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Abstract. We consider in this paper numerical approximations of phase-field models for two-
phase complex fluids. We first reformulate the phase-field models derived from an energetic vari-
ational formulation into a form which is suitable for numerical approximation and establish their
energy laws. Then, we construct two classes, stabilized and convex-splitting, of decoupled time dis-
cretization schemes for the coupled nonlinear systems. These schemes are unconditionally energy
stable and lead to decoupled elliptic equations to solve at each time step. Furthermore, these elliptic
equations are linear for the stabilized version. Stability analysis and ample numerical simulations
are presented.
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1. Introduction. Complex fluids have great practical utility since the micro-
structure can be manipulated to produce useful mechanical, optical, or thermal prop-
erties [4, 23]. Numerical studies of multiphase complex fluids is a rich area for research
with important applications that can be addressed. Some numerical difficulties are
(i) the moving interfaces between various components; (ii) open issues regarding well-
posedness of many multiphase models leading to confusion as to whether numerical
pathologies are due to the model or the methods; and most important, (iii) nonlin-
ear coupling (hydrodynamics, interface, and microstructure) makes it very difficult to
design easy-to-implement, energy stable numerical schemes.

For the first two issues above, the diffuse-interface /phase-field models, whose ori-
gin can be traced back to [38] and [46], have been proved efficient with much success.
A particular advantage of the phase-field approach is that models can often be derived
from an energy-based variational formalism (energetic variational approaches), lead-
ing to well-posed 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 dissipa-
tion law. In recent years, the phase-field method has become one of the major tools to
study a variety of interfacial phenomena (cf. [17, 2, 36, 19, 32, 49] and recent review
papers [44, 22] and the references therein).

For phase-field models which satisfy a dissipative energy law, it is especially de-
sirable to design numerical schemes that preserve the energy dissipation law at the
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discrete level. In particular, the dynamics of the coarse-graining (macroscopic) process
described by the Allen—Cahn and Cahn—Hilliard equations may undergo rapid changes
near the interface, so the noncompliance of energy dissipation laws may lead to spu-
rious numerical solutions if the grid and time step sizes are not carefully controlled
[30, 18]. Thus, from the numerical point of view, we are particularly interested in
designing simple and efficient but energy stable numerical schemes satisfying discrete
energy dissipations laws.

The nematic liquid crystal is a typical complex fluid that has attracted much
attention in the physical and mathematical communities (cf. [24, 25, 13, 26, 9, 27, 28]
and the references therein). We consider in this paper a mixture of nematic liquid
crystals and a Newtonian viscous fluid. Both phases are assumed to be incompress-
ible and immiscible. We recall that a phase-field model to describe this mixture
was derived in [49] using an energetic variational formulation. However, to simplify
the computation, some nonessential nonlinear interaction terms were dropped there.
While dropping these terms does simplify the implementation, it also destroys the
variational structure so the phase-field system does not satisfy an energy law.

Recently in [48], we derived the phase-field model for this mixture which satisfies
a dissipative energy law by keeping all nonlinear interaction terms from the energetic
variational formalism. We presented numerical simulations of a nematic liquid crystal
drop or filament immersed in a Newtonian viscous fluid and observed a very interesting
“beads-on-a-string” interfacial morphology that is qualitative consistency with the
experimental results in [3]. However, due to the explicit treatment of all nonlinear
terms, the numerical scheme used in [48] does not satisfy the energy dissipation law
even though it is very easy to implement. A sufficiently small time step, which can be
very costly in large-scale computations, has to be used to ensure stability. Thus the
main purpose of this paper is to construct a time discretization scheme which (a) is
unconditionally stable, (b) satisfies a discrete energy law, and (c) leads to decoupled
elliptic equations to solve at each time step. This is by no means an easy task due
to highly nonlinear couplings between velocity, pressure, phase function, and director
field.

The rest of the paper is organized as follows. In the next section, we describe a
phase-field model for the mixture of a nematic liquid crystal and a Newtonian viscous
fluid, and we derive the associated energy law. In section 3, we construct decoupled,
energy stable numerical schemes for solving the coupled nonlinear system. In section 4,
we present some numerical results to illustrate the efficiency of the proposed scheme
and summarize our contributions.

2. The phase-field model and its energy law. We consider a mixture of
nematic liquid crystals and a Newtonian incompressible viscous fluid. We use a phase
function ¢ to identify the two fluids, namely,

1 liquid crystal,
(2.1) o(z,t) = . .
—1 viscous fluid,

with a thin smooth transition layer of thickness £ connecting the two fluids, so the
interface of the mixture is described by the zero level set I'y = {z : ¢(z,t) = 0}.

We recall below the essential ingredients in the derivation of the phase-field model
using an energetic variational procedure (cf. [49, 48]).

Let F(¢) = £2(¢? — 1)? be the usual Ginzburg-Landau double-well potential,
and define the mixing energy functional
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(2.2) Eoie = /me(a;, Vo)dx — /Q)\ (%IWIQ + F(¢)> dx,

where A is the mixing energy density which can be related to the traditional surface
tension density [49]. We assume that the elastic energy is isotropic, so the bulk energy
can be described by the standard Oseen—Frank distortional energy [12, 24, 25]:

(2.3) Wy (d, Vd) = K (@ + G(d)> ;

where K is the elastic constant and G(d) = #(|d|2 —1)? is a Ginzburg-Landau type
penalty term, where 7 is a penalization parameter, introduced to approximate the
unit length constraint of d [26, 27].

Nematic liquid crystals prefer some particular orientations along the interface
between the two fluids, called the easy direction. There are two common types of
anchoring conditions: planar (or parallel) anchoring, where all directions in the plane
of the interface are easy directions, and homeotropic (or normal) anchoring, where
the easy direction is the normal to the interface [20, 9]. Namely, the anchoring energy
density is given by

§|d -Vo|? parallel,
(24) Wanch(¢a V(b? d7 Vd) =
2(|d?|Ve|? — |d - V¢|?) homeotropic,

where A(z) is some prescribed molecular anchoring function defining the anchoring
energy.

The total energy of the hydrodynamic system is a sum of the kinetic energy Eyn,
the mixing energy E,iz, the bulk energy FEp, i, and the anchoring energy Eqpnen [49]:

2
1+
(25) @@tot = Ekln + Emim + <T¢> Ebulk + Eanciu

1 140\
= / <§p|u|2 + Wiz + <T¢) Wik + Wanch) an
Q

where p is the density, u is the fluid velocity field, and the factor (#)2 represents the
volume fraction of the nematic liquid crystal component that vanishes in the viscous
liquid phase (¢ = —1).

Assuming a generalized Fick’s law that the mass flux be proportional to the
gradient of the chemical potential [7, 15, 34, 32], we can derive the following system:

(2.6) d; + (u-V)d = —M,; 55:;2
55
(2.7) ¢+ (1 V)é = —My =5
(2.8) p(ug+ (u-V)u) + Vp =V - (0vis + 0 iz + Ohuir T Tanch)s
(2.9) V-u=0,

where p is the pressure, M; is the relaxation parameter of liquid crystals, Ms is the

T
mobility parameter of the phase function, 0,;s = V(W) is the usual Newtonian

. . e . . /
viscous stress, and o7, Opuks Tonen, ar€¢ the induced elastic stress by each energy
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component which can be obtained by the least action principle [28, 29, 32, 49]. The
variational derivative 5%” can be taken in H~!, leading to the (conserved) Cahn-
Hilliard phase equation,

(2.10) ¢t + (u- V) = —MAp,

=0 son - & (52) (B + ey - et

where f(¢) = F'(¢), or in L?, leading to the (nonconserved) Allen—Cahn phase equa-
tion,

(2.11) ¢+ (u-V)o = Map,

where p is given in (2.10).

Remark 2.1. We note that solutions of the (conserved) Cahn-Hilliard phase
equation, with suitable boundary conditions, satisfy the desired conservation property,
Oy Jo ¢dx = 0, which is not satisfied by the solutions of the (nonconserved) Allen-Cahn
equation. However, one can add a scalar Lagrange multiplier in (2.11) to enforce this
conservation property (cf. [47]). Since the Lagrange multiplier does not introduce any
mathematical or numerical difficulty, we shall not include it in the discussion below.

Remark 2.2. For simplicity, we consider in this paper the cases where the two
fluids have matching density and viscosity, i.e., p1 = p2 and v1 = v5. When the
two fluids have different densities with a relative small density ratio, one can use the
so-called Boussinesq approximation which models the effect of different densities by
a gravitational force [32, 47]. The case of difference viscosities can usually be dealt
with in a straightforward manner by assuming the viscosity is a linear or harmonic
average of the phase function.

Let p1 = p2 =1 and vy = v = v. The system (2.6)—(2.9), with the Allen-Cahn
phase equation, becomes

(212)  dy + (u-V)d = MiK(V - (1+¢> (1+¢) ~ My A,
(2.13)

fu+ (0 V)6 = MoA(AG — [(6)) — (1 : ¢’) ('Vd'g )  MyAd,,
(2.14)

2
w4 (u-V)u—vAu+ Vp+ V- (A\Vo @ Vo + K (#) Vd ® Vd + Ady) = 0
(2.15) Vou=0,
where f(¢) = F'(¢), g(d) = VG(d), and

(Vo -d)d) parallel,
-(|d|*V¢ — (V¢ -d)d) homeotropic,
d-V¢)Vo parallel,
V¢ -Vo)d — (d-Ve)Ve homeotropic,

d-V¢)d® Vo parallel,
(d-d)V¢ — (d-V¢)d) ® V¢ homeotropic.

(2.16) Ay =

(2.18) Ay =

{
o ]
{
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On the other hand, the model with the Cahn—Hilliard phase equation is obtained by
replacing (2.13) in the above by (2.10).

Throughout the paper, we assume the boundary conditions
(2.19) ulpno =0, Ondloa =0, Onploa =0, 0O,dloa =0,

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

Since the above system was derived from an energetic variational formulation
without neglecting any terms, it can be readily established that the total energy of
the system (2.13)—(2.15) is dissipative. More precisely, by taking the inner product
of (2.12) with 25t (2.13) with 24t and (2.14) with u, and then summing up these

5
equalities, we obtain the following energy dissipation law:

2

) dx.
Similarly, the corresponding energy law with the Cahn-Hilliard phase equation is
2
) dx.

The above energy laws will enable us to prove the existence and uniqueness of
the weak solution with certain smoothness by a standard Galerkin procedure [10].

50@:‘,0t
0¢

50@:‘,0t
od

2
+ |

(2.20) O Erot = —/ <u|w|2 + My ‘
Q

2

0&%0
ot | 4 A,

oo

56@:‘,0t

v od

(221) 3,5@5‘20,5 = —/ <V|Vu|2 + M1
Q

3. Alternative formulations and their decoupled time discretizations.
The coupled nonlinear system (2.12)—(2.19) presents formidable challenges for algo-
rithm design and implementation, as well as numerical analysis. Although many nu-
merical schemes perform well in practice for such time-dependent diffusion-convection
dynamical system, the question of their stability remains open. It has been shown
that some spurious solutions may occur if a numerical scheme does not follow the
discrete energy dissipation law when the spatial grid and time step sizes are not care-
fully chosen (cf. [30, 31, 18]). Thus the compliance of discrete energy dissipation
laws usually serves as the justification of numerical schemes and results, when no
benchmark solutions are available. In addition, use of unconditionally energy stable
schemes enable the use of relatively large time steps, the size of which is dictated only
by accuracy considerations.

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

e the coupling of the velocity and pressure through the incompressible condition;

e the stiffness in the phase equation and the director equation associated with
the interfacial width ¢ and the penalty parameter 7;

e the nonlinear couplings among the fluid equation, the phase equation, and the
director equation.

3.1. An alternative derivation of the energy dissipation law. It is straight-
forward to derive the energy law (2.20) by taking the inner product of (2.12) with
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éfgt, (2.13) with éﬁgt, and (2.14) with u. However, the nonlinear terms in %

and 5?3” 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 (2.12)-(2.19) in an
alternative form which is convenient for numerical approximation. For simplicity, we
shall omit the anchoring energy in this section since it does not involve any small
parameter, so it is relatively safe to treat it explicitly.

By direct calculation, we have the following two identities:
1+¢\> 1+¢\° 1+¢\>
(3.1) V- — vVdeVvd | = V- —5 vd — — g(d) | vd
1 2/ |vd[?
+V <<—+ d’) (' | +G(d))>
2 2
1 vd|?
- (5 (55F+o@) ve.

(32) V- (Vo0 70) = 20— fopve+ ¥ (4 pio)).

Taking the summation of the above two identities, we derive

(3.3)

2
AV - (Vo ® V) + KV - <<#> Vd®Vd>

~ 4 gay J\%w +v <A (% ’ F(é)) o <ﬂ>2 <|Vd|2 " G(d)>> ’

My 2 2
where we have denoted
(3.4) p=¢i+ (- V)p, d=d; + (u-V)d.

Thus, absorbing the gradient term in (3.3) to the pressure, the system (2.13)-(2.14),
without the terms related to the anchoring energy, can be rewritten as follows:

(35)  dit(u-V)d= MK <v - (#)2 vd - (#)Qg(m) ,

2
B ot Vo= a0 o) -3k (150) (FE 4 ).

(3.7) u; + (u-V)u—vAu+ Vp + Mi1Vd+ %V@S:O,

(3.8) V-u=0.
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We now show that the above system admits an energy law. Taking the inner products
of (3.5) with df , of (3.6) with ‘z" , and of (3.7) with u, we derive

d[|> 1+<z> 1+¢)\°
(3.9) 71_< ) < 5 ) va-(T) g(d),dt>,

(3a0) Lol ( ) = -2, ”W”z (F(¢),1))

My

and

1 d '
(3.11) §<9t|\u||2 + v||Vul® + <MVd,u> + (A(ZVQS, ) = 0.

Summing up the above equalities and using the identity

(3.12)

0 <<#>2<|V;|2 +G(d)) ,1) = <<#>2v(1,vat> + ((#)2g(d),dt>

1 vd|?
+ (<—+¢> (' | +G(d)) ,<z>t),
2 2
we arrive at the following result.

LEMMA 3.1. Solutions of (3.5)-(3.8) satisfy the following energy law:

2
(3.13) 6tc%ot:8t/g< lu |2+A<|v;b| +(F(¢)a1))

(552 (2 ) ) o

_ 2, [P, 91
= /Q<V|vu|+M+M2 dx.

We emphasize that the above derivation is suitable in a finite dimensional ap-
proximation since test function ¢, d; is in the same subspaces as ¢ and d. Hence, it
allows us to design numerical schemes which satisfy a discrete energy law.

If the Cahn—Hilliard phase equation is used instead of the Allen—Cahn phase
equation, we introduce an intermediate variable p to split the fourth-order Cahn—
Hilliard phase equation into a system of two second-order equations [41, 42]. More
precisely, the system with the Cahn—Hilliard phase equation reads as follows:

(3.14) di+ (u-V)d = MK (v. (#)QVd— (ﬂfg(d)),

2
(3.15) ¢+ (0-V)o = —Ayp,
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1+ vd|?
310)  u=amx@o- o) - ek (50) (FE o).
(3.17) u + (u-V)u—vAu+ Vp+ ClVd%— —V¢ =0,
. . —v — =
t p M, M,
(3.18) Vou=0.
Similar to the proof of (3.13), we can establish an energy law for (3.14)—(3.18).
Indeed, taking the inner product of (3.14) with d; /My, of (3.15) with u/Ma, of (3.16)
with ¢¢, and of (3.17) with u, and adding all the results together, we can prove the

following.
LEMMA 3.2. Solutions of (3.14)—(3.18) satisfy the following energy law:

(152t
y- o+ (Flo).)

( 1+¢ IV;V+4%d071>>¢E
_ ul? + |d? |VM|2

3.2. Energy stable numerical schemes for the Allen—Cahn phase-field
model. We first construct an energy stable scheme based on a stabilization approach
[42]. To this end, we shall assume that G(d) and F(¢) satisfy the following conditions:
there exists constant L; and Lo such that

1
(3.19) 0ot = | 124+ A

/!
(3.20) max [H(d)| < L, max |F"(9)] < Lo
where H(d) is the Hessian matrix of G(d).

One immediately notes that this condition is not satisfied by the usual Ginzburg—
Landau double-well potential F(¢) = 15(¢* — 1)? and G(d) = =(|d[* — 1)
However, since it is well known that the Allen-Cahn equation satlsges the maxi-
mum principle (for the Cahn-Hilliard equation, a similar result is established in [6]),
we can truncate F(¢) to quadratic growth outside an interval [—M, M| without af-
fecting the solution if the maximum norm of the initial condition ¢q is bounded by M.
Therefore, it has been a common practice (cf. [21, 8, 42]) to consider the Allen—-Cahn
and Cahn-Hilliard equations with a truncated double-well potential F(¢). Similarly,
we can truncate G(d) to satisfy (3.20).

It is then obvious that there exists L such that (3.20) is satisfied with F' replaced
by F. The same modification is also applied for g in the liquid crystal equation.

Our numerical scheme reads as follows.

Given the initial conditions d°, ¢°, u°, and p® = 0, having computed d”, ¢", u
and p" for n > 0, we compute (d"*!, "1 antl, unJrl p" 1) by the followmg btepb

Step 1.

77.

(3.21)
1 . 1 n\ 2 1 n\ 2
O{L(dn—i—l _dn) 4 Mdn+l — KV ( _|—2¢ ) vd77,+1 _K( _|—2¢ ) g(dn)’
adn—H
= 0’
on |gq
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with
mn dnJrl —d” n n n n dnJrl n
(3.22) d+1:T+(u*~V)d, u? =u —5tM1 va".
Step 2.
(3.23)
n( n n 1 in n n 1+ o n
G = 0+ 3 =8 (o) - i (EE ) wan)
8¢n+1
= 0’
on |ya
with
n ¢n+1 - ¢n n n o_..n n én—!—l n
(3.24) ot = — (u?, - V)¢", u?, =ul — 57572V¢ :
Step 3.
(3.25)
u'tt —u” n sn41 ~n+1 n int! n (Z'SnJrl n
T—i—(u -V)a"mt —vAQT + Vp't 4+ A vd +TQV¢ =0,
attl =0
o0
with
n+1|2
(3.26) w(d"tt) = <Ld2 | + G(d”*l)) :
Step 4.

un+1 _ ﬁnJrl

(3.27) 5t
V-u"t =0,n-u"sq = 0.

+ V(anrl - pn) =0,

In the above, CT" and CF are two stabilizing parameters to be determined.

The above scheme is constructed by combining several effective approaches in
approximation of Allen-Cahn equation [42], Navier—Stokes equations [16], and phase-
field models [43, 5, 37].

Several remarks are in order:

e A pressure-correction scheme [16] is used to decouple the computation of the
pressure from that of the velocity.

e We recall that f(¢) = E%¢(<b2 —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
(3.23) a stabilizing term to improve stability while preserving simplicity. It allows us
to treat the nonlinear term explicitly without suffering from any time step constraint
[43, 42, 41]. Note that this stabilizing term introduces an extra consistent error of
order O(6t) in a small region near the interface, but this error is of the same order
as the error introduced by treating f(¢) explicitly, so the overall truncation error is
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essentially of the same order with or without the stabilizing term. A similar approach
is applied to the director equation for the treatment of g(d).

e Inspired by [5, 37], which deal with a phase-field model of three-phase Newto-
nian fluids, we introduce new, explicit, convective velocities u and uf, in the phase
equation and director equation. u? and u?, can be computed directly from (3.22)
and (3.24), i.e.,

n ¢71+1_¢n

arti_gn
ur — 4 dt g gn ul — vor
(328) uf = I\T[%dnp ) u:* = Aféd)np

e The scheme (3.21)-(3.27) is a totally decoupled, linear scheme. Indeed, (3.21),
(3.23), and (3.25) are respectively (decoupled) linear elliptic equations for d"+1, ¢g"+1,
and "1, and (3.27) can be reformulated as a Poisson equation for p"*! —p™. There-
fore, at each time step, one only needs to solve a sequence of decoupled elliptic equa-
tions which can be solved very efficiently.

e As we shall show below, the above scheme is unconditionally energy stable. To
the best of the authors’ knowledge, this is the first such scheme for a model of complex
fluids.

THEOREM 3.3. Under the condition (3.20), C7" > KL1||(#)2||OO, and C} =
Cy > ALs, the scheme (3.21)—(3.27) admits a unique solution satisfying the following
discrete energy dissipation law:

1 5t?
EHunJrlHZ_'_]En—H_'_]E;LJ;_'_?”vanrl”Q

mix

|q'5n+l |2

~n+12 |dn+1|2
+{1/6t|Vu I +6t< T A

ot*
™ |* + B + By + - [VP" %,

<

N =

where

(3:29) B = (3196° + (Fle). 1)

Ep . — K ((1 4'2‘;5”)2 <|v(;n|2 +G(d")> 1)) .

Proof. From the definition of u? and u?, in (3.22) and (3.24), we can rewrite the
momentum equation (3.25) as

ﬁnJrl —u”
T** + (- V)a" ! — ARt £ Vpt =0.

(3.30)
By taking the inner product of (3.30) with 25tu™*!, and using the identity
(3.31) (a—b,20) = [af? = b2 + a — b2,

we obtain

(3.32) ([0 — [ul 1 + 6" — w1 + 2v6t]| Va2 + 20t(Vp", @) = 0.
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To deal with the pressure term, we take the inner product of (3.27) with 25t2Vp" to
derive

(3.33) St*(|[Vp T = V" |? — VP = Vp|?) = 26t(a" T, Vp").
By taking the inner product of (3.27) with u"*!, we obtain

(3.34) [+ a2 = e,

We also derive from (3.27) directly that

(335) ST - T = a2

Combining all identities above, we obtain

(3.36)
w12 = fJul ? + [0 =l )P+ a2 ([ V" 12— ||V ?) + 2vdt | Va T ? = 0.

Next, we derive from (3.22) and (3.24) that

u”? —u” dn+1
3.37 x - d"
(3.37) 5 o va
up, —up 9t
(3.38) 5 Y2 Vo".

By taking the inner product of (3.37) with 26tu?, of (3.38) with 26tu?,, we obtain

C'ln+1

(3.39) a2 = [” + [Ju} — w,||* = 26t vd", uf |,
M,
2 2 2 Q.Sn-‘rl

(3.40) [l ” = [ [* + [[uly, —ul{]® = —26t W Vo' ul, |-

Then, by taking the inner product of (3.21) with 2(d"*! — d"), we obtain

1

n\ 2
+2K <<1+2¢ ) g(d"),d"*! —d”)
1+¢m\?
+2K<< 5 ) Vd"“,Vd”“—Vd”):O.

By taking the inner product of (3.23) with 2(¢" ! — ¢™), we derive

3 41 2Cn dn+1 o dn 2 25 ||dn+1”2 o 25 dn+1 n v dn
( . ) 1” H + 3 ]\41 t M 7(“* )

'n+1H2 ¢n+1
3.42) 207 ||¢" T — o™ 2+25tH¢7—25t —— (ul, - V)o"
(3.42) 207 6"+ — " i T (W V)0
n+1(12 n|l2 n+1l n||2
+2A(IIV@S2 ° I\Vc;5 [ n Ve . Vo )

+2)\(f(¢n),¢n+l _ (bn) 1+ 9K ((%ﬂ) W(d""'_l),(b”"'l _ ¢n) —0.
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Combining (3.36), (3.39), (3.40), (3.41), and (3.42), we arrive at

(3.43) [T = o+ [lam -l )P+ (Jul, - )
+ul —ut|? o2 VR P — [ VP ?)
+ 2udt||[ Va1 + 25tw + 26t —
M, Mo
v77,+12 vnQ Vn—l—l_vnQ
Y (L L Gl Ly

o™+

2 2 2
20 - a2 + 203 67 - 62
FOAf(@"), 6" = ¢")  (Term A)

+2K ((%) w(dmtt), ¢"tt — ¢”) (Term B)

n\ 2
+2K ((1 +2¢ ) va -ttt vartt — Vd"> (Term C')

n\ 2
+2K ((1 +2¢ ) g(d™),d" " — d”) (Term D) = 0.

We deal with Terms A, B, C, D as follows.
For Term A, we apply the Taylor expansions to obtain

(3.44) A=2\(F(¢"*) = F(¢"),1) =20 f'(&)[|¢"+! = o™ ||
For Term B, we have

(3.45)

oo (e (47).(57) - (147)
= 2K (W(d"“), (1 + ;Wl )2 - (1 +2¢n >2> + 2K <W(d"+1), (Mf) .

For Term C', we have

B 1_|_¢n 2 (Vdn+1)2 (Vdn)Q
(3.46) O_2K<< 5 ) B )
1+ ¢n+1 2 (Vdn—H o Vdn)Q
M ESpasla)

For Term D, we apply the Taylor expansion to derive

(3.47)
D= 2K ((#)2 Gdm) - G(d”)> oK ((#)2 CH(Q)(@ — d“>2> .
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Finally, combining (3.43), (3.44)—(3.47), and dropping some positive terms, we obtain

(348) e ([P V") + 2wtV
i i (Vo2 |ve"|?
+25t< M, N Mo 2 2 2

+2MF (") = F(¢"), 1)

+2K <W(d"+1), (Lfﬂ)j — <W(d”), (1 “;QS’L)Z)
(e ) Jart

+(2C3 = 2ALy)[[¢"F! = ¢ |* <0,

+ <2C{‘ — 2K L,

oo

which implies the desired result. O

Next, we construct a similar scheme based the convex-splitting method [11, 14].
Let us denote F.(x) = ””i;"l, Fe(z) = 26%2 and G.(z) = m;;H, Ge(z) = 217%2 Then
F(z) and G(z) can be split into a difference of two convex functions, i.e.,

(3.49) F(x) = F.(x) — Fe(x), G(z) =Ge(x) — Ge(a),
with F(z), F!(xz) > 0. We define
(3.50)  fe(z) =Fi(x), fe(z)=TF(x), ge(r) =VGe(x), ge(x)=VGe(x).

The scheme with convex-splitting is obtained by replacing (3.21) and (3.23) with

(3.51)
n\ 2 n\ 2
st = v (B vt -k () et - g
ad77,+1
=0
on  |yq
and
1 . 1 n+1
SEOT = MAS 6 + 16~ K (g ) Wi,
(3.52) dgnt1
=0
on |ya

where d"*! and ¢"t! are defined in (3.22) and (3.24).

We note that the above equations are decoupled but nonlinear. However, it is
easy to show that d and ¢ are the unique minimizer of a convex functional (cf., for
instance, [44, 33]).

For this scheme, the following result can be established by following a similar
procedure in the proof of Theorem 3.3. Details are left to the interested reader.
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COROLLARY 3.4. The scheme (3.51)—(3.52)—(3.25)—(3.27) admits a unique solu-
tion satisfying the following discrete energy law:

S 2 SV + B+ B

'mix

+ st Va2 + ot g2 . a2
Ms M,

"3 + S 190" 3 + By + B,

<

N~

where E7 . and B} . are defined in (3.29).

x

3.3. Energy stable numerical schemes for the Cahn—Hilliard phase-field
model. We now consider the phase-field model with the Cahn—Hilliard phase equa-
tion (3.14)—(3.18). Similarly, we can construct numerical schemes enjoying the same
properties as those for the Allen—Cahn phase-field model. More precisely, the totally
decoupled linear scheme based on the stabilization reads as follows:

Step 1.

(3.53)
1. 14¢m\° 14 ¢m\?
C{Z(dnJrl _ dn) + _dn+1 — KV - (_) VdnJrl - K (_) g(dn)’
My 2 2
n+1
od —0,
I aq
with
. dnJrl —4d» dn+1
n+l _ n, n n—qq" = n
(3.54) d"m = 5 + (u} - V)d", ul=u"-odt YR vd".
Step 2.
(3.55)
Q/')nJrl — _A‘unJrl
mn n n 1 n n n 1 + ¢)77’+1 n
G ") + g = 8o — () - K (P ) wiar,
alun+1 a¢n+1
= 3 = 07
on  |sq on |ya
with
n+1 n n+1
n+1 _ ¢ B ¢ n noono_ .n H n
(3.56) QT = 5 + (ul, - V)o™",ul!, =ul -t A Vo
Step 3.
(3.57)
ﬁnJrl —u” n ~n+1 A~n+1 n dnJrl n MnJrl n
T—i—(u V)u — VvAu +Vp +71Vd +TQV¢ =0,

"Moo = 0,
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with
n+1|2
(3.58) w(d"t) = (% + G(d”*l)) :
Step 4.

un+1 _ ﬁnJrl

(3.59) ot
V-u"t =0,n-u"|pq =0.

+ V(anrl - pn) =0,

For the above scheme, we have the following result.

THEOREM 3.5. Under the condition (3.20), CT > KL1H(1+T¢")2HOO, and C3 =
Cy > ALs, the scheme (3.53)—(3.59) admits a unique solution satisfying the following
discrete energy dissipation law:

'mix

~ vlun+1|2 |dn+1|2
(St n+1(2 5t |
+ {V [|[Va™™* + W, + v

n||2 n n 6t2 n||2
”u H +Em1z+Ebulk+7va H )

Loniin2 | ol |, ot L OF nt12
5”‘1 [+ E +Ebulk+7|‘vp I

<

N | =

where E . and E} . are defined in (3.29).
Proof. The proof is similar to that of Theorem 3.3, so we only sketch their main
differences below.

Instead of (3.42), we take the inner product of the first equation of (3.55) with
—25t%+1 and of the second equation with 2(¢"+! — ¢™), respectively, to obtain
2

n+1 n+1(2
3.60 oot (B— gnt1) = —gelME T
(3.60) <M2 é ) -

and

(3.61) 2CH||¢" Tt — ¢™[|* + 26t (“nH gis"“) — 25t (“nH (u?, - V)¢">
. 2 bl ) *k

Mo Mo
v n+1(12 v n|l2 v n+1_v n||2
+2A<II <b2 [ szl\ L Ive . ¢|)

1+ ¢n+1

F2A(f(¢"), 9" — ¢") + 2K (( >

) W(dn+1)7¢n+l o an) —0.

Summing up the above two equalities, we arrive at

vu71+1”2 lun+1
2211 n+l _ nj|2 2” _2 n n
(36 ) 02 ”d’ d) H + ot M2 ot M2 7(u** v)d’
Lo (IIV¢”+1|2 _Iver® | Iver —V¢”|2)
2 2 2

+2)\(f(¢n),¢n+l _ (bn) 1+ 9K ((%ﬂ) W(d""'_l),(b”"'l _ ¢n) —0.
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The above relation should replace (3.42) in the proof of Theorem 3.3. The other parts
of the proof are essentially the same as the proof of Theorem 3.3. a

Instead of the stabilized approach in (3.53) and (3.55), we can also use the
convex-splitting approach. More precisely, we can replace (3.53) by (3.51) and re-
place (3.55) by

q.sn-i_l - _A,LL7L+15 8‘un+1 - 07
on  yq
1
(3.63) Eu"“ = MAG" T — fe(¢™H) + fe(¢™))
n4+1 n+1
k(M Y wamy, 20 o
2 on  sq

where ¢"*1 is defined in (3.56).

Then, using the same arguments in the proof of Theorem 3.5, we can prove the
following.

COROLLARY 3.6. The scheme (3.51)~(3.63)—(3.57)—(3.59) admits a unique solu-
tion satisfying the following discrete energy dissipation law:

Loniig2 | ol |, ot , OF nt12
5”‘1 [+ E +Ebuzk+7”Vp I

'mix

R an+1|2 |dn+1|2
(St n+1(2 (St |
+ {V [|[Va™* + iR + 7R

ot
<5l + B + B + - IVP" 1%,

N | =

where E™

mix

and EY .. are defined in (3.29).

4. Numerical simulations. We present in this section some numerical experi-
ments by using the scheme (3.21)—(3.27) to solve the Allen—Cahn type complex fluid
model in a three-dimensional cylinder with axisymmetry. A Lagrange multiplier is
added in (3.23) to enforce the conservation of volume fraction. For the space dis-
cretization, we use the Legendre-Galerkin method [39, 40]. For more details on the
Legendre—Galerkin method for solving the vector (for the velocity and director) and
scalar (for the pressure and phase function) Poisson type equations in a cylindrical
axisymmetric geometry, we refer to [35, 47]. In numerical simulations, after we preas-
sign the interfacial width e, the grid resolution is decided to ensure that the interfaces
are fully resolved, and the time step is set to obtain the desirable accuracy.

Below, we present several numerical experiments. In these simulations, the com-
putational domain is an axisymmetric cylinder of radius of R and height H: Q =
{(r,z): 7€ (0,R),z € (0, H)}. In all simulations, the following parameters are used:

(41) v =1,M; =0.01, M, = 0.1, = 0.001;e = 0.01, = 0.03, 5t = 0.0001.

The initial velocity and pressure are set to zero. A 512 x 512 spatial discretization is
used.

To illustrate that our numerical scheme indeed obeys the discrete energy law
proved in the last section, we have plotted the evolution of the discrete total energy,
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Fic. 1. The dynamics of a cylindrical, viscous filament immersed in viscous fluids. Snapshots
are shown at t = 0,0.25,0.5,0.75,1,1.25,3.5.
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0998

0.9975

0997

0.9965

FiG. 2. The energy plot of Example 1.

Ep,/EY,, where B, = L{|u"||2+E, +EX, + % |Vp™||?, for the first four examples

below. One observes from these plots that the discrete total energy indeed decays with
time.

Example 1. The dynamics of a cylindrical, viscous filament in a viscous fluid. We
first simulate the evolution of a “fat,” cylindrical, viscous filament of radius Ry = R/3
and height Hy = 2R/3 centered around the axis of a cylinder or radius R = 1 and
H = 2. The rest of the cylinder is filled with an immiscible ambient viscous fluid
of the same density and viscosity. This is the viscous limit of our model (3.5)—(3.8)
when K = 0. As expected, this filament quickly deforms into a sphere due to the
surface tension (Figure 1). The energy dissipation curve is showed in Figure 2.

Ezample 2. The dynamics of a cylindrical, liquid crystal filament (with A =0) in
a viscous fluid. In this test, we choose the same initial condition for the phase function
¢ as in Example 1. The initial condition for d is set to be dg = Oe,. + (#)Zez, where
er, e, is the unit vector on the (r,z) direction. The profile of the dy is shown in
Figure 3(a). We set K = 1 in this example. Notice that an undulation appears
before the filament finally evolves into a sphere. The undulation is the result of
the competition between the surface tension and the elastic energy of liquid crystal
(Figure 3(b)). The final profile of the director field d is shown in Figure 3(c). The
energy dissipation curve is shown in Figure 4.

Example 3. The dynamics of a cylindrical, liquid crystal filament with A # 0 in
a viscous fluid. In this example, we examine the effects of the anchoring energy. The
initial condition of phase function ¢ and d are the same as in Example 2. The bulk
energy constant is still K = 1 and the anchoring energy constant is set to be A = 3.
Comparing to Example 2, the undulation is now much less pronounced due to the
anchoring effects of the liquid crystal which help to stabilize the deformation, and
the final shape of the filament is a ellipsoid instead of a sphere due to the anchoring
effects (Figure 5(b)). The final profile of the director field is shown in Figure 5(c).
The energy dissipation curve is shown in Figure 6.
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o 05

(a) The initial profile of the di-
rector field dg.

o 05

(c) The profile of the director
field d at steady state.

Fia. 3. The dynamics of a viscous cube in viscous fluids. Snapshots are shown at t
0,0.02,0.04,0.08,0.1,0.2,0.5,1,1.2,1.4.
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0.998F
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FiG. 4. The energy plot of Example 2.
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o 05

(a) The initial profile of the di-
rector field dg.

(b) The dynamics of the phase field function ¢. Snapshots are shown at t =
0,0.05,0.2,0.3,0.4,0.5,1,2,3,3.5.

(c) The profile of the director
field d at steady state.

Fic. 5. The dynamics of a liquid crystal cube with K =1, A = 3.

Example 4. The dynamics of a spherical, viscous drop in a liquid crystal fluid.
We start with a viscous spherical drop of radius R/3 that is immersed in a liquid
crystal fluid. In this example, ¢ = 1 (ambient fluid) indicates the liquid cystal fluid
and ¢ = —1 (drop) represents the viscous fluid. The initial condition of the director
field is still dg = Oe, + (#)Qez. Figure 7(a) represents the initial director field dg
that is only nonzero outside the bubble. We set the bulk energy constant K = 1 and
the anchoring energy constant A = 3. As time evolves, the ambient liquid crystal
fluid squeezes the viscous drop into an ellipsoid shape (Figure 7(b)). This is similar
and consistent to the experiment reported in [1] and the numerical simulation in [50].
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F1G. 6. The energy plot of Example 3.

(a) The initial profile of the di-
rector field dg.

) Snapshots at ¢ =0,0.1,0.25,0.5, 1.

(c) The profile of the director
field d at steady state.

Fia. 7. The dynamics of a viscous drop immersed in liquid crystal fluid with K =1, A = 3.
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o 05 1 15 2 25 a 35 4

Fic. 8. The energy plot of Example 4.

The final profile of the director field is shown in Figure 7(c). The energy dissipation
curve is showed in Figure 8.

Example 5. The dynamics of a falling liquid crystal drop. We start with a liquid
crystal drop immersed in a viscous fluid by gravity. We consider the case where the
density difference of the liquid crystal drop and ambient fluid is small so that we can
use the Boussinesq approximation [32, 47] in the momentum equation as follows:

(4.2) po(ue + (u-Vyu)+Vp=V-o+ foye.,

where fg, = —((1+¢)(p1 —po)+(1—0)(p2 —po))go, go is the gravity acceleration. We
set po = 1, p1 = 0.5, po = 1.5, and gy = 10. The computation domain is R =1, H = 6.
The initial conditions are set to be

(4.3) bo(r,z) = tanh(R8 —rt (ZE_ - 06)2) :
2
(4.4) do(r,z) = Oe, + (1 2¢0) €z,

where Ry = 0.96. We set K = 1, A = 0. Figure 9 represents the deformation dynamics
of the falling drop. The elastic bulk energy leads to the formation of a persistent, long
thread connecting the liquid crystals at the faucet and the liquid crystal drop that
forms at the leading edge of the falling drop. Instead of breaking up, the thin thread
forms a smaller satellite drop. In Figure 10, we compare some snapshots of our
simulation results together with the experimental results in [45].

Example 6. The dynamics of a larger falling liquid crystal drop. We consider
the same senario as in Example 5, except that we slightly enlarged the initial drop.

F1G. 9. The dynamics of the deformation of a liquid crystal drop that is immersed in a viscous
fluid at t =0,4,6,8,9,9.6,10,10.2,10.4,10.6 with K =1, A = 0.
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Fic. 10. Qualitative comparison between the experimental benchmark [45] of viscoelastic fluid
(left, 0.1 wt. %1 x 108 g/mol PEO in solvent of 36% glyercol) and our simulations (right) in Figure
9 of t =10.2,10.4,10.6.

F1c. 11. The dynamics of the deformation of a liquid crystal drop immersed in a viscous fluid
att=0,1,2,3,3.4,4,44,5 with K =1,A=0.

L - RZ—7r?—(2—H—0.45)" .
et ¢o(r, z) = tanh( - ), and all other parameters are the same as in
Example 5. Figure 11 represents the deformation and pinch-off process for this larger
falling drop. The dynamics are similar to Example 5 but it forms more satellite drops
and a longer thread.

5. Summary. We studied in this paper energetic, Allen—Cahn and Cahn—Hilliard,
phase-field models for two-phase, one liquid crystal phase, and one viscous fluid phase
complex fluids. We first reformulated the models to a form which is suitable for
numerical approximation and derived the associated energy dissipation laws. We then
constructed two classes of numerical schemes, one based on a stabilized technique and
the other based on a convex-splitting approach. These schemes enjoy the following
properties: (i) they lead to completely decoupled elliptic equations to solve at each
time step; (ii) they are unconditionally stable and obey a discrete energy law; and (iii)
in the case of stabilized approach, all elliptic equations are linear, while in the case of
convex-splitting approach, the solutions of the nonlinear elliptic equations for d and
¢ are unique minimizers of convex functionals. Hence, these numerical schemes are
extremely efficient.

While we have considered only time discretizations here, the results can carry
over to any consistent finite-dimensional Galerkin approximations (finite elements
or spectral) since the proofs are all based on variational formulations with all test
functions in the same space as the trial function.

To the authors’ knowledge, these are the first schemes, for phase-field models
of two-phase complex fluids, which decouple the computation of the director field
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function, phase function, velocity, and pressure and which lead to linear decoupled
elliptic equations, in the stabilized approach, at each time step. We also presented am-
ple numerical results to validate the model and the proposed schemes with qualitative
comparisons with some benchmark experiments.

REFERENCES

B. AKERS AND A. BELMONTE, Impact dynamics of a solid sphere falling into a viscoelastic
micellar fluid, J. Non-Newtonian Fluid Mech., 135 (2006), pp. 97-108.

D. M. ANDERSON, G. B. MCFADDEN, AND A. A. WHEELER, Diffuse-interface methods in fluid
mechanics, Annu. Rev. Fluid Mech., 30 (1998), pp. 139-165.

P. P. BHAT, S. ApPPATHURAI, M. T. HARRIS, M. PasquaLi, G. H. McKINLEY, AND O. A.
BASARAN, Formation of beads-on-a-string structures during break-up of viscoelastic fila-
ments, Nature Phys., 6 (2010), pp. 625-631.

B. R. Brp, C. F. Currtiss, R. C. ARMSTRONG, AND O. HASSAGER, Dynamics of Polymeric
Liquids, Wiley, New York, 1994.

F. BOYER AND S. MINJEAUD, Numerical schemes for a three component Cahn-Hilliard model,
ESAIM Math. Model. Numer. Anal., 45 (2011), pp. 697-738.

L. A. CAFFARELLI AND N. E. MULER, An L bound for solutions of the Cahn-Hilliard equation,
Arch. Ration. Mech. Anal., 133 (1995), pp. 129-144.

J. W. CAHN AND J. E. HILLIARD, Free energy of a nonuniform system. 1. Interfacial free energy,
J. Chem. Phys., 28 (1958), pp. 258-267.

N. ConDETTE, C. MELCHER, AND E. SULI, Spectral approzimation of pattern-forming nonlin-
ear evolution equations with double-well potentials of quadratic growth, Math. Comp., 80
(2011), pp. 205-223.

P.-G. DE GENNES AND J. ProOST, The Physics of Liquid Crystals, Oxford University Press,
New York, 1993.

Q. Du, M. Li, anp C. Liu, Analysis of a phase field Navier-Stokes vesicle-fluid interaction
model, Discrete Contin. Dyn. Syst. Ser. B, 8 (2007), pp. 539-556.

C. M. ELLIOTT AND A. M. STUART, The global dynamics of discrete semilinear parabolic equa-
tions, STAM J. Numer. Anal., 30 (1993), pp. 1622-1663.

J. L. ERICKSEN, Conservation laws for liquid crystals, Trans. Soc. Rheol., 5 (1961), pp. 23-34.

J. L. ERICKSEN, Liquid crystals with variable degree of orientation, Arch. Rational Mech. Anal.,
113 (1991), pp. 97-120.

D. J. EYRE, Unconditionally gradient stable time marching the Cahn-Hilliard equation, In
Computational and Mathematical Models of Microstructural Evolution, Mater. Res. Soc.
Sympos. Proc. 529, 1998, MRS, Warrendale, PA, pp. 39-46.

A. F1cK, Poggendorff’s annalen, J. Amer. Math. Soc. (1855), pp. 59-86.

J. L. GUERMOND, P. MINEV, AND J. SHEN, An overview of projection methods for incompress-
ible flows, Comput. Methods Appl. Mech. Engrg., 195 (2006), pp. 6011-6045.

M. E. GURTIN, D. POLIGNONE, AND J. VINALS, Two-phase binary fluids and immiscible fluids
described by an order parameter, Math. Models Methods Appl. Sci., 6 (1996), pp. 815-831.

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. of Comput. Phys., 230 (2011),
pp. 7155-7131.

D. JacQMIN, Calculation of two-phase Navier-Stokes flows using phase-field modeling, J. Com-
put. Phys., 155 (1999), pp. 96-127.
B. JEROME, Surface effects and anchoring in liquid crystals, Rep. Progr. Phys., 54 (1991),

p- 391.

D. KESSLER, R. H. NOCHETTO, AND A. SCHMIDT, A posteriori error control for the Allen-
Cahn problem: Circumventing Gronwall’s inequality, M2AN Math. Model. Numer. Anal.,
38 (2004), pp. 129-142.

J. KM, Phase-field models for multi-component fluid flows, Commun. Comput. Phys., 12
(2012), pp. 613-661.
R. G. LARSON, The Structure and Rheology of Complex Fluids, Oxford University Press,

New York, 1999.
F. M. LESLIE, Some constitutive equations for anisotropic fluids, Q. J. Mech. Appl. Math., 19
(1966), pp. 357-370.
. M. LESLIE, Some constitutive equations for liquid crystals, Arch. Ration. Mech. Anal., 28
(1968), pp. 265-283.

el

Copyright © by STAM. Unauthorized reproduction of this article is prohibited.



Downloaded 10/27/16 to 129.252.67.17. Redistribution subject to SIAM license or copyright; see http://www.siam.org/journal s/ojsa.php

DECOUPLED SCHEMES OF TWO-PHASE COMPLEX FLUIDS B145

. H. LN, On nematic liquid crystals with variable degree of orientation, Comm. Pure Appl.
Math., 44 (1991), pp. 453-468.

. H. LIN, Mathematics theory of liquid crystals, in Applied Mathematics at the Turn of
Century: Lecture Notes of the 1993 Summer School, Universidat Complutense de Madrid,
1995.

. H. Lin AnD C. Liu, Nonparabolic dissipative systems modeling the flow of liquid crystals,
Comm. Pure Appl. Math., 48 (1995), pp. 501-537.

. H. Lix AND C. Liu, Static and dynamic theories of liquid crystals, J. Partial Differential
Equations, 14 (2001), pp. 289-330.

. Lin anD C. Liu, Simulation of singularity dynamics in liquid crystal flows: A C° finite
element approach, J. Comput. Phys., 215 (2006), pp. 348-362.

. LN, C. Liu, AND H. ZHANG, An energy law preserving CO finite element scheme for sim-
ulating the kinematic effects in liquid crystal dynamics, J. Comput. Phys., 227 (2007),
pp. 1411-1427.

. L1tu AND J. SHEN, A phase field model for the mizture of two incompressible fluids and its
approzimation by a Fourier-spectral method, Phys. D, 179 (2003), pp. 211-228.

. L1u, J. SHEN, AND X. YANG, A new, thermodynamically consistent phase-field model and its
numerical approximation for two-phase incompressible flows with different densities and
viscosities, J. Sci. Comput., submitted.

. L1u AND N. J. WALKINGTON, An Eulerian description of fluids containing visco-hyperelastic
particles, Arch. Ration. Mech. Anal., 159 (2001), pp. 229-252.

. M. LoPEz AND J. SHEN, An efficient spectral-projection method for the Navier-Stokes equa-

tions in cylindrical geometries 1. Azisymmetric cases, J. Comput. Phys., 139 (1998),
pp. 308-326.

. LOWENGRUB AND L. TRUSKINOVSKY, Quasi-incompressible Cahn-Hilliard fluids and topologi-

cal transitions, R. Soc. Lond. Proc. Ser. A Math. Phys. Eng. Sci., 454 (1998), pp. 2617-2654.
MINJEAUD, An wunconditionally stable wuncoupled scheme for a triphasic Cahn-
Hilliard/Navier-Stokes model, Commun. Comput. Phys., 29 (2013), pp. 584-618.

L. RAYLEIGH, On the theory of surface forces 11, Philos. Mag., 33 (1892), pp. 209-220.

T

@]

. SHEN, Efficient spectral-Galerkin method 1. Direct solvers for second- and fourth-order equa-

tions by using Legendre polynomials, SIAM J. Sci. Comput., 15 (1994), pp. 1489-1505.

. SHEN, Efficient Chebyshev-Legendre Galerkin methods for elliptic problems, in Proceedings

of ICOSAHOM’95, A. V. Ilin and R. Scott, eds., 1996, pp. 233-240.

. SHEN AND X. YANG, Energy stable schemes for Cahn-Hilliard phase-field model of two-phase

incompressible flows, Chinese Ann. Math. Ser. B, 31 (2010), pp. 743-758.

. SHEN AND X. YANG, Numerical approximations of Allen-Cahn and Cahn-Hilliard equations,

Discrete Contin. Dyn. Syst. Ser. A, 28 (2010), pp. 1169-1691.

. SHEN AND X. YANG, A phase-field model and its numerical approximation for two-phase

incompressible flows with different densities and viscositites, STAM J. Sci. Comput., 32
(2010), pp. 1159-1179.

. SHEN, Modeling and numerical approximation of two-phase incompressible flows by a phase-

field approach, in Multiscale Modeling and Analysis for Materials Simulation, W. Bao and
Q. Du, eds., IMS Lecture Notes Monogr. Ser. 9, IMS, Institute of Mathematical Statistics,
Hayward, CA, 2011, pp. 147-196.

. TIRTAATMADJA, G. H. MCKINLEY, AND J. J. COOPER-WHITE, Drop formation and breakup
of low viscosity elastic fluids: Effects of molecular weight and concentration, Phys. Fluids.,
18 (2006), 043101.

. VAN DER WAALS, The thermodynamic theory of capillarity under the hypothesis of a contin-

uwous density variation, J. Statist. Phys., 20 (1893), pp. 197-244.

. 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
(2006), pp. 417-428.

. YanG, M. G. Forest, H. L1, C. Liu, J. SHEN, Q. WANG, AND F. CHEN, Modeling and
stmulations of drop pinch-off from liquid crystal filaments and the leaky liquid crystal
faucet immersed in viscous fluids, J. Comput. Phys., 236 (2013), pp. 1-14.

. YUug, J. J. FENG, C. Liu, AND J. SHEN, A diffuse-interface method for simulating two-phase
flows of complex fluids, J. Fluid. Mech., 515 (2004), pp. 293-317.

. Zuou, P. Yug, J. J. FENG, C. L1u, AND J. SHEN, Heart-shaped bubbles rising in anisotropic
liguids, Phys. Fluids, 19 (2007), 041703.

Copyright © by STAM. Unauthorized reproduction of this article is prohibited.




<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /CMYK
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments true
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<

    /BGR <>
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e9ad88d2891cf76845370524d53705237300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc9ad854c18cea76845370524d5370523786557406300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /CZE <>
    /DAN <>
    /DEU <>
    /ESP <>
    /ETI <>
    /FRA <>
    /GRE <>

    /HRV (Za stvaranje Adobe PDF dokumenata najpogodnijih za visokokvalitetni ispis prije tiskanja koristite ove postavke.  Stvoreni PDF dokumenti mogu se otvoriti Acrobat i Adobe Reader 5.0 i kasnijim verzijama.)
    /HUN <>
    /ITA <>
    /JPN <FEFF9ad854c18cea306a30d730ea30d730ec30b951fa529b7528002000410064006f0062006500200050004400460020658766f8306e4f5c6210306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103055308c305f0020005000440046002030d530a130a430eb306f3001004100630072006f0062006100740020304a30883073002000410064006f00620065002000520065006100640065007200200035002e003000204ee5964d3067958b304f30533068304c3067304d307e305930023053306e8a2d5b9a306b306f30d530a930f330c8306e57cb30818fbc307f304c5fc59808306730593002>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020ace0d488c9c80020c2dcd5d80020c778c1c4c5d00020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /LTH <>
    /LVI <>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken die zijn geoptimaliseerd voor prepress-afdrukken van hoge kwaliteit. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /POL <>
    /PTB <>
    /RUM <>
    /RUS <>
    /SKY <>
    /SLV <>
    /SUO <>
    /SVE <>
    /TUR <>
    /UKR <>
    /ENU (Use these settings to create Adobe PDF documents best suited for high-quality prepress printing.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /ConvertToCMYK
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


