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How to develop efficient numerical schemes while preserving energy stability at the dis-
crete level is challenging for the three-component Cahn-Hilliard phase-field model. In
this paper, we develop a set of first- and second-order temporal approximation schemes
based on a novel “Invariant Energy Quadratization” approach, where all nonlinear
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terms are treated semi-explicitly. Consequently, the resulting numerical schemes lead
to well-posed linear systems with a linear symmetric, positive definite at each time step.
We prove that the developed schemes are unconditionally energy stable and present var-
ious 2D and 3D numerical simulations to demonstrate the stability and the accuracy of
the schemes.

Keywords: Second-order; phase-field; Cahn—Hilliard; three-phase; unconditional energy
stability; invariant energy quadratization.

1. Introduction

The phase-field, or the diffuse-interface method, is an efficient and robust modeling
as well as computational approach to study free interface problems (cf. Refs. 1, 10,
12, 20, 23, 26, 27, 28, 32, 33, 36, 58, 62, 63, 67, 69, 70, and the references therein). Its
essential idea is to use one (or more) continuous phase-field variable(s) to describe
different phases in the multi-component system, and represents the interfaces by
thin, smooth transition layers. The constitutive equations for the phase-field vari-
ables can be derived from the energetic variational formalism, the governing system
of equations is thereby well-posed and thermodynamically consistent. Consequently,
one can carry out mathematical analyses to obtain the existence and uniqueness of
solutions in appropriate functional spaces, and to develop energy stable numerical
schemes.

For an immiscible two-phase system, the commonly used free energy for the
system consists of: (i) a double-well bulk part which promotes either of the two-
phases in the bulk, yielding a hydrophobic contribution to the free energy; and
(ii) a conformational capillary entropic term that promotes hydrophilic property
in the multi-phase material system. The competition between the hydrophilic and
hydrophobic part in the free energy enforces the coexistence of two distinctive
phases in the immiscible two-phase system. The corresponding binary system can
be modeled either by the Allen-Cahn equation (second-order) or the Cahn-Hilliard
equation (fourth-order). For both of these models, there have been many theor-
etical analysis, algorithm developments and numerical simulations available in the
literatures (cf. Refs. 1, 6, 7, 10, 15-19, 23, 24, 26, 28-30, 33-35, 37, 38, 44, 46, 48,
49, 51, 52, 54, 55, 59-61, 65 and 73).

The generalization from the two-phase system to multi-phase systems has been
studied by many researchers (cf. Refs. 2, 3, 5-7, 15, 16, 21, 22, 29-31 and 39).
Specifically, for the system with three-component, the general framework is to
adopt three-independent phase variables (c1,ca,c3) while imposing a hyperplane
link condition among the three variables (¢; + ¢2 + ¢3 = 1). The bulk part of the
free energy is simply a summation of the double-well potentials for each phase vari-
able.%"28 Moreover, in order to ensure the boundedness (from below) of the free
energy, especially for the total spreading case where some coeflicients of the bulk
energy become negative, an extra sixth-order polynomial term is needed,%” which
couples the three-phase variables altogether.
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Numerically, it is challenging to develop efficient schemes while preserving the
energy stability to solve the three-component Cahn—Hilliard phase-field system,
since all three-phase variables are nonlinearly coupled. Although a variety of numer-
ical algorithms have been developed for it, most of the existing methods are either
first-order accurate in time, or energy unstable, or highly nonlinear, or even the
combinations of the above. We refer to Ref. 7 for a summary on recent advances
about the three-phase models and their numerical approximations. For the develop-
ment of numerical methods, we emphasize that the preservation of energy stability
laws is critical to capture the correct long-time dynamics of the system especially
for the preassigned grid size and time step. Furthermore, the energy-law preserving
schemes provide flexibility for dealing with stiffness issue in phase-field models.

For the binary phase-field model, it is well known that the simple fully implicit
or explicit scheme will induce quite severe stability conditions on the time step so
that they are not efficient in practice (cf. Refs. 18, 19, 44, 45 and 53). Such phe-
nomena appear in the computation of the three-component Cahn—Hilliard model as
well (cf. the numerical examples in Ref. 7). In particular, the authors of Ref. 7 con-
cluded that: (i) the fully implicit discretization of the sixth-order polynomial term
leads to convergence of the Newton linearization method only under very tiny time
step practically; (ii) it is an open problem about how to prove the existence and
convergence of the numerical solution for the fully implicit scheme theoretically for
the total spreading case; (iii) it is questionable to establish convex—concave decom-
position for the sixth-order polynomial term; and (iv) the semi-implicit scheme is
the best choice that the authors in Ref. 7 can obtain since it is unconditionally
energy stable for arbitrary time step, and the existence and the convergence can be
thereby proved. However, the semi-implicit schemes referred in Ref. 7 are nonlinear,
thus they require some efficient iterative solvers in the implementations.

The aim of this paper is to develop stable (unconditional energy stability) and
more efficient (linear) schemes to solve the three-component Cahn-Hilliard system.
Instead of using traditional discretization approaches like simple implicit, stabilized
explicit, convex splitting, or other various tricky Taylor expansions to discretize the
nonlinear potentials, we adopt the Invariant Energy Quadratization (IEQ) approach
that has been successfully applied in the context of other models in the authors’
other work (cf. Refs. 11, 24, 55, 59-61, 64, 72 and 73). However, the application
of TEQ method to the three-component Cahn—Hilliard model faces new challenges
due to the particular nonlinearities including the Lagrange multiplier term, and
the sixth-order polynomial potential. The essential idea of the IEQ method is to
transform the free energy into a quadratic form of a new variable via a change of
variables since the nonlinear potential is usually bounded from below. The new,
equivalent system still retains a similar energy dissipation law in terms of new
variables. For the time-continuous case, the energy law of the new reformulated
system is equivalent to the energy law of the original system. A great advantage
of such a reformulation is that all nonlinear terms can be treated semi-explicitly,
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which in turn leads to a linear system. Moreover, the resulting linear system is
symmetric positive definite, thus it can be solved efficiently with simple iterative
methods such as CG or other Krylov subspace methods. Using this new strategy, we
develop a series of linear and energy stable numerical schemes, without introducing
artificial stabilizers as in Refs. 44, 53, 65 and 68 or using convex splitting approach
(cf. Refs. 9, 17, 51 and 52).

In summary, the new numerical schemes that we develop in this paper possess
the following properties: (i) the schemes are accurate (first- and second-order in
time); (ii) they are unconditionally energy stable; and (iii) they are efficient and
easy to implement (leading to symmetric positive definite linear system at each time
step). To the best of our knowledge, the proposed schemes are the first such schemes
for solving the three-phase Cahn—Hilliard system that can have all these desired
properties. In addition, when the model is coupled with hydrodynamics (Navier—
Stokes), the proposed linearization strategies can be readily applied without any
essential difficulties.

The rest of the paper is organized as follows. In Sec. 2, we give a brief introduc-
tion of the three-component Cahn—Hilliard model. In Sec. 3, we construct numerical
schemes and prove their unconditional energy stability and symmetric positivity for
unique solvability in the time discrete case. In Sec. 4, we present various 2D and
3D numerical simulations to validate the accuracy and efficiency of the proposed
schemes. Finally, some concluding remarks are presented in Sec. 5.

2. Model System

We now give a brief introduction for the three-component Cahn—Hilliard phase-field
model proposed in Refs. 6 and 7. Let  be a smooth, open, bounded, connected
domain in R, d = 2,3. Let ¢; (i = 1,2,3) be the ith phase-field variable which
represents the volume fraction of the ith component in the fluid mixture, i.e.
1 inside the ith component,
C; = (21)
0 outside the ith component.

In the phase-field framework, a thin (of thickness €) but smooth layer is used to
connect the interface that is between 0 and 1. The three unknowns ¢y, cs,c3 are
linked though the constraint

c1+c+ce3=1. (22)

This is the link condition for the vector C = (¢1,co, ¢3), where it belongs to the
hyperplane of

S ={C=(c1,ca,c3) €R3,cl—|—62—|—63:1}. (2.3)

In the two-phase model, the free energy of the mixture is as follows,

EdiPh(e) = / <%0’E|VC2 + 12g62(1 - c)2)dx, (2.4)
O €
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where o is the surface tension parameter, the first term contributes to the
hydrophilic type (tendency of mixing) of interactions between the materials and
the second part, the double-well bulk energy term represents the hydrophobic type
(tendency of separation) of interactions. As the consequence of the competition
between the two types of interactions, the equilibrium configuration will include a
diffuse interface with thickness proportional to parameter €; and, as e approaches
zero, we expect to recover the sharp interface separating the two different materials
(cf. for instance, Refs. 8, 14 and 66).

There exist several generalizations from the two-phase model to the three-phase
model (cf. Refs. 6, 7 and 30). In this paper, we adopt the approach used in Ref. 7,
where the free energy is defined as follows:

3
. 3 12
EWPh (e co c3) = /Q <§ Z i€l Vel ? + ?F(cl7 c2, 03)> dx, (2.5)
i=1

where the coefficient of entropic terms ¥; can be negative for some specific situa-
tions.

To be algebraically consistent with the two-phase system, the three-surface ten-
sion parameters o2, 013, 023 should satisfy the following conditions:

S = 04 + ook — ojr, i =1,2,3. (2.6)
The nonlinear potential F'(cq, ca,c3) is:
F = algc%cg + Ulgc%cg + Uggcgcg + creac3(X101 + Xaco + Xscs)
+3Acicaca. (2.7)

Since ¢y, g, cs satisfy the hyperplane link condition (2.2), the free energy can be
rewritten as

F(c1,c2,c3) = Fy(cr, c2,¢c3) + P(ei, ez, ¢3), (2.8)
where
by > >
Fo(er, ca,e3) = 716%(1 —ca)?+ 7263(1 —c)? + —3(:?))(1 —c3)?,

2 (2.9)
P(cy,c2,c3) = 3Acicacs,
and A is a non-negative constant.
Here we denote 0; as d,. We also denote by (f(x),g(x)) = [, f(x)g(x)dx the

L2-inner product of any two functions f(x) and g(x), and by || f|| = \/(f, f) the
L2-norm of the function f(x). We assume that the time evolution of ¢; is governed
by the gradient of the energy E'P" with respect to the H~(Q) gradient flow,
namely, the Cahn—Hilliard dynamics as follows:

12
Wi = —ZGZZ‘ACZ‘ + —alF + 6L7 1= 172737 (211)
€
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with the initial condition
ili—oy =), 1=1,2,3, +h+g=1, (2.12)

where 3, is the Lagrange multiplier to ensure the hyperplane link condition (2.2),
that can be derived as

4%
B =——=

€

1 1 1
— O F+ —0hF + —03F 2.1
<2131 + 2282 + 2333 ), (2.13)

with
3 1 1 1

— =+ =—+—. 2.14
Sr X + PP} + P ( )
We consider in this paper either of the two type boundary conditions below:
(i) all variables are periodic, (2.15)
or (i) Oncilon =V -nlaq =0, =1,2,3, (2.16)

where n is the unit outward normal of the boundary 9f2.
Tt is easily seen that the three chemical potentials (g1, p2, pt3) are linked through
the relation

M1 H2 3
—+=+=—=0. 2.17
b * Yo + DTS ( )

Remark 2.1. In the physical literature, the coefficient ¥; is called the spreading
coefficient of phase i at the interface between phases j and k. Since ¥; is determined
by the surface tensions o; ;, it might not be always positive. If ¥; > 0, the spreading
is said to be “partial”, and if ¥; < 0, it is called “total”.

The following lemmas hold (cf. Ref. 6):

Lemma 2.1. There exists a constant X > 0 such that:
S1l&]? + Doléol? + Tslés® > (G + & + [67), Va+E+E& =0,
(2.18)
if and only if the following condition holds:
Yo+ 31M3 4+ 233 >0, X, +X; >0, Vi #j. (2.19)
Lemma 2.2. Let 013,013 and o3 be three positive numbers and Xq1,%o and X3
defined in (2.6). For any A > 0, the bulk free energy F(c1,ca,c3) defined in (2.8)

s bounded below if c1,ca,cs is on the hyperplane S in 2D. Furthermore, the lower
bound only depends on 31,39, 33 and A.

Remark 2.2. From Lemma 2.1, when (2.19) holds, the summation of the gradient
entropy term is bounded below since V(c; + ¢2 + ¢3) =0, i.e.
SilIVerl® + 22| Vea | + 5[ Ves||? > Z([[Ver|? + [[Vea | + [[Ves[|?) > 0.
(2.20)

Remark 2.3. The bulk energy F(c1,c2,c3) defined in (2.8) has to be bounded
below in order to form a meaningful physical system. For partial spreading case
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(X; > 0Vi), one can drop the sixth-order polynomial term by assuming A = 0 since
Fy(er,ca,¢3) > 0 is naturally satisfied. For the total spreading case, A has to be
nonzero. Moreover, to ensure the non-negativity for F, A has to be large enough.

For 3D case, it is shown in Ref. 6 that the bulk energy F' is bounded below when
P(c1,ca,c3) takes the following form:

P(c1, c2,¢3) = BAcic33(a(cr) + dalca) + dalca)), (2.21)

where ¢q(z) = m with 0 <o < 2.

Since (2.9) is commonly used in the literature (cf. Refs. 6 and 7), we adopt it
here for convenience. Nonetheless, it will be clear that the numerical schemes we
develop in this paper can deal with either (2.9) or (2.21) without any difficulties.

Remark 2.4. System (2.10)—(2.11) is equivalent to the following system with two-
order parameters,

Cit = Ei A:ula
12

pi= —oeSide b OF + B, =12,
€

(2.22)

cg=1—c1 — e,
M3 (B p2
Yy (21+22)'

We omit the detailed proof since it is quite similar to Theorem 3.1 in Sec. 3.

The model equation (2.10)-(2.11) obeys an energy dissipation law. More pre-
cisely, by taking the L%-inner product of (2.10) with —u;, and of (2.11) with ¢y,
and performing integration by parts, we obtain:

My
—(Cit»/li) = 5y ||V/J/ZH27 (223)
3 12
(i, cit) = Zezi(vch 0Ve;) + ?(aiF» cit) + (B, cit)- (2.24)
Taking the summation of the two equalities for ¢ = 1,2,3, and noticing that
(B, (c1 4+ c2 +¢3)¢) = (BL, (1)) = 0, we obtain the energy dissipative law:
iEtriph(Cl C2 Cg) == _MO LHV/J'IHQ + i”v/J’QH2 + i”vﬂ?)”z (2 25)
dt T > Yo Y3 ' '
Since (1, po, p3) satisfies condition (2.17), if (2.19) holds, we have
3 3
1 [V pi|?
—M, — AP < —Mpx ) L <. 2.2

In other words, the energy E'PM(cy, cy,c3) decays and the decay rate is
—Mo(g; [Vin|? + g5 I Vae]® + 55 [ Vius|?).
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3. Numerical Schemes

We develop in this section a set of linear, first- and second-order, unconditionally
energy stable schemes for solving the three-component phase-field model (2.10)—
(2.11). To this end, the main challenges are how to discretize the following three
terms: (i) the nonlinear term associated with the double-well potential Fy; (ii) the
sixth-order polynomial term P; (iii) the Lagrange multiplier term [y, especially
when some 3; < 0 (total spreading).

We notice that for the two-phase Cahn—Hilliard model, the discretization of
the nonlinear, cubic polynomial term induced from the double-well potential had
been well studied (cf. Refs. 28, 33, 35, 38 and 50). In summary, there are two
commonly used techniques to discretize it in order to preserve the unconditional
energy stability. The first is the convex splitting approach,!7-24:2541.7475 where the
convex part of the potential is treated implicitly and the concave part is treated
explicitly. The convex splitting approach is energy stable, however, it produces
nonlinear schemes, thus the implementations are often complicated with potentially
high computational costs.

The second technique is the stabilization approach!0-3437,42-44,46-49,53,54,56,57,65,
6871 where the nonlinear term is treated explicitly. In order to preserve the
energy law, a linear stabilizing term has to be added, and the magnitude of that
term usually depends on the upper bound of the second-order derivative of the
Ginzburg-Landau double-well potential. The stabilizer approach leads purely to
linear schemes, thus it is easy to implement and solve. However, it appears that
second-order schemes based on the stabilization are only conditionally energy sta-
bility.#* On the other hand, the nonlinear potential may not satisfy the condition
required for the stabilization (the generalized maximum principle). A feasible rem-
edy is to make some reasonable revisions to the nonlinear potential outside the
physically accessible regions in order to obtain a finite bound, for example, the
quadratic order cut-off functions for the double-well potential (cf. Refs. 44 and 53).
Such method is particularly reliable for those models with the maximum principle.
However, if the maximum principle does not hold, modified nonlinear potentials
may lead to spurious solutions.

For the three-component Cahn—Hilliard model system, the above two approaches
cannot be easily applied. First of all, even though the convex—concave decomposition
can be applied to Fp, it is not clear how to deal with the sixth-order polynomial
term.” Second, it is uncertain whether the solution of the system satisfies a certain
maximum principle so the condition required for stabilization is not satisfied. Third,
unconditionally energy stable schemes are hardly obtained for both approaches if
second-order schemes are considered.

We aim to develop numerical schemes that are efficient (linear system), sta-
ble (unconditionally energy stable), and accurate (up to second-order in time). To
this end, we use the IEQ approach, without worrying about whether the continu-
ous/discrete maximum principle holds or a convexity/concavity splitting exists.
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3.1. Transformed system

Since F'(c1, ca, ¢3) is always bounded below from Lemma 2.2 for 2D and Remark 2.3
for 3D, we can rewrite the free energy functional F'(c1, 2, c3) in the following equiv-
alent form

F(c1,c2,c3) = (F(ei,c2,¢03) + B) — B, (3.1)

where B is a constant to ensure F(c1,co,c3) + B > 0. In addition, we define an
auxiliary function as follows,

F(Cl,CQ,Cg)—FB. (32)

Then, the total free energy (2.5) can be rewritten as

3

. 3 12 12
E"PY ey, e, 03,U) = / (Z e Veil* + —U2> dx — —B[Q|.  (3.3)
Q 8 € €

i=1
Thus, we can rewrite system (2.10)—(2.11) to the following equivalent form with
four unknowns (¢, ¢, c3,U):

M
i = g, A (3.4)
3 24 .
i = —ZeZiAci + ?Hi(cl,CZ,C?))U + B(er,e2,c3,U), i=1,2,3, (3.5)
Ui = Hy(c1, ¢, c3)c1t + Ha(cr, 2, c3)cas + Hs(cr, 2, €3)c3t, (3.6)
where
3 1—2c1) + 6A
H1(017027C3) = §_U — 1 2 (cl c )( Cl) + 616263’
br 2 Flereze) + B
122(co — )(1 — 2¢2) + 6AC
HQ(ClaCQaC:i) - 6—U = — 2 (C2 ¢ )( 02) + 6102037
bce 2 JFla,cpe) + B
3.7
SU  1Z(c3—c3)(1 — 2c3) +6A010263 (3.7)
H3(017027C3) = — = — ’
663 2 F(cl702703)
Bler, e2,03,U) = __ETUZ Hi(ci,ca,c3).

The transformed system (3.4)—(3.6) in the variables (c1,c2,¢3,U) form a closed
PDE system with the following initial conditions,

{ci(t =0)=c, i=1,23,

Ut=0)=U=/F(,J,3)+B (38)
1>%2>%3 .

Note that we do not need any boundary conditions for U since Eq. (3.6) for it is only
ordinary differential equation with respect to time, i.e. the boundary conditions of
the new system (3.4)—(3.6) are still (2.16).



Math. Models Methods Appl. Sci. 2017.27:1993-2030. Downloaded from www.worldscientific.com
by PURDUE UNIVERSITY on 01/23/20. Re-use and distribution is strictly not permitted, except for Open Access articles.

2002 X. Yang et al.

Remark 3.1. The system (3.4)—(3.6) is equivalent to the following two-order
parameter system

M,
Cit = E_SAM’
24
pi= —SeSiAe + DHU 46, =12 (3.9)
€

Uy = Hycye + Hacor + Hsceat,

with
cg=1—c1 —ca,
s (m (3.10)
3 ¥ ¥/

Since the proof is quite similar to Theorem 3.1, we omit the details here.

We can easily obtain the energy law for the new system (3.4)—(3.6). Taking the
L2-inner product of (3.4) with —p;, of (3.5) with dyc;, of (3.6) with —22U, taking
the summation for ¢ = 1,2,3, and noticing that (3,9:(c1 + c2 + ¢3)) = 0 from
Remark 3.1, we obtain the energy dissipation law as follows:

d ; 1 1 1
_Etrlph U) = —M, IV 2 — IV 2 i\ v/ 2
G a1, U) = <My (19l + IVl + [l

IVl [Vl | ([Vas]®

<—MoX ( +
»2 »2 »2

) <0. (3.11)
Remark 3.2. The new transformed system (3.4)—(3.6) is equivalent to the original
system (2.10)—(2.11) since (3.2) can be obtained by integrating (3.6) with respect
to time. Therefore, the energy law (3.11) for the transformed system is exactly the
same as the energy law (2.25) for the original system. We emphasize that we will
develop energy stable numerical schemes for the new transformed system (3.4)—
(3.6). The proposed schemes will follow a discrete energy law corresponding to
(3.11) instead of the energy law for the original system (2.25).

3.2. First-order scheme

We now present the first-order time stepping scheme to solve the system (3.4)-
(3.6) where the time derivative is discretized based on the first-order backward
Euler method.

We fix the notations here. Let 0t > 0 denote the time step size and set t" = n ot
for 0 <n < N with T = Ndt.

Assuming that (ci1,ca,c3,U)" are already calculated, we compute (c1,¢a,cs,
U)"*! from the following temporal discrete system:

n+1 n
G TG _ MOAuﬂ+1

12
5t Ei (2 ? (3 )
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24
ittt = —ZeziAC?“ + =HMU™T 4 g i =1,2,3, (3.13)
€
U Um = B - )+ BEGT — ) + HEET - ), (314)
where
e 1 ZL(cl — cP?) (1 — 2¢}) + 6Achch?eh?
1 — )
2 VE(ct, 5. c5) + B
Hn_l%( —c3?)(1 — 2¢8) + 6AcFcBey?
2 — )
2 VE(ct. 5. c5) + B (3.15)
o 1%( — %) (1 — 2¢)) + 6Ac ey ey
P2 VE(ct, 5. c5) + B ’

8 1 1 1

The initial conditions are (3.8), and the boundary conditions are:

Vit njpq =0,
i=1,2,3.  (3.16)

(i) all variables are periodic; or (i) Inci ™ an =

We immediately derive the following result which ensures the numerical solu-
tions satisfy the hyperplane condition (2.2).

Theorem 3.1. System of (3.12)—(3.14) is equivalent to the following scheme with
two-order parameters:

Attt e My, o,

3 24
Pt = —ZESAGT ¢ ZHPUT g i= 12, (3.18)
€

U™t U™ = HP (™ = ) + Hy (57 — e3) + Hy (51 —¢f),  (3.19)

with
AT =1—t =gt (3.20)
/J“g-‘rl — :u?_‘—l _|_ ug""l (3 21)
23 X1 ¥y ) .

Proof. From (3.15), we can easily show that the following identity holds,

DT P '

24 (H} Hy HY 111
— (—1 =2+ —3> Urtt 4 gt (— + =+ —) =0.  (3.22)
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e We first assume that (3.17)-(3.21) are satisfied, and derive (3.12)-(3.13). By
taking the summation of (3.17) for ¢ = 1,2, and applying (3.20) and (3.21), we
obtain

gt Mo
5t s

From (3.18), (3.20)~(3.22), we obtain

n+1 n+1
M?H — ¥, <M1 + Ha )

Apgtt, (3.23)

o Ty
_ oy, <_%6A6?+1 - %M;H N % (I;_ N I;_) -
+pm (2% + 2%))
= %eZ;sAch'l + %HQU"“ + 4 (3.24)

e We then assume that (3.12)-(3.13) are satisfied and derive (3.17)-(3.21). By
taking the summation of (3.12) for i = 1,2, 3, we derive
SnJrl _gn
ot
where S™ = ¢} + ¢} + c§ and O = E%,u?“ + Z%ugﬂ + Eig,ug“. From (3.13)
and (3.22), we derive

= MyAO"™ (3.25)

ol = —ZGAS"H. (3.26)

By taking the L2-inner product of (3.25) with —©"*!, of (3.26) with S»+! — Sn,
and taking the summation of the two equalities above, we derive

3
ge(nvsnﬂ\\? —IVS™|? + |[VS™H — VS™|?) + 6tMo | VO™ T2 =0.  (3.27)

Since S™ =1, the left-hand side of (3.27) is a sum of non-negative terms, thus
VS™tl =0, and VO™ = 0, i.e. the functions S™*! and ©™*! are constants.
Then (3.26) leads to ©" ! =0, and (3.25) leads to S"*! = §" = 1. Thus, we obtain
(3.20). By dividing ¥; for (3.13) and taking the summation of it for i = 1,2, 3,
and applying (3.22) and (3.20), we obtain (3.21). m|

The most interesting property of the above scheme is that the nonlinear coef-
ficient H; of the new variable U are treated explicitly, which can tremendously
speed up the computation in practice. More specifically, we can rewrite Eq. (3.14)
as follows:

Untt = Hiep™ + Hycy ™ + Hidi T + QY (3.28)
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where QF = U™ — H'¢} — HY ¢y — HYc%. Thus, the system (3.12)—(3.14) can be
rewritten as:

ntl_en M

C

157151 S AM?Ha (3.29)
n+1 3 n+1 24 n n_n+1 n n+1 n n+1
e e a A —Hi (Hi'ey™" + Hyey ™ + Hieg™)
+3 rgr, i=1,2,3, (3.30)
where
—n 8 1 1 1
= —=Yr (E—lH{‘ + 5+ Z—SH??) (H{ i ™ + Hycyt 4+ Hycy ™),
24 8 1 1 1
"= —H'Q} — -Yr | =H'+ Hy +=—H3 | Q.
9 = i Q1 6T<Z1 14'22 2+23 3)@1

Theorem 3.2. Assuming (2.19), linear system (3.29)—(3.30) for the variable C =

(c?“, CSH,CQH)T is symmetric (self-adjoint) and positive definite.

Proof. Taking the L%inner product of (3.29) with 1, we derive

/c?+1dx:/c?dx:~-~=/6?dx- (3.31)
Q Q 2

Let f = ﬁ Joddx, v) = ﬁ Jo ni T dx, and define

Gt =t ol Bt =t o (3.32)

Thus, from (3.29)-(3.30), (¢/"**, i 1) are the solutions for the following equations
with unknowns (Cj, ),

C; 1 ol

N\ 3.33

Moot 3 T Moot (3.33)

3 24 _ R
i+ = —ZGEZ‘ACE + ?H?P(Ch Cs,Cs) + 5(Ch,C2,C3) + g, (3.34)

where

P(Cl,CQ,Cg) = H{LC& —|—H2n02 —|—H§L03,

=~ 8 1 1 1
B(C1,Cq,C3) = —=%7p | —H'+ =—H3} + =—HY | P(C1,C5,C5),
€ 21 22 ZJ3

and ¢} includes all known terms in the nth step, and

Ci+Cy4+C3=0, / Cidx =0, / widx = 0. (3.35)
Q Q
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We define the inverse Laplace operator u (with fQ udx = 0) — v := A~y by

Av=u, [,vdx =0,
with the boundary conditions either (i) v is periodic; or (i) dnv]aq = 0.

(3.36)
Applying —A~! to (3.33) and using (3.34), we obtain
S oy, 3 24 - o
— A Ci— —GEiACi—F—HiP(Cl,CQ,C;g)+ﬂ(01,02,03) — Y
Mo(st 4 €
_mAtG g 03 .
Moét gl ) Z ) 73 (3 37)

We consider the weak form of the above system, i.e. for any i = 1,2,3, D; € H'(Q)
with [;, Didx = 0 and 327 D; = 0, we have

S 3 o4, -
_MOCSt(A Ci,D;) + ZGZZ(VC’“VDZ) + ?(Hl P,D;)+ (8, D;)
= —EiA71 /C\in —ql D; ,=1,2,3. .
(-matgs —anp). i-123 (3.39)

We express the above linear system (3.38) as (AC,D) = (b,D), where C =
(Cl, 027 Cg)T and D = (Dh DQ, D3)T.
We can easily derive

(AC,D) = (C,AD), (3.39)

thus A is self-adjoint.
Moreover, from Z?Zl C; = 0, we have

1

(AC,C) = m(zl(—A—lcl, C1) + 2o (=A71Cy, Cy) + Z3(—A71C3, C3))
3 o 24
—l—ZeZEiHVC’iHQ+ —llH7C + HyCo + H}C3]2. (3.40)
i=1

Let d; = A71C;, ie.
Ad; = C;, /Qdidx =0, (3.41)
with periodic boundary conditions or dnd;|sa = 0. Therefore, we have
(—A7'Cy, C) = || Vi, (3.42)

Furthermore, Z = dy + ds + d3 satisfies

AZ =0, / Zdx = 0, (3.43)
Q
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with periodic boundary conditions or dnZ]pq = 0. Thus, Z = dy + ds + d3 = 0.
From (2.20), we derive

1
AC.C) > —3(||IVdy|I? do]|? ds))?
(AC,C) > MO&_(IIV l* +[Vd2 || + [|Vds %)

3
+ LEe(IVCP + IV Call* + 9 Cs )

24
+ ?HH{‘Cl + HyCy + HYC3))* > 0, (3.44)
and (AC, C) = 0 if and only if C = 0. Thus, we conclude the theorem. m|

Remark 3.3. We can show the well-posedness of the linear system (AC,D) =
(b,D) from the Lax-Milgram theorem noticing that the linear operator A is
bounded and coercive in H'(£2). We leave the detailed proof to the interested read-
ers since the proof is rather standard.

Remark 3.4. From Theorem 3.1, the linear system (3.12)-(3.14) with three
unknowns and the linear system (3.17)—(3.19) with two unknowns, are equivalent.
In our numerical tests, we find that the solutions of these two schemes are identical
up to the machine accuracy.

In practice, we directly solve the linear system (3.29)—(3.30) instead of using
the inverse Laplacian operator (—A)~! since it is a non-local operator and thus
it is not efficient to implement in physical space. Moreover, notice that the term
HM(HP T HY S HE S ) in (3.30) will lead to a full matrix, therefore, we use
a preconditioned conjugate gradient (PCG) method with an optimal preconditioner
constructed by an approximate problem of (3.30) where H['H} is replaced by a
constant maxvx(H;H}'). In this way, the system (3.29)-(3.30) can be solved very
efficiently.

The stability result of the first-order scheme (3.12)—(3.14) is given below.
Theorem 3.3. When (2.19) holds, the first-order linear scheme given in (3.12)—

(3.14) is unconditionally energy stable, i.e. satisfies the following discrete energy
dissipation law:

1 o7 [ 7 i A\
— (B} = Efy) < —MoZ ( + + . (3.45)
ottt ot ¥2 >2 »2
where ET, is defined by
n 3 n 3 n 3 n 12, 12
Bl = SSel Ver|? + S Doell Ve ||* + £ Xse| Ve |2 + — U] — —BlQ.
8 8 8 € €
(3.46)
Proof. Taking the L%-inner product of (3.12) with —&tu}" ™, we obtain
n n n M n
(el ) = SR (3.47)

3
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Taking the L?-inner product of (3.13) with ¢ — ¢ and applying the following
identities

2(a—b,a) = |a|* — |b]* + |a — b|?, (3.48)
we derive

3
(™ = o) = (VTP = Ve P+ IVer T = Vel |?)

24
+ S (HPUT ety (BT T e, (3.49)
€
Taking the L2-inner product of (3.14) with 22U"*! we obtain
12 n n n n
=T = o+ ot = o)

24

= ((HP ™ = o), U (Hy () = o), U™
+ (Hy (5t - CQ),U”“)). (3.50)

Combining (3.47), (3.49), taking the summation for ¢ = 1,2,3 and using (3.50)
and (3.20), we have

3

3
gEZEi(HVC?HHQ Ve (1) GZE Ve = vep|?
i=1 i=1
12 " "
+—=(lT™HE = o)
1 n n n
=ty (G IV + IV R + Vs
< —MoX([ Vit + HVM"HHQ + HVM”“H ) <0, (3.51)
where the term associated with 3"+! vanishes since Zl Lot = Zf =1

Noticing that Zi:l V(e — ) =0, we derive
3 3
Dl Ve = Ve ) = 2y (Ve - Ve|?) > 0. (3:52)
i=1 i=1
Therefore, the desired result (3.45) is obtained after we drop this positive term.
O

Remark 3.5. We remark that the discrete energy F14; defined in (3.46) is bounded
below. Such property is particularly significant. Otherwise, energy stability does not
make any sense.

The essential idea of the IEQ method is to transform the complicated nonlinear
potentials into a simple quadratic form in terms of some new variables via a change
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of variables. Such a simple way of quadratization provides some great advantages.
First, the complicated nonlinear potential is transferred to a quadratic polynomial
form that is much easier to handle. Second, the derivative of the quadratic poly-
nomial is linear, which provides the fundamental support for linearization. Third,
the quadratic formulation in terms of new variables can automatically keep the
nonlinear potential bounded below. We notice that the convexity is required in the
convex splitting approach!'”’ and the boundedness for the second-order derivative
is required in the stabilization approach.***3 Compared with those two methods,
the IEQ method provides much more flexibilities to treat the complicated nonlin-
ear terms since the only request of it is that the nonlinear potential is bounded
below.

Meanwhile, the choice of new variables is not unique. For instance, for the
partial spreading case where 3; > 0, Vi, we can define four functions U'h (72, (737 \%4
as follows:

ﬁi:Ci(l_ci)a i:172a37

(3.53)
V= C1C2C3.
Thus, the free energy becomes
T T 3 2, 3 2,3 2
E(U,,U3,Us, V) = §216|V01‘ + §226|V02| + §Z3E|VC3|
Q
12 (¥ ~ PITIPN Y3 A~
+-= (%Uf + 72(]22 + 73U§ + 3Av2)> dx. (3.54)

For this new definition of the free energy, one can carry out a similar analysis. The
details are left to the interested readers. However, we notice that this particular
transformation only works for the partial spreading case. For the total spreading
case, since for some i, ¥; < 0, the energy defined in (3.54) may not be bounded
below. This is the particular reason why we define the new variable U in (3.2) in
this paper.

As it is shown, the TEQ approach is able to provide enough flexibilities to derive
the equivalent PDE system, which then leads to corresponding numerical schemes
with desired properties such as unconditional energy stability and linearity.

Remark 3.6. The proposed scheme follows the new energy dissipation law (3.11)
instead of the energy law for the originated system (2.25). For time-continuous case,
(3.11) and (2.25) are identical. For time-discrete case, the discrete energy law (3.45)
is the first-order approximation to the new energy law (3.11). Moreover, the discrete

energy functional EI’;I is also the first-order approximation to E(¢"*!) (defined in

(2.5)), since U™*! is the first-order approximations to \/F(C?H, et + B,

that can be observed from the following facts, heuristically. We rewrite (3.14) as
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follows:

untt \/F et et 4y B=U" — \/Fcl,c2,c3)+B+Rn+1, (3.55)

where R, 41 = O(Z:?Zl(c?Jrl —c™)?). Since R, = O(6t?) for 0 < k < n+ 1 and
= VF(,8,8) + B, then by mathematical induction we can easily get
U = \JF(e et et + B+ O(t). (3.56)

3.3. Second-order scheme based on Crank—Nicolson

We now present a second-order time stepping scheme to solve the system (3.4)—(3.6).
Assuming that (c1,c2,c3,U)"™ and (c1,c2,c3,U)" ! are already calculated, we
compute (ci, c2, ¢z, U)"*! from the following temporal discrete system:

M, n+l
Cit = _Eio /ii+27 (3.57)
1 3 el 24 il L
p, 2= —ZeEiAZT + H TTEyTtE 4 gt i=1,2,3, (3.58)

1 1
n+1 n __ *n+5 0 ptl n *n+35, ntl n
U —U"=H;" "2(}"T =)+ Hy (5T —¢ch)

*,n+ %
+H" (e — ), (3.59)
where
U”H—% _ Un+1 +Un
= 5 ,
wntl 3 1,
5 = 56? - 50? ’
2 2 2
% <6?n+% ( “H_z) > (I—ZCI )+6A sntg (c;n+%> (c;’m_%)
*n+% 1
H,’ = —
1 )
2 * * * 1
\/F cl s "+2,c3’"+2>+3

2 2
3. *,'rH»‘l *,n—4 *,n+ *,n—4 *,'rH»‘l *,'rH»l
mil ;(CQ 2 ( 2) )(1—2 2)+6A< 2) Cy 2(03 2
’ 2 _
\/F *n+2 *n+27cg,n+%>+B
2 2 2
c§""+2 ( *n+2) (1_2 *n+2> +6A( *n+2) (C;,m—%) C;,n+%
*,n+% _l
2 1 1
\/F *n+ *n+ *n+2)+B
) C3

8 1 1o 11 1
gt = -y (—Hf’"+2 + E—2H§’"+2 + E—gH;k’"*Z) Unts.,

)

N | =

ol

(3.60)
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The initial conditions are (3.8) and the boundary conditions are:
(i) all variables are periodic; or (ii) 8nc?+1|ag = VM?JF% ‘n|pn =0,
i=1,2,3. (3.61)
The following theorem ensures that the numerical solution (¢}, cp™, cath)
always satisfies the hyperplane link condition (2.2).

Theorem 3.4. System (3.57)-(3.59) is equivalent to the following scheme with
two-order parameters:

ntl _ n
Ci+6t_ o _ ]\ng'“?+%7 (3.62)
Migs g —%ez A?H% n 24H Ity o gntE =12, (3.63)
with
=1t -t (3.64)
nti n+ n+
“3232 = (“1212 +’“‘2222>. (3.65)
Proof. The proof is omitted here since it is similar to that in Theorem 3.1. O

Similar to the first-order scheme, we can rewrite the system (3.59) as follows:

Un+1_|_Un 1 el 1 el 1 el

= I §H2’ Tt gHTT T R QY (3.66)
where Qy = U" — 1H* g 1H* g H; n+2c3 Thus, the system (3.57)—
(3.59) can be rewritten as:

n+1 n

C; —C; My n+l

i [— A 5 2, 367

5t 5, ~Hi (3.67)

n+i 3 *,M *,M n
it :—geziAc?+1+ L2t (TR ey g

n+2

D n+i n+1> +3 +hr, i=1,2,3, (3.68)

where
—n+3 4 Zg L e #n+3 pal *n+3 pil
ﬂ = —EET E_Hl Hl Cl + H2 C2 + H3 C3 s

hﬂ:—gez Ac + — H*n+2Q2

7

8 1 *,n4 = 1 s,n+5 1 *,n+1
S (= HPTE e T )
€ T (El 1 + 22 2 + 23 3 Q2
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Theorem 3.5. The linear system given by (3.67) and (3.68) for variable ® =

(it eyt ™ s self-adjoint and positive definite.

Proof. The proof is omitted here since it is similar to that of Theorem 3.2. O

The stability result of the second-order Crank—Nicolson scheme (3.57)—(3.59) is
given below.

Theorem 3.6. Assuming (2.19), the second-order Crank-Nicolson scheme (3.57)—
(3.59) is unconditionally energy stable and satisfies the following discrete energy
dissipation law:

sitea = e = o (g o™ o g )
e 2 2
< Mz 2 5 > (3.69)
where E that is defined by
Bl = S50 Ve + S 5ael| Ve P
+ 20l Ve + 22U - 2Bl (3.70)
Proof. Taking the L?-inner product of (3.57) with —dtu™, we obtain
—(c?“ — c?,u?Jr%) = 5752—0 v ZH% (3.71)
Taking the L2-inner product of (3.58) with ¢]'*' — ¢, we obtain
(it =) = 2em IV [ 9eP)
+ b (H;JH%U"*%,C?H — cf)
€
+ (ﬂ"*é,c?“ - c?). (3.72)

Taking the L2-inner product of (3.59) with %U"*é, we obtain
24 n n 1
(R =), Ut )+ (TR - ), U
€
(B e - ) Ut

12, N
= — (U = o). (3.73)
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Combining (3.71), (3.72) for i = 1,2,3 and (3.73), we derive

3 & 12
o> IV 2 - e ) + (HU"“H? jum?)
=1

1 ntl n n
M, (_ ‘Wlﬂ HV +1 HV“ +1 )
21
2 A2 A
< —MyX .74
Thus, we obtain the desired result (3.69). O

3.4. Second-order BDF scheme

Now we develop another second-order scheme based on the Adam—Bashforth
approach (BDF2).
Assuming that (c1,c2,c3,U)" and (c1,¢2,c3,U)" ! are already calculated, we
compute (c1, ¢z, c3, U)" 1 from the following discrete system:
3t —dch + A My

25t =5, 2t (3.75)

3 24
Pt = =A== 1,23,
€

(3.76)
UL —4un 4 U = HP PN BT — 4l + Y
+H (BT — dch + 5
+ HY (BT — Ay 4 ), (3.77)
where
c;r =2 — 0?717
Hp 1 71< - 2) (1—2¢)) + 6ACIC£26§2,
i F(el el + B
10 ot
2 F(cJ{,c;,C;) +B (3.78)
H;rmﬂ _ 1 % <c§ - 63 >(1 — 2! 1)+ 6Ac]£20£2c§,
2 F(c{,cg,cg)—i-B
prtt = —§ZT (%H{WH + %H;r,nﬂ n ELSH;[,nH) U
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The initial conditions are (3.8) and the boundary conditions are:
(i) all variables are periodic; (3.79)
or (i) Oncloo =Vult! nlpn =0, i=1,2,3. (3.80)

Similar to the first-order scheme and the second-order Crank—Nicolson scheme,
the hyperplane link condition still holds for this scheme.

Theorem 3.7. System (3.75)—(3.77) is equivalent to the following scheme with
two-order parameters:

3 —der + 7 My
= —Apurtt 3.81
55t 5, A (3.81)
n+1 3 n+1 24 Tfon+lrrn+1 n-+1 -
upt = _ZGEiACi + —Hi’ urt+4m, =12, (3.82)
ATt =1—cptt —eptt, (3.83)
/"Lg_‘—l — /‘l‘?—‘rl _|_ /"L;_‘—l (3 84)
X3 D] ¥y ) '
Proof. The proof is omitted here since it is similar to that of Theorem 3.1. O

Similar to the two previous schemes, we can rewrite the system (3.77) as

Un+1 HT n+1 ’I’L+l _|_HT n+1 ’I’L+l _|_HT ,n+1 ’I’L+l +Q37 (385)

1 1 1 1 1 1
where QgL — pxmtl _HI,n+ CT,n—O— _H;r,n—O— C;,n—k _H:;r,n—O— C?>)<,n—i- and §xmntl —

% for any variable S. Thus, the system (3.75)—(3.77) can be rewritten as:

36?+1 —4cf + 6?71 M, n

24

3
it = = JeSAGt £ =T A 4 B e

—n+1

+HT 41 n+1) +B +fr o i=1,2,3, (3.87)

3

where

—n+1 8 1 f,n41 1 t,n+1 1 t,n+1
=25y (e HPT P D

ﬂ € T (El 1 + 22 2 + 23 3

s 1 1 s 1 1 s 1 1
X (H]P" At  HP M et 4 J ),

3

24 8 1 1 1
n_ “tgtntliogn O & pgietl o & opgiedl 2 opiedd n
I - Hi Q3 o\ g + 5,02 + 5, 8 Q3
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Theorem 3.8. The linear system given by (3.86)—(3.87) for variable ® = (¢},
et cgﬂ)T is self-adjoint and positive definite.
Proof. The proof is omitted here since it is similar to that of Theorem 3.2. O

Theorem 3.9. The second-order scheme given by (3.75)—(3.77) is unconditionally
energy stable and satisfies the following discrete energy dissipation law:

1 n+1 n 1 n+12 1 n+12 1 n+1(2
5B = Biy) < ~Mo (1WA 4 IR 4+ IV
[ [ A7 S A7 s
< —Myx 3.88
< anp (R b+ B B-E) sy
where By, is defined by
n _ 3 [Ver|® | [12Ver — Ve
3 IVes||® |, 12Ves — Ve~
=%
+ 3 2€ < 5 + 5
3y, (IIVeR]? | [2Vef — Ve |2
+ gESE ( B + 9
12 U U™ — U 1|2 12
+= ( 5 [y 5 | ) — ZB|Q|. (3.89)
€ €

Proof. Taking the L?-inner product of (3.75) with —26tu/™, we obtain

M,
~(Be Tt — def e ) = 28t | ViR, (3.90)

Taking the L2-inner product of (3.76) with 3¢)'™' — 4¢P + ¢!, and applying the
following identity

2(3a —4b+ c,a) = |a|]® — [b]* + |2a — b]* — |20 — ¢|* + |a — 2b + ¢|*, (3.91)
we derive

(i 30 — e + )

3
= VG = Ve P +112Ve ™ = Ve |* — [|2Ve} — Ve )

+ geZiHVc?H — 2Vl + Ve H?

24
+ ?(HZT’"“U"“, 3T —4et

+ (ﬁn—O—l’ 36?+1 _ 46? + C?il). (392)
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Taking the L2-inner product of (3.77) with 22U"*! we obtain

12

€

(T2 = U2 + 207 — U7 2 = 2™ — U
HUH =2+ U?)
24 fn41 n+1 n n—1 n+1
= ?((Hl (3! —del + ), U™
+(HP" 3yt — Acp + 1), UM
+ (HI™ M (3 — del + 37t UntY). (3.93)
Combining (3.90), (3.92) for i = 1,2,3 and (3.93), we derive

3

%;Ei(vcﬁ” + 2Vt = vep|?)
3 3
— €2 Sl Vel P + [29¢} — Ve )
=1
3
+ §ez (|| Vet —2vel + Ve P
8 Z:1 7 (3 7

12
+ (TP + 2t - Un)

12 12
= (U + |20 = U P + U - 20 U P

1 1 1
:—2(5tM - n+12 . n+12 . n+12
o (G IVAIE + IV R + VA

[ 7 i (7 s
< —26tMoX2 . 94
< 02 < 2 + 2 + 2 (3.94)
Since Zf’:l(Vc:‘H — 2Vl + Ve = 0, from Lemma 2.1, we have
3
> {SillVett —2ve + Ve t?)
i=1
3
> ) AVt —2ve} + Ve P} > 0. (3.95)
i=1

Therefore, we obtain (3.88) after we drop the unnecessary positive terms in (3.94).
O
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Remark 3.7. From formal Taylor expansion, we find

le" 12 + l|29"F — ¢"2) _(lle"I? £ 120" — "2
26t 26t

o (o212 — g2
20t

) FOGR) = Lo + 06, (3.96)

and
[9" ! —2¢" +¢" 1|2
ot
for any variable ¢. Therefore, the discrete energy law (3.88) is a second-order
approximation of & E%PE(¢) in (3.11).

=~ 0(6t3) (3.97)

4. Numerical Simulations

We present in this section several 2D and 3D numerical examples using the schemes
constructed in the previous section. The computational domain is Q = (0,1)4,
d = 2,3. We use the central finite difference method to discretize the spatial deriva-
tives with 1287 grid points in all simulations.

Unless otherwise explicitly specified, the default parameter values are:

e=003, B=2 My=10"°% A=T. (4.1)

Remark 4.1. Parameter B is chosen to ensure that F'(cq,c2,c3) + B is always
positive. For the partial spreading case, since ¥; > 0, Vi = 1,2, 3, we can choose
B = 0. For the total spreading case, we usually choose B large enough. But we
remark that the computed solutions are not sensitive with the choice of B.

4.1. Accuracy test

For convenience, we denote first-order scheme (3.12)—(3.14) by LS1, second-order
scheme (3.57)-(3.59) by LS2-CN, scheme (3.75)-(3.77) by LS2-BDF.
We set the initial condition as follows:

1 —0.
o1 o (B2025Y),
2 €

= %(1 —c3) (1 + tanh (y — 0'5»’ (4.2)

€

62:1—61—63,

where R = /(z — 0.5)2 + (y — 0.5)2. Since the exact solutions are not known, we
compute the errors by adjacent time step. We present the summations of the L?-, L!-
and L>-errors of the three-phase variables at ¢t = 1 with different time step sizes in
Tables 1-3 for the three proposed schemes. We observe that schemes LS1, LS2-CN
and LS2-BDF asymptotically match the first-order and second-order accuracy in
time, respectively.



Math. Models Methods Appl. Sci. 2017.27:1993-2030. Downloaded from www.worldscientific.com
by PURDUE UNIVERSITY on 01/23/20. Re-use and distribution is strictly not permitted, except for Open Access articles.

2018 X. Yang et al.

Table 1.

The L2-, L'-, L°-numerical errors at t = 1 that are computed by the first-order

scheme LS1 using various temporal resolutions. The order parameters are of (4.1) and 1282
grid points are used to discretize the space.

Coarse 0t | Fine 6t || L2-Error | Order | LI-Error | Order | L*°-Error | Order
0.01 0.005 7.120e-3 — 3.969e-1 — 3.950e-4 —

0.005 0.0025 3.816e-3 0.90 2.112e-1 0.91 2.067e-4 0.93
0.0025 0.00125 1.999e-3 0.93 1.101e-1 0.94 1.062e-4 0.96
0.00125 0.000625 1.028e-3 0.96 5.645e-2 0.96 5.395e-5 0.98
0.000625 0.0003125 5.225e-4 0.98 2.863e-2 0.98 2.719e-5 0.99
0.0003125 0.00015625 2.635e-4 0.99 1.442¢-2 0.99 1.365e-5 0.99
0.00015625 | 0.000078125 1.323e-4 0.99 7.239¢-3 0.99 6.842¢-6 1.0

Table 2. The L2-,L'-, L°°-numerical errors at t = 1 that are computed by the sec-

ond-order scheme LS2-CN using various temporal resolutions. The order parameters are of
(4.1) and 1282 grid points are used to discretize the space.

Coarse t | Fine 6t || L?-Error | Order | L-Error | Order | L*>°-Error | Order
0.01 0.005 3.636e-3 — 1.541e-1 — 2.460e-4 —

0.005 0.0025 1.205e-3 1.59 4.972e-2 1.63 9.311e-5 1.40
0.0025 0.00125 3.590e-4 1.75 1.453e-2 1.78 2.999e-5 1.63
0.00125 0.000625 9.936e-5 1.85 3.941e-3 1.88 8.653e-6 1.79
0.000625 0.0003125 2.626e-5 1.92 1.030e-3 1.93 2.336e-6 1.89
0.0003125 0.00015625 6.759¢-6 1.96 2.636e-4 1.97 6.080e-7 1.94
0.00015625 | 0.000078125 1.715e-7 1.98 6.671e-5 1.98 1.551e-7 1.97
Table 3. The L2-, L'-, L>®-numerical errors at ¢ = 1 that are computed by the sec-

ond-scheme LS2-BDF using various temporal resolutions. The order parameters are of
(4.1) and 1282 grid points are used to discretize the space.

Coarse ot | Fine 6t || L?-Error | Order | L'-Error | Order | L°°-Error | Order
0.01 0.005 6.368e-3 — 5.374e-1 — 5.018e-4 —

0.005 0.0025 2.584e-3 1.30 2.143e-1 1.33 1.811e-4 1.47
0.0025 0.00125 9.528e-4 1.44 7.588e-2 1.50 5.836e-5 1.63
0.00125 0.000625 3.172e-4 1.59 2.443e-2 1.64 2.244e-5 1.38
0.000625 0.0003125 9.641e-5 1.72 7.488e-3 1.71 7.170e-6 1.65
0.0003125 0.00015625 2.626e-5 1.88 2.095e-3 1.84 1.955e-6 1.87
0.00015625 | 0.000078125 7.012e-6 1.91 6.424e-4 1.70 5.099e-7 1.94

Fig. 1.
components.

Theoretical shape of the contact lens at the equilibrium between two stratified fluid
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4.2. Liquid lens between two stratified fluids

We start by recomputing two examples presented in Figs. 11 and 19 in Ref. 7 using
the same parameter values as in Ref. 7 with the initial condition set as follows:

A(x) = % (1 + tanh (%min(x| = 0.1,y)>>,

(4.3)

€

A(x) = % (1 ~ tanh <3min(—|x + 0.1,y)>>,
Ax) =1-(x) - Gx).

The order parameters are e = 1072, My = 10~%. In Fig. 2, we set 013 = 1, 013 =
0.8, o923 = 1.4, we observe that the partial spreading phenomena are qualitatively
consistent to Fig. 11 in Ref. 7. In Fig. 3, we set 0192 = 3,013 = 1,093 = 1, we observe
that the total spreading phenomena are qualitatively consistent to Fig. 16 in Ref. 7.
The energy evolution curves for these two simulations are shown in Fig. 4. The
quantitative differences between our energy curves presented in Fig. 4 and theirs in
Figs. 13 and 19 in Ref. 7 are possible due to the different orders of accuracy of the
schemes used: ours is second-order in time while theirs is first-order in time.

Next, we conduct simulations for the classical test case of a liquid lens that
is initially spherical, sitting at the interface between two other phases. For the

Fig. 2. (Color online) The dynamical behaviors of the liquid lens between two stratified fluids
for the partial spreading case. Snapshots are taken at ¢ = 0.2,2,5. The initial condition is (4.3),
the surface tension parameters are o2 = 1,013 = 0.8, 023 = 1.4, the time step is 6t = 10~% and
the grid points are 1282. The color in black (upper half), white (lower half) and red circle (lens)
represent fluids I, IT and III, respectively.

Fig. 3. (Color online) The dynamical behaviors of the liquid lens between two stratified fluids
for the total spreading case (no junction points). Snapshots are taken at ¢ = 2, 30, 300. The initial
condition is (4.3), the surface tension parameters are 012 = 3,013 = 1,023 = 1, the time step is
5t = 10~%, and the grid points are 1282. The color in black (upper half), white (lower half) and
red circle (lens) represent fluids I, IT and III, respectively.
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Fig. 4. Time evolution of the free energy functional for the partial spreading case and total
spreading case with initial condition (4.3). The surface tension parameters are: (a) o12 = 1, 013 =
0.8, 023 =1.4; (b) 012 =3, 013 =1, 23 = 1.

accuracy reason, we always use the second-order scheme LS2-CN and take time
step 0t = 0.001.

The equilibrium state in the limit € — 0 can be computed analytically: the final
shape of the lens is the union of two pieces of circles, the contact angles being given
as a function of the three surface tensions by the Young’s relations as shown in
Fig. 1 (cf. Refs. 6, 28 and 40):

sinf; sinfy  sinf;

(4.4)

023 013 g12

We still use the initial condition in the previous example, as shown in the first
subfigure in Figs. 2-6, in which, the initial contact angles are 6; = ¢, = 7 and
03 = .

We first simulate the case of partial spreading. In Fig. 2(a), we set the three
surface tension parameter values as o012 = 013 = 023 = 1, we observe that the
three contact angles finally become 2?“ for all, shown in the final subfigure of Fig. 2
because the surface tension force between each phase is the same, which is consistent
to the theoretical values of sharp interface from (4.4). In Fig. 2(b), we keep 012 = 1
and decrease the other two parameter values as 013 = 023 = 0.6. From the contact
angle formulation (4.4), we have 61 = 03 > 03, which is confirmed by the numerical
results shown in Fig. 2(b). We further vary the two surface tension parameter values
013 and o923 to be 0.8 and 1.4, respectively while keeping 012 = 1 in Fig. 5(c). After
the intermediate dynamical adjustment, the contact angles at equilibrium become
01 < 03 < 02, which is consistent to the formulation (4.4) as well.

We then simulate the case of total spreading (without a junction point) in Fig. 6.
We set the three surface tension parameter values as o153 = 3, 013 = 1, 093 = 1.
From (4.4), the three contact angles can be computed as ¢, = 02 = 7 and 03 = 0,
that can be observed in Fig. 6(a), where the third fluid component c3 totally spreads
to a layer. For the final case, we set 012 = 1,013 = 1,093 = 3. By (4.4), it can be
computed that the three contact angles at equilibrium are 6; = 0, 0y = 63 = m,
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+

* L]

(a) (o12;013;023) = (1515 1).

4

- L]

(b) (o12;013;023) = (1;0.6;0.6).

(c) (012;013;023) = (1;0.8;1.4).

Fig. 5. (Color online) The dynamical behaviors until the steady state of a liquid lens between
two stratified fluids for the partial spreading case, with three sets of different surface tension
parameters o12,013,023, where the time step is 6t = 0.001 and 1282 grid points are used. The
color in black (upper half), white (lower half) and red circle (lens) represent fluids I, II and III,
respectively.

which indicates that the first and third fluid components ¢, c3 are totally spread,
and ¢y stays inside the first fluid component, as shown in Fig. 6(b). We remark
that all numerical results are qualitatively consistent with the computation results
obtained in Refs. 6 and 30.

4.3. Spinodal decomposition in 2D

In this example, we study phase separation behavior, i.e. the so-called the spinodal
decomposition phenomenon. The process of the phase separation can be studied
by considering a homogeneous binary mixture, which is quenched into the unstable
part of its miscibility gap. In this case, the spinodal decomposition takes place,
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(a) (o12;0135023) = (3;1;1).

- ~ - -

(b) (o12;013;023) = (1;1;3).

Fig. 6. (Color online) The dynamical behaviors until the steady state of a liquid lens between
two stratified fluids for the total spreading case (no junction points), with two sets of different
surface tension parameters o2, 013,023, where the time step is ¢t = 0.001 and 1282 grid points
are used. The color in black (upper half), white (lower half) and red circle (lens) represent fluids
I, II and III, respectively.

which manifests in the spontaneous growth of the concentration fluctuations that
leads the system from the homogeneous to the two phase state. Shortly after the
phase separation starts, the domains of the binary components are formed and the
interface between different phases can be specified.*!37% For the accuracy reason,
we use the second-order scheme LS2-CN and take the time step 6t = 0.001.

The initial condition is taken as the randomly perturbed concentration field as
follows:

®i
$1+ p2 + @3

where the rand(z,y) is the random number in [—1,1] which has a zero mean. To
label the three phases, we use pink, gray and yellow to represent phases I, IT and
IIT respectively.

In Fig. 7, we conduct numerical simulations for the case of order parameters

¢i = 0.5+ 0.001 rand(z,y), cil=0) = 1=1,2,3, (4.5)

012 = 013 = 093 = 1 as Fig. 2(a). We observe the phase separation behavior and
the final equilibrium solution ¢ = 30,000 present a very regular shape where the
three contact angles are §; = 6, = 03 = 2% In Fig. 8 with the same initial condition,
we set the surface tension parameter values as o135 = 1,013 = 0.8,0923 = 1.4. The
final equilibrium solution after ¢ = 30,000 shows three different contact angles that
obey 01 < 03 < 6, consistent to the example Fig. 5(c). The total spreading case
is simulated in Fig. 9, in which we set the surface tension parameter values as
012 = 1,013 = 1,093 = 3. The final equilibrium solution after ¢ = 30,000 presents
that not a junction point appears, similar to Fig. 6(b).
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Fig. 7. (Color online) The 2D dynamical evolution of the three-phase variables ¢;,i = 1,2, 3 for
the partial spreading case, where order parameters are (o12;013;023) = (1:1: 1), the time step is
&t = 0.001 and 1282 grid points are used. Snapshots of the numerical approximation are taken at
t = 0, 1000, 2000, 5000, 10,000, 20,000, 25,000, 30,000. The color in pink, gray and yellow represents
the three phases I, I and III, respectively.

Fig. 8. (Color online) The 2D dynamical evolution of the three-phase variables ¢;,i = 1,2, 3 for
the partial spreading case, where the order parameters are (o12;013;023) = (1,0.8,1.4), the time
step is 0t = 0.001 and 1282 grid points are used. Snapshots of the numerical approximation are
taken at ¢ = 0, 1000, 2000, 5000, 10,000, 20,000, 25,000, 30,000. The color in pink, gray and yellow
represents the three phases I, IT and III, respectively.

In Fig. 10, we present the evolution of the free energy functional for all three
cases. The energy curves show the decay with time that confirms that our algorithms
are unconditionally stable. In particular, we plot the time evolution of the free
energy with different time steps. It verifies that our numerical scheme predicts
accurate results with relative large time steps. The corresponding total CPU/GPU
time spent (in seconds) to calculate until ¢y, = 500 with various time steps dt =
1072,5 x 1073,2.5 x 1073, 1.25 x 10~3 are listed in Table 4.
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(

B /A [ (

Fig. 9. The 2D dynamical evolution of the three-phase variable ¢; for the total spreading case
(no junction points), where the order parameters are (c12;013;023) = (1,1,3), the time step is

J

5t = 0.001 and 1282 grid points are used. Snapshots of the numerical approximation are taken at
t = 0, 1000, 2000, 5000, 10,000, 20,000, 25,000, 30,000. The color in pink, gray and yellow represents
the three phases I, II and III, respectively.

—8t=0.01

= §t=0.005

+ 6t=0.0025

% §t=0.00125
—§t=0.001

Iogl 0(T0tal Energy)

100 200 300 400 500
Time

(a) (b)

Fig. 10. (a) Time evolution of the free energy functional using the algorithm LS2-CN using 6t =
0.001 for the three-order parameter set of A : (o12;013;023) = (1,0.8,1.4) (partial spreading), B :
(o12;013;023) = (1,1,1) (partial spreading), and C' : (o12;013;023) = (1,1, 3) (total spreading).
The z-axis is time, and y-axis is log;q(total energy). (b) Time evolution of the free energy with
different time steps for Case B.

Table 4. Total CPU/GPU time (in seconds) with various
time steps to tmax = 500.

Time step 0t le-2 5e-3 2.5e-3 | 1.25e-3
Total CPU/GPU time | 464s | 732s | 1081s | 1608s
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4.4. Spinodal decomposition in 3D

Finally, we present 3D simulations of phase separation dynamics using second-order
scheme LS2-CN and time step §t = 0.001. In order to be consistent with the 2D
case, the initial condition is set as follows:

i
¢+ d2+ @3

where the rand(z, y, z) is the random number in [—1, 1] with a zero mean.

¢i = 0.540.001 rand(z,y,2), ci|=0) = i=1,2,3, (4.6)

Fig. 11. The 3D dynamical evolution of the three-phase variables ¢;, ¢ = 1,2,3 for the par-
tial spreading case, where the order parameters are (o12;013;023) = (1:1:1) and time step is
&t = 0.001. 1283 grid points are used to discretize the space. Snapshots of the numerical approxi-
mation are taken at ¢ = 50, 100, 200, 500, 750, 1000, 1500, 2000. The color in pink, gray and yellow
represents the three phases I, IT and III, respectively.

Fig. 12. The 3D dynamical evolution of the three-phase variable ¢;, i = 1,2,3 for the partial
spreading case, where the order parameters are (o12;013;023) = (1:0.8:1.4) and time step is
&t = 0.001. 1283 grid points are used to discretize the space. Snapshots of the numerical approxi-
mation are taken at ¢ = 50, 100, 200, 500, 750, 1000, 1500, 2000. The color in pink, gray and yellow
represents the three phases I, IT and III, respectively.
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0.8

0 500 1000 1500 2000
Time
Fig. 13. Time evolution of the free energy functional using the algorithm LS2-CN using ¢ = 0.001

for the three-order parameter set of A : (012;013;023) = (1,0.8,1.4) and B : (012;013;023) =
(1,1,1). The z-axis is time, and y-axis is logq(total energy).

Figure 11 shows the dynamical behavior of phase separation for three equal
surface tension parameter values o192 = o013 = 023 = 1. In Fig. 12, we set the
surface tension parameter values as 015 = 1, 013 = 0.8, 023 = 1.4. We observe that
the three components accumulate but with different contact angles, consistent to
the 2D case. In Fig. 13, we depict the evolution of the free energy functional, in
which the energy curves show decays with time.

5. Concluding Remarks

We develop in this paper several efficient time stepping schemes for a three-
component Cahn—Hilliard phase-field model that are linear and unconditionally
energy stable based on a novel IEQ approach. The proposed schemes bypass the
difficulties encountered in the convex splitting and the stabilized approach and
enjoy the following desirable properties: (i) accurate (up to second-order in time);
(ii) unconditionally energy stable; and (iii) easy to implement (one only solves linear
equations at each time step). Moreover, the resulting linear system at each time
step is symmetric, positive definite so that it can be efficiently solved by any Krylov
subspace methods with suitable (e.g. block-diagonal) pre-conditioners.

To the best of our knowledge, these new schemes are the first schemes that are
linear and unconditionally energy stable for the three-component Cahn-Hilliard
phase-field model. These schemes can be applied to the hydrodynamically coupled
three-phase model without essential difficulties. Although we considered only time
discretization in this study, it is expected that similar results can be established
for a large class of consistent finite-dimensional Galerkin approximations since the
proofs are all based on a variational formulation with all test functions in the same
space as the space of the trial functions.
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