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AN UNCONDITIONALLY STABLE UNCOUPLED SCHEME FOR A
TRIPHASIC CAHN-HILLIARD/NAVIER-STOKES MODEL

SEBASTIAN MINJEAUDT

Abstract. We propose an original scheme for the time discretization of a triphasic Cahn-
Hilliard /Navier-Stokes model. This scheme allows an uncoupled resolution of the discrete Cahn-
Hilliard and Navier-Stokes system, is unconditionally stable and preserves, at the discrete level,
the main properties of the continuous model. The existence of discrete solutions is proved and a
convergence study is performed in the case where the densities of the three phases are the same.
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1. Introduction. The complexity of multiphasic flows basically lies in the fact
that the time evolution of interfaces, whose position is an unknown of the problem,
may lead to their deformation, their break-up or coalescence. Moreover, interfaces
obey to physical phenomena where capillary effects play an important role.

The various domains of application, where multiphasic flows are involved, are gen-
erally complex; the experimentation and measurements are quite difficult, onerous and
most often not very accurate. For instance, in nuclear safety [23], the understanding
of interaction between molten corium (lava-like molten mixture of portions of nuclear
reactor core) and concrete (last confinement barrier) is a major issue. An approach
using direct numerical simulations allows to access to instantaneous quantities at each
point of the flows.

Because of their ability to capture interfaces implicitly, diffuse interfaces mod-
els are attractive for the numerical simulations of multiphase flows. In this article,
we consider a model which couples the Cahn-Hilliard system and the Navier-Stokes
equation.

1.1. The Cahn-Hilliard model. In diffuse interfaces theory, the interfaces are
assumed to have a non-zero thickness ¢ (which is here a constant parameter of the
model). Interfaces are considered as mixing areas and the phase i can be represented
by a smooth phase indicator ¢; called order parameter (which may be understood here
as the volumic fraction of the phase ¢). Thus, the system contains as many unknowns
¢; as phases. These unknowns vary between 0 and 1 (values which correspond to pure
phases by convention) and are linked by the relationship ), ¢; = 1.

A complete derivation of this kind of model for diphasic flows is presented in
references [1], [2], [17] or [20]. Different extensions have been proposed for the simu-
lations of three-phase flows in references [4], [11] or [19]. We consider in this article
the triphasic Cahn-Hilliard model taken from reference [4]:

; M,
de; =div o(c) Vi, fori=1,2,3,
ot >
. (1.1)
wi = fF(c) - ZeEiAci , fori=1,2,3,
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where Mpy(c) is a diffusion coefficient which is called mobility and may depend on
¢ = (c1,c2,c3). The functions ff are defined by:

4% 1
10 = 20T (- @r@ - o).
e —~\X
J#i
L 3 1 1 1 . . .
where Yp is given by — = — + — 4+ —. This system is a gradient flow for the

S % Yp | %
following energy functional under the constraint of volume conservation:

3
. 12 3
]:tzrlsh(ChCQ,Cg):/ 7F(01,CQ,C3)+*EZEi|VCi|2d$, (1.2)
7 Q¢ 8 i=1

where ) denote an open, bounded, connected and smooth domain of R? (d = 2 or
d = 3). The “intermediate” unknowns p;, called chemical potentials, are the functional
derivatives of the triphasic Cahn-Hilliard energy (1.2). The rather intricate expression
of fI" let us ensure the constraint:

c1+co+c3=1.

We introduce the hyperplane S = {(01,02,03) €ER3¢ci +cp+c3= 1} of R3, to sim-
plify notation in the sequel.

The expressions of the triphasic Cahn-Hilliard potential F' and of the constant
triplet 3 = (X1, X9, ¥X3) was derived in [4], so that the model can correctly take into
account the surface tensions values 012, 013 and oa3 prescribed between the different
pairs of phases and so that it is consistent with the two-phase situations: the triphasic
model has to exactly reproduce diphasic situations when one of the three phases is
not present. The coefficient ¥; is given as a function of the surface tensions:

Y= 05 + Ok — Ojik, Vi € {1,2,3}. (13)

and the triphasic potential F' has the following form:

22 22 22
F(c) = o12cic; + 013¢1¢5 + 023¢5¢3

+ creacs(X1er + Baco 4+ Uzez) + cicici Ale), Ve € S,

where A is an arbitrary smooth function of c.

Note that, in the sequel, we do not assume that the coefficients 3J; are non nega-
tive, so that the model can handle some total spreading situations. However, as it is
proved in [4], the following condition is necessary to ensure the well-posedness of the
system:

Yo 4+ X133+ Xodig > 0. (1.4)

This condition is equivalent to the coercivity of capillary terms and ensures that these
terms bring a positive contribution to the free energy fgjf " This is detailed in the
following proposition:

PROPOSITION 1.1 ([4, Prop 2.1]). Let ¥ = (1, %9, %3) € R3. There exists ¥ > 0
such that, for alln > 1, for all (&1,&45,&3) € (]R")3 such that €&, + &5+ &5 =0,

Suleal® + Talaf + Dalésl” > T (160 + l6al + 1€l
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if and only if the two following conditions are satisfied:
Yo+ X123+ 2933 >0 and X; + Ej >0, Vi 75 7 (15)

This proposition will be useful in the sequel.

REMARK 1. Owing to (1.3), the second part of condition (1.5) is always satisfied
and consequently it is sufficient to assume that the condition (1.4) holds, for applying
proposition 1.1.

The existence of weak solutions for problem (1.1) together with initial and Neu-
mann boundary conditions (for order parameters ¢; and chemical potentials p;) was
proved in [4] (see [7] for an alternative proof based a numerical schemes) in 2D and
3D under the following general assumptions:

e the mobility My is a bounded function of C!(R3) class and there exists three
positive constants My, Ms and Ms such that:

Vee S, 0< M < My(c)< My, and |DMy(c)| < Ms. (1.6)

e the Cahn-Hilliard potential F is a positive function of C?(R?) class which sat-
isfies the following assumptions of polynomial growth: there exist a constant
B; > 0 and a real p such that 2 < p < +oo ford =2 or 2 < p < 6 for d = 3,
and

veeS, |F(e) <Bi(l+[e]), [DF(e)<Bi(1+]ef"),
(1.7)
and |D?F(c)| < By (1 + |c\p_2) .

1.2. Coupling with hydrodynamic. The coupling between the Cahn-Hilliard
and Navier-Stokes systems is obtained by:

1. adding a transport term u - V¢; in the evolution equation of each order
parameter ¢;, (i € {1,2,3}), that is the first equation of system (1.1).

2. defining the density and viscosity as smooth functions of order parameters c.

3. adding a capillary forces term Z?:l 1;Ve; in the right hand side of the mo-
mentum balance (in the Navier-Stokes equation).

Furthermore, we adopt a particular form of the Navier-Stokes equation, initially pro-
posed in [15] (see also [6] and [20]), which ensures an energy balance without using
the equation of mass conservation. It relies on the following inequality:

d 1 2, 0 u .
G el de = [ | VRS(/a) + (on- D)k G (ow)] -

the domain §2; being an arbitrary bounded smooth domain moving at the fluid veloc-
ity u [3].



Hence, the triphasic Cahn-Hilliard /Navier-Stokes, we study here, is constituted
with following equations:

602‘
ot

My
-Ve; = di
+u-Ve 1V(E

Vﬂz) , Vi=1,2,3,

7

43 1
P ( (8:F(c) — ajF(c))> _3eniAe, vi—1,2.3,
€ AN !

m% (\/@u> + (Q(C)u : V)u + gdiv (g(c)u) (1.8)

3
— div (2n(c)D(u)) +Vp = uVei+ o(c)g,

i=1

divu =0,

where the vector g stands for the gravity; the density and viscosity are defined by:

Z?:l nihx(c; —0.5)
S hae; —0.5)

Z?;l oih(c; —0.5)
S hale; —0.5)

where g1 (resp. 02, 03) and 1 (resp. 72, n3) are the values (assumed to be constants)
in phase 1 (resp. 2, resp. 3) and the function hy (A = 0.5) is defined by:

o(c) = n(c) =

b

0 if <=\
1 1

ha(z) = 3 (i—i—ﬁsin (Ff\)) if =A<<z <A
1 if x> A\

We supplement this system with Neumann boundary conditions for order param-
eters ¢; and chemical potentials p;, i.e. for i =1,2,3,

Ve -n=0and MoVp; - n=0, onT, (1.9)
and with a homogeneous Dirichlet boundary condition for the velocity, i.e.
u=0onl. (1.10)

Owing to these boundary conditions (1.9) and (1.10), we introduce the following
function spaces:

Ve =pr=H0YQ), V= {c = (c1,¢2,¢3) € (H(Q))3;¢c(x) € Sfor a. e. x € Q},
d d
VU= (Hl(Q)) Y, - (H})(Q)) VP = {p € LQ(Q),/ pdz = o}.
Q
Finally, we assume that the following initial condition holds:

ci(t =0)=¢c?

7

and  u(t=0)=u’ (1.11)
0=(cc5,c9) € Vg and u® € V¥ are given.
4

where ¢



1.3. Outline of the article. In section 2, we describe the time and space dis-
cretization of problem (1.8). We then prove, in section 3, the unconditional stability
of the scheme and the existence of approximate solutions. Section 4 is devoted to
numerical experiments. In the last section 5, we prove the convergence of approx-
imate solutions towards weak solutions of the Cahn-Hilliard/Navier-Stokes system
in the case where the three fluids have the same density. In particular, we prove
the following existence theorem by passing to the limit in the numerical scheme in
section 5:

THEOREM 1.2 (Existence of weak solutions in the homogeneous case). Assume
the coefficients (X1, X9, X3) satisfy the condition (1.4), the mobility satisfy (1.6), and
that the Cahn-Hilliard potential F' satisfy the condition (1.7). Assume the densities of
the three fluids are equal, i.e. 01 = g2 = 03 = 0o, 0o € R. Consider the problem (1.8)
together with initial condition (1.11) and boundary conditions (1.9)-(1.10). Then, for
all ty €]0, 4+00], there exists a weak solution (c, w,u,p) on [0,ts[ such that

c € L0, 45 (H'(Q))%) N CO([0,2[; (L)), for all ¢ <6,
p e L2(0, 15 (H'(Q2))?),
u e L0, 55 (L2())%) NL2(0, t5; (HY(Q))%),

c(t,x) € S, for almost every (t,x) € [0,t;[xQ.

2. Discretization of the Cahn-Hilliard/Navier-Stokes model.

2.1. Time discretization. Let N € N*. The time domain [0,¢y] is uniformly
discretized with a fixed time step At = tﬁf; we define ¢, = nAt, for all n € [0; N].
We assume that the function ¢” € Vg and u” € V§' (n € [0; N — 1]) are given and
we describe the system we have to solve to compute the unknowns ¢! € V§ and
u"t! € V¥ at time ¢" 1.

We first describe, in two distinct paragraphs, the schemes we use to discretize the
Cahn-Hilliard and Navier-Stokes equations without considering the coupling terms.
We then explain, in the next two paragraphs, the reasoning leading to the discretiza-
tion of the coupling terms before writing the complete scheme in the last paragraph.
For more details on the time discretizations of the triphasic Cahn-Hilliard model, the
reader may refer to the article [7] (and references therein). Several articles in the lit-
erature are devoted to the study of discretizations of the Navier-Stokes equation: we
refer in particular to the articles [15] and [21] which deal with variable density models.

2.1.1. Cahn-Hilliard system. We consider a time discretization of the Cahn-
Hilliard system of the form: for i = 1,2, 3,

cntl _on n+o

i c; transport .. M, n+1
AL T term _d1v< X Vi ’

3 n
pitt = D (e™, et — ZeZiAci +

where c?'hg =(1—B)c! + Bt B e[0.5,1], and MJ+T* = MO((l —a)c” + ac"“‘l),
a € [0, 1]; the discretization of transport terms is postponed to section 2.1.3.

This kind of discretizations was presented and studied in reference [7]. This is
out the scope of the article. We assume that the discretization DY (c",c¢™ 1) of the
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term f is of the form:

\g

4% 1
Df(a™a™*!) = 7; > ( (df(a”,anﬂ) - df(a”,anﬂ))) , V(@"a"th) e 82,
g#i NI

where df" stands for a semi-implicit discretization of 9;F. We assume that the two
following basic properties hold for all i € {1,2, 3}:

Ve e S, DI(c,c)=fl(c). (2.1)

V(" att) € 87, jdf ", a" )| < By (14 2P a2,

e
|D (df(a"’ )) (an-i-l)’ < B (1 + |an|p72 + }an+1|:0* ) 7

the notation D means here the derivative of df" with respect to the second variable.
The assumption (2.1) is a consistency assumption and the assumption (2.2) is the
counterpart of the polynomial growth assumption (1.7) on F. Many possible choices
for the discretization of the term df were presented in [7]. For instance, we consider
in numerical tests of this article (section 4) the following expression:

n _n Ez n n n n n n
di*(@",a""") = T (a7 ™ + a7 [(af T+ ai )% + (a] + ak)?]
X

+= (@ + (0] [af !+ ap !+ al + af]

FEE )+ @] [l ol al + )]

1 1
wfar ] @2+ e + e e + @Y

This scheme was built in order to ensure the following equality:

P — Fa") = 3 dl (" a1 (! — af), V(a",a™") € 82,

% A
=1

and consequently a discrete energy equality which is obtained by multiplying the first
equation of the Cahn-Hilliard system by M?H, the second one by cf“ — cf', writing
the equality of left hand sides and summing for i = 1, 2, 3.

2.1.2. Navier-Stokes system. We now present the time discretization of the
momentum balance of the Navier-Stokes system:

Vole) 5 (/o) + (ele)u - Vu -+ Saiv (o(c)u)
(€] (2

3
—div (2n(c)D(w)) +Vp = mVei + o(c)g.
—_—

3) i=1

We separately present the discretization of the different terms (1), (2) and (3) involved
in the above equation; for each of them, we give their contribution to the energy
balance obtained at the discrete level by multiplying the equation by u™t!.

6



1
Term (1): Using the formal equality /o 8t(\/§u) = p0iu + iatgu, we choose the

following discretization of term (1) (see [21]):

n+1 n
un+1 —u” 1 Q"-‘rl _ Qn —u — 0
Qn 4+ un+1 — 2

At 2 At At

Its contribution to the energy balance is:

+1 +1
/ Qniu" At_ u ot g + / %LL At— A g
0 0

1
—- n+1,,n+1
24t U Ve

Term (2): The term (2) is linearized by using an explicit velocity for the transport:

2

n|2 n n n\ |2
L2Q) [Veru |L2(Q) + Ve (ut —u )|L2(Q) :

( n+l..n V n+1 un+1 d n+1l.,.n
0" u Jju" "+ —5 iv (" u").

Its contribution to the energy balance vanishes. Indeed, for all " € V', we have:

1
/ (o" ™ - V)u"tt v de 4+ [ Zdiv (o"Tu™)u" - vt de
Q 02
1
=3 [/ (o"Ttu™ - V)u" ! vt dx — / (o"Ttu™ - V)or - u"tdz| .
Q Q

In particular, when we take v = u™*!, the above term vanishes.
Term (3): We discretize the term (3) with an implicit scheme: —div (2n" ™ Du"*!).

Its contribution to the energy balance is: / ntt |Du”+1}2 dz.

Thus, we adopt the following discretization of the Navier-Stokes equation:

n+l _ ;n 1 n+l _ n n+1
inl - u n 5 0 N 4 a4+ (Qn+1un . v) a4+ u 5 div (QnJrlun)
- H n+1 n+1 n+1 __ capillary n+1
div (77 Du ) VPt = forces term teos

div (u"*') = 0.
The discretization of the capillary forces term is described in the next paragraph.

2.1.3. Coupling terms. We give in this paragraph the discretization of coupling
terms. That is the transport terms u - V¢; in the Cahn-Hilliard equations, and the
capillary forces term Z?:l 1; Ve, in the momentum balance (Navier-Stokes equation).
At the continuous level, when writing the energy balance, the contributions of these
two terms counterbalance each other. At the discrete level, we saw that the energy
balance is obtained, for the Cahn-Hilliard system, by multiplying the transport terms
by u?“ before summing up for ¢ = 1,2,3 and, for the Navier-Stokes equation, by
multiplying the capillary forces term by u™*?!.

Consequently, it is easy to see that when all the terms mentioned above are
discretized with an implicit scheme (cf [12] for the diphasic case), i.e. u™*! . Vc?*'1
and 2?21 Vet the balance is also true at the discrete level. However, this

7



discretization introduces a strong coupling between the Cahn-Hilliard and Navier-
Stokes systems. The discrete system is difficult to solve in practice.

It is possible to uncouple the system (cf [18] for the diphasic case, [6] for the
triphasic case) by using an explicit velocity (i.e. the velocity at time ¢") in the
Cahn-Hilliard equation: u™ - Vc;“rl. However, the contributions of the transport
terms in the Cahn-Hilliard system and the contribution of the capillary forces in
the Navier-Stokes equation do not counterbalance when writing the discrete energy
balance which contains the additional term: (uw™t! —u™) . Y20 1w+ 1t is
difficult to attribute a sign to this term and the scheme stability is obtained only
conditionally (cf [18], assuming for instance that the ratio between the time step and
the mesh size is bounded).

We first observe that it is possible to uncouple the resolution of the Navier-Stokes
system and the taking into account of capillary forces. The taking into account of
the capillary forces is performed during a first step which provides an intermediate
velocity u* which is then used in the Cahn-Hilliard system. The Navier-Stokes system
is then solved in a second step. The scheme reads:

(i) Taking into account of capillary forces:

u* —

3

un

=y TV = d "ttt
i=1

div (u*) = 0.
(ii) Cahn-Hilliard system:
n+1 ) Mn-‘r(x
L vt = a (M),

3
pitt = DF (e, et — ZeEiAc;H'ﬁ.
(iii) Navier-Stokes system:

n+l _ 0% 1 ontl — on n+1
Qnu u 4+ 0 Y a4 (gn+1un . V)un+1 + u 5 div (gn+1un)

At 2 At
— div (nn+1Dun+1) + V(anrl o p*) _ Qn+1g’

div (u"*) = 0.

This discretization is unconditionally stable but the system of step (i) (Darcy problem)
is still coupled with the Cahn-Hilliard equations (system (ii)).

We propose to forget for a moment the divergence free constraint imposed to u*
(and consequently the associated pressure term Vp*) in the system of the step (i).
This leads to define u* as follows:

3

u —u n+1 n+1
gnizg ¢ TV
i=1

This definition of u* is explicit and u* can be replaced by its expression in the Cahn-
Hilliard system thus eliminating the coupling with the Navier-Stokes equation.

The problem is that u* is not divergence free. Nevertheless, note that the diver-
gence of u* is of order O(At) and that the property u* - n = 0 is still satisfied on

8



I". Now, the question is: is it possible to discretize the transport term in the Cahn-
Hilliard equation in order to preserve its fundamental properties (volume conservation
and the fact that the sum of the three order parameters remains equal to 1) ? An
answer is given in the next paragraph.

2.1.4. Transport term in the Cahn-Hilliard system when the velocity
is not divergence free. In this paragraph, we are interested in the form of the
transport term in the Cahn-Hilliard equation when the advection velocity, denoted
by u* is not divergence free but satisfy the boundary condition u* -n =0 on I

Preserving properties of the Cahn-Hilliard when the advective velocity is not di-
vergence free may be useful in other contexts. For instance, when using an incremental
projection method (cf [9], [26]), the end step velocity is not divergence free.

The transport term may be written in the conservative or non conservative form
(these two forms are not equivalent since a priori div (u*) # 0):

e non conservative form: u* - Ve,

e conservative form: div (¢;u”).
The conservative form ensures the total volume conservation of each phase (since
u*-n = 0 on I'). This is not the case for the non conservative form since a pri-
ori fQ u* - Ve;dr # 0. Conversely, when using the conservative form, a necessary
condition to ensure that the sum of the three order parameters ¢; remains constant
equal to 1, is div (u*) = 0. Neither the conservative form nor the non conservative
form ensures both volume conservation and the fact that the sum of the three order
parameters remains equal to 1.

We propose to use the following formulation:

div ((¢; — a;)u*),

where «; is a constant. This formulation allows to ensure the two desired properties
if 2?21 a; = 1. To guarantee the consistency with diphasic model, the constant «;
may be zero when the phase i is not present. In the sequel, we propose to choose:

o = / & dz.
Q

This formulation allows to use an advective velocity which is not divergence free. The
term —a;div (u*) is added in the Cahn-Hilliard system, its role is to re-equilibrate the
values of each order parameters to ensure the fact that their sum remains equal to 1.
We prove in section 5 that this term is of order O(h + At) and so it does not disturb
the consistency of the scheme.

Owing to this formulation of the transport term, it seems natural to adopt the
following definition for the capillary forces term in the Navier-Stokes equation:

3

- Z (ci — ;) V.

=1

This is equivalent to modify the definition of the pressure by subtracting the term
Z?:l (ci — ai)pi.

2.1.5. Time discretization of the Cahn-Hilliard/Navier-Stokes system.
Finally, the different considerations presented in the previous paragraphs lead to pro-
pose the following scheme:

PROBLEM 1.



e Step 1: resolution of the Cahn-Hilliard system
Find (c"*, ") € (V) x (W*)? such that, fori=1, 2 and 3,

C(LJrl . .n 3

BT (W “affur -5 3 w)wyﬂ])

Mg+ 2.
= div (% V;ﬂ“), 23)

3

K3

3
ittt = D (e™, et — iZisAc?+5,

with o a constant: a; = C? dr.

Q
e Step 2: resolution of the Navier-Stokes system
Find (0" p"*t) € V& x VP such that,

un+1 _ un 1 Qn+1 _ Qn
i - n+1 n+l.n n—+1
Ity A W @tV
un+1
+ div (" ta") + div (2" Du™ )

2 (2.4)

3
+Vp T =" g ) (e — o) Vil
j=1

div (") =0,

where 7"t = n(ci ™) and o = o(c’), for { =n and £ =n + 1.

2.2. Space discretization. For the space discretization, we use the Galerkin
method and the finite elements method. Let Vi, Vi', Vi* and V! be finite elements
approximation spaces of V¢, V¥ V% and VP respectively. Since the velocity satisfies
homogeneous Dirichlet boundary conditions on I', we define the following approxima-
tion space:

Vilo = {V;: eVy; v =0on F}.
To simplify the notation, we introduce also the following space:
Vis= {ch = (c1h, Con,C3n) € (Vﬁ)3 icp(x) € S for almost every = € Q} .
We require some standard assumptions on approximation spaces:

¢ vk ¢ ® i f ¢ — vy i f m_yt 1 2.
V(l/ , UV ) cV-xV ,Vzllelvﬁ‘l/ V}1|H1(Q) + V£2V£|V Vh|H @) i:z) O7 ( 5)

u _p u D : f u_ .u : f D __ ,,p 2.
vt V) e Vg x V 7v216nvx,o|u Vil @) +y§2v2|’/ Vilwa e 7300 (2:6)

c W
Moreover, we assume that 1 € V¢, Vi C VI and that the L?-projection th (resp. H:" )
on the approximation space Vi (resp. V') is stable in H!', i.e. there exists a positive
constant C independent of h such that:

"
h

vt e ve, |k (v°) < s V" €V, ]H}j ()

< Clv# (27
HL(Q HL(Q) lv |H1(Q) (2.7)

10



We assume that the approximation space for order parameters satisfies an inverse
inequality: there exists a function Ci,, of h such that

Wi €VEs [ilie() < Cine (1) 5 i1 - (238)

This property is (for instance) satisfied when the mesh family is quasi-uniform and
the approximation spaces are associated to corresponding Lagrange finite elements;
in this case we can choose Ciyy (k) = C(1+ |In(h)|) for d = 2 and Ci,y (k) = Ch~? for
d = 3 where C is a constant which only depends on the mesh regularity (cf [8, 4.5.11
(p. 112) and 4.9.2 (p. 123))).

Finally, we assume that the approximation spaces for velocity and pressure satisfy
the so-called uniform inf-sup condition: there exists a positive constant © (indepen-
dent of k) such that

vidivey do
inf  sup . Q _ > 0. (2.9)
VREV eV ‘Vh|L2(Q)|Vh|(H1(Q))"’

We begin with the definition of discrete functions ¢ € Vi, s and u) € Vi o at the
initial time satisfying:

— 0. (2.10)

0
— 0 and |Uh7u|(H1(Q))dh~>0

|k CO|<H1(Q>>3 e

These discrete functions ¢) and uf) can be obtained from initial conditions ¢® and u°
by H(£2) projection, or as it is the case in practice, by finite elements interpolation
provided that ¢ and u® are smooth enough.

Assume now that cj} € V5, s and uy € V}! are given, the Galerkin approximation
of problem 1 reads:

PrROBLEM 2 (Formulation with three order parameters).

Step 1: resolution of the Cahn-Hilliard system
Find (¢t upt) e (v;;,s)?’ x (VI s t. Vv € Vi, Yl € VI fori=1,2,3,

+1
/ Lh Cin i dx —/ [cn - alh} [u" At Z(c a; ;)V,u"'H -Vl dx
o AL , LGin T h ih — Qjh h

oh =

n+a
/MOh v 7L+1 VV;LL dﬂ:

3
/ pip vy, dae = / DF (¢}, i+ Y )uf da + / SV v da,
Q Q

where o, is the constant defined by o = / c(;h dx.
Q

Step 2: resolution of the Navier-Stokes equation
11



Find (ap ™', ppth) € Vity x VI such that Vv € Vb, Yol € VY,

n+1 n n+1 7
u u 1 0 —0
/thh hyzd$+,/7h huzﬂqudx
Q Q

1 1
i 2/ QZH (uZ-V)uZ“ ‘vpde — 5/ QZH( uj, - V) - ”+1dx
+/277h+1Du"+1 Dv;tdx_/pzﬂdiv (wh) dz (2.11)
Q Q

:/ o g uhdm—/z W — Qn) Vunﬂﬂ/}:dx,

/ vPdiv (upt) de =0,
Q

where T = (et and of, = o(ch), for £ =n and £ =n+1.
REMARK 2. For the resolution of the Cahn-Hilliard system, it is equivalent to
only solve the equations satisfied by (c?,jl 03:17;1?;1,/1;:1) and then to deduce the

unknowns (03;1,/13’2‘1) using the following relationships:

by by
n+1l _ n+1 n+1 n+1l _ 3 n+1 3 n+l
ey =1—c} " —cyy and py T = — (21u1h 5, = Mon | -

The resolution of the Navier-Stokes system remains unchanged (cf problem 2). In the

sequel, in systems where only the unknowns (c’f;fl, uﬁ"l, g}j‘l, ug};"l) are present, the

. n+1 n+1 n+l n—+
notation ¢! stands for the vector (', ¢t 1 — bt — chth).

3. Unconditional stability of the scheme. We prove in this section the en-
ergy equality which ensures the unconditional stability of the scheme.

ProposITION 3.1 (Discrete energy equality). Let ¢y € Vi s and up € Vj.

Assume that there exists a solution (CZH, uZ‘H "‘H,pzﬂ) of problem 2. Then, we

have the following equality:
T, n 1 n n T, 1 n n
[}-t (L) 4 2/9h+1 +1| dx] _ {]_—z P )+§/ Qh‘uh|2dw:|
Q

n+a
+ AtZ/

n+1| da:+At/2nZ+l|DuZ+1|2dw

(3.1)
2,6 -1) / ZZ |Vc"+1 — Vc?h‘zd;r—&— %/ [|u”'H u [+ [u” — uﬁﬂ dx
Q
— 1?2 [F(c;“) — F(ep) —d"(ch,epth) - (ept' - cz)} dx + At/ e upt de,
Q
where d¥'(-,-) is the vector (df'(+,-))i=1.2.3 and
At &
ut =uy - — Z(c? )VM"H. (3.2)
43 =

Proof. The key point of the proof is the following observation: the Cahn-Hilliard
and Navier-Stokes systems can be re-written using the function u* defined by (3.2).
Then, standard estimations for the Cahn-Hilliard and Navier-Stokes systems are done
(step 1 and 3) and an estimation on the L? norm of u* gives the conclusion (step 2).

12



Step 1: Owing to the definition (3.2) of the function u*, we observe that the system
2.3 can be rewritten as follows:

Cin |~ Ch Mg, +1
/ #1/# dz — / [cif, — aglu™ - Vil do = —/ 5 Vult -V de,
Q Q Q i

3
/ phttyg de = / DF(cp, e} vy da +/ ZEﬁch,:rﬁVVﬁ dz.
0 0 Q

n+l _ n
Cin Cin

We take v}’ = M?}j‘l and vy = as test functions in this system. After some

standard calculation (see [7]), this yields:
3 Mnte 2
ftriph n+1 _-Ftriph n At / Oh n+1
X, (ch ) X, (ch) + ; o Ez |vuzh | dﬂ,’

3 3
+ 2(25 — 1):5/Q Z Ei’Vc?hH — Vc?h’2 dr = At/gu* . Z(c?h — )Vl de (3:3)
=1 i=1
12 [F( n+1 Fe® dF (e entt n+41 | g
= o c, ) — F(ep) - (ch,cp )" (Ch _Ch) ZT.
Step 2: It is possible to obtain an estimation of the first term of the right hand
side of the previous equality. By definition of u*, we have: Tt = Tuy —
O OpUp
3
At
Z(C?h — aj)Vu;?,fl. Multiplying by \/oju*, and integrating on £, yields:

m j=1

1 1 1
,/ g}f|u*|2dx—f/ QZ\uZ|2dx+f/ o u*—u}”?dx
2 Ja 2 Ja 2 Ja

3 (3.4)
= —At/ u* - Z(c?h — aj)V,ugﬁl dz.
Q °
Jj=1

Step 3: The system (2.4) can also be re-written using the function u*:

un+l o ll* 1 Qn+1 o Qn
n —h u n+1&h h.,u
——vidz - u e e J o 11
/Qgh At h +2/Q h At h

1 1
by [t Ve - 5 [ g R Ve
Q Q

+/§22nZHDuZ+1 :DV}L‘dx—/QpZHdiV(V}:)dx:/ngﬂg-uﬁdx,

/ vidiv (upth) de = 0.
Q

We take v} = u't! and v¥ = p}™! as test functions in this system. This yields:

1 2 1 1 2

5/ ot upt dzfg/ QZ|U*|2dI+§/ oplap ™t —u*| " da

+At/ 2n2+1|DuZ+1| dr = At/ QZ+1g~uZ+1 dx.
Q Q

The conclusion is obtained by summing up the equations (3.3), (3.4) and (3.5). O
13



REMARK 3. An important difference with the work presented in [18] in the case
of a homogeneous diphasic Cahn-Hilliard/Navier-Stokes model is that no condition is
required on the time step to ensure the stability.

The previous stability result enables to prove the existence of solutions for the
non linear approximate problem 2.

THEOREM 3.2. Given c} € Vﬁs, uy € V', we assume that

o the coefficients (X1,%2,33) satisfy (1.4), the mobility satisfy (1.6), and the
Cahn-Hilliard potential F' satisfy (1.7),
e the discretization of non linear terms d¥ satisfy (2.2) and the following prop-

erty: there exists Kfz > 0 (eventually depending on c}) such that
/[F(aZ“) — F(cp) —d¥(cp,a)th) - (ap ™ — )] dz < K varth e Vg, (3.6)
Q

Then, there exists at least one solution (CZH7 ;LZH, uZH,pZH) to the problem 2.
The proof relies on the following lemma from the topological degree theory [10].

LEMMA 3.3 (Topological degree). Let W be a finite dimensional vector space,
G be a continuous function from W to W. Assume that there exists a continuous
function H from W x [0;1] to W satisfying

(i) H(-,1) =G and H(-,0) is affine,

(i) IR >0 s.t. Y(w,0) € W x [0;1], if H(w, ) = 0 then |w|y, < R,

(iii) the equation H(w,0) =0 has a solution w € W,
Then there exists at least one solution w € W such that G(w) =0 and |wl|y, < R.

The idea is to link the non linear discrete problem to a more simple (linear)
problem (using an homotopy, function H of lemma 3.3) for which we are able to prove
existence of solutions (assumption (ii) of lemma 3.3). The topological degree theory
allows to deduce the existence of solutions for the non linear problem from a priori
estimates which are in our case deduced from the energy equality (3.1) proved in
proposition 3.1. Such a methodology was used for the approximation of the triphasic
Cahn-Hilliard model in [7]. We only give here the main steps of the proof.

«) Problem 2 is reformulated to enter in the framework of lemma 3.3. Let W be
a finite dimensional vector space (V°)? x (V,‘:)2 X Vitg x VP. We define a norm on W:
for all w = (c1n, C2n, f1ns P2n, Un,pp) € W,

2 2 2 2 2 2 2
lwly = letn i ) + le2nlin ) + [Hanl @) + [H2n i @) + el ) + PrlLz o)

and we introduce the function H such that

H: W x[0;1] W

n+1 _ n+l n+l n+1 n+l..n+1 _n+1 I c 1z c u P
(W™, 6) = (el s oy o myy ko g, 0) = (R, R RS, R, R, RY)

where R§' and R§?, (resp. R{* and RE?, resp. Ry, resp. RY) are defined with their
coordinates in the finite elements basis (f)ref1 ;aim(ve)]) (tesp. (V1) et dim (Vi) T€SD.
14



WPren; dim(Vy )]> T€SP. (yﬁ’),e[[l ;dim(v,’j)]]) of V5 (resp. VI, resp. Vito, Tesp. Vi)

VI €[1;dim(V)],

'(L—i—l _an Mn-‘roz
(RE) :/ Cin tcmyy dx+/ gus vu?hﬂ.vyf dx
Q

Q A i
5 At " i )V n+1 v #d
m Qi | [ — - Z(th jh) T A
hd j=1

vI e[[l;dim(Vﬁ)]]
. 3
(R?)IZ/ufhﬂVfdm—/‘SD cl,c nH)V?dx_/QiZiEVC?:B'v”;dx’
VI €[1;dim(V; )],

n+1 o 511 1 n+1 n
R = [ e vy do s 5 [ O By o
Q Q

) 0
+ 5/ o (uf - V)uptt v de — 5-/ o (up - V) vt upt da
Q

/277,1+1Du7”r1 Du}ldm—/pzﬂdiv (vY)dx

/Qz(—;—lg vy dx+5/z — o) Vm“ vy dz,
VI €[1;dim(VE)], (R{;)I:/yﬁ’div(ug“)dx,
Q

with ME® = Mo((1 — da)e}! + 6ac"+1) ohs = o((1 — Seit + bcy,) for £ = n or
{=n+1and g’ = n((1—=é)cy + (5c"+1) The function G is defined by G : w €
W — H(w,1) € W. The problem “Find w™*! such that G(w"*!) = 0” is equivalent
(by definition of the function H) to the problem 2. To prove the theorem, we are
going to prove that the functions H and G satisfy the assumptions of lemma 3.3. The
continuity of the function H is obtained using the continuity of the different non linear
functions (DY, o and 1) and the Lebesgue’s theorem. The function H(,0) is clearly
affine by construction.

B) Let (w™*1,8) € W x [0; 1] such that H(w™*!,§) = 0. Note that H(w"™1,§) =0

is equivalent to say that w™t! = (cﬁ“, cg}fl,uﬁ"l,ﬂg;l, uZ“p"H) is a solution of

a problem closely related to the problem 2. The same calculations as in the proof of
proposition 3.1 allows to prove the following estimate:

riph / _n 1 n n 2 riph / _n 1
{ftz,g,}a(chﬂ) +35 5 / thrl} h+1} dm} - {}—tz,gs(ch) +35 5 / Ohs|ouy ‘2d33}
n+a
+mZ/
3 n n 2
+ 528~ 1)e /Zz |Vt — Ve, | do
1 n n
+ §/Qh6 [|uh+1 _
Q

- / o 'g uh“dx+125 / (e ™) = F(ef) — " (ke ™) - (e = o) | dz,
Q

15
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where ]-'mph /(5 F(c —I—Z —eY; ’Vclh‘ dzr. Using proposition 1.1, the

fact that F' is non negative, the posmve lower bounds gmin and 7y, for the density
and viscosity, the fact that the mobility is bounded from below, the Korn lemma (cf [3,
lemme VIIL.3.5]) and assumption (3.6), we can readily derive the following estimates

]cn+1|H1(m <K |, +1|H1(Q <K uptt o < K, (3.7)
where chﬁ is a constant independent of § and w™*!'. The bound on pressure is
obtained using the bound on the velocity (3.7) and the inf-sup condition (2.9) which

ensures (cf [8, 21.5.10, p. 344]) that there exists v; € V}!, such that

. 1
vy e VP, /Qyﬁdlv (V’L)dx:/ﬂ’/hpZH dz and |Vh| gy < 6|pz+1|LZ(Q), (3.8)

Thus, taking v} = v, in the system associated to H(w™*1,6) = 0 enables to bound
the L? norm of the pressure:

|ph+1|L2(Q) S KSZ’ (3.9)

where K5 " is a constant
Combining (3.7) and (3.9), we obtain a positive constant K independent of §
and ¢} such that

|wn+1‘w < K.

Hence, taking R > K > 0 guarantees that for all (w,d) € W x [0;1], H(w,d) =
0= |w|y <R.

7) It remains to prove the existence of a solution to the linear problem H(w"*!,0) =
0. This problem can be written as three problems which are totally uncoupled and
the existence of solutions for each of these problems is readily obtained (using inf-sup
condition).

This concludes the proof of the existence of approximate solutions.

4. Numerical experiments. In this section, we provide 2D numerical simula-
tions in order to illustrate the unconditional stability stated in Proposition 3.1.
The space discretization is performed on square local adaptive refined meshes
using:
e QQ; Lagrange finite element for the order parameters ¢y, ¢, c3, the chemical
potentials p1, po, ps and for the pressure p,
e Q; Lagrange finite element for each component of the velocity u.
The adaptation procedures are based on conforming multilevel finite element approx-
imation spaces which are built by refinement or unrefinement of the finite element
basis functions instead of cells. All the details about this method and also various
examples (in particular, simulations using the Cahn-Hilliard model considered in this
article) are described in [5]. The refinement criterion used in those (un-)refinement
procedures imposes the value of the smaller diameter A, of a cell and ensures that
refined areas are located in the neighborhood of the interfaces (i.e. where no order
parameter is equal to one). We do not give more details on spatial discretization
issues here since the main goal of this article is to investigate the properties of time
discretization schemes.
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We compare the results obtained with the unconditionally stable scheme (denoted
Uncond. in the sequel) proposed in this article (see Problem 2) and the scheme
(denoted Stand. in the sequel) used in [18, 6] which is obtained by using an explicit
velocity in the Cahn-Hilliard equation (see section 2.1.3).

The (nonlinear) Cahn-Hilliard system is solved using the Newton algorithm and
the Navier-Stokes system is solved using the Augmented-Lagrangian method. All
intermediates linear system are solved using direct solvers.

The practical implementation has been performed using the software object-
oriented component library PELICANS [22], developed at the “Institut de Radiopro-
tection et de Streté Nucléaire (IRSN)” and distributed under the CeCILL-C license
agreement (an adaptation of LGPL to the French law).

4.1. Droplet oscillation. The first example is a two-phase flow simulation of
the oscillations of a 2D droplet due to surface tension. This test case was already used
in several articles, see for instance [14, 25, 16, 13]. The initial configuration is a 2D
droplet with a perturbed radius: 7 = ro(1 + a cos(26)) (in polar coordinates). More
precisely, we choose the square | — 4rg, 47[* as computational domain and initialize
the order parameters ¢; and ¢y with the following formula:

¢1 = 0.5+ 0.5 tanh (i (ro(l + acos(26)) — r)> ,

Cy = 1-— C1,
where the interface width ¢ is given by € = 52. We use the values 7o = 0.1 and
a = 0.05 in all our simulations.

The perturbed droplet is initially at rest and the only external force is the surface
tension o = 1 (i.e. there is no gravity g = 0). We assume that the two phases have
the same densities 93 = g2 = 1 and the same small viscosities 171 = 19 = 10~%. We
take a small constant mobility My = 10~° and perform simulations until the final
time T = 0.2. The space discretization is fixed: Ayin = §.

Figure 4.1 shows the time evolution of the kinetic energy (on the left) and of the
total energy (on the right) using the Uncond. scheme for different values of the time
step At.

4.5e-04

0.6310+ .
1 DOoOoOAt=107

X XAt=5-10""
OooOgAt=2-107"*
H+ +At=10"

OO OAt=10"
X XAt=5-107*

DooAt=2-107"

H+ +At=10"*

4.0e-047

3.5e-04 0.6305-

3.0e-047

2.5e-047

0.6300

0.6290
0.00 0.02 0.04 0.06 0.08 0.10 012 0.4 0.6 0.8 0.20 0.00 0.02 0.04 0.06 008 010 0.12 014 016 0.18 0.20

2.0e-047

1.5e-044

1.0e-04

5.0e-057

(a) Kinetic energy (b) Total energy

Fig. 4.1: Time evolution of kinetic and total energy using the Uncond. scheme for
different time steps.
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The Uncond. scheme ensures the decrease of the total energy for all time steps.
This is not the case when using Stand. scheme. Figure 4.2 shows a comparison of the
energies evolution between Uncond. scheme and Stand. scheme. For At = 10~4, the
results are very similar but for At = 2-10~% or greater, the Stand. scheme leads to
a blow up of kinetic and total energies.

0.0006 0.6315
— Stand., At=2-10"*

. — 104
rrrrrr Uncond., At =10 0.6310
— — Stand., At =10" I

— Stand.,, At=2-10"*
rrrrr Uncond., At =10"*
— — Stand., At =10""

0.0005+

0.0004

0.00037

0.0002+

00011 N A\ £\
0.0001 \ / \ // \ / \“
\ \/ \\

0.6305-

0.6300

0.6295+

0.6290

0.0000 T

(a) Kinetic energy

T T T T T T
0.00 0.02 0.04 0.06 0.08 0.10 0.12 0.14 0.16 0.18 0.20

0.6285 T T T T T T T T T
0.00 0.02 0.04 0.06 0.08 0.10 0.12 0.14 0.16 0.18 0.20

(b) Total energy

Fig. 4.2: Time evolution of kinetic and total energy using the Uncond. scheme and
the Stand. scheme for different time steps.

Figure 4.3 shows the interface shape and the streamlines (of velocity) at ¢t = 0.04
that we obtain when using the Uncond. scheme (on the left) and the Stand. scheme
(on the right). These pictures show 20 contour levels of the order parameter c;
between 0.4 and 0.6, and 50 contour levels of the streamline function. It appears
small instabilities in the neighborhood of the interface when using the Stand. scheme.

(a) Uncond. scheme

(b) Stand. scheme

Fig. 4.3: Contour level of the order parameter ¢; and of the velocity (streamlines) at
t = 0.04 using the two different schemes.

4.2. Two dimensional three-phase flow. The second example is a three-
phase flows simulation of a gas bubble rising in a liquid column under gravity. Physical
properties of the three phases and initial configuration are given in Figure 4.4. The
interface width is given by ¢ = 1% and the mobility is chosen degenerate, i.e. the
mobility vanishes in pure phases: My(c) = 1075(1 — ¢1)?(1 — ¢2)?(1 — ¢3)%. We chose
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At =5-107° and hyi, = 5 for this simulation.

®
R T
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0.07 | 0.07 | 0.05 20R
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Fig. 4.4: Physical parameters and initial configuration of test case

The bubble rises in the heavy liquid (phase ®), penetrates the liquid-liquid in-
terface and then rises in the light liquid (phase ®) entraining some quantity of the
heavy liquid in the upper phase. This time evolution is shown in Figure 4.5 where
simulations performed with the Uncond. scheme (on the left) and the Stand. scheme
(on the right) are compared. These pictures show 50 contour levels of the order pa-
rameters ¢; (in red) and c¢o (in blue) between 0.4 and 0.6 (be careful the contour levels
of ¢; and ¢; may coincide).

The results we obtain with the two schemes are close: the bubble rises with the
same velocity in the two cases. However we observe two main differences: the first is
the form of the bubble (see for instance picture at ¢t = 0.6) and the second is the time
at which the column of entrained fluid break up (see pictures at time ¢ = 0.75 and
t =0.9). These differences are certainly due to the fact that the stabilization modifies
the value of the mobility in the Cahn-Hilliard equation and consequently the Uncond.
scheme involves a more important diffusion at the interface than the standard scheme.
Nevertheless, note that in the right picture at t = 0.9, the thickness of the entrained
liquid column is equal to the mesh size and so the column is near to break up.

5. Convergence of approximate solutions in the homogeneous case. In
this section, we assume that o1 = 9o = 03 = 09 > 0. This implies that the function
o(c) is constant: p(c) = gy, Ve € S.

The existence of solutions is given by theorem 3.2. For all N € N, we can introduce
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Fig. 4.5: Time evolution of the system with the Uncond. scheme on the left and with
the Stand. scheme on the right.

the following piecewise constant and piecewise linear interpolations in time:

() =), TN = O, el taal,
M) = L)+ ), et tual,
pE) = i) it gl
() = wi (), W) =), it
W (1) = )+ ), i et b

The convergence result is the following:
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THEOREM 5.1 (Convergence theorem). We assume that assumptions of theorem
3.2 are satisfied, so that a solution (cly , pui, uflv,pitv) of problem 2 exists for all N € N*
and for all h > 0. We assume that g € ] ] that the consistency property (2.1)
is satisfied and that there exist two constants C > 0 and Aty > 0 such that for all

At < Aty and for allm € [0; N — 1],

T, n 1 T, n 1 n
[-F;,Sh( M+ 2@0/ }“h“’ dzx } {]’-tz,fh(ch)JriQO o |uh\2d$]

+C

n+1‘ d;p+ (28 —1)e /ZE)van vcm?dx} (5.1)

. 1 N n
+At/ 277h+1|D h+1‘ dx + 490/ |uh+1 _uh‘ dr < Atgo/ g u'tda.
Q

Consider the problem (1.8), the initial conditions (1.11) and the boundary conditions
(1.9)-(1.10). Then, for all t; > 0, there exists a weak solution (c,p,u,p) defined on
[0,t¢[ such that

c € L0, ts; (H(2))3) NCO([0, t4[; (LU(Q))3), for allq <6
p € L2(0,t5; (H(2))?),
u € L>2(0,t7; (L2(Q)4) NL2(0, t5; (HY(Q))D),
c(t,z) € S, for almost every (t,z) € [0,¢,[x €.

Moreover, for all sequences (hi ) ken-and (Nk ) xen+satisfying the following properties:

OhK—>O andNK—+>+oo
K—+c0

. there emsts a constant A (indep. of K) s.t.: (recall that Ciy,y is given by (2.8))
VK € N*, Cinv(hK) < ANk, (52)

the sequences (chN )Ken® (uhK Viken+ and ( ) Ken satisfy, up to a subsequence,
the following convergences when K — +00 :

NK — ¢ in C°(0,ty, (L9)%) strong , for all ¢ <6,
hK — u in L2(0,t, (L*)?) strong ,
(
)

uhK — p in L2(0,t, (H')?) weak.

REMARK 4. The assumption (5.1) is obtained in practice by applying the propo-
sition 3.1 and by bounding the term:

/Q [F(ch™) = Fleh) — d"(cj, ¢y ™) - (e — ¢f)] da,

in the right hand side of (3.1). The way to obtain this bound is depends on the scheme
DF(c™, c¢"*1) chosen for the non linear terms of the Cahn-Hilliard system. This was
largely discussed in reference [7].

REMARK 5. In the statement of theorem 5.1, the inequality (5.2) is not a stability
condition. When using a quasi-uniform mesh family and the associated Lagrange
finite elements in 2D, this condition is not restrictive since we can choose Ciny(h) =
C(1+ |In(h)|). In 8D, it means that to obtain convergence towards weak solution of
continuous problem, it is necessary that the time step goes to zero faster than the mesh
size.
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The proof of theorem 5.1 is inspired from the references [12] and [18] which deal
with the homogeneous diphasic Cahn-Hilliard /Navier-Stokes system. Excluding the
fact that we are interesting in a triphasic model, the major difference with these works
is the taking into account of the transport term in the Cahn-Hilliard equation. We
have to prove that the additional term do not disturb the consistency.

Basically, the proof of theorem 5.1 is split in three steps:

e first, the energy equality (5.1) allows to prove that the sequences (cfvvi’: ) KeN*,

(N}ﬁf)KeN* and (uhN}f)KeN* are bounded in some suitable norms.
e it is then possible to apply compactness theorems to extract some convergent
subsequences.
e the third step consists in proving that the obtained limit is a weak solution
of problem (1.8).
We give the details for each of these three steps below. In the sequel (section 5.1, 5.2
and 5.3), we assume that assumptions of theorem 5.1 are satisfied and in particular the
notation ¢}, ui, uy, py. .. denote solutions of the discrete problem 2, and (cﬁf)KeN*,

(MhN;)KeN*a (uhN;)KeN*. .. the associated sequences.

5.1. Bounds on discrete solution. In this section, we assume that K is fixed
and to simplify notation we omit the index K in the notation hx and Ng. The first
estimates stated in proposition 5.2 are directly derived from the energy estimate (5.1).

PROPOSITION 5.2. We have the following bounds:

sup (|CZ|(H1(Q))3) + sup (|uZ|(L2(Q))d) < Ki, (5.3)
n<N n<N

N—-1 3 5 N-1 5
(Z% At; |N?h+1|H1(Q)> + (Z:O At|‘12+1|(H1(Q))d> < Ky, (54)
N-1 3
At <Z ALY
n=0 i=1

2 N—-1
n n 2
) + (Z g+t —uh!(Lz(m)d) < K3, (5.5)
where K1, Ko and K3 are three constants independent of At and h.

H* () n=0

Proof. This proof is very similar to the one of proposition 4.2 in [7]. Nevertheless,
note that it use additional ingredients (Korn lemma (¢f [3, lemma VIL.3.5]), the lower
bound for the viscosity n(c) and the fact that the density is constant) to deal with
the terms which involve the velocity. O

To pass to the limit in non linear equations (cf section 5.3), we need strong
convergence of the subsequences. For this reason, it is useful to obtain more accurate
estimates.

ProproSITION 5.3. There exist two constants K4 and K5 independent of h and
At such that:

N-—1 3
(Tas
n=0 i=1

N—i—1

n+1 n
Cin  —Cin
At

2 N—-1 3

1 n+1 n |2
+|—= cin = Cin < K4, (5.6)
i) * (5 DE bl ) <

n+1 n
Cin __— Cin
At

) 2 1
n—+1i R < AV . . _
; Atlu 0| e Ks(t')3, Vie[o;N —1]. (5.7)
Proof.
(i) The estimate (5.6) is obtained from the first equation of the Cahn-Hilliard
system.
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(o) Consider v}’ € VI, The first equation of (2.3) reads:

+1 +
/L _c?huudx:—/ Mo ™ Gymt e da
o At 4 Q X 4

At & .
+ [ e = ol - 255 (e - a) Vi) Vi e
=1

Thus, the inverse inequality (2.8) yields:

n+1 n

it —cl

1 Ly
0 At

At P S
+ E('Oﬁzl + C/‘inv(h)é ‘Cih|H1) Z (1 + Cinv ’C]h’H1) |M] 1’H1|Vh|H1
j=1

<[ =i i + (|ou~|+|c?h|H1)|umHl}|uz|H1

Finally, thanks to (5.2) and (5.3), we obtained that there exists a con-
stant K (independent of h and At) such that:

Cn+1 _ cnh

ih 1 n

= Pytdr| < K
~/Q At " h

We are now going to use this intermediate inequality to prove (5.6).

3
|:UZ|H1(Q) + Z |/L?h+1}H1(Q):| |V¢:|H1(Q)' (5.8)

=1

(B) Let v € H'(2). Let v} be the L? projection of v on V¥'. Owing to (2.7),
we have:

|V;;|H1(Q) < C‘V|H1(Q)'

Thus, using (5.8), we obtain

C?hH Cin Cﬁ;f ' Cznh n+1
Zih ik, g0 Zth ik, §
/S; At o At |u}L H1 + |/u"L ’Hl |l/‘H1

Since this inequality is true for all v € HY(Q), we have

|uh|H1 () + Z |/~% +1|H1 Q)]

=1

< KC

(H ()’

Consequently, using (5.4) yields:
Z At Z
(v ) We now take v = At(c — ¢l ) in (5.8). This yields:

‘uh|H1 + Z |:uz +1|H1:| Z |07hLl Cin HL

=1

n+1 cn 2

’Lh Cin

< 18K*C*Ko. (5.9)
(H(2))’

n+1
- czh

< KAt

and so, using (5.4) and (5.5), we have:

N-1 3
SN et = elia, < 2VEaV/EsVAL (5.10)
n=0 i=1
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The inequality (5.6) is readily deduced from equations (5.9) and (5.10) by
defining the constant K; = max(18K2C?Ks,2/3K2vK3).

(ii) To obtain estimate (5.7), we begin with bounding the term: |uj** — uZ‘?Lz)d
for n € [0; N —i—1]. We choose v}; € V}!; such that
/ vidivepgde =0, Yl € VP, (5.11)
Q
as test function in (2.11) and we sum up the equations to obtain:
) 1 n+i—1
/ oWyt —up) widr o Y At/ oo (uf - V) uftt . v de
Q 2 Q
k=n
T
1 n+i—1 n+i—1
—3 Z At/ 00 (uZ . V) vy - u’,ﬁ“ dzr + Z At/ 2n}’f+1DuZ+1 : Dy dx
k=n 2 k=n 2
T2 T3
n+i—1 n+i—1 3
= Z At/ 008 vy dx — Z At/ (c?h - aj)Vu;?,J{l cvpde.
k=n Q k=n Q2 Jj=1

T4 T5

We then separately estimate each term of this inequality. For term T3, by
using the Hélder inequality and an interpolation inequality, we obtain:

1 n+i—1 1 1
o < 500lwilgunyaldt D0 08| Gaya 0 Faga [0 gy
k=n

Using the bound (5.3) and the Young inequality yields:

1 i u ni_l 270 k3 k1|3
Tl < §Q0K1 ‘Vh|(H1)dAt g[’u |(H1)d + |u |(H1)d:|
k=n

We conclude by using the Holder inequality and the bound (5.4):
2 33,0 3 iy
T1 § gQOKl K2 |Vh|(H1)d(tf)4(t )4.

The term T5 is bounded in the same way:

1 n+i—1
To < Geolst 3 [0 gyl anya [0 oy

k=n
n+i—1

1 . 3 3
< §QO|Vh|(H1)dAt Z ’uk’fm)d’uk‘(QLﬁ)d‘ukH‘(Hl)d

k=n
2 13 . 3, 401
< 590K1 K3 [vh] e (t) T () 7.
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For the viscous term T3, we derive the following estimate:

n+i—1
T3 < 277maxAt Z |uh } H1)4|Vz|(H1)d
k=n
n+i—1 1
.1 2
< 277max|l/;:|(Hl)dAt zz( Z ‘ k+l|(H1 d)
k=n

1 1
< 2max K5 |V;Ll‘(H1)d (tr)=(t)>.

It remains the terms Ty and T5:
T4 < 00lgl, | (V| o1,

and
n+i—1

Z AtZ|c]h aJ|L4
k=n

21,,u i\ s
<JQU[Ky + ma ol | K3 ] gy (8)F

k
Mj;zrl - |V2|(L4)d

Finally, we obtain the following result: there exists a positive constant K
such that, for all v} € V}! satisfying (5.11), we have

/ (Wpt —up) v de
Q

In particular, for v} = u}* —u? (which satisfies (5.11) owing to (2.11)), we

u iyt
< K[y gnya(t')7.

find
n+1 2 n+i n i\ +
’u e uZ’(Lz)d < K’thr —u, (H1)d<tz)4'
Thus, we obtain
N—i—1 N—-1
1oyink
Z At = [ ooy < 2K () HEVE DT AR s -

n=0

This leads to the conclusion with K5 = QKKQ(tf)%.

5.2. Compactness argument, convergence of subsequences. The esti-
mates proved in section 5.1 (proposition 5.2 and 5.3), allow to obtain (up to sub-
sequences) the convergence of the sequences: cﬁi , cﬁi Pt cny , uﬁfK , u,jvi , uiv X and
u, NiThe following propositions give the spaces in which these convergences hold.

PROPOSITION 5.4. Up to subsequences, we have the following convergences when

K — +oo:

o —~c inL™(0,ty, (H(Q))?) weak-+, (5.12)
prs —p inL2(0,t5, (H(Q))?) weak, (5.13)
aCﬁf dc . 2 1 /
% g ™ L? (0,t5, (H'(Q))) weak, (5.14)
uhNK —u in L2 (0,4, (Hl(Q))d) weak. (5.15)
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Proof. The convergences (5.12), (5.13), (5.14) and (5.15) are direct consequences
of proposition 5.2. Indeed, it is easy to Verify that the estimates stated in this propo-
sition prove that the sequences ch , “hK , &ch X and uhN & are respectively bounded
in the following norm: L>(0,ty, (Hl(Q)) ), LQ(O,tf, (HY(2))3), L2 (0,27, (H'(Q))),
L2 (0,17, (H()9). O

The weak convergences we write above are not sufficient to pass to the limit in
the non linear terms of the Cahn-Hilliard and Navier-Stokes systems. We prove in
the next two propositions that it is possible to obtain strong convergence for order
parameters and velocity in some suitable function spaces.

PRrOPOSITION 5.5. Up to subsequences, we have the following convergences when
K — +oo:

cévlf — ¢ inC0,ty, (LY(N))?) strong, for all 1< q< +oo ford =2, (5.16)
or 1<q<6 ford=3,
civlf —c, ghNI’; - ¢, E,Iif —c in L%(0,t5, (L3(Q))%) strong. (5.17)

Proof. The sequence c;, * N1 is bounded in L(0, ¢, (H'(Q))?) and its time deriva-

tive 8tchNK is bounded in L? (0, ¢y, (H'(2))"). We obtain the strong convergence (5.16)
of order parameters by applying the Aubin-Lions-Simon compactness theorem [24].
From this convergence and using the inequality (5.5), we deduce the strong conver-
gences (5.17). O

To prove the result of strong convergence on the velocity, we need to apply a more
precise compactness result since we do not have any estimate on its time derivative.
We apply a compactness theorem due to Simon in which the condition on the time
derivative is replaced by an estimation on time translates.

First, we write the term to estimate. This term is defined from the discrete
function uf which is piecewise constant (in time) and its time translate. We link
this term to the values u} of the function on each time intervals in order to exploit
estimates proved in section 5.1. To simplify the notation, we omit in this lemma, the
index K in the notation hx and Ng.

LEMMA 5.6. Let 7 €]0,t¢[. We denote by i € [0; N — 1] the unique index such
that t* < 7 < t*+1. Then, we have:

(1) of T < At then

ty—T
/o luy' (s +7,°) 5w s S—TZ‘“W 03

(ii) 4n all cases, we have:

ty—T 2
/0 |g£[(8+7',') —H;LV(S")|(L2(Q))(1 ds

N—i—1 N—i=2 2
Z Aty = a0 + Z At —uf] g

We can now state the proposition giving the strong convergence for the velocity.
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PRrOPOSITION 5.7. Up to subsequences, we have the following convergences when
K — +oo:

ws -, ghNI’: — u, ﬁhNI’: —u, in L2(0,ts, (L*(Q))?) strong. (5.18)

K

Proof. The proof relies on a compactness theorem due to Simon [24, Theorem 5,
p.84] which state that the embedding

L2(J0, [, (11 (2)*) N NG (10, 4L, (L2@)*) = L2 (10,141, (L2()*)

is compact. The Nikolskii space N§ (]0, tel, (L2 (Q))d) is defined by:

1
N (1.t (2 (@)*) = {v € L2 (0,11, (L7(2)");
30> 0,97 €10, L5, V(- +7,%) = VIagoe, —rwrians < CT5 J

with the norm

_ 2
Vs goustazans = (|V|L2G°’tf[’<”(“”d)

1 2\ 2
+ su (— v(-4+71,)—Vv B ) '
0<7’Etf T8 ve+7) 20,6~ L2 @) )

Thus, since the sequence ghNI’; is bounded in the spaces L2(]0,¢;[, (H(Q2))%) and
L2(J0, ¢4, (L3(2))%) (cf equations (5.3) and (5.4)), it is sufficient to prove that it

1
is bounded in the space N5 (]0,¢¢[, (L2(£2))?), to obtain the conclusion. Let 7 €]0,#¢].
We still omit the index K in the notation hx and Ng.
(i) If 7 < At then owing to lemma 5.6, we have:

ty—T

0 [ (s 7,) = 0 (5, ) (g g0 5 TZ“‘"H* Mwa@ye < Ko
n=0

(ii) If 7 > At then owing to lemma 5.6, and then using the inequality (5.7), w
have:

ty—T 2
/0 |gév(3+7',') _QhN(S7')‘(L2(Q))d ds
N—i—1 N—1—2 9
n+i n+i+1 n
Z At‘u uh‘ (L2(Q)) d+ Z At’u —up (L2(Q))¢
< Ks [(t’)Z - (t’*l)z} < Ks [1 + 21}7%’

since we have t* < 7 and t'T! =/ + At <
In all cases, we obtained the existence of a posmve constant Kg (independent of
h and At) such that:

ty—T
/0 ’ghN(s—&—T, ) — uhN ’(L? Q))dd s < K67%7 VT €]0,tyl.

This concludes the proof of the convergence of ulY. The convergences of uhN X and
) ¢ are then obtained thanks to the inequality (5.5). O
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5.3. Passing to the limit in the scheme. The convergences obtained in sec-
tion 5.2 allow to pass to the limit in the discrete system.

For the Cahn-Hilliard system (without the transport term), this work was already
done in details in reference [7]. We focus here on the transport term and on the
Navier-Stokes equation.

To simplify the notation, we still omit the index K in the notation Nx and hy
but when we say “convergence” it means K — +oo (and consequently Nx — 400
and hx — 0).

5.3.1. Transport term in the Cahn-Hilliard equation. Let v* € C®(Q) a
given function and 7 € C°(]0,¢¢[). We define v} as the H! projection of the function
vk on V}'. We have to prove the following convergence:

At &
/ / 71h uflv - g Z(gﬁ — ozj)Vu%] -V dz 7(t) dt
j=1 (5.19)

tr
—>// i — ai)u- Vv dz 7(t) dt.

We proceed in two steps, separately considering two terms of the left hand side:
the standard transport term and the additional term which ensures the unconditional
stability.

The following inequalities allows to identify the limit of the first term:

ty

ty
N —a)uy -Vl do T(t dt—/ / -Vt de T(t) dt

|T|L°° 0.t )|Vh Vi Q)|Czh O‘1|L2(o tp HL(Q)) ’uh }L2(0 tp,(H(Q))4)
17l eo 0,6 ) VPV 13 () |cih — O‘i|L2(o,tf,H1(Q))‘Hh - u|L2(o,tf,(L2(Q))d)

17l (0,6 VP sy | = @il o.r, gy Wlea o an @)

— 0,
since ¢y is bounded in L2(0,¢;, H'(2)), ul is bounded in L2(0,¢;, (H(Q2))?), ¢}
(strongly) converges in L?(0,¢7, L2(2)) towards ¢; (cf equation (5.17)), ul (strongly)
converges in L2(0,t7, (L?(2))%) towards u (cf equation (5.18)) and, owing to assump-
tion (2.5), [ — v} |y (o) = Vh'}g\f}ﬂ\l/“ = Vnlm () P 0.

We now use the fact than the sequences gf\,fl are u% are respectively bounded in

L>(0,t5, H (Q2)) and L?(0, ¢, H'(£2)) norm, the inverse inequality (2.8) and the con-
dition (5.2) on the sequences hx and Ng to show that the second term convergences
towards 0:

/tf / [Qf\;’l - Oéi ﬁ Z Vujh} -V dx (t) dt
0o Ja

]:1
At
+ ?|T|L2|VV |Loofczh O‘1|Lf>o Hl)Z| Sjh T aJ|Lw(H1 |M3h’L2 (H1)

— 0.
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Thus, we proved that the convergence (5.19) holds. Re-using (exactly as it is)
the reasoning presented in [7] allows to pass to the limit in the other terms of the
Cahn-Hilliard system.

5.3.2. Navier-Stokes system. Let v" € C°(Q) satisfying div (") = 0 and
7 € C([0,¢¢]) such that 7(tf) = 0.
We introduce the space

Zy = {zh eV W eVy, /

div (zp,)vy do = 0}.
Q

The inf-sup condition (2.9) implies that the function v* € H}(2) which is diver-
gence free can be “well approximated” with functions in Z;. This is detailed in the
proposition 5.8.
PROPOSITION 5.8 (Approximation of divergence free functions, [8, eq. 12.5.17]).
We have the following inequality:
1

z;}relehh/ _Zh‘Hl(Q) N 6 “len\f-“ |V _Vh|H1

Let v} be the H! projection of v" on the space Z;,. The proposition 5.8 and the
assumption (2.6) show that

vy — v, in (H'(Q))¢ strong. (5.20)

We use v}! as a test function in the first equation of (2.11). We then multiply by

7(t), t €)t™, t" 1|, integrate between t" and ¢"*1, and sum up for n from 0 to N —1 so
that we rebuilt a variational formulation on |0, ¢ f[xQ. The unsteady term is modified
by a discrete integration by part:

n+1_ tf _ _
/ /QO uh R 7790/ /uh () - vl dp T =T =AY () —r(t— At

At

¢n+1

—|—Qo/QuZ:N(LE)-I/z(£U) dx/o 7(ty — tAL) dt
fgo/ﬂug(:ryuﬁ(x) dac/0 T(At(t — 1)) dt.

Thus, we obtain the following formulation of the scheme in which we can pass to the
limit:

_go/tf/uh t,z) - vy de (1) — A( At)dt_g@/ﬂug(ﬂﬁ)"/z(fv)dﬁv/OlT(At(t—l))dt

T1 T2
tf tf N
/ /go uh v doT(t dt—f/ /QO uh uy, dzx7(t)dt
T3 Ty
tf tf
+/ / 2n(ey ) Dy, : Dvy der(t) dt :/ /Qog cvpdzT(t)dt
0 Jo 0 Jo
Ts
ty 1
/ / Z ;) )Vud, - vh dz T(t) dt — go/ u =N (z)  vi(z) de / T(ty — tAL) dt.
Q 0
T Ts
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The limit of the term T3 is readily obtained from strong convergences (5.18),
7(t) — 7(t — At)

At
for instance with dominated convergence theorem since the function 7 is in C* ([0, ¢4])):

(5.20) and those of functions t — towards 7/ in L?(0,¢¢) (obtained

tr
T1—>Q0/ /u~u“dw7’(t)dt.
0 Ja

The term T, allows to show that u satisfies the initial condition (1.11) in a weak
sense. The convergences (2.10), (5.20) and the uniform convergence on [0,ty] of the
function ¢ — 7(At(t — 1)) towards the constant function equal to 7(0) yields:

Ty — 0o /Q u’(x) - v*(x) dx7(0) dt.

Concerning the term T3, the following inequality allows to conclude:

ty ty
/ / (ghN-V) ﬁhN'VdeT(t)dt*/ / (u-V)u~u“me(t)dt‘
0o Jo 0o Jo

N
h

_N
u uy
L2((L2)4)

< Il [ u) 1" oy

vy —v" u
v |4 LQ((L4)d)+ ‘f

L2((H1)4) L2((H1)4)

+

[ [ ww@ w0l

— 0.

Indeed, since the sequences (ulY) and (uj’) are bounded in L2(0,#s, (H!(Q))?), the
convergences (5.18) and (5.20) show that the first two terms of the above right hand
side tend to 0. And the last one (the term involving the integral), it also tends to
0 by weak convergence of Vi, towards Vu in L2(0,¢;, (L?(Q))?) (a component-by-
component reasoning gives the result since for all 1 < 4, < d, the function (¢,z) —
w, () v (2)7(t) lies in L?(0, 5, L3(52))).

The term T} is treated in the same way:

t tr
/ / (gﬁ-V) l/;;'ﬁl;:rdfle(t)dtf/ / (u-V)u“-ude(t)dt‘
o Jo o Jo

N
h

_N
u, —

—N
up

< I7ly oo HuN vy —v" + ‘u \VJ 7 u }
R L ST L e P A L L2((12))

N
“"Eh —u

L2(0,tf1(L2)d)|vyu‘(L3)d‘u|L2((L6)d)|T(t)‘L°°’
the conclusion being now obtained using the convergences (5.18), (5.20) and the fact
that the two sequences uY and u} are bounded in L2(0,#, (H!(2))9).

The limit of the term (5) is obtained using the following convergence (up to a
subsequence):

n(ey ) = nlc) in L*(0,ty, (L2(Q))9) strong. (5.21)

This convergence is proved by using the dominated convergence theorem (the viscosity
7 is a bounded continuous function and €, strongly converge in L?(0,t, (L2(€2))?3),
almost everywhere up to a subsequence).
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Thus, using (5.20), (5.21), the fact that the sequence uj, is bounded in L2(0, ¢, (H'(2))%),
and the weak convergence of Duj towards Du in L2(0,¢, (L2(2))%), we obtain

ty tf
/ / 2n(eh )DuY : Dv} der(t) dt — / / 2n(c)Du : Dv* dar(t) dt‘
0 Q 0 Q

(20l = 2" syl + 2f(@) = (o)

— u
"Lz e Vv ‘L°°<Q>|T|L°°}

ty

L2(0,tf,L2)

2n(c)D(@), —u) : Dv" dz7(t) dt'

By (5.20), the convergence of term T is straightforward:

T6 — /Qog -vtdx T(t) dt.
Q

The convergence of the capillary forces term T~ is obtained as follows:

ty
],L o)V by, - Vi der(t) dt — / /Z cin — aj)Visn - v doT(t) di
3
N . u N u
; ‘V Hin L2((L2)4) [ Ein Oé]‘Lfm(]fl)'Vh En " Cih L2((L2)d)‘y |L°°|T|L°°}
3
(ein — )Vl — y) - 0™ dar(t) dt
— 0.

The first two terms of the right hand side tend to 0 thanks to convergences (5.17)
and (5.20) since the sequences (c}y,) and (u}),) are bounded in L?(0,t;, H'(€2)) and
L>°(0,ts, H'(Q)) respectively. The last term tends to 0 by weak convergence of Vu%
towards Vpu; in L2(0,¢5, (L2(Q))%).

Finally, it only remains to prove that the residual term T3 tends to 0. This simply
comes from the fact that:

[ o¥@) v do

< }uhN(')|L2(Q)|VZ\L2(Q) < K1 |vYiq),

and

1
/ T(ty — tAt) dt — 7(ty) = 0.
0

In conclusion, we proved that:

tf
fgo/ /u~u“dx7’dtfgo/u0~1/“d:v7'(0)
0 Ja Q

—l—/otf/Q %Qo[(u-V)u~VU - (u.V)u“-u} + 2n(c)Du: Dv*dx (t) dt

ty ty 3
= / /Qog vhdrT(t)dt —/ / Z(gj — )V, - v dz7(t) dt.
0 Jo 0 Ja'i=

To finish, passing to the limit in the constraint equation yields:
div (u) = 0.
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6. Conclusion. We proposed in this article an original scheme for the discretiza-
tion of the triphasic Cahn-Hilliard/Navier-Stokes model.

This scheme is unconditionally stable and preserves, at the discrete level, the
main properties of the model, that is the volume conservation and the fact that the
sum of the three order parameters remains equal to 1 during the time evolution.

We proved the existence of at least one solution of the discrete problem and,
in the homogeneous case (i.e. three phases with the same densities), we proved
the convergence of discrete solutions towards a weak solution of the model (whose
existence is proved in the same time).

The main perspective is the study of the convergence in the case where the three
fluids in presence have different densities. Even if the energy estimate (and the exis-
tence of discrete solutions) are still true in this case, it is delicate to obtain sufficient
estimates which would lead, by compactness, to strong convergence on the velocity
which is necessary to pass to the limit in non linear terms. Indeed, the Navier-Stokes
equation involves a term of the form ud;p. The time derivative of the density is not
very smooth since it is a function of order parameters whose time derivative is in
L2(0, t7, (HL(92))').
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