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Abstract. We present second order, fully discrete, energy stable methods on spatially staggered
grids for a hydrodynamic phase field model of binary viscous fluid mixtures in a confined geometry
subject to both physical and periodic boundary conditions. We apply the energy quadratization
strategy to develop a linear-implicit scheme. We then extend it to a decoupled, linear scheme by
introducing an intermediate velocity term so that the phase variable, velocity field, and pressure can
be solved sequentially. The two new, fully discrete linear schemes are then shown to be uncondition-
ally energy stable, and the linear systems resulting from the schemes are proved uniquely solvable.
Rates of convergence of the two linear schemes in both space and time are verified numerically. The
decoupled scheme tends to introduce excessive dissipation compared to the coupled one. The cou-
pled scheme is then used to simulate fluid drops of one fluid in the matrix of another fluid as well as
mixing dynamics of binary polymeric, viscous solutions. The numerical results in mixing dynamics
reveals the dramatic difference between the morphology in the simulations obtained using the two
different boundary conditions (physical vs. periodic), demonstrating the importance of using proper
boundary conditions in fluid dynamics simulations.
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1. Introduction. Multiphase fluid flows exist ubiquitously in nature and in
industrial processes. One of the useful models to describe hydrodynamics of multi-
phase fluid flow is the diffuse interface model, also known as the phase field model.
The phase field method resolves the material’s interface by capturing it implicitly
instead of tracking it explicitly. When the phase field method is applied to study
immiscible fluid mixtures, a smooth phase variable is introduced [5] whose spatially
varying transitional layer represents the interface. Due to its simplicity in the theo-
retical formulation and numerical implementation, the phase field method has been
widely used in fields where multiple material phases are involved. These include life
sciences (cell biology [28, 52, 53, 43], biofilms [51, 50, 54], cell adhesion and motil-
ity [32, 28, 27, 38, 30], cell membrane [40, 8, 9, 11]), materials science [6, 39], fluid
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dynamics [29], and image processing [3, 4].

To model an incompressible binary fluid mixture consisting of two fluids—say
fluid A and fluid B—using the phase field approach, one introduces a phase variable
¢ to represent the volume fraction of fluid A such that the volume fraction of fluid B is
represented by 1 —¢. A free energy F' has to be developed to account for the material
property of the two fluids, which is given by a functional of the phase variable. Then
the phase transport equation, together with the hydrodynamic equations, has to be
derived in a thermodynamically consistent fashion to obey the second law of thermo-
dynamics [29, 37, 25, 19]. A hydrodynamic phase field model for an incompressible
binary fluid mixture has been derived by various authors, consisting of the following
equations [23, 26]:

p(Ov +v-VVv)=—=Vp+nAv — ¢V,
(1.1) V-v=0,

where p is the mass density of the mixture (a constant), v is the mass-average velocity,
p is the hydrostatic pressure, M is the mobility coefficient (assuming it is a constant),
and p = g—f; is the chemical potential. The suitable boundary conditions for the
governing system of equations include periodic boundary conditions or the following

physical boundary conditions:
(1.2) vlgn =0, V¢ -nlpg =0, Vp-nlsg =0.

Strictly speaking, this model is valid only for the binary fluid mixture in which the
two fluid components are of identical mass density! When the densities are different,
this is an approximation of the correct model, known as the quasi-incompressible
multiphase fluid model [29, 25, 1]. So, users should be aware of its applicability when
applying it.

Model (1.1) has been used to study incompressible binary fluid mixtures, in which
the free energy F[¢] = [(%|V¢|? + f(¢))dx is adopted, where €2 is the domain that
the fluid occupies, v, is a parameter measuring the strength of the conformational
entropy, and f(¢) is the bulk energy density. For immiscible binary fluids, one choice
of the bulk energy density is the double-well potential f(¢) = 72¢%(1 — ¢)?, where o
measures the strength of the repulsive potential. In the sharp-interface limit, \/7172

is proportional to the surface tension, and , /% controls the interfacial thickness. For

miscible binary viscous polymeric blends, f(¢) can be the Flory—Huggins free energy
density f(¢) = y2(s= n¢ + S5 In(1 — ¢) + xé(1 — ¢)), where Ny and N are the
polymerization index for the A and B phase, respectively, x is the mixing parameter,
and o measures the strength of the bulk potential.

The hydrodynamic phase field model given by (1.1) is thermodynamically con-
sistent with the second law of thermodynamics and respects an energy dissipation
property (see [14], for instance). Given the dissipative property of the governing sys-
tem of equations, one would like any numerical schemes developed for the system to
respect an analogous energy dissipation law at the discrete level. A numerical scheme
of this property is known as an energy stable scheme.

Recently, based on the original idea of Badia, Guillen-Gonzalez, and Gutierrez-
Santacreu [2] in the treatment of liquid crystal models and Guillen-Gonzalez and
Tierra [17], we, together with Xiaofeng Yang, proposed a new strategy and coined it
the (invariant) energy quadratization (EQ or IEQ) method for thermodynamic models
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[45, 44, 46, 48, 55, 47]. See [57] for a detailed review. We note that this is a general
technique that can be applied to nonequilibrium thermodynamic systems so long as an
energy dissipation law exists or, equivalently, the positive entropy production property
is demonstrated. The idea is to transform the free energy into a quadratic form by
introducing intermediate variables. The time evolution of the intermediate variables
are space-independent, i.e., they are ordinary differential equations in time. This
method allows one to develop linear energy stable schemes that respect the energy
dissipation law. In a sequence of recent papers, the idea of EQ has been applied to
a host of hydrodynamic models [56, 15, 21, 14]. Notice that the EQ method is for
developing semidiscrete schemes in time; thus, the spatial discretization is decoupled
from the EQ method, leaving a large degree of freedom to develop proper spatial
discretizations.

In this paper, we develop efficient numerical schemes for the hydrodynamic phase
field model (1.1) in a confined geometry subject to physical as well as periodic bound-
ary conditions. We combine the EQ strategy in time with a finite difference dis-
cretization in space on staggered grids to develop linear, energy stable schemes that
respect the energy dissipation law. Specifically, we propose a second order spatial
discretization to discretize the hydrodynamic phase field model (1.1) on staggered
grids in space, arriving at a system of time-dependent differential-algebraic equations
(DAEs). Then we bring on the EQ strategy to reformulate the model into an equiva-
lent one by introducing new (intermediate) variables. The reformulated model allows
us to design linear schemes to achieve second order accuracy in time. Afterward, a
decoupling strategy [35, 36, 58, 49] is brought in to obtain a linearly decoupled scheme
such that the velocity field, phase variable, and pressure can be solved sequentially.
The governing equation for each of the physical variables is an elliptic-type equation
on which fast and efficient solvers can be applied. The novelty of this paper is that we
present a systematic approach to develop fully discrete, second order, linear schemes
and show the unique solvability of the linear systems at each time step. Even though
there are several existing works on fully discrete schemes for the hydrodynamic phase
field model or its simplified versions [41, 7, 20, 22|, all of them are either only first
order in time or nonlinear. In comparison, our linear schemes can be more efficient in
implementation and solution procedures. We remark that some second order (linear)
energy stable schemes have been developed for thermodynamic phase field equations
in recently years [12, 24, 34, 18, 10], which may potentially be applicable to hydro-
dynamic phase field models (although this hasn’t been attempted yet). The schemes
are presented in 2D in this paper for the sake of simplicity, but they can be readily
extended to 3D. In fact, some of the numerical results are given in 3D space near the
end of the article.

In the rest of the paper, we first define notation and give some useful lemmas in
section 2. We present the second order spatial discretization in section 3 and the fully
discrete schemes subsequently in section 4. Afterward, we show that the two linear
schemes are uniquely solvable in section 5. Then numerical convergence tests are
carried out in section 6 together with two numerical simulation results with respect
to two applications. Finally, we give the conclusion in the last section.

2. Notation and some useful lemmas. To simplify the presentation, we first
introduce some notation and useful lemmas. Following the notation in [41, 33, 42, 7],
we denote Q = [0, L,] x [0, L,] as the computational domain, where L, and L, are
two positive numbers. We divide the domain into rectangular meshes with mesh size
hy = Ly /Ny, hy = L,/N,, where N, and N, are two positive integers. We define the
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following 1D sets for grid points:

Eac:{‘rz+%"t:071aaNx}7 Cw:{ml|Z:17277Nac}7 Cf:{xl|Z:0a1:>Nx+1}a

where z; = (I — 1)hy, yi = (I — 2)hy, and [ can take on either integer or half-integer
values. F, is called a uniform partition of [0, L,] of size N,, and its elements are called
edge-centered points. The elements of C,, and Cz are called cell-centered points. The
two points belonging to Cz \ C, are called ghost points. Analogously, the set E, is
a uniform partition of [0, L,] of size N, called edge-centered points, and C, and Cy
contain the cell-centered points of the interval [0, L,].

We define the following discrete function spaces:

Cxxy:{gb:waCy%RL Cqu:{QijXCy%R}, CEXQZ{QSZC;E XC@*}R},
CEX§Z{¢ICEXCg—>R}, ey :{UZEIXCy—)R}, ey :{UIEIXCg—)R},

XY XY
Erxy={v:Cex By =R}, &5, ={v:Cex By = R}, Vixy ={f: E. x E, = R}.

We denote the cell-centered, edge-centered, and vertex-centered discrete functions as
follows:

cell centered functions: ¢, v, 1, p,q € Cpxy U Caxy U Caxy U Caxy,

] . ew ew
east west edge centered functions: u,r € £, U &Ly,

north south edge centered functions: v,w € &5, U &%,

vertex centered functions: f,g € Vyxy.

We define the discrete function spaces with homogeneous Dirichlet boundary condi-
tions as follows:

EewO = {U S gew @] gew }U%J = uNw-i-%,j = 07 ] = 1727 e 7Ny}7

T Xy T Xy T XY

ns0 __ ns ns _ _ R
Exiy ={v € &R UES vir =vin, 41 =0, i=1,2,... Ny},

0 _ _ — _ —
Vixy =S € Vexylfy 04 = frergies = firss = firgn ey =0,

i=0,1,...,N,, j=0,1,...,N,}.

We define the east-west-edge-to-center average and difference operator as a;, d; :
Exlig U Vaxy = Coxg U ELS, In componentwise forms:

1
Qg j = i(u”%’j + ui,%7j)7 dyu;j = h—(uH%J - uifé,j), azU, dzu € Cpxy,
xT

1 1
it =c(fivrsor+fica 1), dofiivr=—(fiyr 01— fi1..1
? 2 27 2 2 2 ’ 2 27 2 27 2
aa:fz i+ 2(fz+ Jj+ fz i+ )7 Zfz i+ hx (fz+ J+ f i+ )a

ag f,d f € &

TXY"*
The north-south-edge-to-center average and difference operators are defined as a,, dy :

ns ew 3 3 .
ijy U Vexy =+ Caxy U Sgﬂxy in componentwise forms:

1 1
ayvi; = 5(Vijey Hvig-1)s dyvig == (Viy = i) ayv,dyv € Caxy,
Yy

1 1
ayfiry ;= 5firsgus T firgi-t) dufirg; = h*y(fw%,j% —firsi-1)

ayf, dyf € g;?;()y
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The center-to-east-west-edge average and difference operators are defined as A, D, :
Caxyg U &%y = €%z U Vaxy In componentwise forms:

1 1
Avtiry ;= §(¢i+1,j + i), Datiypy ;= h7(¢i+l,j = ¢ij)s Az, Dugp € E%y,
xr
1
vaiJr%,jJr% = i(vi+1,j+% +vi,j+%)’ Dwvi+%,j+% = }T(Uiﬂ,ﬁ% - Ui,jJr%)’
xr
Az, Dav € Vyyy.

The center-to-north-south-edge average and difference operators are defined as Ay, D, :

. ew ns : . .
Caxy U way — ‘%Xy U Vexy in componentwise forms:

1 1 ns
Aydijr1 = §(¢i,g‘+1 +¢ij)s Dydijri = E(¢i,j+l —¢ij), Ayp,Dyo € EL%,,

1
Aytiv gy = 5y g Fuipgg), Dyt g = 5= Wiy ji0 — gy ),
Yy
Ayu, Dyu € Vyyy.

The discrete Laplacian operator Ay : Efﬁy U Egiy U Caxyg — Eg'i’y U Egiy U Cauxy is
defined as

Apu = Dy(dyu)+dy(Dyu), Apv =dy(Dyv)+Dy(dyv), Ap¢ = dy(Dyo)+dy(Dyd).

We discretize the physical variables that satisfy Neumann boundary conditions
at the cell center and the ones that satisfy Dirichlet boundary conditions at the edge
center. So, the cell-centered functions ¢, u € Czxy satisfy homogeneous Neumann
boundary conditions if and only if

G0 = P14, PN.j = ONut14s M0 = Mlj> HNgj = HNat1,5s

2.1
(21) j=1,2,..., N,

(2.2) Gio = Pix,  PiN, = PiN,+15  Hi0 = Hils  HiN, = Hi N, +15
’ i=0,1,...,N, + 1.

The velocity v = (u,v) (for u € E%_, v € £23 ) satisfies the no-slip (Dirichlet)

T XY? TXY
boundary conditions v|g = 0 if and only if

(2.3) u%,j:uNer%,j: s j:1727...7Ny7
(2.4) Ayuw%’%:AyuH%’Nﬁ%: 5 i=071,...7NI,
2.5 v 1 =, 1=0, i=1,2,...,N,,
3 4,Ny+3
(26) A:L’v%’jJr% = AJEUNIJF%’jLi,% =0, j=0,1,..., Ny
It is easy to show that
(2.7) Dy, Dopiyu € E5YY,  Dyg, Dyp,v € E150, Ayu, Agu € VY, .

Based on the above definitions, we define the discrete 2D weighted inner products,

N, Ny
(6:9)2 = hahy D> bijthij,

i=1 j=1

[’LL, r]ew = (ax(ur), 1)23 [an]ns = (ay(vw); 1)2; <f7 g>vc = (az (ay(fg))a 1)2 )
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and the corresponding discrete norms,

16l = (6, 0)3,  Nullew = [ w2, [[llne = [v,0126, [ Fllve = (f, F2e-

For ¢ € Czxy, we define the following norm:

IV6ll2 == \/I1De6l2, + [Dy6113,.

For the edge-centered velocity v = (u,v), u € %7, v € &5, we define the norms

[vll2 := V[l + llolzs, HVV||2:=\/HdwU\\%+\IDyUH%C+HDMII%CHIdvaI%-

Next, we introduce some useful lemmas.

LEMMA 2.1. For ¢ € Caxy, u € EZYY, v € ENE0 | there exist the following identi-

XY XY
ties:
(28) [Ax¢7 u}ew = (¢7 azu)Qa [Dm¢> u]ew + (¢a dzu)Z = Oa
(29) [Ay¢7 U]ns = (¢7 ayv)27 [Dy(ba U]ns + (¢7 dyU)Q =0.
LEMMA 2.2. For f € V),,, u€ iy, v € E5%, there exists the identities
(210) [ayfa U}ew = <fa Ayu>vca [azfa U}ns = <f7 Arc'U>1)c-
LEMMA 2.3. For f € Vixy, u € E %4, v € E7%,, and Ayu, Ayv € Vgxy, there

exist the identities

(211) [dyfv u]ew + <f7 Dyu>vc =0,
(2.12) [de f, V]ns + {f, Dgv)pe = 0.

Throughout this paper, the results are proved for physical boundary conditions
(1.2), but they are equally valid for periodic boundary conditions, or combinations of
physical and periodic boundary conditions. We next discuss how to design efficient
energy stable numerical schemes on staggered grids for the hydrodynamic phase field
model subject to physical boundary conditions.

3. Second order spatial discretization.

3.1. Model reformulation and energy dissipation law. We first reformu-
late the governing system of equations to an equivalent form suitable for designing
energy stable schemes. By introducing a new variable ¢ = \/f(¢) where we assume
f(#) > 0, system (1.1) can be written as follows [13, 14, 15]:

plue + 5 (vug + (u?)s) + & (vuy + (uv)y)) = —po +NAU — Py,
plug + %(uvm + (uv)z) + %(vvy + (vz)y)) = —py + NAV — Ppy,
(3.1) Uz + vy =0,

ot + (¢u)w + (¢U)y = MAp,

w=2q9(¢) — 1A,

qt = 9(¢)¢t»
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where g(¢) = 2% For the double-well free energy, we have g(¢) = \/72(1 — 2¢).

For the Flory—Huggins free energy, we modify f(¢) as follows:
(1-9¢)
N-

2

(32  f(6) = ( o+ LD a1 - ) 1 xol—9) + co) ,

where Cy is taken as N + 5+ It is readily shown that f(¢) > 0. Notice that the
additional constant Cy in the potentlal does not affect dynamics of the system. Then

Yo Ing In(1-¢) 1 1 )
— T i x(1-29) ).
NAO] ( N, N, TX(1-29)
THEOREM 3.1. With boundary conditions (1.2), the solution of system (3.1) sat-
isfies the mass conservation law

(3-3) 9(¢) =

(3.4 40,1 =

and the energy dissipation law

d
SB + V] 4+ M Vpl* =

where the energy of system (3.1) is defined as

(3.5)

14 Y1
(3.6) E = ZIvIP + S1Vel + llal*

3.2. Spatial discretization. Applying staggered-grid finite differences in space
to system (3.1), we obtain a semidiscrete scheme as follows:

(3.7a) {p(%u + %(uD$(a$u) + Ay (dyu?)) + %(ay(vaDyu) + dy(Ayquv)))

= _pr + WA}LU - ALd)DLM} .

,i=1,...,N,—1,j=1,...,N,
z+%,j

(3.7b) {p(%v + %(am(Ayquv) + dg (AyuAyv)) + %(vDy(ayv) + Ay(dyy2)))

= —Dyp+ A = AydDypb| i1 Nej =1 Ny =

Bt

+dvf0} i=1

v Ng g =1,..., Ny,

)
%,J

l¢u)+d( y¢v):MAhu}'.7i:17""N.'L'7j:17"'7Ny)

2,7
ci=1,...,Npj=1,...,N,,

4o
dt

(3.7¢) {
(3.7d) {
(3:7¢) {n=1249(0) = Ao}

%

e {Sa=g0) 50}

vi=1,...,Nuj=1,...,N,

where u € 7%, v € 75, ¢, 11 € Caxy satisfy boundary conditions (2.1)-(2.6), and

Dy q € Coxy-

THEOREM 3.2. The semidiscrete system given in (3.7) preserves the discrete mass
conservation law given by

(3.8) 26102 =0
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and the discrete energy dissipation law given by

d
(3.9) %EH??IIVVH%ﬂLMIIVuH% =0,

where Ey, is the discrete energy functional defined as
P !
(3.10) En = 21vIB + 21V I3 + lal

Proof. Computing the discrete inner product of (3.7d) with constant function 1,
and using (2.7) and Lemma 2.1, we obtain (3.8).

Noticing that u € 5;1;2 and using Lemma 2.1, we have

(3.11) [uD,(azu) + Az(dmuz),u}ew = —(azu,dmu2)2 + (deQ,axU)Q =0.

Noticing Ayu, Ayv € VY

TXY

and applying Lemmas 2.2 and 2.3, we have
(3.12) [ay,(AgvDyu)+d,(AyuAzv), lew = (AzvDyu, Ayu)ye— (Ayudv, Dyu)ye = 0.
Similarly, we can deduce

[az(AyuDyv) + dy(AyuA,v),v]ns =0,  [Dy(ayv) + A, (dyv?),v]ns = 0,
[D2p, t)ew + [Dyp, V]ns = —(p, dpu + dy”)2 =0,
[Ae@Dapt, ulew + [Ay@Dypt, vlns = — (1, du(Appu) + dy (Ay¢v)),,
[Ant, ulew + [Anv,v]ns = =[VVI3, (And, )2 = = V43,
(Anp; )2 = =V pull3-

Computing the discrete inner product of (3.7a) and (3.7b) with u and v, respectively,
then adding the results and using (3.11)—(3.17), we have

(3.17) ([t u)ew + [0, 0e]ns) = =0l VY5 + (1, de(Asdu) + dy(Aygv)),.
Similarly, we take the discrete inner product of (3.7d) with p and obtain
(3.18) (1 80)2 = = (s du(Aaps) + dy(Ay$v)), = M|V a3

Adding (3.17) and (3.18) leads to

(3.19) p([u, ulew + [0, velns) + (1, 81)2 = =0l VY3 — M| Vpll3.

By a straightforward calculation, we have

d
*Eh = ([uyut]ew + [’Ua’Ut}ns) + 'Vl([quhy Dx(bt]ew + [Dy(by Dy¢t]ns) + (2Q7 Qt)Z

)
dt
= p([t, Ut)ew + [V, Ve]ns) — V1 (ARD, D)2 + (2q9(P), dr)2
p([u, wilew + [V, Ve]ns) + (1, Ge)2 = —nl|VV[|3 — M|V a3,

which leads to (3.9). ad
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4. Fully discrete schemes and their unconditional stability.

4.1. Second order fully discrete linear scheme. Applying the linear-implicit
Crank—Nicolson method in time to system (3.7), we obtain a fully discrete numerical
scheme:

1
(4.1a) p[éfu” +3 (ﬂ"*%Dm(azuT”%) + Ay (dg (u" 2wt 2)) + ay(Az@”+%Dyu"+%)

+ dy(AyU"%Aw"*%))} — D"t AT — AT D,
(4.1b)
ploo + %(%(Aﬂ”%Dmv"*%) - dy (AT E Ago™ ) 45D, (a 0" )
+ Ay (dy (om0 ))) | = —DyptE A tE - 4,5 Dyt
(4.1¢) du™2 + dy"tE =0,
(4.1d)
50" + oA ) - dy (4,87 o) = At
(1e) @t =2 g0 - A
@15) 57" = g(@)" 2 5tgn,

where n > 0, u"t! € £ ot € &% " "3 € Cpyy satisfy boundary

conditions (2.1)—(2.6), p"Tz,¢"! € Cuoxy and 0 um = (untt — um)/At, unts =
(utl 4 um) /2, Ttz = (3u” —u"1) /2, ete. We define ut = u0, vt =00, ¢! = ¢,
The spatial indices of system (4.1) are identical to those of system (3.7) and are thus
omitted for simplicity. Note that we enforce the solvability condition

(4.2) (p"+2,1)2 =0

in the scheme to eliminate the indeterminacy in the pressure field.

THEOREM 4.1. The linear scheme given in (4.1) preserves the discrete mass con-
servation law

(4.3) (", 1)2 = (¢", 1)z

and the discrete energy dissipation law

(4.4) 67 Bf + 0| Vv + M VuTE | =0,
where the discrete energy is defined as

n P n 71 n n
(15 g = 2w 3 + 296713 + a3

Proof. Assuming that u°,v°, ¢ satisfy discrete boundary conditions (2.1)—(2.6),
we deduce inductively from system (4.1) that both «™+%, v"+3, ¢nts pnts and unte,
7"*2 for Vn € N also satisfy the boundary conditions.

Analogous to the proof of Theorem 3.2, we take the discrete inner product of
(4.1d) with constant function 1 and obtain
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which implies (4.3). Furthermore, we can also deduce from (4.1) that
(4.7)
P2 S ew [0 2, 60 )+ (02,6 M) = [V |3 MV |,

Using (4.7) and the identity 0; (u™ - v™) = 6 u™ - v 2 4+ u"+2 - 570", we obtain

8 By = P([un-i_%aéjun]ew + [Un+%a5jvn]n8)
F Y1 ([Dad™ 2, Dbt 6™ + [Dyd"™ 2, Dy8, ¢ ns) + (24772, 61 4™)a

= p([un—i_%»éjun]ew + [Un+%75t+vn]n5) - 71(Ah¢n+%a5;r¢n)2

nt iRt ot on
+ (2q 29(¢) 75t (b )2
1 n n+1 n n+1 n
:p([unJrz,a:ru ]CW+[U +2,6;_U ]n6)+(u +2353_¢ )2
= || Vv"E 2 — M||VuntE|3

This completes the proof. 0

1
7,”_;'_5

REMARK 4.1. If we replace all (-) with ("2 in (4.1), we obtain a second

order nonlinear energy stable scheme. If we replace all (-)n+2 with ()™ in (4.1), we
obtain a two-level energy stable scheme, which is still linear but is of order 1 in time.
In the numerical experiments, we use the two-level scheme to compute the initial data
for the second level values of the three-level scheme given in (4.1). This does not affect
the overall accuracy of second order scheme (4.1).

4.2. Linear decoupled scheme. The linear scheme given above is fully cou-
pled. We next develop a decoupled linear scheme by introducing a “stabilizing term”
in the velocity and solving the momentum balance equation using the projection
method in two steps. We then show that the scheme is unconditionally energy stable
and uniquely solvable. This new decoupled, linear scheme differs from the one devel-
oped by Chen and Shen in [7] in that we treat the convective term more precisely to
warrant the energy stability.

The decoupled, fully discrete scheme is given as follows:

Step 1.

570" + dp(Agd™u) + dy(Ayd™vom) = MA,u" Y,
(4.8) pth = 2" g (") — 1 Ape"
57 q" = g(¢™)5; o™,

where

un:un_gAaj an n+17
(4.9) { . > Az @ Dopt

o = " — %Ay(any‘unqu,

. =

and ¢" T, "t € Czyy satisfy discrete boundary conditions (2.1)-(2.2), ¢" ! € Cyxy-
Step 2.
(4.10)
é(’ljn—i—l _ uﬂ) —+ g(u"DI(C%Qn-H) + Am(dm(an"'lu")))
+5 (ay (A" Dyt ) + dy (A, Ayo™)) = —Dypp™ + ARt — Ap¢" Dot
£ @ —0) + £ (ax(Ayun D™t + dy (Ayun A, 7))
+g (U”Dy(aygnJrl) + Ay(dy(anJrl,Un))) =—Dyp" + nAh6”+1 — Ay¢”Dyﬂ”+1v
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where "t € £ev_ pntl € £n8 satisfy discrete boundary conditions (2.3)—(2.6).

T XY TXY
Step 3.
(4.11)
{&(un—&-l_an-&-l)_"_Da:(pn-‘rl_pn):O} L i=0,....,Nz,j=0,...,N, +1,
i+,
£t ="t + D (ptt —p") =0 e’ i=0,...,Ny+1,j=0,..., N,
> )

{dxu"“ + = 0} Li=1,...,Npj=1,....N,,
2,7
(P =p")oy =@ =pM)g @ =P)N, = @ = PN
j=1,2,...,N

Y
P")in, = (@ = p")i N, 41,
i=0,1,..., N, +1,

P")is (P —

where u"t! € EgW. v € €25 and p"T! € Caxy satisfies the solvability condition

(p"*t1,1)2 = 0. The spatial indices of system (4.8) and system (4.10) are identical to
those of system (3.7) and are thus omitted.

REMARK 4.2. The last step leads to

(4.12) An(p™*t = p") = 1 (@A 4 d, 7).

So we can first compute p"t' and then

~ At At
n+l _ un+1 _ 7D$(pn+1 _pn), Un+1 _ %fn-&-l _ 7Dy(pn+1 _pn).

P

u

REMARK 4.3. In the scheme, computations of ("t untt ¢gntl), antt gntl
u™t ot and p™tt are totally decoupled!

THEOREM 4.2. The scheme given in (4.8)—(4.11) satisfies the discrete mass con-
servation law

(413) <¢n+1, 1>2 = (¢n’ 1)2
and the discrete energy law
1 n n n =n n
(4.14) E(Eh“ — B} + E) + | VS + M VT[S =0,
where

n Pionn2 L Mo n a2, AP
B = BV IB+ V6" + 713 + 5 19"
B = Bt = v B + v = vl3) + 96t - oM 3 + gt - 73,

The decoupled scheme is therefore unconditionally energy stable.

Proof. According to the last two equations of (4.11), we have

Dw(pn+1 - pn)
Dy(p"*tt —p™);

1
175

g = Dz(pn+1 _pn)Nz-&-%,j =0,7=0,...,Ny, + 1,
=Dy = p")in, 41 =0, =0, Ny + 1,

[N
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which lead to

4.1 =gttt antt = Ny +1
(4.15) Ui T UNg+dy T UNatL g 3 =0, vt L
n+l _ ~n+l1 n+1 ~n—+1 .

(4.16) Vi T Uiy 1= o N+ z—O,...,Nw—Fl.

Since u" 1, 9" satisfy the boundary conditions (2.3)—(2.6), we obtain

~n+1 _ ~n+1 _ s
(4.17) Uy uN+2ij,jf0,...,Ny+1,
(4.18) ’6;{1_’67;1+1 =0,i=0,...,N, +1,
2
and
(4.19) teggyd, wthegr, AU AT e vy,

Combining (4.15), (4.16), (4.17), and (4.18) leads to

n+1 _  n+1 _ s

(4.20) Uy uNw+%,j—O,]f0,...,Ny+1,
n+1 n+1 _ .

(4.21) ot =it =0,i=0,.. No +1.

Assume that u°, v° satisfy the boundary conditions (4.20) and (4.21). Then u™,v" Vn €
N satisfy the boundary conditions (4.20) and (4.21), which imply

(4.22) A} oy = Al oy =0, 5 =0, N,
(423) Amanr% 1 = AIU1+ Ny+1 = =0, 1= O,...,Nm.

In addition, we can deduce from (4.17) and (4.18) that

~n+1 _ ~n+1 .

(4.24) Dyl =Dy =0, =0, N,
~n+1 ~'rL+1 . L

(4.25) Dt =D =0, i=0,.. N,

Therefore, we have

(4.26)  w"ttegnt ot egns ApnDyanttt At Dottt e VY

TXY)? TXY>’ TXY"*

Similarly, we obtain

(4.27) D ¢ Dot ul € E40 Dyt Dypt ot € £750.

TXY? TXY"*

Note that conditions (4.19), (4.26), and (4.27) are important for using the correspond-
ing discrete summation-by-parts formulas proposed in Lemmas 2.1-2.3.

Due to condition (4.27), we compute the discrete inner product of the first line
of (4.8) with constant function 1 and obtain (4.13).

Taking the discrete inner product of the two equations in (4.10) with 2u"*! and
20"+ respectively, then adding the results and using (4.9), Lemmas 2.1-2.3, and the
equality 2a(a —b) = a? — b* + (a — b)?, we obtain

P ri~n n . o
(4.28) Al (HV +1H2 [ ”2 + v +1 V7 H%)
= =2 ([0, Dap"Jew + [, Dyp"lns) = 20l VY.
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To deal with the first term on the right-hand side in the above equality, taking the
discrete inner product of the first equation of (4.11) with 2T%ltDmp" and that of the

second equation of (4.11) with ZT%tDyp", respectively, then adding the results and
using (2.8), (2.9), and the equality d,u"*! + d, 0" = 0, we obtain
(4.29)

~n n ~n n At n n n n
2 ([@"*", Dop"lew + 0", Dyp"lns) = s (V™Y = IV [13 = IV (" = ™)) ;

we also derive from (4.11) that

02

(4:30) IV =)l = Lo v+t =5

v

we then take the discrete inner product of the first equation of (4.11) with 2u"*! and
that of the second equation of (4.11) with 2v™*!, respectively, and add the results:

(4.31) [V =G = R — (v
Combining the above four equalities, we have
(4.32)

p - At ~
g (VIS = V25 + 9 = Vf||§)+7 (V™Y = 11V [13) = =20l V" 3.

Taking the discrete inner product of the first equation of (4.9) with 2u” and of the
second equation of (4.9) with 2v”, respectively, then adding the results, we obtain
(4.33)

p n n n n n, n n n,.n n
E(”V*H%—HV ||§+HV* -V ||§) = _2([A.L¢ u*aDa;M +1]ew+[Ay¢ U*aDy,U +1]ns)-

Adding (4.33) to (4.32), we have

(4.34)

p - , At
a7 VTS = V™5 + 197 = I + (v = v [5) + > (Ivp" M5 = 1vp"113)

= 2n||vvn+l||§ - 2([Aw¢nu>7:7 D$Mn+1]€w + [Ay¢nv:a Dyﬂn+1]ns)-

Taking the discrete inner product of the first equation of (4.8) with 2" %!, we have
(4.35)

2
E(¢n+1_¢nv Nn+1)2 = 2([A1¢"uf:, Dmu""'l]ew—&—[quS"vf, Dy/‘n+1]n8)_2M”vﬂn+1”%~

Taking the discrete inner product of the second equation of (4.8) with — % (¢t —gn),
we obtain

4
—i(¢”+1 =" 1) = == (" = 0", ¢ T g(¢7)2

(4.36) At %f
= 2 (V"5 = VT3 + V(6" = ¢™)][2)-
Taking the discrete inner product of the third equation of (4.8) with 4¢"**, we have
2 n n n n 4 n n mn n
@37) a5 = llg" I3 + g™ = q"2) = 5 (6" = @" " a(67)2.

Adding (4.34), (4.35), (4.36), and (4.37) leads to (4.14). d
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REMARK 4.4. We deduce from (4.14) that the inclusion of the excessive energy
dissipation term E™ enhances the energy dissipation, making the scheme “more” dis-
sipative in order to achieve decoupling of the equations. It then follows that

+1
By < By

which implies that the fully discrete scheme (4.8)—(4.11) is unconditionally stable.

For the linear systems given by the linear schemes, their unique solvability is
an issue that must be addressed. Next, we show that the linear systems are indeed
solvable uniquely.

5. Unique solvability of the linear systems.

5.1. Unique solvability of the second order coupled scheme. For brevity,
1
we denote u := u"z, T:=u""2, etc. Then the system (4.1) can be written as

(5.1a)
(A#km) gmm%m+&mm@»+a%mﬁ%m+%mw&m»
= —Dup+nApu— Ap¢pD,p,

(5.1b)
(2@—v)+1@(AﬂDw%HHAﬂAwD+1@D(aw+A(d@mD>

= —Dyp +nApv — AypDyu,
(5.1¢)  dyu+dyv =0,
(5.1d) §#¢¢ﬂ+@m@m+%m@m:M&%
(5.1e)  p=12q9(¢) — 11 And,
(5.1f)  a=9(¢)p+q" — g(d)d",

where u € 7%, v € E75,, ¢, 11 € Caxy satisfy boundary conditions (2.1)-(2.6), and

XYy’
D,q € Cuxy- Noyte that the number of equations in the linear system (5.1) is equal to
the number of unknowns. However, noticing u € 5;;”27 v € 5;}f<%7 it is readily proven
that (dyu+dyv, 1) = 0, which implies that the linear system is singular due to (5.1c).
To make it uniquely solvable, we replace one equation of (5.1¢) with the solvability

condition (p,1)s = 0. Next, we have the following theorem.

ot
=

THEOREM 5.1. For any p,n,v1, M, At > 0, linear system (5.1) with the solvability
condition (p,1)2 = 0 is uniquely solvable. Therefore, the linear scheme (4.1) with (4.2)
is uniquely solvable.

Proof. We first consider the following homogeneous linear equation system:

(5.2a) (Aitqu (WD (az1) + Ag(da(ui))) + %(ay(AmﬁDyu) +dy(AyuAﬁ)))

= —Dyp +nApu — Ay Dyp,
2 1
(5.2b) p(Ev + - (am(AyﬂDa:U) + dy(AyuALv)) + 3 (vDy(ayv) + Ay (dy(vﬁ))))
= —Dyp +nApv — Ay¢Dyu,

(5.2¢) {dmu+dyv - O}L,j’ (i,5) # (Noy N),
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(520) 6+ du(AGu) + dy(4,50) = Mg,

(5.2¢)  p=2q9() — A9,

(5.2) g =g()o,

(5.2g) (p,1)2=0,

where u € E7%, v € Eniy, @, 1t € Czxy satisfy boundary conditions (2.1)-(2.6), and

P:q € Cyxy. To prove unique solvability of linear system (5.1) with (p,1)2 = 0, we
only need to prove that the homogeneous linear equation system (5.2) admits only a
zero solution.

Note that @, T satisfy boundary conditions (2.3)—(2.6), and thus A,a, A,T € Vgxy
Combining (5.2¢) and boundary conditions (2.3)—(2.6) leads to

(5.3) {dmu +dy = 0}

N.,N,
Analogous to the proof of Theorem 3.2, taking the discrete inner product of (5.2a)
and (5.2b) with w and v, respectively, then adding the results, we obtain

(5-4) |VH2 = —nl[VV3 + (1, do(Azdu) + dy(Ay¢0))2.

Computing the discrete inner product of (5.2d) with p, we obtain

(55) 1 8)2 = (o de(Auu) + dy (A, 50)> — MVl

Computing the discrete inner product of (5.2e) with — 2 ¢ and using (5.2f), we obtain

2 _ i 2 2’Y1

Adding (5.4), (5.5), and (5.6), we deduce

Vel

27

2p
(5.7) AIvIE+ &7 3+ 0lVVI3 + M|Vpl3 =0,

V613 + allal?

which implies that

(58) w=0, v=0, q=0, Dyd=0, Dyb=0, Dyu=0, Dyu=0.
According to (5.2d), (5.2e), and (5.8), we obtain

(5.9) 6=0, u=0.

Combining (5.2a), (5.2b), and (5.8), we have

(5.10) Depiy1 =0, i=1,...,No —1,j=1,..., Ny,

(5.11) Dyp;jy1 =0, i=1,...,Np,j=1,...,N, — 1,

which imply

(5.12) pij=piaVi=1,...,Nyj=1,...,N,.

Noticing the solvability condition (p,1)s = 0, we obtain

(5.13) p=0.

This completes the proof. 0
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5.2. Unique solvability for the decoupled system. To prove the unique
solvability of the fully discrete scheme given in (4.8)—(4.11), we only need to prove
that the three linear systems (4.8), (4.10), and (4.11) are uniquely solvable.

THEOREM 5.2. For p, M,~1, At > 0, linear system (4.8) is uniquely solvable.

Proof. First, we note that the number of equations in linear system (4.8) is equal
to the number of unknowns. We then consider the following homogeneous linear
equations:

Aitgb - %dac ((Ax¢n)2Dxl‘) - %dy ((Aygb”)QDyu) = MAhu’
(5.14) p=2q9(¢") — 11Ane,

where ¢, i € Czxy satisfy boundary conditions (2.1)—(2.2) and ¢ € Cyx,. To prove the
unique solvability of linear system (4.8), we only need to prove that the homogeneous
linear equations given in (5.14) have only a zero solution.

Due to the fact that ¢, u satisfy boundary conditions (2.1) and (2.2), we have

(5.15) Dy, Dopr € €555, Dy, Dy € E15).
Computing the discrete inner product of the first equation of (5.14) with u, we obtain

1 At ., .,
(5.16) (G )2+ s (1 420" Dapal| 2,y + 1Ay @™ Dypllis) + M| Vi3 = 0.

Computing the discrete inner product of the second equation of (5.14) with —A%qﬁ
and using the third equation of (5.14), we obtain

_ L 2z 2 _
(5.17) At(¢’“)2 + At||q||z + AtHV¢|lz =0

Adding the above two equations leads to
ﬁ A" Do ll? A D, 2 M 2, 9, 2 0
(518) P (H $¢ :E/’cHew + || y¢ y:u’”ns) + ||VMH2 + At ||V¢||2 + At”q”2 =0

which implies

(5.19) Dyp=0, Dyop=0, Dyp=0, Dyp=0, ¢=0.
Combining (5.14) and (5.19), we obtain

(5.20) 6=0, pu=0.

This completes the proof. ]

THEOREM 5.3. For p,n, At > 0, linear system (4.10) is uniquely solvable.

Proof. For linear system (4.10), only a"™! and "' are unknown after solving

system (4.8). We consider the following homogeneous linear equation system:
(5.21)

LU+ L(u"Dy(azt) + Ay (dy(uu™))) + £ (ay (Agv" Dytr) + dy(Ayud,v™)) = nAyt,
L0+ 8 (az(Ayu"Dyv) + dy(Ayu™ Ay D)) + 5 (v Dy(ayv) + Ay(dy(vo™))) = nAxD,

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



Downloaded 05/29/18 to 129.123.124.101. Redistribution subject to SIAM license or copyright; see http://www.siam.org/journals/ojsa.php

B544 YUEZHENG GONG, JIA ZHAO, AND QI WANG

where u € £7Y- and v € &5 satisfy discrete boundary conditions (2.3)—(2.6). To
prove unique solvability of linear system (4.10), we only need to prove that the ho-
mogeneous linear equation system (5.21) has only a zero solution.

Based on the proof of Theorem 4.2, we have
(5.22) u € E;';’g, v e E;Li%, Ay, Ao, Ago" Dy, Ayu™ Dgv € Vgxy.
Taking the discrete inner product of the two equations of (5.21) with ¥ and v, respec-
tively, then adding the results, we deduce

P

(523 L

(fllZ., + 117170) + n(ldatll3 + 1Dyl + 1D20]3, + lldyv]13) = 0,
which implies
(5.24) u=0, v=0.

This completes the proof. ]

THEOREM 5.4. For p, At > 0, linear system (4.11) with the solvability condition
(p"*t1,1)g = 0 is uniquely solvable.

Proof. Analogous to the proof of Theorem (5.3), we consider the following homo-
geneous linear equations:

{&u +D,p= 0}
L =

{AtU+Dyp O}‘i,j+%7

(5.25) {%u+%ﬂzOH'ji:L”wN@j:L”wN@amMLﬁ#(NmMm

i\
(p,1)2 =0,

Poj = Plj, PN.,j =PN.+14, J=1,2,...,Ny,
Pi,0 =Pil, PiN, =PiN,+1, =0,1,... Ny + 1,

,0=0,...,Ng,j=0,...,N, + 1,
i+5.,7
i=0,....,N,+1,j=0,..., Ny,

where u € EI¥7, v € &%, and p € Czxy are the unknowns. Here we only need to
prove that the homogeneous linear equations given in (5.25) have only a zero solution.
Computing the discrete inner product of the first two equations of (5.25) with u

and v, respectively, then adding the results, we have

(5.26) Lz, + 0]2,) =0,
which implies
(5.27) u=0, v=0.

Combining (5.25) and (5.27) leads to
(5.28) p=0.

This completes the proof. 0

COROLLARY 5.1. For p,n, M,~1,At > 0, the decoupled scheme given in (4.8)-
(4.11) with the solvability condition (p"*1,1)s = 0 is uniquely solvable.
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6. Numerical results. In this section, we present several numerical tests to ver-
ify our theoretical results. We implement the fully discrete scheme (4.1) and scheme
(4.8)—(4.11) in 2D and 3D space on a CPU/GPU hybrid architecture for high perfor-
mance computing. As we have alluded to earlier, one advantage of the new, linear
schemes is their simplicity to implement since at each time step only a linear system
needs to be solved. To solve the linear systems efficiently, we apply a novel pre-
conditioner [16] to the linear system resulting from the coupled linear scheme; for the
decoupled scheme, the preconditioner mentioned in [58] is applied.

6.1. Time accuracy test. Here, we conduct time-step refinement tests for the
fully discrete schemes given by (4.1) and (4.8)—(4.11) to demonstrate their accuracy
numerically. We choose L, = L, = L, L = 1 and the parameter values M = 1074,
y1 = 1072, v = 102, p = 1. We test the time accuracy first by fixing the spatial
resolution. We use the initial conditions

0.3L — \/(z — 0.5L)2 + (y — 0.5L)2>
0.02 ’

mesh size h, = hy, = 128, and time step At = 1072 x 2,%1, k=1,2,3,4,..., and the

errors are calculated as the difference between the solution of the coarse time step

and that of the adjacent finer time step. The L? errors are summarized in Figure 6.1,
where we observe approximately second order convergence in time for the coupled

(6.1) A(x) |10 = %(1 + tanh

e

- -
= =
n. B " 8
o |
= -l 2 -l
2 O1L2 Ervor for ¢ i O L Error for velocity
B e Line with Slop 2 - = Line with Slop 2
14 -14
-14 12 -10 8 -6 14 12 -10 8 -
Iugz(dl} Ingzldl!
(a)
1 -3
-2 -4
z 0] T O
£ -3 ]
=] =]
e e
:’? -4 }l -b
=2 =2
2
5 OL? Ervor for 7 O L2 Error for velocity
== Line with Slop 1 == Line with Slop 1
0 -8
-17 =16 =15 -14 =13 =12 =17 =16 -15 =14 -13 -12
Iugz(dl} Ingzldl!

Fi1Gc. 6.1. Mesh refinement test for time accuracy. (a) Convergence test for coupled scheme
(4.1), where the second order accuracy is achieved. (b) Convergence test for decoupled scheme
(4.8)—(4.11), where the first order accuracy is observed.
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scheme given by (4.1), and first order convergence in time for the decoupled scheme
given by (4.8)—(4.11).

6.2. Spatial accuracy test. For the spatial accuracy test, we follow the idea
in [31]. We choose N x N meshes, where N = 32,96, 160, 224, 288, i.e., odd multiples
of 32, such that there are overlapping numerical solutions at the positions of the
coarse meshes. We choose the time step as At = 107> to prevent the errors in time
discretization from contaminating our results. We choose the same initial conditions
and parameter values as those given in the previous section. Then the errors in the
L? norms are calculated as the difference between the solution on the coarse mesh
and that on the adjacent finer mesh at the positions of the coarser mesh. The order of
convergence are calculated following the formula in [31]. The results are summarized
in Tables 6.1 and 6.2, where we observe approximately second order convergence in
space for both coupled scheme (4.1) and decoupled scheme (4.8)—(4.11).

TABLE 6.1
Spatial convergence rate test for coupled scheme (4.1).

N L? error of v | Order | L2 error of ¢ | Order

32 1.7009e-1 7.0739e-1

96 3.4781e-2 1.12 6.6513e-2 1.78

160 5.6681e-3 2.61 1.8423e-2 1.88

224 2.4996e-3 1.79 7.6165e-3 1.99
TABLE 6.2

Spatial convergence rate test for decoupled scheme (4.8)—(4.11).

N L? error of v | Order | L2 error of ¢ | Order
32 1.1444e-1 8.9551e-1

96 1.9759e-2 1.11 6.3328e-2 2.03
160 5.5627e-3 1.82 1.7296e-2 1.92
224 2.4699e-3 1.70 7.1004e-3 1.98

6.3. Comparisons between the coupled and decoupled schemes. In this
section, we conduct a numerical test to compare the two linear schemes. In partic-
ular, the calculated total energies are plotted using two schemes with the same set
of parameter values and initial conditions. The numerical accuracy test results are
summarized in Figure 6.2. We believe the second order coupled scheme given by
(4.1) is more accurate than the decoupled scheme given by (4.8)—(4.11). However, the
decoupled scheme is easier to implement. Even though both schemes are uncondition-
ally energy stable, the decoupled scheme only has first order accuracy in time, and
a larger time step can introduce noticeable numerical errors, as seen with the energy
curve in Figure 6.2. We also observe that the decoupled scheme provides a larger
dissipation rate in magnitude (when using large time steps), which is agreeable with
our theoretical results (see Theorem 4.2 and the remark below it). This enhanced
dissipation may contaminate the numerical result in a long run with a large time-step
size for transient flow simulations.

In the following subsections, we will use the proposed spatial-temporal, second
order, coupled linear scheme to simulate two physical phenomena to demonstrate the
usefulness of the scheme.

6.4. Coarsening dynamics of two viscous polymeric solutions. In this
first example, we study the coarsening dynamics of two viscous polymeric solutions
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F1G. 6.2. Comparison of coupled linear scheme (4.1) and decoupled linear scheme (4.8)—(4.11).
Here, we use the same parameter values as those in the previous figure to compute the total energy
as a function of time. The total energies calculated using the decoupled scheme show a smaller value
than the one obtained using the coupled one. The deviation decreases as the step size is reduced.

subject to different boundary conditions to investigate how boundary conditions affect
the dynamics. We compare numerical results in two boundary conditions: (1) physical
conditions; (2) periodic conditions. Here we use N, = N, = 256, L, = L, = 2, and
At =107?. The initial condition is ¢(x)|=o = 0.3+10*rand(0, 1) and v(x)|i=o = O,
with rand(0, 1) random numbers between 0 and 1. The parameter values are n = 1,
v =10%, 9% =10"2, M =1073, p = 1.

Using the same set of parameter values and initial conditions, interestingly we ob-
serve dramatically different dynamics in the computational domain. In the simulation
(see Figures 6.3 and 6.4), we observe that the simulation with the physical boundary
condition shows slower dynamics (i.e., energy decays more slowly) compared with
the simulation with the periodic boundary condition. In fact, the velocity fields are
totally different at any given time, which leads to totally different morphology in the
phase during coarsening. This simulation demonstrates the dominating effect in the
coarsening dynamics given by hydrodynamics and boundary conditions. The plot of
the total energy decay with respect to time confirms that the total energy decays
faster in the case with the periodic boundary condition than that with the physical
one. So, for a mixture in a confined geometry with a zero boundary velocity, hydro-
dynamics can actually retard material mixing in contrast to the case with a periodic
boundary condition. We believe this is the first time such a simulation evidence has
been presented in the literature.

We also conduct the simulation of coarsening dynamics in 3D space. We use
random initial condition ¢(x)|;=0 = 0.3 + 10~3rand(0,1) for ¢ and zero condition
for the velocity. We also use the same set of parameter values except n = 10~! to
facilitate the coarsening dynamics. Figure 6.5 depicts the phase coarsening dynamics
in 3D space. The phenomena captured in 2D also are observed in 3D while the two
types of boundary conditions are contrasted.

6.5. Dynamics of a rising drop. In this numerical example, we present dy-
namics of a lighter drop rising in a heavier fluid matrix using the Boussinesq approxi-
mation; namely, we add an extra gravity force term —(¢(p1 — p) + (1 —@)(p2 — p))g to
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F1G. 6.3. 2D coarsening dynamics. (a) Simulations subject to the physical boundary condition,
where morphology of the phase variable ¢ is shown at t = 0,50, 250, 750, respectively. (b) Simulations
subject to the periodic boundary condition, where the morphology of the phase variable ¢ is shown
at t = 0,50, 250, 750, respectively. The drops are the regions in which ¢ = 1, and the background is
the region where ¢ = 0.
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Fic. 6.4. A comparison of the total energy in the simulations depicted in Figure 6.3. The
enerqgy dissipates faster in the case with the periodic boundary condition than that with the physical
boundary condition.

the momentum balance equation to approximate the upward force of buoyancy due to
the density difference, where p is the background density, p1, p2 are the actual densities
for phase 1 and phase 2, and g is the gravity acceleration. More details can be found in
[49, 26]. Here, we choose L, = L, =1, L, = 2 with mesh N, = N, = 128, N,, = 256,
and initial conditions

(6.2)

¢(x)i=0

v(X)|t=0 = 0.

R=/(z—05L,)%+ (y — 0.25L,)2 + (z — 0.5L.)2,

Il
I
—
—
+
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(a)
(b)

Fic. 6.5. Coarsening dynamics in 3D. (a) Coarsening dynamics with physical boundaries att =
10, 20, 40, 100, respectively. (b) Coarsening dynamics with periodic boundaries at t = 10, 20, 40, 100,
respectively. Here, the red represents ¢ =1 and blue represents ¢ = 0. (Color available online.)

Fi1Gc. 6.6. A lighter viscous fluid drop rising in a heavier viscous fluid matriz. This figure
illustrates the interface evolution at different times. The contour of ¢ = 0.5 (the interface of the
fluid drop) at times t = 0,25,75,125 is shown in red. The blue color represents the background fluid
matriz. (Color available online.)

The parameters are chosen as p = py = 1, p1 = 0.9, g = 80, M = 1073, n = 0.1,
v = 1072, 45 = 10?, and time step At = 1073. This mimics a lighter fluid drop
immersed in a heavier fluid matrix. The phase variable ¢ at different time slots, i.e.,
the evolution of the drop interface, is shown in Figure 6.6. As the initial drop profile
is symmetric around the y axis and the gravity force is along the y axis, the drop
should preserve axisymmetry, which is actually observed in our numerical simulation.
We also observe the drop shape compressed dramatically due to the balance of the
surface tension force and the buoyancy force.

To better analyze the dynamics, the velocity fields at several time slots are shown
in Figure 6.7, with the red circle (the contour of ¢ = 0.5) representing the drop
interface. We observe that a strong fluid flow is induced near the drop interface, and
vortices are formed near the bottom corners of the drop. Since we enforce the no-slip
boundary condition at the top y = L,, the matrix fluid flows back downward from
the top thereafter.
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Fic. 6.7. 2D slices (x = 0.5Ly) for the simulation of a lighter fluid drop rising in a heavier
fluid matriz in Figure 6.6. The contour of ¢ = 0.5 is shown in red, representing the drop interface.
The black arrows represent the velocity director, with their lengths indicating the magnitude. The
2D slices at time t = 0,25,75,125 are shown, where mazimum magnitudes of the velocity field are
0,1.929,1.479,0.9414, respectively. (Color available online.)

7. Concluding remarks. We have developed two fully discrete, uncondition-
ally energy stable schemes for the hydrodynamic phase field model of binary viscous
fluid flows, consisting of a second order fully discrete, coupled linear scheme and a
first order in time fully discrete, decoupled linear scheme. All the proposed schemes
are unconditionally energy stable, so that they allow a relative large time step theo-
retically while preserving the energy stability at the fully discrete level. In the linear
schemes, only linear systems need to be solved at any given time step, and their unique
solvability is established rigorously. These two linear schemes have been implemented
and tested numerically in 2D and 3D space. While solving the linear system at each
time step, preconditioners are applied to achieve faster convergence and better stabil-
ity properties. Both schemes have been verified numerically to achieve their intended
order of convergence in both space and time. The advantage of the decoupled scheme
is that in each time step, only an elliptic equation needs to be solved, and thus it is
easy to implement and may be efficient if handled properly. The drawback is that
it’s only first order accurate in time, which requires smaller time steps in order to
achieve the desired accuracy. On the other hand, the linear, coupled scheme gives
higher accuracy (second order) in time, where a larger linear system needs to be
solved at each time step. The numerical examples show that transient dynamics with
respect to physical and periodic boundary conditions are indeed different at any given
time, revealing the fundamental importance of applying proper boundary conditions
to specific applications.

Overall, these two linear schemes are accurate and efficient, and the idea presented
in this paper can be readily extended to study a broader class of multiphase hydro-
dynamic models for developing fully discrete, linear, unconditionally energy stable
schemes.
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