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A DDFV METHOD FOR A CAHN-HILLIARD/STOKES PHASE FIELD MODEL
WITH DYNAMIC BOUNDARY CONDITIONS

F. BOYER * AND FE. NABET |

Abstract. In this paper we propose a "Discrete Duality Finite Volume" method (DDFV for short) for the diffuse
interface modelling of incompressible flows. This numerical method is, conservative, robust and is able to handle
general geometries and meshes.

The model we study couples the Cahn-Hilliard equation and the unsteady Stokes equation and is endowed with
particular nonlinear boundary conditions called dynamic boundary conditions. To implement the scheme for this
model we have to define new discrete consistent DDFV operators that allows an energy stable coupling between
both discrete equations. We are thus able to obtain the existence of a family of solutions satisfying a suitable energy
inequality, even in the case where a first order time-splitting method between the two subsystems is used. We
illustrate various properties of such a model with some numerical results.

Key words. Cahn-Hilliard/Stokes model, dynamic boundary conditions, contact angle dynamics, finite volume
method

AMS subject classifications. 35K55, 65M08, 65M12, 76D07, 76M12, 76T10

1. Introduction. The aim of this paper is to introduce and analyse a finite volume
scheme for a phase-field model of two-phase incompressible flows with surface tension ef-
fects and contact-line dynamics on the walls. We propose a numerical method that falls into
the Discrete Duality Finite Volume framework (DDFV for short); this choice is guided by
the capability of the method to deal with very general meshes (distorded, non conforming,
locally refined, ...) while ensuring good robustness, stability and accuracy properties.

1.1. Presentation of the phase-field model and related discretization issues. The dif-
fuse interface two-phase flow model under study couples the Cahn-Hilliard and the (Navier-
)Stokes equations. The main feature of such a model is to allow the presence of diffuse
interfaces of prescribed width ¢ in the system while being able to describe surface tension
effects in the hydrodynamics, through a suitable capillary force term in the momentum equa-
tion. The main unknown of this equation, the order parameter c, is a smooth function which is
equal to 1 in one of the two phases, 0 in the other one and which varies continuously between
0 and 1 across the interface. Here, wall effects are modelled through a nonlinear dynamic
boundary condition for the order parameter.

Usually this kind of model is studied with the homogeneous Neumann boundary condi-
tion on the order parameter (see for example [2, 3| |4} [8 [11} 23] 25 28] and the references
therein), which implies that the contact angle between the diphasic interface and the wall is
imposed to be equal to the static contact angle 5. However for some physical systems, this
condition may not be realistic for at least two reasons:

e the static contact angle may be different from 7/2 due to wetting effects depending
on the nature of the two fluids and the material of the container,

o the influence of the hydrodynamics on the system near the wall implies that the
dynamic contact angle is not equal to the static contact angle; a time relaxation
phenomenon may occur at the contact line.

In order to take into account the contact angle dynamics, it is proposed in [24] to use
a dynamic boundary condition for the order parameter. To our knowledge, there is only
few available contributions concerning the discretization of the Cahn-Hilliard/Navier-Stokes
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phase field model with dynamic boundary conditions. From a computational point of view,
some recent works propose numerical schemes for this model and give various simulations
(see [13L 117, 18} 136l 137]] and the references therein). However, there is no proof of stability
estimates, or, if so, with very restrictive conditions on the data and on the time step.

Here, in the DDFV framework, we are particularly concerned with the difficulties that
are induced by the nonlinear boundary terms and by the coupling terms. Those issues are
the price to pay for the fact that the numerical method is usable on very general families of
meshes. We will describe in details how to build all the coupling terms combined with a time
splitting scheme for this model for which we can show nonlinear stability estimates.

Since they are not our main concern here, we have chosen to neglect the issues related
to the nonlinear inertia term in the Navier-Stokes equations (those difficulties can be treated
as in [22] for instance), thus the system we will eventually study is the coupling between the
Cahn-Hilliard equation and the unsteady Stokes problem with dynamic boundary conditions,
in the context of the Boussinesq approximation for the buoyancy term. Finally, for simplicity,
we concentrate on the 2D case but we emphasize that 3D versions of the DDFV schemes are
available and were analysed for instance in [3 [35].

1.2. The Cahn-Hilliard/Stokes system with dynamic boundary condition.

1.2.1. Presentation of the system of equations. Let  C R? be a connected and
bounded polygonal domain. For a given final time 7' > 0 the problem we are interested
in is the following: To find the order parameter ¢ : (0,7) x Q — R, the generalized chem-
ical potential u : (0,7) x Q — R, the velocity u : (0,7) x Q — R? and the pressure
p:(0,T) x Q@ — R such that

(1.1a) Oic+u-Ve=T,Apn, in (0,7 x €;
12
(1.1b) = —geabAc + ?abflf(c), in (0,7) x Q;
1

(1.1¢) p* <8tu — R—Au) +Vp=uVe+p(c)g, in(0,T) x
(1.1d) divu = 0, in (0,7) x Q;
(1.1e) u = up; on (0,7) x T
(1.1f) Onpt =0, on (0,7) x T;
(1.1g) geastﬁtc,p =—f'(cr) — gaabﬁnc, on (0,7T) x T
(1.1h) c(0,.) =2, onT;

where c,r. is the trace of ¢ on I' = 0f). We assume that the boundary velocity data satisfies
(1.2) u, € (H'*(T))?, is time-independent and satisfies uy, - & = 0, on T.

Several physical parameters appear in the model:

e In the Cahn-Hilliard equation, € > 0 stands for the interface thickness (see Fig-
ure [I.Tb), o, > 0 is the binary surface tension between the two components and
I', > 0 is a diffusion coefficient called the mobility. Moreover, in the dynamic
boundary condition, D, > 0 is a relaxation coefficient.

e In the Stokes problem, R. > 0 is the Reynolds number, p* the reference density
(the one of the heavier fluid), ¢ — p(c) represents the density variations of the
mixture (in practice it is chosen as a regularized heaviside step function such that
max p = p*), and g the gravity vector.



In order to simplify the presentation, in Sections 2, 3 and 4 of the paper all the coefficients
in the equations will be taken equal to one. The functions f, and f, are nonlinear functions
called respectively bulk and surface Cahn-Hilliard potential that satisfy the following dissi-
pativity assumption

(1.3) liminf f'(c) >0 and liminf f(c) > 0,

le|]— oo le|]— o0

as well as the following polynomial growth condition

(1.4) |fo(e)| +

for some C' > 0 and p € [1, +o0].
Observe that we can add constants to f, and f, without changing the equations. Thus,
with (I.3), we can assume that there exists oy > 0 such that

fil@l <C(A+]el), VeeR,

(1.5) fule) > aic® and  f.(c) > aic®, VeeR.

A typical choice for the bulk Cahn-Hilliard potential is the double-well function f,(c) =

(1 — ¢)? (see Figure/l.1a).

—
0 1 Interface thickness:

(a) Bulk potential (b) Interface thickness

Fig. 1.1: Double-well structure of f, and definition of the interface thickness

Let us recall that the dynamic boundary condition has been initially introduced in [24]
to describe the contact-line dynamics. For this purpose, we define the total Cahn-Hilliard
energy as the sum of the bulk free energy,

(1.6) F(c) = /Q (Zsab IVe|* + gabfb(c)) ,

and a surface free energy JF, defined as follows,

1.7 F, = J(er
(0.7 () / f.(ex)
with

(UO,w - Jl,w)c?p (SC\F - 4) + JO,w lf JO,w 2 Ul,wv

(00,0 — 01,w) Ber +1) (1 —er)® + 01,0 if 01,0 > 00,0,

(18)  filer) = {

where o ,, is the surface tension between the phase ¢ = 1 and the wall, o ,, is the surface
tension between the phase ¢ = 0 and the wall. We say that the phase ¢ = 1 is wetting
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if 01,4 < 00,u. Those formulas (see Figure are chosen in a such a way that ¢ = 0
and ¢ = 1 are critical points of f, with f,(1) = o1, and f,(0) = 09, and such that the
coercivity condition (I.3) is fulfilled.

Following Young’s law, the static contact-angle 6 (see Figure[I.2) associated with those
surface tension parameters is given by the relation

00w — 01w
Op '

cos(bs) =

c=1 c=0
01,w 00,w
wall

Fig. 1.2: Definition of the contact angle 6, case 0 , > 01,4

Fig. 1.3: Degenerate double-well structure of f,

Observe that this choice of surface potential is not exactly the same as the one in [13|
17,118l 24,136l 37]] where a cubic potential is considered (and thus coercivity assumptions are
not satisfied). As explained above, our construction retains the main qualitative properties
required for f, so that it gives satisfactory numerical results (see Section [3) while allowing a
complete mathematical analysis, which is not the case for a cubic surface potential.

1.2.2. Formal energy estimate. The previous system is built upon thermodynamical
consistency assumptions that ensure that we have dissipation of the total energy (at least
without source terms). This is a fundamental property from a mathematical analysis point of
view as well as for ensuring stability of related numerical schemes.

Let us describe here the formal computations that lead to this estimate. One of the main
achievements of this work will be to be able to satisfy such an estimate at the discrete level.

e We multiply equation by p and we integrate over . Since 9,0 = 0 on I the
Stokes formula gives,

/ (e +u- (uVe) +T,|Vpul?) =0.
Q



e We multiply equation (I.1b) by 0;c and we integrate over 2 we have,

/ uoyc = / Oy <§50b\V0\2 + E@ﬂ(@)) — §5ob/8tcanc.
Q Q 4 € 2 r

o For standard Neumann boundary conditions on ¢, the boundary term fr 0ycOp.c just
cancels whereas, in our case, the term contributes to the energy balance. Indeed, by
multiplying (T.Tg) by O;c|r- and integrating on I we get

d 3 3
a/rfs(cm) + gsast /F |8tc‘r|2 + isab/ratcanc =0.

e Let (w,pg) € (HY(Q))? x L3(9) be a solution to the Stokes problem:

—%Aw 1 Vpo =0, in Q;
divw = 0, in §2;

W = Up, onT.

There exists C; > 0 such that ||w|| < Cr[Jull /gy

Hl(Q) =
Then, we multiply equation by u — w and we integrate over €. Since divu =
divw =0inQand u —w = 0 on I" we get,

[ wvertamw) = [ (Gat—wf + 219 @=wP ) [ oga-w.

e Summing the previous four identities, and using that the convective term and the
capillary term cancel each other

(1.9) [ uve) = [ uta-ve)

we finally obtain

d

- i _ 2 _ _ 2_£ _ 2
i | (F@F@+ Gamw) == [ v = £ [ [v—w)

To conclude to the stability estimate, we have to deal with the term due to the lifting w
of the non-homogeneous Dirichlet boundary condition uy, by writing

r 2 2 2
[0 ] < IVl g+ C g [Vl -

The claim follows by Gronwall’s lemma and (T1.5).

1.3. Outline and main contributions. Since this paper is devoted to the construction
and analysis of a DDFV scheme for the previous system we shall begin in Section [2] by a
presentation of the DDFV framework we will use along the paper: the main notation and



assumptions on the meshes, the associated discrete operators and the available functional
inequalities used in this work.

In Section [3] we present the DDFV discretizations chosen for the main two ingredients
in (I.T) that is, the one for the (un-)steady Stokes problem with non-homogeneous Dirichlet
boundary condition (Section[3.T]and Appendix [A)) and the one for the Cahn-Hilliard equation
with dynamic boundary condition (Section [3.2)).

Sectiond] which is the main part of this work, is dedicated to the analysis of the DDFV
discretization for the complete problem. As explained in Section[I.2.2] it is crucial to propose
a discretization of the coupling terms that ensures that the dissipation of the discrete total
energy estimate will hold. Therefore, the first step to obtain a suitable DDFV scheme for
the Cahn-Hilliard/Stokes phase field problem, is to define DDFV operators that discretize
these terms (see Section and for which, at least in a weak sense, the suitable cancellation
properties hold. We will show how to deal with this problem when considering a standard
fully-coupled time-stepping discretization.

However, from a computational point of view it can be demanding to solve a complete
steady Cahn-Hilliard/Stokes problem at each time step since we have a very strong coupling
between the two sets of equations. Additionally, even if it is not considered in this paper, it
could be useful to use an incremental projection method (or any of its variant) for solving the
Stokes part of the system and therefore we need a more flexible time stepping method.

That’s the reason why we choose to present an alternative time splitting approach to
discretize the complete problem. The price to pay is that, even if we build discrete operators
which satisfy a discrete form of (I.9), we cannot directly prove dissipation of the energy
because of the splitting error of the time discretization. Some additional work is thus needed
and is presented in Section 4.2] where we prove existence and stability properties for the
solution of the fully discretized problem under some weak condition on the time step.

We conclude by presenting in Section [5] some numerical results that illustrate the good
behaviour of the numerical method and the influence of the dynamic nonlinear boundary
condition on the global behavior of diphasic flows.

2. DDFYV framework.

2.1. The DDFV meshes and notations. We recall here the main notations and defini-
tions taken from [6]. A DDFV mesh 7 is constituted by a primal mesh 90t and a dual mesh
<M*. We denote by 07 the boundary mesh 09U 091* (see Figs. andfor examples of
conforming or non conforming meshes).

The (interior) primal mesh 901 is a set of disjoint open polygonal control volumes K C 2
such that UK = €. We denote by 9901 the set of edges of the control volumes in 90t included
in I, which we consider as degenerate control volumes.

e To each control volume x € 9N, we associate a point z,. Even though many choices
are possible, in this paper, we always assume x to be the mass center of «.
e To each degenerate control volume £ € 991, we associate the point x, that we
choose here equal to the midpoint of the control volume £.
At any vertex of the primal control volume in 90, denoted by x .-, we associate the dual
control volume x* € 9t* which is defined as the polygon obtained by joining all the centers
of the surrounding primal control volumes. We define 9T* (resp. 9991*) as the set of all the
dual control volume such that .« ¢ T (resp. z+ € T).

We also assume, even though it is not strictly necessary, that any £ € 9t (resp. £* € I*)
is star-shaped with respect to z (resp. Ty~ ).

For all control volumes x and £, we assume that Ox N Jc is either empty or a common
vertex or an edge of the primal mesh denoted by o = «|2. We note by & the set of such edges.
We also note o* = r*|c* and £* for the corresponding dual definitions.
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Fig. 2.2: A DDFV mesh 7 made of non-conforming quadrangles

Given the primal and dual control volumes, we define the diamond cells D, being the
quadrangles whose diagonals are a primal edge o = k|2 = (xx+, 2.~ ) and a corresponding
c* = (xx,x.), (see Fig. . Note that the diamond cells are not
necessarily convex. If o € £ N 99, the quadrangle D, degenerate into a triangle. The set of

dual edge o* = k*

the diamond cells is denoted by ® and we have Q2 = Dugﬁ
€

For any primal control volume x € 9, we note:
e m, its Lebesgue measure,

o &, the set of its edges (if £ € N), or the one-element set {k} if £ € IM.

e Do ={p, €D, 0 €&

We will also use corresponding dual notations: myc«, Excx and Dy«

For any £+ € 991 we introduce the edge o~ = dx* NI and we denote m_x+ its length.
r

For a diamond cell » whose vertices are (2, Txx, X, 2.+ ) (see Fig[2.3)), we note

e m, (resp.m,~) the length of the primal edge 0 = [xx,z,~] (resp. the dual edge

o* = [xmxc]),

e ii, . the unit vector normal to o going from x to x .,



Fig. 2.3: Notations in a diamond cell

N =+ the unit vector normal to o going from zc« to .,

T« the unit tangent vector to o* oriented from x, to x .,

T = o+ the unit tangent vector to o oriented from xc« to x .+,
e m the Lebesgue measure of p.

Let us note that the following relations hold:

(2.1) 1y - Trp = Hicwps - Trerex = ﬂ and T, - Trepx = Ogwgex - Tree = 0.
MM, *
We define the set of boundary diamond cells ©.,; as the set of diamond cells which
possess one side included in 9€2; the set of interior diamond cells is thus Dt = D\ Dyt
Let size(T) be the maximum of the diameters of the diamond cells in ©. We introduce a
positive number reg(7) that measures the regularity of a given mesh and is useful to perform
the convergence analysis of finite volume schemes:

diam(xc* diam(x
reg(7) := max | N,N*, max L(),max L(),
Krems /Mix  KeMm /My
2.2)
diam(D) MM diam(x) diam(x*)
max , ax , max ———=, max ———= |,
De® /mp DeD® mp  kem diam(D) xremr diam(D)
PeD DED v

where A/ and N'* are the maximum of edges of each primal cell and the maximum of edges
incident to any vertex. The number reg(7) should be uniformly bounded when size(7) — 0
for the convergence results to hold.

In order to simplify the presentation of the DDFV scheme, we shall adopt the following
convention: for any quantity F'” that is defined on 7 (that is which belongs to R” or (R?) ",
we shall write

(23) FT = (vat7 Fvamt7 },—vm*,F‘am*)7

to identify the contributions of the different submeshes (primal/dual, interior/boundary).

Projections onto the mesh. Let us define now the mean-value projection ], whose
goal is to give a suitable DDFV discretization of initial conditions and source terms to be
used in our numerical scheme. In order to deal with non-homogeneous boundary data for
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the velocity, we shall also need a variant Iﬁ’:n of this projection with a specific choice for
boundary terms on corners of the domain.

DEFINITION 2.1. For any smooth enough real- or vector-valued function v on ) we
define the mean-value projection P, as follows

1 * 1
Pfﬁvz((/v) ) and P vz(( / v) ),
Mr JK Kem My * K*eom*
oM 1 oM * 1
P v = — [ v and P v = v .
ms, Js oem m, x* JsK*
r r K*com*

We also define IF’:;U 10 be equal to P} v, excepted for all boundary dual unknowns where we
set for k* € OM*,

~1c* {0, if i+ is a corner point of I' = 082
P, v=

* .
PX v, otherwise.

We can now introduce the two subsets of (Rz) " needed to take into account the homo-
geneous or non-homogeneous Dirichlet boundary conditions in the Stokes problem

Eo = {u-,— € (RQ)T such that ug, = O}
2.4 - o
and E,, = {uT € (RQ) such thatuy,+ =P, ub} ,

. .. =T
where uy, satisfies (1.2). Observe that we use the projection IP,,, here, so that all the corner
dual unknowns in [E,,, are set to zero, by definition.

2.2. Discrete operators and mean-value projection. In this subsection, we define the
discrete operators which are needed in order to write and analyse the DDFV scheme.

Operators from primal/dual meshes into the diamond mesh.
DEFINITION 2.2 (Discrete gradient). We define the discrete gradient operator V° that
maps vector fields of (R?) " (resp. scalar fields of RT ) into matrix fields of (M3 (R))® (resp.

vector fields of (RQ)Q ), as follows: for any diamond D € ®, we set

1 N ~
VPu, = Dy [M,(Us — W) @ g + Mo (Upx — Ugex ) @ Tgrpex]|, YUy € (RQ)T,
D
D 1 — N -
VPur = -— [mg(us — U)o + Mo (Uex — Us )Tgriex], Yur € RT.
2mop

In this definition we used the usual notation for the tensor product of two vectors a, b € R2,
defined by a® b = a’b € My (R).

DEFINITION 2.3 (Discrete divergence of vector fields).

We define the discrete divergence operator div® mapping vector fields of (R2)T into
scalar fields in R®, as follows. For any D € D, we set

divPu, = Tr (VPu,)
1
o 2mp

[m,(us — Ux) - Ao + Mos (Upx — Ugex ) - Agrpex |, VU € (R2)T.
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Operators from the diamond mesh into the primal/dual meshes.

DEFINITION 2.4 (Discrete divergence of matrix fields).

We define the discrete divergence operator div” mapping matrix fields in (Ms(R))®
into vector fields in (R?) 7, as follows. For any €5 € (M3(R))®, we set div®™ & = 0 and

. 1 .
diviio = — > m Lo figx, Yk €M,
My
oedk
DO 1 = *
div™ {p = Z Mo Ep Mgrpex, VEE* € MT,
M+
o*€oK*
. K* 1 - - «
div™ & = > My Ep Mg* e + > dis cEplor |, VE* € OM*,
Mi* \ D, «€ED i DED cxNDeat

where dy~ . is the distance between x- and z .

We can also define a discrete divergence for vector fields as follows (see [6, 9] for more
details).

DEFINITION 2.5 (Discrete divergence of vector fields).

We define the discrete divergence operator div’ mapping vector fields of (RQ)D into
scalar fields of R™, as follows

divién = (divT (t%ﬁ)) : ((1)) , Vép € (RQ)Q.

DEFINITION 2.6 (Discrete pressure gradient).

We define the discrete gradient operator N7 mapping scalar fields of R® into vector
fields in (RQ) " as follows

V7 ps = div” (ps1d), Vp, € R®.

2.3. Discrete Green/Stokes formulas. First of all, we define the following bilinear
forms. For d € {1,2} and for any u,, v € (Rd)T, Po, (o € (Rd)ij we set

1
[[UTaUT]]T :§ ( Z My (uKav}C)Rd + Z My (U)C*uv)c*)md> s

KreM c*EM*

(pDaq@)@ = Z mp (p‘Dv(ID)Wd-
DED

Since the primal boundary values of - and v, does not enter the definition of [.,.] ., itis a
semi-inner product whereas (., ), is actually an inner product. We denote by ||.|.- and ||. ||,
the associated (semi-)norms. For any ¢ > 1 we also define

1

1 1 a
||u7'||q77' = (2 Z m?C|u7€|q + 5 Z e+ u;c*q) )

S K* €M™

lurll. , = meax(max [uc], max|ue-|).
m o
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We also define two other inner products

1

aT

[[Uaﬁ'UaTHaT = 5 Z MU Ve + Z m_x* UV | Yuor, Vor € R77,
LEIM K EOM* r

(o :d0)y = Z@ mo(&p : ) Vép, ¢ € (Ma(R))?,

DE

and we denote by ||.||, and ||.||; the associated norms. For any ¢ > 1, we also set

l|uor|

1
1 1 q
gor = (5 ST omglug]? + 5 > m e u,c*|q> , Yu,r € R7.
’ LEOM

K*€oM™*

In order to state the DDFV Green formulas, we shall also use the following bilinear form

(¢©77}amz)an = % My PpVs, Yoo € RQGIt?”OﬂJI c Ragn’
DEDeat

and the following trace operators:
e atrace operator for scalar fields of R” defined by 47 : ur — (7% (us))
with

c RBEY)K

LedMm

e  +dpx « +m,
’YL(UT) _ % ,cUx ;Wb,aua m Ua’ Ve — [JUK;*,I‘L*] € oM:

o

e a trace operator for vector fields of (RQ) 0 defined as follows,

v i ho € (B2 o () s, € (RD)D

We can now state the following discrete Green formulas that give its name to the Discrete
Duality Method (see for instance, [6}[16] for the proofs).
THEOREM 2.7 (Green formulas).

For any (£5,uy) € (Mo(R))® xEq and for any (g5, v,) € (]RQ)@ xR, the following
equalities hold,
(2.52) [div7éo,ur], == (¢o: Viur) .
(2.5b) HdiVng,UTHT = - (ngDUT)D + ('79 (gm) : ﬁTa’YT (UT))aQa

. — — z)ewt
with iy = ((lxz)ccom) € (RQ) .

2.4. Discrete functional inequalities. In this section we gather without proofs some
discrete functional inequalities available in the literature and that we will use all along the
paper. We assume that a DDFV mesh 7T of €2 is fixed.

THEOREM 2.8 (Discrete Poincaré-Sobolev inequality, [7, Theorem 5.1]). Let q¢ > 1,
there exists Cy > 0 depending only on ) and q such that

lurllyr < o (Ilarl, + [[72ur | )+ vur e @)

THEOREM 2.9 (Discrete Poincaré inequality, [6l Lemma 3.2]). There exists Cs > 0,
depending only on the diameter of Q and on reg(T), such that

lur], < Cs H‘Vgu—,-‘”@ , Yur € Eo.
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DEFINITION 2.10 (Quasi-uniform mesh family). We define the number regunis(T) as
follows

Kem MMy c* cmr s

1 2 . 2
regunit(T) = sup <Teg(7'), sup size(T) , Sup size(T) ) :

We say that a family of DDFV meshes (T(m))m en S quasi-uniform if regunif(T(m)) is
bounded.

PROPOSITION 2.11. For any q > 1, there exists a constant Cy > 0 (depending on q and
regunit (7)) such that,

C
(2.6) =7 lurlly,r s Vur €RT

<
lurlloe, = size(T)

We define the primal and dual mean-values of a function 1 € R” as follows,

Moy (pr) = Z My and Mo (ur) = Z My P -
KeEM c*EML*

Observe that the primal boundary values of ;i does not appear in those definition. This is
due to the fact that boundary primal control volumes are degenerate.

The following result is proved in [[7, Theorems 5.1 and 5.3].

THEOREM 2.12. For any q > 1 there exists C5 > 0 depending only on q, ) and on
reg(T) such that

@7 el < Cs||[ VR0 | iy € RT, with Ma (1) = M () = 0.

Finally, using the fact that the trace operator is continuous from BV (Q) into L(T"), we
can use similar techniques as that in [7, Theorem 5.1] to obtain the following discrete trace
theorem.

THEOREM 2.13 (Trace inequality). For any q > 1, there exists C > 0 depending only
on q, Q, and reg(T ) such that

2.8) ltorll, oy < Co <||u7||7 + HV%TH@) , Yu, €R.

2.5. Stability estimates. We can finally prove the stability of the projections introduced
in Definition .11
PROPOSITION 2.14. There exists C7 > 0 depending on reg(T) such that
e Foranyv € HY(Q), we have

HY(Q)

2.9) IProl, + | VPRe|| < Crlel
e Foranyv € (HY(Q))? such that v - & = 0 on T, we have

(2.10) H]TD;VHT + HVZ’F’LVHQ < Cr|lvl|

H(Q) "
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Proof. We first choose if necessary a lifting of v (resp. v) in H!(R?) (resp. (H'(R?))?).

The proof of the first point is now quite standard, see for instance [6]. It is based on the
following inequality (see [[6], [19) Lemma 3.4]): there exists a universal Cs > 0 such that for
any non degenerate polygonal domain A and o one of its edge we have

1 1
@2.11) ‘/v—
ma A m,

where A is the convex hull of A.

We just focus on the fact that even the discrete L? estimate in (2.9) needs a complete H'*!
norm in the right-hand side, since we have chosen here the dual boundary values of P} v to
be defined as mean-values of the trace on I' of the function v (this is a small difference with
[6,[19] that can be handled without difficulties).

. . - =T .
For the estimate ([2.10), we observe that the difference w, = P} v — P, , v is non-zero
only on corner points of I' (and there is only a finite number of such points) and we want to

2 . 3
; <08d1am(A)

/ IVol?, Vo e H'(R?),
m,mA n

evaluate HVQWTHZ

Fig. 2.4: Case where x - is a corner point of 2

Let k* € OM* such that 2~ is a corner point of T, see Fig[2.4] We denote by 01,09 €
Eoxt = OM the only two exterior edges such that Ok~ N o; # () and we set o = o; N Kk~
i =1, 2. Thanks to (2.11)) we have fori = 1,2

2
‘ : / 1 /
vV — v
Myc* * Mg* ) g*
(2.12) P

. ~\3
SCSM/ Vv

Mo My Jiox
k2

*

< Clreg(T)) /KA V2.

Since by assumption we have v - ii; = 0 on o, we have fg* v - 1i; = 0 so that we get
i

V'ﬁi
*

Since the unit vectors 1y and fip are not colinear (because x .+ is a corner point of I"), we

conclude that
‘ ; /
Mycx Sy

2

1
Mycs

SC(reg(T))/A|VV|27 fori =1,2.
]C*

2

< C(reg(T)) /k\ vV,



14
Coming back to (2.12), we finally obtain that for s = 1, 2 we have

1
v
mo—;‘ O';k

Finally, we have that 05" = o} U o} so that w« is a convex combination of ml - fa* v and
a1 1

2

< Clreg(T)) /A oV,

*

L [ . v. It follows that
2

5 *
72

W < Clreg(T) [ V]

*

The contribution of W« in HVDWTHi is thus bounded as follows

*

m2
o [wiee|* < C(reg(T))/A Vv < Clreg(T)) VI -

D

The same estimate holds for each corner point of I" which gives the claim by summing all of
them (there is only a finite and fixed number of such exceptional points). (]

3. Separate analysis of the Stokes and of the Cahn-Hilliard DDFV schemes. In this
section, before the study of the full coupled system, we present separately the DDFV scheme
for the steady Stokes problem in a first part and for the Cahn-Hilliard equation with dynamic
boundary condition in a second part.

3.1. The steady Stokes problem. The aim of this section is to investigate the DDFV
discretization of the non-homogeneous 2D incompressible steady Stokes problem: Find a
velocity field u : 2 — R? and a pressure field p : Q — R,

—Au+Vp=f~,inQ,
divu =0, in Q,
(3.1 u=1up, onI,

.1
m(p)gﬁ/QPZO,

where f is a function in (L?(©2))? and uy, satisfies (T.2).

In the case of homogeneous boundary condition (that is if up = 0) the DDFV discretiza-
tion of the problem (in this primal form) was for instance studied in [27, [10]] (see also [35]
for the 3D case). We would like here to recall those results and to generalise some of them to
the non-homogeneous Dirichlet boundary data.

The DDFV method for the Stokes problem requires staggered unknowns. For the velocity
field, it associates to any primal cell £ € 9% an unknown value u, € R? and to any dual cell
K* € 9M* an unknown value u,~ € R2. For the pressure field, we consider one unknown
value p, € R for each diamond cell p € ®. These unknowns are collected in two vectors
ur € (R?)7, and, p, € R®.

The DDFV scheme for problem (3.1) then reads as follows: Find u, € E,, and p, €
R® such that

div™ (-V®u, + pyld) = P2f,
div™ (=V®u, + pold) = P2'F,
(-2) div®u, =0,

m(piv) = ;@ mppp = 0.
D
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This scheme is formally obtained by replacing the continuous gradient and divergence oper-
ators by the discrete DDFV operators defined previously. It amounts to integrating the mass
(resp. momentum) balance equation on the diamond mesh © (resp. on the primal and interior
dual meshes 91 and 91*), and then to approximate the fluxes by using the DDFV gradient
operator. Therefore, even though it is not clear at first sight in this compact operator-oriented
presentation, this scheme is indeed a finite volume method. The non-homogeneous Dirichlet
boundary conditions are specified on 99t and on 99* through the definition of the space
Ey, (see @4)).

The practical implementation of the scheme is straightforward: it simply consists in
making a loop over the diamond cells and to compute for each of them the contribution of the
momentum flux across primal and dual cells. Those fluxes only depend on the four velocity
unknowns and of the pressure unknown related to the current diamond cell. The source term
and the boundary data then appears in the right-hand side member of the resulting square
linear system.

For a given mesh T, the discrete Inf-Sup (LBB) constant associated with this problem is
defined in a standard way as follows

(divovr.po)
(3.3) Br= int | sup
T po €R® \ vr€Ey |HV®VTH|@ Hpg o m(pg)H@

In this paper, we assume that all the DDFV meshes considered satisfy the Inf-Sup condition
Br > 0, which amounts to say that the kernel of the pressure gradient operator V7 only
contains constants. For such meshes, it is a standard fact to prove that the discrete Stokes
problem (3.2)) is well-posed. However, the stability and convergence of such method depends
on the uniform Inf-Sup condition, that is to say that 5 must remain away from 0 when the
mesh is refined.

In [10] the Inf-Sup stability of such DDFV scheme with homogeneous Dirichlet bound-
ary condition was thoroughly investigated. In particular, it is proved that for many kind of
meshes, including non-conforming cartesian meshes or conforming triangle meshes the Inf-
Sup stability property holds, at least up to a single unstable pressure mode in some cases.

As for the continuous case (see Section @]), in order to deal with the non-homogeneous
Dirichlet boundary condition in the discrete energy estimate of the fully Cahn-Hilliard/Stokes
coupled problem, we need to introduce a suitable lifting of the boundary data. In order to
simplify the computations, we will define such a lifting as a solution to the Stokes problem
without source term.

THEOREM 3.1. There exists a unique (W, qs) € Ey, x R® solution to the following
Stokes problem:

div” (—~V®w, + golId) = 0,
div™" (~V®w, + go1d) = 0,
divPw, =0,

m(go) = 0.

Moreover; there exists Co > 0 depending on ), Br,reg(T) such that

3.4)

Iwrll, < Collupll o, and ||[Vowr|| < Colapll e, -

This result is classical in the continuous setting but its proof do not seem to be available in
the literature in the DDFV framework. We propose a complete proof in the Appendix [A]
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3.2. The Cahn-Hilliard DDFV scheme. In this section, we describe the DDFV scheme
associated with the following Cahn-Hilliard equation with dynamic boundary conditions:
Find the concentration c and the chemical potential y such that

Osc = Ap, in (0,7) x Q;
s p=—Act file), i (0,T)x
’ Onpt =0, on (0,7) x T';

Oer = —fl(er) — Ope,  on (0,T) x T,

with the initial condition ¢(0) = ¢y.

From a theoretical point of view, the questions such as existence, uniqueness and regular-
ity of solutions, existence of attractors and convergence to stationary states have been treated
(see [34, 381311 15 [33]] and the references therein). From a numerical point of view, finite-
difference methods have been implemented in [20, 21} [26] where the authors give various
numerical illustrations, without proof of stability or convergence. Convergence results and
optimal error estimates for the space semi-discrete scheme, with a finite-element discretiza-
tion, are proved in [14]] when the domain is a slab with periodic conditions in the longitudinal
direction. Concerning finite-volume methods on general grids, in [32] the author propose and
analyze a finite-volume scheme based on a two point flux approximation which is posed on
a possibly smooth non-polygonal domain. However, up to our knowledge, there is no DDFV
scheme available yet for this kind of problem.

For the space discretization, all the discrete unknowns are located on the primal and dual
meshes (namely on the centers and the vertices). For the time discretization, we set N € N*
and At = % For any n € {1,..., N}, we define " = nAt. Then, the approximation at
time t" is denoted by

c’TL:( (,LC’C)’“E >€RT and pﬁ:(((H’C)“ﬁ )GRT.

— n ) —
(C)c*>)c*esm* Hic K*em*

Contrary to the velocity/pressure unknowns for the Stokes problem here the unknowns ¢,
and - are colocalized scalar fields.

To derive a DDFV scheme for the Cahn-Hilliard equation with dynamic boundary con-
ditions (3.5)), we first adopt a semi-discrete time discretization, then we formally replace the
differential operators in the system by the discrete operators defined in Section[2.2] Here also,
it amounts to integrate the two equations on the primal and dual meshes and to use discrete
gradient operators to define the required numerical fluxes.

The additional delicate point here is the approximation of the dynamic boundary con-
dition on the boundary dual control volumes. Indeed, these control volumes have a specific
role because they are considered both as interior unknowns in the equation on the chemical
potential and as boundary unknowns in the dynamic boundary condition. Let us remark that
this is not the case for boundary primal control volumes because they only play a role here in
the discretization on the dynamic boundary condition, since those control volume are in fact
degenerate (they are edges of interior control volumes).

To obtain the DDFV approximation for the boundary dual mesh 09t*, we integrate the
equation on the chemical potential on all boundary dual cells k©* € 99* and the dynamic
boundary condition on o5~ = 9k NT.

In summary, the DDFV scheme we propose then reads, for a given initial data ¢2 € R:
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for any n, find (21, ") € R™ x R7 such that,

n+l _ .n
‘T ‘10 _ div” <v©un+1) )
At T
,yz (VDMn—&-l) X ﬁ‘r —0:
T 9
= —div™ (VR F) 4+ dP (e, i),
3.6) pitt = —div™ (Vgc?rl) + dfe (e, e,
. m n+l _ m VDanrl - +m dfb (Cn Cn+1)
o My = Z o* T o K* K* cx s Crex
Dy,ox €D pcx
vt —en
+m g S m e de (R, MY, Y € 0
op At °r
+1
Cgim _ngm _ fs(.n n+1 D D n+l =
At = —d’* (chon, Com ) =V (V Cr ) - T

Observe that, since the evolution equation for c is not discretized on the boundary primal mesh
OM (due to the Neumann boundary condition on ), we needed to use here the following
Con
notation ¢, = 0 ], for any ¢ € R”, which is compatible with the fact that we have
Conw
conventionally set div?™ = 0 (see Definition .
In the previous scheme we have denoted by d/* (resp. df<) the semi-discrete approxi-
mation of the nonlinear terms f, (resp. f’). Many choices are possible for those terms (see

[12,132]) but we decided here to consider the following one

:M and dfs(x,y)zw, Va,y, v #y,

3.7 dl(z,y)
Yy—x y—zx

which ensures automatically the stability property. In practice, the potentials f, and f, we
use are polynomial functions, thus the terms d/* and d/ are also polynomials functions in
the two variables x and y. Therefore, there is no need to make divisions in their computation,
thus avoiding numerical accuracy issues. Using the assumption (I.4), we easily prove that
dfe and d’+ satisfy, for some C' > 0,

(3.8) a7 (z,y)| + |d* (z,y)| < CA + [zP + [y|P), Ya,y € R.

Recall that the continuous total free energy is the sum of a bulk energy and a surface
energy (see Definitions [T.6]and [I.7). Similarly, the discrete free energy associated with the
numerical scheme under study is defined as follows. For any ¢ € R7,

1 2
(3.9) Frler) =3 HVQCTHQ ) Lol + I (cor)s Lorlors
—_—
=Fy,7(cT) =Fs,0m(coT)

where 1, € R?7 is the constant function equal to 1 on all the boundary control volumes and
0 elsewhere.
PROPOSITION 3.2 (Properties of the Cahn-Hilliard DDFV scheme).
Let ¢ € R7. Assuming that there exists a solution ("1, u"+1) € R” x R to prob-
lem (B.6) then the following properties hold:
o Volume conservation:

Moy (c?—‘rl) = M (C’rTL) , and Mz (0771‘—’_1) = Mgz= (chz) )
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o Energy equality:
2
Fr(ert) = Fr(ep) + At||[v2urt |
D

1 2 1 o112
+ 5 HVQ(C?H - CTTL) ’Q + E Hcg;i_-l - CgTHBT =0

We do not give the proof here because it is very similar to the proof of Proposition [4.10]
that we detail below.

Let us remark that the right hand-side of the energy equality is exactly equal to 0 because
we choose the discretization (3.7) for the nonlinear terms. As a consequence, the dissipation
of the discrete total energy is valid for all time step At. This property leads to the existence
of a solution to problem (3.6). We do not give the details since the proof can be done in a
similar (even simpler) way as the one of our main result (Theorem [4.12)) that concerns the
complete coupled system.

4. Coupling between the Cahn-Hilliard equation and the unsteady Stokes problem.
We can now enter the heart of the paper, that is to propose and analyse a DDFV scheme for
the phase-field coupled problem (I.T).

4.1. Definition of discrete coupling operators. In Sections and we have in-
troduced all the notation and tools necessary to study DDFV schemes. We also described
the corresponding discretisations of the steady Stokes problem in the one hand and of the
Cahn-Hilliard equation with dynamic boundary condition in the other hand.

The main new difficulty is to describe a suitable discretizaion of the coupling terms that
is of the advection term u - V¢ in the Cahn-Hilliard equation and of the capillary forces term
©Ve in the momentum equation.

Let us summarize the issues that we need to deal with.

e Convection term :
The velocity unknowns are located on the primal and the dual meshes but the discrete
gradient of the concentration c is naturally defined on diamond cells. Thus, we
cannot discretize the term u- V¢ by simply writing u- V? ¢, which is meaningless.
The first idea, in order to ensure mass conservation, is to discretize this term in
conservative form div(cu). The Stokes formula gives

/div(uc): > /cu-ﬁfm, / div(ue) = Y /Cu'ﬁa*x:*7
K o€k Jo K* o*EEx Jo*

and we propose to discretize those balance equations as follows

1
divy(ur,cr) = — > ¢, FI (uy), Ve €M,

My c€EEK
1

Mi* o*EE

“.1)

divﬁ*(u—,-,cT) = CU*F:*K*(HT), Vi € M*,
where c, (resp. c,~) is a primal (resp. dual) edge approximations of ¢ defined from
the main unknowns ¢ as follows

Ce +Cc Cicr + Cox

4.2 = ==t
( ) Co 2 ’ Ca 2 ?

and F7, (uy) (resp. F7. ... (u)) is an approximation of the flux [ u - fgx, (resp.

fa’* u- ﬁcr*lc*)'
Those new fluxes have to satisfy the following conditions:
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1. Conservativity:

Fro(uy) = —F"
) { () = —F;

’L(u.,—), ifo = x|z,
F:r*,)c*(uT): F7

e (ug), if o™ = xrfer

2. Divergence-free condition:

dive(u,,1) =0, Vk € M,
44 { (ur,1)

divE” (u,,1) =0, Ve € >,

Those properties imply the mass conservation property as well as the fact that the
constant pure states ¢ = 0, ¢ = 1 will be particular solutions of the convected Cahn-
Hilliard equation. This is an important requirement to ensure that the bulk phases
will be suitably computed by the coupled model.

e Capillary forces term:
Similarly we cannot simply write 11V ? ¢, which is meaningless, to discretize the
capillary forces term in the momentum equation. We shall build in the sequel an
adapted discretization of this term denoted by G7 (ur, ¢r).
We will base our construction on the fact that, at the continuous level, this term Ve
can be interpreted as the local volumic force exerted through the interface which
exactly compensate the local free energy creation due to the convective term in the
Cahn-Hillard equation.
In other words, we will try to mimick at the discrete level the following identity

/Q(H-VC)M=/Q(W0)-H,

that is to say, with the DDFV notation,

4.5) HdiV:(uTch)nuT]]T = [[gT(CT7/~'LT)7uT]]7—7
Yur € By, , Ver, pr € R7.

The construction of the fluxes F" «(uy) and of the operator G” satisfying those proper-
ties is now given in the following two subsections.

4.1.1. Construction of primal and dual mass fluxes. In this section, we shall give a
precise definition of the mass fluxes 7 (ur), F™ . (u) in such a way that (#.3) and (.4)
are fulfilled. The construction is mainly inspired by the one in [22]], even though we adopt a
slightly different point of view.

We begin with some additional notation related to diamond cells. Let p € © be the
diamond cell whose vertices are x,, x ., T+, .+ (see Figure @

o We use the letter s to refer to the sides of the diamond p. More precisely, §x,c» C 0D
is the side » whose ends are xx and x,~. We use similar notations for the three other
sides of D: S+, S5+ and S, .+

e The set of all the sides of all the diamond cells in ® is denoted by &.

e We note m, the length of any side s € & and s, the unit normal vector of s
outward to D.

For any u, € (R2)T and any side 5 = [z, 7p+] of the diamond cell, with P € {«x, ¢}
and P* € {x*, c*}, we define the flux accross s to be

- Up + Upx _,
(4.6) F (uT):ms%-nwj.

5,D
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N
N, .«,p

Fig. 4.1: Definitions in a diamond cell D € ®

Thanks to the following geometric formulas valid in each half diamond
MeNer = —Ms w0 — Mo Mo w0 = Mg w Mo T Ma s, e Dy

Mo Tycxpx = —Mgy Mg wp = Mg pnp = Mey o Ngy pup T Mg, pnMs D,
and to the definition of the discrete divergence operator (see Definition [2.3), we observe that
4 7 d D _ 1 FTr
4.7) ivPu,r = — ap(ur).

mp
sCOD

We observe now that, for a divergence-free vector field u, the Stokes formula gives

/u~ﬁ’a,c+/
o 5

We use this property (and similar ones for dual cells), at the discrete level, to define the
following fluxes

- —
u- EKK*,D+/ u‘nﬁKL*,DZO-
5

KK* Kc*

Fro(up) =—(FI . o(ur) + FL . (uy))
—(FZ_ . o(ur) + FI . o(uy)).

PROPOSITION 4.1. Let uy, satisfying (I.2) and u, € By, such that div®u, = 0.

Then, the primal and dual fluxes defined in {.8) satisfy the properties and (4.4).
Moreover, for any o € Egy, if we denote by D € D4y the associated boundary diamond,
we have

(4.8)

&
Y 3
%
=
L
I

s e

Frutur) =0 {7 (0) = el

o e (ur) = =F3 . o(ur).

We particularly emphasize the fact that, the boundary dual fluxes in the last formula are
not zero in general for, at least, two reasons: first, the normals 1, o and g o+ D A€ NOot
parallel to the outward normal to the domain, and second the interior unknown u, are no
reason to have its normal component to be zero. However, those terms will compensate each
other in the forecoming conservativity and stability computations.

Proof.
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e For a divergence-free discrete vector field, the formula (7)) implies

4.9) Fy (ur) +F; . p(ur) + ] p(ur) + F] | p(ur) =0,

Sicrc*,D

that we can rewrite as follows
F:,;C(UT) + cm(uT) =0,
but also as follows
Fl oo(ur) + FL o(ur) =0.

This is exactly the conservativity property we wanted to show.
e Let us consider a primal control volume K. From (@.I)), proving the property @.4),
is equivalent to show that

E F:,)c(u‘r) =0.

€€k

Using the definition (@.8)) of those fluxes, we arrive to

> Fr(up) == 3 (FI . o)+ FI . (ur)),

€& s€EK

where, in this sum, the diamond D is the one associated with the edge 0. We observe
now that, for each vertex x,+ of the control volume i, the side S, .+ in this sum
appears exactly twice. More precisely, we have

Y ) == N (L o(u) + FL L o(ur),
c€EEK cF e
S.tsccx €S

where in this sum D and D’ are the two diamond cells sharing the common side 5y ,c+.
Due to opposite normal orientations, we deduce from (4.6)) that the two correspond-
ing fluxes above exactly cancels, and the claim is proved for primal control volumes.
The same computation can be made on dual control volumes, by using Proposition
41
e Assume now that D € ®.,;. In that case, the diamond cell degenerates into a
triangle. It means that, in Figure the point z, belongs to 0 = [wxx, X«
Consequently, s, .~ and s, .~ are included in the edge o, which is itself included in
the boundary of €. By the definition of E,,,, of the projection ﬁ’; (see Definition
2.1) and the assumption (I.2), we deduce that F . ,(uy) = F  ,(u;)=0.
By (@.8) and the conservativity property (#.3), we obtain the last claim of the propo-
sition.
(]
To sum up, we can gather the construction of the convection operator in the following
definition.
DEFINITION 4.2 (Definition of the discrete operator div ).
We define the operator div) : (Rz)T X RT — R7 as follows. Let u, € (RQ)T and
cr € R7, then we set dive™ (ur, c;) = 0 and the other terms are defined in @1), with the

fluxes definition @.2)), @.6) and @3).
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4.1.2. Definition and properties of the operator G”. We are now in position to define
the discrete operator G7 : R” x R” — (R2)T. We recall that it is supposed to approximate
the continuous operator (c, u) — uVe, while ensuring the compatibility condition {#.5) that
is crucial to prove energy estimates (see Section4.2).

For any £ € 9 and k* € 9* such that 2, is a vertex of K, we consider the segment
§ = [z, Z,c+| which, by construction is a common side of exactly two diamonds D, and Ds.
Let iy, p, the unit normal across s oriented from Dy to Dy and ., , T (resp. T.,, 335;) the
other vertices of Dy (resp. D2). With those notations, the primal (resp. dual) edge of D; is
0; = [T, 200] (tesp. 0F =[x, x,]), see Figure

For any ¢, € R”, we define

ms

— * m —
(4.10) gs(cr) = 7(@,2 — ¢, )Tp, p,, and gg(cr) = f(ca* — Cox)ip, b,

2
We recall that we choose to define the edge approximation of ¢ by (4.2)), so that we can
rewrite the terms above as follows

ms

gs(cr) = 7(052 - 051)ﬁD11D2’ gs(cr) =

4

(Caz — Cex )ﬁvl,vg y

but @.10) has the advantage that each term can be computed diamond cell by diamond cell,
just like the all the other terms in the assembly process. Moreover (.10) can be used with
any other approximation of the terms ¢, and c,- (with some upwinding for instance).

€L p*
E'l

Fig. 4.2: Notations for the construction of G7

DEFINITION 4.3 (Definition of the discrete operator G7).
For any cr, i+ € R7, we set G°™ (¢r, ur) = 0 and

1 *
G (cr, pr) = . E G5y (cr)px + Gs o (er)pxs, VEEM
FEM*
St S €S

. 1 . —
G~ (cr,pr) = Z sy s (er)px + G5y po (Cr) e, Vir € M*.

reM
St S €S

PROPOSITION 4.4. The operators div] and G defined above, satisfy the compatibility
property @.3).
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Proof.
From (@) and (@38) we have
LK ™
myedivy (ur,cr) = > caFm,C(uT) = Z Jseres (€7) - (W + W),
78K k€N
St S €6
s K _ T _ *
my=divy (Ur,cr) = > ¢ Fl jo(uy) = Z Gs e (€7) - (Wi + Usex).

o*EE cem
S.L S+ €6

Multiplying by px and pc~ respectively, and summing the results we exactly obtain

. 1
4.11) Hle:(uTacT)7/J/T]]7— = ) Z MU - g’C(C%MT)
reM

+ Z M+ Upcx - g)c*(cT, ,U/7'>7

K*eM*

which proves the claim.
(]

We prove now some properties of the operator G7 that will be useful in the stability
analysis of our numerical method. We first observe that, provided that u; is divergence-free,
adding constants to £, does not change the value of [G” (cr, jt+), us] .. More precisely, we
have

LEMMA 4.5. For any u, € Ey, such that div® (ur) = 0and for any pr,cr € R” and
a, B € R we have,

[[gT(cTa /77/')7 uT]]T = [[gT(CTv :LLT)7 uT]]T 9
where we define pr € R” as follows,

e = pe +a, VK€M

(4.12) o L
and [ = e + B, VE* € IM*.
Proof. Thanks to Proposition .4 and to the bilinearity of G7, we have

[[gT(CT7 ir), U-THT = [[gT(CT7 Hr), uT]]T + [[diV:(uTa Cr)s o — MT]]T .

It remains to prove that the last term in the right hand side of this equality is zero. The
definition of /27 and the one of div) (see [@I)) give

. N a .
[[le:(u‘l'a cT)?/J'T - MT]]T 25 Z Z CUFU7;<(UT)
KEM oEEK
B

+o NS PR e(ug).

K*emx oF €

By using the conservativity property (@3 as well as the boundary conditions for u, (see
Proposition 1), we get

Yo FT (ur) = > Cs (F(:,C(u.,—) + F::a(u‘l’)) + > Pl (ur)=0.
KEM sEEC o=K|LEEint o=LEEcqt
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Similarly, the definition of the fluxes flux F. . and the conservativity property leads to

> > B e (ur) = 3 con (FL - (ug) + FJL Lo (ur)) = 0.
K*GWU*E&'K* DED

The claim is proved. U
PROPOSITION 4.6. Let T be a DDFV mesh of ), and q € [2,+00]. Let p € [1,2] be
such that
1 1 1

- = — 4 —.
p 2 q

There exists C1g > 0 depending only on reg(T) and q, such that
||QT(CT,/~LT)||p,T <Cuo HVQCTHQ ||NTHq,Ta Ver, € RT

Proof. We assume that ¢ < +o0; the case ¢ = +o0 is a straightforward adaptation of this
case.

Thanks to the definitions @.2)) of ¢, and ¢, and Definition [2.2] of the discrete DDFV
gradient we can write, using the notation of Figure[d.2] the following formulas

m5 D — D — —
gs(CT) = 4 (maé‘v *cr - Trxee — mo‘i‘v ter TK',L;[)nDl,’D27
m
* S D — D — —
galer) = e (M, VP2er - Trwpry — My, VP Cr - Trroxy )lp, b,
It follows that

max(|gs(cr)l,19s (cr)|) < C(reg(T))(mo, VP er| + mop,|VP2er]),

and thus, by definition of G7 we have

1 )
G (cr )l < Clreg(T))— 32 (Mo, [VP er| 4 mop, [V72er|)([puc| + [
K * *
s.tfcs,f,?ztEG

),

By using the definition of reg(7) we see that

S mp < C(reg(T))mye, Ve € M.

DED

and therefore, the Holder inequality with the exponents 2, ¢, p/(p — 1) gives

p

1-1 1
1G5 (7, )| < Clreg(T)) 22 < > mDIVDcTZ)

My EDx

Q=

X | muc| |+ > My | e |4
£ em*
S.t S €6
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It follows

mx|G* (cr, ur)|P < C(reg(T)) ( > mD|VDcT|2>

DED

X | mue|p|? + > My | e [
e
S.L S+ €6

Summing those inequalities for £ € 21 and using once again the Holder inequality with
exponents 2/p and ¢/p we obtain the claim.

A similar computation on the dual term G*” (¢, i) concludes the proof. (]

By combining Propositions [4.6] [2.11] and Theorem 2.12] we easily obtain the following
corollary.

COROLLARY 4.7 (Estimate of the operator G” in the quasi-uniform case).

Let T be a DDFV mesh associated with S, for any o > O there exists C11 > 0 depending
only on the uniform regularity of the mesh regyir(T) (see Definition , Q and o such that
forany ¢ € R7, pur € R7 satisfying Moy, (117) = M= (1) = 0 the following inequality
holds,

Ci
<z
T T size(T)“

1G7 (e, )l Voer

VQN'TH .
D

D

4.1.3. Consistency study. Here, we will show that the operators diVZ; and G7 are con-
sistent in a suitable sense. o
For any smooth u : © — R? we note u$® € (R?)” the vector such that for any x € 90,
us® = u(zy) and for any k* € I*, uS% = u(w,c~).
In the same way, following @.2), for any smooth ¢ : 2 — R and for any primal (resp. dual)
edge o (resp. o*), we define
exr C(‘rﬁ) + C(xﬁ)

= ————— and ¢ :=
9 -

c(aes) + c(@e-)
5 .
THEOREM 4.8 (Weak consistency of the operator div ).

Assume that u and ¢ are smooth enough and satisfy u - @ = 0 on T, then there exists
C12 > 0 depending on u, c,reg(T ) such that

> < Chosize(T),

L) — [ ew)uo) T

( 1
max |\ —
ocef \m,
1

max CEIFT (uS) — c(z)u(z) - Mgx e

max (|t ) - [ caute) e
Proof.  Thanks to the definitions of u5* and of the mass flux F7 . (see (#.8)), the Taylor
formulas written at any point & € o = k| € ;¢ imply,

) < Chasize(T).

Fre(ush) = — (Masy o oy o+ May o Ths oo ) - (@) +m, O (size(T))
=m,u(z) - figx +m,O (size(T)).
In the same way,

¢ = c(z) + O (size(T)?),

o
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and therefore
T () = mc(x)u(@) - g +m,O (size(T)).

By integration with respect to  on o, we get

m

TFT (uS) - / c(z)u(zx) - Agdo(z)| = O (size(T)).
o g
A similar computation for dual edges concludes the proof. U
As far as the operator G7 is concerned, we can prove the consistency for divergence-free
velocity fields. In other words, we deduce that G7 (¢, 111) is a consistent approximation of
the term pVc up to a pressure gradient term.
THEOREM 4.9 (Weak consistency of the operator G7).
Letu:Q — R%2andc,pu : Q — R be smooth functions such thatu - = 0 on T and
divu = 0, then there exists C13 > 0 such that,

197 (5, 17), w2, — (- Ve, w)| < Cugsize(T).
Proof. Thanks to the compatibility condition {.3) (see Proposition[#.4), we have

(- Ve, )= [67(¢5 157) u ] | = [{div(ue), ) — [div (us?, e57), 5]

1
<= /udiv(uc)— S myedivy (uS, 57 ) ()
2 Q KeM
1 *
+ = /udiv(uc)— S me-divy (U, ¢S ) (e )| -
2|/a K*eM*

Let us deal with the term concerning primal control volumes. Theorem [4.8]and the Stokes
formula implies that

Snn =

[ mdivtue) = 5 mediv (s, e5)a(e)
Q reM

5 ) 5 ([ w o — e mr )

KEM o€k o

Ly /}C (u(a) — () div(uc)

KeEM

Using the conservativity (#.3) and that for any boundary edge o € Ecu, fo_ cu- Mg = 0and
FT,(uf¥) = 0 we have

S| S tutre) o) (f w0 ‘
+ 5 [ 1) = e dive)

<Csize(T) IV Al o oy + 512(T) [Vl o 1 liv(uc) |

L)

which proves the required estimate for this term.

A similar computation for the term concerning dual control volumes completes the proof.
O
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4.2. DDFV approximation of the uncoupled scheme. A similar derivation as the one
given in Sections [3.1] and [3.2] and the definitions of the discrete coupling operators given in
Section[4.1] allows us to give the DDFV scheme associated with problem (L.T).

However, we want to use a time splitting algorithm that let us solve successively the
Cahn-Hilliard and the Stokes part of the system. This is an important requirement since it
allows the use of efficient and specific solvers for each of the two systems (we can think of
the incremental projection method for the Stokes part of the system for instance [29} 30]).

Here is the uncoupled numerical scheme that we propose to analyse in the sequel of the
paper:

Step 1: Resolution of the convected Cahn-Hilliard equation with an explicit velocity field:
Let (c?,u2) € R7 x Ey, be given, find (¢!, u2+1) € R” x R7 such that

cn+1 _ Cn

(4.13a) T"Ttm—&-divz(ui ) — div (V2 ust) = 0;

4.13b) (2 (VPurth) iy = 0;

(4.142) quzﬁ«kl _ div™® (V’D n+1) + dfb( n C’ngrl)7
(4.14b) pott = — div™ (Vi’ )+ dl (e, Y,
@.140) |meprit=— ¥ o VP e+ mpeed (el
Dy o E@,C*
v — e,
e X L bm e dl (e e, VKt € O
or At T

CQ;I _ Cdﬁﬁ f n+1 D D n+l =

(4.14d) T +d Q(Cam, Com ) + v (V Cr ) -n, = 0.

Step 2: Resolution of the Stokes problem with the capillary term computed with up-to-date
approximations of ¢ and .
Let (¢, unt ul) € RT x R7 x By, be given, find (u2t!, p2tl) € E,, x R®

such that
ulgfl;rl 7un D n+1 e n+1 wm/ n+l  nt+l n+1
(4.152) T div™(VPul™) + V7p™ = G (e, pw ) + ples g,
up it —ul. D 1 * nt1 1 1 1
(4.15b) { = —divT(VEuR ) £ VTP = (T pr ) 4ol e,
(4.15¢) | div® (ut1) =0,
4.15d) (m@2t) =o.

Let us remark that, because of the explicit discretization of the velocity in the convected
Cahn-Hilliard equation (which is mandatory to ensure that the two steps are uncoupled) we
do not have cancellation between the convective term div, (u2, ¢"*1) and the capillary term
G7 (en L 1) despite the fact that the compatibility condition holds. Thus, some
additional work is needed to achieve a useful discrete energy estimate. Let us first compute
the total a priori energy equality for the full discrete problem.

PROPOSITION 4.10 (A priori properties). Let w be the lifting of the boundary data
defined in Theorem

For any ¢ € R7,u2 € E,,, if there exists a solution (¢t yntt untl pntl) ¢

R7 x R” x Ey, x R® to the problem @13)-@.13), then the following properties hold
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o Volume conservation:

(4.16) My, (571) = My (¢}), and Mg (37) = Mg (c}),
o FEnergy equality:

(Frter ) + 2 gt w2 ) = (Frten) + L uz = v

e s,

1
gt =+ R e+ g e - il

=At [[gT n+17ug+1)’ :+1 _ u?_ _ WT]T + At [[ ( n+1)g7 _ W‘I']]T'

Proof. The volume conservation property comes from the flux conservativity and the bound-
ary conditions as stated in Proposition @1}

To prove the energy equality, we first consider the inner product in R” between equation
(@134) and p*!. Thus, using the Green formula (2.3B) associated with the homogeneous
Neumann boundary condition (#-13b), we get

2

@17 et = et A fdivy (et wp L+ A 9Pt <o
D

Then, we multiply all the equations (#-14a) on the interior primal mesh by "< (¢! — cit),

all the equations on the interior dual mesh @#.14b) by T (epdt — ) and all the equations

on the boundary dual mesh @14d) by 2 (c'#" — ¢2'.). Summing all the resulting equalities,

we obtain

1
2 > e VPG g (G — )
K*EIM* DED jox ND et
— [T (VR et ] [df (e, ettt — e
(4.18) 1 ]
- [['MTL+1’ C7Tl+1 - CT]]T + TAL‘ ;c*ezagm* m"r)c* (Czjl - Cﬁ*)

1
+3 e%:m m F,C»«dfs( n e (et —en) =o.
o EFome

Now, we have to take into account the dynamic boundary condition on the boundary primal
mesh. To this end, we multiply all the equations on the boundary primal mesh {.14d) by
= (en*1 — ¢"). Summing up over all the boundary primal control volumes, we have

L L L’L L L

1 1
m, (cn+1 _ cn)2 4= Z madfs( n n+1)(cn+1 _Cn>
t céom 2 o

(4.19)

1 N
+= Y m VP i (2T =) =0.
2 DED cxt

We observe that for any v € R7, g € R®e=t we have

d)C*,[,vaIC* = Z (dK*,LU)c* + dL*,LUL*)£D~
K*EOM* DED jox ND et DEDeqt
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Applying this equality to the functions v, = (2™ — ¢2) and &p = v° (V™) - iy and
summing equations #.18)) and (.19), we obtain

T (TP -]+ (o (TP o (7 - ),
(4.20) + H:dfb rTz, n+1 )¢ n+l T]] _ [[Nnﬂ7 n+l THT

+ A+ ch—H BTHBT + [[dfs (CZT, Cg;—l)a ng:l - CZTHQT =0.

The Green formula (2:3b) gives,

1
qap  (TENTIE ), - Bl g -l
[[dfb( 1;+1 7 n+1 T]] [[de Cor> g;!—l)’ 1;7—1—-1 _caT]]DT'

Summing equations (@.17) and (@21)), using the relation 2a(a — b) = a* — b* + (a — b)* and
the definition (3.7) of the nonlinear terms d’* and d’s we deduce

2
Forleth) = Forlep) + At |02 "“H Hvi’ (et =)
(4.22) 1
+ x5 st - |2+ At [div](u, i), i) =o.

We concentrate now on the Stokes part of the system. We multiply the mass balance
equation in the interior primal cells @.13a) by m,(u2™! — wy) and we sum up over all
the interior primal control volumes. Then we multlply all the equations in the interior dual
cells (@I3D) by mc- — Wy~ ) and we sum up over all the interior dual control volumes.
Summing these two equatlons and noting that by definition of the lifting w, we have u2™* —
w € Eq we obtain,

[t —uZ w2 —w, ], — At [[le (V?® uth) utt - WT]T
(4.23) +AL [Vt ultt —wo ]
= At [[QT( LR AR VLA W-,-]]T + At [[p(ci‘“)g7 uztt - WTHT.
Since (W, ¢o) is solution to discrete Stokes problem (3.4), we get:

o
= — [div7 (V2 (uitt —wr ), ub ™t —wr ]+ [V (et —go),u™ —wo] .

— [divT (VR w4 [Tt w, ]

Using again that u™* — w.. € Eg and that div®ut! = div®w., = 0, the Stokes for-

mula 2:33) gives
2
ATV - w)) o] = [ |
D
and [V7 (st —go)ur —wo] = = (divo (™t —wo) pit —g0) =0,

Finally, writing u*! — u = (u®*! — w,) — (u — w,), equation [#23) leads to

1
5 st — w2 - 5 s — we||7
@ e w4 A vt w)|
D

= At [GT (e ) Wt = wo ] At [p(cr g uitt —wo]
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Thanks to the compatibility condition (&3)) we sum equations (#22)) and [#.24) to conclude
the proof. O

LEMMA 4.11 (Initial data). Let ug € (L?(Q2))% ¢ € HY(Q). For any DDFV mesh T
on (), we set

4 =PTco € R7, ul = (P2uo,0,PZ% up,0) € (R?)”.
Then, for some C14 > 0 depending only on reg(T), f, and f,, we have

Fr() < Cua(1+ [leollZEL,), and [[ul], < Cua Jluol

H(Q) L2(Q)

| Mo () |+ [ Mz (¢5) | < Cua ol 1 -

Observe that the boundary values for the discrete initial velocity are taken to be O here
even though we consider non-homogeneous boundary data for the velocity. Actually, it can
be checked that those values are not used in our scheme.

Proof. Thanks to definition (3.9) of the discrete energy F, and growth assumption (T4) we
have,

ﬂ(cns%Hv%&”i+c(|n|+\<cg|\P+1 ) (T + 12 7, )

p+1,7 p+1l,07T

Proposition m gives the bound on the discrete H! semi-norm of ¢! and for any ¢ > 1
definition of %, the Jensen inequality and the trace inequality get

e g < N6l a ) + Clreg(T))size(T) [ L,

L1(Q)
< HcOqu(m + C(reg(T))size(T) HCOHZﬂ(m ,

that gives the bound on Hc and on the mean-value of ¢. Similarly we obtain the

g)—Hp+1,7'

bound on ||c)|| and so the bound on the discrete initial energy.

p+1,6T
Finally in the same way, definition of u and especially the fact that u2 is chosen equal
to 0 on the boundary mesh 07 and the Jensen inequality give the bound on the velocity. [
THEOREM 4.12 (Existence of a family of solutions and energy inequality). Let T be a
DDFV mesh associated with €, ¢® € H*(Q), ug € (L*(Q2))? and o > 0.
There exists v > 0 depending only on regunis (T ), B7, o, and on the data of the problem
such that for any At < ~size(T)® there exists a solution

() 1<n<ns () 1<n<n, (W) 1<n<n, (P8)1<n<n) € (RT)V X (RT)V x (Ey, )V x (R®)Y

to the problem @13)-@13) associated with the discretization of the initial data ¢%, u% as
introduced in Lemma

Moreover, for some My > 0 depending only on regunit(T), B+, o and the data, we can
choose such a solution so that the following bounds are satisfied

N-—1 2 2
(4.25a) > At (H“TTLHHQT i HVQMZHHD I Wv@ugﬂ ) < Mo,

D

2
>§M07
D

(4.25b) sup <Hc?||2T + HVQC?.
n<N

(4.25¢) sup [[u|? < Mo,
n<N
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and

n+1
CdT - CBT

(4.25d) Z At

REMARK 4.1. Observe that, on a quasi-uniform mesh family and provided that the time
step is suitably chosen, this theorem gives uniform bounds on :
e the discrete L>°(0,T; H' () norm of the order parameter c,
o the discrete L?(0,T; H'(Q)) norm of the chemical potential p,
e the discrete L>°(0,T; L*(2)) N L?(0,T; H () norm of the velocity field u,
the discrete L*(]0, T[xT') norm of the time derivative of the trace of c.
Those bounds correspond to the natural energy space a priori estimates for the PDE system
(T1) we are interested in.

At least for a linear dynamic boundary condition, those estimates are sufficient (along
with compactness) arguments to prove the convergence, up to a subsequence, of the approx-
imate solutions towards a solution of (I.I)). We do not give the details here and we refer for
instance to [|14)132)].

Proof of Theorem@.12]  In this proof, all the constants M;, i = 0, ... are supposed to depend
only on regunit(7), B, co, Ug, and .

For any ¢ € [0, 1], we denote by (Ps) the same problem as @.13)-(@.15) where we added

a factor ¢ in front of the nonlinear terms, namely:

e in front of div, in (#13a),

in front of d’* in m (@.14b) and @.14c),
e in front of d/s in @ 14d) and {@.14d),

e in front of G7 and pg in (@.15a) and @.15b).

The total discrete free energy naturally associated with the modified problem (Ps) is then
defined as follows

426)  Fo(cy) = Hv%TH +0[fo(cr)s 1r], + 0Lf.(Com)s LorJors  Ver € RT.

Using a same computations as in Proposition we get that any solution of (Ps) satisfies
the following energy equality

n 1 2 n ]. 2
(Foery g gt = wel2 ) = (F5e) + 5 o — w2 )

war[vRsn | aroP st -l g st - usl
4.27) 1
Sveer el + 5 e - e,

=AtS [[gT n+1,,u?+1), ¥+1_u$_WT]}T

+ AtS [p(cit g, utt — WT]]T

For My > 0 and C'r o: > 0 given (to be determined later), we introduce the following a
priori bound on the pressure

(4.28) sup [[p5 |3 < Croat,
n<N
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and the set
K= {((C’#)m(u?)m(U‘%)n,(pZ)n) € RN x RT)Y x (By,)™ x (RT)Y

that satisfy the estimates (#.23) and @}

The set of equations (Ps)s forms a continuous map with respect to all the variables -
including ¢ - and the problem we initially want to solve is simply (P;).

The Brouwer degree theory will let us conclude to the existence of at least one solution
of our initial problem in K if we manage to prove that

(a) For § = 0, the linear problem (FPp) has a unique solution in K.

(b) Forany ¢ € [0, 1], (Ps) has no solution on 0K
Observe first that if § = 0, up, = 0, ) = 0, up = 0, then @27) implies that ¢ = u? = 0
and u = 0 for all n. It follows that V®p? = 0 and thus p? = 0 for any n. As a
consequence, the only solution of the homogeneous linear problem associated with (P) is
zero; this proves that (Py) is well-posed. The estimates given below will clearly show that its
solution belongs to K and thus the property (a) is proved.

Let 6 € [0,1]. Let us assume that there is a solution of (P5) in K. We are going
to show that (for a suitable choice of Mj and C'- a+) this solution necessarily satisfies the
same estimates as (#.23)) and (@.28)) but with strict inequalities. This will obviously imply the
property (b).

We begin with the study of the first term in the right hand side of #.27)

[07 (5t =y = ver]

— At HQT( n+l’u7’;+l), ngl _ 112—]] — SAt H:gT n+17//TL+1 WT]]T

Thanks to Lemma4.3] the Young inequality and since § < 1 the first term in (#.29) satisfies,

(4.29)

2

1
SAt [[gT(C¢+1 'un+1)’un+1 _ uz’l—:HT < Z ||ur71—+1 —u® 4 AtQ

). L+ Aot )

HU‘T

T

where 2! is defined by @12)) in such a way that M,y (ﬂTH) = Mg (;ﬂ;*l) =0.
Applying Corollary [4.7] (with /2 instead of «) and using bound @ we get

2 2 A 42 —
C# At 2
A2 |lG7(en+t < i v n+1H v ot
GHET )| = e IV o |V AT,
CH Mo At? o, nt ?
size(T)* °
, size(T)“ —— .
Thus, if At < Aty = , noting that v? p"Jr , we obtain
40121M0 o ®
n n n n 14 D n 2
(430) SAL[GT (M, ), untt - wr] < 1 ||u LY [l ‘V l‘THH@

As far as the second term in (@.29) is concerned, we use Lemma [4.3] the Holder inequality
and Proposition [£.6|to obtain,

[[gT n+1,/£?—+1 WT]] <HgT ”Jrl,u;L—Jrl H4/3’7— ||W7‘||4,T

n+1

<cufven] i

[wrlly -
-
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Thus thanks to Theorems 2.8} 2.12] and [3.1] we have

[g7( ot nth, WTHT < 205C5C9Cho ||upl| 12

w72, o=,

Using the Young inequality, we deduce
AL[G7 (cnt, it WT]]T < HVQMTHHD

2
+AACECECECH b e ey Vo |
D

()

1
Let us set Cy5 := 4C3C2CECE, if we choose At < Aty := ——————— we have,
8C1s HubHHuz(F)
2
A5 [GT (¢t Wr]] < HVQ n+1H va(cgﬂ — )
4 D
(4.31) ,
+ 2C45 ||ub||H1/2(F) At HVQC?’H

D
Finally, since u*! — w. € £ we can use the Poincaré inequality and the Young inequality,

so that the last term in the right hand side of @[) satisfies

2 2
(432) §At [p(ci g udtt —w,] < mv@ )|+ ol gl

=

Gathering estimates (4.27)-(4.32) and assuming that A¢ < min(At¢;, Ats), we have obtained

n 1 n 2 n 1 n 2
(Foer) + 1 gt - wT||T) - (fiw oL = w2

e+ Y e v i

(4.33)

2
+ i [Vt —en| + Ait lentt = e ||

C3 2 2 2
<AL ol Il + 208 b e e, At ]|V

Setting E" = Fo(c) + & |luk — W7-||i, and using (T.3), we have proved that

Bt - pr < aE IIPIILoo lgl” +4CT; [lun | 51z ) ALE™.

From the discrete Gronwall lemma, we deduce that, for all n,
2
< (B + 7 ol g2 T

By Lemma4.TT]and Theorem 3.1 we have

+1 2 2
E° < Cra(1+ [leoll?i ) + Coy woll ;2 o) + C5 s[5, -

All these estimates show that, for some M; > 0, we have

(4.34) sup (Hv%z

2
AT ETA
n<N B
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Coming back to (#.33)), we find that for some M> > 0, we have

n+1 n
COT C(’)T

(4.35) NE (AtHv’D n+1H + At H‘v’ﬁ n+1m + At A

n—=0

2
) <M.
oT

Observe next that the volume conservation property @.16) still holds for the problem (Py5),
so that with LemmaF.1T] we obtain that

sup (1M ()] + M= ()]} < Ci ol -
n<N

Therefore, we can deduce from Theorem [2.12]that, for a suitable M5 > 0,
(4.36) sup ||c||2 < Ms.
n<N

We shall now estimate the primal and dual mean values of the chemical potential. By
summing the equations (4.14a)-(@.14d) of the problem (Ps) with suitable weights that are
respectively the measures of the primal edges and the measures of the boundary primal edges,
we obtain

Cn‘-i-l —cn
MSD? (/1'771‘4_1) = 6M (dfb( £m7 ;3;1—1)) + 6M8932 (dfs( amﬂ g;l)) + Mawt ( S At aim) .
Similarly, by summing the equations (#.14b) and with the corresponding weights, we
get

Cn—i—l e
(A (e, 2E)) 0 Mo (A (e, i)+ Moo (mTtm>

Using the Cauchy-Schwarz inequality, the property (3.8), the trace theorem[2.13] and the
bounds #&.34),#.33)), (#.36), we deduce that, for some M, > 0, we have

M (1) = 6 M=

N-1
(4.37) ZO At(| Moy (241 [ 4 [ Mz (1) 2) < M.

With (@33)), @-37) and the Poincaré-Wirtinger inequality given in Theorem [2.12] we finally
obtain for some M5 > 0, that

a2 < 0

Finally, for any v € E, we deduce from the momentum equation, that

it [uptt — uf,‘.,vT]]T - (Vf’u“'*'1 : VQVT)Q

+6 [[QT( LARNTIARS S VTHT—F(S [( n—H)g»v"'ﬂT

2V M Cn
<
_( N TV +||p||m|g|) vz,

-
L 7,

HvT n+1 VT]]T _

Using that m(p™*1) = 0, the Poincaré inequality (Theorem [2.9), and the inf-sup inequality
(3:3), we obtain the bound {@.28) with a strict inequality, provided that C a; is chosen large
enough.

To conclude the proof, it is enough to choose a M satisfying

My > maX(M1 + M3, My + M5)
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5. Numerical results. We present now two different simulations so as to illustrate the
influence of the dynamic boundary condition on the evolution of such a two-component
phase-field model.

For all the simulations below, we consider the following set of parameters taken from
the benchmark proposed in [[1]]: the binary surface tension o, = 24.5 and the bulk mobility
I', = 10~ for the Cahn-Hilliard model. With regard to the Stokes model, we choose the
reference density equal to p* = 1000, the Reynolds number R. = 100 and the gravity
g = —0.98ey. In each case, we use the following visualisation rules.

e We plot the isolines ¢ € {0.1,0.5,0.9} of the order parameter with black lines to
represent the interface position and its thickness;

e The zone where ¢ = 0 is filled in gray, whereas the zone where ¢ = 1 is left in white;

e We finally plot uniformly distributed isolines of the stream function with thin grey
lines.

5.1. Falling drop on an inclined plane. The domain 2 is the rectangle |—0.5, 0.5[x]0, 2|
that we incline with the angle o = 70° with respect to the horizontal axis. We consider the
homogeneous Dirichlet boundary condition for the velocity: uy, = 0. The interface thickness
is € = 0.05 and the density function p is such that p.—; = 100 and p.—g = p* = 1000.
At time ¢ = 0 the velocity is zero and the initial concentration for c is a drop placed on 02,

namely:
co(w,y) = % (1 — tanh <\/(a: — 370)(2).;-1(55_ Y0)? — R)) 7

with (29, y0) = (0.35,—0.5) and R = 0.25. The time step is At = 1073, the final time
T = 10, and we represent the solutions at times ¢ = 3 and ¢ = 10. The primal mesh is made
of conforming triangles whose maximum diameter is approximately equal to 0.03. Note that
the maximum diameter of dual cells is around 0.015.

We observe the influence of two different parameters which appear in the dynamic
boundary condition: the static contact-angle 6, (that we choose equal to % or 2?”) and the
relaxation coefficient D, (that we choose equal to 0.05 or 5).

We observe the following facts:

e For a fixed static contact-angle (65 = 2?” here), when D, = 5 (see Fig.nd

the velocity of the drop is lower than for D, = 0.05 (see Fig.[5.1b|and [5.2b).
This phenomenon is the one expected for the chosen dynamic boundary condition.
Indeed, in the asymptotics D, — 400, the boundary condition becomes ;¢ = 0
on I and thus, the values of the order parameter on the boundary should not depend
on time. This would imply, in this limit, that the interface do not move.

e Conversely, for the same fixed static contact-angle, when D, = 0.05 (see Fig.[5.1b]
and[5.2b) we observe that the actual contact-angle between the wall and the interface
is established almost immediately to the given value of the static contact angle at the
beginning, contrary to the case where D, = 5 (see Fig. and where we
observe different contact angles at the front and at the back of the drop.

Again, this is in accordance with the structure of the dynamic boundary condition.
Indeed, in the limit D, — 0 the boundary condition becomes 0,¢ = —f/(cr),
which is built so as to impose the contact angle to the prescribed value.

¢ In any case, when a steady state solution is reached, the interface position satisfies
exactly the required static contact-angle ;.

5.2. Driven cavity. Here the domain (2 is the unit square ]0, 1[%> and the simulation is
performed on a non-conforming cartesian mesh (see Fig. [5.3a) whose maximal diameter of
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@) D, =50, = 2¢ (b) D, = 0.05,0, = 2° (© D, =0.050s =%

Fig. 5.1: Solution at time ¢t = 3

@ D.=50,=72% (b) D, =0.05,05 = 2F (¢) D; =0.05,0s = %

Fig. 5.2: Solution at time ¢ = 10

control volumes is around 0.028 (and 0.014 in the finer area). The interface thickness if fixed
at ¢ = 0.04, the relaxation coefficient is equal to D, = 0.2 and the density function p is
constant so that buoyancy effects are neglected here. At initial time, the fluid is at rest and
half of the cavity (the top part) is filled with the phase ¢ = 0 whereas the other part is filled
with the phase ¢ = 1 (see Fig.[5.3b). Two different values of 6, are considered to model the
fact that the wetting phase is either c = 0 or ¢ = 1.

The non-homogeneous Dirichlet boundary condition chosen for the velocity (which gen-
erates the flow) is up, = (4,0) on the top side of the cavity and up = (0, 0) elsewhere.
Observe that this boundary data is singular at corner points so that it does not satisfy the reg-
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ularity assumption (1.2) but it would be easy to propose a regularized version of this data and
the results will be qualitatively similar. Actually, the refinement of the mesh near the corners
is also chosen so as to take into account those singularities.

(a) Non-conforming mesh  (b) Initial concentration

Fig. 5.3: Primal mesh 90t and initial data

(@) Timet =1 (b) Time t = 2.5 (c) Time t = 8 (d) Time t = 15.5

Fig. 5.4: Solution for §, = 2F

(a) Timet =1 (b) Time t = 2.5 (¢) Timet =8 (d) Time t = 15.5

Fig. 5.5: Solution for 6 = %

We observe that, from the very beginning of the simulation (see Fig. [5.4a and [5.53)), the
solution advances in such a way to satisfy the prescribed contact-angle, since D, is small.
Then, the solution evolves very differently depending on which of the two phases is wetting:

e When the phase ¢ = 0 is wetting (that is, with our convention, ;, = 2?”, see Fig.,
there is a competition between the effects of the rotating flow and the fact that the
gray phase is preferred by the wall.
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e When the phase ¢ = 1 is wetting (05 = %, see Fig. @) there is no more competi-
tion.
In both cases the steady-states achieved are similar (with of course the phases ¢ = 0 and
¢ = 1 that are exchanged so that the wetting phase is in contact with the boundary) but the
dynamics is different.

Appendix. The DDFV method for the non-homogeneous Stokes problem.
We gather in this appendix the main results concerning the DDFV approximation of the
non-homogeneous Stokes problem. In particular, we aim at proving the lifting theorem [3.1]
LEMMA A.1. Let uy, satisfying and v € By,, then m(div®v,) = 0.
Proof. By the Definition[2.3] we have

2|1Q|m(divev,) = Z@ (M, (Ve — Vi) - Box + Myx (Ver — View) - Borpen ]
DE

We can rewrite this quantity as sums over the primal and dual unknowns as follows

21Qm(divivy) = — 3 vi ( 3 m‘,ﬁa,c> + Y m,ve - fer

KEM c€EEK LEOM

= 2 Ve | Dy Merligres | = 30 Viee s | 3 MoeTigrge |
K e o* EEcn K EDM* o*EEycn

Observe in particular in this formula that the boundary primal unknowns appear in the con-
tribution of one single diamond cell whereas the boundary dual unknowns may appear in the
contribution of several diamond cells (see for instance Figure[A.T|where the unknown v,c« is
concerned with three diamond cells).

Fig. A.1: The case of boundary dual unknowns

We now claim that we have

) maﬁa,c:/ Id.r‘i:/ div(Id) = 0, ¥k € M,
cEEK oK K

My fyepce = / Idi= [ div(Id)=0, Yk €M
o+ CE e aK* K

. . LT
Moreover, since v € Ey, , and by the Deﬁnmonof the projection P, and (I.2)), we see
that

1
Ve gy = /uboﬁ’ac:(), Ve € OM.

m
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At this point we have shown that

(A.1) 21Qm(divev,) = > V;c*~< > ma*ﬁa*n*>7
K*eom*

o* €&

and it remains to evaluate the contribution of the boundary dual unknowns. By Definition 2.1}
such a boundary unknown is zero if z,« is a corner of 9€2. Hence, we assume that x .~ is not
a corner of 9. The difference with interior dual control volumes stands in the fact that the
boundary of the cell x* is not the union of the dual edges in £~ since we also need to take
into account the “edge” 0%~ as shown in Figure for instance. Thus, we can write

o:/ div(Id):/ diE= 3 mfgees +m, o Box.
* 8IC* U*GE}C* r

The contribution of vy« in (A:I) can thus be rewritten as follows

o EE i

= — —
Vicx * ( E mg*na*,c*> = —m(,?* Vic*x * Ngxc = —/ Up ' Noye,
c*
o
r

and this term is equal to zero by (T.2). The proof is complete.
O

REMARK A.l. In particular, the previous lemma gives that for any v+ € Eq, we have
m(div®v.,) = 0.

THEOREM A.2. Let fo € (M2(R))®, £, € (RQ)T, and g, € R® such that m(g,) =
0, then there exists a unique (v, ps) € Eg x R® solution to the following Stokes problem:

div™ (—=V®vy + pold) = div™ (fo) + fon,
div™" (—=V®vy + poId) = div™ " (fo) + for=,
diV@V‘r = 9go,
m(ps) = 0.

Moreover, for some C1¢ > 0 depending only on reg(T ) and B+, we have

(A.2)

(A3) [v2v=| + Pl < Crollifalls + lgalls + l1E-,)-

Proof. Observe first that solving the system (A.2)) is equivalent to solving the following one
div™ (=V®v, + pold) = div™ (fs) + for,
(A.4) div™ (=V vy 4 pold) = div™" (fo) + fax=,
div®v, + m(ps) = go-
Indeed, using that m(gs) = 0 and that m(div®v.,) = 0 for any v.- € Eg (see Lemma
and Remark , we observe that any solution of (A.4) necessarily satisfies m(ps) = 0

and is thus a solution of (A.2). Since (A:4) is a linear system with as many unknowns as
equations, it is enough to prove that any possible solution (v, ps) € Eg x R® satisfies the

estimate (A3).

e For any w, € Ey, the first two equations in (A4) lead to

(A5  — [divT(VOvy), wr] + [V ps, wrl,
= [[diVT(fm)7WT]]T + HfTawT]]rra
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so that, using the Green formulas (Theorem [2.7), the Cauchy-Schwarz inequality
and the Poincaré inequality 2.9] we obtain

(po,divPwr) < (H‘VZ’VTHL} + ol +Cs ||fTHT) ‘HV@WT‘HD :

By definition of the inf-sup constant (3:3) we deduce

A6 lpa—mlpa)ls < 5 ([T +15als + Caltel,)

e Taking w, = v in (A3), the Green formula (since v € Eg) and the mass con-
servation equation, we obtain

V2w ||, + 1016n(02)) = (90.p8) + [T (f2), vl + [Er. v,
< llgola Ipsllo + (1 fsllo +Cs ) [[V2vr] -

Using the Young inequality, we obtain
(A7)
D 2 2 3 2 2
[o=vl, + 19mios)? < (14 575 ) sl + 301 o + Co g2
T
e The two previous estimates (A.6) and (A7) give the required a priori estimate and
conclude the proof.
d
To build the lifting w- as in Theorem [3.1] we first need to define a lifting of the boundary
data (which is not necessarily divergence free) and which satisfies a suitable discrete H!-
bound.
PROPOSITION A.3. Let uy, satisfying (I.2). There exists a discrete vector field G, €
Ey,, such that there exists C17 > 0 only depending on reg(T ) and on ) satisfying

() *

(A8) 1G-Il, +[|v2 G- < Cre sl

Proof. Let Uy, € (H'(R?))? be a lifting of the function uy, € (H'/*(T))? (that is Uy, =
up) and such that, for some C5 > 0 depending only on €2, we have

(A.9) [Ubll 1122, < Cis [[ubll /2 -

We set G- = @;Ub (see Definition and the claim simply follows from the stability
estimate of Proposition[2.14] O

We can now deduce the Proof of Theorem Let G € Ey, given by Proposition[A.3]
We set fo = VPG, £- = 0 and g, = —div" G, and we observe that Lemrna gives

m(go) = 0.
Thus, we can apply Theorem |A.2|and obtain a solution (v, p,) € Eg x R® to

div” (—=V®v, 4 pold) = div™ (V' G),
div™" (= V®v, + pold) = div™" (VP G,
div®v, = —div® G,
m(ps) =0,

that satisfies the estimates (A.3)). We easily deduce that w, = v + G belongs to E,,,, and
satisfies the required properties (with g5 = po). (]
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