Gennes
energy to study smectic—A liquid crystals to simulate the chevron (zigzag) pattern
formed in the presence of an applied magnetic field. In [19], the authors derived the
hydrodynamics coupled model for smectic-A phase by assuming that the director
field is strictly equal to the gradient of the layer, thus the free energy is reduced to
one order parameter.

From the numerical point of view, it is specifically desired to design numeri-
cal schemes that could preserve the thermo-dynamically consistent dissipation law
(energy-stable) at the discrete level, since the preservation of such laws is critical for
numerical methods to capture the correct long time dynamics. The noncompliance of
energy dissipation laws may lead to spurious numerical solutions if the grid and time
step sizes are not carefully controlled. To the best of the author’s knowledge, although
a variety of the smectic liquid crystal models had been developed for more than half
a centry, we notice that the successful attempts in designing efficient energy stable
schemes are very scarce due to the complex nonlinearities. For instances, in [25], the
authors present a temporal second order numerical scheme to solve the model of [19].
The scheme is energy stable, however, it is nonlinear thus the implementation is com-

plicated and the computational cost might be high. In [42], the authors developed a
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temporal first order scheme. However, it does not follow the energy dissipation law
even though the schemes are linear and decoupled.

Therefore, the main purpose of this paper to construct the efficient schemes to
solve the de Gennes type smectic-A liquid crystal model (cf. [26, 42]). We first
couple the hydrodynamics to the original de Gennes free energy and derive the whole
model based on the variational approach and the Ficks’ law. To solve the model, the
main difficulties roughly include (i) the coupling between the velocity and director
field/layer function through the convection terms and nonlinear stresses; (ii) the
coupling of the velocity and pressure through the incompressibility constraint; (iii)
the nonlinear coupling between the director field and layer function. We develop a
time discretization scheme which (a) is unconditionally stable; (b) satisfies a discrete
energy law; and (c) leads to linear, decoupled equations to solve at each time step.
This is by no means an easy task due to many highly nonlinear terms and the couplings
existed in the model.

The rest of the chapter is organized as follows. In Section 2, we present the whole
model and present the PDE energy law. In Section 3, we develop the numerical
scheme and prove the unconditional stability. In Section 4, we present some numerical
experiments to validate the proposed scheme. Finally, some concluding remarks are

presented in Section 5.

2.2 THE SMECTIC-A LIQUID CRYSTAL FLUID FLOW MODEL AND ITS ENERGY

LAW

The de Gennes free energy of smectic A liquid crystal is described by a unit
vector (director field) d and a complex order parameter 1, to represent the average
direction of molecular alignment and the layer stucture, respectively. The smectic

order parameter is written as

U(@) = p(a)e ™), (2.1)



where w(x) is the order parameter to describe the layer structure so that Vw is
perpendicular to the layer. The smectic layer density p(x) is the mass density of the

layers. The de Gennes free energy reads as follows,

B, d) = [ (C190 — igduP + K|VaP + 5 (juf - LR v ) )de (2.2

where the order parameters C| K, g, r are all fixed positive constants, p, is the unit
vector representing the direction of magnetic field and ¥? is the strength of the
applied field. Q = (=L, L)* x (—d,d).

Now we consider the simple case by assuming the density p(x) = r/g [42], then

the energy becomes

B(y.d) = | (Cquw —dP? 4 K|V — o ¥2(d- u1)2>daz. (2.3)
Q
Let ¢(x) = @, thus the normalized energy becomes
1|V —d|? Vd)> T )
B ¢i:A/( ~Td- yz, 2.4
(0 d) =\, g Ty Tgldim))de (2:4)
where
~ L
=2 0=(0,20?%x%(0,2), (=",
d d (2.5)
7| K \ - 2dK Yo W2 d?n '
77 - d77 - Cq27 - 77 , T = K .

The dimensionless parameter 7 is in fact the ratio of the layer thickness to the sample
thickness and thus n < 1.

To release the unit vector constraint of |d| = 1, a nonlinear potential G(b) =
ﬁ(!b]z — 1)? which is a Ginzburg-Landau type penalty term, is added into the free
energy to approximate the unit length constraint of b [51, 50] , where € < 1 is a

penalization parameter. Thus the modified total free energy with the hydrodynamics

1
Erot(u, 6, d) = /Q Slulda

1[Vé—d? |Vdf
+A/@(n| ¢2 _— 2' 1 G(d) -

(2.6)

2 p)? ) da,
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where u is the fluid velocity field.
Assuming a generalized Fick’s law that the mass flux be proportional to the gra-

dient of the chemical potential [7, 24, 54, 53], we can derive the following system:

G +u-Vo=—Mpg, po = (;g (2.7)
di+u-Vd=—Mypy, pg= ((555, (2.8)
u+u-Vu—V-0q+Vp—psyVo — ugVd = 0, (2.9)
V-u=0, (2.10)

where p is the pressure, o, is the Caughy stress tensor, v is the viscosity, M, M; are

the relaxation order parameters. The variational derivatives p, and p, are
1
o = AE(—A¢+V~d), (2.11)
1
pa=A(n( - D+ g(@) + (V6 d) —7(d- pm ), (212

where g(d) = 5d(|d]* —1).

€

Following the work in [19], the Cauchy stress tensor o4 reads as follows,
04 = (d"D(w)d)d @ d + paD(u) + ps(D(u)d @ d + d @ D(u)d), (2.13)

where y; > 0 and D(u) = 3((Vu) + (Vu)?) is the strain tensor. In this paper, we

assume 1, i are negligible comparing to py, thus the stress tensor is simplifed to
04 = paD(u). (2.14)
For simplicty, we assume the boundary conditions as follows.
ulog = 0, 0ndlag = 0, Ond|sq = 0, (2.15)

where n is the outward normal of the boudary.
To obtain the dissipation law of the system (2.7)-(2.10), we take the L? inner

product of (2.7) with ‘;—g, (2.8) with ‘;—5, and (2.9) with u, perform the integration by
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parts, and add all equalities together, we obtain

d OE OE
—FEy, = — D(u)|* + My|—* + M. 2) . 2.1
i Er(.0.d) = = [ (D@ + MG+ M| ). (210

2.3 NUMERICAL SCHEME

The emphasis of our algorithm development is placed on designing numerical
schemes that are not only easy-to-implement, but also satisfy a discrete energy dis-
sipation law. We will design schemes that in particular can overcome the following

difficulties, namely,

e the coupling of the velocity and pressure through the incompressibility condi-

tion;
e the stiffness in the director equation associated with the penalty parameter n;

e the nonlinear couplings among the fluid equation, the layer equation and the

director equation.

We construct an energy stable scheme based on a stabilization approach [64]. To

this end, we shall assume that G(b) satisfies the following conditions, i.e.,

|Hg(z)| < L, V. (2.17)

where (Hg(x));; = aijacjgj7i’j = 1,2, 3 is the Hessian matrix of G(z). One imme-
diately notes that this condition is not satisfied by this usual double-well potential.
However, it is a common practice that one truncates this fourth order polynomial G
to quadratic growth outside of an interval [—M, M| without affecting the solution if

the maximum norm of the initial condition ¢q is bounded by M. Therefore, one can

(cf. [45, 16, 64]) consider the truncated double-well potential G(d). We can modify
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this function outside a ball in {x : |d(x)| < 1} € R? of radius 1 as follows.

1

N p(\dp -172  dl <1,

G(d) = f (2.18)
@(|d| —1)?, d| > 1.

Hence, there exists a postive constant Lg such that

max |Ha(x)| < Lg, (2.19)

T€R3

060t

When deriving the energy law (2.16), we notice that the nonlinear terms in °5 5

and % involve second order derivatives, and it is not convenient to use them as
test functions in numerical approximations, making it difficult to prove the discrete
energy dissipation law. To overcome this difficulty, we first reformulate the system

(2.7)-(2.10) in an alternative form which is convenient for numerical approximations.

The system reads as follows,

Or+u-Vo=—Mpy, (2.20)
dt +u- Vvd = —MQ[,Ld, (221)
Yu-Vu—V 04+ V +£V¢+in—0 (2.22)
us + u - Vu 04 4 M, Y =0, .
V-u=0, (2.23)

where ¢ = ¢ +u- V¢ and d = d; + u - Vd. To obtain the dissipation law of the
system (2.20)-(2.23), we take the L? inner product of (2.20) with ¢y, (2.21) with dy,
and (2.22) with u, perform the integration by parts, and add all equalities together.

We obtain

d T
g, :—/( 24 112 d2>d . 9.94
& Bov=— [ (slVul + 16+ 1) dm (221)

We now fix some notations. For scalar function u,v and vector function u =

(u1, uz,u3) and v = (v1, va, v3), we denote the L? inner product as follows.
(u,v) = / wvdz, ||ul)® = (u,u), (u,v) = / wvldz, ||ul? = (u,w). (2.25)
Q Q
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Now, we are ready to present our energy stable schemes.
Our numerical scheme reads as follows. Given the initial conditions ¢°, 1°, «° and
p? = 0, having computed ¢", ¥", u™ and p" for n > 0, we compute @™+ ¢+t grtl

u™ ! and pn-‘rl by

Step 1:
M¢ HZ*(Aﬁb H-v.d )
1 n
(2.26)
a¢n+1
o lao = 0,
with
. n+l _ in in+1
P = ¢5t¢ + (u} - V)", ull =u" — 5t¢iMlV<b”. (2.27)
Step 2:
1 *n+1
S(@* —d") + —d
( )+ r
mn mn 1 n I mn
= A(n(Ad —gld) + (VO - ) ). (229
adn+1
on ’BQ - 07
with
n dn+1 —d dn+1
d = T (- V)l = o = StV (2.29)
2
Step 3:
@ + (u™ - VA"t — g AT+ Vp 4 (anqu” + 'nHVd” =0
5t R P My " T (2.30)
an-‘rl’ag =0.
Step 4:
un+1 _ ,an—i—l
5 Ve =) =0,
V-u"t =0, (2.31)

n- un+1|aQ =0.

In the above, S is a stabilizing parameter to be determined.
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We have the following remarks in order:

e A pressure-correction scheme [27] is used to decouple the computation of the

pressure from that of the velocity.

e The nonlinear term g(d) mainly takes the form like %d(|d|*—1), so the explicit
treatment of this term usually leads to a severe restriction on the time step 6t
when ¢ < 1. Thus we introduce in (2.26) a linear “stabilizing" term to improve
the stability while preserving the simplicity. It allows us to treat the nonlinear
term explicitly without suffering from any time step constraint [62, 64, 63]. Note
that this stabilizing term introduces an extra consistent error of order O(dt) in
a small region near the interface, but this error is of the same order as the error
introduced by treating it explicitly, so the overall truncation error is essentially
of the same order with or without the stabilizing term. It is noticable that the
truncation error of the stablizing approach is exactly the same as the convex

splitting method [23].

e Inspired by [3, 58, 62|, which deal with a phase-field model of three-phase viscous
fluids or complex fluids, we introduce two new, explicit, convective velocities
u? and v, in the phase equations. u} and u}, can be computed directly from

(2.27) and (2.29), i.c.,

w o= (14 2wy ) (- (6 ever), (282

M1 Ml
= (I 4 5t(vcz”)TVd")_1 (u” Lo d”)Vd") (2.33)
** M2 * M2 . .

It is easy to get det(I + c¢(V@)T'V@) =1+ ¢V - Vo, thus the above matrix is

invertible.

e The scheme (2.26)-(2.31) is a totally decoupled, linear scheme. Indeed, (2.26),

(2.28) and (2.30) are respectively (decoupled) linear elliptic equations for ¢"*!,

d" and @', and (2.31) can be restated as a Poisson equation for p"™! — p".
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Therefore, at each time step, one only needs to solve a sequence of decoupled

elliptic equations which can be solved very efficiently.

e As we shall show below, the above scheme is unconditionally energy stable.

Theorem 2.3.1. Under the condition (2.19), and S > ’WTL, the scheme (2.26)-(2.31)

admits a unique solution satisfying the following discrete energy dissipation law:

n+1

1
M, M

¢n+1‘2

n+1 5t2 n+112 ~n+11|2 ’ ‘2 n 5t2 n (|2
B 4 - IV + yvat [ Var T + ot )= BN Vet

where

va|*
2

1|d" =V
i 2

1 mn T n
B = Sl + A(n(F e + (G, ) + Sl 2.3

Proof. From the definition of u} and u?, in (2.27) and (2.29), we can rewrite the

momentum equation (2.30) as follows
ﬁn—‘rl —un
~ *k + (un . V)un+1 o M4Aﬁn+1 + Vpn —0. (235)
By taking the inner product of (2.35) with 26ta™*!, and using the identity
(a—b,2a) = |a]* = |b]* + |a — b]?, (2.36)
we obtain

a2 — a2+ (@ = 2 + 206t [ V@ | + 264(Tp", @) = 0. (2:37)

To deal with the pressure term, we take the inner product of (2.31) with 25t2Vp" to

derive

St ([ Vp 2 = [IVp" |17 = IVp"* = Vp"|?) = 28t (", Vp"). (2.38)
By taking the inner product of (2.31) with "™, we obtain

e e e el i (2.59)
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We also derive from (2.31) directly that

S|Vt = VP = Jlartt — w7 (2.40)
Combining all identities above, we obtain

™ = [l + a2

(2.41)
+ ot ([Vp P = V") + 2vot|| Var | = 0.
Next, we derive from (2.27) and (2.29) that
u® — u™ gz'sn—‘rl
= = — Vo 2.42
s n+1
uy, —ul d
= = =— vd". 2.43
ot M, (243)
By taking the inner product of (2.42) with 26tu}, of (2.43) with 2§tu”,, we obtain
n|2 n||2 n 2 én-&-l n o ,n
sl = M7 + [l = wall™ = =20t(— = V6", u)), (2.44)
1
dn+1
st 1 = 2+ Hlul, — wf|* = —26t(——Vd", uj,). (2.45)
M,
Then, by taking the inner product of (2.26) with 2(¢"™! — ¢"), we obtain
g g 2) 1
2501 o5y ® (ur v ”+<V-d”, nil _ “)
2 v + (7 e -
A
2 (196 = Ve + Ve — Vo) (246)
= 0.
By taking the inner product of (2.28) with 2(d"™" — d"), we arrive at
|| -n+1||2 dn-i—l
25||d™ " — d"||* + 20t ——— — 26t L V)d!
51 2+ 2st I o vy
Iva > vd|® | [vartt - Vd"||2>
2\ —
2 (5 > 2
)\ n mn 3 mn
(= gl - )
n (2.47)

2\
+2X(g(d"), d""! —d") - = (W"“, d - dn)
n

- 2AT((d” )y, d - d”)

=0.
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Combining (2.41), (2.44), (2.45), (2.46), and (2.47), we arrive at

L e L [ (T A [ (T T

+at* (VP = Ve ]1?)

+ 2udt|| Va" |2 + 25tw + 25t”dn+1H2
M, M
vdtz o |vdr?  |Ivdrtt — vd')?
+2M7<H : [ ’ I +|| . ||>

A : ) )
+ -, (ld YR = ) + || - d?)

A ) ) )
+ E(IIW5 2= V|2 + [V — Vo |?) (2.48)

+ 2S||dn+1 . dnHQ

+2Xn(g(d™),d"™ —d") (:Term A)
£ DV =) = (V@ - ) (e B
- 2)\T<(dn )y, dM — d”) (:Term C')
— 0.

We deal with the terms A, B, C as follows.

For Term A, we apply the Taylor expansions to obtain

A= 2(G(d™) — G(d"), 1) — 2>\n<g/12(§), - d”P). (2.49)

For Term B, we have

B=_22 ((d”, Ve'tt — V") + (d"t - d”, V¢”+1)>
7)7\ (2.50)
_ o m+1 n+1y n n
= 2 (@, V) - (@ Ve")).
For Term C, we have
C= —2>\T<(dn ), (dnH ) — (d”- “1>>
(2.51)

= (P P ) ).
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By combining (2.48), (2.49), (2.50) and (2.51), we have
L (e e (A [ (T T [ T

+ (VP P = V")

2 N
u6t|| Va2 25t||¢ 20t
+ 2v6t||Va"T|* + 7 + 7
[vart® var*  |vd! - Vd"!l2>
9 _
* A"( 2 > >
+20(G(d™) - G(d"), 1)
)\ mn mn mn mn
+ ([l = ()P + T - ar)?)
Z (2.52)
+ ;(IIW’““II2 — V" + [V — V¢ |?)
A
— 25 ((dnJrl’ v¢n+1) _ (dn’ V¢n>)
(= )
+ (28 — ApL)||d™ — d™|)?
FAT[(@" T = d") -y
=0.
Finally, we obtain the desired result after dropping some positive terms. O

2.4 NUMERICAL SIMULATIONS

We now present some 2D numerical experiments to demonstrate the efficiency,
stability and accuracy of the propose numerical scheme (2.26)-(2.31). The compu-
tatational domain is (z,y) € [0,2¢] x [0, 2]. For z-axis, we set the periodic boundary
condition, and for y— axis, we set Neumann or Dirichelet boundary conditions. We
adopt the second order central finite difference method to discretize the space. The
magnectic field is always set as p; = (0,1). If not explicitly specified, the default

values of order parameters are given as follows,

(=2¢=0021n=0.02 M =008, My =2, \=25, 7 =16. (2.53)
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Figure 2.1: The L? errors of the layer funciton ¢, the director field d = (dy, d,), the
velocity u = (u, v) and pressure p. The slopes show that the scheme is asymptotically
first-order accurate in time.

2.4.1 ACCURACY TEST

We first test the convergence rate of scheme (2.26)-(2.31). We set the following

initial conditions as
d(t = 0) = (sin(mx)cos(my), cos(mx)cos(my)),
o(t = 0) = cos(my), (2.54)

(u(t = 0), p(t = 0)) = (0,0).

The boundary conditions are Neumann type along y-axis (cf. (2.15)). We use 128 x
128 grid points to discretize the space, and perform the mesh refinement test for
time. We choose the numerical solution with the time step size 6t = 1 x 107 as
the benchmark solution (approximate exact solution) for computing errors. Figure
2.1 plots the L? errors for various time step sizes. We observe that the scheme is

asymptotically first-order accurate in time for all variables as expected.
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2.4.2 CHEVRON PATTERN INDUCED BY THE MAGNETIC FORCE

We now consider the effects from the magnetic force for the no flow case (u = 0).
Initially, a smectic A liquid crystal is confined between two flat parallel plates and
uniformly aligned in a way that the smectic layers are parallel to the bounding plates
and the directors are aligned homeotropically, that is, perpendicular to the smectic
layers. A magnetic field is applied in the direction parallel to the smectic layers, which
induce the layer undulation (chevron pattern) phenomena. The initial conditions read

as follows.

(2.55)

where the rand(x,y) is the small perturbation that is the random number in [—1, 1]
and has zero mean. We set the Dirichlet type boundary condition for ¢ and d as

follows,

d|y=il = (07 1)7 (b‘y:l = 17 ¢|y=71 = —1 (256)

We take 6t = 0.001 to obtain better accuracy. Fig. 2.2 shows the snapshots of the
layer function ¢ at t = 0, 0.2, 0.4 and 0.8. Initially at t = 0, the layer function take
the linear profile along the y— axis. When time evolves, we observe some undulations
appear at t = 0.2. The layer function quickly reaches the steady solution at t = 0.8
with the saw tooth shape. This undulation phenomenon is called the Helfrich-Hurault
effect (cf. [34, 38]). Fig. 2.3 shows the snapshots of the directior field d. The
numerical solution presents similar features to those obtained in [42]. We also plot
the energy dissipative curve in Fig. 2.4, which confirms that our algorithm is energy

stable.
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Figure 2.2: Snapshots of the layer function ¢ are taken at t =0, 0.2, 0.4 and 0.8 for
Example 2.4.2.

2.4.3 CHEVRON PATTERN INDUCED BY MAGNETIC FORCE AND SHEAR FLOW

We now impose the shear flow on the top and bottom plates to see how the flow
affects the undulation. The initial and boundary conditions of ¢ and d are same as

the example 2.4.2. For velocity and pressure, the initial and boundary conditions are:

u(t =0) = (10(y — 1),0), p(t = 0) = 0

uly—1 = (10,0), uly—_y = (—10,0).

(2.57)

Fig. 2.5 show the snapshots of the layer function ¢ at t = 0,0.3,0.4,0.5,0.6 and 0.8.
When time evolves, the layer undulations still appear but the symmetry is largely
disturbed by the shear flow. Fig. 2.6 shows the snapshots of the directior field d. We
also plot the first component of the velocity field v = (u,v) in Fig. 2.7, where the

linear profile is deformed to show nonlinearility.
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Figure 2.3: Snapshots of the director field d are taken at t = 0, 0.2, 0.4 and 0.8 for

Example 2.4.2.
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