THE CZECH ACADEMY OF SCIENCES

INSTITUTE OF MATHEMATICS

On the compressible
Navier-Stokes-Cahn-Hilliard equations
with dynamic boundary conditions

Laurence Cherfils
Eduard Feireisl
Martin Michdlek
Alain Miranville
Madalina Petcu
Dalibor Prazdk

Preprint No. 56-2018
PRAHA 2018






ON THE COMPRESSIBLE NAVIER-STOKES-CAHN-HILLIARD EQUATIONS
WITH DYNAMIC BOUNDARY CONDITIONS

LAURENCE CHERFILS#, EDUARD FEIREISL”Y, MARTIN MICHALEK"”, ALAIN MIRANVILLE®***,
MADALINA PETCU®# AND DALIBOR PRAZAKf

#Laboratoire des Sciences de 1'Ingénieur pour I’Environnement

Université de La Rochelle, UMR CNRS 7356, F-17042 La Rochelle cedex, France

"Institute of Mathematics of the Academy of Sciences of the Czech Republic
Zitna 25, CZ-115 67 Praha 1, Czech Republic

V Institut fiir Mathematik, Technische Universitaet Berlin
Strasse des 17. Juni 136, D - 10623 Berlin, Germany

*Laboratoire de Mathématiques et Applications, UMR CNRS 7348 - SP2MI
Université de Poitiers, Boulevard Marie et Pierre Curie - Téléport 2
86962 Chasseneuil, Futuroscope Cedex, France

*Fudan University (Fudan Fellow), Shanghai, China
**School of Mathematical Sciences, Xiamen University, Xiamen, Fujian, China

©The Institute of Mathematics of the Romanian Academy, Bucharest, Romania
and
The Institute of Statistics and Applied Mathematics of the Romanian Academy
Bucharest, Romania

T Department of Mathematical Analysis, Charles University
Sokolovska 83, CZ-186 75 Praha, Czech Republic

ABSTRACT. We consider the compressible Navier-Stokes-Cahn-Hilliard system describing the be-
havior of a binary mixture of compressible, viscous and macroscopically immiscible fluids. The
equations are endowed with dynamic boundary conditions which allows taking into account the
interaction between the fluid components and the rigid walls of the physical domain. We establish
the existence of global-in—time weak solutions for any finite energy initial data.

1991 Mathematics Subject Classification. 35Q30, 35Q35, 76N10, 76T99.
Key words and phrases. Compressible Navier-Stokes-Cahn-Hilliard, two-phase flow, dynamic boundary

conditions.
1



1. INTRODUCTION

The motion of an isothermal mixture of two immiscible and incompressible fluids subject to
phase separation can be described by the Navier-Stokes equations for the average fluid velocity
(nonlinearly) coupled with the convective Cahn-Hilliard equation. The latter describes the evo-
lution of the difference of the relative concentrations of the two fluids. This model is known as
model H, but it is also usually called Cahn-Hilliard-Navier-Stokes system (see, e.g., [3], [25], [26],
[31]).

In this paper, we are actually interested in a variant of such a model. More precisely, we consider
a binary mixture of immiscible compressible fluids occupying a bounded domain @ C R3. The
time evolution of the mass density o = o(t, ), the bulk velocity u = u(¢, z) and the concentration
difference ¢ = ¢(t, ) is governed by the system of partial differential equations:

(la) dro + div,(ou) = 0,

1
(Ib)  Oi(ou) + divy(ou ® u) + V,p(p, c) = div, S(c, V,u) — div, (ch ® Ve — §|ch|2]1) ,
(1c) O(oc) + divy(ocu) = A,

0
1 =o0=—f—A

where i denotes the chemical potential and f = f(p, ¢) is the free energy density, the precise form
of which is specified later. Here and within the paper we use the classical notation for the scalar
product of tensors A = {Ai,j}i,j and B = {Bi,j}i,j:

A:B= ZAi,jBi,j7
Y]

while a ® b denotes the tensor product of two vectors a and b:
a® b= {aibj}ivj.
The equations are supposed to hold for (¢,z) € (0,T) x Q.

1.1. Boundary and initial conditions. We now consider an immiscible two-phase flow in which
one fluid displaces the other along the boundary I' := 0f2.

It was observed (see, e.g., [9]), in the incompressible case, that the moving contact line, defined
as the intersection of the fluid-fluid interface with the solid wall, is incompatible with the no-slip
boundary condition (see [10], [34] and the references therein). Indeed, as shown in [10], under
the usual hydrodynamic assumptions, namely, incompressible Newtonian fluids, no-slip boundary
condition and smooth rigid walls, there is a velocity discontinuity at the moving contact line and the
tangential force exerted by the fluids on the solid surface I' in the vicinity of the contact line becomes
infinite. Thus, in immiscible two-phase flows, none of the standard boundary conditions can
account for the moving contact line slip velocity profiles obtained from simulations and, therefore,
new boundary conditions were required to describe the observed phenomena.
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In order to account for moving contact lines a generalization of the Navier boundary conditions
has been proposed in [38] (see also [37]) using the laws of thermodynamics and variational principles
related to the minimum energy dissipation. These laws state that the entropy associated with the
composition diffusion and the work done by the flow to the fluid-fluid interface are conserved.

Following this approach, now in the compressible case, and assuming the boundary I' sufficiently
smooth, we impose the generalized Navier boundary conditions®

u-n=20
(S(¢, V,u)n), + fu, = E(C)VTC} on I,

where [ > 0, together with the Neumann boundary condition for the chemical potential

(2a)

Vep-n=0, on I
The main novelty with respect to the existing literature on mixtures of compressible fluids are
the dynamic boundary conditions for c:

Oc+u,Vye=—L(c) r
L(c) = —Arc+ et k(e) + 8nc} on

where £ > 0 is a constant and k a suitable nonlinear function to be specified later. Such boundary
condition can be interpreted as a parabolic equation on I'. Note that viscous fluids are usually
supposed to adhere completely to the physical boundary, which gives rise to the standard no-
slip condition. Nevertheless, in [35], the so-called generalized Navier boundary conditions were
introduced as a more realistic partial slip condition, where u, is the slip velocity at the boundary
measured tangentially to the wall and f§ is a slip coefficient, see Heida, Mdlek and Rajagopal [26]
for a thorough discussion of this issue.

As mentioned above, it is known that the moving contact line defined at the intersection of the
fluid-fluid interface with the wall is incompatible with the standard boundary conditions meaning
Neumann boundary condition for the concentration (note that this leads to a static contact line
with contact angle %) and no-slip boundary condition for the velocity. In [20] the dynamic boundary
conditions that we consider here were introduced and well-posedness for the Cahn-Hilliard-Navier-
Stokes incompressible model was proved.

We also mention that different types of dynamic boundary conditions were considered for the
numerical study of the incompressible Cahn-Hilliard-Navier-Stokes equations, see, e.g., [6], [30],
40], [41], [44]

Finally, the system is supplemented with the initial conditions:

0(0,z) = oo(x)
(3a) ou(0,z) =mgy(x) » for x € Q)
0c(0,z) = poco()

(2b)

IConsidering T' € R? a two dimensional surface and v a vector field, we denote by v (z) the orthogonal projection
of v(x) on the tangential plane to I" at © € I'. As I is smooth there exists an outer normal vector n(z) at each
point . We denote by V., the tangential gradient operator and by A, the Laplace-Beltrami operator where both
make sense at a given point with respect to a two dimensional surface (Riemannian manifold). The surface measure
will be denoted by H?2.



4

and
(3b) c(0,z) = ¢o(x) for x € T,

where we have introduced the momentum m = pu.

1.2. Constitutive relations. The viscous stress S is given by Newton’s rheological law:
2
S =S(c¢, V,u) = v(c) <Vzu +Viu— 3 div, u]I) +7n(c) div, ul,

where the viscosity coefficients v > 0, n > 0 are continuously differentiable functions of ¢ satisfying:
O<v<wv()<v, 0<n()<n Ve

The interface between the fluids is modeled via the diffused interface approximation and corre-
sponds to the total free energy in the form:

(4) Efee(0,0)|t = /Qg(t, x)f(o(t,x),c(t,z)) + %|ch(t7 r)[*dz.

Moreover, we suppose
f=f(o,c) = fe(o) + H(c)log o+ G(c),

where H and G are continuously differentiable functions satisfying

(5) —H1 < HI(C), H(C) < HQ, (S R, with Hl, H2 > 0,

(6) Gic— Gy < G,(C) < Gg(l + C), cec R, with Gl, GQ,Gg > 0.

Note that, due to the assumptions on G and H, glog(g)H(c) + 0G(c) is bounded from below for
(0.¢) € (0,00) X R
The pressure is interrelated to f via

(7) plo,c) = g%i) — pe(0) + oH(c),
where
(8) P10’ —pa < pilo) <ps(1+07)

for a certain v > 3/2 and py, po, p3 > 0.

Finally, k£ is a nonlinear function which accounts for the interfacial energy at the mixture-wall
interface. The typical choice of k in the context of dynamic boundary conditions for the Cahn-
Hilliard-Navier-Stokes model is:

T

2
k(9) = —\%— cos Uy COS(§"L9),

where 9, is the static contact angle between the fluid-fluid interface and the wall. We denote by
K a fixed primitive function of k satisfying K > 0.
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1.3. Main result. To the best of our knowledge, this is the first mathematical study of the com-
pressible Navier-Stokes-Cahn-Hilliard system with dynamic boundary conditions. The existence
theory for the system (1la)-(1d) was developed in [1] for the model with ”passive” boundary con-
ditions (namely, homogeneous Dirichlet conditions for the velocity field u and the homogeneous
Neumann conditions for the chemical potential p and concentration ¢). As the main result, the
authors managed to prove the existence of global weak solutions to the model (1-4).

Recently, the dynamic boundary conditions have attracted an interest in the area of phase
field models being first introduced in order to take into account the interaction between a binary
material and the walls of the physical domain. A large amount of mathematical literature exists on
this subject, we refer the interested reader to, e.g., [17], [18], [19], [24], [27], [32], [33], [36], [39], [43].
This kind of dynamic boundary conditions has been coupled to the incompressible Navier-Stokes
model and a phase field models in several works, see e.g. [5], [45], [20].

In general, the path to the proof of the existence of weak solutions (especially in the case of
compressible Navier-Stokes system) is technical and involves several levels of approximation (see
e.g. [1], [14], [15]). Following the approach advocated by J.-L.Lions [28], we establish existence of
global-in-time weak solutions performing several steps:

e collecting sufficiently strong a priori estimates;

e showing compactness of the set of weak (or strong) solutions in the spaces pertinent to a
priori bounds;

e constructing a suitable sequence of approximating solutions that converges towards the
solution of the problem.

1.3.1. Weak solutions. Before stating our main result, we introduce the concept of weak solution
to the problem (1-4). Here and in what follows we use the following notation:

W2(Q x ) = {f € WH*(Q) with trace f € W*(T)}.

Definition 1.1. Let gy € L7(9), 00 > 0, mg, |[mg|*/00 € L'(Q), ¢cg € W?(Q x T') be the initial
data.
We say that (g, u,c, p) is a weak solution to the initial boundary value problem (1), (2) and (3)
if:
o 06 L®(0,T,L7(Q)), 0 > 0, u € L*0, T, W"2(% R?)), ¢ € L®(0, T, W'3(Q x I)),
L(c) € L*(0,T,L*(T")) and p € L*(0,T, W'2(Q));
e 0 is a renormalized solution of the continuity equation (1a), i.e.

(9a)
/OT/QQB<Q)at¢d£U+/OT/S;QB(Q)u-Vxﬁpdmdt:/OT/Qb(Q)divxugodxdt—LB(QO)¢(O’.)dx7

for every ¢ € C1([0,T) x Q) and any
(9b) B(Q):B(l)—i-/QMdz

22

where b € C([0,00)) is a bounded function;



e for every ¢ € C1([0,T) x Q;R3) such that ¢ -n=0on (0,T) x I

/ /Qu 8tg0dxdt+/ /Qu®u Vzgpdxdt—i—/ / p(0,c)div, pdadt
(9¢) —/ /S(c,u):vmgodxdt—l—/ /(ch®vrc——|vxc|2]l> : Vedrdt

/ /BuT — Onc)Vyc) - gon”H,th—O—/mO ©(0, -) da;

e for every ¢ € CL([0,T) x Q)

(9d) / /Qcatgodxdt—i—/ /ch Vmgodxdt—/ / o Vepdrdt = /roogo(O,-)da:;

(9e) po = 00.f(0,¢) — Ayc  almost everywhere in (0,7") x €;
and
(91f) L(c) =—=A,c+E&c+ k(c) + Onc  almost everywhere in (0,7) x T;
e for every n € C}([0,T), H(T))

T T T
— / / cOm dH? dt + / / u, - V.endH? dt + / / V.c V.ndH?*dt
o Jr o Jr o Jr
T T T
+/ /8nc77d7-[2dt+§/ /cnd?—ﬂdt+/ /k(c)nd?—[zdt:/con( ) dH;
o Jr o Jr o Jr

e the energy inequality

(9g)

<9h) Ebulk(@> u C)’t + Esurf ’t + / Dbulk )’7’ + Dsurf(u C)‘T dr < EO)
holds for almost every ¢t € (0,7"), where we have set
. 1
(99) B, = Bpe0.0li + [ Solt.o)lult,)f d
Q
(9) Do (0, c,u, )|y = / S(t,x): Vau(t,x) + |Vau(t,z)|* dz,
Q
1 1
(9%) Buns e = [ 31Veclt. )+ S6lelt)? + K(e(t.9)) 442 (0
r
(91 Dowslw.clle = [ Bluslt ) + () 0) P43 ),
r
and

1 |my|? 1
Ey = / 5 | QO| ’V col* + 0o f (00, co) da + / = Vol + §€|Co|2 + K (co) dH?.
Q 0



7

1.3.2. Global-in-time existence. Having collected all the necessary material, we are ready to state
our main result.

Theorem 1.1. Suppose that Q C R3 is a smooth bounded domain. Let the structural hypotheses
specified in Section 1.2 be satisfied with v > 3. Let the initial data 9o € L7(S2), 0o > 0, |mg|?/0o €
LY (), co e W2(Q xT), and T > 0 be given.

Then the Navier-Stokes-Cahn-Hilliard system admits a weak solution in (0,T) x § in the sense
specified in Definition 1.1.

The rest of the paper is devoted to the proof of Theorem 1.1. Following the general strategy
delineated above, we first establish the necessary a priori bounds in Section 2. In Section 3, we
show compactness - any sequence of weak (or strong) solutions contains a subsequence converging
to another solution of the same problem. Finally, in Section 4, we propose an approximation
scheme and show the main steps in the proof of existence.

2. A PRIORI ESTIMATES

We start by collecting a priori estimates on hypothetical smooth solutions (g, u, ¢, 1) depending
only on the initial conditions gg, mg, co. We assume that gg > 0.

2.1. Continuity equation. As u is smooth, the continuity equation (la) can be solved by the
method of trajectories. Indeed, taking into account that the trajectories X of hypothetical fluid
particles can be obtained solving the ordinary differential equation

dX
0 =ult, X))

we deduce that g satisfies the ordinary differential equation:

(b X (1) = —ot, X (1)) div, u(t, X(1)).

Hence:

(]_O) inf QO(y)e_ f(f | dive u(s, )| Loo ds < Q(t, I) < sup QO(:y)efg || divg u(s,)|| oo ds.
yeq ye

This relation implies the positivity of the density provided div,u € L'(0,T,L>(€)) and g, is
positive. Unfortunately the regularity required is not available for the weak solutions of our
problem. Indeed, we will see later on that the available energy estimates imply only that u &€
L0, T,Wh2(Q)). Nevertheless, this discussion leads us to the conclusion that we may expect
0> 0 for a.a. (t,z) € (0,7) x Q, provided that the initial density g, is non-negative.

Moreover, if we integrate the continuity equation over €2 and use the fact that the normal velocity
vanishes on the boundary, we obtain the conservation of mass:

/ o(t,z)dx = / oo(z)dx =: My forallt € (0,7).
Q Q
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2.2. Total energy balance. Taking the scalar product in R?® of the momentum equation (1b)
with u and combining with the resulting equation obtained from (la) multiplied by |uf?, we
obtain:

1 1
(11) O (ig\u|2> + div, <§Q|u|2u +pu—S- u) +S: Vyu =pdiv,u— A,cV,e-u,

where we also used equality div, (ch ® V,c— %|ch|2]l) = A,cV c. Next, we multiply (1c) by u
and use (la) to get

(12) po (Oc +u - V) = divy (Voup) — [Vapl*.
Using (1d), we rearrange the previous equation as follows:
(13) 00.f (Opc +u - Voe) = divy (uVap) — |Vap|? + Agcdie + ApeVae - .

By applying the chain rule on the left hand side of (13) we obtain an equivalent form:
Oi(ef(0,¢)) + divi(of (o, c)u) — 00,f (0, ¢) (o + V0 - u)
1
(14) = div,(uVap) — [Veu|? + div,(9,cV.c) — 0, <§\ch]2) + AycVae-u.

As
—00,f(0,¢) (Or0 + Vo - 1) = 0°0,f (0. ) div. u = p(o, ¢) divs u,
we can combine (14) with (11) and derive the following pointwise energy balance:

1 1
15)  (GeluP + 51Vl + of(e.0))

1
+ div,, <§Q]u]2u +ofu+pu—puVyu— 0,cVye—S- u) +S: Vou+ |Vul? =0.

Next, we integrate (15) over ), use the Stokes theorem, and taking into account boundary
conditions u-n =0 and V,u-n = 0, we obtain the following balance law for the bulk energy:

d
(16) — Fyur + Doui = /&c@nc dH? + / u’Sn d#H?
with the bulk energy Fy,, and the bulk dissipation Dy, defined in (9i) and (9j) above. We remark
that the bulk energy is a non-negative quantity, as one can show that
2

2
S: Veu= @ V.u+ Via— gdivx ul| + n(c)| div, ul®.

Observe that due to the boundary conditions

/FutSn dH* = /Fut ([Sn]; + (n'Sn) n) dH* = /ut[Sn]Td"H2

r

(a7) _ —ﬁ/|uT|2dH2+/£(C)VTc-qu’H2
T T



and by (2b), the second integral can be rewritten as follows:

/ L(6) Ve -y dHE = — / L) dH2 — / Drc (— Dy + Ec+ k(e) + Dac) dH2
T I I

d 1 1
(18) _ —/ cPan? - 4 / L. e+ Lejop + (o) anz - / DycOnc I
where due to the Stokes theorem, [.div,(cV,c)dH? = 0. Therefore back to (17),
d
(19) /utSn dH2 = ——Esm«f - Dsurf — / atcanC dH2
r di r

where Ey,s and Dy,s denotes the surface energy and surface dissipation, respectively, cf. (9k),
(91) above. Combining (16) with (19), we obtain the following differential equation for the total
energy, which is the sum between the bulk energy and the surface energy:

d
(2O> E (Ebulk + Esurf) + Dbulk + Dsurf =0.

This implies that for ¢ € [0, T]

t
Ebulk|t + Esm“f’t + / ,Dbulk“r + ’DSqu‘T dr
(21) ’

_ [ 1mg* 1 2 1 2, 1 2 2 .
=15 + —|Vacol” + 00f (00, c0)dx + [ =|Vrcol® + =£|co|” + K(co) dH® =: Ey.
a2 0o 2 r2 2

Hence, we can straightforwardly derive the following estimates depending only on the initial data:
(A1) of € L>(0,T; L'(Q)) and also o € L>(0,T; L7(Q)),

where we remark that the bound for ¢ in L>(0,7; L7(2)) is an immediate consequence of
the bound of of € L>(0,T; L*(2)) and of the definition of f.

(A2) yalu| € L%(0,T; I2(%),

(A3) S: V,ue LY0,T; LY (D)),

(A4) V,ce L>(0,T; L*(;R3)),

(A5) V.p € L*(0,T; L*(; R?)),

(A6) K(c) e L>(0,T; LY (T)),

(A7) c e L=(0,T; Wh3(T)),

(A8) L(c) € L(0.T: (1),

(A9) u € L2(0,T; L*(I; R?)).

Remark 1. Testing the momentum equation by u is an essential step in order to derive the presented
estimates. We underline that usually for the equations of fluid mechanics, the velocity field u is
not an admissible test function in definition of weak solutions due to its low regularity.

In what follows, let C' denote a generic constant which depends only on the hypotheses on the
non-linearities, on the initial data and on 7.
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2.3. Further a priori estimates. In order to derive estimates of Sobolev norms of u, ¢ and u,
we have to use a Poincaré type inequality. We need a generalized version of this inequality which
applies whenever there is a control over gu rather than only p in the Lebesgue spaces:

Lemma 2.1 (see [13, Lemma 3.1]). Let Q C R® be a bounded Lipschitz domain and let My > 0,
K > 0. Assume that o is a non-negative function such that:

(22) 0<M0§/de, /Q7d$§K, wz’th’y>§.
Q Q

Then there ezists a positive constant C' = C(My, K,v) such that the inequality

1
(23) v — @/QQVHL?(Q) < ClIVavll 2 oms)

holds for any v € Wh2(Q).
We will also need an analogous version of Korn-Poincaré inequality:

Lemma 2.2 (see [14, Section 11.10]). Let Q@ C RN, N > 2 be a bounded Lipschitz domain, and let
l<p<oo, My >0, K>0,v>1.
Then there ezists a positive constant C' = C(p, My, K,~y) such that the inequality

+ / o|v| dx
LP(QRN) Q

holds for any v € WP(Q; RY) and any non-negative function o such that:

2
(24) I (Hm Vv = Zdiv, v

(25) 0<M0§/de, /Q”deK.
0 0

Using the previous estimates together with standard inequalities, we obtain also:

(A10) ou = \/o(y/ou) € L= (0,T; L>»/0FD(Q; R?))
which is an immediate consequence of (A1), (A2).

(A11) u e L0, T; Wh3(Q)),
which follows from Lemma 2.2 in combination with (A3). Using the Sobolev embedding
Wh2(Q) — L%(Q) and (A1), (A2), we also deduce:

(A12) pu®@u = /0(,/ou) ®u € L* (0, T; L&/ (Q; R3*3))

(A13) c e L>(0,T; Wh2(Q)),
this being a consequence of Lemma 2.1 combined with the a priori estimate (A4). From
the Sobolev embeddings, we also obtain:

(A14) oc € L™ (0,T; LS/ ()

(A15) ocu = /o(\/ou)c € L* (0, T; L/ BT (Q; R3)),
which was deduced using (A1), (A2), (A13) and the Sobolev embedding W?(Q) —
L5(Q).



11

Integrating equation (1d) over €2, we obtain:

/Qudx:/ga—fdx—/ancde
Q o Oc r
of

= [ o=—dx— /(E(c) — &e— k(e)) dH>.
o Oc r
Due to our hypotheses about the nonlinearities we know that |00, f| < |olog(0)|C(1+|c|); hence,
taking into account the bounds on g and ¢, we derive:

(A16) 00.f € L=(0,T; L"(2)) for any r < 2L

6+v"
Thus, using (A7), (A8), (A16) as well as the form of the nonlinear function &, equation (26)
allows us to bound | [, o dz|. Using Lemma 2.2 in combination with (A5), we conclude that

(A17) p e L*(0,T; WhH3(Q))

It immediately follows that:

(A18) ou € L*(0,T; L5/ 6+ ((Q)).

Using the elliptic regularity applied to A, c in (1d), we get:

(A19) c e L*(0,T;W*"(Q)) for any r < %.

As v > 3/2, it is important to observe that 6v/(6 + ) > 6/5, therefore there exists ry > 6/5 such
that ¢ € L2(0,T; W27 (Q)) < L*(0,T; W12¢(Q2)) for some € > 0. By interpolating this estimate
with (A13) we deduce
(A20) c € L¥(0,T; W29(Q)) for some 6 > 0 and
(A21) V,c® V,c € L2 ((0,T) x Q;R3*3), |V,c|? € L*2((0,T) x Q).

Taking into account the definition of S and (A3), we also deduce that:
(A22) S(c,V,u) € L*((0,T) x Q;R3*3).

(26)

2.4. Dynamic boundary conditions. Next, we collect estimates based on the elliptic regularity
of the Laplace-Beltrami operator (see e.g. [42]). For every t € (0,7, ¢(t, ) solves
—N,c=L(c)—k(c) =& —Opc  onT.

Using the previous estimates on £(c) and on ¢, we deduce that A,c € L?(0,T; L*(T")) with the
norm bounded by a constant depending only on the initial data for system (1). This implies the
a priori estimate for

(A23) ce L*(0,T; W*2(I))

therefore we also find:

(A24) ce L*(0,T;C(I")) and k(c) € L* (0, T;C(T")) and

(A25) Onc, V,.c e L*(0,T; L4(T")) for any ¢ € [1,00).

Due to Sobolev’s embeddings, we see that

(A26) u, - V,ce€ L*0,T; L*3(T)),

which implies the bound on the time-derivative of the concentration:
(A27) O,c € L*(0,T; L*3()).
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2.5. Pressure estimates. We realize that all terms occurring in the weak formulation except
pe(0) are a priori bounded at least in a reflexive space L7, ¢ > 1. In order to improve the bounds
for the pressure, we test the momentum equation by

X(tv x) = w(t)ap(t, ZL‘)

27
(27) Wﬁhgsz(Qﬁ—i/gﬁdx)
€2 Jo

where B is the right inverse of the divergence operator, ¢ € D((0,7)) and S is a suitably small
positive constant. There are many ways how to define the operator 5. Here we adopt the integral
formula proposed by Bogovskii and elaborated by Galdi (see [21, Theorem 3.3]). We list some
properties of the operator B (for more details see e.g. [14, Section 11.6], and the references
therein).

In what follows, for any function space X (Q) we denote X () its subspace of functions with
zero mean. More generally, the functionals whose pairing with constant equals zero.

Theorem 2.3. Let Q C RY be a bounded Lipschitz domain. Then:

(1) There exists a linear operator B : C°(Q) — CX(Q;RYN) such that div,(B(f)) = f and

B(f)lr = 0.
(2) We have:

IB(F)lwessamm < cllflwnoay, ¥L < p < 00, k= 0,1,...
In particular, B can be extended in a unique way as a bounded linear operator
B: LP(Q) — Wy P(QRY).
(8) If f € LP(Q) and g € W'P(Q) such that f = div, g, then
IB(f)lLaire) < cllgllairs),

with g € EZP(Q) = clparo) (CC(Q;RY)), where E¥?(Q) is the Banach space E9P(Q) =
{fue LY RY), divu € LP(Q)} endowed with the norm ||u|| == |Jul| pary)+| divy ul| o).
(4) B can be uniquely extended as a bounded linear operator

B:W™r(Q) — LP(Q;RY)
where — + — =1, in such a way that:
p P
- / B(f)-Vvodr = (f,v) sy wrw Vv € Wi (Q),
Q

IB()zeryy < cll fllgwra -
(5) If f,0.f € LP((0,T) x Q), [, f(t,-)dz =0 for a. a. t € (0,T), then:
OB(f)(t,x) = B(O,f)(t,x) a.a. (t,x) € (0,T) x Q.
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Let h(o) = ¢°, then g satisfies the following renormalized equation:
(28) dth(o) + dive(h(0)u) + (oh'(0) — h(0)) divy u = 0.

Applying operator B to equation (28) and using Theorem 2.3, we obtain for ¢ defined through
(27):

29)  Ohp = —B(div,(h(e)w) = Bl(el(0) = h(e)) divou— o= [ (oh(0) = h(e))div, waa].

where
lo(t, ) lwrr@re) < cp)|R(0)]|Lre), 1 <p < oo,
and
10| Lr@ira) <cl[h(o)ul|Lrosre)

+ ¢||(oh'(0) — h(0)) div, u ‘Q|/ (ol (0 () div, udz| 1ty

The last term in (30) is bounded by [|(eh/(0) — h(0)) dive u|| fsp/e+r () if 3/2 < p < oo and by
| (oh'(0) — h(0)) divg ul|Ls(q), for any s > 1,if 1 < p < 3/2.

Our goal is to use the function y defined in (27) as a test function in the momentum equation.
Plugging (27) into the weak formulation (9¢) (still assuming that solutions are smooth), we deduce
that:

(30)

/OTw(t)/Qm o dudt = ZI

e [ (e
o[ s o)

13:_/0T (v [ swows Tupar) av,

14:/0T (@D/QS(C, u): V;,;godx> dt,

b [ (s [ mots)

Iy = —/Osz </Q (Vmc®vxc— %yvzcm) :Vrgodx) dt.

We need to estimate each of the integrals:

where?

11| < CllY|leo,m ol s o.r,08 ) lP(0) )l Lo (0,7,1 (02))

2The boundary terms vanish as © has zero traces on I'.
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[ Lz| < ClY | Lo,y ll@ull oo o7, 20/ 0 () 1060 L1 (0,7, L2760 ()
< C‘|¢HL°°(07T)HQuHLOO(QT,L?W/(WH)(Q))(HQﬁuHL1(0,T,L2‘7/("/*1>(Q)) + H@B div, uHLl(O,T,L67/<57*3>(Q)))a

where we can continue estimating the last two terms as:

T
6 2v-3 1/2
lo”ull prozL2vie-n @) < C”u||L2(0,T,L6(Q,R3)>(/ </ o] =5 dz) ® dt) ,
0 Q

and
T
. . _Gy -3 1/2
||Q5 ler u||L1(U,T,L6’Y/(5’Y—3)(Q) < CH lem uHLQ(O,T,LQ(Q,H@)) </ (/ |Q|527—3 dilj) 3y dt) .
0 Q
Moreover,
13| < Cll¢ll=mllou® uHLQ(O,T,LG“//M“f*?’)(Q)) HQﬁHLQ(D,T,LGW/(?V*@(Q))’
1] < Cl[9] 0,1 1S(e, W) | o,y xsksx) 07| o 0,7y x2)
15| < CHw/HLl(O,T)HQuHLOO(O,T,LQV/(“/+1)(Q,R3))HQOHLOO(O,T,LQV/W*U(Q;]R3))
< CHw/HLl(O,T)”QU-HL°°(0,T,L2v/(“/+1>(Q,]R3))HQB”LOO(O,T,W*LQV/(”Y*)(Q))
< Y| L(0,T) | Qu”L°°(0,T,L2’Y/(“/+1)(Q,]R3)) | Qﬁ ”LOO(O,T,LG"//(E""/*?’) Q)
and

1| < O’WHLOO(O,T)(HVmC ® vzc||L1+5/2((0,T)XQ;R3X3) + H|V$C’2||L1+2/5((0,T)><Q;R3X3)) ||Vm90HL1+2/6((0,T)xQ;RSXS)
< Cllll o o1) (1Vae @ Vacll prvsrzqo,ryxamsxs) + Vel pis2rso.r)xamsxs)) 107 | pivass o) xamsxe.

Based on the already generated estimates and on the fact that o € L*°(0,7, L7(2)), all these
previous estimates lead us to conclude that there exists # > 0 small enough such that

T
| / ¥ / p(o.¢)o’ dedt| < C(1+ /]| 0my).

Finally, taking suitable v, — 1 almost everywhere on (0,7") with 4’|/ 110,y < C, we obtain

T T
/ / 0P drdt = / /pe(g, c)o?dzdt < C.
o Ja o Ja

due to (7) and (5). Therefore, we derived our final a priori estimate
(A28) p € L'*((0,T) x Q) for some € > 0.

Let us collect the previous estimates in the lemma, which has been just proven:
Lemma 2.4. Let (o,u,c, i) be a smooth solution to (1) satisfying (2) and (3).

Then the corresponding norms of functions in (A1)—(A28) are uniformly bounded by a constant
depending solely on the initial data and T'.
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3. COMPACTNESS

Pursuing further our strategy delineated in the introductory part we aim to show compactness or
sequential stability of the solution set. Accordingly, we assume that (u,, o,, ¢n, pn) is a sequence
of weak solutions to the problem (1) with the boundary conditions (2) and initial data gy, mg .,
o, satisfying the hypotheses of Theorem 1.1.

We can directly derive uniform bounds (A10)—(A28) for the renormalized weak solutions due
to (9h). Consequently, there exists a subsequence (not relabeled) such that the following holds:
0n = 0in L>(0,T; L7(Q)),

u, — uin L?(0,T; Wh2(Q; R3)),

cn — cin L2(0,T; WhH3E(Q)), L= (0, T; WY2(T)), and WH2(0, T; L*/3(T)),

S(en, u,) = S(e,u) in L2(0,T; L?(Q; R3%3)),

onl, — pu in L <O, T; L%(Q;R?’)) and p,u,, — pu in L? (0, T; L%(Q;R3)>,

® 0,u,®u, = ou@uin L? (O, T; L%(Q;Rfiw))’

® p(0n,cn) = p(o;c) in L'*((0,T) x Q),

o V.0n ® Vit — Ve, )T = Ve ®@ Ve — 2|[V,c2T € L792((0,T) x ),
e 0, Ve, — 0ncVoc in L2(0,T; LY3(T)),

e 0,c, = pcin L™ <O,T; LG%(Q)>,

® 0,c,u, — pcu in L? (O,T; L%(Q;R:*)),
o = pin L2 (0,73 WH2(Q),
® Onftn — Ofi in L2 (0,T; L&/ E+7(Q)),
—_ 6
® 0,0.f(0n,cn) = 00.f(0,¢) in L= (0,T; L"(2)), for any r < %,
- Y
e (u,), - V,c, = u, - V,cin L2(0,T; LY3(T)),
e k(cy) = k(c) in L*® (0,T; LI(I)), for any ¢ € [1,00).
Accordingly, we can pass directly to the limit in the weak formulation in all linear terms. In
order to show that (g, u,c, i) (or a limit of a subsequence) satisfies also the weak formulation, it

is enough to show that all quantities above with the bar are in fact equal to the corresponding
quantities without bars.

3.1. Compactness of multilinear terms. In order to pass to the limit in the multilinear terms,
we make use of the following lemma, see e.g. [11]:

Lemma 3.1. Leth, — h, b, = b in L]

15 ((0, T)xQ) and a,, be uniformly bounded in L>(0,T; LP(£2)).
Let

Oyan, + div, b, = h, in the sense of distributions on (0,T) x .

Then there exists a subsequence of {ay}nen such that a, — a in C,([0,T], LP(2)). If, moreover,
LP(Q) —— W=14(Q), then

(31) an, = a in C([0,T]); WH(Q)).
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Due to the previous lemma, (A1) and (1a), we get g, — o in C,, ([0, T]; L7(2)). As L?(Q2) ——
W=12(Q) provided v > £, we have:

T T
/ / OnUnp dz dt = / <Qm @un>W*1’2(Q),W112(Q) dt
0 Q 0

T T
—>/ <Q790U—>W*172(Q),W1’2(Q) dt—/ /gucpdxdt.
0 o Ja

Hence, ou = pu.
_ Using now the same argument with ¢, and then p,, we also obtain gc = oc, op = op, and
oc% = oc?.

Similarly, as L*/0FD(Q) << W='%(Q) whenever v > 2, we obtain that g,u, — ou in
C([0,T); W=12(2)) which leads to gu ® u = gu ® u and puc = guc.

Finally, oc2 = oc?, as g,c, — o¢ = oc in C([0, T; LgV/(GJW)(Q)) and L?]/(H’Y)(Q) s WL2(Q)
if v > %

3.2. Compactness of the dynamic boundary condition. Directly from the Aubin-Lions
lemma, we obtain:

W20, T; L*3(T)) N L*(0, T; W**(T')) < LF(0, T; WH4(T'))
for some suitable p and ¢. This implies the strong convergence of ¢, and V,¢, on (0,7) x I.

Consequently, k(c) = k(c), u, - V,¢ = u, - V¢ and 9,cV, ¢ = 0u¢V .

3.3. Strong convergence of concentrations in (0,7) x Q. We borrow the idea from [1] to
show that

(32) Vaecn — Ve in L*((0,T) x Q),
and:
(33) cn — ¢ in L*(0,T; WH3(Q)).

First, we observe that

T T
(34) / / oc? dz dt — / / oc* dz dt.
o Ja o Ja

Indeed, in Section 3.1 we proved that g,c? — o2 = oc®. Using (A20), we can also deduce that
(0n —0)c2 = 0in L"((0,T) x Q) for some r > 1 and thus we get (34). Therefore

(35) cn — ¢ strongly in L*((0,T) x , pdx).
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It is sufficient to show the convergence in L. To this end, we compute for an arbitrary & > 0:

limsup/ le, — ¢| dz = limsup (/ len, — ¢ d$+/ len — ¢ dx)
n—o00 n—o00 o>¢e Qe(()’g)

< limsup ~ / lcn — clodx + limsup ||¢, — ¢||r(x)|{0 € (0,5)}|IDTTl
n—oo

n—oo
< Cl{oe (0,9},

which vanishes as ¢ — 0.
Equation (1d) implies that for every ¢ € D((0,T) x (Q)

(36) / /chnvxgodxdt / /8 cap dH? dt = / /Qn fp — —— Qn,cn))godxdt.

Since we know that 9,4, — ofi = op and 0,0, f(0n, ¢n) = 00.f(0,c) in L*(0, T; L%/ E+(Q)), we
can pass to the limit in (36) and then substitute ¢ to ¢ in order to obtain:

T T
/ /|ch\2dx—/cancd7-[2 dt:/ /(Qu—gﬁcf(g, ¢))cdxdt.
o Ja r o Ja

Using a density argument, we can also take ¢ = ¢, and then passing to the limit and taking into
account the convergences proven previously, we get:

T T T T
lim/ /|chn|2dxdt—/ /c@ncdHZdt:/ /Qucdxdt—/ /Qacf(g,c)cdxdt.
nmeeJo Ja o Jr 0o Ja 0o Ja

It is now sufficient to show that 0d.f (o, c)c = 00.f(0, c)c, in order to conclude that

Vacn — Ve strongly in L*(0, T; L*(€; R?)).

To this end, we observe that:

T T T
/ /Qnacf(gn,cn)cngpdxdt:/ /Qnacf(gn,cn)cgpdxdt+/ /Qnacf(gn,cn)(cn—c)godxdt,
0o Jao 0o Jo 0o Jo

where the last integral converges to zero. Indeed, a straightforward computation yields

T
/ / 0n0cf (0n, Cn)(cn — c)pdadt :/ 0n0cf(0n, Cn)(cn — c)pdadt
0 Q 0>0

+/ 0n0cf (0n, cn) (e — ¢)pdadt
0=0

and both integrals converge to zero due to argument above and the fact that 0,x,—0; — 0 strongly
in L9(0, 75 L9(Q2)) for all 1 < g < 7.

Finally, convergence (33) follows from the strong convergence of V.c,, Lemma 2.2 and (35).
Whence, S(c,u) = S(c,u), Voc @ Voo — LV,c? = Ve ® Ve — 3|V,
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3.4. Compactness of the pressure. There are last two nonlinear terms remaining for which we
have to check the weak convergence to the “right limit”, namely p(p, ¢) and 0. f (o, ¢). To conclude
the proof of Theorem 1.1, it is sufficient to show almost everywhere convergence of the densities.
We recall that we are dealing with a similar system to the one in [1] except for the difference in the
boundary conditions for the momentum equation and the Cahn-Hilliard equation. However, the
main argument in the cited paper depends only locally on the momentum equation. The crucial
information coming from the momentum equation is called the effective viscous flux identity:

(37) p(g,c>b<g>—p<g,c>b<g>=(§u<c>+n<c>) (b(o v, u— ) div, ) in (0,7) x €

for any b € C*(]0, 00)) with &' compactly supported in [0, 00). It is sufficient to show that (37) holds
in K for any compact K C (0,7) x © which is accomplished by using localized test functions.
The rest of the proof of g, — o a.e. (at least for a subsequence) follows from (37) and the
renormalization property of the continuity equation (la), which has exactly the same boundary
condition as in [1]. Therefore, with reference to [1] (or also [12], [14]) we conclude the proof of
Theorem 1.1.

Finally, let us mention that the energy inequality (9h) follows from the lower semi-continuity of
norms. The weak continuity and the fulfillment of the initial and boundary conditions follow from
Lemma 3.1 and Subsection 3.2.

4. APPROXIMATION SCHEME

We complete the existence proof by introducing the approximation scheme following the lines of
[16]. Let H,, be an m-dimensional space spanned over the m first vectors of a basis of the space
W2(Q; RY) of functions with zero normal trace. As the boundary I' is smooth, we may assume
that H,, C C?(Q;RM).

Following [16], we propose the approximate problem in the form:

(38) Oho + div(eu) = eAg, 0(0,) = o5, Ono=0o0nT"
The approximate velocity field u belongs to the space C1([0,T|; H,,), and the integral identity

(39)
T T T

//gu-@tgpdxdﬂ—/ /gu@uzvxgpdzxdt%—/ /(p(g,c)+5gG)divxg0d:):dt
0o Jo 0o Jo 0o Jao

T T
- 5/ /V(Qaua)Vgpdxdt —/ /S(c, u) : Vypdrdt
o Ja o Jo

T 1 T
+/ / (ch ® Ve — §|ch|2]l) : Vepdrdt — / /(ﬁuT — (L(c) — 0uc) V) - o dH* dt
o Jo o Jr
= _/ mO,e,(s . (70(07 ) dl‘7
Q

holds for every ¢ € C([0;T); Hy,).
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1 ) 1
(40) Oc+u-Ve=-Ap, p= Moo 1L, c(0,-) = cocs,
0 dc 0

where (39) and (40) are coupled via the boundary conditions (2).
Here € > 0, 6 > 0 are positive parameters and 9o s, Mo s, Coes are smooth approximations of
the initial data and G > 6.

4.1. Solvability of the approximate problem. For a given c € L>(0,T; W2(Q))NL?(0, T; W32()),
the system of equations (38), (39) admits a solution [, u] unique in the class

1 — _
(41) ue CY[0,7; Hy), o, € C([0, 7} C* () N CH([0, T]; C*(Q),
see [11, Chapter 7]. Moreover, it is straightforward to check that the mapping

c€ L0, T;W2(Q)) N L*(0, T; W*%(Q)) = [o,u] € C([0,T]; C(Q)) x C([0,T); H,,)

Is continuous.
Following [16], we obtain the approximate solutions as a fixed point of the mapping

M :c— [o,u] = M|,

where ¢ = M]c] is the unique solution of

1 1
oc+u-Ve=-Ap, p= M — —Ac,
0 dc 0
(42) Vep-n=0, Oic+u,Vye=—-Ac+&c+k(c)+ e on T,

0(07 ) = C0,¢,65

with o and u given.
In order to solve (42) we use the following auxiliary result. For the sake of simplicity, we omit
the terms that can be treated as a lower order perturbation.

Lemma 4.1. Let o and u be given such that o, 0,0, D?0 € C([0,T] x Q), 0 > o > 0 and
u e CY[0,T] x Q), D2u € C([0,T] x Q), withu-n =0 onT. Let also consider ¢, € C(Q). Then
the linear problem:

1. 1
(43) Oy = —=A(=Ac) —u- Vg,

o 0
endowed with the boundary conditions:

1
On(=Ac) =0 on T,

(44) 0
oec+uy-Vie=Ar¢c—0Ouc on T,
admits a strong solution ¢ unique in the class W'P(0,T, LP(Q)) N LP(0, T, W*P(Q)) with ¢. in
W57 (0, T, LP(T)) N LP(0, T, W= 7(I)).



20
Proof. We proceed by a fixed point argument. Let us consider cr be given such that
cr € X, with Xp = W'™#?(0, T, LP(T")) N LP(0, T, W*~#"(T))

and cr(0) = ¢p on I'. Then according to [7], the following initial boundary value problem:
1. 1
oic=——A(=Ac) —u- Ve,
e o0

1
On(—Ac)=0onT,
(45) (Q )
c=cronl,
c(0,-) = co,

admits a unique solution ¢ € Xq, where Xq = WP(0, T, LP(Q)) N LP(0, T, W4P(Q)), with 1 < p <
0o. Moreover,

lellxq < C(llcollczy + llerllxr),

where C' is a positive constant.
1
Given ¢ a solution of (45), we first note that d,c € LP(0, T, W* #(I')) and

10ncl]

Now, let us consider the following parabolic problem on the boundary I' of the domain:

Lp OTW p(l")) < C<||COHC2 + ||CF||XF)

Ox — A, x = —u, - V,.x — O,

(46) x(0) = colr.

According to the maximal L? regularity for parabolic problems (see [2]), we obtain:

(47) dx € LP(0,T,W* 3 7(I'), x € LP(0,T, W™ #¥(I)),
with
(48) 10X, 0 s by + I oy ey < Ct Pl + 19nel v 0

Consequently, the mapping T : ¢ — x is a compact mapping on Xr. Our ultimate goal is to
apply Schaefer’s fixed point theorem. To this end, we have to establish suitable bounds on the set
of cr’s satisflying AT (cr) = er with A € [0, 1]. Thus, using the equations:

1. .1
Oc = ——=A(=Ac) —u- Ve,
o 0

(49) an(lAc) =0, c=cronl,
0

Oier — Arcr = —u, - Vicr — Ao,
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with A € [0, 1], we obtain estimates on ¢ by multiplying equation (49), by —Ac and integrating
over the domain. We get:

1
th{/ Vel dz + ~ /|V crPdH?} 4 /|atCF|2dH2+/|V(—AC)|2de‘
Q 0

(50) 1
= —— / eru, - Voop dH? + / u- VeAcdz.
AJr Q

We need to estimate the terms on the right hand side of (50). We have:

1 1
‘X/Fatcfur - Vrer de’ < XHatCFHLQ(F)HuTHLOO(F)HVTCFHLQ(F)

(51)
1 2 2
< g0 ey + S el o) Ve g
and also:
1
(52) I/Qu'VcﬁchI < ||11||Loo<9>||Q||Loo(9)HVC||L2<Q)||EACHL2(Q)
Using Lemma 2.1, we also have:
1 1
(53) I Acliz) < C(IV (A1 +| [ Acdal).
Q

The last term in (53) is estimated as follows:

1
]/Acdx| = |/8ncd7-l2| = |—/(0t0p — Arcr +u, - Veer) dH?|
(54) Q r A r

1 1
< C(xﬂatCHL?(F) + X||ur||L2(F)HVTCFHL2(F))-

Returning to (52), we get:
(55)
1 1
|/H'V0A0d$| < ||11||L°°(Q)||Q||L°°(Q)||VC||{||V(EAC))||L2<Q) + XHatCHB(r) + a2y I V-erll 2 }

1
—HV( AC))HLz + o l10elze) + Cllullzo)llelz=@ I Velzz @)

C
+ Cllull e llell =@ s L2 [ Vellza@) + Sl lloll =@ [zl 2oy | Voer 2z

We finally obtain:
1
{/|Vc|2dx+ /|v crPdH*} + = /\ath|2dH2+/ |V(5Ac)|2dx
Q

< Clfall ooy llell zoe oy lur 2y IV ellz) + 5 ull @ el @ [z llzza [ VerllZzy
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Using the Gronwall lemma, we have:

T
61 [ IVeer(e. 0P @+ [ [ 1ol a4 at < Cleo [ulleqoarn): lelloqomsa))
r 0 T

It follows immediately that cr is bounded in L>(0,T, H(T"))NH'(0, T, H'(T')), which is compactly
embedded in Xp. From Schaefer’s fixed point theorem, the result follows. O

In view of Lemma 4.1, the approximate solutions for fixed parameters m, e, and § can be
obtained by means of a fixed point argument, exactly as in [16]. The rest of the existence proof
consists in performing successively the limit processes m — 0o, € — 0, and, finally § — 0. This is
definitely a very lengthy and technical procedure which consists in applying the formal compactness
arguments, discussed in Section 3, to the family of approximate solutions. This process has been
described in detail e.g. in [1] and we therefore omit it here to keep the presentation concise.
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