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Abstract

In this paper, we analyze a general diffuse interface model for incompressible
two-phase flows with unmatched densities in a smooth bounded domain ¢ R?
(d = 2, 3). This model describes the evolution of free interfaces in contact with the
solid boundary, that is, the moving contact lines. The corresponding evolution sys-
tem consists of a nonhomogeneous Navier—Stokes equation for the (volume) aver-
aged fluid velocity v that is nonlinearly coupled with a convective Cahn—Hilliard
equation for the order parameter ¢. Due to the nontrivial boundary dynamics, the
fluid velocity satisfies a generalized Navier boundary condition that accounts for
the velocity slippage and uncompensated Young stresses at the solid boundary,
while the order parameter fulfils a dynamic boundary condition with surface con-
vection. We prove the existence of a global weak solution for arbitrary initial data
in both two and three dimensions. The proof relies on a combination of suitable
approximations and regularizations of the original system together with a novel
time-implicit discretization scheme based on the energy dissipation law.
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1. Introduction

In immiscible two-phase flows the contact line is defined as the intersection of the
fluid—fluid interface with the solid wall. The contact line problem turns out to be
of critical importance in many applications such as microfluidics, inkjet printing,
coating and oil recovery (see for example, [13,24,27,54]). The (static) contact angle
along the contact line characterizes fundamental concepts of wetting and spreading
phenomena on the solid surface (see Fig. 1). Furthermore, when one fluid displaces
another immiscible fluid, the contact line is moving relative to the solid wall, result-
ing in a dynamic contact angle which deviates from the static one. It is well-known
that in immiscible two-phase flows, the moving contact line (MCL) is incompati-
ble with the no-slip boundary condition and predicts a non-integrable singularity
for the viscous stress, which results in a non-physical divergence for the energy
dissipation rate [27,28,43]. Much effort has been made to remove the singularity,
and various continuum models were proposed to regularize the problem, see for
instance [27,39,60-62] and the references cited therein. Among those contribu-
tions, the diffuse interface model turns out to be a useful and attractive method
to resolve the MCL conundrum [25,41,45,57,59,65,69,70,73]. The diffuse inter-
face models replace the classical hypersurface description of the free interface
between two fluids (that is, the so-called sharp interface) with a thin interfacial
layer where microscopic mixing of the macroscopically distinct components of
matter are allowed, so that possible topological transitions such as pinch off and
reconnection of fluid interfaces can be handled in a natural way (see for example,
[8,49]). Moreover, the corresponding nonlinear partial differential equations satisfy
certain natural thermodynamics consistent energy dissipation laws, which make it
possible to carry out further mathematical analysis [19,34,48] and design efficient
energy stable numerical schemes [9,22,36,64].

In this paper, we consider a thermodynamically consistent diffuse interface
model for an incompressible two-phase flow with different densities in a bounded
domain  C R? (d = 2, 3) that accounts for the dynamics of moving contact lines
on the boundary 9€2. The resulting evolution system is of Cahn—Hilliard—Navier—
Stokes type:

0t (pv) +div(pv ® v) — divQRv(p)Dv) + Vp

+div(v® J) = uVo, in Qo
divv =0, in Qoo, (1.1)
09 +v - Vo =div(m(p)Vu), in O,
w=—Ap+ f(e), in O,
6 >90 6 <90 6 =90 €
Phase IT )
tangent Phase II L%
Phase II
solid wall solid wall solid wall

Fig. 1. Contact angle formed by the fluid—fluid interface with the solid boundary
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Incompressible Two-Phase Flows with Moving Contact Lines

where Q) = Q2 x (5,1),0 < 5,1t S oo and Or = Qo). Let u; be the volume

fraction of fluid i (i = 1, 2). We take the difference of volume fractions as an order

parameter ¢ := up —u1. Then the values ¢ = —1 and ¢ = 1 represent the unmixed

“pure” phases of fluid 1 and fluid 2, respectively. In terms of the order parameter

@, the volume averaged velocity of the binary mixture takes the following form:
1—9¢ l+¢

2V1-|-2

VvV =

V). (1.2)

In addition, the mass difference depends linearly on the order parameter and the
averaged density p of the mixture is given by

2 — P1 pr1+ P2

P
P@)=—=F—¢+—— (1.3)

where p; is the specific densities of fluid i (i = 1,2). In system (1.1), Dv =
% (Vv+ VVT) stands for the rate of deformation tensor, p denotes the fluid pressure,
v(p) > 0is a viscosity coefficient and m(¢) > 0 is a (non-degenerate) mobility
coefficient, both of them may depend on the order parameter ¢. The relative mass
flux J related to the diffusion of mixture components is given by

J=—p (@)m@)Vu, (1.4)

where £ = —Ag@ + f(¢) is the chemical potential associated to ¢. Moreover,
f = F' s the derivative of a homogeneous bulk potential density F for the binary
mixture with a double-well structure. One of the physically relevant choices for F
is the so-called logarithmic potential

® ®p ,
F(s) = > [(1 + s)log(l +s) + (1 — s) log(1 —s)] — 75‘ , se[—1,1],

(1.5)

where 0 < ® < @ are positive constants denoting, respectively, the absolute tem-

perature and the critical temperature of the mixture. Since a comparison principle

for the fourth-order Cahn—Hilliard equation of ¢ is unknown, the singular behav-

ior of f at 1 ensures that the order parameter ¢ takes values in the physically

admissible interval [—1, 1] along the evolution, while keeping the positivity of the

averaged density p(¢) in the general case of unmatched densities.

The diffuse interface model (1.1)—(1.5) was derived by ABELS et al. [7] using
methods from rational continuum mechanics. Here, we have taken the coefficient
a(y, Vo) in the chemical potential p therein to be constant 1 for the sake of sim-
plicity (cf. [7, (2.37)]). In the case of matched densities, thatis, p; = p3, the relative
mass flux J simply vanishes and the system (1.1) reduces to the classical “model
H” derived in [42] for the motion of an isothermal mixture of two immiscible and
incompressible fluids subject to phase separation (cf. also [8,40,63,66]). On the
other hand, for binary fluids with different densities, some other generalized diffuse
interface models were proposed in the literature (see, for instance, [16,17,26,49]).
The present model was derived using the volume averaged velocity (1.2), which
entails a divergence free mean velocity field. Moreover, it has the nice features of
being thermodynamically consistent and frame invariant (see [7, Remark 2.2]).
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There have been a considerable number of works devoted to the mathematical
analysis of various diffuse interface models for two-phase flows. We refer to, for
example, [1-3,10,14-16,18,31-33,38,40,46,75] and the references cited therein.
Most of these papers deal with the following classical boundary and initial condi-
tions:

v=0, on XYoo, (1.6)
One = dnu =0, on Yoo, (LD
V|t=0 = Vo, (p|t=0 = 0, in Q? (18)

where X5 =T x (s5,1) and Z; = I'(g1), with I" = 92 denoting the boundary
of  and n = n(x) being the exterior unit normal vector on I'. System (1.1)—(1.5)
(with a singular potential and a non-degenerate mobility), subject to (1.6)—(1.8), one
was first analyzed in [5], where the authors established the existence of global weak
solutions through a suitable implicit time discretization scheme. Their approach pre-
serves the basic energy inequality at the discrete level and it allows one to avoid per-
forming approximation of the singular potential F', which would be rather involved.
Here we note that the singular potential forces the order parameter ¢ to take values
only in [—1, 1] and thus the linearly averaged density p (recall (1.3)) is bounded
from above and below by some positive constants. The case of a regular potential
(thatis, defined on R) and a degenerate mobility was then studied in [6], where exis-
tence of global weak solutions to system (1.1) subject to (1.6)—(1.8) was obtained.
Moreover, the existence of global weak solutions to a non-Newtonian version of
(1.1) with aregular potential F and a constant mobility was proven in [4]. Recently,
a nonlocal variant of system (1.1) endowed with a no-slip boundary condition for
the fluid velocity and a homogeneous Neumann boundary condition for the chemi-
cal potential as well as the initial condition (1.8) was considered in [29]. Assuming
that the potential F' is singular and the mobility is non-degenerate, the author of this
work proved the existence of a global weak solution based on the Faedo-Galerkin
method with the help of a three-level approximation of the original system.

We note that (1.6) yields a no-slip boundary condition for the fluid velocity,
which is widely used in the literature on Navier—Stokes equations. In (1.7), the
homogeneous Neumann boundary condition for the chemical potential  entails
that " is impenetrable and as a consequence, there is no mass flux of the com-
ponents through the boundary. Together with (1.6), we can easily derive the mass
conservation property, that is, the total mass |, o ®(x, 1)dx is conserved forall # = 0.
Moreover, the condition dp¢ = 0 on I describes a static contact angle of 6§ = /2
between the fluid—fluid free interface and the solid boundary of the domain at a
contact line (cf. Fig. 1), which however turns out to be quite restrictive for many
materials. Here, we are interested in the more physically relevant situation when
one fluid may displace another immiscible fluid along the boundary I'. This phe-
nomenon effectively accounts for moving contact lines that result in a dynamic
contact angle which deviates from the static one like 7 /2 above. In this case, the
relative slipping between the fluids and the solid wall is in violation of the no-slip
boundary conditions and thus new boundary conditions are required to describe the
observed phenomena [27]. From detailed molecular dynamics studies, a generaliza-
tion of the Navier boundary condition has been proposed in [57,58] to account for
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Incompressible Two-Phase Flows with Moving Contact Lines

the MCL problem. This generalized Navier boundary condition (GNBC in abbre-
viation) can be derived from the laws of thermodynamics and variational principles
related to the minimum energy dissipation [55,56] (see also [61,62]). More pre-
cisely, denoting the interfacial free energy per unit area at the fluid-solid interface
by 6(@ = %(pz + G(¢), where ¢ > 0 is a positive constant and G(¢) is a cer-
tain nonlinear function, then for system (1.1)—(1.5) we replace (1.6)—(1.7) by the
following no-flux boundary conditions

v-n=0, dhyu =0, on X, (1.9)

together with a generalized Navier boundary condition for the velocity v and a
dynamic boundary condition with surface convection for g,

Qv (@) DV -n); + B (9) Ve = L(¢) Vi, on X, (1.10)
09+ Vg - Voo = —lo (¢) L (9), on X, (1.11)

where
L(p) := —Ar¢ + o + o + g(9). (1.12)

Here, g = G’, V, denotes the tangential gradient operator defined along the tangen-
tial direction T = (71, ..., Ty—1) atI" and A; denotes the Laplace-Beltrami operator
on I In general, forany vectorv : I' = R?, v, := (v-n)n is the normal component
of the vector field, while v; = v — v, corresponds to the tangential component of v.
Moreover, [p(¢) > 0 is a certain relaxation coefficient, while 8(¢) > 0 stands for
a slip coefficient, both of them may locally depend on the composition ¢. Related
to the MCL problem, one typical choice of the energy density function G takes
the form G (p) = —% cos b sin(%), where 0 is static contact angle and y stands
for the interfacial tension (see, for example, [54,58,59]). The generalized Navier
boundary condition (1.10) indicates that the relative slipping is proportional to the
sum of tangential viscous stress and the uncompensated Young stress £(¢) V;¢. On
the other hand, the dynamic boundary condition (1.11) yields a relaxation dynamics
of the order parameter @ that is linear in L(¢), that is, an Allen—Cahn type dynamics
(with convection) for non-conserved quantities at the fluid-solid interface (see 4.2
for more details). We note that this choice is indeed not unique and a conserved
dynamics of Cahn—Hilliard type for ¢ on the solid boundary may also be possible,
see [48] for a recent attempt in this direction, where macroscopic effects of the flow
is neglected for simplicity in the regime of slow dynamics.

The aim of this paper is to prove that the system (1.1)—(1.5) endowed with initial
and boundary conditions (1.8)—(1.12) admits a global weak solution (see Theorem
2.2). To the best of our knowledge, only the special case of matched densities has
been considered so far. This was done in [34], where the existence of a global energy
solution was proven and, for a regular potential, the convergence of any such solu-
tion to a single equilibrium was also established. Several essential mathematical
difficulties will be encountered due to the highly nonlinear structure of the PDE
system and the complicated form of these non-classical boundary conditions. For
instance, due to the current boundary conditions, it is not clear how to implement
a suitable Galerkin type approximation since the test functions needed to derive
the dissipative energy inequality will no longer be compatible with the possible

w2 [205]1383 B[ e e e
o

Disk Received [] | Corrupted []
Jour. No | Ms. No. Disk Used [] Mismatch []




S
o
o
il
[a W
-
o
=
+—
=
<

193

194

195

196

197

198

199

200

201

202

203

204

205

206

207

208

209

210

211

212

213

214

215

216

217

218

219

220

221

222

223

224

225

226

227

228

229

230

231
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truncations (see, for example, [34, Remark 3.1]). Next, the presence of the uncom-
pensated Young stress £(¢) V¢ and the boundary advection term v; - V¢ entail
a strongly nonlinear boundary coupling for the system (1.1)—(1.5), which is rather
difficult to handle. On the other hand, the combination of the dynamic boundary
condition (1.11) with the singular potential F' can produce additional strong singu-
larities of the corresponding solutions close to the boundary (see [37,53], cf. also
[23]). Moreover, as we shall see below, for the more general case with unmatched
densities new difficulties related to the density function arise and the fixed-point
argument used in [34] no longer seems applicable in a straight-forward way.

To resolve these mathematical issues, we shall combine and develop several
techniques in recent works [4,5,29] concerning local, nonlocal or non-Newtonian
versions of the diffuse interface system (1.1)—(1.5) that, nevertheless, are all related
to standard boundary conditions like (1.6)—(1.7).

It is important to point out a basic feature of our problem, namely, the (formal)
validity of the following dissipative energy law:

d
= B+ / 20(¢) | DvPdx + / B@) Ive2dS
1 Q r

+/Qm(<p>|vm2dx+/Flo(¢>|£(go> 2ds =0, (1.13)

where the total energy E is given by the sum of the kinetic energy and the
bulk/surface free energies:

1 1
Eux = 5/ p (@) VP dx +/ <5|w|2 4 F<<p)> dr
Q Q

+/ (%IVT¢|2+ % o> + G(w)) ds. (1.14)
r

The energy identity (1.13) can be (formally) deduced by multiplying the first and
third equations in (1.1) by v, u, respectively, integrating over 2 and testing (1.11)
by L(¢) integrating over I', adding the resulting identies together and then apply-
ing integration by parts with the help of the incompressibility condition and the
boundary conditions (1.9), (1.10). Identity (1.13) indeed serves as a starting point
of our analysis though at the current stage we are only able to prove, even in two
dimensions, that the weak solution satisfies an energy inequality.

Our strategy relies on a combination of suitable approximations and regular-
izations of the original system together with a novel time-implicit discretization
scheme based on the energy dissipation law (1.13). First of all, we study a regular-
ized problem by approximating the singular potential ' with a family of regular
potentials defined on R. However, this regularization leads to the problem that the
boundedness of ¢ can no longer be guaranteed and the averaged density p given by
(1.3) may be meaningless outside the physical domain [—1, 1] for ¢ (in particular,
it may not be a priori bounded from below by a positive constant). This fact also
causes difficulties for deriving the fundamental L>°L?2 -estimate of the velocity
field v from the energy identity (1.13). To handle this issue, we shall extend the
density function p in a nonlinear way from [—1, 1] to the whole line R to preserve
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Incompressible Two-Phase Flows with Moving Contact Lines

its boundedness properties (see (4.3)—(4.4) below). Following this approach, in
order to preserve a dissipative energy identity in analogy with (1.13) that provides
basic uniform estimates of the approximate solutions, we have to further modify the
Navier—Stokes equations in (1.1) as follows (see also [4,29] for similar arguments):

0 (pv) +div(pv ® v) — divRv(p)Dv) + Vp + div(v® J)
R
=,LLV(p+5V, in Qno, (1.15)
where the extra term R is given by

R=—-m(p)Vp' (p)-Vu. (1.16)

Then the above modified regularized problem can be solved as follows. First, in
order to gain enough compactness to pass to the limit in this new “artificial” non-
linear term (1.16), we add a viscous term o 9;¢ (o > 0) in the chemical potential
1 and a non-Newtonian stress-like term & (div(| Dvl|4 -2 Dv) + |V|‘1_2 v) (for some
q > 2d and ¢ > 0) in the modified Navier—Stokes system (1.15). Then the result-
ing approximating problem can be solved through an implicit time discretization
scheme in the spirit of [5]. Nonetheless, suitable modifications and extra efforts
have to be made in order to handle those new boundary conditions (1.10)—(1.11).
Next, for arbitrary but fixed positive parameters o and &, we proceed to solve the
regularized problem with the original singular potential F' by passing to the limit in
the approximating family of regular potentials. This, in particular, implies that the
limit function ¢ satisfies ¢ € [—1, 1]and thus R = 0 (see (1.16) and (4.3)), namely,
the additional higher-order nonlinear term in (1.15) disappears. At this point, we
will be able to recover the original momentum balance equation and collect all the
necessary uniform bounds with respect to o and ¢. Finally, the existence of a global
weak solution to the original problem will be obtained by passing to the limit as
o — 0Tande — 0.

The plan of this paper goes as follows: in Section 2, we first summarize some
notations and preliminary results. After that we introduce the necessary assumptions
as well as the definition of weak solutions and then state our main result, that is, the
existence of a global weak solution. In Section 3, we study a regularized system with
regular approximating potentials and a nonlinear density function. The existence of
weak solutions for this system is proven via an implicit time discretization scheme
combined with the Leray—Schauder principle. In Section 4, after deriving necessary
uniform estimates and then passing to the limit, we prove our main result. Finally,
we provide a brief derivation of our diffuse interface model by variational principles
in Appendix A and report some technical tools in Appendix B.

2. Existence of a Global Weak Solution
2.1. Preliminaries

We denote a®@b = (aibj)?{jzl for vectorsa, b € R and Agym = %(A+AT)f0r

.If X is a (real) Banach space and X* is its topological dual, then
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(f, g) = (f, g)x=xfor f € X* g € X, denotes the corresponding duality product.

We write X <> ¥ and X <> Y if X is compactly (respectively, continuously)
embedded into Y. The space L?(0,T; X) (1 £ p < o0) denotes the set of all
strongly measurable p -integrable functions or, if p = oo, essentially bounded
functions. Furthermore, the space C([0, T]; X) denotes the Banach space of all
bounded and continuous functions u : [0, T] — X equipped with the supremum
norm and Cy, ([0, T]; X) denotes the topological vector space of all bounded and
weakly continuous functions u : [0, T] — X. By Cgo (0, T; X) we denote the
vector space of all smooth functions u : (0, 7) — X with supp (u) CC (0, 7).

Finally, u € Wl’p(O, T;X),1 £ p < oo, if and only if u, %% e LP(0,T; X),
where %% denotes the vector-valued distributional derivative of u.

Let @ C RY (d = 2, 3) be a bounded domain with smooth boundary I' = 9.
We denote by LP(2), LP (") (1 £ p < 00) the usual Lebesgue spaces with norms
II-llz» and |-l Lp(ry , respectively. Then for s = 0and p € [1, 00), we denote by
H?* P (Q2) the Bessel-potential spaces and by W*-?(€2) the Slobodetskij spaces. One
has H*2(Q) = W*2(Q) for all 5, but for p # 2 the identity H*?(Q2) = W57 (Q)
is only true if s € Ng. If s € Ny, then H>?(Q2) and WP () coincide with
the usual Sobolev spaces. The corresponding function spaces over the boundary
I' = 02 are defined via local charts. Let Y; : U; C R~! — T be a finite family of
parametrizations such that (_J; Y; (U;) covers I', and let {1;} be a partition of unity
for T" subordinate to this cover. Then for s = 0 we have

H*P(I') ={u e LP(T) : (Yju)o Y € HP (R4 for all i},

with an equivalent norm given by [lu|lgs.pry = D_; [[(Yiu) o Y; | g7s.p (ma-1- The
spaces W*P(T") are defined in the same manner, replacing H by W. In this way,
the properties of the spaces over €2 described above easily carry over to the spaces
over I'. For p € (1, 00) and s > 1/p the trace of a function denoted by tr (u) = u|r
extends to a continuous operator

tr: H°P(Q) — W= V/PP(r),

Here, we exclude the case s — 1/p € N for p # 2. In the case p =2 and s € Ny,
we shall also use the standard notation H* := H*? = W*2. In the Hilbert space
setting, (-, -) » stands for the usual scalar product which further induces the L? (0)-
norm, O being either a (measurable) subset of R? or of R? x (0, T). Norms on
WP () and W* 7 (") will be indicated by ||-|lys.» and |||l ys.»ry, Tespectively,
for any s € R, p = 1. Besides, we recall the following continuous embeddings:
H' (') — L (") ifd = 2and H'(I") — L4(T) forevery g € [1, c0) if d = 3;
H'2 (') = L* (T') forevery s € [1,00) ifd = 2 and for s = 4 if d = 3.
Following the notation used in [34], we define the spaces

vi=lewnen @xa 20y =u@eH D, seN,
equipped with norms given by

I, Y5 = Nl + 19 I3z ) -
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Incompressible Two-Phase Flows with Moving Contact Lines

In particular, we shall set
I s = [ 1VoP s+ [ (1902 +c 1) as
r

for some ¢ > 0. Note that V* < vi-lfors e N

We now introduce the functional framework associated with the velocity field.
To this end, we consider a (real) Hilbert space X and denote by X the vector space
X x --- x X (d-times), endowed with the product structure, and by X* its dual;
|-+ will denote the dual norm of ||-]|x on X*. Then we introduce (with some
abuse of notation) the spaces H := HO and H* (s > 0), defined by

OO—LZ(Q) s ?W'V‘Z(Q)
H := Cg, (2 and H := Cg, (Q) , 2.1

where
CH(Q)={ueC*®(Q):V-u=0inQ, u'n=0onT}.

The corresponding Helmholtz—Leray projection is denoted by P, such that P f =
f — Vp, where p € H'(Q), fQ pdx = 0, is the solution of the weak Neumann
problem

(Vp, Vo) = (f, Vo)a, Vg € CF(Q). (2.2)

2.2. Statement of the Main Result

First, we introduce some necessary assumptions to formulate the notion of a
weak solution to our problem.

Assumption 1. We assume that 2 C R4, d = 2,3, is a bounded domain with a
smooth boundary of class C2. In addition, we impose the following conditions:

(1) The density function p is given by

p(r)zngplerpl-;Pz’ Vrel[-1.1].

where the constants p1, p2 > 0 are specific densities of the corresponding two
fluids. O o
(2) We assume that m, [y € C,,. (R), v, B € C . (R) and
0 <mo = lo(s), m(s), v(s), B(s) = My

for some given constants mq, Mo > O.
(3) The free energy densities are given by

F(r)y=F @) — %ﬂ forsome cr € R, and G (r) = /V g(§)d&,
0
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satisfying Fp € C([—1, 11)NC? (=1, 1) with Fy (0) = 0and G € C? (R). For
fo=Fye C' (-1, 1), we assume that fy(0) =0, for) 2 0forr e (—1,1)
and

li = Zo00, li 4 = .
Jim, for) = koo, lim, f§(r) = oo

Besides, there exist constants C, > 0 and ¢ 2 0 such that
lg' (= Cel+1r1P), g ()2 —cg, G(r) 2 —cq, (2.3)

where p € [1, 00) is fixed, but arbitrary for d = 2, 3.
(4) There exist constants M € (0, 1), § > 0, C5.p > 0 and Cps > O such that

fé (s) — 46 (fo (s))2 = —Cs.y, foranyse (—1,—-MJU[M,1), (24
fo()g(s) = —Cy, forany s € (—1,—-M]JU[M, 1), (2.5

where g(s) = g(s) + ¢s.

Remark 2.1. Assumptions (2.4) and (2.5) can be regarded as certain technical
assumptions for the existence of global weak solutions (cf., for example, [34]).
Nevertheless, they are fulfilled by a wide range of nonlinearities satisfying the
condition (3) above. For instance, (2.4) is satisfied by the classical logarithmic
function

1
fo(S)=Coln(1+s

) , for some cg > 0.
—s

Moreover, condition (2.5) can be satisfied by the above fj as long as +g (£1) > 0,
that is, the function g(s) = g(s) + ¢s shares the same sign as the singular potential
fo near its singular points &1. The later sign condition on g turns out to be natural
in the study of the Cahn—Hilliard equation with dynamic boundary conditions and
singular potentials (see [37,53]). Indeed, this sign condition can be further relaxed
in view of (2.5). In particular, we recall that the typical interfacial free energy
density at the fluid-solid interface for the moving contact line problem is G (s) =
—% cos O sin(%) (see, for example, [58,59]). Then we have

2(s) = —% cos g cos (%),

and it is easy to verify that assumption (2.5) is fulfilled for this choice of g together
with the logarithmic potential fy, since limg_.+ fo(s)g(s) = 0.

Inspired by [52], it will be convenient to view the trace of the order parameter
@ as an unknown variable on the boundary I". Thus, in the following text, we shall
use the new variable

Y= tr(e).
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Incompressible Two-Phase Flows with Moving Contact Lines

Then the original problem (1.1)—(1.5) subject to the initial and boundary conditions
(1.8)—(1.12) can be rewritten into the following form:

0r(pv) +div(pv ® v) — div(Rv(p)Dv) + Vp
+div(v® J) = uVo, in O,
divv =0, in Qoo,
o+ v Vo =div(m(p)Vu), in O, (2.6)
P2 — P1 o1+ 02 .
plp) = vt in Qco,
J=-p"(@)m@Vpu, in Qoo,

subject to the boundary conditions

v-n=0, on Yoo, 2.7)

Qv (p) DV -m); + B () Ve = L () Vb, on Y, (2.8)

¢ =1, Ohu=0, on X, 2.9)

Y + Ve - Vo = —lo (V) L(Y), on Yoo, (2.10)
with

L) :=—Az¢ + ong + LY +2(¥), on o, (2.11)

as well as to the initial conditions

V=0 = V0, @li=0 =¢0, Vli=0 =0 =1tr(ep), in Q. (2.12)

Remark 2.2. (1) If the solution (v, ¢) to the original problem (1.1)—(1.5) subject
to (1.8)—(1.12) is sufficiently regular (for instance, ¢ is regular enough that its
trace makes sense), then the above two systems are equivalent. Conversely, the
conclusion is also true.

(2) From the mathematical point of view, the evolution equation (1.11) serves as
a (nontrivial) boundary condition that is necessary for the solvability of the fourth-
order Cahn—Hilliard equation in a bounded domain €2 (another one is d, . = 0), see
for example, [19,37,52,53,72]. We recall that in the classical setting of the Cahn—
Hilliard equation, this condition (1.11) is replaced by the simpler one dp¢ = O (see,
for example, [1,31,38,75] and references therein). On the other hand, the nontrivial
bulk-boundary interaction is more clearly described in the above reformulation
(2.6)—(2.12). Indeed, the bulk order parameter ¢ can be viewed as a solution to the
Cahn-Hilliard equation in €2 endowed with a nonhomogeneous Dirichlet boundary
condition ¢ = ¥ and a homogeneous boundary condition d,u = 0 on €2, where
the boundary datum v is now determined by an Allen—Cahn type evolution equation
(2.10) on 9%2.

Here we introduce the notion of weak solutions.

Definition 2.1. Let 7 € (0, co) be an arbitrary but fixed constant. Suppose that
Assumption 1 is satisfied, vo € H, (g, ¥o) € vl Fy (¢o) € LY (Q), Fo(yo) €
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ws  L'(I') and ﬁ fQ @odx € (—1, 1). A quadruplet (v, i, ¢, ¥) with the following

404 properties:

S

405 veCy(0,T];H)NL>0, T;: HYY,
(@, ¥) € Cp(0, T1; VYN L20,T; V?),
s07 weL?0,T; H(Q)), L) e L*0,T; L)),

408 18 a weak solution to problem (2.6)—(2.12) (or, problem (1.1)—(1.5) subject to (1.8)—
400 (1.12)) on [0, T], if the following conditions are satisfied:

S
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il
[a W
-
o
=
+—
=
<

4

o~ (pV. hW)g, + ([diV(oY ® V). W)g, + 2v()DV. DW)g, + (BG/IVr. W)z,
— (V). YW)g, + (¥, Wo, + (L W) Ve, Wo)x, « 2.13)

w2 forallw e C§°(0, T; C, (2)),

— (@, 4E) gy + V-V, ) g, = — (m(@)Vie, VE) g, , (2.14)
— (905, + (Ve - Ve, )5, = — LWL (W), 05, . 2.15)

s forall £ € CP(0, T; C1(Q)), 0 € CP(0, T; C(I')),

416 u=-Ap+ f(p), almost everywhere in Qr, (2.16)
a17 LW)=—A:¥y +0one+Y¥ +g (@), almosteverywherein X7, (2.17)
P2 — p1 p1+ 02

418 p(p) = 5 o+ 7 almost everywhere in Qr, (2.18)
P1 — P2 .

419 J = m(p)Vu, almost everywhere in Q7, (2.19)

420 lp| < 1, almost everywhere in Q7, (2.20)

421 || <1, almost everywhere in X7, (2.21)

> and (v, ¢, ¥) |;=0 = (Vo, @0, ¥0). Moreover, the energy inequality

4;

N

4;

N

2v(g0)|DV|2dxdr+/ B(W) |v|? dSdt
2:(.i,r)

3 Etot(V(l)sw(t),lﬁ(t))-i-/
Qs

a2 +/ m(¢)|w|2dxdr+/ lo(¥)|L () |*dSde
Ot X
. S Eot(V(s), 9 (5), ¥ (5)) (2.22)

426 holds for all ¢ € [s, co0) and almost all s € [0, co) (including s = 0), where the
427 total energy Eiy is given by

1 1
E(V, 9, ¥) := 5/ o (9) |v|2dx+/ <§|V¢|2+F<<p)> dx
Q Q
1 2, 8 0
+/ <—|vrw| + 2|y +G(w>> ds. (2.23)
r\2 2
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Incompressible Two-Phase Flows with Moving Contact Lines

Remark 2.3. The assumption ﬁ fQ podx € (—1,1) indicates that the initial
datum is not allowed to be a pure state (that is, ==1). On the other hand, if the
initial datum is a pure state, then no separation process will take place, because
we now have a single fluid whose dynamics can be modeled by the Navier—Stokes
equations (and some other variants, see for instance, [35] and the references therein).

We are now in a position to state the main result of the paper.

Theorem 2.2. (Existence of a global weak solution) Let Assumption 1 hold. Sup-
pose that vo € H, (o, o) € V! with Fy (o) € L' (), Fo (Yo) € L' (I') and
ﬁ fQ @odx € (—1,1). Then for any T € (0, 00), there exists a global weak solu-
tion (v, i, @, ) to problem (1.1)—(1.5) subject to (1.8)—(1.12) on [0, T'] in the
sense of Definition 2.1.

Remark 2.4. Due to the highly nonlinear structure of our system (both in the bulk
and on the boundary) and the presence of the singular bulk potential, uniqueness of
weak solutions in the two dimensional case is still an open issue (even in the case
of matched densities, see [34]).

Remark 2.5. Comparing with [59], in our system we include an additional Laplace-
Beltrami operator in the boundary condition (see (1.12)). On one hand, the term
Az corresponds to possible surface diffusion effect on the boundary I'. This
appears physically meaningful since it also seems to have a damping effect on the
dynamics near I' (cf. [30]). On the other hand, it is crucial from the mathemati-
cal point of view since this term provides extra regularity for the boundary order
parameter ¥ (see Lemma B.4 and, for further discussion, see [30]). In particular, it
plays an important role in obtaining sufficient strong uniform estimates to pass to
the limit (see also [34, Remark 3.4]). Without this surface diffusion term in (1.12),
whether the problem (1.1)—(1.5) subject to (1.8)—(1.12) admits a global weak solu-
tion remains an open problem even in the case of matched densities (cf. [34]). For
attempts to study the fluid-free case without surface diffusion and its variants we
refer, for instance, to [19,30,37,48,71].

3. An Approximating Problem with Regular Bulk Potential
The proof of Theorem 2.2 will be carried out through several steps (cf. Introduction).

First, we shall consider the following two-parameter approximating system with a
regular bulk potential:

0t (pv) +div(pv ® v) — divRu(¢)Dv) + Vp 4+ div(v ® J)
R

—i—e(div(IDqu’Z Dv) + |v]9—2 v) = Ve + v, in O,
divv =0, in O,
B + v - Vo = div(m(@)Vp). in Qw, G
u=—-A7Ap+ f(p) +00o, in Qoo,
J=—-0 (@)m@@Vu, in Ooo,
R=-m(p)Vp'(p)-Vpu, in Qs
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for some o, ¢ € [0, 1] and ¢ > 2d. The regularized system (3.1) is equipped with
the initial and boundary conditions (1.8)—(1.11), with the exception of (1.10) which
now reads

e(IDV|?2 DV -m);+ Qv (@) DV-n), + B (Y) Ve = L (YY) Vo, on Ze.

In the text that follows, the resulting initial boundary value problem of system (3.1)
will be referred to as (Sy.¢)-
Now we state our assumptions in order to solve problem (S, ;).

Assumption 2. We assume that Q C R? (d = 2,3) is a bounded domain with a
smooth boundary of class C? and additionally we impose the following conditions:

(1) Instead of the linear form (1.3), the density function satisfies p € C? (R),
p 2 po for some constant pg > 0, and p, p’, p”" are bounded in R.

Qmly € CLI®), v, € CELR) such that 0 < mo
< lp(s), m(s), v(s), B(s) < My for some given constants mgy, My > 0.

(3) The free energy densities given by

F(r) = /0 FQ)dE € CPR), G(r) = /0 2(O)de € P (R)

satisfy the following assumptions: there exist cr, cg = 0 and Cy, C; > 0
such that

'O S Cr(L+1r1P), f1(r) 2 —cr, F(r) 2 —cr, (3.2)
g’ (] £ Ce+1r), &) 2 —c6, G(r) 2 —cq, (3.3)

for any r € R. Here, p, g € [1,00) are arbitrary if d = 2, and p = 2,
q € [1, 00) being arbitrary if d = 3.

Remark 3.1. In (3.1) we include a non-Newtonian type regularizing term in the
modified Navier—Stokes system (cf. [4]) and also a standard viscous term in the
chemical potential n. The regularization of the original system (1.1)—(1.5) through
these additional terms allows us to handle successfully the extra term R, whose
presence is due to the nonlinear extension of the averaged density p (cf. (1) of
Assumption 2 and see Introduction).

Next, we introduce the notion of weak solution for problem (S5 ¢).

Definition 3.1. Let 7 € (0, co) be given, but otherwise arbitrary. Let vo € H,
(9o, ¥o) € V! and Assumption 2 be satisfied. A quadruplet (v, i, ¢, ¥) with the
properties

veCy(0,T1; H) N L0, T; HY),

(@. ) € Cu([0.T1: VYN L* (0, T: V?),

pe L0, T; H(Q), L) eL*0,T; L),
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Incompressible Two-Phase Flows with Moving Contact Lines

is a weak solution to the approximating problem (S, ) if the following conditions
are satisfied:

= (pV, W) g, + (div(py ® V), W), + 2v(p) DV, DW) ¢,

+(BW)Ve Wz, e IV DY.DW) e (Vv w)
T T

1
= (VO D). VW, + 5 (RV.W)g, + (1Vg. W)g,
+ (L) Vel Wo)s, (3.4)

forallw € C3°(0, T; C3, (2)),

— (9. %8 g, + (V- Vo, 8o, = —(m(@)Vi, VE) g, (3.5)
— (W 80)z, + (Ve - Ve, Oz, = = (b(WL (V). D)z, (3.6)

forall £ € C(0, T; C'(Q)), 0 € C0, T; C(I')),

w=—-Ap+ f(p)+ 00, almost everywhere in Qr, (3.7)
LW)=—A:¢¥y +dhhe+¥+g @), almosteverywherein X7, (3.8)

and (v, ¢, ¥) l;=0 = (Vo, 0, Yo). The flux J satisfies (1.4) almost everywhere in
Ot and

(Rv,W)g, = —/ m () (Vp/ (p) - Vu) v - wdxdr, 3.9)

or

forallw € C§°(0, T; C35, (2)).

Remark 3.2. We note that according to the definitions of J and R (recall (1.4) and
(1.16)), the third equation of (3.1) for ¢ indeed implies that

op+div(pv+J) =R, in Qr. (3.10)
In this case, a weak formulation of (3.10) reads
—(p(p), dm) g, + [div(pv+ ), @) g, = (R, @),
forall w € C5°(0, T; C1(Q)).

The main result of this section is the following existence theorem for the approx-
imating problem (So.¢):

Theorem 3.2. Let Assumption 2 be satisfied. Suppose that o, ¢ € (0, 1], vop € H
and (¢o, Yo) € VL. Then for any T > 0, there exists a global weak solution
(v, i, @, V) of the approximating problem (S(,,S) in the sense of Definition 3.1. In
addition, we have

o280 € L (o, T: 12 (Q)) ey era (0, T: W (Q)) .
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s Also, every weak solution satisfies the following (modified) energy inequality:

5!

IS}

7 Ewoi(v(1), ¢ (1), w(t))+/ 2v(p) |DV|2dXdT+/ BW) Iv.|* dSdr

. Os.t) )
o
o 528 +/ m()|Vu|*dxdr +/ lo(W)|L (¥) [*dSd
A Q(s,t) Z(S,T)
5
< 520 + O’/ 10, 0|% dxdt + 8/ (IDv|? + |v|?) dxdt
é O,y Qs
530 S Eq(v(s), ¢ (5), ¥ (5)), (3.11)

1 forallt € [s,00) and almost all s € [0, 00) (including s = 0), where the total
s2  energy Ey is given by (2.23) with F and G satisfying (3) of Assumption 2.

5!

@

533 Theorem 3.2 will be proven by means of a suitable implicit time discretization
s scheme in the spirit of [5], combined with a delicate compactness argument.

535 3.1. An Implicit Time Discretization Scheme

536 To set up our implicit time discretization, we consider the time step 7 = %
s7 for N € Np and the elements v € H, (g, ¥r) € V1 with f(pr) € LY(Q),

g (W) € L? (I") and pr = p (k) be given. Then we construct

5!

@
@©

539 (V7 n, @, w) = (Vk+1 s Mk+15 Pk+1, I//k+1)

s as a solution, with

541 J = Jig1 := =0 (@) m(@)Viks1 = —p (@) m(gi) Vi, (3.12)

iy

sz to the following nonlinear system: find (v, i, ¢, ¥) withv € H!, (p, V) € V2 and
ss (€ HX(Q) = {u € HX(Q) : dqu = 0 on I'}, such that

vV — prV, .
544 (prkk, W> + (div(orv ® V), W) + (2v(gr) DV, DW)g
Q

545 + (BWi) Ve, We)p + & <|DV|"_2 Dv, Dw)Q + & (|V|‘1_2 v, W)Q
= (UVer, Wg — @ivy ® J), w)g

1 X
547 + 3 ((% + div (prv —i—J)) v, w) + (L) Ve, wo)pr (3.13)

Q
s forallw e C @ and
@Y — @k . .

549 W + v Vo =div(m(gr)V), almost everywhere in €2,

(3.14)
¢ — Pk
h 9

s50 ML+ %v o+ o) =—Ap+ folp) +o almost everywhere in €2,

(3.15)
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Incompressible Two-Phase Flows with Moving Contact Lines

14 ;lllfk + Ve Vet = —lo (V) L (W), almost everywhere in T,
(3.16)
L)+ CTG W+ Yr) = =AYy +0np + % + go (),  almost everywhere in I.
(3.17)

Here, the potentials given by
Fo)=F@)+5r ad Go() =G +3r"  (.18)

are convex functions owing to the assumptions (3.2)—(3.3). In particular,
fo=Fy and gy = Gy

Remark 3.3. Referring to the third term on the right-had side of (3.13), we have
discretized (3.10) in the following fashion:

0 — Pr

+div (kv +J) = Riy1, (3.19)
where J is given by (3.12). Observe that, thanks to the obvious identity

div(v® J) = (divhv+J - V) v,
we can write an equivalent version of (3.13), namely,

PV — P Vi
h

+ (BWve, Wl + & (1DV“=2 Dy, DW)Q +e (72, w)g

, w) + (div(pxk v @ V), W) + Qu(gr)Dv, Dw)q
Q

+(J-V)v, W + ((divJ— PP _V.vpk> X,w>
h 2 ),

= (uVr, Wg + (L () Vetr, Wo)r (3.20)

for all w e Cg, (5) In that which follows, we will use (3.20) to deduce a priori
estimates for solutions of the time-discrete problem (3.13)—(3.17).

Remark 3.4. Integrating (3.14) with respect to the spatial variable over €2, using
the fact that v € H', we obtain [, ¢dx = [, ¢xdx, which means that

/(pkdx=/<podx for all k.
Q Q

Namely, the mass conservation property is also preserved at the discrete level.

For the convenience of notation, we define the following family of Banach
spaces

Hl, ife = O,
Us = 1 —_Wl’q(ﬂ) .
Wyl =Cg, (R) for some g > 2d, ife € (0, 1].

Then the existence of a solution to the time-discrete problem (3.13)—(3.17) is given
by

Disk Received [] | Corrupted []
Jour. No | Ms. No. Disk Used [] Mismatch []

w2 [205]1383 B[ e e e
o




S
o
o
il
[a W
-
o
=
+—
=
<

578

579

580

581

582

583

584

585

586

587

588

589

590

591

592

593

594

595

596

597

598

599

600

601

602

603

604

CIPrIAN G. GAL, MAURIZIO GRASSELLI & HAO WU

Lemma 3.3. Suppose that Assumption 2 is satisfied. Let vi, € H, (¢r, ¥x) € V2,
o,¢ € [0, 1] and px = p (¢r) be given. Then there is some (v, u, ¢, ) € Ug x
H,%(Q) x V2 that solves the discrete problem (3.13)—(3.17) and in addition, satisfies
the following discrete energy inequality:

|V — vl

2
1
Eii (v, ¢, 1/f)+/ Pk dx+§ 1@ — r: ¥ — v,
Q

+h/ 2v((pk)|DV|2dx+8hf (IDv|? + |v|?) dx
Q Q
+h/ B |vr|2ds+h/9m<¢k>|vm2dx

I

o
+h [ 100m01E ) RS + Tl — il

é E'[Ot(vks (23 K[fk) (321)

Remark 3.5. At the discrete level, the presence of any (e, o)-terms is in fact not
required. In particular, the discretization scheme works for the limiting case ¢ =
o = 0as well.

Proof. The proof of Lemma 3.3 consists of several steps.

Step 1 (The discrete energy estimate). First, we show the a priori estimate (3.21)
for any (v, u, ¢, ¥) € Ug X an(Q) x V2 solving the problem (3.13)—(3.17). In
order to test (3.20) with w = v, we recall the following identities (see for example,
[5, Lemma 4.3]):

/((divJ)X~|—(J~V)V)-de=/div <Jﬁ>dx=0
Q 2 Q 2 ’

. \4 . |v|?
(le(,OkV ®V) — (V- Vpk)—) -vdx = | div| prv— )dx =0.
Q 2 Q 2

In addition, the algebraic identity
lal>  b*  Ja—b]?

a~(a—b)=7—7+ 5 for a,beRd
yields that
1( ) 1/ v vi|? N 1( )|v|2+1 v — vi|?
— (OV — Vi) - V= — _— = —_— — — —_— — O ——————
n P Pk Vik h P B Pk 5 7 P — Pk 5 h,Ok 3

Therefore, taking w = v in (3.20) and using the above identities we obtain

2 2 — w2
0:/ MdH/ pkudx—f-/ 20(p) | DvAdx
Q 2h Q 2h &
—i—e/Q(IDvlq—i-Ivlq)dx—i-/ﬁ(l/fk) |vf|2dS—/Qu<V¢k'V>dx
r

- /F L) (Vepk - Vo) dS. (3.22)
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Incompressible Two-Phase Flows with Moving Contact Lines

es Moreover, taking p as a test function for (3.14), we get

606 0= / w,udx + / (v- Vo) udx +/ m(gok)|V,u|2dx. (3.23)
— Q@ h Q Q
o
E s7 Next, we test (3.15) and (3.17) by %((p — @) and %(I/f — Yi), respectively. This
o 08 gives
o
c= 1 1
= — . _ (¢ —
= 609 0= P /QW V(g — gr)dx + fQ fo(@)h(tp @r)dx

610 —/angow_wdS—/,uw_(pkdx

r h Q
2_ 2 _ 2
611 —/QCF(p Zh(pkdx-FO'-/Q((p hwk> dx (3.24)
s12  and
1 ¢ v — Y
618 O_E V,w-vr(w—m)dﬂz Y — yr)dS + | one " ds
r r r
1 v =y
614 +/ go(wz(w — Yr)dS — / cG des. (3.25)
r r
e15s  Finally, testing (3.16) by —L (), we find
_ 2 vV — Yk
O= [ o) ILW)ITAS+ | L) (vz - Vey)dS+ | L) A ds.
r r r

616 (3.26)
7 Summing the identities (3.22)—(3.26) together, we obtain

2 2 _ 2
oo 0=/ derf pkudx+/2v(<pk)|Dv|2dx
o 2 o 2m o

6

6

©

+/ﬂ<m> |vr|2ds+s/ (|Dv|q+|v|q)dx+/ (@) |V Pdx
r Q Q

2

1 o' -0
+ / lo (W) 1£. ()P dS + f fo@)+ (g — po)dx — / erd gy
r Q h Q 2h
1 2 2 _ 2
o —i—/go(w)—(tﬁ—l/fk)dS—/cGudS+a/ LA L R
r h r 2h Q h
1 1
622 +—f V(p-V(fp—<Pk)dX+—[Vrlﬂ~Vr(1ﬂ—1//k)dS
h Jo h Jr
623 + E/ Y — Yp)dS
h Jr
pIvI* — prlvil? / v — vl? / 2
> | ——————d —d 2 Dv|-d
ffg P gt [ S aer [ 2v0iDvPas
+ / B v > dS + / m(po)|Vl*dx + / lo (Y) |1£ () * dS
r Q r
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2 2
LA

1
+—fQFo(go)—Fo<¢k>dx—chp -

h

1 Y2 — g}
+—/ Go(¥) — Go (wk)dS—/cG—kds
h Jr r 2h
1 2 @ — Yk 2dx
+ 2@ — e ¥ =0l +o NS
1 [ IVel?  |Vel? 1/ IVeyr > [ Veynl?
— — dx + — - ds
o /Q 2 2 o r 2 2
¢ Il?
= _ = ds, 3.27
5] 5 (3.27)

where we have used the inequalities (recall that Fy, G are convex functions)

fo(o) (0—@r) 2 Fo()—Foler), go(W) W —y) = Go(¥)—Go(yr)  (3.28)

as well as the identities

IVol? _ [Voul® | Ve = Voul®

2 2 2 ’

Ve 2 [VeUul® | IVed = Veul?
2 2 2 '

Vo V(g — @) = (3.29)

Ve - Ve (U — Yn) = (3.30)

Then we immediately obtain the claimed discrete energy estimate (3.21) from (3.27)
and the definition of E\ (recall (2.23)).

Step 2 (The fixed point argument). In order to show the existence of a weak solution

to the discrete problem (3.13)—(3.17), we apply the Leray—Schauder principle. To
this end, we define the nonlinear operators My, Fi : X — Y, where

X =T, x HX(Q) x V2, ¥ = (U)* x LX) x (LZ(Q) x L2 (F)) .
More precisely, for p = (v, i, ¢, ¥) € X, we set
Lk,s(v)

My (p) = —diV(m(fﬂk)V,u)“‘/s;de ’

()

(Lie(v), w) = 8/ |Dv|?~2 Dv : Dwdx + 8/ V|72 v - wdx
Q Q

where

+/ 2v(@r)Dv : Dwdx +/ B vy - wedS,
Q r
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Incompressible Two-Phase Flows with Moving Contact Lines

for all w € U, while the operator Ay denotes the so-called Wentzell Laplacian
(see, for example, [30]), given by

AN —Ag @ Wy
AW(w) - (—A,w +ango+w>’ <w> R g

Note that since ¢ > 0, Ay is positive and for any (¢, ¥) € dom (Aw), it holds
AW(:Z) € L?(Q) x L?(I'). Therefore, the last line in My (p) lies in L2(2) x

L? (I). Furthermore, for p = (v, u, 8) € X with & := (:Z), we define

Sq + Sr
—w_wk—VV¢k+/MdX
Q
Fi(p) = c z
x(p) M_i_?F(go—l—gok)—fo(fﬂ)—E((ﬁ—(ﬂk)
. )
c(¢)+7(w+¢k)—go(w)
where
Sq i _%_div(p,{v@kuwk

—(divJ—’o;’ok —V-V,ok)g—(JV)v,
Sr =L W) V.

In particular, the first line .7-",51) (p) of Fi(p) must be understood as follows:
(f,ﬁ“@),w) =/ Sq - wdx +f Sr-w.dS, forallwe U, CH'
Q r

The remaining lines of Fj(p) are defined in a pointwise sense (that is, almost
everywhere). Besides, in the last line of Fi(p), £ () also satisfies the following
equation pointwisely almost everywhere

1 <1ﬁ — Yk
lo (Y h

Thenp = (v, i, ¢, ¥) € X is a weak solution of the time discrete problem (3.13)-
(3.17) if and only if

L) =~

+ vy - v,¢k> : (3.31)

Mi(p) = Fr(p).

Note that here we have used the equivalent version (3.20) instead of (3.13).

The standard theory of partial differential equations implies the invertibility of
Ly : Uz — (Ug)* and the continuity of Lk_l Indeed, Ly  is a strictly monotone
operator, namely,

(Lkev—Liew,v—w) 20, Vv, weU,

w2 [205]1383 B[ e e e
o
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and
(Lk’,sv — LieW, V— w> =0, ifandonlyifv=w.
Moreover, the operator Ly . is clearly coercive (and thus onto) since

. (Liev,v)
lim ——— = +4o0. (3.32)
Ivlly, =00 ||V||[U£

Hence, it follows that Ly . is a bijection. To show the continuity of its inverse L,;L, if
w, — win (Uy)* such that Ly v, = w,, and Ly v = w, then by the boundedness
of w,, in (U,)* and ( 3.32), we have

(LieVa — LieV, Vo — V) = (Wy —W,V, —V) > 0
since w, — W (in the strong sense). It follows in the least that v,, — v (strongly)
in Up for any ¢ € [0, 1]. Since v, is bounded in Uy, then it also holds v, — v

(weakly) in U, for ¢ > 0. Finally, for each ¢ > 0, since

elimsup ||V, |17, , < limsup (L eVa, Vo) = {Liev, v) S e |1V
n—oo n—00

q
Wiha

we can deduce that v,, — v (strongly) in U, for ¢ > 0 as well.
Following [5], we consider for a given function « € L*($2) the elliptic boundary
value problem

—div(m (pr) Vi) +/ udx =«a, in 2,
Q

onu =0, onl.

There exists a unique weak solution . € H,,Z(Q) satisfying the estimate
2@ = Cr (Il ey + lell2() (3.33)

for some positive constant Cx = Cr (|l@xll 1 (q))-

Besides, since the Wentzell Laplacian Ay is positive and linear, the operator
Aw : V? - L2(Q) x L*(I') is invertible and Ag,l is continuous as a mapping
from L2 () x L2 (T') into V2 (see [30]).

In summary, we obtain that the operator My : X — Y is invertible with
a continuous inverse ./\/lk_l : Y — X. To further get a compact operator, we
introduce the Banach space

Vo= (H3/4)* « WH32(Q) x <W1/2’2(Q) W42 (r)).

. 5 C c . . — g ..
Since ¥ <> Y due to U, < H>/4, the restriction M, ' : ¥ C ¥ — X is indeed a
compact operator.
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Incompressible Two-Phase Flows with Moving Contact Lines

The next step is to show that the operator F; : X — Y is continuous and
it maps bounded sets into bounded sets. More precisely, we have the following
estimates (note that (¢, ¥x) € V2 and therefore pr € H 2(Q)):

lovliE-340) = ClIvilm o (el 2@ + 1,
Idiv(pey @ W) ll-s22) < CrllVIig g
||MVfﬂk||Hf3/4(Q) S Ck||M||L2(S2),

I(divD V-3 = CellViim @) Il g2
IJ - V)V”H*3/4(Q) < C||V||H1(Q)||M||H2(Q),
IV - Vorllwisrg) = CellVilg g

Ve - Vevrllwiszry = Cr IVl ) -

The first six estimates follow directly from [5, (i)—(vi), pp. 467], using the fact that
L% (Q) — (H3/4(S2))* ;= H3/4(Q). Note that Jfo () as a nonlinear mapping
from H2 () — WY%2(Q) is continuous and maps bounded sets to bounded
sets, due to the growth assumption in (3.3). Analogously, the same conclusion
holds for the nonlinear mapping go (-) : H>(I') — W!/42(TI"). In the seventh
estimate involving v - V¥, we have exploited the fact that v;d;; ¥ is bounded
in W/42(I"), as a product of functions in WY22(T) x H' (') (cf. Lemma B.3).
Next, recalling the definition of S, we also have

sup 1St WoIrl < CellL (W)l sy

Iwlly3as1

where L (1), as defined pointwisely in (3.31) in terms of (v, v), is a continuous
operator from H? (I') x H' — W!/42(TI"), mapping bounded subsets to bounded
subsets. More precisely, according to Lemma B.3 (for some ¢ € (0, 1/8)), we have

1L W) ey = 11/ o WO ll 2oy 18 = ¥i) / Il g2y
+ 11/l (Wi llws/a+2e2(ry Ve - Ve llwio—e2
§ Cr (||1/f||H2(r) + ||V||H1(Q) + 1) .

In order to apply the Leray—Schauder principle on Y, we rewrite the identity
M (p) = Fi(p) for a solution p € X of problem (3.13)—(3.17) into the following
form:

(;Ek o M,;l) ) =f, forf= M, (p).
Note that the mapping Ky := Fj o ./\/lk_1 Y > Yisa compact operator because
/\/lk_1 is compact and Fj is continuous. The foregoing equation is then equivalent

to finding a fixed point of K, namely,

Kr (f) =f.
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The existence of such a fixed point can be deduced by an application of the abstract
result [74, Theorem 6.A], where it remains to show that

AR > Osuch that, if f € Yand 0 < A < Lfulfill £ = MCy (£) , then |f|ly < R.
(3.34)
For this purpose, let f € ¥ and 0 < A < 1 satisfying f = AKy (F). With
p= M;l (f) we have

f=MG() < M) —rFr(p) =0, (3.35)

which is equivalent to the weak formulation

8/ |Dv|972 DVZDde+8/ |v|q_2v~wdx+/ 2v(¢r)Dv : Dwdx
Q Q Q

+/ﬁ(1ﬂk)vz-wrd5+k/ w.wdx
r Q h
. . P — Pk v
+l/le(ka®V)~de+/\/ (dle— —V-VPk)--de
Q Q 2
+A/(J'V)V~wdx
Q
=l/ w (Vo -W)dx+k/ L) (We - Veyr)dS, (3.36)
Q r

for all w € U,, and the pointwise identities

¢ — %k

divim (o) Vi) — / udx = A + Av-Vor — k/ udx,

Q Q
—8p = A+ AT (0 + g = Ao (<p)—)»0(p_h¢k, (3.37)
— At + g + ¥ = AL () +AC§ W + Y1) — Ago (V) ,

for € H2 (Q), (¢, ¥) € V2, with £ () being given pointwisely by (3.31).

Analogously as in the derivation of the discrete energy estimate (3.21), we set
w = v in (3.36), test the first equation of (3.37) with u, the second and third ones
of (3.37) with %((p — ¢x) and % (¥ — V), respectively. Similar calculations yield
that

PIVI® — prlvi|? / v — vi|? /
A _—d A ——dx Dv|? 1) d
L o x + ka 7 + ¢ Q(| v| +|V|) x
+ /Q 2v(gr) | Dv[*dx + f BWr) [ve|*dS + /Q m ()| V| dx
r

2 A
+k/l_lo W) 1£(¥)]7dS + }—Z/Qfo(w)(w—wk)dx

A 2
+E/80(W)(W_Wk)d5+(l—)») (/ de)
T Q

2
— 1
+/\a/ % dx+—fw-v<<p—<pk)dx
Q h h Jo

* 2> (2051383 | B moiipuees 56| NotUsed
o

Disk Received [] | Corrupted []
Jour. No| Ms. No. Disk Used [] Mismatch []




Incompressible Two-Phase Flows with Moving Contact Lines

1 ¢
+,;/ Ve - Ve (¥ — yi)dS + E/ V(@ — Yi)dS
r r
2_ 2 2 2
758 = )»CF/ ud)C + )»CG'/ uds. (3.38)
E 759 Exploiting now the inequality (3.28) and the identities (3.29)—(3.30) once again,
5 70 dropping any non-essential nonnegative terms on the left-hand side, we deduce the
,s:g 761 inequality
< 2 —v.|?
762 A/ mdx—F)L/ pkudxjthe/ (IDv]? + |v|7) dx
e 2 Q 2 Q
763 +h/ 2v(gok)|Dv|2dx+h/ B(We) [Ve|? dS
Q r
+h fQ m () |Vl *dx + Ak f lo (W) 1£ (W)I>dS
r
2 . 2
- +(1—/\)h</ de) +/\oh/ <‘p “”‘) dx
Q Q h
1 CF
3000l +2 [ (Rt = F o) as
CG 2
o +/\f (G()(Iﬂ) _Gy )ds
r 2
< :Ok|Vk|2 1 2 CF o
<o | B v+ 2w ol + | (Fo oo - e} dx
o 2 2 Q 2
- +A / (Go(wk) - CTGI/I%) ds. (3.39)
r

770 In order to absorb the potentially nonnegative quadratic terms on the left-hand side
1 of (3.39), we recall (3.18) and the assumptions (3.2)—(3.3) to deduce that

7

N

- x/ (Fo(<p) _ C—F<p2) dx = A/ F(@)dx = —icr |9, (3.40)
Q 2 Q

7

J
@

/\/ (Go(w) i %Gx/fz) ds = ,\/ G(W)dS = —reg T (3.41)
r r

772 Then by ignoring certain summands that have a factor A or 1 — A (since they do not
775 give a contribution to some estimates of ||p|| y independent of A € [0, 1]), we infer
from (3.39)—(3.41) that

7

J
o

! / 20(g)|DV2dx + / Bw) [ve2dS + h f () Vi 2dx
Q I Q
1
778 + > (e, I/I)II%/l + hs/Q (IDv|? + |v|7) dx
2 2
- +AU/de+(l—k)h(/udx)
Q h Q
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+ fr lo () 1£ ()2 dS
< Cg. (3.42)

Korn’s inequality for v € U, and the fact that v, 8, [p and m are all bounded from
below by certain positive constants, gives the following bound:

IVIlE ) + €79 VIiwia @ + 1V 2@ + @, ¥y
+ /1= / udx
Q

<c. (3.43)

+ VAL W 2

where the constant Cy depends on £ but is independent of A.
To get an estimate on the L>-norm of the chemical potential 1, we distinguish
two cases. For A € [0, %), we directly use (3.43) to obtain |fQ /,de’ < Cg. For

S [%, 1], we integrate the pointwise identities associated with the last two lines
of (3.37) to get

A/de=>»/ fo(go)dx—xc—’”/(¢+¢k>dx+;fwds
Q Q 2 Jao r

+/\a/ g0_‘0"dx+/\/go(w)ds
Q & r

—,\C—G/ (¢+m)d5—/\/£(w)ds. (3.44)
2 Jr r

The growth assumptions (3.2)—(3.3) of the potentials fy, go together with the uni-
form V !-estimate on (¢, ¥r) from (3.43) yield that

fo| =]
Q Q

< 0 (@, Wlyt) + 2T 1L @) 2y
< Cy, (3.45)

1

2

for some positive function Q independent of A, since A < /A when A € [%, 1].
Then forall A € [0, 1], using the above estimates for the mean value of the chemical
potential n and Poincaré’s inequality, we can improve estimate (3.43) to

IVllen @y + &IV Iwa + el g + 1@ Wy < C, (3.46)

where Cj depends on /& but is independent of A.
Next, together with (3.37)1, from the H 2_estimate (3.33) with

o = _)\‘m
h

— AV - Vi +A/ wdx,
Q

we also get a uniform (in A) estimate on the H 2_norm of the chemical potential p
such that
el g2 = Ck. (3.47)
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Incompressible Two-Phase Flows with Moving Contact Lines

The same pointwise identities (see (3.37), and (3.37)3) allow us to write an elliptic
boundary value problem for (¢, ¥) € V2 in the form

{ :ifw_fg;w + ¢y = ha, lgngl“’, (348)
where
M= A+ A @+ o) = 2fo () = ho TR,
hy =ML () + 2T (0 +¥) = Ago (9)
Owing to the estimate (3.46), we deduce from Lemma B.4 that
lel 2 + 1l < € (1l + 2l o) < Cr (3.49)

Summing up, (3.45), (3.47) and (3.49) lead to the uniform (in A) estimate

Ipllx = Ck,

where
Iplx = (I¥l1 + "1Vl ) + el 2 + 1@, ¥y

Finally, to get an estimate of MNk p)=fe Y, we recall that f = AFi(p) (cf.
(3.35)) and the fact that 7, : X — Y maps bounded sets into bounded sets, which
holds due to the previous estimates for F;. As a consequence, we obtain

I£lly = IAFc@lly = Crlpllx + 1) = Ck,

which establishes the desired claim stated in (3.34).
Hence, the proof of Lemma 3.3 is complete. O

3.2. Proof of Theorem 3.2

Here we always assume that o, ¢ € (0, 1].!

Step 1 (Construction of approximating solutions).Let N € N be a given number and
let (Vi4+1, Mk+1> Pk+1, Yk+1) be chosen successively as a solution of the discrete
problem (3.13)—(3.17) with & = % and (vo, goév , wév ) as the initial value. Here,
the regularized initial datum (go(’)V , lpé" ) € V? is constructed in Lemma B.5 and

it satisfies (@), ¥') — (¢0,v0) in V! as N — oo. Furthermore, due to the
convexity of the potentials Fy and Gy, it follows that

F(od) = Fl inLl' @,

G (wév) — G inL'(T).

I of course, bounds on (v, 1, ¢, ¥) depend explicitly on o, ¢ > 0 in some places, but we
choose not to show this dependence for the sake of the simplicity of notations.
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838 As in [5, Section 5], we define fN(t) on [—h, co) through

839 fN@) = fi fort € [(k— 1)h, kh),
‘*5 a0 Where k € Ng and f € {v, u, ¢, ¥}. In particular, it holds that
o
A s [N ((k=Dh) = fi, fN(kh)= firr, and fN(t) = figr fort € [kh, (k-+1)h).
é si2  Moreover, we define
=
<< a3 fui=f@t—h)
844 and
1
(A ) = fa+m—=fO, 850 = (A5 f)®,
1
(A ) 0= fO = fa=h, 95 @)=+ (A, f)®.

sz We also set

st N =p (st) :
(k+1h

a9 Then, for arbitrary vector w € Cgo (0, T; (Cgfv Q ), we shall choose W := kh
sso  wdr as a test function in the weak formulation (3.13) and sum over k € Ny to get

T T
851 / / at_h(,oNvN) - wdxdt —i—/ / div (,o,iVVN ®VN) - wdxdr
0oJa 0JQ
T =) -2
852 +8/ f ()DVN‘(I DVY : Dw + ‘VN’q vV -w) dxdt
0Ja
T T
85 + / / 20(p)DVY : Dwdxdr + / / B VY - wedSdr
0JQ 0Jr
T
854 — / / (vN ®JN) : Dwdxdt
0Jo
T T
- - / / MNw}f-wdxerr/ //:(WV) Veur - wedSds
0JQ 0 r
Lt N N
856 + = R v" -wdxdr, (3.50)
2 Jo Ja
s forallw e C3° (0, T; CS, ()), where by definition (see (3.12) and (3.19)) we
sss  have
N _— _ /(N Nyy N
s 7= e)me)vet. (3.51)
R =8t’h,o +le(,0hV +J )

sso Using integration by parts, the first term in (3.50) can also be rewritten as

T T
61 / / 7, (0" VN - wdxdr = — / / (pNvN)y - 8T, wdxdr.
0 Q 0 Q ’
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Incompressible Two-Phase Flows with Moving Contact Lines

Analogously, we deduce from (3.14)—(3.17) that

T T T
f fafthdedt—/ /VN¢17~V$dxdt=—f /m(goh YWV Vedxds
0 Q 0 Q 0

(3.52)
forall§ € C°(0, T; H' (R)), and

T
/ / o 9de:+// Vel Gdet:—//lo (w,ﬁv)ﬁ(w’v)edsaz
0 0 0Jr

(3.53)
forall 6 € Cgo(O, T; L? (")), respectively. Furthermore, we have that the follow-
ing equations:

CF _
w (soN + <p;’,v) =—ap" + fole™) + o0, 0",
cG
L)+ (0 + ) = —aew + dag™ vV + g0 (v7).
(3.54)
which hold almost everywhere in Q7 and X7, respectively.
Letnow EN (t) be the piecewise linear interpolant of Eo (Vk, @k, Vi) atty = kh
given by
(k+1Dh —t
h

fort € [kh, (k 4+ 1)h). For all t € (kh, (k + 1)h), k € Np, we also define

t —
EN@) = Eot(Vi, 91, Y1) +

Ewo (Vi 1.9k+1, Yk+1)

DV (1) I=/SZZV(§0k)|DVk+1|2dx+/Fﬂ(1ﬁk)|(Vk+1),|2d5

+ /Q () |V s Pdx + fr lo (W) |L (s dS

2
+8f (IDVk+1|q+IVk+1|”)dx+a/ (W) dx.
Q Q

Then the discrete energy estimate obtained in Lemma 3.3 (cf. (3.21)) implies that

_%EN(Z) — EtO[(Vk’ Pk 5 wk) - E;lot(vk+1’ Pk+15 1/fk+1) z DN

for all t € (#, tk+1), k € Np.

)  (3.55)

Step 2 (Passing to the limit as N — o). To complete the proof of Theorem 3.2,
we shall pass to the limitas 7 — 0 (resp. N — 00) in our approximating solutions.
Integrating (3.55) with respect to time gives

t
Eat" 00" 0,070+ [ [ (206108 4 mg) P

t t
+8f/ (|DvN|"+IvN|">dxdt+o[/ 0
sJQ sJQ

2
;h(pN‘ dxdr
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et

©
@

t
+ / f (BaONY 2+ 1o wiIL (w) 1) dsde
sJI
s < E(VV(s), " (s), ¥V (5)) (3.56)

se7 forall0 < s <t < T withs, t € hNj.

888 Exploiting the fact that E(vo, w(])\/ , wév ) is bounded (note that F ((p(l)v ) €
s L'(Q)and G (y)') € L' (T') hold uniformly in N — oo in light of the assump-
s0 tions), we infer from (3.56) the following uniform bounds:

S
o
o
il
[a W
-
o
=
+—
=
<

vV isbounded in L%(0, T; H') andin L%°(0, T; H),

Vu is bounded in L2(0, T; L3(R)),

L (") isbounded in L?(0, T; L*(I)),

(", ") isboundedin L>®(0, T; V1),

Fy (¢") isboundedin L>(0, T; L' (Q)),

01 Go (¥") isboundedin L>(0, T; L' (I)), (3.57)
JV isbounded in L%(0, T; L?()),

T
Jo e
0 Q

o297, isbounded in L*(0, T; L*(R)),
'/4vN is bounded in L4 (0, T; W7) forg > 2d,

dr = O(T),

sz for a certain monotone function Q : Rt — RT. Moreover, we observe that

893

{ fo (¢") is bounded uniformly in L* (0, T; L? (Q)) (3.58)

£0 (1//N) is bounded uniformly in L? (0, T:L? (F)) ,

due to the growth assumptions on f, g (see (3.3)), (3.57)4 and the Sobolev embed-
ss ding theorem.? Then by the elliptic estimate for problem (3.54) (recall Lemma
s B.4), (3.57) and (3.58), we can further derive that

8!

©
=

8!

©

897 ((pN, wN) is bounded uniformly in L2(O, T; V2). (3.59)

898 Using these bounds, we can pass to the limit for a subsequence (not relabelled

seo for simplicity) to get the following preliminary convergent results:

©

900 vV v in L%, T; H"), (3.60)
o vty in L9, T3 H) = (11, T;H))*, (3.61)
- (6" ") =" .9y in L¥O, 73 VY = (110,75 (vl)*))*, (3.62)
%03 (wN, w”) — (¢, ¥) in L*(0, T; V?), (3.63)

2 The bounds referred to here are indeed also uniform in (e,0).
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Incompressible Two-Phase Flows with Moving Contact Lines

uN = in L0, T; H(Q)), (3.64)

c (w’v) — L) in L3O, T; L2(T)), (3.65)
IV ~J in L20, T; L3(Q)), (3.66)

a2, ,6N = o2 in L2(0, T; L* (), (3.67)
gl/ayN  gViay in 14 (0, T; Wl’q) . (3.68)

Remark 3.6. Here and after, all limits must be understood for suitable convergent
subsequences Ny — oo (resp. hy — 0) for k — o0, unless otherwise stated.
We also use the abbreviation “€,” to mean that the corresponding bounds are
independent of N in the associated spaces, but will blow up as o — 07

Next, let gFN be the piecewise linear interpolant of goN (1), where t; = kh,
k € Np, namely, &N = }ll X[0,h] *t <pN , where the convolution is only taken with

respect to the time variable 7. By a similar construction, we also define IZN such
that Y = 1 xj0.n1 * ¥ Then it follows that

%" = 0", ay"N =0 "
and

18 = oM@y = I3 e 1Y =¥ Iy S R0 2 -
(3.69)
From equation (3.52) and the estimates (3.57)1, (3.57), and (3.57)4, we obtain that

33" € L*(0,T; (H'(2))")

is bounded, since vV} and Vi are both bounded in L?(0, T; L?(2)). On
the other hand, from (3.57);, (3.57)3, (3.57)4 together with (3.59), we see
that Io (¥") L(") is bounded in L? (0, T; L? (I')) and moreover, Vz 8,1.1//N is

boundedin L*/3 (0, T; L (I)) ifd = 3and inLv2 (0, T; L2 (I)) fors € (2, 00),
if d = 2. As a result, it follows from equation (3.53) that

v . |30, 7 L2 (1)), ifd=3,
d:¢¥"" is uniformly bounded in 45 .
L%2(0,T; L*(I), ifd=2,s>2.

(3.70)

We remark that (3.70) can also be improved to B,IZN e L%0,T; LZ(F)) using

the last estimate in (3.57). Together with the boundedness of (@, ") in

L>®(0, T; V1), which follows from the estimates of (goN, I/IN) in L, T; VY,

we get, with the help of the lemma of Aubin-Lions—Simon (see Lemma B.1), the
strong convergence

@V, N =~ TN Cyles 1
FN. N = @ ) in €0, T VT, Vs e (0,5 (3.71)

for some N
(@, ¥) € L0, T; V).
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CIPrIAN G. GAL, MAURIZIO GRASSELLI & HAO WU

In particular, it holds for a subsequence that
@V, ¥N) > @, ¥) almost everywherein Q x (0, 7).

On the other hand, we infer from (3.69) that

(3.72)

gV — N -0 in L*0, T; (H ()%,
YN —yN =0 in LY3(0, T; LX),

which yields

X!
Il
N
2
[oN
Al
I
<

Furthermore, since
gV e H'(0, T; (H'(2)*) N L*(0, T; H*(Q)) < C((0, T1; H'~*(Q)),
PV =1 (§Y) € WAL, T3 L2M) N L0, T3 H (1) = €0, T1: H' ™ ()
for some s € (1/2, 1) as well as ((ZN, @N) € L0, T; V1) is bounded, it also
follows that ~
(0. V) = (@, ¥) € Cu([0, T1; V1.
To verify the initial condition (¢(0), ¥ (0)) = (¢o, Y¥o), we first observe that
gV (0) =* 3(0) = ¢(0), in (H'(2))*,
¥V (0) = gV (0) —~* ¥ (0) = ¥ (0), in L2(I").

Furthermore, it holds that g™ (0) = (p(l)v and JN 0 = lpé" , with the right-hand
sides converging strongly to ¢g in L*(£2) and to g in L? (T'), respectively. Then
we can conclude that

90) =¢o and ¥ (0) = vro.

The estimates (3.71) and (3.72) yield the strong convergence results

{(pzv —¢— 0 in L20,T; (H ()", (3.73)

YN —¢ — 0 in L*3(0, T: L*(I")),

which together with (3.59), (3.63) and suitable interpolation inequalities further
imply that

(3.74)

8

YN > in L& (0, T; H>*(I)

[goN — ¢ in L0, T; H>5(Q)),

for s € (0,2). Then we have the pointwise convergence (¢, ¥V) — (¢, )
almost everywhere in Q x (0, 7). Combining this fact with the continuity of fy, go
and (3.58), we can deduce the (weak) convergence for the nonlinear terms fy = Fé,
go = Gy, namely,

{fo (¢V) = fo(e) in L?(0,T: L*(Q)), (3.75)

g (¥V) = go(¥) in L0, T; L*(I)),
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Incompressible Two-Phase Flows with Moving Contact Lines

owing to the Lebesgue convergence theorem (see Lemma B.2). Concerning the
nonlinear density function p, due to the boundedness of p’, p”, we infer from
(3.74) and the pointwise convergence of ¢* that

p(@") = p(p) in L20,T; H'(Q)NL(Qr), Vpel2, ). (3.76)
In a similar manner, for p € [2, 0o), we have

m(g"N) — m(p), v(e") = v(p) inLP(Qr),
L™y — low), BWY)— B() inLP(Zy).

It easily follows the above facts and (3.51), (3.64) and (3.66) that the weak limit
of JV can be identified as

J=—p (@m()Vu inL*0, T; L*()).

Next, taking advantage of (3.63), (3.67), (3.75), and the fact that the left-hand sides
of (3.54) converge to i 4+ cp¢ + 09,9 and L(Y) + cg ¥, respectively as N — 0o
up to a subsequence (in light of the properties (3.64) and (3.65)), we finally deduce
that

{M+CF<P= —Ag + folg) + 009, in L2(0, T; L*(R)),

L) +ccY = =AW + 09 + (Y + g0 (W), in L20,T; LA(I)).
(3.77)

In (3.77), we also note that fy (r) —cpr = f (r) and go (r) — cgr = g (r). Taking

s € (0, 1/2) in (3.74), it also holds that

((pN, M) — (¢, ¥) in L& (o, T VH) < L5 (0, T; L® (@) x L® (),
(3.78)

with strong convergence.
Our next aim is to show the strong convergence vV > vin L2(0, T; H). First,
owing to the fact for ,o;lv = p((p;lv ) that

p (). o'el) e L)

are bounded by Assumption 2, and using suitable interpolation inequalities, we can
obtain the following bounds (cf. [5, Section 5, (1)-(iv), pp. 474]):

pNvN @ vV isboundedin L%(0, T; L3/ (Q)4*4),

vt is bounded in L2(0, 75 L2(2)), (3.79)
vV @ VN isboundedin L¥7(0, T; L43(Q)7x4), .
MNV%],V is bounded in L2(0, T: IL3/2(Q)),

Then we see that that all the four terms in (3.79) are bounded in L3/7 (0, T'; L*/3(Q)),
in particular, the third estimate also implies that

vV @ JV¥ s bounded in L¥7(0, T: L*/3()4*9),
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In addition, exploiting the interpolation inequality

1/4 3/4
W llwissay < C Il I

with the third and fourth estimates in (3.57) and (3.59), we have

(2 (v) vevit ),

L43(0,T)
1/4 3/4
g C”‘C (WN) ”LZ(O,T;LZ(F)) ”w”L/Z(O’T;HZ(r)) ”wHL/OQ(O,T;Hl(F)) ”WT ”LS(O,T;LS(F))
= Cliwellzso,7:08(ry) Y Wr € L3, T; L¥ (). (3.80)
Therefore, it follows that

sup ‘(/.’, (1//N) Vﬂﬂf,v, w,) ’ is bounded in L*3(0,T) c L¥7 (0, T),

Wl 80,7714 <1 r
(3.81)

. — Wl 1.4 1.4 .

since for w € C3, (Q) = Wy, € W'*(Q) it holds that tr(w) €

W3/44 () — L8 (I"), and so does its tangential component w,. In view of the
equation (3.50), it remains to estimate the last term RNvN . This requires some
improved estimates for the case o > 0 and relies on the definition of R in (3.51).
Foreacho > 0, wehave, from (3.67) that 8;h<pN €y L2 (0, T;L? (Q)) is bounded.
Then thanks to the boundedness of p’, p” and (3.74), we have, forany n € C(Q7),

T
‘//. (a;hp(wN)—p/(w)ang)ndxdt
0JQ
< Y 1. Nya— N
<[ (™ — 0 @Mi0" Yndras
0JQ

T
/O/Q(p’(w’v)a,fhw’v—p’(st))&{hw'v)ndxdt

T
| [ @350 = g
0JQ

< 10" o 139N oo 1120 12000

_%

_F

N - N
+ ||:0//||L°°(QT)||<P —<P||L2(0,T,L°0(Q))||at,h<ﬂ ||L2(0,T;L2(Q))||77||L00(0,T;L2(Q))

T
+ ‘ / / (3,fh<pN - 8t<p) (0’ (@)n)dxds
0JQ
-0

as N — oo (up to a subsequence), which implies the sequential convergence

3 ,0e™) = p'(@de

in the sense of distribution. Next, we find from (3.51) that

(RNVN, w) = (8;h,oNvN, w)s2 — (p,llVVN —|—JN, v (vN w))s2 (3.82)
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Incompressible Two-Phase Flows with Moving Contact Lines

for any smooth test function w € (Cgiov (). Since Vf\' w; is bounded in H'! () as a
product of functions in H'! () x H3/?13 (Q), for some § > 0 (cf. Lemma B.3), we
infer from (3.82), the seventh and ninth estimates in (3.57) on JV and Btfh,o(wN )
that

sup ‘<RNVN,W>‘ e, L1 (0. T), (3.83)

Wl oo .7 3/2+6) =1

because V (vVw;) € L?(0, T; L? (Q)) isbounded, forany w € L> (0, T; H*/>*?)
with § > 0. Therefore, on account of (3.79), (3.81) and (3.83), we can allow in
the weak formulation (3.50) for test functions with w € L°°(0, T; H3/2+%)
L3, T; Wh4(Q)), provided that § > 1/4.

Now let ,Z)VN be the piecewise linear interpolant of (pN vV ) (tx), where t;, = kh,
k € Nyp. By definition, it holds that

o) = o, (0MVY).

Hence, from the equation (3.50), the last estimate in (3.57) and estimates (3.79),
(3.81) and (3.83), we obtain

sk
8@V € (L2, T: BV & L1 (0,T; W () ))
*
= L0, T: H 32y @ i1 (0, T (W‘»‘I(sz)) )
for any § = 1/4, ¢ > 2d, where P is the Helmholtz-Leray projection P :
L%(0, T;1L2(Q)) — L*(0, T; H). Noting that P(5v") e L2(0, T; WH2(Q)) is
bounded, then we can therefore conclude from Lemma B.1 the strong convergence
P(pvY) — v* in L0, T; H) (3.84)

for some vectorial function v¥* € L*(0, T; H). We also infer the following weak
convergence results from (3.60), (3.76) and the boundedness of p:

1
MY VN = p¥v in L20, T; L*(Q)), fory =1, 5 (3.85)
Observing that

IP@VY) = PNV 0,74y S BB POV L3770, 75wt 4yy — O

as h — 0, since the projection [P is weakly continuous, then it follows from (3.84)
and (3.85) with y = 1 that

v =P(pv).

Moreover, since P(pVvY) e L2(0, T; W-2(Q)) N L>®(0, T; L2(R)), from the
above strong convergence result and interpolation inequality, we have

P(pVvY) = P(pv) in L?*(0, T; H).
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1s0  This fact and the weak convergence of vV in L2(0, T'; H) entail that

T T
1081 f/pN|VN|2dxdt=//IF’(pNVN)~dexdt
0JQ 0JQ
T
1052 —)//P(pV)~dedt
0JQ

T
1053 ://p|v|2dxdt,
0JQ

105« which together with (3.85) (taking y = 1/2) further yields the strong convergence

S
o
o
il
[a W
-
o
=
+—
=
<

1055 (eM12vN = p2y in L0, T; L*()).

10ss By (3.76), we also have p((pN) — p(¢) almost everywhere in Q7. Hence, we can
w57 conclude from the above fact and pV > pg > 0 that

- vV = (o)~ 12 ((pN)1/2vN) S v in L2(0, T: L2(Q)). (3.86)
1se  Recalling the first estimate in (3.57) and using interpolation, we also have
1060 vV — v in L*0, T; H'™(Q), se 0,11 (3.87)

st Then it follows that (for a proper subsequence)

1062 vV — v almost everywhere in Q7.

1063 Moreover, one can also show that the velocity v fulfills the initial condition v (0) =
1es Vo in L2 () thanks to Lemma B.7 and arguing as in [5, Section 5.2].

1085 Finally, we can pass to the limit as N — oo (up to a subsequence) in (3.50)-
1066 (3.54) to show that the limit (v, «, ¢, ¥) is indeed a weak solution in the sense of
167 Definition 3.1 for each fixed o, ¢ > 0.

1068 Owing to the strong convergence

06 (¢N, wN) s (p,¥) inL* ((), T Vl),

w0 which follows by interpolation using (3.74) and the boundedness of (¢", ¥") €
o L0, T; V1), the passage to the limit on the right-hand side of (3.50 ) is reasonably
w72 straightforward. Indeed, since u¥ — g in L? (0, T;H! (Q)) and L (wN) —
s L (W) in L2(0, T; L?(T)), we get

T T
1074 //;LNV@I;’ -wdxdr = —/f (VMNgo}]lv) - wdxdt
0JQ 0JQ
T
1075 — —//(Vu(p) - wdxdr
0JQ
T
1076 =f/,qu0~wdxdt (3.88)
0JQ
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Incompressible Two-Phase Flows with Moving Contact Lines
1077
1078 // V wh w,det—>//£(1ﬁ)V v - wpdSdr (3.89)

179 for all divergence free w € C3°(0, T H3/2+8 0 W14 ()), where § > 1/4 and
10 g > 2d. Next, by (3.61) and (3.87) we have the strong convergence

1081 vV — v in LP(0, T; L* (Q)) for any p € [1,8/3),

S
o
o
il
[a W
-
o
=
+—
=
<

182 from which we infer that

1083 ViV — viv; in LY0, T; L*(Q)) forany [ € [1,4/3).

1es  Due to (3.68) and (3.87), we also have the strong convergence

1085 DvY — Dv in L*(0, T; L* (Q)?*9), (3.90)

1es  which improves upon (3.87) when ¢ > 0. Then we can deduce that, for all w €
e C3°(0, T; H3/2+6 N W4 (Q)) (with § > 1/4), it holds that

1088 <RNVN, W> — (RsV, W),
180 Where
1090 (Rov, W) := ((0' () i)V, W) —((pv+ ), V(v-w)g, . (3.91)

1001 Passing to the limit in (3.52)—(3.54) to recover (3.5)—(3.8) is also straightforward
192 on account of (3.62)—(3.67), (3.70), (3.74) and (3.75).

1003 In summary, we obtain that

1004 — (pV, ;W) o, + (div(pv @ V), W) o, + (2v(¢) DV, DW) o,

1005 + (BWY)Ve, We)s, + 6 (IDVIq_2 Dv, DW)QT te (IVIq_2 v, W) o

1096 =((veJ)), Dw)y, + % (Rs, W) + (nVo, W),

1007 + (L W) Vb, Wwo)z, (3.92)
wes  forall w € C5°(0, T; HY? N W!4(Q)), as well as

— (0. %) g, + (V- V9. &) g, = — (m(@) V1, VE) o, (3.93)
no forall € € C°(0, T; H' (Q)).

1101 Observe now that (3.93) can be written in a stronger form, namely,

1102 (Bt(p, é) + (V - Vo, E)Q = —(m((p)VpL, V‘;g)S2 (3.94)

1103 for all § e H 1(Q) and almost everywhere in [0, T']. Hence, choosing

1104 g = /0/ (@) v(@) -w(t)
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in (3.94) and recalling (1.16) and (3.91), we deduce that
(RgV, W) = — / m (¢) (Vo' (¢) - Vi) v - wdxdr = (Rv, w) (3.95)
or

forall w € C5°(0, T; HY/2H nWha(Q)).

Step 3 (Dissipative energy inequality). Multiplying the discrete energy inequality
(3.55)byn € w10, T) with n = 0, n(T) = 0 and using integration by parts, we
obtain

T T
Ew(vo. @ v (0) + fo EN (O (0dt = fo DY om@d.  (3.96)

Because of the strong convergence of v/ and (¢", %) (recall (3.74) and (3.86)),
we have

vV(t) — v(t) inH,
(¥ 0. 9" 0) > @, v @) inC@ x CT)
for almost every ¢ € (0, T), along a proper subsequence. Then it holds that
EN@) = E(v(D), (1), ¥(t)) foralmostall t € (0, T).

Moreover, by the lower semicontinuity of norms and the almost everywhere con-
vergence of (¢, ¥V) to (¢, ¥), the inequality

T T
lim inf / DN Hn(t)dr = / D(t)n(r)dt
N—o0 0 0
for all n € W10, T) with n = 0 holds, where
D(t) :=/92v(go>|Dv|2dx+frﬂ(x//) |v,|2d5+/§zm(w)|w|2dx

—|—/lo W) |£(1//)|2dS+8/ (|DV|q+IV|q)dx+o/ 10,0]% dx.
r Q Q

Hence, passing to the limit in (3.96), we obtain

T

T
Evot(%o. g0, Yo)n(0) + /0 Eun(V(), (0), ¥(0)n(0)dr = /0 D(tyn(o)dr
forall n € WH1(0, T) with n = 0 and (T) = 0. In view of Lemma B.6 we then

arrive at the energy inequality (3.11).
The proof of Theorem 3.2 is now complete.

4. Proof of Theorem 2.2

We are now in a position to prove our main result Theorem 2.2 by taking advantage
of the existence of a solution to the approximating problem studied in Section 3.
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Incompressible Two-Phase Flows with Moving Contact Lines
4.1. An Auxiliary Problem with Singular Bulk Potential

We first consider a regularized version of the original problem (1.1)—(1.5) sub-
ject to boundary and initial conditions (1.8)—(1.12), with two-parameter viscous
regularizing terms, that is, &, 0 > 0.

Step 1 (Construction of solutions to an approximating problem with a regular
potential). On account of Assumption 1 and following [34], we can construct a
smooth monotone sequence { foo} C C? (R), approximating the singular part of
the potential fy on compact subintervals of (—1, 1), satisfying (3.2) as well as
Jfoe (0) = 0. Moreover,

[ foe (D = [fo (), |Foe ()] = [Fo(s)l, Vse(=1,1), 4.1)
and
1in(f)l+ Joe (s) = fo(s), lirg+ Foe (s) = Fo(s), Vse(=1,1). 4.2)

On the other hand, we replace the linear density function p (see Assumption 1) by
a smooth nonlinear extension p : R — R™, satisfying

Bs) = p(s). Vs e[~1,1], 43)
0<m S5O SMy [pP0| ¢ j=1.2 (44)

for some C1, Cp, m,, M, > 0. Itis easy to verify that the approximations fo. —cpr
and p satisfy the conditions of Theorem 3.2 (cf. Assumption 2).

After the above preparations, in the previous auxiliary system (3.4)—(3.9), we
now replace the potential f(r) therein by fo.(r) — cpr and replace the density
function p by p constructed above (then dropping the tilde from p for the simplicity
of notation). For the sake of simplicity, below we set the regularizing parameters

=0 >0.

Under above choices for the regularized system with a regular potential, for any
initial data vo € H, (@0, ¥o) € V! such that Fo(go) € L' (), Fo(¥o) € L1(I), it
follows from Theorem 3.2 that there exists a global weak solution (Vg, e Mo.es Poes
Yo, 8) to the corresponding approximating problem (3.4)—(3.9) in the sense of Def-
inition 3.1, which also satisfies the energy inequality (3.11).

Step 2 (Passage to the limitas ¢ — 0T, the case of singular potential). Our next aim
is to pass to the limit with respect to & — 0 (that is, the approximating parameter
for the singular potential fjy) with fixed regularizing parameters ¢ = o > 0.
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1163 The energy inequality (3.11) implies the following uniform (in &) bounds (cf.
1164 (357))

Vo.e is bounded in L2(0, T; H") and in L%°(0, T; H),
Vito.e is bounded in L2(0, T; L2(R2)),

L (Yoe)  isboundedin L?(0, T; L*(T),

(¢, Vo) isboundedin L0, T; V1),

Foe (¢0,e)  isbounded in L>®(0, T; L' (),

G (Yo,:)  isboundedin L>(0,T; L' (I")),

T
/ / ,ua,sdx
0 Q

1es  for certain monotone function Q : RT™ — R¥ independent of o, €. Indeed, choosing
1e7  the test function & = 1 in (3.5), we obtain that

1168 /‘Pa,s (t)dx:/ @odx,
Q Q

1eo and then the last estimate in (4.5) follows by a similar argument, as exploited
170 in (3.44). Then following the same argument as in the proof of Step 1 of [34,
1171 Section 7, Theorem 3.5], we obtain that

1165

(4.5)
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<

dr = O(T),

- foe (¢oe)  is bounded in L*(0, T; L' (2)), (4.6)
1473 ERO is bounded in L>(0, T; (H' (Q2))"), 4.7
1174 Ho.e is bounded in LZ(O, T; H' (2)). 4.8)

175 According to the assumptions (2.4)—(2.5), it is easy to verify that

Foe(8) = 8(foe())* = —Cs.m, Vs e R\[-M, M],
foe(5)(g(s) + £5) = —Chy, Vs e R\[-M, M],

17s  with constants Cs »7, Cp > 0 independent of ¢ € (0, go] for some gy > 0. Then
179 an argument similar to Step 2 of [34, Section 7, Theorem 3.5] yields

1180 foe (¢0,e) is bounded in L*(0, T; L* (), (4.9)
1181 Foe (‘ﬁa,s) is bounded in L*°(0, T’; L ), (4.10)
ez provided that the additional assumption Fy (o) € L' () holds.

1183 Using these bounds, we can pass to the limit up to a subsequence, as ¢ — 0%,
1184 tO get

1185 Voo — Vo in L0, T; H"Y), 4.11)

%
- Vo —* vy in L0, T; H) = <L1(O, T H)) , (4.12)

W (B0 Vo) =" (o Uo) in LXO.T; V) = (L0, T (v))) L @13)

1188 Mo = Mo in L20, T; HY(RQ)), (4.14)
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Incompressible Two-Phase Flows with Moving Contact Lines

Vitg.e = Ve in L2(0, T; L2(Q)), (4.15)
L (Vo) = L W) in L*(0,T; L*(I)). (4.16)

By the growth assumption on g, we have

2 (o.e) is bounded in L2 (0, T: 12 (r)) ! 4.17)
This together with (4.9) and 69, ¢, ¢ € L?(0, T; L? (R)) allows us to conclude the
following estimate:

(¢o.6, Yo.e) is bounded in L*(0, T; V), (4.18)
by the same argument as for (3.59) with the aid of Lemma B.4. Due to (4.5)—(4.8),
we also have 9;V,., is bounded (uniformly in ¢) in L* (0, T; L* (T')), since

Vo, is bounded in L (0, T, Wha (Q)) . for some ¢ > 2d, (4.19)
uniformly with respect to ¢ > 0. Hence, Lemma B.1 yields that
(00,6 Vo.e) — (@o. Yo) in L*(0, T; V27%), foranys € (0,1/2), (4.20)
which also implies, due to (4.13) and (4.18), the improved strong convergence

(@o.6: Vo,6) —> (9o, Yo) in L7(0, T; H' () x H' (), ¥re[2,00)
4.21)
and

(¢o.60 Vo.e) — (9o, Vo) in L2 (0, T; L (Q) x L™ (I)). (4.22)

In fact, by interpolation in (4.20) together with (4.13) we can get even stronger
convergence results, namely,

Voo — Vo, in L4, T; L5 (@) N L0, T; L3 (@), (4.23)
Vooe = Vo, inLP(0,T; L7 (RQ)), with p:= (10 —4s) /3, (4.24)
VeVore — Vetiy inL*0, T; LT (0) N LA=90, T: LA (T)),  (4.25)

for any s € (0, 1/2). Owing to (4.9), the pointwise convergence of ¢, . due to
(4.20) and the assumptions on fj (see Assumption 1), we can conclude that (cf.
[53, Section 3])

lps| < 1 almost everywhere in Q.

Then by (4.10) and (4.20) we also have
Y| <1 almost everywhere on 7.

From the above facts, (4.9), (4.10) and the convergence of ¢, . and V¥ . almost
everywhere in Q7 and on X7, respectively, we also deduce that
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foe (¢0.c) = folge) in L2 (0,73 L2(@), (4.26)
g (Voe) — g (W) inL*0, T; L*(I)), (4.27)
Foe (Voe) —* Fo(Yo) in L0, T; L' (1)), (4.28)

since Fp, and Fy are (strictly) convex functions, obeying (4.1)—(4.2).

In view of the convergence relations in (4.11)—(4.16) and (4.20)—(4.27), we may
pass to the limit in a straightforward manner as in [34, Section 5, pp. 29-31], to
deduce that the limit function (v4, (e, @0, Yo ), Obtained from the limit procedure
in & — 07, satisfies equations (3.5)—(3.7).

The final step consists in showing that the limit function v, also satisfies a
suitable equation for the fluid velocity. This is the most crucial point. As in the
proof of Theorem 3.2 (now with ¢ = ¢ > (), we require to show that, along a
suitable subsequence, it holds that v; . — v, in LZ(O, T; ]LZ(Q)) at least. To this
end, it suffices to show exactly, as in the foregoing proof (now with 0 = ¢ > 0),
that

*

0 (P(p (#0.¢) Vo.c)) is bounded in L'(0, 75 H2 )@ L7 (0,75 (W(@))
(4.29)

for any § = 1/4, ¢ > 2d. However this bound requires once again some uniform

bounds of the nonlinear terms that occur in the equation for v, .. Due to the previous
bounds in (4.5)—(4.18), we have, exactly3 as in (3.79)—(3.80), that

P (Po,6) Vore ® Vo e is bounded in L2(0, T; L3/2()4%4),

Voo ® Vitg e isbounded in L¥7(0, T; L*3(2)4%4), (430)
Uo.eVPo.e is bounded in L%(0, T; L3/?(Q)), :
L (Vo) Veoe is bounded in  L3/7(0, T; L¥7(T")).

Thus, it remains to bound the following term uniformly in &:
(RoVo,e. W) = —/Q m (0o.c) (Vo' (@o.6) - Vikoe) Voo - wdxdz, — (4.31)
T
forall w € CS°(0, T; H¥/2+5 n'Wh4(Q)). Since p” € L ((0, T) x ) and
Vgoe € L (0. 7113 (@), Vitg,e € L2 (0.T: 12 (@)
are bounded as ¢ — 0T, it also follows that RovVose € Ll(O, T; H_3/2_5) is
uniformly bounded with respecttoe > 0because of (4.19). Hence, we can conclude

the estimate (4.29) on time derivative. As a consequence, owing to (4.29) with the
help of Lemma B.1, we deduce once again as in (3.84)—(3.90) that

Voo = Vo in L2(0, T; W' (Q)) < L2(0, T; L™ (Q)). (4.32)

3 Note that the bounds in (3.79)—(3.81) are already uniformino = ¢ > 0, ¢ € [0, 1].
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Incompressible Two-Phase Flows with Moving Contact Lines

This strong convergence together with (4.19) yields yet by interpolation that
Voo = Vo in L3F3(0, T; L3578 (Q)), (4.33)

for some sufficiently small § = 6 (¢) > O for ¢ > 2d sufficiently large. Then the
passage to the limit as ¢ — 07 in all nonlinear terms that occur in the equation
for v, ¢, with the exception of the one involving the source term R, Vo ¢, is easy on
account of the same arguments used in (3.88)—(3.89). On the other hand, since we
have shown that |¢,| < 1 almost everywhere in Q7, then the nonlinear extended
density function p(r) constructed in Step 1 is indeed linear for r € [—1, 1]. As a
consequence, it now follows from (4.24), (4.33) and the weak convergence (4.15)
that

(RoVo,e,w) —> 0 forallw e C5° (0, T; Cg, (Q)). (4.34)
as long as we fix a sufficiently small s € (0, 1/2) from (4.24) satisfying
3 1 1
< - (4.35)

10—4s 5468 = 2

Since (4.33) holds for some fixed § > 0, we infer from (4.34) that (vo, o, @0, Vo)
is indeed a weak solution in the sense of Definition 3.1 with now a trivial external
source

R, =0.

The energy inequality (3.11) associated with (v4, te, @, ¥s) can be proven
exactly as before, taking advantage of the convexity properties of Fy, Fpe, (4.1)-
(4.2) and the strong convergence results (4.20)—(4.22). Besides, the initial condi-
tions v, (0) = vy, ¢ (0) = ¢o and ¥, (0) = ¥, can be verified in a similar
fashion as in the proof of Theorem 3.2.

4.2. Passage to the Limitas s = o — 0%

To complete the proof of Theorem 2.2, it remains to pass to the limitas ¢ = o — 0T
in the above approximating problem.

As a consequence of the energy inequality for (V4 , e, o, Yo ) (cf. (3.11)), we
again have the uniform (in o = ¢) bounds (4.5)—(4.10) for (v4, s, ¥o, Yo ). The
passage to the limitas ¢ = ¢ — 0% is simply based on these estimates and we only
briefly mention some details at the expense of repeating several earlier arguments.

To this end, for a proper subsequence, we have, once again,

Vo — v in L*(0, T; H", (4.36)

Vo —=* v in L®0, T: H) = (L‘(o, T: H))*, (4.37)

o) =" () in L¥O.T: V) = (L'O.T5 VM) @38)
e — w in L*(0, T; H(Q)), (4.39)

Vite = Vi in L0, T; L*(Q)), (4.40)

L (Yg) — L) in L*(0, T; L3(I)). (4.41)

Disk Received [] | Corrupted []
Jour. No | Ms. No. Disk Used [] Mismatch []

w2 [205]1383 B[ e e e
o




S
o
o
il
[a W
-
o
=
+—
=
<

1282

1283

1284

1285

1286

1287

1288

1289

1290

1291

1292

1293

1294

1295

1296

1297

1298

1299

1300

1301

1302

1303

1304

1305

1306

1307

1308

1309

CIPrIAN G. GAL, MAURIZIO GRASSELLI & HAO WU

Employing the same arguments from [34, Section 7, Theorem 3.5], we obtain
fo (¢s) isboundedin L?(0, T; L' () (4.42)

as well as
3¢y is bounded in L>(0, T; (H' (2))%) (4.43)

and

) |43 0, 1; L2 (), ifd=3,
0; ¥4 1s bounded in 45

444
L52(0,T; L>(I)), ifd=2,s>2. (a4

The bound (4.44) is weaker than the one we used in Section 4.1, since we can no
longer rely on (4.19). Furthermore, we see from [34, Section 7, Theorem 3.5] that

fo (¢s) isbounded in L%(0, T; L (2)), (4.45)
Fo (Yy) isbounded in L>(0, T; L' (I)). (4.46)

Then we recover once again, as for (4.20), a strong convergence on (¢s, Vs ):
(Yo Vo) —> (@, W) in L2(0, T; V>, foranys € (0,1/2).  (447)

Due to the pointwise convergence of ¢, — ¢ in Qr, the continuity of fy €
C (—1, 1) and the fact |¢,| < 1 almost everywhere in Q7, it holds that

fo (@s) = fo(p) almosteverywherein Q7.

Then the pointwise convergence of fj (¢4 ), together with the bound (4.45), yields,
up to a subsequence that

foleo) = folg) inL?(0.7512(®). (4.48)

Also, the weak convergence for the nonlinear boundary term

gWo) =g (W) inL?(0,T;L2(D))

follows from a similar argument as to that for (3.75).
The strong convergence

Vo = v in L%(0, T; L2 (Q))

in fact requires no changes to the bounds in (4.30), since these were already uniform
ino, ¢ > 0and merely a consequence of (4.36)—(4.41). Indeed, since the additional
(highly nonlinear) source R, is no longer present on the right-hand side for the
equation of v, the uniform bound in (4.29) is readily available as

*
3 (P(p (¢o) Vo)) is bounded in L1 (0, T H~3/2~%) @ 7T (0, T (W"%Q)) )
(4.49)
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for some ¢ > 2d. Hence, once again we can reach the necessary strong convergence
Vo — v by virtue of (3.84)—(3.87). Next, because, as 0 = ¢ — 0T, it holds that

o005 — 0 in 1.2 (0, T, 12 (sz)) ,
¢ (|Dv|"_2 Dv + |v|42 v) 50 inLiT (0, T (Wl’q(sz))*) ,

one can easily show that (v, u, ¢, ¥) is a weak solution in the sense of Definition
2.1 with now a zero source term R = 0.

Finally, the proof of the energy inequality (2.22) and the equalities on initial
data

v(0)=vo, ¢(0) =g, ¥ (0 =1

follow verbatim from the proof of Theorem 3.2, only with some minor inessential
modifications and arguments. We skip these obvious details.
The proof of Theorem 2.2 is complete.
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Appendix A. Derivation of the Model via Variational Principles

In this section, we derive the diffuse interface model (1.1)—(1.5) subject to (1.8)—
(1.12) by employing fundamental postulations of thermodynamics, in particular,
the Onsager’s variational principle (see [55,56,59]).

Following the argument in [7], we adopt an order parameter ¢ (= uy — up) as
the difference of the volume fractions u; (j = 1, 2) of the two liquids involved.
We assume u| + up = 1 and the averaged density of the mixture can be expressed
as an affine function in terms of ¢ such that

P2 — P1 pr1+ P2
plp) = 3 ¢+ > (A1)
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where p1 and p; are the specific densities of liquid 1 and 2, respectively. In addition,
we choose the volume averaged velocity

1—¢ 1+

Vi=Uivy +uyvy = Vi + (pV2, (A.2)

where v; (j = 1, 2)is the individual velocity for component j. A direct calculation
implies that

divv = 0. (A.3)

Then the balance laws for mass and linear momentum can be given as the following
set of partial differential equations in terms of ¢ and v (see [7, Section 2]):

0
POV + <<,ov + a—pJ(p) . V) v—divS+ Vp =K, (A4)
%
¢ +v-Vo+div], =0, (A.5)

with p(-) being exactly as in (A.1) and

—||
(P11t p2
5= (252)
being a rescaled mass flux. Here, S denotes the symmetric stress tensor and K
stands for the force density. These equations hold in a space-time cylinder Q7 with
Q c R? (d = 2, 3) being the domain where this process takes place in the absence
of any dynamical effects at the solid boundary I' = 02. Conservation of mass

requires that the normal component of J, is zero, while an impenetrable boundary
I" requires that the normal component of the velocity v is also zero, namely,

J,o)n=0, v.n=0, onTl.
Next, concerning the free energy of the system, we choose
Efree :Z/ Dy (¢, Vp)dx +[ D, (p, Vr)dS
Q r
with @,(z, p) = ®}(2) + ®3(p), and P, (z, p) = P! (2) + ®? (p). Here, the
second term represents an interfacial free energy per unit surface area at the fluid-

solid interface, which is a function of the local composition. Then the total energy
is given by the sum of kinetic and free energies such that

1
Fo= / SP@VPdx + / (9, V)dx + / ®, (9, V2 @)dS.
Q Q T

The time derivative of the free energy is given by

dF 1 0 L)
= = —/ 22 \v[20,pdx +/ b dpdx

. 0Dy
— | div| —= ) d0dx + | p(@)Vv - d,vdx
Q Ve Q
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+/ 0s L 9% 1Y b0ds
r\dey Vg i

fdiv (8% )a ds (A.6)
P\ 9V ) M '

which follows by integration by parts (using the divergence theorems in €2 and on

I", respectively) in the third and last summands of 47 Here div; denotes tangential
divergence on I'. We observe from (A.4) that

1 0
v =— {K+divS— ((,ov—i— —'OJ(,;> -V)V—Vp}.
p de

Inserting this equation and (A.5) into the right-hand side of (A.6), then using inte-
gration by parts and v-n = 0 on I', we obtain

dF 1 0. 5 .
—_— = — -V d dx
& 2/98(plv| (v- Vo +div]y,)

0D, .
— —(v- Vg +div]J,)dx
o J¢

. (0D .
+ lev m (v- Vo +divJ,)dx
0 oD 0D
+ / S+ 270 dive [ —2) ) 8,0dS
r\dg Vg dVzgp
a
+/V'{K+diVS—<<,OV+—IOJ¢>’V>V—Vp}dx
Q dg
=—/V-Vg0u¢dx+/J(p-Vu(pdx—/ Dv : Sdx
Q Q Q

+/ £¢,a,¢ds+f v - Kdx —I—/ (S-m), - v.dS. (A7)
r Q r

Here we have used the following fact:

/V-((,OV+8—'OJ )-V)de:—l/ 8—'0|V|2(V-V(p+divJ )dx
Q 9™ 2 Jq d¢ o

which, as a consequence of the no-flux boundary conditions J, -n =v-n = 0on
I', follows easily from integration by parts. Moreover, we have set

. 0Dy, 0P,
e = —div| — —_—
aVe ap
0P P 0D,
Ly =4 . n—diy, -
o aVe A7)

in order to denote the chemical potentials corresponding to ¢ in the bulk €2 and on

the solid boundary I', respectively. On the other hand, the work rate dVlV
the work done by the flow to the fluid—fluid interface and is defined by

is due to
daw

A —/(V~V¢))u¢,dx+/ v - Kdx —/(V,~VT¢))£¢,dS, (A.8)
dr Q Q r

Dispatch: 12/4/2019 | Journal: ARMA
m 205 1383 B Total pages: 56 Not Used []
— Disk Received [] | Corrupted []
Jour. No | Ms. No. Disk Used [] Mismatch []




S
o
o
il
[a W
-
o
=
+—
=
<

1399

1400

1401

1402

1403

1404

1405

1406

1407

1408

1409

1410

1411

1412

1413

1414

1415

1416

1417

1418

1419

1420

1421

1422

1423

1424

1425

1426

1427

1428

1429

1430

1431

1432

1433

CIPrIAN G. GAL, MAURIZIO GRASSELLI & HAO WU

where i1, V@ is the capillary force density and £, V¢ is the uncompensated Young
stress (see [58,59]), both being the “elastic" interfacial forces. We recall that v; =
v — (v-n)n is defined as the tangential fluid velocity at the solid boundary I'
measured relative to the wall. Then the rate of change of the mechanical work
becomes

dw

— = f V- Kgpavdx — / (Ve - Vz9)LydS
dt Q r
if K = 1y Vo + Kgray, where Kgryy denotes the gravitational force.
To derive a closed system for (A.4)—(A.5), it remains to determine the flux J,
and the stress tensor S. For this purpose, we introduce the dissipation functional

(see [59))

Y(Jy. S, 3 ¢, v)

2 ISP } / Bl o, el
= d 2 v, ds. (A9
/gz{Zm(<p) * 4v(p) A r| 2 hwel” + 2lp (¢) (&.9)

Here, m plays the role of mobility, v is the shear viscosity and 8 is a slip coefficient
relative to the solid boundary I', all may depend on the local concentration. There
are four physically distinct sources of the dissipation in (A.9), the first and second
summands represent the composition diffusion in the bulk and shear viscosity in the
bulk, respectively. The third summand arises from the assumption of fluid slipping at
the solid surface I', while the last summand accounts for the composition relaxation
at the solid surface with a relaxation parameter /o, where 97 ¢ = 0;¢ + V¢ - V7.
Notice that each term that contributes to W is positive definite and quadratic in a rate
that arises from the displacement from the equilibrium. This quadratic dependence
follows from the general rule governing entropy production in a thermodynamic
process; it directly arises from a linear response to small perturbations away from
the equilibrium. Next, we employ Onsager’s variational principle (see [55,56]),
which postulates that

dF
8(J¢,S,v,3f¢7) (‘IJ + E) =0. (A.10)

Since W is quadratic in (J,, S, v, 9} ¢) and %]t—: is linear in (J, S, v, 9/ ¢), using
the fact that in (A.7),

/ Ly0dS = / L, (070 — Ve - Vo) dS,
T r

we deduce from (A.7) and (A.9) that the variational principle presented in equation
(A.10) gives

Jo =—m(@)Vu, and S =2v(p)Dyv,

as well as a generalized Navier boundary condition with uncompensated Young
stress

(S m); +B(@)ve =Ly,Vzp onT.
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Similarly, the corresponding Euler-Lagrange equation for minimizing W + %—]t:

with respect to 9 ¢ at the solid wall I" yields the dynamic boundary condition
3¢ =8¢+ Ve Vep = =l (¢) Ly. (A.11)

Namely, the relaxation dynamics of the moving contact line at the solid surface is
linearly proportional to £, which is determined by an advection-reaction equation
of Allen—Cahn type.

Remark A.1. In order to simplify the notation, we actually use the same symbol for
a function and its trace on the boundary. As it was clarified in [37], we note that the
compatibility relation 0; (tr(¢)) = tr(d;¢) on I', whenever ¢ is a smooth function,
while the right-hand side of such a formula is meaningless in the opposite case. Here
in our context, the true meaning of d;¢ on the boundary should be 9, (tr(¢)), which
is meaningful (at least in a generalized sense) whenever ¢ € L*(0,T; H(Q)).

In conclusion, in the absence of any gravitational forces (Kgray = 0), with a
density p given by (A.1), we end up with the evolution system

0 . .
POV + <<,OV + £J¢,> . V) v—div2v () Dv) +Vp = uy,Ve, inQr,

divv =0, in Or,
0rp +v- Vo —div (m (p) V,u(p) =0, in Or,
di 0y, n 0D, in 0
= —dv| — -, m s
He aVe 1) r
(A.12)
subject to the boundary conditions
V-n=dpuy =0, on X7,
v(@)DV -m); + B (@) Ve = Ly V-0, on Xr, (A.13)
09 + Vg - Voo = =lo (¢) Ly, on X7,
where
oD P 0D,
L,y="—" 4" n—div, (=), on Ir. (A.14)
ap Ve aVze

Finally, we make some comments on the above model derivation.

(1) Using (A.1), the expression of J, and the incompressibility condition V-v = 0,
we infer from the Cahn-Hilliard equation for ¢ in (A.12) that

a
9o+ divipv+J) =0, where J = a—pr.
2

As a consequence, the Navier—Stokes equation for v in (A.12) can be rewritten
as

9 (pv) +div (pv ® v) — div 2v (¢) DV) + Vp +div(v ® J) = Ve,

which is exactly the same as in (1.1).
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(2) If we choose the viscosity parameter in (A.9) as v(¢, Dv), then non-Newtonian
effects, for example, shear thinning or shear thickening, can be included as well.
(3) The interfacial force term j1, Vg can also be written as

D (e, Vso))

V(®p(0, Vo)) —div [V
(Pp(p, Vo)) 1v< PR Ve

Thus, the first term may be regarded as an extra-pressure whereas Vo ® %
provides an additional stress tensor contribution which represents interfacial
forces.

(3) The uncompensated Young stress £, V;¢ on the right-hand side of the gen-
eralized Navier boundary condition in (A.13) is simply the manifestation of
the fluid—fluid interfacial tension at the solid boundary, whereas the dynamic
boundary condition in (A.13) is a consequence of the contact line moving with
respect to the solid wall I".

(4) If a more general density p is desired than a linear dependence in (A.1), the
momentum equation of (A.12) must also incorporate an additional source pro-
portional to (1/2) Rv (R is given by (1.16)) in order to obtain a local energy
dissipation inequality as well as a global energy law for the resulting system.
We refer the readers to [4] for further discussions.

Appendix B. Supporting Technical Tools

We report here some technical lemmas that have been used in our analysis. First,
we recall the compactness lemma of Aubin—Lions—Simon type (see, for instance,
[47] in the case ¢ > 1 and [67] when g = 1).

Lemma B.1. Ler X < X1 C X5 where X are (real) Banach spaces (j =
1,2,3). Let1 < p < 00,1 < g < ooand I be a bounded subinterval of R. Then,
we have the sets

o e LP (I3 Xo) : 99 € LI (I; X2)} <5 LP (I; X)), if1 < p < oo,
and
o e L? (I; Xo) 1 i € LY (I; X2)} <> C(I; X)), ifp=o0, ¢ > 1.

The following result gives a weaker version of the Lebesgue (dominated) con-
vergence theorem (see, for example, [20]):

Lemma B.2. Let O be a bounded domainin RxR? and let a sequence g, € L? (),
p € (1, 00), be given. Assume that g Lr o) < C, with C > 0 independent of
n, gn — q almost everywhere on O and q € L? (O). Then asn — 00, g, — ¢
weakly in LP (O).

We recall a fundamental result on pointwise multiplication of functions in
Sobolev spaces on smooth compact manifolds X with or without boundary
(see [50]).
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Lemma B.3. Let ny = 1 be the dimension of X. Let s, s, s3 € R be such that

. nx
s1+s2 =0, min(sy,s) =s and S1+S2—S>7,

where the strictness of the last two inequalities can be interchanged if s € Ny.
Then, the pointwise multiplication of functions extends uniquely to a continuous
bilinear map

W2 (X) ® W22 (X) — W2 (X).

Next, we report a basic result on the regularity of an elliptic boundary value
problem for (¢, ¥) with ¥ = tr(¢) (see [52, Lemma A.1]).

Lemma B.4. Consider the following linear elliptic boundary value problem:

—AG=hy, in9Q,
_Arl/f‘i‘an(b‘f‘;l/f:h% on Fs

where ¢ > 0 and (h1, hy) € L? () x L? (). Then the following estimate holds:
ol a2y + 1¥ g2y < C (il 2 + 1h2ll2ry) »
for some constant C > 0 independent of (¢, V).

The following lemma provides an easy way to approximate an initial datum

(o, Yo)

€ V! by a sequence of smooth functions:

Lemma B.5. Let (¢g, Vo) € V! be given. There exists a sequence {(gon Yon) I NeN
C V2 such that (won, Yon) — (o, Vo) in the Vinormas N — oo.

Proof. Let (u, v) be a solution of the (linear) parabolic problem associated with
the Wentzell Laplacian Aw, namely,

ohu — Au =20, in Qr,
0v — Arv + o +¢v =0, on X,
(, v) |1=0 = (po, Yo), in Q@ xT.

Then it holds that

u,v) € C ((0, T1: v2> nc ([o, T vl) .

Set (pon Yon) = (u (1), v (1)) |,_1 - We have (gon, Yron) € V2 and (gon , Yron)

— (@0, Yo) in V!, as N — oo, by the standard semigroup theory associated with
Aw.

The following result is helpful to obtain a (strong) energy inequality (see [2,
Lemma 4.3]):
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Lemma B.6. Let £ : [0, T) — [0,00), 0 < T < 00, be a lower semi-continuous
function and let D : (0, T) — [0, 00) be an integrable function. Then

T T
5(0)n(0)+/ EWn'(Hdt 2/ D(r)n(r)dr (B.1)
0 0

holds for all n € WH1(0, T) with n(T) = 0 and n = 0 if and only if

t
) +/ D(r)dr £ E(s) (B.2)

holds forall s <t < T and almost all0 < s < T including s = 0.

Finally, we report a result that can be proven in a similar way as to [5,

Lemma 5.1].

Lemma B.7. Let v, v € H! and p € L®() with p = po > 0 such that

/pv.wdx:/pV'WdX, VWG(CS?V(ﬁ)
Q Q

Then it holds that v = V almost everywhere in Q2.

10.

11.
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