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FULLY-DISCRETE FINITE ELEMENT NUMERICAL SCHEME WITH
DECOUPLING STRUCTURE AND ENERGY STABILITY FOR THE
CAHN-HILLIARD PHASE-FIELD MODEL OF TWO-PHASE INCOMPRESSIBLE
FLOW SYSTEM WITH VARIABLE DENSITY AND VISCOSITY

CHUANJUN CHEN! AND XIAOFENG YANGZ*

Abstract. We construct a fully-discrete finite element numerical scheme for the Cahn—Hilliard phase-
field model of the two-phase incompressible flow system with variable density and viscosity. The scheme
is linear, decoupled, and unconditionally energy stable. Its key idea is to combine the penalty method of
the Navier—Stokes equations with the Strang operator splitting method, and introduce several nonlocal
variables and their ordinary differential equations to process coupled nonlinear terms. The scheme is
highly efficient and it only needs to solve a series of completely independent linear elliptic equations at
each time step, in which the Cahn—Hilliard equation and the pressure Poisson equation only have con-
stant coefficients. We rigorously prove the unconditional energy stability and solvability of the scheme
and carry out numerous accuracy/stability examples and various benchmark numerical simulations in
2D and 3D, including the Rayleigh—-Taylor instability and rising/coalescence dynamics of bubbles to
demonstrate the effectiveness of the scheme, numerically.
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1. INTRODUCTION

When the Cahn—Hilliard—Navier—Stokes model (CH-NS, for short) of a two-phase incompressible flow system
is coupled with variable density and viscosity, the existence of the variable density will cause many complicated
terms to appear in the coupled system consisting of the Cahn—Hilliard equation and the incompressible Navier—
Stokes equation. Therefore, although this model can simulate many interesting fluid interface phenomena very
effectively, ¢f. [1, 13,16, 22, 25, 32], how to construct an effective fully discrete numerical scheme for such a
highly complex coupled nonlinear system, making it not only linear, fully decoupled, but also capable of owning
unconditional energy stability has always been a very challenging problem.

We know that there exist many very successful attempts to construct effective numerical schemes for
the two equations that compose the two-component flow-coupled phase-field model, namely, the vari-
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able density fluid equation and the Cahn—Hilliard equation. Efficient schemes include the so-called projec-
tion/gauge/penalty methods (see [17,19,20, 28,29, 32]) for solving the incompressible Navier-Stokes equations
with constant/variable density and viscosity, the linear stabilization, and the convex splitting/Invariant Energy
Quadratization (IEQ) and its various version called Scalar Auxiliary Variable (SAV)/nonlinear functional deriva-
tive/nonlinear quadrature/Exponential Time Differencing (ETD) for solving the Cahn-Hilliard equation, see
[7,8,12,15,21,23,30,31, 33, 35,42, 44-46] and the references therein. Therefore, a natural question may arise,
whether a simple combination of these successful schemes can obtain the expected effective numerical scheme
with certain characteristics, such as complete decoupling, linearity, easy-implementation, and unconditional
energy stability.

However, the fact is that for the variable density model, as far as the author knows, the only numerical
technique that can effectively handle the coupling of flow field and phase-field variable and meet the requirements
of owning a fully decoupled structure and unconditional energy stability is the stabilization technique developed
in [4,25,33]. However, the stabilization technique also has some obvious disadvantages. For example, one has to
solve the Cahn—Hilliard equations with variable coefficients (related to 1/p) at each time step due to the applied
stabilization term. This inevitably leads to a higher computational cost than solving a constant-coefficient
system. Moreover, in the momentum equation, the scheme developed in [4, 25, 33] linearizes the advection
terms implicitly, which leads to further calculation costs in practice (see Rem. 3.7 for details and Fig. 2¢ for
computational efficiency).

Therefore, on the basis of the scheme developed in [4,25,33], for the flow-coupled two-phase Cahn—Hilliard
model with variable density and viscosity, we aim to construct a fully discrete finite element scheme to overcome
the shortcomings of stabilization technique. More precisely, we expect that the resulting scheme can solve as
many constant coefficient systems as possible, so as to reduce the computational cost as much as possible while
maintaining linearity, and owning a decoupling structure and unconditional energy stability. To this end, we note
that many nonlinear coupling items satisfy the so-called “zero-energy-contribution” feature (see Rem. 2.1). By
combining this particular property with the operator splitting method, we introduce several nonlocal variables
and design some special ordinary differential equations (ODE). These variables and ODEs play a vital role
in obtaining unconditional energy stability and the decoupling structure of the numerical scheme. We further
combine this new decoupling technique with several other efficient approaches, including the penalty method
for the fluid momentum equation, the quadratization method for the nonlinear energy potential to arrive at a
numerical scheme with the desired properties. The actual implementation of the scheme is also very simple. The
calculation of each time step only includes solving several elliptic equations, among which the Cahn—Hilliard
equation has constant coefficients, the fluid momentum equation has only two variable coefficient terms, and
the pressure Poisson equation also has constant coefficients. The solvability and unconditional energy stability
of the proposed scheme are given, and various 2D and 3D numerical examples are further simulated, including
Rayleigh—Taylor instability and liquid bubble rising dynamics, to numerically demonstrate the stability and
accuracy of the scheme.

We organize the rest of the article as follows. In Section 2, we introduce the variable density/viscosity two-
phase flow-coupled Cahn-Hilliard model. In Section 3, a numerical scheme is constructed and its unconditional
energy stability is strictly proved. The detailed implementation process as well as the solvability of each step
are also given. In Section 4, we carry out numerical examples to verify the stability and accuracy. In Section 5,
some concluding remarks are given.

2. THE MODEL AND ITS ENERGY STRUCTURE

The CH-NS model with variable density and viscosity for the two-phase fluid flow system was developed in
[1]. Before introducing it, some notations are given here. The L? inner product of any two functions ¢(z) and
Y(x) is denoted by (¢,v) = [, ¢(x)1(x)dx, and the L? norm of ¢(x) is denoted by ||¢|| = (¢, DER

Suppose that the computational domain © € RYU™ dim = 2,3 is a smooth, open bounded and connected
domain. To represent a two-phase immiscible fluid mixture, a phase-field variable ¢(x,t) is introduced such
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that:

1 fluid 1
1) = ’ 2.1

¢, 1) {—1 fluid 2, 1)
with a thin, smooth transition region with the width O(e) (¢ < 1) connecting these two distinct values. Note
that fQ 1J2f¢dw and fQ %daz can also be viewed as the volume fraction of the fluid 1 and 2, respectively. The
density and the viscosity of fluid 1 and 2 are set as p1, 1 and pa, Ve, respectively. We assume p; < py without loss
of generality. Then, the governing PDE system of the variable density/viscosity two-phase system constructed
in [1] reads as:

b0+ V- (u6) = MAy,
p==edo+ 10),

p(6) (W + (- V)w) + J (1) - Vu — V- ((é) D(w)) + Vp + 694 = 0, 2.4
V-u=0, 2.5
where
D(u) = Vu+ (Vu)7, (2.6)
T = MELroy, (2.7)
- +
M@=m2m¢+m2m, (2.8)
vo) = L 2, (2.9)
The the initial conditions read as
uf(s—0) = u°, pli=oy = 1°, =0y = ¢°, (2.10)
and the boundary conditions read as
ulpq = 0,0n0)o0 = Onptlon = 0. (2.11)

Here, u is the fluid velocity, p is the pressure, p(¢) is the density, and v(¢) is the viscosity, u is the chemical
potential, X is the surface tension parameter, f(¢) = ¢ — ¢ is the derivative of the nonlinear double-well
potential F(¢) = 1(¢? —1)2, and n is the unit outward normal on the boundary 9. The nonlinear term ¢V p
is the surface tension term that is derived from the stress tensor, (u-V)u and V - (u¢) are two fluid advection
terms. Note that periodic boundary conditions are another commonly used boundary condition.

The governing system (2.2)—(2.5) holds the law of energy dissipation, which can be derived by performing
standard energy estimate and shown by the following theorem.

Theorem 2.1. The system (2.2)—(2.5) holds

1
GEpw6) == MIVu - 5 [ vIDw)Pde <o, (2.12)
dt 2 /g

where

Blp.u.0) = [ (ol 4 A5I¥6 + 2F(6) )ao (2.13)

is the total free energy of the system.
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Proof. First, we multiply the L? inner product of (2.2) with u, of (2.3) with —¢;, and perform integration by
parts to get

(6, 1) = = (V- (ug), ) =M ||V u|]?, (2.14)
I

d
~o)+ g [ (5196P + 1P )ae = o. (2.15)

Second, we mulitply the L? inner product of (2.4) with u, use integration by parts, and apply the divergence-free
condition (2.5) to obtain

(pug,u) = — % /Q V|D(u)|2dw — (¢Vp,u) — (p(u- V)u,u) — (J - Vu,u). (2.16)

11 II1 \

Third, from (2.2), (2.7) and (2.8), we obtain

pt+V-(pu)+V-J=0. (2.17)
By multiplying %u to (2.17), we derive
1 1 1

Hence, we take the L? inner product of (2.18) with u to derive

1, 1 1
(e 50) = = 507 (). - (V- Tuw). 21
v VI
Finally, by combining (2.14)—(2.16), and (2.19), and using Remark 2.1, we get (2.12). O

Remark 2.1. During the process of deriving (2.12), many nonlinear terms are canceled due to integration by
parts and the boundary condition u|sg = 0, including

Iand II : (V- (ug), 1) + (¢Vp,u) =0, (2.20)
IIT and IV : (p(u-V)u,u) + %(V - (pu)u,u) =0, (2.21)
V and VI : (J-Vu,u) + %(V -Ju,u) =0. (2.22)

Equations (2.20)—(2.22) can be regarded as the “zero-energy-contribution” property [36—41], namely, the con-
tribution of all these nonlinear terms to the total free energy of the system is zero. We will use this property to
design decoupling type numerical schemes in the next section.

3. NUMERICAL SCHEME

We expect to construct an effective time marching scheme that can own the desired properties of decoupling,
linearity, and unconditional energy stability. To overcome the challenges on how to discretize the nonlinear terms
to obtain the energy stability, we design several nonlocal variables and their associated ODEs and reformulate
the PDE system to an equivalent one.
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3.1. Reformation to an equivalent PDE system

First, we introduce a nonlocal scalar variable U(t), which is defined as

2
¢/ —*de+B— /(w%fj—;&>M+B7 (3.1)
Q

where s and B are two positive constants. The new variable U is defined as the square root of the nonlinear
double-well potential after extracting a quadratic term %¢2. This quadratic extraction term can help to maintain
the H! stability of ¢ (see [43]). The constant B is used to ensure the radicand positive since F(¢) — $¢? is
always bounded from below. The use of a new variable U to “quadratize” the nonlinear energy potential is the
so-called TEQ or SAV method, see [8], which is an efficient method to obtain the linear and stable scheme for
gradient flow type models.

Second, we introduce two nonlocal variables Q(¢) and R(t) and design two special ODEs for them that read
as

{ Q= (V- (ug), ) + (¢Vpu,u), (3.2)
Ql(=0) = 1, .
and

Ry = (p(u-V)u,u) + %(V (pa)u,u) + (J - Vu,u) + %(V -Ju,u), (3.3)

R|=0) = 1,

where u|gq = 0. Note that the design of these ODEs is due the nonlinear terms mentioned in Remark 2.1
satisfying the so-called zero-energy-contribution property. By using the initial conditions and Remark 2.1, it is
easy to see that these two ODEs are equivalent to QQ; = 0 and R; = 0 . Thus from their initial conditions, it is
easy to see that Q(¢) = 1 and R(t) = 1 are their exact solutions.

Then, using the new variables @, R,U, the CH-NS system (2.2)—(2.5) can be rewritten to the following
equivalent form:

¢r+QV - (ug) = MAp, (3.4)
uA(eA¢+i¢+1HU>, (3.5)
puy + %ptu —V-(wD(u)) + Vp+ QoVu+ Rp(u-V)u+ %RV (pu)u+ RJ - Vu + RV Ju=0, (3.6)
V-ou=0, (3.7)
Us = 5(H,0), (33
Qt = (v ' (UQZS), .u) + (¢VM, u)? (39)
R, = (p(u-V)u,u) + %(V “(pw)u,u) + (J - Vu,u) + %(V -Ju,u), (3.10)
where J, p,v are given in (2.7)-(2.9), and H(¢) = 1)

Ve (Fd)- 2¢>2>dm+B
Since the variables U, @), R are ODEs for time, the boundary conditions of the new system (3.4)—(3.10) are
still (2.11), and the initial conditions read as

u|(t:0) = 110, P|(t:0) = p07 ¢|(t:0) = ¢07

Umﬂw=¢A(mww—;wfym+3wmhm=1Jmhm:L

(3.11)
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Note that there exist some modifications appear in the system (3.4)—(3.10). Here we highlight that even after
these modifications, the new system is still equivalent to the original system (2.2)—(2.5). For the momentum
equation (3.6), an extra term, %ptu + R(%V - (pu)u + %V . Ju), are added. This extra term is actually zero
from (2.18) and R = 1. We also multiply some terms, e.g., #Vu and Rp(u- V)u by Q or R. Since Q = R =1,
these modifications will not change the system.

The new system (3.4)—(3.10) also follows the law of energy dissipation, which is derived in the following
theorem.

Theorem 3.1. The new system (3.4)—(3.10) holds

d 1
GE0.0.0.Q.R) = <MVl = 5 [ vID(w)Pda <0, (312)
where
_ 2 2 2 2 IQl2 [R|?
Q
Proof. By multiplying the L? inner product of (3.4) with p, and of (3.5) with —¢;, we get
(61,11) = = Q(V - (ug), ) =M ||V, (3.14)
—_———
I
~on) + 35 ([ (51998 + 5elo)dz) = -0t 60) (315)
Ho ot dt \ Jo\2 2€ € e '

By taking the L? inner product of (3.6) with u and using integration by parts and the divergence-free condition
(3.7), we obtain

d 1 1
5 [ gomPde == [ pPde - Q@Va
11
1 1 (3.16)
— R(p(u-V)u,u)— -R(V - (pu)u,u) — R(J - Vu,u) — —R(V - Ju,u).
—_— 2 —_— 2
111 Re v S —
By multiplying (3.8) with 22U, (3.9) with @, and (3.10) with R, we obtain
d A
IQ\2
dt 5 | = QW - (ug), 1) +Q(¢Vp, u), (3.18)
I I,
d (|R|? 1 1
— | —= ] =R(p(u-V)u,u)+ =R(V - (pu)u,u)+ R(J - Vu,u) + =R(V - Ju,u). (3.19)
dt 2 —_— 2 —_—— 2
11, ~ Vi o

By combining the above six equations (3.14)—(3.19) and noting that the two terms marked with the same
Roman numerals cancel each other out, we obtain the law of energy dissipation (3.12). |

Remark 3.1. Note that we add the constant —B — 1 in the above modified energy (3.13) to make it consistent
with the original energy (2.13) for the continuous case. This is because in the continuous case, we have (3.1)
and Q(t) = R(t) = 1. Therefore, after adding the constant —B — 1 in (3.13), this modified energy just becomes
(2.13).
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3.2. Numerical scheme

In this subsection, we develop a fully-discrete numerical scheme to solve the system (3.4)—(3.10) which is
an equivalent system of (2.2)-(2.5). We denote d¢t > 0 as a time step size and t" = ndt for 0 < n < N with
T = Nét. Let 9™ be the numerical approximation to the function ¥ (-, t)|i=¢n.

Some finite dimensional discrete subspaces are introduced as follows. Assuming that the polygonal /polyhedral
domain  is discretized by a conforming and shape regular triangulation/tetrahedron mesh 7;, that is composed
by open disjoint elements K such that Q = J KeT, K. We use P; to denote the space of polynomials of total
degree at most [ and define the following finite element spaces:

Y, ={X eC%Q): X|x € P, (K),VK € Tp,},

Vi ={ve Q)" :v|x € P,(K)" VK € T;,} N Hj(Q
Up={veC(Q)?":v|x € P(K) VK € T,} N H(Q
On=1{q€CQ) : q|x € Pr,_1(K),VK € T,,} N L(Q),

d

; n (3.20)

where Hj(Q) = {u € H*(Q) : ulpo = 0} and L§(Q) = {¢ € L*(Q) : [, gdz = 0}. Hence,
Y, € HY(Q), V), € HY(Q)4, 0, C LE(Q). (3.21)

Besides, we assume the pair of spaces (V, Oy,) satisfy the inf-sup condition [14]:

Blall < sup Y29 yge 0,
o Tl

where the constant § only depends on Q. A well known inf-sup stable pair (V},, Oy,) is the Taylor-Hood element
[14].

The semi-discrete formulations of the system (3.4)—(3.7) in the weak form reads as: find (¢, u,u,p) €
Yh X Yh X Vh X Oh, such that

(61, w) — Q(ug, V) = —M(Vps, V) (3.22)
(1,6) = Ae(V, V) + 22 (6,0) + AU (H, ), (323)
(pue,v) + 5 (p ) + 5 (#D(w), D)) + (Vp,w) + QY v) (324)
£ Rlp(u-V)u,v) + LRIV - (pu)u,v) + R(J - Vu,0) + SRV - Ju,0) =0,
(V-u,q) =0, (3.25)
U, = %(H, be), (3.26)
Qt = —(¢u, V) + (¢Vp, u), (3.27)
Re = (plu- V)u,m) + 3 (V- (puju,w) + (7 - V) + (V- Ju,w), (3.28)

for (Y, w,v,q) € Y, X Y, x Vi, X Oy, where p,v,J is given in (2.7)—(2.9).
By combining the penalty method for the Navier—Stokes equation, the Strang operator splitting method, we
construct a fully-discrete scheme as follows: given up, py, ¢, U™, @™, R",

Step 1. Find ¢} € Yy, pup ™ € vp,, aft € Uy, UM, Q"' € # such that

n+l _ n
(W,wh> — Q" (upy, Vwy) = =M (Vi V), (3.29)
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S 1
(Lt n) = Xe(Vop ™, V) + Ag( ) + /\ZUHI(H;?J/%), (3.30)
1
U U = (G o), (3.31)
’nﬁ’Z+1 — uZ n+1 ’n,v n _ O 3 32
e + Q" (¢ Vg, vn) =0, (3.32)
Q"+1 _Qn _ n n v n+1 nv n ~n+1 333
5t - (uhqshv Hp, )+ (¢h Hp > Uy ) ( . )
Step 2. Find u}™' € V},, and R"*! € % such that
a*tt — gnt! 1 n+l _ n 1
(g g (g P o ) + 547 P D) @0

+ (V@ —pp ) vn)
1
+ R pp (af - V)ug, o) + SRV - (pfag) g, vn)

1
+ Rn—i—l(]ﬁ . VU-Z,Uh) + 5}{n-i-l(v . JZUZ, 'Uh) =0,

e 1
T (bt Vyup ) + (V- (g ug) (3.35)
+ (J} - Vuy, uZH) + %(V - Jpuy, uZ*l).
Step 3. Find pZH € Oy, such that
(V0™ ~91). Vo) = X (0", V), .30

for any ¥ € Yy, wp, € Yy, vy € Vi, qn € Oy, where

Hy = H(¢p), J; = J (), x = ;min(p1, p2),

2
n ) < 1’
_{? |l (3.37)
sign(g), || > 1,
ntl _ PL= P2 ntd X p1+ p2 NS Sl BUNS R +rve
h 2 h 2 h 2 Th 2

Some explanations of the scheme (3.29)—(3.36) are given through the following remarks.

Remark 3.2. We adopt the penalty method given in [19,25,33] to discretize the Navier—Stokes equations with
variable density. In this way, the computation of pressure is not only completely decoupled from the momentum
equation, but also avoids solving the elliptic equation with 1/p as the variable coefficient, which can greatly
reduce the calculation cost and increase the computational efficiency. Note that we choose p,;l = pY in practice.

Remark 3.3. Note that we use the implicit and explicit combination method to handle nonlinear terms. For
instance, the term Q(u¢, Vw) in (3.22) is discretized as Q"™ (uf ¢y, Vwy,) in (3.29). Thus the scheme is linear.

Remark 3.4. We use the cut-off function to update the density p"** in (3.37), which gives

pp ™t > min(pr, p2), vpT! > min(vy,ve), (3.38)

which is quite important to derive the energy stability, see the proof in Theorem 3.2. In fact, the cut-off technique
of ¢ is a commonly-used technique for the variable density phase-field model, either for the modeling, or the
numerical algorithm, see also in [13,27,32,33,44].
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Remark 3.5. Instep 1, to obtain the intermediate velocity u”Jr1 we split the surface tension term Q”“QSZVNZ

from the momentum equation, which is the so-called first- order operator Strang-splitting method, see also
n [4, 25, 33]. However, there are some slight differences in the discretization of this specific term between
our developed scheme and the scheme developed in [4,25,33]. We refer to the detailed comparisons given in
Remark 3.7.

The following theorem shows the unconditional energy stability held by the scheme (3.29)—(3.36).
Theorem 3.2. The solutions of the time-discrete scheme (3.29)—(3.36) satisfies

1
EZHrl < E}rlz _ 5(%” n+1D( n+1)||2 M5t||Vu"H||2, (339)
where

E;LL—H ||o,n+1 n+1H2 ||vpn+l||2 +)\ ||v¢n+1||2+)\ H¢n+1”2

(3.40)
+7|Un+1|2+7|Qn+1|2+7u%n+1‘27B71,
€ 2 2

+1_ [t
and o} Ph

Proof. By taking vj, = 26tu}'t! in (3.34) and using the following identity
2(a —b)a =a® —b*+ (a —b)>, (3.41)
we obtain
o a2 = llogay 12 + llog (ui ™ = a2 + oty /v D (uy ™) )12

—25t(V( n+1_2ph+pn 1) n+1)+25t(vpn+1 n+1)

1
= —26tR"*! <(p2(u7ﬁ . V)uhvuz-H) + §(V (ppul)uy, uZ+1)> (3.42)

— 26tR™H! ((JZ - Vup,upth) + %(v : Jhuh,uZH)).

By taking v;, = 26ta""! in (3.32), we obtain
lloh s, loap | + llog (@5 —up) |1 = —20tQ" (¢h Vi, 0y ™). (3.43)
By combining (3.42) and (3.43), we obtain

||a_n+1 n+1 ”2

n+1 ||2

o2 + log (agr = @) 2 + o (85 — up)

+5t|| n+1D( n+1)||2 25t(V( n+l 2ph _|_pn 1) n+1) + 25t(vpn+1 Z—H)

(V- (phup)ug, ugﬂ)) (3.44)

I?

N | =

= —20tR™! ((pﬁ(uﬁ SV)up,uptt) +
— 20tR™ ! ((JZ SVup,uptt) + (v Jiuy, uZH)) —26tQ" M (R Vg, ap ).

We take ¢, = 2‘” (pZ+1 — 20y + ) 1) in (3.36) to obtain

m 5t2 7 7 —
=26t (V(pp ™ = 2pp +pp ), up ) = — 7(\\%”“ Vppll> = ||IVpy — Vi 2 (3.45)

+ | Vpptt — 2Vpp + Vi H2).
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We take g, = pZH (3.36) to obtain

5t?

26t (Vpy ™ uy ™) =—— (Ve 1P = (IVPRI1* + Vo™ = Vi ]1?). (3.46)

By combining (3.45) and (3.46), we derive

=20t (V (ot =2 o) wp ) 26t (Vp L uptt) = (I\Vp P = 1VRIP) + v
W (3.47)
= VPR =2V I
where we use the following identity:
2a—b)(a—2b+¢)=(a—b)°—(b—c) + (a—2b+c). (3.48)
We subtract (3.36) at (n + 1)-step and n-step to obtain
n 7 n— X n n
(V(ppt —2pp +p "), Vay) = &(uhJrl —up,Vap). (3.49)
By taking g, = pi™ — 2p} + pi ! in (3.49), we derive
n n X n n 77—
IV (ot — 2p + ppy )”2*5*( P —ap, Vet = 2pp + 7))
(3.50)
< At g LI -2 I
where we use the Cauchy—Schwarz inequality. Hence (3.50) implies
I (5 = 20+ 2 ) < At — w2 (351)
By multiplying (3.51) with % and applying x = %min(pl, p2) < %p% we derive
67t2 n+1_2n n—1 2< n+l n2<} n n+l 2 352
IV (o}, P4k )P < ™ —upl® < Sllog (™ —ug) | (3.52)
Using the inequality & (a +b)* < a® + b%, we obtain
1 . ; i n
s lloi (u wp ™ =) |1? < o (wp T = a1+ o (@ - ag) |12 (3.53)
Therefore, by combining (3.47), (3.52) and (3.53), we obtain
~204(V (ph T = 20% + oY) wp ) 20t (VT uptt) > (HVp PP = IVRRIF) + =~V — Vo
- HO’h( Rt - ”Uh( P a1

(3.54)
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Hence, from (3.42) and (3.54), we derive

ot hap ™12 = lopup||® + 6ty /vy T D (ap ) |1
5t? 5t? _
+ Y(HVPZHW — [IVpil?) + 7||VPZ - Vpp P

n 1 n
< —25tR™! ((PZ(UZ -V)up,uptt) + 5( - (prup)uy, uhH)) (3.55)

)+
1 n+1
i(v Jhuhvuh ))

— 206tR™ ! <(J" Vup, upt) +
= 26tQ" (GpVup, wp ).
We take wy, = 25tuy ™! in (3.29) to get
2(op T = g, ) + 2M S|V tH1P = 20tQ™ T (af o, Vi), (3.56)
We take v, = —2(¢"+1 — @) in (3.30) to get

—2(pp ™t — o, ”“)+Ae(|\w"“||2 IVoRlI® + [Vopt — wm?)

(||<b P =Nl + 105" = erll?) = ===UH (Hy, 63" = 6h).
We multiply (3.31) with 22U+ to get
2\ 2\
?(|Un+1|2 _ |Un|2 + |Un+1 _ Un|2) _ ?Un—i-l(H;LL’ Z—i—l _ (b;LL) (358)

We multiply (3.33) with 26tQ™*! to get
Q™ = 1Q"* Q" = Q") = =20tQ" (ujioh, Vi ™) +20tQ" (65 Vg, @1 ). (3.59)
We multiply (3.35) with 26tR" ! to get

1
(IR™FI2 = R 4 [R7H = RPR) = 260R™ (o - V), wi ) + (9 - (oo, wy )
2

] (3.60)
+26tRn+1<(Jh Vuh,uz+1) 2(V‘Jhuh,uz+1)>.
By combining (3.55)—(3.60), we derive
n+1n+12 2 i Vn+12_vn2 ﬁvn_vn—lQ
o, I° = llopurll” + N (VR 112 = I VoRIP?) + N Vpy — Vo~ ||
+Ae(||V¢"“||2 IVoRI1* + Vo = Vi)
(Ilczﬁn“ll2 lonll? + g™t — onll?)

2 (3.61)

+ 7(‘Un+1|2 _ ‘U"‘Z + |Un+1 _ Un|2)
€

+ (lQn+1|2 _ ‘Qn‘Z + |Qn+1 _ Qn‘Z)
+ <|R7L+1|2 _ ‘RH‘Z + |Rn+1 _ Rn‘Q)

< 2M5tllvun+1||2 —(5t|| n+1D( n+1>H2'

Finally, we obtain (3.39) from (3.61) after dropping some unnecessary positive terms. (I
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Remark 3.6. The energy stability is formally derived for the numerical scheme developed in this paper. Since
energy stability guarantees the stability of ¢"*! in H', it is expected that the relevant error estimates follow the
same reasoning method. Following the error analysis carried out for the different scheme of the Navier-Stokes
coupled Cahn—Hilliard phase-field model for the constant density case, cf. [6], the error analysis associated with
the developed scheme in this article will be performed in our future work.

3.3. Scheme implementation

By using the nonlocal property of the auxiliary variables U, @), R, we now present a novel decoupling imple-
mentations of the scheme (3.29)—(3.36). Since (3.36) is the Poisson equation with constant coefficients, we only
need to discuss the steps 1 and 2.

Implementation of step 1. We use the nonlocal property of Q™! and U"*! to solve the qb"“, ,uZH, ~Z+1,

U™t in step 1.
First, using Q"+, the variables ¢'t!, ™' @t U™+ are split into the following linear combination form

(3.62)

n+1l _ n+1 n+1 n+1 n+1 _  n+1 n+1, n+1

hoo= O FQT gy [ U R U i
~n+1 ~n+1 +1~n+1 +1 _ 41 +1 n+1
uj + Q" ag, U™ =074+ Q" U,

Then the scheme (3.29), (3.30) and (3.32) can be written as

n+1 Q7z+1¢n+1 ¢n
<1h 5 h>—@“WW%WM

= =M (V(uiy" + Q" up ), V),
(i + @ ) = M35 + @), Vi)

¥ %(U{L“ QU (HY )

A (O Qe ),

~n+1 n+1x~ Tl-‘rl n
u +Q" g, —u n e n
(Ph L 5t hﬂ’h) + Q" (V. va) = 0.

(3.63)

According to Q™ "1, we split the system (3.63) into the following two sub-systems:
o n Ph
< ot , Wh +M(V/*L1}j17vwh) = E , Wh

(H?}jl’wh) - )\E(VQS;L}Tl V’Q/Jh) + U77«+1(H}7;L,,(/}h) + )\z((ﬁ?}jlﬂﬂh)»
(4

n+1
ay, i vn) =

n+1
2h , W ) + M(V/,L2+1 vwh) = (uZ¢Z,VWh),

(3.64)

uhvvh)

ot

(537 0) = Ne(V3 T + 203 (7 ) + A2 (93 ), (3.65)

ﬁn—i-l
(7™ 01 ) + 619k o) =0,

We continue to apply the nonlocal property of the variable U m+and UQ"Jrl and the splitting technique to solve
(3.64) and (3.65). Namely, the four variables ¢7;", 7, ¢t 17 pitt are further written as the following linear
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split form consisting the nonlocal variables U f“
n+l _ n+1 n+1
1n =%, T UL
n+l _ n+l n+1
2n = Pa1n + U

2335

an Uyt respectively, i.e.,

n+1 n+l _  n+1 n+1, n+1

12h 1 pan - = Hi1, F UL gy (3.66)
n+1 n+l _  n+1l n+1, n+1 :
22h Pop = Moy, + U™ gy, -

We replace qi)’f}fl,u;’;'l, g,j'l,,ug;'l in (3.64) and (3.65) by using (3.66), and the split the obtained results
according to U1n+1 and U2”+1. Thus we get the following four sub-systems:

n+1

ot

—

n+1

ot

—~

n+1
ot

—

n+1

ot

—~

n+1 n+1 n+1

Lt 7wh) + M(v,uf?ltllvvwh) = (?27“)}7,)’

21h7wh> +M<vlu’
22h 7wh> +M<V/Jz

n+1 n+1 n+1

(3.67)
IS Un) = Ae(VOL Von) + A (613 ).
Lh, wh> + M(V,u?;}}, th) =0,
\ (3.68)
lu”lf;;zl’ wh) = )\e(V(b?Qtle VQ/fh) + A§(¢?;;117 1ph) + ;(Hl’rzlv 1/Jh)7
gltz,l’ vwh) = (Ll;:(b;; vwh)v
(3.69)
S
:U’gltlla wh) = Ae (Vd)gf%l» Vi/’h) + )\E (QS;;;Ll? wh)a
son > Vin) =0,
(3.70)

A
s ) = Ae(VOLL Vin) + AT (955 un) + 2 (HE, o)

n+1

The unknowns @71, , @15, s Do1h s Poap s 11k > M2k > Ho1n ,ug;;} can be easily solved from the above four sub-
systems (3.67)—(3.70), since all coefficients are constants and all nonlinear terms are given explicitly (Note that

(3.68) and (3.70) are the same, so @7 = doh!

n+1 n+1)'

and fiy5;, = Haop,

Second, we solve the nonlocal unknown variables U7t and U5, Using the split form of U™*! given in

(3.62), we rewrite (3.31) as

U{L+1 + Qn+1U£L+1 _

N =

(Hp o5+ @ onth) + g7, (3.71)

where g" = U" — %(H,’j, #7) is an explicit known term. Then, according to Q"!, we decompose (3.71) into the

following two equations:

U{H_l _

U2n+1 _

n+1 n+1

We replace ¢7;, ", ¢5, ~ by using the variables ¢

n+1 _
urm =

N =N+

n+1 _
U™ =

11h >

(Hi o0 ) + 9",

(Hi 50 )-

(3.72)

N =N =

n+1 n+1 n+1 n+1 n+1 . :
Ton s Porn s Paan > UL, Uy ™ given (3.66), we obtain

(635 + U1 035) + 7

(3.73)

+1 +1 ;n+1
(HR> S50 + U3 by ).
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We factorize (3.73) to get Uy, US™! that read as follows:

e MR+

Y TR A
2 h ¥12h

UTL+1 — %(H}?’gbgf;ll) 3
L= 5 (HE, 653,)

(3.74)

The solvability of the nonlocal unknown variables U7' + U2"Jrl can be shown by verifying that the denominators

in (3.74) are non-zero, which can be obtained by applying a simple energy estimate. For (3.68), we set w, =
Sttt by = @7t and combine the two obtained equations to get

A As n
= = (Hi,610) = Al Vol I* + —leisn I” + Mot Vs |1* > 0. (3.75)
This means 1 — %(H i gjll) # 0. From ¢;’2+hl = S;?Ll, we conclude that U”Jr1 U"Jrl are always solvable. Once

U{’H, U2"+1 are obtained, we can get q’);lhﬂ, Z}Tl,uﬁrl,uwjl from (3.66).

Third, we solve the nonlocal unknown variable Q"*! from (3.33). Using the split form of x*' and a}*!
given in (3.62), we rewrite (3.33) as
1 Q"
= 4 3.76
(5 -0 ) =%+ (3.76)
where
91 (uh¢h7 vun—i-l) + (¢Zvl’[’h7 u?}j_l)7
n+1 n ~n+1 (377)
02 = —(upop, Vs ') + (o5 Vg, a5, ).

The solvability of the nonlocal unknown variable Q™! UZ™! can be verified by showing é — 05 # 0. By taking
wy, = pp oy = 21 in (3.65), and adding up the obtained two equations, we get
(uhoh, Vug ') = M| Va1 + HW)"“II2 ||<25"+1||2 5 USLH(Hh, b ) (3.78)

From the second equation in (3.72), we immediately get

U (H o) = 5 (HE 65) (3.79)

N)\»—l

which implies
(upop, Vuy™t) > 0. (3.80)
By taking vy, = ;" in (3.65) and using (3.38), we derive
n ~n 1 n
- Vi) = 5 [ sl Pae >0 (3.81)

Using (3.80) and (3.81), we derive —0 > 0, that implies (3.76) is solvable. Then, once Q™! is obtained from
(3.76), we update ¢y, @ptt U from (3.62), which finishes step 1.

Implementation of step 2: We now give the detailed implementation process of the scheme (3.34) and (3.35)
in step 2.
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First, by using the nonlocal variable R"*!, the unknown velocity field u"+1

form that reads as

can be written as a linear split

uptt = a4+ Rl (3.82)

We replace uzﬂ using (3.82) and then decompose the obtained equation into the following two sub-equations
according to R"*!, namely,

1

O |

(v D(u}f ), D(wy)) = (fﬁﬁﬁ“ —V(2p} — le)v”h)’

(v D(ug"), D(on) = = (P (u - V), o) (3.83)

1 3 n

(25,5 (o™ + ph)uuflﬂ’”’> !
1 T n

<25t (on ™"+ ph )‘12;1’%) "

1 n n 1 n n
- §(V (ppu”)uy,vp) — (I, - Vuy,vp) — i(v ~Jhuy,vp).

|~

Note that the variable coefficients p"'"1 + pp and V"+1 are all positive from (3.38) due to the application

of the cut-off technique, which implies these variable- coefﬁcient equations are well-posed. After solving these

variable-coefficient elliptic equations, we obtain u’;™, uj;.

Second, we solve the auxiliary variable R™*! from (3.35). By applying the split form of the variable uZ"H
given in (3.82) to (3.35), we obtain the following formulation:

(;t_ 2>R"+1=61tR"+771, (3.84)
where
me = (ARG D) ) 5 (V- (g, wt ) + (77 Vuf, )
%(v Jrup,utt) i =1,2.

The solvability of (3.84) can be verified by showing élt 12 # 0, which is obtained by the energy estimate. By
taking vj, = uj;"! in the second equation of (3.83) and using (3.38), we derive

1 n 1[ o, .
— N2 = 25t / (ph+1 +ph)\u2;r1|2d;c + = 5 /th+1|D(u2};L1)|2d(E >0, (3.85)

that implies (3.84) is solvable. Once R"*! is computed, we update uZ+1 from (3.82).

Hence, the total cost at each time step only includes three constant-coefficient elliptic systems ((3.67)-(3.70));
two variable coefficient elliptic equations (3.83); and one pressure Poisson equation (3.36). It can be seen that
each step is the realization of decoupling type, which means that the calculation is

Remark 3.7. We recall a fully-decoupled type scheme has been developed in [4, 25, 33]. Here, we give the
detailed scheme so that we can compare the scheme developed in [4,25,33] and the scheme (3.29)—(3.36) devel-
oped in this article. For simplicity, we only discretize the related terms while other terms remain continuously
so that the readers can see the detailed discretization more clearly.

First, compared with (3.32), the scheme given in [4,25,33] discretizes it as

ﬁ”+1 —u”

ot

n

P + "Vttt = 0. (3.86)
N——

implicit
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Therefore, we get
, 1 ,
a"tt =" — §t—¢" VT (3.87)
pn

The term 0" ! is used as the advective velocity in the Cahn-Hilliard equation which is discretized as

n+l _ g n
u+v

5 (@ ter) = MAp". (3.88)

By replacing @"*! in the above using (3.87), we get

¢n+1 7¢n nn 1 n . n n+1 n+1
&+V-(u¢)—5tv-(pn¢¢Vu )-MAH . (3.89)
Therefore, the scheme in [4,25,33] leads to solve the Cahn—Hilliard equation with variable coefficients with a
factor %, which is very costly in computational costs.

Second, for the discretization of the nonlinear terms in the momentum equation, compared with (3.34), the
scheme in [4,25,33] discretize them as

1 1
P (u” - Vi)ut 4 5V (p"u™)u"tt 4 g vutt 5V J"u (3.90)

Although this discrete method can obtain unconditional energy stability, in practice, a large number of variable
coefficients bring up unpredictable effects on the condition number of the linear system, leading to higher
computational costs. This can be seen in Figure 2¢c where we compare the average number of iterations per time
step needed by our developed scheme (3.29)—(3.36) and the scheme developed in [4,25,33]. Some further works
on the convergence analysis of the proposed scheme will be performed by following the lines of [9, 10, 26]

4. NUMERICAL EXAMPLES

In this section, we carry out the developed algorithm (3.29)-(3.36) using the splitting technique through
scalar variables (denoted as DSS for short) to investigate the accuracy and energy stability numerically, and also
implement several benchmark problems including the Rayleigh—Taylor instability problems and the dynamics
of rising droplets.

We set the computational domain as a rectangular region, and use the Taylor-Hood element (see [14]) for V7,
and Oy, that satisfies inf-sup condition and set the finite element spaces (3.20) with iy = 1,15 = 2.

4.1. Accuracy and stability test

We perform the 2D convergence and stability tests. The computational domain is set as = [0,2]?, and the
model parameters are set as

A =0.002,¢ = 0.04, M =1,B = 10, p; = 1000, ps = 1,1, = 50,15 = 1,5 = 4. (4.1)

We set the initial conditions as

Ty — \/(Cﬂ - fi)Z +(y — yi)2
1.5¢ ’ (4.2)

2
Wz, y) =1+ Ztanh

=1
u’(z,y) = 0,p°(z,y) =0,

where r; = 0.45, 79 = 0.25, 21 = 0.6, 25 = 1.6, y; = 0.9,7, = 1.2. The initial profile of ¢° of two circles with
different radii is shown in Figure 2b.
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FIGURE 1. (a) Convergence tests where the L? numerical errors at ¢t = 0.5 for the phase-field
variable ¢, the average of the two velocity components (u,v), the pressure p, and the average
of the two auxiliary variables (Q, R) are plotted; and (b) convergence order tests for spatial
discretization.

To verify the temporal convergence order, we fix mesh size h = %G so that the grid size is sufficiently small
and the spatial discretization errors are negligible compared with the time discretization error. Since the exact
solutions are not known, we choose the numerical solutions obtained with a very tiny time step size 6t = le — 9
computed by the scheme DSS as the exact solution approximately for computing errors. In Figure la, the L2-
errors between the numerical solution and the exact solution at ¢ = 0.5 are plotted (the exact solution of @ and
R is 1). We observe that all variables follow the first-order time accuracy.

To verify the spatial convergence order, in Figure 1b, we plot the errors of DSS for various spatial grid size h.
We choose dt sufficiently small (¢ = 1e — 9) so that the errors are only dominated by the spatial discretization
error. We use the numerical solutions obtained with a very tiny mesh size 0t = 1le — 9, % = % computed by the
scheme DSS as the exact solution approximately for computing errors. The errors in various norms between the
numerical solution and the exact solution at t = 0.2 are plotted. We can see that the second-order convergence
rates are followed by the H'-error of the velocity, L2-error of the pressure p, and L2-error of the phase-field
variable ¢, while third-order convergence rates are observed for the L2-error of the velocity. These results are in
full agreements with the theoretical expectation of accuracy for P2/P1 element for (u,p) and P1 element for
o.

We further perform the energy stability tests by plotting the total free energy (2.13) evolved over time
in Figure 2a by using various time steps. The decays of all energy curves illustrates the energy stability. In
Figure 2b, using §t = 0.01, we plot the time evolution of the total free energy (2.13) (in the original form) and
(3.40) (in the modified discrete form). The overlapping of these two energy curves show that these two energies
are consistent numerically.

In Figure 2c, we compare the average number of iterations per time step needed by DSS and that needed by
the scheme developed in [4,25,33] (see Rem. 3.7, denoted by Stab for short). Note that the time of each iteration
is basically the same as the time to solve a Poisson equation with constant coefficients. The comparison shows
that the efficiency of DSS is much higher than that of Stab, because DSS needs to solve far fewer variable-
coefficient equations. In Figure 2d, we compare the L? error of ¢ when using various stabilization parameters
s. When s = 0, the scheme is not stable for larger time steps, so the error points are missed. When s = 4, the
accuracy curve is not only very close to the results of s = 0 for small time steps, but also stable for all other
tested big time steps, and the entire curve shows the first-order convergence rate. When s = 20 and s = 100,
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FIGURE 2. (a) Energy stability tests where the evolutions of the total free energy (2.13) are
computed using various time steps; (b) the comparisons of the original energy (2.13) and the
modified energy (3.40) computed by using the time step 6t = 0.01 (the profiles of ¢ at different
times are appended); (c) the comparisons of the average number of iterations per time step
computed by the schemes DSS and Stab; and (d) the comparisons of L? errors of ¢ when using
various stabilization parameters s.

we can see that even though the scheme is always stable, the accuracy is much worse than the case of s = 4.

Therefore, we adopt s = 4 in all our computations.

4.2. Rayleigh—Taylor instability

Rayleigh—Taylor interface instability is a benchmark phenomenon of two-phase flow with variable density, see
[11,18,24,34]. The classic experimental setup is that the system consists of two layers of fluids with different
densities. Under the action of gravity, slight interference caused by potential energy will cause the heavier fluid
to sink, and the lighter fluid will rise, resulting in irregularities (ripples) caused by downward movement will

quickly expand into a series of “RT fingers” (shown in Figs. 3 and 5).
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F1GURE 3. Rayleigh—Taylor instability with Atwood number At = 0.5. The profiles of ¢ are
captured at t = 0.5, 1.5, 2.5, 3.5, 4.5, and 5.5 from left to right.
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FIGURE 4. The velocity field u = (u,v) for the Rayleigh-Taylor instability example with
At = 0.5. Snapshots are taken at t = 0.5, 1.5, 2.5, 3.5, 4.5, and 5.5 from left to right.

)

F1GURE 5. Rayleigh—Taylor instability with Atwood number At = 0.9802. Snapshots of ¢ are
taken at ¢t = 0.5, 1.5, 2.5, 3.5, 4.5, and 5.
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FIGURE 6. The velocity field u = (u,v) for the Rayleigh-Taylor instability example with
At = 0.9802. Snapshots are taken at t = 0.5, 1.5, 2.5, 3.5, 4.5, and 5 from left to right.

We set the 2D computational domain as (z,y) € Q = [0,d] x [0, 2d] and add the gravity field to the momentum
equation, which reads as

p(u; + (u-Vju) + J(p) - Vu = V- ((¢) D(0)) + Vp + ¢V = pg, (4.3)

where g = (0, go) and go is the gravity constant. We rescale the variables/parameters by the following way:

A t T u v ~ Q R R -
t:—7$:—’u:—7y:737M:M’)\:A’p:p7p:p,¢:¢7 (44)
to do ug d3go

where tg = \/d/go, uo = V/dgo, dg = d. If the"is omitted, we can see that the dimensionless governing system
(2.2)—(2.3)—(4.3) is the same.

We set the initial conditions of a perturbed two-layer fluid as follows,
- gcos (27r ) -1
2¢/3

¢"(z,y) = tanh =(0,0),p" = 0. (4.5)

Namely, the heavier fluid with density ps is initially set on the top layer, while the light fluid with density p; is
set below. The model parameters are set as

d=1,dy =1,g0 = 10, A = 0.001, € = 0.025, M = 0.01,
1 (4.6)

B=10,p1 =1,11 = v, =0.001,s =4,g9 = 1,6t = 4h—512

Therefore, the Reynolds number is 1000.

In the first simulation, we set the density of the heavier fluid as ps = 3 to investigate the dynamical changes
of the fluid interface when the density ratio of the two fluids is not much different. The so-called Atwood number
At is given by Tryggvason’s definition in [34], which is At = % For this case, At = 0.5. Snapshots of
the profiles of ¢ at various times are shown in Figure 3. While the upper heavier fluid flows to the lower layer
under the action of the gravity field, a roll-like structure is formed. In the initial stage of the production of the
rolling structure, as the main vortex scrolls, some small branches (R-T fingers) are formed, see ¢ = 3.5, and
more complex fingering patterns are produced gradually. We further plot the profiles of the velocity field at
various times in Figure 4.
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FI1GURE 7. A 3D droplet rising in the gravity field where p; = 1 and ps = 1000. Profiles of the
isosurfaces of the interface {¢ = 0} are taken at t =0, 0.3, 0.6, 0.7, 1.3, and 1.5.

In the second simulation, we increase the density of the upper heavier fluid as po = 100, namely, At = 0.9802.
From the snapshots of ¢ at different times shown in Figure 5 and the velocity field profiles shown in Figure 6,
we observe that more complex vortices and R-T fingers appear during the formation of the rolling structure.
These obtained simulations are qualitatively consistent with numerical simulations and experimental results
using different models and different numerical methods, see [11,18,24,34].

4.3. Dynamics of rising droplets

In this numerical example, we examine the rising phenomenon of 3D light droplets immersed in a fluid with
a larger density due to the action of the gravitational field. The momentum equation (4.3) equipped with
the gravity force (g = (0,0, go)) is still adopted. The non-dimensionalized method is also consistent with the

previous example. We set the computational domain as Q = [0,d] x [0, d] x [0, d] and the model parameters are
set as

d=1,dy=1,d=215,g0 = 10, A = 0.002, = 0.0175, M = 1, B = 10,
1 (4.7)
p1=1,p2=1000,y = 1, =100,s = 4,0t =le —3,h = —-
200
We first study the dynamic changes of the rising deformation of a single droplet. The initial droplet is set at
the bottom of the domain with the following formulation:

0.25 — \/(x —0.5)*+ (y—0.5)% 4 (z — 0.5)
¢°(2,y,2) = tan h - ; (4.8)

u’ = (0,0),p” = 0.

Snapshots of the isosurface {¢ = 0} at different times are plotted in Figure 7. Due to the influence of gravity,
the shape of the droplet will change dramatically as it rises gradually, from the initial spherical shape to a flat
cap shape. Note that the results of the deformation we obtained are consistent with the physical experimental
results given in [3] and the simulation results of different models given in [2].

Next, we set the initial conditions to two non-contact droplets located at different latitudes to study the
rising dynamics of multiple droplets under the influence of gravity and examine their mutual influence. The
model parameters are still given in (4.7).

In the first simulation, the initial two droplets of the same size are placed at different heights, one of which is
suspended directly above the other. This is the so-called coaxial coalescence situation, see [5]. The formulation



2344 C. CHEN AND X. YANG

O
O
Ry

(a)

nBe -~

5 6

O
O
e e e — Vo——
Ay,
2

w
I

(b)

FIGURE 8. (a) The dynamical motion of two 3D rising droplets (coaxial coalescence case) in
the gravity field where p; = 1 and py = 1000. Profiles of the isosurfaces of the interface {¢ = 0}
are taken at ¢ = 0, 0.7, 1.3, 1.4, 1.6, and 2.1; (b) the experimental results by Brereton and
Korotney in [5].

of the initial conditions read as follows,

2

2 0.25 — \/(xfxi)ﬁ (y—vi)+ (2 — 2)
0 _
¢ (2,y,2) = ;tanh . +1, (4.9)

u’ = (0,0),p° =0,

where 1 =29 =y; = y2 = 0.5, 21 = 0.4, zo = 1.2.

The isosurface of {¢ = 0} at different times are shown in Figure 8a, where we can see that the deformations
of the upper and lower droplets under the influence of gravity are completely different. At the initial stage,
both droplets will change from a spherical shape to a cap shape, but the height of the cap formed by the upper
droplet is very short, and the cross section of the cap becomes very large. However, the height of the cap formed
by the droplet below is very large, and the cross section becomes relatively small. And the moving speeds of the
upper and lower droplets are also different. The lower droplet moves faster, so it will catch up with the higher
droplet, and then they merge together (approximately at ¢ = 1.4). For comparison, we show the experimental
results of [5] in Figure 8b which can be seen to be very consistent with our numerical simulation qualitatively.

In the second simulation, we also use two droplets of the same size. and place them at different heights, but
one droplet is in a staggered position on the other droplet. This is the so-called oblique coalescence case, cf. [5].
The initial conditions are still given in (4.9) with z; = 0.3, x5 = 0.5. The isosurface of {¢) = 0} at different times
are plotted in Figure 9a. We can see that when the two droplets start to rise upward, the obvious difference
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FIGURE 9. (a) The dynamical motion of two 3D rising droplets (oblique coalescence case) in
the gravity field where p; = 1 and py = 1000. Profiles of the isosurfaces of the interface {¢ = 0}

are taken at ¢ = 0, 1.7, 1.9, 2.1, 2.3, and 2.9; (b) the experimental results by Brereton and
Korotney in [5].

from the coaxial simulation is that their staggered position makes the two droplets become a hat shape with
non-symmetrical structure. As they rise gradually, the lower droplet moves faster, while the upper droplet moves
slowly, so the lower droplet will eventually be captured by the upper droplet (“fish-capture” phenomenon), and
then the two droplets will be completely fuse together to form a large, obviously inclined cap-shaped drop.
Similarly, we also compare with the experimental results given [5] shown in the Figure 9b. It can be seen that
for the oblique coalescence case, our numerical simulation is also very consistent with the experimental results
qualitatively.

5. CONCLUDING REMARKS

The purpose of this paper is to construct a new fully discrete finite element numerical scheme for solving the
Cahn—Hilliard—Navier—Stokes phase-field model with variable density and viscosity. With the help of multiple
nonlocal variables and some specially designed ODEs, this scheme has the characteristics of linearity, full
decoupling, and easy implementation. The calculation cost of each step only includes solving a few linear elliptic
equations, and most of them are constant coeflicients. We strictly show the solvability and energy stability and
give the implementation process in detail. Various 2D and 3D numerical examples are performed to demonstrate
the accuracy and efficiency. Some benchmark simulations, such as Rayleigh—Taylor instability and drop rising
dynamics, are also carried out, and the good agreement with physical experiments proves the effectiveness of
the scheme.
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