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STUDY OF A THREE COMPONENT CAHN-HILLIARD FLOW MODEL

FRANCK BOYER! AND CELINE LAPUERTA 2

Abstract. In this paper, we propose a new diffuse interface model for the study of three immiscible
component incompressible viscous flows. The model is based on the Cahn-Hilliard free energy approach.
The originality of our study lies in particular in the choice of the bulk free energy. We show that one
must take care of this choice in order for the model to give physically relevant results. More precisely, we
give conditions for the model to be well-posed and to satisfy algebraically and dynamically consistency
properties with the two-component models. Notice that our model is also able to cope with some total
spreading situations.

We propose to take into account the hydrodynamics of the mixture by coupling our ternary Cahn-
Hilliard system and the Navier-Stokes equation supplemented by capillary force terms accounting for
surface tension effects between the components. Finally, we present some numerical results which
illustrate our analysis and which confirm that our model has a better behavior than other possible
similar models.

Résumé. Dans cet article, nous proposons un nouveau modele de type interface diffuse pour I’étude
des écoulements incompressibles visqueux a trois constituants non miscibles. L’originalité de notre
étude réside dans la forme particuliere de ’énergie libre que nous proposons. Nous montrons que 1’on
doit prendre soin a bien choisir cette énergie pour que le modele donne des résultats physiquement
cohérents. Plus précisément, nous donnons des conditions nécessaires et suffisantes sur la structure de
cette énergie libre pour que le modéle soit bien posé et soit algébriquement et dynamiquement consistant
par rapport aux modeles diphasiques sous-jacents au systeme triphasique. Notons également que notre
modele est capable de prendre en compte certaines situations d’étalement total.

Nous proposons de décrire I’hydrodynamique du mélange via un couplage entre notre systeme de
Cahn-Hilliard a trois constituants et I’équation de Navier-Stokes dans laquelle sont ajoutés des termes
de forces capillaires entre les constituants. Finalement, nous présentons des résultats numériques qui
illustrent notre analyse et qui confirment que notre modele présente un meilleur comportement que
d’autres modeles similaires que 1’on pourrait considérer.

1991 Mathematics Subject Classification. 35B35, 35K55, 76T30.

March 31, 2006.

INTRODUCTION

Multi-component flows are frequently encountered in engineering applications, like for instance nuclear safety
studies which are the industrial context of this work performed for the french “Institut de Radioprotection et de
Stireté Nucléaire”. Diffuse interface models (see for instance the review in [2]) are now widely used to describe
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diphasic systems (see [6,15,28] and Section 1). In these models, the thickness of the interface between the two
phases is supposed to be very small but positive. Each phase is then represented by a smooth function called
the order parameter (which is often taken to be the volumic fraction of the component in the mixture). The
evolution of the system is then driven by the gradient of a total free energy which is the sum of two terms: a
bulk free energy term with a “double-well” shape and a capillary term depending on the gradient of the order
parameter and which accounts for the energy of the interface, that is the surface tension.

It was shown by some authors [5,6,15,16,23] that one can couple diffuse interface models with the Navier-
Stokes equation in order to cope with the hydrodynamics of such miscible or immicible mixtures. The final
model takes into account the main phenomenon of such flows and is well-suited to numerical simulations since
there is no need to follow the interface or to solve free boundary problems.

Generalizations of diffuse interface models to any number of components have been recently introduced and
studied for instance in [8,10-12,20]. Numerical methods were also proposed and used to simulate multi-phase
transitions for instance in [3,4,7]. Kim and coworkers have also studied how to generalize the coupling between
such multi-component Cahn-Hilliard models and the Navier-Stokes equations and how to implement efficient
numerical solvers (see [18,20,21]).

In this paper, we propose to study with more details the diffuse interface models which are well-suited
(when coupled with a momentum balance equation) for the simulation of incompressible flows made of three
immiscible phases, with no phase change. As in the references cited above, our study is based on the Cahn-
Hilliard approach. One of the main feature of the present work is that, thanks to a relevant choice of the
free energy, our model coincides exactly with the diphasic Cahn-Hilliard model (described in section 1, see
also [9,22]) when only two phases are present in the mixture. In this case, we say that the model is algebraically
consistent with binary systems. Furthermore, we are able to prove that our model is well-posed and that it is
dynamically consistent with binary systems. This last property is an asymptotic stability property of binary
solutions inside the ternary ones. These consistency properties ensure that non-physical apparition of one phase
inside the interface between the other two will not occur as it is confirmed in numerical simulations given at
the end of the paper. We want to lay stress on the fact that our study is only devoted to the modelling of
immiscible phases without phase change and is not necessarily relevant to more general situations like ternary
spinodal decomposition.

In order to describe the hydrodynamics of the mixture, we follow previous studies in the field in order to
perform the coupling between our particular ternary Cahn-Hilliard model and the Navier-Stokes equation for
an incompressible flow (in the so-called quasi-incompressible framework see [23]). These equations are defined
on the whole domain (there is no jump conditions) and the interfacial surface tension forces are naturally taken
into account through volumic capillary forces (see [19]). The final fully coupled model is very well adapted to
numerical simulations since interface tracking and surface forces discretization are not needed, just like in the
diphasic case.

The outline of the paper is the following. In section 1, a brief introduction to the Cahn-Hilliard diphasic
model is given. In the second one, we present the general construction of ternary models based on a given
but still undetermined free energy for the system. Then we state Theorem 2.4 which says that, under suitable
assumptions on this energy, there exists a unique global weak solution to the problem. We want to point out
here that the assumptions needed to prove this last result are more general than the usual ones in the literature
and allow us to apply this well-posedness result to all the particular models we study in the remaining of the
paper. Notice, in particular, that we are able to cope with some total spreading situations (see for instance
Remark 3.3 and Section 5.3.4). To our knowledge, this is a new feature compared to other studies.

In the third section we prove that the bulk free energy in the model has to fit a particular form (Theorem
3.2) in order for the system to be physically relevant. We study particular examples of such suitable bulk free
energies in sections 3.2 and 3.3, and we provide a complete analysis for each of them. We also prove that, under
suitable conditions, these particular models are dynamically consistent with diphasic systems (Theorems 3.8
and 3.9). This ensures the stability of binary interfaces inside a ternary system.
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Fourth section is devoted to the proof of our well-posedness result stated at the end of section 2. Finally,
section 5 is dedicated to numerical simulations. Some results are presented in the classical case of a lens located
at the interface between the other two components (see [25,26]). The contact angles between the phases and
the pressure jumps are correctly computed. Moreover, our theoretical results are illustrated by some numerical
evidences that non consistent models as well as some other models in the literature (see [12,20]) may lead to
unsatisfactory results compared to our models. We conclude this section with some results obtained by solving
the whole Navier-Stokes/Cahn-Hilliard system in order to simulate the rising of a bubble across a liquid/liquid
interface. Our results are in agreement with a theoretical predictive criterion on the volume of the bubble given
in [14] to determine whether or not the bubble will cross the liquid/liquid interface. This proves that capillarity
effects are correctly captured by our model.

1. THE TWO-COMPONENT CAHN-HILLIARD MODEL

We give here a brief overview of the Cahn-Hilliard model for two non-miscible constituents. The domain 2
is an open bounded, connected, subset of R with d = 2 or d = 3, with a sufficiently smooth boundary.

The Cahn-Hilliard approach consists in assuming that the interface between the two phases in the system
has small but finite width €. Then, the composition of the mixture is described at each point by the value of
an order parameter ¢ which is typically the concentration of one of the constituent in the mixture. The value
of the order parameter is 0 or 1 where only one of the phases is present and varies rapidly but smoothly across
the interface.

Moreover, the evolution of the system is driven by the minimization of a free energy under the constraint of

mass conservation of each phase that is [ cdx = constant. The expression of the free energy of the mixture

Q
depending on two parameters e (the interface width) and o (the surface tension) can be written as follows

i 3
Fien) = [ 12260 o + Sz Vet )

The first term (the bulk free energy) is non-negative and has a classical double-well structure with two minima
for ¢ = 0 and ¢ = 1 corresponding to the two pure phases, whereas the second term (the capillary term) tends
to penalize the interfacial zone. The equilibrium shape of infinite plane interfaces, in one dimension, can be
explicitly computed by solving the 1D problem

3
—50506’ + 24260(1 —¢0)(1 —2¢p) =0,
€
li =1
i o

lim Co = O,
—0o0

whose solution is, up to a translation,

ot =03 (1t (2)).

Hence, we can see that € can be considered as the characteristic size of the transition layer between the two
stable states ¢ = 0 and ¢ = 1 which is called the interface. We can now compute the total energy contained in
such an interfacial shape and we find that

/ fgffh(co) dr = o,
R
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so that o is exactly the surface tension contained in the interface per surface unit. A very important feature
of the Cahn-Hilliard approach is that the two relevant physical parameters which are o and € can be imposed
independently one from each other. In particular, it is possible for numerical purposes to choose € depending
on the mesh size we use without modifying the surface tension ¢ contained in the model.

Once we have defined this energy fgg’h, we can describe the time evolution of the mixture, thanks to the
Cahn-Hilliard equation

0
5~ V- (M) =0,

SFSPh 3 o )
p=—g = —505Ac + 24gc(1 —¢)(1 —2¢),

which is nothing but the flow along the gradient of the functional ]—'gjgh with respect to the H=(Q) inner
product ensuring the mass conservation property. The functionnal derivative of the energy with respect to the
order parameter, called u, is the chemical potential of the mixture and the coefficient M (which may depend
on ¢) is a diffusion coefficient called mobility. The first natural boundary condition for this equation is the
homogeneous Neumann boundary condition for g which ensures that there is no diffusion through the boundary
of the domain. Another boundary condition is necessary to complete the system. It is often taken to be
the homogeneous Neumann condition for the order parameter ¢ which modelizes the fact that the interface is
supposed to be orthogonal to the boundary of the domain. If one wants to modelize more general contact angles
on the boundary of the domain, it is possible to apply non-homogeneous and non-linear Neumann conditions
to this problem (see [16]).

Remark 1.1. Note that, ¢ being the concentration of one of the two phases in the mixture, it must satisfy
0 < ¢ < 1. Unfortunately, it is well-known that this property does not hold in general for the solutions of (2)
(we recall that there is no maximum principle for such fourth-order parabolic equations). This is a drawback of
this kind of models that we will also encounter for ternary systems in the sequel of the paper. One way to ensure
that the values of the concentration ¢ stay between 0 in 1, is to allow degenerate mobility (M (c) = c%(1 — ¢)?
for instance) or non-smooth bulk free energies (e.g. with logarithmic singularities in 0 and 1). In that case, the
analysis is more intricate (see e.g. [3,5]) and in particular uniqueness of solutions is not known. We concentrate
in this paper on non-degenerate mobilities and smooth bulk free energies.

2. THREE-COMPONENT CAHN-HILLIARD MODELS

In this section, we propose a general description of ternary Cahn-Hilliard models.

2.1. General framework

The aim of this section is to propose a well-suited generalization of the diffuse interface model presented
above in the case of ternary systems made of three immiscible components. Like for the binary model, the
given physical parameters are the three constant surface tensions o12,013 and o253 between two of the three
components and the interfacial width € > 0, which is supposed to be the same for the three kinds of interfaces.
This assumption is not restrictive since, in practical situations, the parameter ¢ is chosen so that the interfacial
zone contains at least 2 or 3 cells of the mesh. The key-point here is that, this artificial modification of the
interface width can be performed without changing the surface tensions contained in the model.

As a starting point, we describe a ternary system by using three order parameters, c¢1, ¢ and cs3, each of
them being the concentration of one the components in the mixture. Since we only consider perfect mixtures,
these three unknowns are linked through the relationship

c1+c2+c3=1, (3)



so that, admissible states will belong to the hyperplane
S:{(cl,02,03)6R3, 01+C2+C3:1}. (4)

We recall that the physical condition ¢; > 0 can not be guaranteed in our framework (see Remark 1.1).

We will now describe the Cahn-Hilliard energy for such a system. In view of the diphasic case, it is natural
to look for such energy as the sum of a bulk free energy F'(c1, ¢, c3), that is a kind of “triple-well” structured
non-convex function to be determined, and capillary terms |Ve;|2. We postulate that the free energy can be
written as follows

. 12 3 3 3
f;)fh(cl,c%c;),) Z/ . —F(c1,c2,¢3) + 521|V61\ + 622|V62| + 523|V03| dz, (5)
Q

where ¥ = (31,%,,33) is a triple of constant parameters to be determined. Notice that the coefficients 12

and — are natural in view of the diphasic case (1). Note that, in full generality, we may also have considered

capillary cross terms of the form Ve¢; - V¢;. Actually, it can be easily shown that the consistency properties we
will look for in the remaining of this paper can only hold if the capillary terms are chosen as in (5) with possibly
a supplementary term |V(cq 4 ¢2 + ¢3)|? (containing Ve; - Ve, terms). Nevertheless, this latter temr does not
enter the final model since C is con strained to lie in S.

Most of the work in Section 3 will be to determine how to choose the bulk free energy F' and the parameters
¥; in order for the model to fit with the prescribed surface tensions 012, 013 and os3 and to be consistent with
the two-component situation. First, let us derive from (5) the general evolution equation satisfied by the order
parameters.

Notation : From now on, we will note C = (¢1, ¢, ¢c3) and p = (p1, pi2, p3)-

The time evolution of C is governed by the gradient of the energy Fs, mph with respect to the H=1(Q2) inner
product under the additional constraint (3), which has to hold everywhere at any time. In order to ensure this
last constraint, we use a Lagrangian multiplier 5 (see [11]). The system of equations is written for ¢ = 1,2,3

dci _ V- (M;V;),
ot
triph (6)
.i 3 12
i = ——>— 4+ 3= —-e¥;Ac; + —6iF(C) + .
(507; 4 €

To eliminate 3, we write the equation satisfied by S = ¢1 + ¢2 + ¢3, and we want S = 1 to be a solution to this
equation. We easily see that this can only happen if we postulate that

My = M1%, = Myds = M3Ys.
Under this assumption, the sum S satisfies

a8 1 1 1 12 12
==V (MOV (——EAS +8 (— ot 23> + 7161 (C)+ - %:F(C) + Ec’)gF(C))) .

Now we see that S =1 is solution of (7) if and only if the Lagrange multiplier is defined by

i 42T



where X7 is defined by
3 1 1 1

Z_T = 2—1 + 2—2 + 2—3
Using this expression of 3, the ternary system (6) now reads, for i = 1,2, 3

aCZ‘_ MO
oV <zi Wl)’

(3)
pi= T > (z% (0,F(C) — 8jF(C))> e

Finally, the system (8) is built so that if the initial data is admissible, that is C(0) € S, then C(t) € S for
any time ¢. Hence, we can eliminate a posteriori one of the three unknowns ¢y, co or ¢z, which can be recovered
using the constraint (3). In the same way, it is easily seen that the three chemical potentials (g1, po, pu3) are
linked through the relation

3
Hi
; 5 0. (9)

Hence, the system (8) reduces to a set of two coupled Cahn-Hilliard equations. This is of course these two
equations that are used for numerical computations. Nevertheless, for the theoretical study of the model it is
worth working with the full system (8). A very important point here is that, since we only eliminate one of the
unknows a posteriori, the solution we obtain does not depend on the choice of the unknown that we eliminate.
This is not true, for instance, for the models developped in [18,21] where the elimination of one of the order
parameters is performed in the very beginning of the modeling.

Just like in the diphasic case, we supplement the previous system with Neumann boundary conditions for
each of the unknowns (c;, pt;) which ensures, in particular, that the volume of each phase is conserved along the
evolution.

2.2. Coercivity of the capillary terms

We will see later that it may happen (in the so-called total spreading situation, see section 5.3.4) that one of
the coeflicients ¥; appearing in (5) is negative. That is the reason why we want to pay a particular attention to
be able to perform the analysis of the system (8) without assuming the positivity of the ¥;. Nevertheless, for
the system to be well-posed it is clear that the total free energy (5) has to be, at least, bounded from below.

This remark leads us to necessary and sufficient conditions on the (X2;); that we give below for the capillary
part of the energy to be non-negative. This condition (11) (notice that we do not know if it has any physical
meaning) lets us cope with some but not all total spreading situations.

Proposition 2.1. Let (31, %9,%3) € R3. There exists ¥ > 0 such that for any n > 1,

Dl + Salel + Dl > 2 (16 + 16 + 16l7) , V(6 6.6) € R st &+ &+ & =0, (10)

if and only if the following two conditions hold

YiYo 4+ X123 + Xodg > 0, (1].)
S+ % >0, Vi # . (12)
3
Proof. First of all, since we are only concerned with triples (€1, &2, £3) satisfying Z & =0, we see that we only
i=1

need to study the case n = 2. Without loss of generality we can also assume that £; = <3(§) and & = (g)



Hence, property (10) holds if and only if the quadratic form
Q(z,y,2) = T1a® + To(y? + 2%) + 33 ((z +9)? + 2%)

is definite positive. The matrix associated to this quadratic form is given by

S 4N S 0
Q= X3 Yo + X3 0 )
0 0 Yo+ X3

and it is easily seen, by computing the main minor determinants, that this matrix is definite positive if and
only if

Y1433 >0,

(81 + 23)(Ze + 23) — X3 = 5159 + 2,53 + B9¥3 > 0,

Yo 4+ 33 >0.
Remarking that
T2 4 (2180 + X185 + EoX3)

Y1+35 ’

the claim is proved. O

Y+ 3=

We also give, for further use, the following straightforward consequence of the previous result.

Corollary 2.2. Let (X1,%9,%3) € R? such that (11) and (12) hold. There exists X > 0 such that for anyn > 1
and any (&1,&2,&3) € (R™)3, we have

D6 + Dal&a)? + Tsles? > —T)e + & + &)

2.3. Existence and uniqueness of weak solutions

We state now the general assumptions needed on the bulk free energy F' in order to be able to prove the
well-posedness of the system (8):

e We assume that F' is of C? class and satisfies

F(C)>0, VCeS, (13)
e There exist By, By > 0 such that
IF(C) < Bi|C]’ +B,, VCES, (14)
IDF(C) < By |G~ +B,, VCEeS, (15)
ID?F(C)] < Bi|C|P"? +B;, VCE€S, (16)

where p=6ifd=3,and 2 < p < +oo if d = 2.
e There exists D; > 0 such that

(D*F(C)E,€) = —Dy (1+C|) [¢°, VC e S, V¢ e R, (17)

where 0 < ¢<4ifd=3and 0 < g < +ooif d=2.

Remark 2.3. One can replace (13) by the assumption that F' is bounded from below on S since adding a
constant to F' does not change the equations (8).



Let us notice that assumptions (13)-(16) are classical in the study of Cahn-Hilliard equations and systems
even though some authors study the important case of logarithmic bulk free energies that we do not treat here
(see for instance [3]). On the contrary, assumption (17) is more original since in many cases the bulk free energy
is supposed to the sum of a convex part and a quadratic non-convex part (see [5,27]) so that assumption (17)
is satisfied with ¢ = 0. We will show in section 3.3 that it is crucial to be able to cope with more general bulk
free energies for which it will be necessary to allow large enough values of ¢ in (17).

More precisely, this assumption (17) is not necessary to prove the existence of solutions to (8) but is needed
to establish regularity properties that imply uniqueness of such solutions.

Theorem 2.4. Let Q be a bounded smooth domain in R%, d =2 or 3. Assume that conditions (11), (12) and
assumptions (13)-(17) hold and that the mobility My is a positive constant. For any C° € (HY(Q))? such that
C%z) € S, for almost every x € S, there exists a unique weak solution (C, ) of (8) on [0, +oc[ with initial
data C° such that,

C(t,x) € S, forae. (t,z) € [0, +oo[x£2,

C € L(0, 4005 (HY(©2))*) N1 LA, (0, +o00; (H*(2))*) N €°([0, +o0[; (H(2))%), (18)
€ L2(0, 400 (H'())?). (19)

In the bidimensional case, this result still holds if we allow the mobility My in (8) to be a smooth, bounded
and non vanishing function of the order parameters C. In the 3D case, existence holds but uniqueness is not
known in that case.

We postpone the proof of this result to Section 4 since we want now to discuss how to choose the parameters
(2;); and the bulk free energy F.

3. ALGEBRAICALLY AND DYNAMICALLY CONSISTENT TERNARY MODELS

One of the main goals of this work is to give a three immiscible component model which exactly coincides
with the two component model described in section 1 in the case where only two phases are present. We will
say that the model is algebraically consistent (see Definition 3.1). Note that this very natural property does not
hold for various models studied in the literature (see [12,20] for instance). Actually, it will be shown in section
5.3 that this consistency property is crucial in view of the numerical simulation of three-component systems.

3.1. Algebraically consistent models

Let us first give a list of natural properties that the free energy fg}fh and the Cahn-Hilliard system (8) have
to fulfill in order to be physically coherent.

Definition 3.1. We say that the model defined by (5) and (8) is algebraically consistent with the diphasic
systems corresponding to the given surface tensions 012, 013, 023 respectively if the following properties hold:

(P1) When the component i is not present, that is ¢; = 0, the total free energy Fgffh(cl, ¢2, c3) of the system
has to be exactly equal to the total free energy of the diphasic system containing the two other phases

FEP(e,1—¢,0) = FIPh(c), Ve e HY(Q),

012,€
fgg)h(c, 0,1—¢)= f;}igf;(c), Ve € HY(Q),
FaP0,6,1—c) = FePl(c), Vee HY(Q).

(P2) When the component ¢ is not present in the mixture at the initial time, the component i must not
appear during the time evolution of the system. In other words, any admissible solution to the system
(8) must satisfy, for any i € {1,2,3},

Ci(O) =0= Ci(t) =0, Vvt > 0.
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All the physical parameters €, My, 012,013 and oa3 being fixed, our model is completely determined by the
expression of the free bulk energy F' and of the coefficients ¥ = (X;); in (5). Assuming that the bulk free energy
is smooth we are now able to give a complete characterisation of algebraically consistent models according to
the above definition.

Theorem 3.2. Let 012, 013, 023 be three positive real numbers. The model defined by (5) and (8) is algebraically
consistent with the diphasic systems of surface tensions 012, 013, 023 respectively if and only if we have
i =045 + Oik — Ojk, Vi € {1,2,3}, (20)

and there exist smooth functions G and H such that

2.2 2 2 2 2
F(C) = 0'126102 + 0'130163 + 0'230263 + 010203(2161 —+ EQCQ —+ 2363)

22 2 _ 3 (21)
+ 153 G(C) + (c1 +ca +¢c3 — 1) H(C), VC € R”.

Remark 3.3. In the physical literature (see [25]), the coefficient S; = —%; defined by (20) is well known and
called the spreading coefficient of the phase i at the interface between phases j and k. If S; is positive (that is
¥; < 0), the spreading is said to be total and if S; is negative, it is said to be partial (see the reference above).

Proof. 1/ Property (P1) applied, for instance, when ¢; = 0 implies that

FUPh(0,¢,1 - ¢) = FIPR (0), Ve € H(Q),

023,E
which reads, using (1) and (5),
12 :
/ —F(0,¢,1—¢)+ §5(22 +¥3)|Vel* dx = / 12%02(1 - + §0235\V0\2 dx.
Q € 8 Q g 4
Since this equality has to be true for any ¢ € H'(£2), we can identify the coefficients in front of the capillary
terms and the two bulk terms. This gives

Yo + X3

5 =093, and F(0,¢,1 —c) = 093¢*(1 — ¢)?, Ve € R,

Hence, changing the role of order parameters, we obtain

I IS YR Yo + s
T =012, T =013, T = 023, (22)

and
F(c,1—¢,0) = o12¢*(1 — ¢)?,

F(c,0,1 —c¢) = o13¢*(1 — ¢)?, (23)
F(0,¢,1 —¢) = oa3¢*(1 — ¢)*.
It is easily checked that (22) is equivalent to (20).

Let us now look for F' under the form
F(C) = 012¢ic3 + 01363 c3 + o93c5ca + P(C) (24)
where P is a smooth function. From (23), we deduce that property (P1) is satisfied if and only if we have
P(¢,1—-1¢,0) = P(c,0,1 —¢)=P(0,¢,1—¢) =0, Ve eR. (25)

We now use the following straightforward result.
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Lemma 3.4. Let f: R3 — R be a smooth function. The two following properties are equivalent:

(1) f(e,1—=1¢,0)= f(c,0,1—¢)= f(0,¢,1—¢) =0, for any ¢ € R.
(2) There exist two smooth functions g and h such that

fler,ea,e3) = creacs gler, ca,e3) 4+ (c1 + ea + ¢3 — 1) h(eq, ca, c3).
From Lemma 3.4 and (25), we deduce that there exist smooth functions @ and H; such that
P(C) = ¢1¢2¢3Q(C) + (1 + o + c3 — 1)H (C), VC € R3. (26)

2/ Property (P2) says that the particular triples of the form (¢,1—¢,0), (¢,0,1—¢) and (0, ¢, 1 — ¢) have to
be solutions of (8) which implies that

<Zi (0;F — ajF) + Zi (0;F — 8kF)> =0, v{i,5,k} ={1,2, 3},\70]' eR. (27)
J k

c;=0,cx=1—c;

Using (24), we find that relations (27) are equivalent to the following conditions on P

(Ei (1P — 0oP) + Zi (0P — 83P)> (0,¢,1 — ¢) = 2033¢(1 — ) (iu _o+ —c) VeeR,
2 3

1 1 1
(— (0o P — 01 P) + — (0P — 83P)> (¢,0,1—¢) =2013¢(1 —¢) (—(1 —c) + —c) , Ve € R, (28)
21 23 E1 E3

1 1 1 1
(Z—l (83P*81P) + 2—2 (33P82P)> (C,]. 70,0) = 20’120(1 70) (2—1(1 *C) + 2—20> s Ve € R.

Using now (26), it follows

1 1 1 1
<E2 (01P — 02 P) + 5, (0P — 5'3P)> (0,¢,1—¢) = <22 + 23> c(1—0)Q(0,¢,1 —c¢),

1 1 1 1
(E—l (0o P — 01 P) + 5, (0P — 83P)> (c,0,1—¢c) = <2—1 + E_3> c(1—-¢c)Q(c,0,1 —¢), (29)
(Eil (05P — 0, P) + z% (5P — a2p)) (c.1—¢,0) = (Eil + z%) o(1 - )Q(e,1 — ¢,0).

Comparing (28) and (29), we deduce that @ has to fulfill

Q0,¢,1 —¢) =3ac+X3(l —¢), Ve €R,
Qe,1—1¢,0) =X1c+X(1 —¢), Ve eR, (30)
Q(c,0,1—¢) =%1c+23(1 —¢), Ve eR.

We can now look for @ under the form
Q(C) = Y11 + Yoco + Xzes + R(C), vC e R3. (31)
Properties (30) are equivalent to

R(c¢,1—-1¢,0) = R(¢,0,1 —¢) = R(0,¢,1—¢) =0, VceR,
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so that Lemma 3.4 implies that R can be written
R(C) = 6182030(0) + (Cl +co+c3 — 1)H2(C), vC e R3. (32)

Gathering together (24), (26), (31) and (32) proves the claim. O

Equations (8) only makes sense when the condition (3) is satisfied, that is on the hyperplane S. It is easily
seen that, in this context, the term containing the function H in (21) does not play any role in the final system
of equations. Hence, from now on, we assume that H = 0.

3.2. First examples

Most of the previous works in the field (see [12,20]) consider the following definition for the bulk free energy,
F(C) = ﬁo(C) = 012C3C + 013¢3 ¢ + Tazcaca. (33)

Theorem 3.2 above says, in particular, that this choice for F' is not algebraically consistent with the corresponding
diphasic systems as defined above. We show some numerical results in section 5.3.2 (see Figure 5) illustrating
that these non-consistent models are not well-adapted for the study of three component mixtures and may lead
to non-physical behaviors.

Let us now concentrate on possible consistent choices for F' according to Theorem 3.2. The simplest bulk
free energy one can consider to build a consistent model is the following fourth order polynomial

F()(C) = 0'120?63 + 0'13650525 + Jggcgcg + 010263(2101 =+ EQCQ —+ 2363)
2 2 5 (34)

= 7103(02 +c3)? + 7203(01 +c3)? + 7305(01 + ¢9)?,
the (X;); being defined by (20). When restricted to the hyperplane S of admissible values of C we also have

the equivalent formula

Fy(C) = %cf(l —c1)? + %cg(l —c2)? + %cgu —c3)?, VC€S. (35)
One can see that this function only depends, and in an explicit way, on the physical parameters of the problem
012,013 and os3. This is one of the main features of our approach compared to the other models available in
the literature for which approximate calibration is needed to determine the parameters of the model (see for
instance [12]).
As we have already seen, the model reduces to two coupled Cahn-Hilliard equations. In the particular case
F = Fj, which is often used in numerical simulations, system (8) is equivalent to

3ci MO .
=V =2vu, f =1,2
BN \Y% < s, V,u,) , or ¢ ,

(36)

Wi = _ZEZiACi + 16_2 (sz(cz) — 50162(1 —Cc1 — Cg)),
6213933
Yo 4+ X123+ Modis
then given by ¢s = 1 — ¢; — ¢2 and the chemical potential puz by (9). As we have already seen, any of the three
concentrations ¢; can be eliminated by this procedure which leads to fully equivalent systems.
The simple system (36) above will be used in many situations (see section 5). Nevertheless, this model suffers
from some drawbacks in particular cases:

where § =

and f(z) = 2(1 — x)(1 — 2x). The concentration of the third component is
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e In the total spreading case, that is when one of the ¥; is negative, assumption (13) is never satisfied.
Indeed, if for instance X is negative, it is easily seen that

Fo(—l, 1, ].) =2¥; <0.

Of course the triple (—1,1,1) is not physically meaningful, but we have already seen that the non-
degenerate Cahn-Hilliard system with smooth bulk free energies does not ensure that the concentrations
remain non-negative (see Remark 1.1).

In fact, it may happen that, even under condition (11), Fj is not bounded from below on the
hyperplane S (take for instance ¥; = ¥3 = 1 and X3 = —0.2). In that case, Theorem 2.4 does not
apply and in fact, we guess that the system (8) is ill-posed, which is confirmed by numerical simulations
which blow up in very short times.

e Even though the system (8) obtained with F' = Fj is algebraically consistent with diphasic systems and
well-posed at least when all the 3; are positive, it will appear in section 3.4 that this system is not
always dynamically consistent with diphasic systems. This means that, even if diphasic solutions of (8)
(i.e. triples of the form (¢, 1 —¢,0)) do exist, these solutions may not remain “diphasic” when we apply
small perturbations of the initial data. This phenomenon may produce non physical instabilities of the
interfaces (see the numerical simulations in section 5 and in particular Figure 6).

That is the reason why we study in the sequel a more general possible choice for the bulk free energy F' which
will ensure well-posedness, but also algebraic and dynamical consistency of the model.

3.3. Higher order bulk free energy

As we have seen before, if one of coefficients ¥; is negative, and even in some cases where all the ¥; are
positive, it can be necessary to consider more complicated bulk free energies allowed by Theorem 3.2 to preserve
the algebraic consistency with binary systems. We will concentrate in the sequel on the following particular
case

Fp,a(C) = Fy(C) + Acicsci(waler) + alcz) + @ales)), (37)

where A is a non-negative real parameter and ¢, is the function ¢, : x — m, a > 0. When A = 0,
we recover the bulk free energy Fjy introduced in the previous paragraph. The simple case a = 0 leads to the

following sixth order polynomial bulk free energy
Fp0(C) = Fo(C) + 3Actcic3, (38)
which will be used in the numerical simulations presented in Section 5. Unfortunately, our analysis does not

apply in 3D for this limit case & = 0. That is the reason why we consider here (37) instead of (38).
Let us introduce ®,(z) = 2%p,(x). We state here, for further use, the main useful properties of ¢, and ®,.

Lemma 3.5. (1) For any o > 0, there exists K, > 0 such that
K, , K,
(Pa(l') < |l‘|20‘7 |90a('r)‘ < W—a_‘—l7 Vz € R7
x—LI)’(x) <K, ﬁ<&|x|2 Ve R
g e = Bap e = I '

(2) We have

8
b, is conver, for any a € [0, ﬁ}’

x® () >0, VreR, for any a € [0,1]. (39)
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3.3.1. Well-posedness of the Cahn-Hilliard system

We want to show in this section that the system (8) is well-posed when the bulk free energy is defined by
(37). To this end, it is enough to apply Theorem 2.4. The main point here, is to prove that Fi , satisfies the
assumptions of this theorem, in particular in the 3D case. From now on, we make the following assumption

(1)

€l0,1], ifd=2,

8 . (40)
aE]O,ﬁ}, if d =3.

Polynomial growth:
Using Lemma 3.5, it is straightforward to check that for any non-negative A and «, there exists
B1, By > 0 such that

|FA7a(C)| < B ‘C|6_2a —|—BQ7 VC & S, (41)
IDFA o(C)] < By |C]°P2* +B,, VCES, (42)
|D?F) o(C)] < By |C|*+By, YCEe€S. (43)

Therefore, assumptions (14)-(16) are fulfilled, for d = 2 and d = 3. Notice that the exponent 4 in the
right-hand side of (43) is sharp (see (44) below).
Bound from below for the Hessian:

One easily checks, using (43), that assumption (17) is satisfied, with ¢ = 4, by Fj o for any A > 0
and any « > 0. Unfortunately, in the 3D case, we absolutely need that ¢ < 4.

Of course all the terms in Fy are fourth-order polynomial terms and contribute to D*F} , only
with second order terms. Let us now consider one of the additional terms in Fj ., say for instance
G(C) = Acic3cipa(c1) = AP, (c1)c3c3. Using Lemma 3.5 one can easily see that

0:0;G(C)| < K|C[*7**,

as soon as (i, 7) # (1,1). Hence, these terms contribute to the inequality (17) with a power ¢ = 4—2a < 4
thanks to assumption (40) for d = 3. It remains to consider the term

9;G(C) = P (c1)c3e3, (44)

which is of order 4 and not below. Nevertheless, since « satisfies (40) we know from Lemma 3.5 that ®,,
is convex and in particular, the term 97G(C) above is non-negative. As a consequence its contribution
to (D%Fp .£,&) is 902G |&1)? which is non-negative. This proves that the bound from below (17) is
fulfilled by Fi o with ¢ =4 — 2¢.

Bound from below:

First of all, it is clear from (35) and (37) that F , is non-negative on S for any A > 0 and any o > 0
as soon as all the coefficients (X;); are positive. In the case where one of the (¥;); is negative we show
below that F o is bounded from below as soon as A > 0.

In particular, using Theorem 2.4, this proves that system (8) with F' = F} o is well posed for any
values of (¥;) satisfying (11)-(12) as soon as A > 0 and (40) holds. Furthermore, (45) shows that the
additionnal higher order term in the bulk free energy acts as a stabilizing term which tends to the ideal
case where the bulk free energy is non-negative as A tends to infinity.

Proposition 3.6. Let 012, 015 and o3 be three positive numbers and X1,%9 and X3 defined by (20).
For any « satisfying (40) and any A > 0 the bulk free energy Fa o defined by (34) and (37) is bounded
from below on the hyperplane S and we have

lim (igf FAVQ) —0. (45)

A—+o00
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The proof of this result is given in Appendix A.
(4) Non-negativity:
More interestingly, we are going to show that under suitable conditions and for A large enough,
the bulk free energy Fa . is non-negative and have only the triples (1,0,0), (0,1,0) and (0,0,1) as
minimizing states on S.

Proposition 3.7. Let « satisfying (40). There exists Ag > 0 such that igf Froq =0 for all A > Ay if
and only if we have
312 + X1X5 4 Xads > 0. (46)

The proof of this result is given in Appendix A.
Notice that we find here the condition (46) which is exactly the same as (11).

3.3.2. Conclusions
We sum up here the conclusions of the previous study:

e If all the (3;); defined by (20) are positive then, problem (8) with F' = F} , is well-posed for any A > 0
and any « satisfying (40). In particular the simplest choice F' = Fy is always acceptable. Furthermore,
the three pure components states (1,0,0), (0,1,0) and (0,0,1) are the unique minimizers of the energy.

e If one of the (X;); is negative, then F may be unbounded from below. Nevertheless, under condition
(46), for any A > 0 and any « satistying (40), the problem (8) with F' = F} o is well-posed.

Furthermore, always under the condition (46), for any « satisfying (40) and any A > 0 large enough,
the bulk free energy Fj . is non-negative and has only the expected three minimizers.

We can observe the differences between different bulk free energies by looking at the isolines of the function
F in barycentric coordinates. More precisely we draw an equilateral triangle (the so-called Gibbs triangle)
whose vertices represent the three pure phases (1,0,0), (0,1,0) and (0,0,1). Then, we can look at any C € S
as the barycentric coordinates of any point of the plane with respect to the three vertices of the triangle. The
points located at the interior of the Gibbs triangle represents physically admissible values of the concentrations.
Recall that the Cahn-Hilliard equation will possibly lead to values of C outside this triangle (at least when the
mobility is non-generate see Remark 1.1).

In Figure 1, we compare first in the case of three identical surface tensions (left and center plots), the
difference between the non-consistent Fy and the consistent Fyy bulk free energy. In the non-consistent case the
center of the Gibbs triangle is a kind of saddle-point for F' whereas in the consistent case, the center is a local
maximum of F. Furthermore, we see that the least energy path between two vertices of the Gibbs triangle
(that is between two pure phase states) is exactly the corresponding edge of the triangle for each consistent
bulk free energy, which is not the case for non-consistent ones. Actually, this is a geometrical characterisation
of the algebraic consistency property. Since the evolution of the system is driven by the minimization of the
total energy we understand easily that the choice of Fy will lead to non-physical apparition of one phase in the
interface between the other two. In the right plot we show that the shape of Fj has the same structure (with a
local maximum point inside the Gibbs triangle) even for three different surface tensions.

In Figure 2, we concentrate on a total spreading case, and we compare the plots obtained for F) ¢ for various
values of A. For very small values of A (left plot) the function F o takes negative values (the lightgray zone at
the top-right corner of the plot) and the system will not behave correctly since it will try to reach this global
negative minimum for the energy. If we increase A (center plot) we find that F ¢ is non-negative but has many
local minima that the system can try to reach in order to minimize the energy. We are in a case where the
model will not be dynamically consistent (see Section 3.4 below) and instabilities will appear. Finally, for large
enough A (right plot), F's o is of course non-negative, has no other local minima than the three vertices of the
Gibbs triangle and possess a local maximum inside the Gibbs triangle. Moreover, just like in Figure 1, the three
edges of the Gibbs triangle appear to be the least energy paths between its vertices. Hence, for such a value of
A we recover the same shape as in the center and right plots of Figure 1.
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FIGURE 1. Fourth order polynomial bulk free energies

=
- 4

A=04 A=0.7 A =10.0

F1cURE 2. Total spreading case 31 = Yo = 4,53 = —0.8. Various values of A.

3.4. Dynamical consistency of the models

Our model is built to ensure algebraic consistency with diphasic mixtures. Hence for any A > 0, we have
particular exact solutions of (8) of the form (¢, 1 — ¢,0) where ¢ satisfies a “diphasic” Cahn-Hilliard equation
as shown in (2). We will now prove that our models are also dynamically consistent in the sense that such
particular “diphasic” solutions are stable under perturbations of initial data. This point is crucial in view of
numerical computations since it ensures that numerical errors near those particular initial data will decrease
exponentially in time. Furthermore, in practical fully ternary situations, dynamically consistent models lead to
much more stable interfaces between two of the components as illustrated in section 5.3.3.

For any f € L'(Q) we define its mean-value over  m(f) = |—é‘ Jo f(z)dz. Let us introduce the spaces

L2,(Q) (resp. H} (Q)) to be the sets of functions f in L?(Q) (resp. H'(Q)) such that m(f) = 0. Thanks to the
Poincaré inequality, ¢ — |Vc|;. is a norm on H}, () that we denote by |-|,. Furthermore, we recall that for
any f € L2 () there exists a unique u € H}, () such that

@ =0, on 0.

{—Au:f7 in 0
on
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We denote this unique element u by u = (—A)~! f and we note |f|_, = |(—A)_1ff1 = ((=A)~1, f)é2 which
is a norm on L2, (2). We recall finally that we have the interpolation property
11
[flz < FIZ41flE, VF € Hy (). (47)

Theorem 3.8. Let a satisfy (40). Assume that conditions (11)-(12) and assumptions (13)-(17) hold. There
exists Ay > 0 such that for any A > Ay, diphasic solutions of system (8) are stable in the following sense:

For any KC > 0, there exists 6, > 0 such that for any C° € S such that ’CO}Hl <K:

9], <V and /Qc?dxz()ﬁ e ()], < |0, e, v > 0.

As a consequence, this theorem and (47) imply that if c?— is small enough and with zero mean then c;(t) tends
to zero exponentially in time in all the spaces H*(Q2) with s < 1.

Theorem 3.9. If 3 satisfy

2
5> 77’ >0, Vi={1,2,3}, (48)

the claim of Theorem 3.8 holds with A = 0.

This last result means that, under assumption (48), the simplest possible algebraically consistent model, that
is the one for F' = Fy, is well-posed and dynamically consistent with diphasic systems. In section 5.3.3, we give
numerical results showing that, when the condition (48) is not satisfied, the model can present non physical
instabilities.

We give now the proof of Theorem 3.8 for d = 3, the bidimensional case being easier.

Proof. Assume for instance that j = 1. Since m(c{) = 0 we know that m(c;(t)) = 0 for any ¢ > 0. The equation

satisfied by ¢; reads
8(31 MO

E
Applying the operator (—A)~! defined above to this equation gives

6(—A)_1cl MO

ot Z—E—l(/ﬂ —m(Ml)),

My

so that, taking the L2(Q) inner product of this equation with c;(¢) which has a zero mean-value, we get
t N

d M,
i (=A) e, en)p, = / (1 = m(pa))erde = === | ey da.
Q

1
2 X1 Jo
Using now the definition of 1y and of Fj o we get

3M0€

1d - )
5% ((_A) ICI>CI)L2 + T‘V01|L2
+ — Tl 2¢2 / 2 2
ci|1 = Breacs + 2Amercs(palea) + @ales)) | + Aner®o(er)ezcs do
Q
12 M
=20 / A3(3 - 2¢) da
€ Ja
2UMA
EREETSRSASN /Qc?czc?,(ZQQ + 2363)(@alc1) + va(c2) + @alcs)) dx
12MA X7 o /
b)) » d
€ 3212223/9610203( 3¢, (c2) + Yoy, (c3)) dz
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where

S}

6953 2% Y7 ( 1 1 ) (X2 + X3) (49)

= = and =—(o+=]= .
Y13 + 31 X3 + Yodi3 > n 3¥; \Y2 X3 DHDI I DN PICE SDIPI

Notice that since conditions (11) and (12) hold we have y; > 0. Then, in the left-hand side of the above equality
the term [ 2Avyic3cac(pa(ca) + walcs)) dz is non-negative. On the left-hand side, there remains one integral

Q
term that we write:
1
/ (1 = Picacs) + Ayier @y, (e1)c5e5 da = 3 / 1P, (e1)(1 = Brcacs + 2Ay15¢3) da
Q Q

+/ch <cl - %@;(cl)> (1 = Bicacg)dz. (50)

2 2
We remark that if A > 571 >0, then 1 — /1 X +2Ay X% > 1 — 8/(% > 0, for all X € R. Hence, in (50) we
1 1
have )
1 1
5/901(1)'&(61)(1 — Bicacs + 2Ayicicd) da > 5/901@;(61) <1 - 8/6\—;1> dz > 0.

Consequently, we obtain

]- d _ SMOS 2 Ko/
5 (=A)71 |V =2 | @, (c)d
57 (FA) e e, + — Vel + = @ ' (e1) da

12 M 12 M 1
< 0 / (3 —2¢))de — 0 / e (01 - =9
€ Q € Q 2

(c1)> (1 — Brcacs) dz

24 My A\ by
50 321;223 /(20?0203(2202 + ¥3¢3)(palcr) + @alc2) + @alcs)) dz
12MgA By

O s | A ael(e) + Sal o) do
Let I1,..., 14 be the four integrals in the right-hand side above. For the term I;, we have the estimate
L] < Kleilgs + Kler|p-

Thanks to Lemma 3.5, we get

2] < Ko [ af'(U+eallal) do < Kaleaffs + Kalarl} 3 CFs.
Q

|@|szn{/|qﬁ‘ﬂwcﬁ+—wnﬂcﬁ‘mdz
Q

< Ka‘cl‘iggfa‘cﬁe + Ka‘cl‘i3_}_§a |C|ig2a

)

and in the same way

3+2a

L gKa/ e O 2 de < Kalerf? g [CJ5.
Q

Applying Theorem 2.4, the norm of the solution C in L°(R*, H') depends only on K. As we assumed that
0 < a < £, using the Sobolev embedding H'(Q2) C L5(Q2) and Poincaré’s inequality, we get

3+2a

_ € : . 3_9g
(=) ere1) s + o lealin < Kaleall g + Klenlgs + Klerlia + Kalerl) a5 + Kalerfa®% - (51)
p

| =
&=
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From the embeddings H6 c L* c L* C L? and the interpolation HE = [H!, LQ]%, it follows
Ko lea 3 3 4 3 1|2 3l |3
a‘cl‘L% + chllLs + K|CI|L4 < Ka|cl|L2|Cl‘H1 + Ka‘cl‘L2|CI|H1~

In the same way, from Hi%a C Lo—de, Hi2a = [Hl, L2] = and the Poincaré inequality, one gets

P a -9
lexlEs?t < Kalerlfaleain™® < Kalelledg ™,

and finally using H5® c L¥% and H' 5" = [H!, LQ]%, one obtains

jerl] s < Kaler|Talen i

Introducing now y(t) = ((—A)tey, Cl)L2 and z(t) = \81%1 and using (47), we obtain from (51) and the above

estimates
1 d — @ (e} —« [e4
——y(t) + iz(t) < K, (z%y% + zlﬁ_ly% 1o Y16 + ZGTyZ) , Vt>0. (52)
2 dt K,
From Theorem 2.4, we know that z is uniformly bounded in time by a constant Cx which depends only on
and that y € C°(R). Let us now choose § small enough so that

3 1 5 1 8—l7a o %TO‘ o €
K. (C,gas+c,gae+c,< 55T 4 O 54) <K (53)

8—-1
1

Notice that 8 — 17a: > 0 thanks to (40). Since by assumption we have y(0) < 4, then the continuity of y and z
with respect to the time imply that there exists a maximal time Ty €]0; +00] such that

K, (z%y% Jrzgy% +28711<‘>7ay% +Z%Tay%) < £ , V0<t<Ty. (54)
2K,
Hence, (52) leads to
Yd v Sy < —Sap), o<t<T,
sat!\ T Ky = g, f TR0
and therefore
3
—y(t) + —2(t) <0, V0 <t<Tp
dt K,

Noting that A3y(t) < z(t), where )¢ is the first positive eigenvalue of the operator (—A) with Neumann boundary
conditions, we get

d
Ey(t) +y(t) <0, Y0 <t<T,,

where v = % We obtain that y(t) < y(0)e 7", V 0 <t < Tp. In particular y(¢) < § so that for all t < Ty, so

using (53) we have
K, (z%y% +z%y% +z8_11f‘>7ayf_6 +z2jTay%) < —4;( , V0 <t<T.
P

Finally, thanks to the continuity of y in time and the maximality of T satisfying the property (54), we can
conclude that in fact Ty = +o00 and the claim is proved. O

In the same way, the proof of Theorem 3.9 for d = 3 is the following.
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Proof. We consider here the case where A = 0, that is F' = Fj;. We use the same approach than before and we
get in this particular case

% ((—A)’lcl,cl)L2 + %Wcﬂiz + 122\40 /ch (1 -0 <02 + 62—1) (1 - (02 + %))) dx

12 M,
_ 5@4@(3-%)+&(%—2)m,®a

where we have written co :cQ—l—%l— 5 andes=1—¢ —cg=1-— (02—1—%1) — %1

DX
As 3 > 7T > 0, we see from (49) that 8, < 4. Therefore, we have 1 — 5; X(1 — X) > 1 — % > 0, for all

X € R. Then, the integral term in the left-hand side of (55) is non-negative. Hence, using Young’s inequality
we obtain

|~

C1

1d 1 3M0€
> ((—A) 01701)L2 + 1

Then we use the embedding Hi C L*, the interpolation Hi = [H!, 1.2] 1 and the inequality (47) in order to
conclude by the same argument as in the previous proof. |

Verlts < K (lealfs +lealfs )

4. PROOF OF THEOREM 2.4

We turn back in this section to the proof of our well-posedness result for the system (8). We recall that
we have to take care of the fact that one of the coefficients (X;); is allowed to be negative (as soon as the
assumptions of the theorem are fulfilled).

As usual, the various constants depending only on the physical parameters of the problem, appearing in the
following proof may change from one line to another without changing the notation. Furthermore, we only give
the proof in the 3D case, which is more difficult than the 2D one.

Proof.
e Step 1: Galerkin approximation

We introduce the family (QDZ)221 of the eigenfunctions of the operator —A (with homogeneous Neumann
condition). We assume that o' = 1. We recall that the (¢), are orthogonal in L? and H!. Let ®" =
Span(¢!, ..., ™) the space spanned by the family (¢)1</<, and Pgn the orthogonal projector on ®" in L2(12).

We look for (C™, u™) defined by for i = {1,2, 3}

= alt)e’ =Y plt)e’
=1
where af and (3! are smooth, such that C"(0) = Pgn(C) and

d M,
(—c?,ap) = —/ —OV/L? -Vodx, Yo € ®",Vi € {1,2,3}, (56)
dt )

%(&-F(C”) —0,F(C")| @dzx, Vo € ®", Vi {1,2,3}. (57

J

3 4%
/ urodr = / —-e¥; Vel - Vo + —T Z [
0 o4 g

J#i

The approximate problem (56) is a system of ordinary differential equations where the unknowns are the

functions af since the equation (57) gives ﬂf as a nonlinear function of the (af)g. Since the bulk free energy F'

is smooth enough we can use the Cauchy-Lipschitz theorem which says that there exists a unique solution of
problem (56)-(57) on a maximal time interval [0,¢"], t" €]0, +oc].
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Let us remark that, as C° € S, we have ¢1(0) +c2(0) +¢3(0) = 1, and then Ppnc}(0) + Pon 5 (0) + Panc§ (0) =

Ppn1 = 1 because ¢' = 1 belongs to all the Galerkin approximation spaces. Furthermore, we have seen that
the system (8) is built to ensure that for any ¢ € [0,t"]

> =1 (58)

Hence, C"(t) € S for any n, and any ¢ € [0, t"][.
e Step 2: Mass conservation
From (56) with ¢ = ¢1 we find that

Hence for any ¢ € [0, t"[, we have
m(ci (t)) = m(c;(0)) = m(Pan(c})) = m(cf). (59)

e Step 3: Energy estimates

n

dch
Take ¢ = p! in (56) and ¢ = “in (57). We obtain for any ¢ € {1,2, 3},

dt
dcl MO 2
o) =— Vuil*d
( dt 7/”61 ) Q Zz | /‘1“7, | x?

dcl? 3 dcl*  4Yp 1 dci
Loul ) = Vel - L — —(O; F(C" F(C"
(%) = [ emver w5+ & #i[%(a e -o;r(cm)| %

and

3
d
Summing these equations over ¢ from 1 to 3 and using the property o Z c;’ =0 we get

12
—e¥; Vel da +— | F(C")dx
dt[/Z v [ P

3
M n
Y /Q S V7 do = 0. (60)
=1

Of course, the term under the time derivative is nothing but the total energy of the system F. tl"ph(C”( t)). Using
Proposition 2.1 and the property (9), we see that the second term in (60) satisfies

3

Z \w |2da:— /MO

i=1

Vi

3
1
i=1 "t

In particular this term is non-negative and we finally find that the total energy of the system decreases along
the time. Furthermore, we can control the energy of the approximate initial data as follows

3 3
3 2 12 3 012 12 6
/Q; geRilVe (O de + = | F(C"(0)de < ; ezl V] . + — (Bl|C"(0)|L6 - BQ|Q|)

3
<K+ K2 Y |Ponc?|y, < Ko+ K2|COl},,
=1
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since we assumed that p = 6 in (14) as soon as d = 3.
We have shown a bound on the total energy fgfh(C"(t)) which does not depend on t and n. Using
Proposition 2.1 (and (58)) and assumption (13), we find that the H!(Q) seminorm of C"(t) is controlled by

the total energy. As a consequence, with (59), we get that the existence time of the approximate problem is
= 400 and that the following estimate holds
‘Cn|L°°(0,oo;H1) < Ki. (62)
Coming back to (60) and using (61) we find that
VB2 (0,0012) < K- (63)
Furthermore, there exists K5 > 0 independent of t and of n such that

m(u)< Kz, Vi€ {1,2,3}. (64)

Indeed, we have

m) = () = 325 (Ao + | 283 (0F(E©) - FE)) o
gL N
4% e — o7 ) da
- [ = g( C") - F(C)) de

thanks to the Neumann boundary condition Ve’ -n =0 on I'. Using (15), we have

I (u” <4ZT/Z(

<K (/ By [C"P~Yda + B, |Q|) < K(1+ |C"‘§11)a
Q

(lo;F(C™)| + 105 F(C”)|)> dx

141

because p = 6 in (15) as soon as d = 3. The estimate (64) follows from (62). Finally, combining (63) and (64)
we get, by the Poincaré inequality, for any n

|I“l’n‘L2(0,T;H1) < K3(1 + T), VT > 0 (65)

In order to establish a compactness property for the approximate solutions under study, we now look for an

in the space L2(0,T; (H71(2))3). From equation (56) we deduce

C
ot

act >
, dt| =
/0 < at H- 1 Hl

< KIVig a0 Vel orie < KIVelaorie, Vi€ {1,2,3},

estimate of

M,
0 " Ve da dt

for any ¢ € L2(0,T; H}(Q2)), thanks to estimate (63). It follows that

< K. (66)
L2(0,T;H-1)

ocn
ot
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e Step 4: Passage to the limit in the equations
Using the estimates (62), (65) and (66), we can extract subsequences of (C™),, and (u"), (always denoted
by (C"),, and (u"),) such that

cr - C in L°°(0 oo, (H1(£2))3 ) weak-*,

c" - C in L? (0,00, (H'(£2))3) weak,
90" 08 1 (0,00, (1)) ek,
u" - u in L7 (0, 00, (H'(2))3) weak.

From estimates (62) and (66), we can use the Aubin-Lions-Simon’s compactness theorem to obtain, up to a
subsequence,

C™ — C in C°([0, T[, (LP(Q))?) strong, VT > 0,Vp < 6.

In particular, C™(0) converges strongly to C(0) in (L2(£2))? and thus C(0) = C° because Ppn converges to the
identity for the strong topology of operators.

It is now straightforward, using the above convergences, to pass to the limit in the approximate problem.
This shows the existence of a weak solution to problem (8).
e Step 5: Further estimates

Let (C,u) be the weak solution to (8) obtained in the previous step. We already know that C belongs
to L*°(0, +o0, (H'(2))3) and that Vu belongs to L2(0, 400, (L2(2))?). We want now to investigate further
regularity properties of C. The following estimates will be fundamental in order to prove the uniqueness of such
a solution in the next step.

First, we seek estimates for AC in (L?(2))3. Multiplying by —Ac; the definition of y; in (8), and integrating
by parts, we get for each i € {1,2,3}

4
(Vpi, V) = ggzi|Aci|iz _ A¥r / Z { —9;F(C ))} Ac; dx.
J#i j
3

Summing these equations over ¢ and noting that, thanks to (58), Z Ac; = 0, one gets
i=1

3 3
Z (Vi Ve;) = Z 252 |Acz|L2 + — Z/ Vo,F(C) - Vc; dx. (67)
i=1

i=1

Let us pay attention to the last term V above. Thanks to assumption (17) and to the mass conservation
property, this term satisfies

192 3 d
V= ?ZZ;/ 00, F(C)dy, 0y, ¢ dx

/Q (D*F(C).0,,C,0,,C) dx

\%

d
12 K
f—Dlz/ <1+\C\q>|axk0|2dxzf—/ (1+]C —m(C)|")|VCP de.
& —1 Q & [¢)
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Using Proposition 2.1, we deduce from (67) that
: K
SACK: < Y esilAdf < T [ (141 - m(O)[VCI do + K[Vl [VC]y (68)
i=1 Q

As d = 3, using the elliptic regularity of the Laplace operator and Agmon and Poincaré inequalities, we get
[ 1€ =m(©) Vel dr < € = m(©)[}. IVCi}: < KACI, Vel

Since in the assumption (17) for the three-dimensional case we assumed that ¢ < 4, we see that the power of
|AC|;. in the above inequality is strictly less than 2. Hence, using Young’s inequality it follows from (68)

4+gq

ACk: < & (149 ) 4 [Vl 90 (69)

Since C € L*(0, +o0, (H(2))?) and Vi € L?(0, +00, (L%(9))?), we see that the right-hand side of this estimate
belongs to L? (]0, +oo]). It follows that

loc

|C|L4(O,T;H2) < K(T), VO <T < 4o0. (70)

We can now show, as claimed in Theorem 2.4, that C belongs to L2(0,T; (H3(2))3), for any T > 0. Indeed,
taking the gradient of the definition of the chemical potential u; we get

3 B hym 1
TESiVACG =V =V | = Z {E—j(&F(C) — @F(C))}
J#£i
Hence,

3 3
e NFVAe[. < K|[Vpli, + K Y [VOF(C)[f.. (71)

i=1 =1

Since d = 3, we use (16) and the following Agmon’s inequality

IVC|,, < K|AC|2[VACIE,,

in order to obtain

3 3
SOIVOEC)} < Y 00, F(C)VC, < K /Q (1+ |CP2)? VCP? da

i=1 i,j=1

2(p—2 2(p—2
< KIVC]% (1 +|CP2)) < K|AC| . [VAC|- (1 +[C]7% %))

= K|AC|:|[VAC] (1 +[C[fs)
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because, in the 3D case, we assumed that p = 6 in (16). Using now the embedding H% C L® and the interpolation
property HS = [H?, Hl]%, we deduce that

3
K [VOF(C)[f2 < K|AC| 2| VAC] (1 + |Clip: [Cly2)
=1

2 3

€
<5 Y =HVAGL. + KIACK, (1+ICltICh:)
=1

Using this last estimate in (71), we get

2

3
&g
5 o SHVAGl < KIVuls + KIC[ (1+CICl:)
i=1

We remark that the power of |C|. in this estimate is exactly equal to 4 so that, with (62), (65), (70), we obtain

IClieo sy < K(T), Y0 <T < +oo, (72)

using once more the elliptic regularity properties of the Laplace operator.
e Step 6: Uniqueness

We assume that there exist two weak solutions (¢;, u;) and (d;, v;) for i = 1,2, 3 of problem (8) for the same
initial data. Letting C = (¢1, ¢, c3) and D = (dy, da, d3), we have for all ¢ € H!,

5] MO/
— (¢ —di , = —— V i—Vui V dSC, 73
(at( )w) 5, Q( I )- Vo (73)

Taking ¢ = e¥;(¢; — d;) as a test function and summing the equations over ¢ leads to

d 3 621' 3
E (Z T‘Ci - d1|iz> = _EMOZ/QV(IJ"L — Vi) . V(Ci _ dz) dzr
i=1

i=1

3
= EMO Z/ (ul - I/Z)A(Q — d7) de = U
i=17%

def

We are now going to estimate the right-hand side U of this equality. Using the definition of u; and v; and noting

3
that ZA(Q —d;) =0, one gets
i=1

3 3
3
U= —¢ § ZMOZi\A(ci —dy). + 12M, § j/ﬂ (0;F(C) — 0; F(D))A(e; — d;) d.
=1 =1
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Using Proposition 2.1, Young’s inequality and assumption (16), we deduce that

3
P 2
U+ 5€2M0 Z|A(Cl - di)|L2

i=1

3
< KZ/ 0;F(C) — 9; F(D)|? da: < K/ (1+ |C?*=2) 4 |D>*P=2)) |C — D|? dz
=179 «
2(p—2 2(p—2
<K (1+[ch%,2 + D)) Ic - Dl ..
Since we only consider in this proof the three dimensional case, Agmon and Young inequalities yield

U+ K 2 AC- D)}, < K (1+]Ch% % + DY) ) |c - DL,

= K (1+[Cli2 + D) |- DI,
because we assumed that p = 6 in (16) when d = 3. We now use the embedding HE C L8 and the interpolation
property HE = [H3,H1]% to get
[Clfs < K|Clip|Clgp-
It follows that
U < K [1+C0(ClE + DR DL | 1€ - DI (75)

We can now proceed to the proof of the uniqueness. Let us introduce

3 ex
i 2
W0 =3 Ttle - dif2a

i=1
Equation (74) and estimate (75) leads to the differential inequality
y'(t) < a(t)|C - DI,
where a is the function defined by
alt) = K [1+|CJ0 Clhs + DI DI
3

Using now Proposition 2.1 (and since Z(Cl —d;) = 0) we deduce that y is a non-negative function and that

i=1

Thanks to the regularity properties (18) of the solutions C and D, we see that a lies in L'(]0,T'[) for any T > 0.
Furthermore, y(0) = 0 since C and D have the same initial data. Using the Gronwall Lemma we deduce that
y(t) = 0 for any positive time which proves that C = D. O
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5. NUMERICAL SIMULATIONS

First of all, we expose in this section the fully coupled Navier-Stokes/Cahn-Hilliard model based on the
ternary model (8) introduced and studied in the beginning of this article. The coupling we propose is classical
and lets us take into account hydrodynamics of ternary systems and in particular, capillary effects at interfaces.

Then, after a brief description of the numerical schemes we used, we present the results obtained for the
classical test case of a lens located at the interface between the other two components. We discuss with these
results the validity of our model and we illustrate the fact that the properties of algebraic and dynamical
consistency with binary systems, that we studied in previous sections, are crucial for this kind of models.

Finally, the full model is validated through the computation of a bubble rising across a liquid/liquid interface.
We obtain in this case good agreement with theoretical predictions.

5.1. Navier-Stokes/Cahn-Hilliard system

The previous diffuse interface model can be easily coupled with the Navier-Stokes equations in order to take
into account the quasi-incompressible hydrodynamics of the mixture. This coupling (but also some variants)
can be justified by several means that we do not develop here (see [6,15,19,20]).

The velocity jump being zero between two phases, we can define an unique mixture mean velocity u, smooth
on the domain. Thus, in order to couple the equations, we add a convection term in the evolution equation for
the concentrations as follows

80,» MO

L h(u-V)e =V 22V ),

ot + ( Jei ( w
the definition of the chemical potential 1; being the same as in (8). Then, the evolution of the mean velocity u
is described by the non-homogeneous Navier-Stokes equation,

ou -
0 (E +u~Vu) =V (D) + o= 3 Ve + oo

V-u=0.

where D(u) = (Vu+tVu)/2 is the symmetric part of the gradient of u and the thermophysical properties, such
that the density and the dynamical viscosity, respectively denoted by g; and 7; in the phase ¢, are approximated
by smooth functions, which depend on the order parameters and satisfy

o(cr,e9,e3) =i if¢; =1 and n(ci,ca,c3) =mn; if ¢; = 1.

The first source term in this equation represents the capillary forces which takes place at each of the interfaces
between the three components. Notice that, if we try to write the evolution of the total energy of the system
(kinetic energy + Cahn-Hilliard energy) then we have to multiply the evolution equation for each ¢; by u;
and the Navier-Stokes equation by w and then we sum up the results. We see that the contribution of all the
convection terms in the Cahn-Hilliard system is exactly balanced with the contribution of the capillary forces.

5.2. Numerical schemes

In order to solve the problem, we use a Galerkin finite elements method. The velocity is discretized using
the classical P;bubble element whereas the pressure, the order parameters and the chemical potentials are
approximated using the P; element. Since the pressure and the order parameters are chosen in the same
approximation space, we see that the contribution of convection terms in the evolution of the total volume of
each constituent is exactly zero.

The temporal interval is uniformly discretized, with a fixed time step At. A semi-discretization in time
is used to decouple the Cahn-Hilliard and Navier-Stokes equations in a time step. In order to do this, the
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Cahn-Hilliard equations are first solved with an explicit advection velocity

ntl _ on My(C"
Lt vt o v (M),
3 4ET 1 n n
pitt = *ZeZiAC?H +— ; S <3iF(C - 9,F(C H)),
YES)

for each i € {1,2}. Notice that we allow the mobility My to depend on C even though our analysis in this
paper only concerns a constant mobility coefficient. The resolution is performed using a Newton method, with
an explicit mobility. In the second step, the Navier-Stokes equations are solved using a standard augmented
Lagrangian technique or a penalty-projection method [17]. We use the concentrations and the chemical poten-
tials computed from the first step to define capillary forces. Moreover, the advection term is linearized using
an explicit advection velocity. Noting "t = o(C"*1) and n"*! = n(C"*!), the Navier-Stokes equation are
written

3

n+l _ ., n
Qn-i-l (u N U + (u"- v)un+l) L v (2nn+1D(un+1)) + vpn—i-l _ ZN?HVC?H + Qn+1g
i=1
V-u"t =0.

The practical implementation has been performed using the software object-oriented component library
PELICANS, developed at IRSN (see [24]).

5.3. Liquid lens between two stratified fluids

We begin the illustration of the behavior of our model by the classical test case of the liquid lens which is
initially spherical and located at the interface between two other immiscible fluids (see [26] for instance). We
study the lens spreading which can be partial or total (see [25]). The domain is Q2 =]0.0, 0.1[x]0.02,0.08[ and
the triangular mesh has approximatively 40800 elements (spatial step h = 8.33 10~%). The interface width is
taken to be € ~ 3h. The mobility is taken constant or degenerate. Even though non-degenerate and degenerate
models lead to sharp interface limits with different time scales (see [1,13]), both solutions are identical at the
equilibrium.

5.3.1. Partial spreading

When all coefficients (X;); are positive, the lens spreading is said to be partial. In that case, the equilibrium
state in the limit € — 0 can be computed analytically: the final shape of the lens is the union of two pieces
of circles, the contact angles being given as a function of the three surface tensions by the Young relations as
shown in Figure 3.

phase 1

phase 3
01

sinf; sinfy  sinfs 0,

023 g13 012

phase 2

F1GURE 3. Theoretical shape of the lens at the equilibrium

We solve here the full Navier-Stokes/Cahn-Hilliard system with a degenerate mobility (Mg = 5. 1077(1 —
c1)?(1 — ¢2)%(1 — ¢3)?). The time step At is equal to 0.001. We give below in Figure 4 the results obtained
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with the bulk free energy Fj (which is a reasonable choice here since all the ¥; are positive in the presented

3
situations). The white zone corresponds to the points where (1 — ¢1)(1 — ¢2)(1 — ¢3) > 3 (which can be

considered as the approximate interfacial zone) and the black solid line stands for the location of the interface
in the analytic solution of the problem. We remark that the shape of the lens and the contact angles at triple
point are correctly captured even though the interface thickness ¢ is not zero.

e

(1;151)

)

(1;0.8;1.4) (1;0.6;0.6)

FIGURE 4. Equilibrium states obtained with F = Fy for different surface tensions (o12; 013; 023)

Another usual way to validate our model is the Laplace law which says that, at the equilibrium in the sharp
interface limit € — 0, the pressures p1, p2 in the phases 1 and 2 are equal and that the pressure ps in the lens
satisfies

013 023

—— =P3—P1=P3—P2=

713 723
where 7,3 is the radius of the circle being at the interface between the phase ¢ and the lens. The interface
thickness is fixed at 0.0028 and the spatial step h varies. We see in Table 1 that our model give satisfactory

results for the pressure jumps across the diffuse interfaces.

TABLE 1. Relative error for the pressure jump at ¢t = 7.5

surface tensions | theoretical pressure jump relative error
(0'12 ;013 5 0’23) P3 — P2 = P3 —P1 h=14103h=103|h=8310*h=710"1
(1;0.8;1.4) 57.87 3.1% 2.3% 2% 1.9%
(1;1;1) 52.11 3.05% 2.1% 1.8% 1.7%
(1;0.6;0.6) 14.11 3.9% 2.7% 2.6% 2.5%

5.3.2. Comparisons with non consistent models

We compare in this section our algebraically consistent model with F' = Fy with the non-consistent one based
on Fy and with the model studied in [18,21], which is also based on Fy but is built in a different way than what
we do in section 2.1.

We show in Figure 5 the results obtained for these three models on the test case of the lens where only
Cahn-Hilliard equations are solved. The mobility is constant and At = 1. We see that only the algebraically
consistent model gives correct results across the interfaces since for the other models, the phase i appears in the
middle of the interface between the other two phases j and k, which is of course not physical. As shown in our
analytical study of previous sections this phenomenon is closely linked to the structure of the model and then
persists under refinement of the mesh or of the interfacial width . Notice that these fact was already observed
in [21, Fig. 4.5].

Hence, the use of our new model for the bulk free energy is crucial and gives very significant qualitative
improvement of the results compared to the various models found in the literature. The consistency with
diphasic systems (see Theorems 3.2, 3.8 and 3.9) prevents the model from non-physical apparition of one of the
component in the interface between the other two.
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FIGURE 5. Vertical cutline of order parameters at @ = 0.05 for (012, 013,023)=(1; 1; 1) and
contour line of ¢p at 5 levels co = 0.1,0.3,0.5,0.7,0.9 for three different models

5.3.3. Non-dynamically consistent models

The importance of the dynamical consistency of the model is also illustrated in this section. An example is
given where the condition (48)

b
Ei>7T>O,

of Theorem 3.9 is not satisfied. Like in Theorem 3.9, F' is equal to Fjy and the mobility is chosen to be constant.
Surface tensions are (012, 013,023)=(1; 0.5 ; 0.55) so that we have

b
Y3 = 0.05 < TT ~ 0.068.

We only solve the Cahn-Hilliard equations and choose At = 1.

0.03 ¢ F=F,

0.025}
----- F=F
002} A0

/—\ it

—_— = Soois|
0.01
0.005

—

0
0.02 0.03 004 005 006 0.07 0.08

| Yy

xz = 0.01

FIGURE 6. Equilibrium state obtained for (012, 013, 023)=(1, 0.5, 0.55) and vertical cutline of
the order parameter c3 at £ = 0.01 for F'= Fy and F = F o with A =7
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Hence, Theorem 3.9 does not hold and we do not know if the model is dynamically consistent. Nevertheless,
we observe in Figure 6 that there is artificial apparition of the phase represented by c3 in the interface between
the two stratified phases. Notice that this apparition is much less important than in Figure 5. This is explained
by the fact that the problem here does not come from a structural defect of the model (since it is algebraically
consistent) but only from a dynamical instability which develops due to numerical errors.

If now we take F' to be Fp ¢ for A large enough, Theorem 3.8 holds. In this case, the model is dynamically
consistent and the numerical instabilities almost disappear as shown in Figure 6.

5.3.4. Total spreading

In the case where one of coefficients 3; is negative, the spreading is said to be total. We use here the bulk
free energy Fa o with A = 7 which ensures stability of the model. We only solve the Cahn-Hilliard equations
with constant mobility and At = 0.02 since we are not interested in this test case with hydrodynamics. Two
configurations are shown in Figure 7 where the surface tensions are respectively (3 ;1 ;1) and (1;1;3). We
can see that in both cases, the phase i associated to the negative coeflicient ¥;, spreads between the other two.

0’12, J13, 0'23 3 1; ]. 23 < 0

(012, 013, 023)=(1;1;3), 3, <0

FIGURE 7. Evolution in time of the lens in total spreading cases, using F' = F o with A =7
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FIGURE 8. Vertical cutline of the order parameters at = 0.035 for (012, 013,023)=(3;1; 1)
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Once again, it is important to notice that the use of the high order bulk free energy F's o with A large enough
is fundamental here. Indeed, if we try to use F' = F{ in this test case then the bulk free energy takes negative
values and then the computation rapidly blows up because the concentrations do not remain bounded. We
compare in Figure 8 the results obtained at the same time (after a few time steps and before the blow up) in
the two cases F' = Fjy and ' = Fj o.

5.4. Rising bubbles

In this final section, we study the bubble rising across a liquid/liquid interface. Two behaviors can occur : the
bubble can penetrate the liquid/liquid interface and rise into the upper liquid layer or it can remain captured
between the two liquid layers. Greene and al. [14] propose a criterion on the bubble’s volume to predict the
penetration in the light fluid. The criterion only takes into account Archimede’s force and surface tension forces.
They predict that the bubble crosses the interface if its volume V' is greater than

3
27r(%)§023] 2

V=
g(02 — 01)

r=0.0032 < ri.

r=0.0042 > ¥,

t = 0.067 t=20.16 t=0.2 t=0.214 t =0.28

ii

FIGURE 9. Bubble rising across a liquid/liquid interface for » = 0.0032 and r = 0.0042

The physical parameters we chose are detailed in Table 2 and we get that V* ~ 2.5 10~7 which leads to a
critical radius r* ~ 0.0039. We assume here that the flow is 3D axisymmetric and that the 2D computational
domain [0;2r] x [0;157], r being the radius of the bubble. The triangular mesh has approximatively 34400
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elements and the interface width € = 0.15r is chosen so that approximately 3 triangles of the mesh lie in the
interfaces. The time step is 0.001 s. The two behaviors are obtained as shown in Figure 9 and we find that
there exists a numerical critical radius r,, ~ 0.0035 as reported in Table 3. In Table 4, we can see that the
value of 7, tends to 0.0036 when the mesh is refined with ¢ = 0.15r fixed.

Notice that it is coherent that r}, < r* because the theoretical criterion given in [14] overestimates the
required force for the bubble crossing and neglects many hydrodynamics effects.

TABLE 2. Physical properties

0 (kem™?) | n (Pas)

bubble (c1) T 191 surface tensions (N.m~1)
1 —

. S 1 gaz/liquid 012, 13 | 0.07

light liquid (c2) 1000 10 liquid /liquid 755 | 0.1

heavy liquid (c3) 1500 1.5 1071

TABLE 3. Results obtained for the bubble penetration for different radii on the mesh with 34400 elements

radius 7 (m) 0.0022 | 0.0032 | 0.0034 | 0.0035 | 0.0039 | 0.0042
bubble penetration no no no yes yes yes

TABLE 4. Values of 7}, for different meshes with ¢ fixed

number of cells | 19320 | 34400 | 53400 | 76800
radius 7., (m) | 0.0034 | 0.0035 | 0.0036 | 0.0036

6. CONCLUSION

In this article we proposed the construction and the analysis of particular ternary Cahn-Hilliard models for
which well-posedness and consistency properties are ensured. We pay particular attention to the total spreading
cases and our analysis is valid in all the cases where condition (11) holds. We also describe the coupling of
the ternary Cahn-Hilliard model with the Navier-Stokes equations by taking into account capillary effects on
the hydrodynamics of the mixture. Finally, we give numerical results which illustrate our analysis but also the
behavior and the potentiality of the model.

To our knowledge, there are still open questions in the field. For instance, is it possible to propose a ternary
Cahn-Hilliard model which leads to satisfactory results even for total spreading cases which do not satisfy
condition (11), or in cases where the surface tensions are not constant (if one wishes to model impurities for
instance)?

One can also wonder if it is possible to generalize our study to more than three components. Of course, the
general description of multi-component systems described in Section 2.1 is valid for any number of components
(see for instance [3,10,12]) and can be useful if one is interested in systems with phase changes. Nevertheless,
the use of such models for more than three immiscible components is not straightforward and we do not know
if an analysis similar to the one we propose in this paper is possible to ensure consistency properties in such
cases.
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APPENDIX A. PROOFS OF PROPOSITIONS 3.6 AND 3.7

Proof of Proposition 3.6. Suppose for instance that ¥; < 0. Since all the o;; are positive, we deduce from (22)
that necessarily 3o > 0 and X3 > 0.
1/ Using (34), we see that for any C € S we have

|21| 2

Fra(C) 2 = 5=cl(ea + c3)” + Al c3c3(pa(c1) + Pale2) + palcs)
D)
= ‘%eim +e3) + Act(Pale2)e} + Pales)c3).

Let us define

|
Maw — o2t (E)
A7 “ (A)

For any C € S such that |ca| > My o and |c3| > My o, we have

by
Fral©) 2~ er 107 + AL (M) + )

b)) A
> —|2—1|C%(Cg +c3)® + §@a(MA,a)cf(02 +c3)2 =0,

by definition of My . Hence, we have shown that Fi ,(C) is non-negative as soon as C € S is such that
lca| > My o and |c3| > My q.

2/ Let us now consider C € S such that |cz| < My 4, for instance. The same study can be done in the case
les| < My o. Using (35) and since A > 0 and X5 > 0, we have for such a C:

by by
Fra(C) 2 Tl - )’ + (- —c)’(er +c2)”.
If we denote by G(c1, c2) the right-hand side member of this inequality, we can write

b b b
Glen,e2) = il =)+ P (1= )’ + T H(ene), (76)

with
H(Cl, Cg) = Co ((1 - 01)2(261 + CQ) — 2(1 — cl)(cl + 62)2 + (32(61 + 02)2) .
Using that |cg| is assumed to be bounded by M} o, one obtains

b
S er,ca)| < KMy (14 2.0+ )

where K depend only on |X3|. Using Young’s inequality, it follows that for all 0 < § < 1

5 K
< KMy o(14+ M3 o) + 228t 4 S M, (1+ M2).

)
‘73}[(61’62) 2 5

Then, we use the following elementary result whose proof is left to the reader.

Lemma A.1. For all0 < 6 < 1, we have

{E4—

N &

22(1—x)? >
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It follows from (76) that

%
G(Cl,CQ) Z 0'136%(1 — 61)2 — ‘731:](01,02)

_ 1 dow
2(1-10)%’

K
> —KMpo(1+ M} o) = MR (1+ M%)

which proves that G (and so also Fj o) is bounded from below for such values of C. The first part of the
proposition is proved.
Finally, for A large enough, we can see that My ,, is smaller than 1, so we can take § = M},  in the previous

inequality which implies that

. 1 MA,oﬂ’lS

. o 30N 12y 1 _
1ngA,a(C)_ KMy o(1+ My ) KMA7Q(1+MA,Q) 21— My )2

The claim is proved because the right hand-side of the inequality above tends to zero when A tends to oo, since
we have lim My, = 0. O

A—+o0

Proof of Proposition 3.7. First of all, if condition (46) is not satisfied then i%f FA o < 0. Indeed, in that case
there exists (a, b) # (0, 0) such that (see the proof of Proposition 2.1)

21a2 + EQbQ + Zg(a + b)2 < 0.
It is easily seen in that case that, for any a and any A, we have

Fa o(az,bz,1 — (az + bx)) o (L1a® 4+ Sob® + B3(a + b)?) 22,

so that Fi . takes negative values on S in the neighborhood of (0,0,1). Similar arguments show that F , takes
negative values in the case 1Yo + 3133 4+ Y233 = 0.

Assume now that (46) holds. We want to show that the function Hy o defined by Hp o(c1,c2) = Fp o(c1, c2,1—
¢1 — ¢g) is non-negative for A large enough. Obviously, for any (cj, c2) we can not have simultaneously

o] < &, Jeal < 2. 11 <L
C1 47 Co 47 C1 C2 4

Assume for intance that |1 —¢q — co| > %, the other two cases can be treated in the same way. Using Corollary
2.2 and (35), (37), we have
1 2 1 2 1 2
HA@(Cl, CQ) :521 [Cl(l — Cl)} + 522 [02(1 — 02)] + 523 [(Cl + 02)(1 —C1 — CQ)]
+ At (1 —e1 = e2)(palcr) + alea) + pall = c1 — c2))
1—
> — 52[01(1 —c1)t+ca(l—ca)— (1 +e2)(l—cy — 02)]2 +AEED, (1 —c1 — ca).

A straightforward computation shows that the first term equals féi(ch c2)?. Furthermore, since we assumed
that |1 — ¢; — ca| > 1 and thanks to (39) we have ®,(1 — ¢1 — c2) > ®o(%). Hence it follows that

).

Hp o(c1,c0) > —25cics + Al c3d,, (

N
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and this last quantity is non-negative for any ci, co as soon as

O
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