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CONVERGENCE ANALYSIS OF A POSITIVITY-PRESERVING
NUMERICAL SCHEME FOR THE CAHN-HILLIARD-STOKES
SYSTEM WITH FLORY-HUGGINS ENERGY POTENTIAL

YUNZHUO GUO, CHENG WANG, STEVEN M. WISE, AND ZHENGRU ZHANG

ABSTRACT. A finite difference numerical scheme is proposed and analyzed for
the Cahn-Hilliard-Stokes system with Flory-Huggins energy functional. A con-
vex splitting is applied to the chemical potential, which in turns leads to the
implicit treatment for the singular logarithmic terms and the surface diffusion
term, and an explicit update for the expansive concave term. The convective
term for the phase variable, as well as the coupled term in the Stokes equation,
is approximated in a semi-implicit manner. In the spatial discretization, the
marker and cell difference method is applied, which evaluates the velocity com-
ponents, the pressure and the phase variable at different cell locations. Such
an approach ensures the divergence-free feature of the discrete velocity, and
this property plays an important role in the analysis. The positivity-preserving
property and the unique solvability of the proposed numerical scheme are the-
oretically justified, utilizing the singular nature of the logarithmic term as the
phase variable approaches the singular limit values. An unconditional energy
stability analysis is standard, as an outcome of the convex-concave decompo-
sition technique. A convergence analysis with accompanying error estimate
is provided for the proposed numerical scheme. In particular, a higher order
consistency analysis, accomplished by supplementary functions, is performed
to ensure the separation properties of numerical solution. In turn, using the
approach of rough and refined error estimates, we are able to derive an optimal
rate convergence. To conclude, several numerical experiments are presented
to validate the theoretical analysis.

1. INTRODUCTION

The Cahn-Hilliard-Stokes (CHS) system, a gradient flow equation coupled with
incompressible fluid motion, can be used to describe the phase separation and flow
of a very viscous binary fluid [II]. Let Q € R?, d = 2,3, be an open domain. The

Received by the editor March 20, 2023, and, in revised form, August 15, 2023, and September
17, 2023.

2020 Mathematics Subject Classification. Primary 35K35, 35K55, 49J40, 65M06, 65M12.

Key words and phrases. Cahn-Hilliard-Stokes system, logarithmic energy potential, convex
splitting, positivity-preserving, energy stability, optimal rate convergence analysis.

The second author was partially supported by the NSF DMS-2012269, DMS-2309548. The
third author was partially supported by the NSF DMS-2012634, DMS-2309547. The fourth au-
thor was partially supported by the NSFC No. 11871105 and Science Challenge Project No.
TZ2018002.

The second author is the corresponding author.

(©2023 American Mathematical Society
2185

Licensed to Beijing Normal University. Prepared on Thu Jul 4 11:07:16 EDT 2024 for download from IP 219.142.99.8.
License or copyright restrictions may apply to redistribution; see https://www.ams.org/journal-terms-of-use


https://www.ams.org/mcom/
https://doi.org/10.1090/mcom/3916

2186 Y. GUO, C. WANG, S. M. WISE, AND Z. ZHANG

following CHS system with Flory-Huggins potential is considered:

(1.1) Qo+ V- (du) = Ay,

(1.2) —Au+u=-Vp—y9Vpu,

(1.3) V-u=0,

(1.4) 1= 6, = In(1+ ¢) — In(1 — §) — o — A,

with no-flux and no-penetration free-slip boundary conditions,
(1.5) Ondp=0,u=0, u-n=0(u-7)=0 on 99 x (0,T7.

In this system, ¢ is a binary fluid concentration, u, p and w describe the chemical
potential, pressure and fluid velocity vector, respectively. The parameter v > 0
is related to surface tension. Observe that equations (LI)—(L4]) correspond to a
simplified version of a model studied by others, obtained by assuming that two
fluids have the same densities, and the gravity effects may be ignored [10,25].

For the fluid part of the physical system, the no-penetration boundary condition,
u-mn = 0 on 01, is natural. Meanwhile, both the no-slip boundary condition,
u -7 = 0, and free-slip boundary condition, 9, (u - 7) = 0 (on 9f), are physically
reasonable. On the other hand, the Stokes operator with the free-slip boundary
condition is symmetric, due to the homogeneous Neumann boundary condition for
the pressure field induced by this boundary condition. As a result, the analysis with
free-slip boundary condition becomes simpler than the one with no-slip boundary
condition. For simplicity of presentation, we only focus on the free-slip boundary
condition for the velocity vector in this article, although the analysis could be
similarly extended to the one with no-slip boundary condition; the technical details
are left to interested readers.

For any ¢ € H'(Q), with the point-wise bound —1 < ¢ < 1, the Flory-Huggins
free energy functional is given by

16 Fo) = [ (a+0m+o)+ - om0 - Lo+ SIv6 ) ax

in which €, 6y are positive constants associated with the diffuse interface width.
The following dissipation property is valid for the energy functional (L):

(L.7) 0P () = ~IVull* = = (lul? + [Vul?).

It is clear that the logarithmic free energy functional has a singularity near the
values of 1, which poses a great challenge in the numerical design. As an alternate
approach, a nonsingular polynomial energy has also been widely used

(18) Fo) = [ (5617 + 51907 ax.

Similar to (6), this model has a double-well potential, which can be regarded as
a polynomial approximation to the original one, with a larger error in the actual
physical situation [2]. A finite element analysis of ([LI)-(TZ), with an added time
derivative in the Stokes equation and polynomial energy (L), was reported in a
recent paper [I1].
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One can show that, for these particular flow boundary conditions, if the fields
are sufficiently regular, it follows that

(1.9) —Ap =7V -(¢Vp) inQ,
(1.10) —Onp = Y$Opu =0 on ON.
In short, one can separate the pressure and velocity calculations. Taking advantage

of this property, let us define a Helmholtz-type projection as follows:

e [ 7onseain
(L11) a{ve[Hl(Q)]S‘V'UZOinQ’”'":Oonag}’

where Py (f) := f + Vp, where p € HJZV(Q) N H'(Q) is the unique solution to
—Ap=V - fin Q, as in (CI)-(I0). Here
H(Q):={¢p€ H*(Q) | 9,0 =00n0Q } and
Hy () = {6 € HY () | (6,1) =0}
Clearly,
(Pu(f), f —Pu(f)). =0.

From this we can prove the L? stability of the projection. Of course, sufficiently
regular solutions to the CHS system (LI)-(T4]) satisfy

—Au+u=—vPy (¢Vpu),

assuming the no flux, no-penetration, and free-slip boundary conditions. Thus,
the Cahn-Hilliard-Stokes system can be reformulated to, effectively, remove the

velocity:
¢t + V- (ug) = Ap,
(112) v
u=—-8"Puy(¢Vpu),
where

S =-A+1,
with the appropriate boundary conditions. One can observe that equation (LI2])
is, in essence, a Cahn-Hilliard-type equation, a modified gradient flow.

For this PDE system, a positivity-preserving property, that is, 1 + ¢ > 0 and
1 — ¢ > 0, can be theoretically justified, due to the logarithmic terms appearing
in p. Of course, the numerical analysis of the Cahn-Hilliard equation, by itself, is
an interesting topic, and recent works have been devoted to that equation with an
assumed Flory-Huggins potential: for example, the finite difference method [2] and
the finite element approach [11[38].

The question of energy stability has always been an essential issue for any numer-
ical approximation to a gradient flow coupled with fluid motion, and some existing
works have been reported [1212334]. Meanwhile, most existing numerical efforts
have been based on the polynomial approximation in the energy potential, so that
singularities can be avoided with respect to the phase variable. For the Flory-
Huggins energy potential (@) and the corresponding CHS system ([LI)-(L4), the
preservation of both the point-wise positivity (for the logarithmic arguments) and
the energy stability turns out to be a very challenging issue. This comes from the
highly nonlinear, singular, and coupled nature of the PDE system. In this work,
a fully discrete finite difference scheme is proposed and analyzed for solving the
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CHS system with logarithmic Flory-Huggins potential. Four theoretical properties
will be justified for the numerical scheme: positivity-preserving, unique solvabil-
ity, unconditional energy stability (in the physical free energy), and optimal rate
convergence.

In more details, the numerical approximation to the chemical potential is based
on the convex-concave decomposition of the Flory-Huggins energy functional, which
dates back to Eyre [19]. This approach ensures a theoretical justification of its
positivity-preserving property, because of an implicit treatment of the nonlinear
singular logarithmic term. In particular, the singular and convex nature of the
logarithmic term prevents the numerical solution reaching the singular limit values,
so that a point-wise positivity is preserved for the phase variable. See the related
works [6}[8LT3HI5L17L28-30L[32,[39L40] of the positivity-preserving analysis for vari-
ous gradient flow models with singular energy potential. The linear expansive term
is explicitly updated, for the sake of unique solvability, due to the negative eigen-
values involved. The surface diffusion term is implicitly treated, which comes from
its convexity. Meanwhile, the other parts of the CHS system have to be handled
very carefully, to ensure the desired theoretical properties. The convective term
in the phase field dynamic equation is discretized in a semi-implicit way: explicit
treatment for the phase variable and implicit treatment for the velocity vector. The
static Stokes equation is implicitly computed, with the chemical potential deter-
mined by the convex splitting approach. The full numerical system turns out to be
the gradient of a strictly convex energy functional, which in turn guarantees the
unique solvability of the numerical solution. This symmetric feature represents a
key difference between the current work and the related works in [4l[5], in which the
discretization of the Cahn-Hilliard-Navier-Stokes system leads to a nonsymmetric
numerical system, due to the fluid convection terms. As a result of the unique solv-
ability and positivity-preserving property, the energy dissipation of the numerical
scheme could be derived by a standard energy estimate.

In the present paper, an optimal rate convergence analysis and error estimate
of the proposed numerical scheme are provided, which will be the first such result
for the singular energy potential phase field model coupled with fluid motion. As
illustrated by a few related existing works [2L3}[7,12LB1] for the fluid-phase field
coupled system with a polynomial approximation energy potential, the standard
0°(0,T; %) N ¢2(0, T; H?) error estimate does not work for the CHS system (L1])-
(T4, due to the lack of control for the highly nonlinear convection term. Instead,
we have to perform an ¢°°(0,T; H}) N ¢*(0,T; H}) error estimate, and such an
estimate in a higher order Sobolev norm is necessary to make the error term asso-
ciated with the nonlinear convection term have a nonpositive inner product with
the appropriate error test function.

In addition to the positivity-preserving property, the separation property of the
numerical solution, i.e., a uniform distance between the numerical solution and the
singular limit values (-1 and 1) is needed in the nonlinear error estimate. However,
such a uniform bound is not directly available in any global-in-time analysis. To
overcome this difficulty, a combination of rough and refined error (RRE) estimates
must be applied. This RRE technique has been successfully applied to various non-
linear PDEs [T6HI826127.29]. In more details, a higher order asymptotic expansion,
up to the second order temporal accuracy, is performed with a careful linearization
technique. Such a higher order asymptotic expansion enables one to obtain a rough
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error estimate, so that the £°° bound for the phase variable could be derived. This
bound then plays a crucial role in the subsequent analysis. Namely, the refined
error estimate is carried out to accomplish the desired convergence result.

The rest of the paper is organized as follows. In Section 2, the standard finite
difference spatial approximation is recalled. In Section [3] we propose the fully
discrete finite difference scheme and establish the positivity-preserving property,
unique solvability and unconditional energy stability. The convergence analysis of
the numerical scheme, with first order temporal accuracy and second order spatial
accuracy, is provided in Section @l Some numerical experiments are presented in
Section Bl Finally, some concluding remarks are given in Section

2. THE SPATIAL DISCRETIZATION

The standard centered finite difference spatial approximation is applied. We
present the numerical approximation on the computational domain Q = (0, L,) x
(0,Ly) x (0,L;) . The notation of two-dimensional domain could be naturally ex-
tended. More relevant details and descriptions can be found in the related reference
works [71241[33/[37].

2.1. Basic definitions. For simplicity, we consider © = (0, Lg) x (0, Ly) x (0, L),
and assume that h = L, /N, = L,/N, = L./N., where h is the spatial size, and
Nz, Ny, N are given integers. We define the following:

Definition 2.1. For any positive integer N, the following point sets are defined:

Ex:={i-hli=0,...,N}, Cn:={(i—-1/2)-hli=1,...,N},
Cn=1{(i—1/2)-hli=0,...,N +1}.

The two points belonging to Cy \ Cn are the so-called ghost points.
Define the function spaces

Cq = {(b : 01\71 X ONy X CNZ —)R},
56 = {¢ : ENm X CNy X CNz —)R}, gsyz = {(b : CN,, X ENy X ENz —>R}
Eh={¢:Cn, xCn, x En, = R}, Eq:i=E x EG x &G,

The functions of Cq are called cell-centered functions. In the component form,
cell-centered functions are identified via ¢; ;1 := ¢(&,&j, k), where & == (i— %) -h.
The functions of £, etc., are called face-centered functions. In the component form,
face-centered functions are identified via fi+%7j7k = f(gH_% &5, &), ete.

The discrete boundary conditions, associated with cell-centered function and

edge-centered function, respectively, are proposed in Definition

Definition 2.2. A discrete function ¢ € Cq is said to satisfy homogeneous Neu-
mann boundary conditions, and we write n - V¢ = 0, iff ¢ satisfies

0,5,k = D15,k ON,.j k= ONo+1,5,k>
Gi0k = ik, GiN, k= Pi,N,+1,ks
Gij,0 = 95,05 Gij,N. = Pij,N.+1-
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A discrete function f = (f%, f¥, f*)T € &q is said to satisfy no-penetration bound-
ary conditions, n - f = 0, iff we have

fi26 =0, INu41/2,56= 0,

ff{l/z,k =0, fz{Ny+1/2,k: 0,

fz‘z,j,l/Q =0, fzij,Nk+1/2 =0.

Definition 2.3. A discrete function f = (f%, fY, f*)7 € &q is said to satisfy
free-slip boundary conditions iff we have

i+1/2,0,k — Ji+1/2,1,k> i+1/2,Ny+1,k = Ji+1/2,Ny k>
i+1/2,5,0 = Jit+1/2,5,1 i+1/2,5,N.+1 = Ji+1/2,5,N.>
1y = v 1y = Y
0,j+1/2,k 1,j+1/2,k° Ng+1,5+1/2,k Ng,j+1/2,k°
fy — fy fy — fy
1,j+1/2,0 i,j+1/2,17 4,4+1/2,N>+1 ,j+1/2,N>>
fZ — fZ fZ — fZ

0,5,k+1/2 — J1,5,k4+1/2> Ng+1,5,k+1/27 J Ng,j,k+1/2>
fz _ f-z fz _ f-z
4,0,k+1/2 — Ji,1,k+1/2> i, Ny+1,k+1/2 = Ji,N, ,k+1/2"

The two-dimensional notation is similar:
i+1/2,0 = Jit1/2,10 i+1/2,N,+1 = Jit1/2,N,)
fy — fy fy _ fy
0,j+1/2 1,j+1/27 Np+1,j+1/2 No,j+1/2°
2.2. Discrete operators, inner products, and norms. The standard center
difference operators are defined as follows:

Definition 2.4. Define d, : £5 — Cq component-wise via

1
dyfijk = 7 (fiJr%,j,k - fF%,j,k) )

with dy, : &) — Cq and d, : €5 — Cq defined analogously. Then we have the
discrete divergence:
Vh':gQ%CQ, vhf:dmfw+dyfy+dzfz7

where f = (f%, fY, f*)T € &q.

Define A, : Cqo — &3 component-wise via

1
Aeivyjk =5 (Git1,5k + Pijik) s
while 4, : Cqo — & and A, : Cq — €& could be analogously introduced. Then we
have a discrete average:
ApiCo—Ea, Apdi=(Ad, Ayo, A.9)" .
We define D, : Cq — £ component-wise via

1
Dadivy i = 5 (Ditrjn = Gijin),

while Dy, : Co — &Y and D, : Co — €& could be similarly introduced. The discrete
gradient becomes
Vi:Co—Eay,  Vigi=(Dup,Dyd,D.o)" .
The standard discrete Laplace operator is defined as
Ay : Cq — Cq, App =V, - Vo
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Remark 2.1. We can also define, in a straightforward way, the discrete Laplacian
for face centered functions, AREY — £F, et cetera. For instance, if g € £F, then

Angiv1 ik

_ gi+%,j,k+gz——,] k+gz+27]+1 k"’gz—i-2 J—1, k+gz+2 s k+1_|'gz+2 g k—1 692—}-2 g,k
= % ,

and likewise for functions in £ and &5.
Now we are ready to introduce the following grid inner products and norms.

Definition 2.5. Define

N, Ny N,
(6,9) = 0> "3 "> "¢ jwthijr, Vo0 € Ca,
i=1 j=1k=1
and
| LN Ny N
[f, 9]z = §h‘3zzz fz+%,j,kgi+% gk T fz——,] k9i—1.j k) Vfge&s,
i=1 j=1 k=1
with [-,], and [, ], formulated analogously.
For any f = (f*, f¥, f*)%, g = (¢%,9Y,9°)T € &q, the discrete inner product
becomes

(f,9) = [f", 9" + [1Y, 9"y + 7, 97]-

Definition 2.6. For any f € £g, we define the norm

1]z ==V (F, £)-

In addition, for ¢ € Cq we introduce the following norms:
19loo = max|@: ; k],
[l := (187, 1)z, 1<p< oo,
1V6ll, = (D26l 1], + 1Dyol" 1), + D=6, 1).) ", 1<p< o

Observe that (V,¢, Vi¢) = ||[Vre||3, for the case p = 2.

In addition, an (-,-)_1 5 inner product and | - ||—1,, norm need to be introduced
to facilitate the analysis in later sections. For any ¢ € Cq :={f € Cq | (f,1) = 0},
we define

(2.1) (p1,02) 1.0 = (01, (=) "), ll@ll—1.h = V(. (=An) "1 (p)),

where the operator Ay is paired with discrete homogeneous Neumann boundary
conditions.
We have the following Poincaré-type inequality:

Proposition 2.1. Suppose that Q = (0, L)%, for simplicity. There is a constant
C > 0, independent of h > 0, such that

16lly < ClIVadlly,
for all ¢ € Co :={f €Ca | (f,1) =0}.
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2.3. Summation by parts formulas and a discrete Sobolev embedding.
For ¢, 9 € Cq and a velocity vector field u € &g, the following summation by parts
formulas can be derived through standard calculations.

Lemma 2.1. Suppose ¢, € Cq and velocity vector field u € Eq. If 1 satisfies the
homogeneous Neumann boundary conditions n - Vi = 0, then

(¢a A}ﬂ/}) = _(Vh(ba vhd})

If u-n =0 on the boundary, we have
(¢7 Vh ' ’U,) = _(Vh¢a u)

The following discrete Sobolev inequality has been derived in the existing
works [21L221[35], for the discrete grid function with periodic boundary condition;
an extension to the discrete homogeneous Neumann boundary condition can be
made in a similar fashion.

Lemma 2.2 ([21,221[85]). For a grid function f € Cq satisfying the discrete ho-
mogeneous Neumann boundary condition, we have the following discrete Sobolev
inequality:

(2.2) I£lla < Clflmzs with 17 = 113+ 1Vafl3,

in which the positive constant C' only depends on the domain €.

3. THE FULLY DISCRETE NUMERICAL SCHEME

For simplicity, we consider the cuboid Q = (0,L)% with h = L/N, for some
h>0. Let s = % > 0 be the time step size. The fully discrete scheme is proposed
as follows: for 0 < n < M — 1, given ¢™ € Cq, find functions (¢ +!, yn+t pntl)
[Ca)?, each satisfying the discrete homogeneous Neumann boundary conditions, and
u"tl € &g, satisfying discrete no-penetration and free-slip boundary conditions,

such that

(3.1) P — " = sApu" Tt — sV, - (Apgmum T,

(3.2) = In(1 4 67— In(1 — ") — og" — 2286,
(3.3) (=Ap + Du"™ + Vip™t + 7 A4,¢"Vu" T =0,

(3.4) Vi -u"tt =0.

3.1. Positivity-preserving property and unique solvability. We begin this
subsection with some preliminary definitions and results for the discrete version of
the Stokes problem with no-penetration, free-slip boundary conditions.

Definition 3.1. Suppose that Q = (0,L)% and f € &g satisfies discrete no-
penetration boundary condition on 9. Let p € Cq = {¢ € Cq | (¢,1) = 0}
be the unique solution to the problem

_Ahp = Vh : f7
subject to the discrete homogeneous Neumann boundary condition n-V,p = 0. The

discrete Helmholtz projection P% : {f € Eq | f-m =0 on 9Q} — &g is defined as
follows:

Ph(f) =+ Vap.
The proof of the following facts are straightforward:
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Lemma 3.1. With the same assumptions as in Definition Bl it follows that
Vi - Ph(f) = 0.
Lemma 3.2. Suppose that Q = (0,L)% and u € Eq. Then
Vi (Apu) = Ay (Vi - u),

where the symbol Ay on the left is the discrete Laplacian whose domain is face-
centered functions (€&, £, and £§) and the symbol Ay on the right is the discrete
Laplacian whose domain is cell-centered functions (Cq).

The proof of Lemma uses standard facts about the marker and cell (MAC)
mesh points and the previous few results.

Lemma 3.3. Suppose that Q = (0, L) and f € Eq satisfies discrete no-penetration
boundary conditions on 0). Then the following two discrete problems are uniquely
solvable and equivalent:

(1) Find uw € Eq that satisfies discrete no-penetration and discrete free-slip
boundary conditions and p € Cq such that

—Apu+u+ Vyp=—f,
Vi-u=0.

(2) Find uw € Eq that satisfies discrete no-penetration and discrete free-slip
boundary conditions such that

—Apu+u=—PL(f).

Lemma 3.4. For any ¢" € Cq, define a linear operator Ly, : Co — Co = {¢ €
CQ | ((rbv 1) = 0} via

(3.5) Ly(pn) = sV - (Apd"u,) — sApp,

where u, € Eq is the unique vector grid function that satisfies discrete no-penetration
and free-slip boundary conditions and the equation

(3.6) Sptty = —yPp (And" Vip),

where S := —Ap+1. Then the following conclusions are valid: (i) For any ¢ € éQ,
there is a unique p € Cq that satisfies Ln(n) = ¢, and (i) for any u € Cq, we have
15 (1)l < Cs™ 32|l oo

Proof. Clearly L}, is linear. Given puq, o € COQ, a careful calculation reveals that

(p15 Lr(p2)) = (1, 8V - (Apd"uy,) — sAppuz)
= s(Vapt, Vipo) — s(Apd" Vi, wy,)
s
(3.7) = s(Vppr, Vi) + a(shumauuz)

s s
= s(Vppr, Vi) + ;(um,uuz) + ;(thm,vhuuz),

where summation by parts formulas have been repeatedly applied. We conclude
that the operator is symmetric:

(11, Lr(p2)) = (Lrp1), p2).
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The expansion (3.7) implies that
s s
(3:8) (L) = slIVaplz + Zllunll3 + Z1Vaeunl3 > sl Vaplly > sC

where C is the constant associated with the discrete Poincaré inequality. Thus Ly,
is SPD on the space Cq and is, therefore, invertible.
Furthermore, equation (B8] reveals that
_ 1
Amzn(ﬁh) 2 8012 and )\max(ﬁhl) S F>
1

where Anin, Amae refer to the smallest and largest positive eigenvalues of a sym-
metric, positive definite operator. Then we get

1
1L ()2 < —=z llullz,
h sC?

for any pu € Ca. By the 3-D inverse inequality, the following result is obtained:

B Co||£; (1) 12—
12, (W) < % < Cos 'O ule

< Cos 107012032 | oo

where the last step comes from an obvious fact, ||f|l2 < [Q|2]|f]les. The proof is
complete.

The positivity-preserving and unique solvability properties are established in
Theorem 311

Theorem 3.1. Assume that ¢" € Cq is given, with |[¢"]|cc < M and —1 < ¢ =:
B < 1. There exists a unique solution ¢"*t' € Cq to BI)-@B4), with ("1 —
¢0,1) =0 and ||¢" || < 1.

Proof. For any ¢ € Ay, = {¢ € Ca | |é]l. <1, (¢~ 8,1) = 0}, define
T(@) = (L (@ = ¢"). 6 — ¢") + (1+ ¢, In(1+¢)) + (1 - ¢, In(1 — ¢))

62 2 n
+ §||Vh¢||2 — 0o(o, 0").

The solution of the numerical scheme is a minimizer of this discrete functional.
Subsequently, we define

F):=JW+8), Vyedp:={peCa|($1)=0, -1-B<p<1-p}.

It is clear that, if ¢ € Aj, minimizes F, then ¢ + 8 € Aj, minimizes J.

Next, let us define the following closed domain:

Ans={0€Ca | (¥, 1) =0, -1-B+5 < <1-f -3},

where § € (0,1/2) and is sufficiently small. Since A, 5 is a bounded, compact and
convex set in Cq, there exists a (not necessarily unique) minimizer of F over Ay, 5.
The key point of the positivity analysis is that such a minimizer could not occur on
the boundary of A, s, if § is sufficiently small. To be more explicit, by the boundary
of Ay 5, we mean the locus of points ¢ € A, 5 such that ¢+ 6] =1—0.

To get a contradiction, suppose that the minimizer of F, call it ¢*, occurs at

a boundary point of /ihy(;. There is at least one grid point &y = (io, jo, ko) such
that |¢% + 8| = 1—4. First, we assume that ¢% + 8 = 0 — 1, so that the grid
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CONVERGENCE OF FLORY-HUGGINS-CAHN-HILLIARD-STOKES 2195

function ¢* has a global minimum at dp. Suppose that ¢* achieves its maximum
at @ = (i1, 1, k1). By the fact that ¢* = 0, we have ¢ > 0 and then

(3.9) 1=8> % +82 8.
Since F is smooth over folhy(;, for all ¥ € CDQ, the directional derivative turns out to
be

(3.10)

dsF (¢ + 59)|s=0 = (In(1 + ¢* + B) —In(1 — ¢* — B), ) — (69" + > And*, ¢))
+ (L, (0" = 0"+ B), ).
Pick the direction 1 as
Vi gk = 04,005,500k, ko — 0i,i1 05,510k ks -

Then the derivative can be expressed as
(3.11)

(8" + 56) o =In(1 + 6%, +B) ~ In(1 ~ 6%, — B) ~ (1 + 65, +5)
+In(l - ¢35, — B)
—00(0%, — 05,) — 2 (Ands, — Ads,)
+ L O = 0"+ Blay — L, (0" = ¢" + Ba, -

By the fact that 8+ ¢% = —1+0 and (3.9), we have

(3.12)

In(1+¢%, +8)—In(1-9¢%, —B)—In(1+¢%, +B)+In(1-¢%, —B) < In m—ln 13

Since ¢* takes a minimum at the grid point @y and a maximum at the grid point
Ay, it is obvious that

(3.13) Apdh, >0, Apglh <0, = —*(Angk, — Agk ) <O0.
By the assumption that ||¢"| < M, the following inequality is straightforward:
(3.14) —2M < ¢g, — ¢, < 2M.
Setting p* = L£; ' (¢* — ¢™ + B), we obtain
14 (1) loo = sV - (1 +Y(And™)) Vi) + Vi - (And"Vipye )l oo
(3.15) =l¢" — ¢" + Bl
<M+1.

Therefore, an application of Lemma [3.4] implies that
(3.16)

1£5, (6" = 6" + B)lloo = lI1n*lloo < Cs™ h32|| Lr(u)loo < Cs™ h%/2(M +1).
A combination of BI1) to (BI6) leads to

—In = +200M + 205~ h =32 (M + 1).
53 n1_6+0 +2C's (M+1)
Notice that right hand side of ([BI7) is singular as s,h — 0. Meanwhile, for any
fixed s, h > 0, we may choose § € (0,1/2) sufficiently small so that

(3.18) ds F(¢* + 51)|s=0 < 0.

(317) 5du (8" +50)lso <Tn
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This contradicts the assumption that F has a minimum at ¢*, since the directional
derivative is negative in a direction pointing into the interior of fol;h(;.

Using similar arguments, we can also prove that the global minimum of F over
/01;115 could not occur at a boundary point ¢* such that ¢7 + B8 =1-¢. The details
are left to interested readers. )

A combination of these two facts reveals that the global minimum of F over Ay, 5
could only possibly occur at interior point if ¢ sufficiently small. Therefore, there
must be a solution ¢ + 5 € A, that minimizes J over Ay, which is equivalent to
the numerical solution of BI)—(B4]). The existence of the numerical solution is

established.
Finally, since J is a strictly convex function over Aj, the uniqueness analysis of
numerical solution is straightforward. O

3.2. Unconditional energy stability. Now we establish an unconditional energy
stability of the proposed numerical scheme. For any ¢ € Cq, its discrete energy is
defined as

90 2 62 2
Fu@) = (@ + i1+ )+ (1= o)1= o) - L2.1) + SIVol3

The following discrete energy dissipation result is valid.

Theorem 3.2. Numerical solutions of BI)-B4]) are unconditionally energy stable
in the sense that

2
F(¢"1) = Fiu(@") < =5 Va(6™! = 6")I3 = s/ Va3

(3.19) .
- ;(Ilu”“llg + [Vau"t3).

Proof. The following definitions are introduced for simplicity of presentation:
G(¢) == Fi(¢) — Fa(¢),
(320)  F(6)=(1+6)n(1+0)+ (1-6)n(1-6), F6) = 267,
fi(@) = Fi(¢) =In(1+¢) —In(1 - ¢), fa(¢) := F3(¢) = bo¢.
Taking an inner production with ([B.II) by the chemical potential p"* gives
SO = T ) = (B ) — (T (g
= —[IVap" 5 = (Vi - (Apg"u™ ), p ).

(3.21)

Meanwhile, taking an inner production with ([3.2)) by ¢"*! — ¢" yields
(@™t =", "t
= (fi(¢") = fa(¢™), @™ T — @) — (2 Apg" T, " T — ¢™)
(3.22) = (f1(@™") = fa(¢"), " — @) + 2 (Vag™ T, Vi(¢"H! — ¢™))
2
= (6™ = fo(6"), 6" = ") + S (I9a(6™ — ")}
+Vre"HE = IVRe™[13).
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A combination of (B2I]) and (322]) results in
(3.23)

2

€

(fr(@™ )= F2(¢™), "1 = ") + S (IVa(¢™" = ¢™)II + [IVag™ 5 = [IVag™2)
+ s||Vh,u”+1||§ — S(Ahqi)n’u,nJrl, Vh,unJrl) =0.

On the other hand, the convexity of F; and Fj reveals the following inequalities:
(324) F1(¢n+1) _ Fl((bn) < fl (¢n+1) (¢'IL+1 _ (bn) ,
(3.25) Fo(¢"h) = Bo(6") > fo(0") ("F! = ¢"),
which in turn lead to
(3.26) (G(@") = G(¢"),1) < (fu(@"Th) = fal9"), 0" — ™).
As a result, a combination of [B2]]) and ([B.28]) implies that

2
(G(¢™) = G(¢"),1) + %(Ilvh(d)”“ = ")+ IVRe™ T3 — [Vie"[13)

(3.27) 5 TG = s(Apg L, Vi)
<0.

Finally, the following estimate could be derived:
(3.28)
Fi(¢") = Fr(¢")

2
9
< =S IVR@™ = @ME = sV 5 + s (™, Ang" Vi)

52 S
= =S [VR(@" " = "5 = sIVap"HIE = — (u" T Sy 4 Vap” )

)

e n n n s n n
— S IVl = 8™z = sl Van™ 5 - ;(HU HE+ IVRu3),

where summation by parts formulas have been repeatedly applied. This finishes
the proof. |

4. CONVERGENCE ANALYSIS

Now we proceed into the convergence analysis. Let (®,U, P) be the exact PDE
solution for the CHS system ([LI)—(T4). With sufficiently regular initial data, it is
reasonable to assume that the exact solution has regularity of class R, where

(4.1) ® e R:=H'(0,T;C(Q)NH? (0,T;C*(Q)) N L= (0,T;C%(2)) .

In addition, we assume that the following separation property is valid for the exact
solution:

(4.2) 1+4P>¢, 1—®>¢, forsomeey >0, ata point-wise level.

Define @N(-, t) = PNfI)(-, t), UN(', t) = PNU(',t), PN(~,t) = PNP(-, t), the Spa-
tial Fourier projection of the exact solution into BX, the space of trigonometric
polynomials of degree to and including K with N = 2K + 1. The following pro-
jection approximation is standard: if (®,U, P) € L>(0,T; H..(Q)), for any ¢ € N

per
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with 0 < k </,
1®N5 — @ oo 0,7515) < OB @[ oo 0,7 110),
(4.3) IUN = Ul o,;m) < CHF|U | oo (0,7507)
1PN = Pllzoeo,rm%) < Ch || Pll oo 0,7 110) -

In fact, the Fourier projection estimate does not automatically preserve the positiv-
ity of 14+ ®x and 1 — Py ; on the other hand, we could enforce the phase separation
property that 1 + &y > %60, 1-—o5 > %eo, if h is taken sufficiently small.

We denote ®x (-, t,) by ®%,. Since ®% € BX the mass conservative property is
available at the discrete level:

(4.4) on _QI/ dx—m/ O (1) dx =BT,

for any n € N. On the other hand, the numerical solution (B is also mass
conservative at the discrete level:

(4.5) ¢n = ¢n—1 ¢ =¢n-1 ¥ neN.
In turn, the error grid function is defined as
(4.6) ef :=PNON — 9", e =PnUy —u", ¢, :=PyPy—p", VneN.

It follows that e} = 0, for any n € N, so that the discrete norm || - [[_1 is well
defined for the error grid function ef.
Theorem (1] is the main result of this section.

Theorem 4.1. Given initial data ®(-,t = 0) € C%(Q), suppose the exact solution
for CHS equations (LI)-(LA) is of regularity class R. Provided that s and h are
sufficiently small and under a requirement C1h < s < Cyh, we have

(4.7) A PENE ZHVhAh%H )2 < C(s + h?),
k=1

for all positive integers n, such that t, =n-s <T, where C > 0 is independent of
s, h and n.

4.1. Higher order truncation error estimate. By consistency, the projection
solution (®y,Uy, Py) solves the discrete equations BI)—(B4) with a first order
accuracy in time and second order accuracy in space. Meanwhile, it is observed
that this leading local truncation error will not be sufficient to obtain an £>° bound
for the numerical solution to recover the separation property, as well as a W;A
bound to pass through the convergence estimate. To overcome this difficulty, we
build a higher order consistency analysis via a perturbation term. In more details,
we need to construct supplementary fields ®a¢, U a¢, Pa¢ and define the following
profiles

(48) &=y +5PyPas, U=PHu(Uy +5PyUns), P= Py + sPxPas,

in which a special interpolation operator PHj, which will be introduced later,
enforces the divergence-free condition at a discrete level.

The following truncation error analysis for the temporal discretization can be
obtained by using a straightforward Taylor expansion as well as estimate (@3] for
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the projection solution:

o) TP Ay v @ Us) 4 60) + O(sH) + O™,
(4.10) Vil =In(1+ %) —In(1 — %) — 0% — 2ADT

(411) (A + DU = —VPRT — 4@ VYRt 4+ 5(GO)" + O(s%) + O(h™),
(4.12) V-U%! =0,

with the homogeneous Neumann boundary condition for ®, no-penetration, free
slip boundary condition for Uy, in a similar form as in (IH). Here mg > 4 and
G((bo), GS,O) can be assumed to be smooth enough in the sense that their derivatives
are bounded.

The correction function (®a¢, Uat, Pat) is given by solving the following equa-

tion:

(4.13) 8;Pa¢ = —V - (@xUa¢ + aUn) + AVa¢ — G,
® o

(4.14) Vay = —or 4 8L _ 9ida, — e2AD 4,

1 + (I)N 1-— (I)N
(4.15) (=A+1)Up; = —VPay — y(®NVVar + PaVVN) =GP V.Up, =0,

with the homogeneous Neumann boundary condition for ®a;, no-penetration, free
slip boundary condition for Ua;. Existence of a solution of the above linear,
convection-diffusion type PDE is straightforward. Since the correction function
depends only on the projection solution (®y, U y, Py) with enough regularity, the
derivatives of (®a¢, Uat, Pat) in various orders are bounded. Subsequently, an
application of the semi-implicit discretization implies that

(4.16)

M =~V (QRUX + R UNY) + AVal! — (GP)" + O(s),
(4.17)

VAT = 1 f;{lﬁl 1 E’%};l — 604, — *APKT
418
( ( )A + DUR = —VPL! =y (@R VYA + 01, V) — (GI0)" + O(s),
(4. 13) —

Therefore, a combination of (L9)-@I2) and @I6)-I9) leads to a second order
temporal truncation error of ®; = ®x + sPyPay, U1 = Un + sPnUay, P =

Py + sPnPas:
ot — oy -
(4200 ———F=-V- @0 + AV 4 0(s?),
(421) VP =In(1 4+ &7 —In(1 - 977 — @7 — 2AdTT,
(422)  (~A+ DU, = VP —A(@pVVpt £ 0(s2), VU =

The homogeneous Neumann boundary condition is satisfied for &1, while a no-
penetration, free slip boundary condition is satisfied for U;. In the derivation of
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[@20)—([£22)), the following linearized expansions have been utilized:

(4.23) In(1+®)=In(l+dy +sds;) =In(1+dy)+ Pacs | O(s?),

1+ Oy
4.24) MU, = BRU 4 s(OR, UL + LU + O(s?),
(4.25) PPVYIHL = @R VYR 4 (9%, VYV 4 0% VYV 4 O(s?).

In terms of the spatial discretization, the velocity profile U, is not divergence-
free at a discrete level, so that its discrete inner product with the pressure gradient
may not vanish. To overcome the difficulty, we propose a spatial interpolation
operator PH,;, defined as follows, for any u € H(Q), V- u = 0:

There is an exact stream function vector 9 = (¢, 19, ¥3)7 so that u = V+p,

(426) PHh(u) = Vﬁ’l,b = (Dy¢3 - Dz¢27Dz77[}1 - Dx1/)3, D;clffz - Dywl)T-

This definition guarantees Vj, - PHp(u) = 0 at a point-wise level. Consequently, we
obtain the definition of (48] and the higher order truncation error for (¢, U, P):

P+l _ $n o R
(4.28) pntl _ In(1 + ,i)nﬂ) ~In(1— (i)nJrl) —hpd" — 22,
(4.29) (~An + DU = —V P (46" V) 4
(430) v, U =0,
where
(4.31) 172 2, 70 l2 < O(s* + ).

In addition, a discrete homogeneous Neumann boundary condition is for d, and a
discrete no-penetration, free slip boundary condition for U is satisfied.

The reason for such a higher truncation error estimate is to derive an £*° bound
for the numerical solution, which is needed to obtain the separation property in
the rough error estimate. With such a property for the constructed approximate
solution and the numerical solution, the nonlinear error term could be appropriately
analyzed in the ¢>°(0,T; H}) convergence estimate.

Remark 4.1. Trivial initial data ®a¢(-,t = 0) = 0 are imposed, as in [@I6)-EIS).
Therefore using similar process in ([@4)—({@5H]), we have

(4.32) =3, gF=¢0 VEk>0,

= 1 . 1 . _
(4.33) @k_ﬁ/ﬂ@(-,tk)dx_ﬁ/ﬂfbodx_gbo, Yk >0,

where the first step is based on the fact that P e BK , and the second step comes
from the mass conservative property of ® at the continuous level. These two prop-
erties will be used in the later analysis.

In addition, since ® is mass conservative at a discrete level, we observe that the
local truncation error 74 has a similar property:

(4.34) =0, VYn>o0.
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Remark 4.2. Since the correction function ® 5, is bounded, we recall the separation
property (£2) for the exact solution, and obtain a similar property for @ if s and
h are sufficiently small:

(4.35) 1+<i>ze;;::%°, 1-d >

Such a uniform bound will be used in the convergence analysis.

In addition, since the correction function is only based on the projection solution
(P, Uy, Py) with enough regularity, its discrete W,} "> norm will stay bounded:
(4.36)

A ~k ~ ~k
1%]lo < C*, U [l < C*, [[Va@*oe < C*, VAU [l < C*, Yk > 0.

4.2. Rough error estimate. Instead of a direct analysis for the error function
([£36), we introduce the perturbed numerical error function with second order trun-

cation error:
AN

(4.37) @7 :=Ppd" — ", @ =P U —u”, pti=P,P" —p", VmeN.
In turn, subtracting the numerical scheme BI)-B4) from @27)-E30) gives

gt —gr “nt1 Tngp antl +1
(4.38) — = ARt =V (AU + Apemath) + TS,
AT =1In(14 ¢" ) —In(1 + ¢") —In(1 — ") + In(1 — ¢" )
(4.39) — 000" — A",
(4.40)

(—Ap + Da"t = V" — y(Apg" VRt + Apg" VR V) 4 o
(4.41)  V,-a"t =0,

where

75 2, 70 l2 < O(s® 4 B?).

Since V" *! only depends on the exact solution and correction function, we as-
. 1
sume a discrete W,"> bound

Vyn—+1 *
(4.42) IV lyree < €7
In addition, we make the following a-priori assumption for the previous time step
~ ~ 15 15
(4.43) 10" l2 + IVho"[l2 < s5 +hs.

Such an a-priori assumption will be recovered by the convergence analysis in the
next time step, which will be demonstrated later. In turn, this a-priori assumption
leads to an £*° bound, based on the inverse inequality and the linear refinement
requirement C1h < s < Coh:

. C|16" || a2
(4.44) 1 < DM or ey <1,

h3
Lemma [£.] states the rough error estimate; the detailed proof will be provided in
Appendix [Al

Lemma 4.1. We make the regularity assumption of V"' @A), as well as the
a-priori assumption [@AJ)). For the numerical error evolutionary system ([L38)-
A1), a rough error estimate is valid:

(4.45) 167+ 12 + I Vo™ |2 < C(s

ot
ot

+hh).
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As a direct consequence of the rough error estimate ([4£.45]), an application of 3-D
inverse inequality, combined with a discrete Sobolev inequality (given by (Z2]) in
Lemma [22)), reveals that

Cll¢™ |y

(4.46) 16" | < b< (st +nd) <

2o | Sy

(4.47) 167+ |4 < CJl6" | n < C(s% + h).

Furthermore, a combination of ([@Z6) and separation property (L35 leads to a
separation property of the numerical solution at the next time step t"*1

*

(4.48) %g1+¢”+1§2, %Og—qs”“gz.

Such a uniform bound will play a very important role in the refined error estimate.

Remark 4.3. Tt is noticed that the accuracy order in (£43) is at least half order
lower than the a-priori estimate ([@43]), as well as the lower rate of the £°° error in
([#46) , which comes from an application of the inverse inequality. In particular,
the first order temporal truncation error is not sufficient to ensure the phase sepa-
ration property; this is the reason why a complex process to construct higher order
truncation error is needed. On the other hand, the a-priori assumption could not
be covered by the lower accuracy rate in ([£45]). Instead, such a separation property
[#48) will lead to a much sharper refined estimate.

4.3. Refined error estimate. Before proceeding into the refined error estimate,
the following preliminary result for the nonlinear error term is needed. For simplic-
ity of presentation, the detailed proof will be provided in Appendix [Bl

Lemma 4.2. Define

(4.49) L+ =1In(14 ") —In(1+¢™ ™) —In(1 — &™) +In(1 — ¢"+1) — oo™,
Based on the separation property [@A8) for numerical solution, we have

(4.50)  [IVAL™ M2 < 4(e5) M IVRE" 2 4+ Cleg) 216" la + 60l Vo™ 2.

Now we carry out the refined error estimate. Taking a discrete inner product
with (@38) by —2A,¢"*! leads to

(1916113 = V46" I3 + VA" = §)I3) + 2(@" ", Ang" Vadnd™ )
1)

[V

(4.
= VR, Vi Ay = 2075 AR - 2(4,8" T Vi ARG,

where summation-by-parts formulas have been recalled. The Cauchy inequality
could be applied to the local truncation error term:

=2(73 ", Apg™) <28 an - [ VAARG™ 2
(4.52) 2 ~
S =T N
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The third term on the right-hand-side could be bounded in a similar way

Tngy ot ~ontl ~ ~
_Z(Ah¢nU ,VhAh¢n+l) < 2||U Hoo . H(anQ . ||thh¢n+1||2

(4.53) < 207" l2- VA 20"
2
* -2 in € n
<4CT%e? "5 + L IVadane™ 3.
For the chemical potential diffusion term, the standard Cauchy inequality indicates
that

2V, VaARd™) =2(Vi LM, VAR ) — 287 Vi AR I3
(4.54) -2 n+12 7€’ Tn+12
<42V = SV .

A similar estimate could be performed for the nonlinear convection error term
(4.55) ViAo't = e 2(VL L — v, i,
(@™, Apd" VL") = (@ o - [0 oo - VAL 2

- n L-n n
(4.56) > = [[@" e VAL 2 > —Hllu HE = ANVRL S,

A combination with (AL6) gives
2(a", Apg" VaApg ) =272 (@™, Apg" Vi L") — (@, A" Vi i)
(4.57)
_ 1 ~n, 1 ~ N n 2 n in
22672 (o1 118 + SIWaa 8~ 290 1B - 113 - ClIB).

v

Substituting (@52)-E54) and (@57) into (1), combined with an application of
Lemma [£.2] we obtain

(4.58)

1 Tn+1)2 Tn|2 Tntl _ nyp2 5e? Tn+1)2

= (IVh8" 13 = 986" I3 + [Va(&" 1 = 37)I13) + - I Vn2nd™ 3
-2

9 ~ ~
+ ("3 + 2 Vaa" )

<4672 (Imp 2 + I B) + 2672 (2(C7)2 + ©) 16713

+ 24+ 29) VAl 3
<4672 (Imp 2 + I 3) + 2672 (2(C7)2 + ©) 16713

+ 12+ 67)==2 (16(65) 2V AG™ 13 + Cleg) 16" 13 + 631 96" 3)
<4e72 (732, + It 3) + 2072 (2C) + €) [ Vad" 3

+ (124 67)e72 ((16(e5) 2 + C(e) ™) IVad™ 13 + 6396”3

where the 3-D discrete Sobolev inequality, || - [« < C|| - [ (given by (Z2) in
Lemma [22)), and the discrete Poincaré inequality have been used in last step.
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Therefore, with sufficiently small s and h, an application of discrete Gronwall in-
equality leads to the desired higher order convergence estimate

- ntl . 1/2
(4.59) 190" 2 + (25D IVaAnd ) < C(s* + b2,
k=1

based on the higher order truncation error accuracy, ||7'(Z+1 =1, |72 < C(s*+
h?). This completes the refined error estimate.

With the higher order convergence estimate [59]) in hand, the a-priori assump-
tion in ([£43)) is recovered at the next time step ¢"*1:

(4.60) 167 2, (V" 2 < O(s* + ) < 5% + R ¥,
provided that s and h are sufficiently small, in which a discrete Poincaré inequality
has been used again. Therefore, an induction analysis could be applied. This
finishes the higher order convergence analysis.

As a result, the error estimate (7)) for variable ¢ is a direct consequence of
(#80), combined with the boundedness of supplementary fields ®a;, as well as the
projection approximation (£3). This completes the proof of Theorem 1]

Remark 4.4. In the Cahn-Hilliard-Stokes system (LI)-(L4), a static Stokes equa-
tion is included. In other words, the velocity vector is statically determined by
the phase variable and the chemical potential, combined with a Holmholtz projec-
tion into the divergence-free vector field. Meanwhile, many physical models are
involved with time-dependent Stokes equation or Navier-Stokes equation, in which
the temporal derivative of the velocity vector has to be taken into consideration.
For the associated PDE system with temporal evolution of the velocity vector, the
numerical scheme could be designed and analyzed in a similar fashion. The optimal
rate convergence analysis could be theoretically established for the corresponding
numerical schemes, following similar ideas presented in this article. The details are
left to the future works.

5. NUMERICAL EXPERIMENTS

In this section, we present a few numerical results, including a convergence test
and some sample computations in a 2-D domain. The theoretical analysis is valid
for both the 2-D and 3-D models, while we choose the 2-D domain in the numerical
experiment, for simplicity in the implementation effort. The computational code
for a 3-D domain could be similarly designed. A full approximation storage (FAS)
nonlinear multigrid method is used to solve the nonlinear equations in the numerical
scheme BI)-BA). See [9] for details about a similar solver. The first example
demonstrates the robustness of the multigrid solver. The phase decomposition
phenomenon, as well as the energy stability and mass conservation property of the
proposed numerical scheme, will be verified in details. In another experiment we
test the convergence order of the numerical scheme [BI)—(B4). The computational
domain is taken as Q = (0,1)?, and the physical parameters are set as: §p = 3,7 =
1.0. See [§] for comparison.

5.1. Spinodal decomposition, energy decay and mass conservation. In
this subsection, we choose random initial data to display the phase decomposi-

tion phenomenon, energy decay and mass conservation. We set ¢ = 0.01, h = ﬁ,
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s =2%107° and initial data as
(5.1) qﬁi’j =0.2+0.02 Ti5s

where r; ; is a random field of values that are uniformly distributed in [-1,1].
Figure [Tl describes evolution of the phase variable at some selected time levels with
the initial condition (BJ). In addition, the associated maximum and minimum of

the phase variable are given in Table [Tl
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FIGURE 1. Evolution of the phase variable at selected times, with
initial condition (BIJ). Yellow corresponds to ¢ =~ 0.8 and blue
corresponds to ¢ =~ —0.8 .
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For the system with polynomial energy functional ([L§]), relevant numerical ex-
periments have shown that concentration variable ¢ can overshoot the values +1
[9120,36]. Meanwhile, an obvious distance between the phase variable extrema and
the singular limit values +1 is observed in Figure [Il and Table [II which confirms
the phase separation property. This numerical result gives a clear evidence that the
singular logarithmic energy potential model leads to a much more powerful phase
separation property than the polynomial approximation one.

TABLE 1. The maximum and minimum values of the phase vari-
able at selected time instants, with initial condition (B1])

t 0 0.004 0.01 0.1 0.3 0.5
minimum | 0.2000 | -0.8147 | -0.8772 | -0.8732 | -0.8759 | -0.8713
maximum | 0.2200 | 0.7934 | 0.8692 | 0.8527 | 0.8529 | 0.8524
t 1 5 16 18 28 30
minimum | -0.8731 | -0.8623 | -0.8629 | -0.8624 | -0.8647 | -0.8610
maximum | 0.8556 | 0.8551 | 0.8595 | 0.8562 | 0.8567 | 0.8570

10-10

-0.02 E 1.5
-0.04
-0.06
-0.08
01 }
-0.12
-0.14
-0.16
-0.18

-0.2}¢
-0.22

Energy
Mass

0 5 10 15 20 25 30 ) 5 10 15 20 25 30
Time Time

(a) Energy (b) Mass

FIGURE 2. Energy decay and mass conservation with random ini-
tial condition (B.1])

The left plot of Figure 2] illustrates the evolution of discrete energy in terms of
time, which confirms the energy dissipation property. The rough estimate of the
mass difference computed as ¢™ — ¢° is displayed in the right plot of Figure @ which
numerically verifies the mass conservation property up to a machine error.

In addition, similar computations have been performed with trigonometric initial
conditions,

(5.2)

6 = 0.9 4 ((1 — oS (47rw))2(1 —cos (4my)) 1) 7

the bound for which is adjusted to make the logarithmic energy meaningful. Pa-
rameters are the same as the last numerical test with random initial condition
(EI). Evolution of ¢ at selected time instants is displayed in Figure Bl Numerical
verifications of energy dissipation and mass conservation are presented in Figure [l

It is observed that the concentration variable ¢ stays stable, barely changing for
a very long time. The same is true for the free energy. The left plot of Figure @
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FIGURE 3. Evolution of the phase variable at selected time in-
stants with trigonometric condition (5:2))
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FIGURE 4. Test of energy decay and mass conservation with
trigonometric initial condition (5.2])

illustrates the energy evolution from ¢ = 0 to ¢ = 0.1, since there is an extremely
sharp decline in this range. However, the free energy is dissipated up to t = 4.

5.2. Convergence order. Now we present a convergence test for the numerical
scheme BI)-B4), as s, h — 0. Smooth initial data is taken via

(5.3) ¢" = 0.24 % cos (2mz) cos (2my) + 0.4 * cos (mx) cos (3my) .

The diffuse interface coefficient is set to € = 0.05. We expect that the global error
is of order e;—7 = O(s) + O(h?). In turn, with a refinement path s = Ch?, we see
that e;—7 = O(h?). In practice, we set s = 0.02h2, the tolerant error for the FAS
approach is set as 7 = 10~ and the final time is given by 7' = 0.02. Considering
the multiple grid size and the definition of the cell-center function, the following
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error expression is proposed:
h—h/2 _ . L[ e h/2 h/2 h/2
(5.4) j %] (¢2i,2j + G2i 1,25 + P05 1) T P2il1 051 ) -

The results are displayed in Table 2] which confirms the second order accuracy
in space, as well as the first order accuracy in time.

TABLE 2. Numerical convergence test with initial data ([&.2)

Crid size 162 —322 322 — 642 642 — 1282 1282 — 2562
L? error  1.9287E-02 4.5851E-03 1.1269E-03 2.8061E-04

. L? rate 2.0727 2.0245 2.0057
L error 5.1703E-02 1.1344E-02 2.9196E-03 7.3025E-05
L°° rate 2.1882 1.9581 1.9993

6. CONCLUSIONS

In this paper, we have presented a fully discrete finite difference numerical scheme
of the Cahn-Hilliard-Stokes (CHS) system with Florry-Huggins energy potential. A
convex splitting technique is applied to treat the chemical potential, combined with
a semi-implicit computation of the nonlinear convection term, and an implicit up-
date of the static Stokes equation. An implicit treatment of the logarithmic term
ensures the positivity-preserving property, which comes from its singular nature as
the phase variable approaches the singular limit values. An unconditional energy
stability is derived by a careful energy estimate. Moreover, an optimal rate conver-
gence analysis and error estimate has been established at a theoretical level, with
the help of higher order consistency analysis, combined with rough and refined er-
ror (RRE) estimates. Some numerical experiments have also been presented, which
demonstrate the theoretical properties of the proposed numerical scheme.

APPENDIX A. PROOF OF LEMMA [4.]]
Taking a discrete inner product with [@38)) by i"*! leads to
1 - ~n ~n n ~n ~
—(@"FL MY + Va3 = (A" VRt am
(A ° +1 1
_ (Ah¢nU ,Vh[ﬂ”rl) + (T$+1’ﬁn+1) + E((an,ﬂnJrl).

Based on the mean-free property ([@34]) of truncation error, the following estimate
could be obtained

. . 1 .
(A2) (L) < gl - IVRE" o < 2y 20 + g IV .

For the (¢", i" 1) term, a similar analysis is valid

1 ~n 1 n ~n 2 n 1 ~n
(A3) L@ < 1 o VA < 01200+ SIVAE" 13
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For the first term of right hand of (A1), we see that
(A.4)
ny n+1 n+1 ~n+1 “n ~n+1 x| In ~n-+1
(Ane"U" V") < U oo - 19712 - VA" l2 < CF[[0" |2 - IVAA™ |2

< 2(C*)?|19"3 + —||Vh~"+1\|2~
For the last term of right hand of (A]), we begin with the following identity
1 - .
(A5) —Apg" V"t = 5 — ((=An+ Da" ™ + Vup"t — ) + A" vV,
so that the following estimates are available
(A.6)
— (Apg"Vap A"

_ <l(ﬁn+1 A un+1+v ~n+1 n+1)+AhQ§nvh]}n+1’,&n+1>

gl
1. . - 1 - ~ - -
= ;Hunﬂllg IIV a3 - 7( A"+ (A" VRV At
1 - 1 ~ 1 1 ~ 1 3 " ~ 1
;Hu"+ ||§+;||th"+ 5= =7 e flam* Hz—IIVhV"HIIm-||¢>"||2~IIU’”r 2
Lot 1 ~n+1 L ~n+1
7H a3+ ,YIIVhU"Jr [ || SIS - 5Hu"+ 15— Clém3 - || il
3 - 1 1 - 1 ~
> @IIU“Jr I3+ ;IIVW"Jr I3 — H S~ Cllem -
Meanwhile, an application of intermediate value theorem implies a point-wise rep-
resentation:
(A7)
Tn+1
In(1+ @) —In(1 + ¢"+t) = o (1) is between ¢" ! and $"H!
1+ n(n—i—l)’ n :

By the point-wise bound that —1 < ¢!, &+ < 1, we have 0 < 1+ "+ < 2
so that Wlm > 1

£n n n ¢n+1 n 1 n
(A8) @+ &) ~ha(1+ 6,5 = (0 6 2 16

A similar analysis could be derived:
N - 1 -
(A.9) (=In(1 = &™) +In(1 = ¢" 1), ") > S[|g" 3.

The two linear terms in the expansion of (é”‘“, A1) could be analyzed in a more
straightforward way:

- 1 ~ 1 -
(A.10) — 606", 3 2 — 5316713 - 51673,
(A1) — (A g™ = VB,

Then we conclude that

n ~n 1 in 82 in 62 in
(A1) @) 2 LR+ e - B
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A substitution of (AJ)—(A4), (A6) and (AI2) shows that
(A.13)

L, -, g2 —n 50 -n 3 n 1 n

e 3+ 5 IVao 3+ s(IVai 3+ E”U 3+ ;thu %)

2
|

2 -
< g\|¢>”\|2_1,h+0\|¢”\|3+8(v| oIS+ 2l I )

For the right hand side of (A3), the following estimates are available, which come
from the a-priori assumption (£43)):

2j0m21m < 1613 < O 4 ),
(A.14) Cllé™l3 < C(s% +n%),
S + 2 R ) < OG5+ 1),
where the fact that || f||—1,n < C|fll2, as well as the refinement constraint Cih <
s < Csh, has been repeatedly used. Going back to (AI3), we have
(A.15) 167 |2 + [Vhg™ 2 < C(s® +h%) < C(sF + i),

under the linear refinement requirement C1h < s < Coh, provided that s and h are
sufficiently small. In addition, C depends on the physical parameters, while it is
independent of s and h. This inequality is exactly the rough error estimate (Z45]).
The proof of Lemma [£1]is complete.

APPENDIX B. PROOF OF LEMMA

We focus on the nonlinear term ln(l—l—(i)""’l)—ln(l—i—qb""’l). The other terms could
be similarly analyzed. The decomposition identity (A7) is still valid. Considering
a single mesh cell, we make the following observation

Dy(In(1 + &™) —In(1 46" 1))y 5 = Da( iy ¢ i
(Bl) :IN£€1 +N£523
~ 1
- n+1 — AHntl
NEE = oy Dby g NEE2 = 015D (T i e
i+1,5,k

The bound for the first nonlinear expansion is straightforward:

1 1, _ e\
(B2)  0< s < (5%) 7 =2A<) 7 (by @), @A),
+Mit1,5k
1 o
(B.3) so that ”W”m <2(e) s
(B.4) INLE |2 < || loo - 1 D2¢™ |2 < 2(eg) ™| D" l2-

1+ 77("+1)
Meanwhile, by the decomposition identity (A7), we denote

_ &n+1 (n+1)
(B.5) Cijk = Pijk ~ Mgk -

It is clear that

(B.6) leijkl < |@FT0 =gt =180 Thl, (i, . k).
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By the discrete || - |4 rough estimation ([{47T), an application of inverse inequality
gives

Clells _ Cll¢"* [ls _ C(s% +hf) PN |
< < < (C(s% h1) < —
ho o= S h sCli+hi) <3,
under the linear refinement requirement C1h < s < Cyh, provided that s and h are
sufficiently small. In turn, we see that

(Dzn(n+1))i+%,j,k = (Dm‘fnﬂ)wé,j,k - (Dme)H%,ij

A " 1
1Don ™V la < |De @™ |4 + || Doells < C* + 5

(B.7) IVhells <

(B.8)

On the other hand, motivated by the following expansion

(B 9) ( 1 ) —(Da:ﬁ("ﬂ))w%,j,k
] - ). l,‘,k == n n ’
N 4 pnt1) Sited A+ ) L+ )
we conclude that
1 1
HDI(—nH)H4 S max nt1 n+1 . ||Da:77(7l+1)||4
- 5 D) ik (14 m,j,kl)(l + 0 )
< 2(e) (0" + 3),

in which the phase separation estimates ([@35]) and (£48) have been applied again.
Then we arrive at

1 n *\ — n
(B.11) [NLE-l2 < ”DJC(W)HZL " e < 2(eg) 72 - Cll"
Subsequently, a combination of (B:4) and (BI1) leads to
(B.12)

1D (In(1 +&7+1) —In(1 +¢" )2 < 2(e5) D™ Iz + 2(e5) *Cllo" o

Similar estimates could be derived in the y and z directions; the technical details
are skipped for the sake of brevity:
(B.13)

1Dy (In(1 + &"+1) —In(1 + ¢"))ll2 < 2(e5) M| Dyd"  llo + 2(e5) “2Cl1¢™ |,
(B.14)

1D (In(1 + ") —In(1 + ¢"*)l2 < 2(e)~H[D20" 2 + 2(e5) 2C10" a-
Therefore, a combination of (BI2)-(BI4) yields
(B.15)
IV (L + &™) = In(1+ ¢"))ll2 < 2(e5) "M IVad™ 2 + 2v3(e) ~>Cl1¢™ .
A similar estimate could also be derived for the error term of —In(1 — ®"+1) +
In(1 — ¢ *1):
(B.16) ] ]
V(= In(1 = &™) +In(1 =" "))l < 2(e) [ VA" |2 +2V3(e) 2Cl10" o

Finally, a substitution of (B:I5) and (BI6]) into the nonlinear error expansion (F49)
results in the desired estimate (£50). This finishes the proof of Lemma A2
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