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FINITE VOLUME SCHEME FOR TWO-PHASE FLOWS IN HETEROGENEOUS
POROUS MEDIA INVOLVING CAPILLARY PRESSURE DISCONTINUITIES*

CLEMENT CANCES!

Abstract. We study a one-dimensional model for two-phase flows in heterogeneous media, in which
the capillary pressure functions can be discontinuous with respect to space. We first give a model,
leading to a system of degenerated nonlinear parabolic equations spatially coupled by nonlinear trans-
mission conditions. We approximate the solution of our problem thanks to a monotonous finite volume
scheme. The convergence of the underlying discrete solution to a weak solution when the discretization
step tends to 0 is then proven. We also show, under assumptions on the initial data, a uniform estimate
on the flux, which is then used during the uniqueness proof. A density argument allows us to relax the
assumptions on the initial data and to extend the existence-uniqueness frame to a family of solution
obtained as limit of approximations. A numerical example is then given to illustrate the behavior of
the model.
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INTRODUCTION

The models of immiscible two-phase flows in porous media are widely used in petroleum engineering in
order to predict the positions where oil could be collected. The discontinuities of the physical characteristics
due to brutal change of lithology play a crucial role in the phenomenon of oil trapping, preventing the light
hydrocarbons from reaching the surface. It seems that the discontinuities with respect to the space variable of
a particular function, called the capillary pressure, are responsible of the phenomenon of oil-trapping [10,37].

In this paper, we consider one-dimensional two-phase flows in heterogeneous porous media, which are made
of several homogeneous submedia. A simplified model of two-phase flow within this rock is described in the first
section, leading to the definition of the weak solution. The transmission conditions at the interface between the
different submedia are written using the graph formalism introduced in [18] for the connection of the capillary
pressures, which is simple to manipulate and allows to deal with any type of discontinuity of the domain, without
any compatibility constraint, contrary to what occurs in [14] and to a lesser extent in [10,22].

The graph way to connect the capillary pressures at the interfaces is well suited to be discretized
by a monotonous Finite Volume scheme. A discretization is proposed in the second section of the paper.
Adapting the material from the book of Eymard et al. [24] to our case, it is shown that the discrete solution
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provided by the scheme converges, up to a subsequence, to a weak solution as the step of the discretization
tends to 0. The monotonicity of the transmission conditions is fundamental for proving the convergence of the
scheme.

Unfortunately, we are not able to show the uniqueness of the weak solution to the problem, because of the
lack of regularity. As it will be shown in the fourth section, supposing that the fluxes are uniformly bounded
with regard to space and time is sufficient to claim the uniqueness of the solution. The uniqueness proof is
an adaptation of the one given in [18] to the case where the convection is not neglected. Here again, the
monotonicity of the transmission conditions at the interfaces is strongly used.

The existence of a bounded flux solution is the topic of Section 3. It is shown that if the initial data is regular
enough to ensure that the initial flux is bounded with respect to space, then the flux will remain bounded with
respect to space and to time. Such a result has already been obtained in [18], where a parabolic regularization
of the problem had been introduced. A maximum principle on the flux follows. We also quote [10], in which
a BV-estimate is shown on the flux. Since the monotonous schemes introduce some numerical diffusion, a
strong analogy can be done between a uniformly parabolic regularization of the problem and the numerical
approximation via a monotonous scheme. The convergence of the discrete solution to a bounded flux solution
for regular enough initial data is thus naturally expected and stated in Theorem 3.1. The monotonicity of the
transmission relations is essential during the proof.

We are able to prove the uniqueness of the bounded-flux solution to the problem using the doubling variable
technique. This work performed in Section 4 is summarized in Theorem 4.1

In Section 5, a density argument allows to extend the existence and uniqueness frame to any initial data,
using the notion of SOLA (Solution Obtained as Limit of Approximation). It is a more restrictive notion than
the notion of weak solution, even if we are not able to prove the existence of a weak solution which is not a
SOLA. The main result of the paper is given in Theorem 5.1, which claims that the whole sequence of discrete
solutions built using the finite volume scheme introduced in Section 2 converges towards the unique SOLA to
the problem.

Finally, a numerical example is given in Section 6. This example gives an evidence of the entrapment of a
certain quantity of oil under the interface.

1. PRESENTATION OF THE PROBLEM

We consider a one-dimensional heterogeneous porous medium, which is an apposition of homogeneous porous
media, representing the different geological layers. The physical properties of the medium only depend on the
rock type and are piece-wise constant.

For the sake of simplicity, we only deal with two geological layers of same size. A generalization to an
arbitrary finite number of geological layers would only lead to notation difficulties. In the sequel, we denote by
Q = (—1,1) the heterogeneous porous medium, and by ©; = (—1,0), Q2 = (0, 1) the two homogeneous layers.
The interface between the layers is thus {z = 0}. T is a positive real value.

We consider an incompressible and immiscible oil-water flow through 2. Writing the conservation of each
phase, and using Darcy’s law leads to: for all (z,t) € ; x (0,7,

¢i8tu — 0y [No,i(u) (a;cPo,i - pog)] =0, (1'1)

— 0t — Oy [p1w,i(u) (02 Pu,i — pwg)] = 0, (1.2)
where ¢; € (0,1) is the porosity of the porous media ;, u is the oil-saturation (then (1 — ) is the water-
saturation), pg,; is the mobility of the phase § = w, o, where w stands for water, and o for oil. We denote
by Pg,; the pressure of the phase 3, by pg its density, and by g the gravity.

Adding (1.1) and (1.2) shows that:
awq =0,
where
q = —pw,i() (OxPuwi = puwg) = to.i(u) (02 Poi — pog) (1.3)
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is the total flow-rate. For the sake of simplicity, we suppose that ¢ does not depend on time, even if all the
results presented below still hold for ¢ € BV (0,T), as it is shown in [13], Chapter 4.
Using (1.3) in (1.1) and (1.2) yields:

0040, (et 0 (00— )~ MWOLPos — Pu)) =0 (1.4

where

)\'L (U) — No,i(u)uw,i (U) .
Ho,i (u) + Nw,i(u)
One assumes that the capillary pressure (P, ; — Py, ;) depends only on the saturation and of the rock type. More
precisely, (P, ; — Pw,;) = mi(u), where m;(u) is supposed to be an increasing Lipschitz continuous function. The
equation (1.4) becomes

D0+ Oy (fi(u) — Ni(u)0pmi(w)) =0, (1.5)
where
(w) = MO,i(“) (u .
fz( ) No,i(u) T wai(u)q + )\z( )(po pw)g-

We do the following assumptions on the functions appearing in the equation.

Assumptions 1.1. Fori=1,2, one has:

(1) m; is an increasing Lipschitz continuous function;
(2) po,i is an increasing Lipschitz continuous function on [0, 1], with p,;(0) = 0;
(3) pw,i is a decreasing Lipschitz continuous function on [0, 1], with pi, (1) = 0.

Remark 1.1. It is often supposed for such problems that the functions ps; are monotonous in a large sense,
and that there exist irreducible saturations s;,.5; € (0,1), with s; < S;, such that

poi(u) =01ifu € [0,8], pwsi(u)=0if ue [S;1].

If we assume that the functions g ; are strictly monotonous on their support, a convenient scaling would allow
us to suppose that Assumptions 1.1 are fulfilled.

We denote by ¢;(s) = f; Ai(a)wl(a)da, then (1.5) can be rewritten

Properties 1.1. It follows directly from Assumptions 1.1 that for i =1,2:
(1) fi is Lipschitz continuous and f;(0) =0, f;(1) = q;
(2) A; is Lipschitz continuous, and A;(0) = \i(1) =0, A;j(u) > 0 if u > 0;
(3) @i is an increasing Lipschitz continuous fulfilling ©;(0) =0, ¢(0) = ¢}(1) = 0.

We deduce from the Properties 1.1 that (1.6) is a degenerated nonlinear parabolic equation.
Let us now focus on the transmission conditions through the interface {x = 0}. We denote by a; =
limg_,0 m;(s) and B; = lims_,1 m;(s). We define the monotonous graphs 7; by:

mi(8) if s € (0,1),
7i(s) =< (—o0,04] ifs=0, (1.7)
[Bi, +o0) if s=1.

Let u; denote the trace of ujo, on {z = 0} (which is supposed to exist for the moment). The trace on {z = 0}
from €; of the pressure Pg; of the phase § is still denoted by Pg ;. As it is exposed in [22] (see also [18]),
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the pressure of the phase 3 can be discontinuous through the interface {z = 0} in the case where it is missing
in the upstream side. This can be written

pp(u1)(Psy — Pga)™ — ppo(uz)(Ps2 — Psa)™ =0, B € {o,w} (1.8)

The conditions (1.8) have direct consequences on the connection of the capillary pressures through {x = 0}.
Indeed, if 0 < uj,us < 1, then the partial pressures P, and P, have both to be continuous, thus the connection
of the capillary pressures mi(ui) = ma(ug) is satisfied. If uy = 0 and 0 < ug < 1, then P,; > P,2 and
Py1 < P2, thus ma(uz) < m1(0). The same way, u1 = 1 and 0 < ug < 1 implies ma(uz2) > m1(1). Checking
that the definition of the graphs 71 and 72 implies 71(0) N 72(0) # 0, 71 (1) N72(1) # @, we can claim that (1.8)
implies:

ﬁ'l(ul)ﬂﬁ'g(UQ) 75(2) (19)

The conservation of each phase leads to the connection of the fluxes on {x = 0}. Denoting by F; the flux in Q;,
i.e. for all x € Q;,

Fi(z,t) = filu)(z,t) = ppi(u)(,1),

the connection of the fluxes through the interface can be written
Fi(0,-) = F5(0,-), (1.10)

where (1.10) has to be understood in a weak sense.

We now turn to the problem of the boundary conditions. Because of technical difficulties occurring during
Section 4, we want that the solution to the flow admits bounded fluxes, at least for regular initial data. This
will force us to consider specific boundary conditions, which will involve bounded fluxes.

Let G; : (a,b) — Gi(a,b) (i =1,2) be a function fulfilling the following properties:

e (§; is Lipschitz continuous, non-decreasing w.r.t. its first argument, and non-increasing w.r.t. the second;
e for all a € [0,1], G;(a,a) = fi(a).
Let u,mw € L*>(0,T), 0 <wu,u <1 a.e., we choose the boundary condition

Fl(f]-at):Gl(ﬂ(t)au(flat))a FQ(]-at):GQ(u(lat)vﬂ(t))' (111)

The way in which we approximate the boundary condition shall be judiciously compared with the discretization
of the boundary conditions for scalar hyperbolic conservation laws using monotonous Finite Volume schemes
(see [38]).

We consider an initial data ug € L*>(Q2), with 0 < ug < 1, then we can write the initial-boundary-value
problem:

Fl(oa') :FQ(Ov') " on (OvT)a
1 (u1) N (uz) # on (0,7),
u(t =0) = ug in Q, (P)
Fi(=1,t) = Gy (u(t), u(—1,t)) on (0,7),
Fy(1,t) = G2(u(1,t),u(t)) on (0,7).

We now define the notion of weak-solution

Definition 1.1. A function u is said to be a weak solution to the problem (P) if it fulfills:
(1) ue L>®(Q % (0,T)), with 0 < u < 1;
(2) fori=1,2, pi(u) € L*(0,T; H' (%));
(3) fora.e. t € (0,7), w1 (ui(t)) N2 (uz(t)) # 0, where u; denotes the trace of u|g, on {z = 0};
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(4) for all ¥ € D(Q x [0, 7)), denoting by u(1,-) and u(—1,-) the traces of u on the boundary,

[

i=1,2

+/OTZ

i=1,2

j£%¢ﬂdxvﬂ3ﬂ?@%ﬂdzdt+§: /£%¢ﬂm($ﬂﬂzﬂndz

i=1,2

[ ) = dupitw (e, 0] 0,0tz et

+/ Gl(g(t),u(fl,t))w(fl,t)dtf/ Ga(u(1,t),au(t))w(1,t)dt = 0. (1.12)
0 0

2. THE FINITE VOLUME SCHEME

In this section, we build an implicit finite volume scheme in order to approximate a solution of (P). We will
adapt the convergence proofs stated in [20,22,24], which are based on monotonicity properties of the scheme.
This will allow us to claim the convergence in LP(£2x (0,7")), up to a subsequence, of the discrete solutions built
using the finite volume scheme towards a weak solution to the problem as step of the discretization tends to 0.

2.1. The finite volume approximation

We first need to discretize all the data, so that we can define an approximate problem through the finite
volume scheme.

Discretization of 2. For the sake of simplicity, we will only deal with uniform spatial discretizations. Let
N € N*, one defines:

+1/2

x; = j/N, vj € [-N,N],
xj+1/2:] N , V]GH*N,N*].]]

One denotes by dz = 1/N.

Discretization of (0,7). Once again, we will only deal with uniform discretizations. Let M € N*, one defines:
for all n € [0,M], t" = nT /M. One denotes by dt = T/M. We denote by D the discretization of  x (0,7T)
deduced of those of 2 and (0, 7).

Discretization of ug. Vj € [-N,N — 1],
0 1 [T+
w0, D(Tj41/2) = Ujy1/9 = %/ uo(x)dz. (2.1)
Discretization of the boundary conditions. Vn € [0, M],
g+l g+l

1 1
u"t = —/ w(t)dt, @t = —/ u(t)dt.
5t Jpm 5t Sy

The Finite Volume scheme. The first equation of (P) can be rewritten:
PiOpu + O, Fy(z,t) =0, in Qx(0,7)

with F;(z,t) = fi(u) — 0y (u). We consider the following implicit scheme: Vj € [-N,N — 1], Vn € [0,M — 1],

unJrl

! —u”
¢i%t””25x +ErHL - Frt = (2.2)
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where F;H’l is an approximation of the mean flux through z; on (#",¢"*!), and i is chosen such that

(zj,zj41) C ;. This notation will hold all along the paper. We choose a monotonous discretization of
the flux: Vj € [-N+1,-1JU[1,N — 1], Vn € [0,M — 1],

pi(ufis) = ei(uj)s)
n+1 n+1 n+1 j+1/2 j—1/2
F; +1 Gi(ujjl/w uji1/2) — 52 , (2.3)
where G; is the same function as the one defined in (1.11). We also define
F' =G usngye),  FyT = Galuy—1, 0", (2.4)
21 (ug 1) — e1(u"7),)
B o= G, uptt) - = (2.5)
2(pa(uyfy) = p2(ug'))
= Ga(ugh',ul) — ! 5 , (2.6)
where ugjl, u&‘;l moreover satisfy
A (gt N a(ugsh) # 0. (2.7)

Remark 2.1. The choice of the boundary conditions FI}'\’,l has been done in order to ensure

[F2 ] < NGille <00, [FRH < 1Gallos < 0.

Thanks to the following lemma, such a couple (ugjl, ug}'l) is unique in [0, 1]?, thus the discrete transmission

conditions system (2.5)—(2.7) is well posed.
Lemma 2.1. For all (a,b) € [0,1]?, there exists a unique couple (c,d) € [0,1])? such that:

{ Grlae) - 20100 _ gy 2ea0) —ald), o
#1(c) N 7a(d) # 0.

Furthermore, (a,b) — ¢ and (a,b) — d are continuous and nondecreasing w.r.t. each one of their arguments.

Proof. For i = 1,2, 7, ! are continuous non-decreasing functions, increasing on [m;(0),7;(1)] and constant
otherwise. Then we can build the continuous non-decreasing function A, defined by
R — R
A o L 2 . -
p o= Gafiy (p),b) = Gila, 7 (p) + 5= (1o (p) = ¢1(a) + w20 73 ' (p) — 2(b))

For all p such that A(p) = 0, the couple (7;*(p), 75 *(p)) is a solution to the discrete transmission conditions
system (2.5)—(2.7). It is easy to check, using the monotonicity of the functions G; that for all p < min;(0),
A(p) < 0. Symmetrically, for all p > maxm;(1), A(p) > 0. Thus there exists p, such that A(p.) = 0.

Suppose that there exists ¢ such that p, € (m;(0),m;(1)), then since ¢; is increasing, A is increasing on a
neighborhood of p,, and then the solution to the system (2.8) is unique.

Suppose now that p, ¢ (J,(m(0),7;(1)). Either p, < min; 7;(0), then ¢ = d = 0, or p, > max; m;(1), then
c=d=1,orp, € [m(1),m(0)] for k # I. We can suppose without any loss of generality that p. € [m1(1), m2(0)],
then the unique solution to the system (2.8) is given by ¢ =1, d = 0.

To conclude the proof of the lemma, it only remains to check that (a,b) — A is decreasing w.r.t. each one of

its arguments, then the monotonicity of A and 7, ! ensures that (a,b) — cand (a,b) — d are non-decreasing. [
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2.2. Existence and uniqueness of the discrete solution

We will now work on the implicit finite volume scheme given by (2.1)—(2.7) to show that this approximate
problem is well-posed.

Definition 2.1. Let N, M be two positive integers and D be the associated discretization of  x (0,7). One
defines:

X — { z € LOO(QZ X (O,T)) / V(I’j,l’j+1) Cc Q;, Vn e [[O,M — ].]], }
D,i — )

) Z|(zj,541) % (tn,¢n+1] 18 @ constant
and
Xp = {Z € L=(Q x (0,T)) / Yi=1,2, zja,x(0,1) € XD,i}'

One defines up(z,t) € Xp, called discrete solution, given almost everywhere in (—1,1) x (0,7") by: for all
Jj€[-N,N—1], for all n € [0,M — 1],

up(z,t) = u;ljrrll/Q if (z,t) € (:L'jaijrl) X (tnstnt1]s

{ up(z,0) = uo,p(¥) = ul,, )5 if (x,t) € (7, 2511),
where (“?:11 /2) ~are given by the scheme (2.2).
jin

The monotonicity of the flux F ]”H w.r.t. (“ZLI /2>k allows us to rewrite the scheme (2.2) under the form

n+1 n n+1
Hjt12 <“ji1/2’“j+1/2 (“kiuz) k#) =0, (2.9)

where H; /5 is continuous, increasing w.r.t. its first argument, and non-increasing w.r.t. all the others.

Definition 2.2. A function vp is said to be a discrete supersolution (resp. wp is a discrete subsolution) if
it belongs to X' (D), and if it satisfies: Vj € [-N,N — 1],

+1 +1
Hjtay2 (v?+1/2,v?+1/2 (’UI?+1/2)]§#],) > 0,

n+1 n+1
(resp. Hji1/2 (wj+1/2,w?+1/2 (wk+1/2>k#j) 0) .

Remark 2.2. A function up is a discrete solution to the scheme if and only if it is both a supersolution and a
subsolution.

IN

Remark 2.3. It follows from the definition of the scheme, particularly from the definitions of the discrete
boundary conditions (2.4) and of the discrete fluxes at the interface (2.5)—(2.6), that the constant function
equal to 1 is a discrete supersolution, and that the constant function equal to 0 is a discrete subsolution.

We now focus on the existence and the uniqueness of the discrete solution to the scheme. In order to prove
the existence of a discrete solution, we first need an a priori estimate on it.

Lemma 2.2. Let up be a discrete solution to the scheme associated to the initial data uo p, let vp be a discrete
supersolution associated to the initial data vop, then for all t € [0,T],

> /Q_Cbi (up(z,t) = vp(z,1) " dz < Y /Q{i%' (wo,p(x) — vo.p(z)) " da.

i=1,2 i=1,2
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Symmetrically, if wp is a subsolution associated to the initial wo p,
> / @i (up(x,t) — wp(z,t)) " de < Y / i (uo,p(z) — wo.p(z))” dz.
im1.27% i=1,27

Proof. Denoting by aTb = max(a,b), and aLb = min(a,b), it follows from the monotonicity of the functions
Hj+1/2 1mphes that

+1 +1 +1
H]’+1/2 (U?+1/2, ’U/;*L_,,_l/QTU}?_i_l/Q (UZ+1/2TMZ+1/2)k#j) S 0)

n+1 n n n+1 n+1
Hiji1/2 (wj+1/2’uj+1/2—l—wj+1/2 (uk+1/2—rwk+1/2)k¢j> <0,

: : : n+1 n+1 : n+1 n+1
where wp is a subsolution. Since uj+1/2ij+1/2 is either equal to Wiy OF 80 Wi,
. n+1 n+1 n n n+1 n+1
Hyi1p (ujH/QijH/Q,ujH/QijH/Q (ukH/QkaH/Q)k#) <0. (2.10)

Thanks to the conservativity of the scheme, subtracting (2.9) to (2.10), and summing on j € [-N,N — 1] yields

3 [ 6 tunte ) o) ar < 30 [ 6 up ) - wo(a ) dn

i=1,2 i=1,2

Since this inequality holds for any n € [0,M — 1], it directly gives: Vt € [0,T],

Z/Q<Z)i(up(ac,t)—wp(ac,t))_dx§ Z/qubi(uD(x,O)—wp(ac,O))_dx. (2.11)

i=1,2 i=1,2

The proof of the discrete comparison principle between a discrete solution and a discrete supersolution can be
performed similarly. O
Let us now state the existence and the uniqueness of the discrete solution.

Proposition 2.3. Let ug € L*(Q), 0 < ug < 1 a.e., then there exists a unique discrete solution up to the
scheme, which furthermore fulfills 0 < up <1 a.e. Moreover, if vy stands for another initial data, 0 < vy < 1,
approzimated by vop following (2.1), and if we denote by vp the corresponding discrete solution, then the
following L'-contraction principle holds;

3 / b1 (up(a,1) — vp(a, 1) Fdr < 3 / 6: (o n(2) — vom(2) T de, Ve [0,T).
i=1,27 % i=1,27 %
Proof. Tt follows from Remark 2.3 and from Lemma 2.2 that the following L*>° a priori estimate holds:

0 <up(z,t) <1, for all t € [0, 7], for almost all x € Q.

Thanks to this estimate, mimicking the proof given in [23], we can claim the existence of a discrete solution up.
Suppose that up and vp are two solutions associated to the initial data ugp and vy p. As it was stressed in
Remark 2.2, both up and vp are both discrete sub- and supersolutions. Then, Lemma 2.2 ensures that the
following L!-contraction principle holds:

> /Q &i (up(,t) — vp(z,1)* de < Y /Q i (uop(x) —vop(2))Tdz,  Vte|0,T).

i=1,2 i=1,2

The uniqueness of the discrete solution up corresponding to the initial data wug follows. O
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2.3. The L2((0,T); H'(€;)) estimates

The current subsection is devoted to the proof of the discrete energy estimate stated in Proposition 2.4. Since
the discrete solutions are only piecewise constant, we need to introduce discrete semi-norms, which are discrete
analogues to the L2((0,7); H(;)) semi-norms.

Definition 2.3. Let i = 1,2, one defines the discrete L?(0,T; H'(£);)) semi-norms |-|1 p ; on Xp ; by: Vz € Xp .,

M—1 ,

2\ ,tn+1 — 2l ,tn+1

|Z|%,D,¢ = Z 5t Z S ( (Tj41/2 )51 (Tj_1/2 )) 7
n=0 J€Jint,i

where Jing1 = [-N+ 1, —1] and Jing2 = [1,N —1].

Proposition 2.4. Fori = 1,2, one defines the Lipschitz continuous increasing functions

S
& s / VAila)ml(a)da.
0
There exists C' > 0 only depending on m;, ¢;, T, G; such that:

> [&(up)lip, < C.

i=1,2

This estimate is the discrete analogue to:

Z /OT /Q |02&; (u) (z, t)|*dz dt < C.

i=1,2

In order to prove Proposition 2.4, we will need the following technical lemma. To understand this lemma, first
suppose that the total flow rate ¢ is 0. Then, roughly speaking, it claims that, in the case where the capillary
pressure is discontinuous at the interface, the discrete flux is oriented from the high capillary pressure to the
low capillary pressure. Suppose now that ¢ # 0. In order to respect the conservation of mass, some fluid will
have to go through the interface, but we keep a control on the energy.

Lemma 2.5. Let (a,b) € [0,1]2, and let (c,d) € [0,1)? be the unique solution to the system (2.8), as stated in
Lemma 2.1, then the following inequality holds:

(ma(0)=ma(d) (Ga(a0) + L= ) (s 0) ) (6ot ) + 222 > g - ma(a)

Proof. In this proof, we suppose that 71(0) > m3(0) and (1) > m2(1), the other cases do not bring any other
difficulties. One has 71(c) N 72(d) # (), so there are three different cases:

e 71(c) = ma(d). In this case, one has directly:

(m1(c) — ma(d)) (Gl(a, c) + %/;01(0)) = 0.

e m(d) < m1(0). The relation 71 (c) N 72(d) # O ensures that ¢ = 0, thus it follows from the monotonicity
of 1 and Gy that ¢1(a) > ¢1(0) =0, and G1(a,0) > G1(0,0) = f1(0) = 0. This gives:

(m1(c) — ma(d)) (Gl(a, c) + %ﬂ“‘”(c)) > 0.
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e 71(¢) > ma(1). This implies d = 1. From the monotonicity of w2 and Gz, we deduce that p2(b) < ¢2(1)
and Ga(1,b) > Ga(1,1) = g. This yields

(m1(c) — ma(d)) (Gg(d, b) + W) > glm (¢) — ma(d)]. O

Proof of Proposition 2.4. First check that the scheme (2.2) can be rewritten

unJrl

n
it1/2 — Yir1/2
i+1/ " /250 4 (Fﬁil B fi(u;?i‘llm)) - (an+1 B fi(u?_tllm)) —0.

We multiply the previous equation by dtm;(u +1/2) and sum on j = —N, N — 1. This leads to
An+1 T Bn+1 T CnJrl T Dn+1 T EnJrl _ 0, (212)

where

An—i—l

Z Gimi(u g+1/2 ( g+1/2 ?+1/2) dx;

n+1 n+1 n+1 n+1 n+1
Wi(uj—l/z) (G' ( j—1/2) _]+1/2> - Gi (“j—1/27“j—1/2>)

Bt = Z St

1 1 1 1 1 ’
j¢{-N,0,N} —mi(u gi1/2) (Gi (“jj1/2’“?11/2) —Gi (“?L/zauﬁl/z))
ei(ultl ) —pi(ult] )
1 _ n+1 n+1 j+1/2 j— 1/2
DY (”i(“jim) —mi(u ]+1/2)> S ’
j&{—N,O,N}
Dt = 5tF(?+1 (Wl (U?—{/lz) 7T2(“1/2 )) 6z — ot (u 1/2)f1( 1/2) + ot (u ?/gl)h(u?/gl);
n n 1 1
FE +1  _ (stﬂ'l( —§V+1/2) (Gl ( +1 un‘}‘v+1/2) Gl ( N+1/2’U’n-}_\/'+1/2>>

+ 57§7T2(“NJr 1/2) (G2 (“Kiﬂ/zﬂnﬂ) G (uN 1/2’“7]tl+11/2>)
Denoting by L¢ a Lipschitz constant of both G,
E™ > —otLe ([mi]leo + lIm2llso) - (2.13)
One has

Fp (mtil) - ma(ui ) = B (mtil) - mugih)) + B (et - ma(ugsh)

+ B (ma(ufs) - mauphh) -
It has been proven in Lemma 2.5 that there exists C; depending only on ¢ and 7; such that

Fgtt (m(ugth) — ma(ugh)) = Ch. (2.14)
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Using the definition of FO"+17 it is then easy to check that there exists Co only depending on Gj, ¢, m;,
1 (") — o ()
dx /2

o2(uyhl) — pa(ug )
+0t (ma(if) - m(gt)) — 2 :

prtl > §tCy + 0t (7T1( 1/2) ﬂ-l(ungrl))

Since ; is a non-decreasing function, G; : s — / ¢imi(a)da is convex, then: Vn € [0, M — 1],
0

A s Z (gz (W) gi(u;gl/g)) 5. (2.15)
We denote by ¥,(s) = / mi(7) f (7)dT, then an integration by parts leads to
0

b
Ui(b) = Wi(a) = mi(a)(Gi(a, b) = fi(a)) — mi(b) (Gi(a,b) — fi(b)) — / mi(s)(fi(s) = Gi(a,b))ds.

Since f;(s) = G,(s,s), it follows from the monotonicity of G; and m; that

b
[ #6150 ~ Gilabas > 0,
Thus

n+1 1 1
Bz s Y (W) - w )
J¢{—N,0,N}

ot (\Ifl(u’j}Q) — \Ifl(u’j}ﬁ}ﬂ/g) + WQ(u%tll/Q) — \I/Q(U’f/gl» .

Y

So there exists C'3, only depending on 7;, f; such that

B"HL > §tCs. (2.16)
Let & :s— / VA a)da, Cauchy-Schwarz inequality yields: V(a,b) € [0,1]2,

(mi(a) — () (wi(a) — @i(b) = (&i(a) — &(D))*.

This ensures that

2
(L) — & (u
ontl > Ot Z (Ez(ui+1/2) 5-5 (ujl/2)>; (2.17)
j&{—N,O,N}
2 2
(6t - aery) (k) - aelh)
ox/2 N dz/2 .

Dn+1

v

0tCy + 0t

(2.18)
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Summing (2.12) on n € [0,M — 1], and taking into account (2.13), (2.15)—(2.18), provides the existence of a
quantity C', depending only on 7', 7;, G;, ¢; such that

2 2
v (G —a@h) (L)) - esh)
2 , \
z-;z |&i(up)ly p; + 7; ot 5272 + 5272 <C. (2.19D)

Remark 2.4. The estimate (2.19) is stronger than the one stated in Proposition 2.4, since it lets also appear
some contributions coming from the interface. They will be useful in the sequel. Indeed, if we denote by up ;
the trace of (up) g, on the interface {x = 0}, and if we denote by vpi(t) = ugjl if t € (not, (n + 1)dt], then it
follows from (2.19) that

som lup,i =Dl ooy =0, VP € [1,00).

Suppose that up, converges in LP(0,7T) towards a function w;, as it will be proven later. Then, we directly
obtain that vp ; also converges towards u;. Moreover, for all ¢t > 0, 71 (yp,1(t)) N T2 (yp,2(t)) # 0. Since

F ={(a,b) € [0,1]* | 71(a) N72(b) # 0} is a closed set of [0, 1]2,
we can claim that 7 (u1) N 72(ug) # 0 a.e. in (0,7T).

2.4. Compactness of a family of approximate solutions

Let (Mp)pen, (Np)pen be two sequences of positive integers tending to +00. We denote D), the discretization
of  x (0,T) associated to M,, and N,. The L*>-estimate stated in Proposition 2.3 shows that there exists
u e L*(Q x (0,7)), 0 <u < 1, such that, up to a subsequence, up, — w in the L>(Q x (0,7")) weak-* sense
as p — +oa.

We just need to prove that up, — u almost everywhere in x (0, T) to get the convergence of (up, ) towards u
in L™(2 x (0,7)) for any 1 < r < 4o00. To apply Kolmogorov criterion (see e.g. [12]) we need some estimates
on the space and time translates of &;(up).

Lemma 2.6 (space and time translates estimates). For all n € R, for i = 1,2, one denotes Q;, = {z €
Qi / (x+n) €8}, then the following estimate holds:

1€ (up) (- +1,-) = &(up) (s | L2 (i x0.1)) < [&i(up) 1, pilml (0] + 202). (2.20)

One denotes w; p the function defined almost everywhere by:

&i(up)(z,t) in Q; x(0,T),
“’ivD(x’t):{ 0o in  R2\(Q; x (0,T)).

There exists Cy depending only on mw;, ¢;, T, G; and Cs only depending on m;, ¢;, T, i, G; such that:
vn € R, lwip(-+n,-) —wip(, )22y < Cin, (2.21)

vr e (0,7), lwip(,-+7) —wip(, )220 x(0,7—7)) < CaT. (2.22)

The previous lemma is in fact a compilation of Lemmata 4.2, 4.3 and 4.6 of [24] adapted to our frame-
work. The estimates (2.21) and (2.22) allows us to use the Kolmogorov compactness criterion on the sequence
(wi,p, )pen, and thus, there exists w; € L*(€; x (0,T)) such that for almost every (z,t) € (Q; x (0,7)),
&i(up,)(w,t) — w;(z,t), and then thanks to the L>-estimate 0 < up,(x,t) < 1, one can claim that & (up,) — w;
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in L"(Q; x(0,T)), for all € [1, 4+o00[. Letting p tend to +occ in (2.20) ensures that w; belongs to L?(0, T; H*(€;)).
Since &, ! is a continuous function, we can identify the limit:

w; = & (u).

Thus & (u) € L*(0,T; H(S;)), and since ¢; o 5;1 is a Lipschitz function, there exists C' depending only
on T, m;, ¢;, G;, \; such that:

i (W)l 220,11 (021)) < C (2.23)
and that & (up,) — &(u), up to a subsequence, in L"(€; x (0,7")) as p — 400 for any r € [1,+00). Since &,
i = 1,2, is an increasing function, one can claim that up, converges a.e. in € x (0,7") towards u, and then:

up, — U in the L*(Q x (0,T))-weak- x sense, (2.24)
up, — U in L"(92; x (0,T)), ¥r € [1,4o0]. (2.25)

Roughly speaking, the approximation up obtained via a monotonous finite volume scheme, which introduces
numerical diffusion, is “close” to the approximation u¢ obtained by adding additional diffusion —eAu* to the
problem. For such a continuous problem, we would have an estimate of type

/OT /Q (0x&i(u)) dwdt < ',

which would lead to the relative compactness of the family (& (u€)).., in L*(€; x (0,7)). Then the family
(&i(uf)) s, is also relatively compact in L*((0,T); H*(€;)) for all s € (1/2,1). This ensures that, up to a
subsequence, the traces on the boundary and on the interface of (&;(u¢)) converge in L?(0,T). The continuity
of & ! and the L>-estimate ensure that the traces of u¢ on the boundary and on the interface converge in
L7(0,T), for all r € [1,00).

This sketch has to be modified in order to deal with discrete solutions, which do not belong to L%((0,T);
H?®(Q;)) for s > 1/2. Nevertheless, a convenient estimate on the translates at the boundary, based on the
discrete L2((0,T); H'(£;)) estimate stated in Proposition 2.4, leads to the following convergence result whose
proof is left to the reader.

Lemma 2.7. Leti=1,2, and let o € 0Q;. We denote by ua,p,.i the trace of (up,)q, on {x = a}. Then, one
has: for all r € [1,00),
Ua,D, i — U, (e, ) in L"(0,T) as p — +oo0.

If we denote by u;(t) = uq, (0,1), it follows from Remark 2.4 that 7y (u1) N 72(u2) # 0 a.e. in (0,7T). We can
summarize all the results of this subsection in the following proposition:
Proposition 2.8. Let (Mp)p, (Np)p tend to oo as p — oo, and let (Dp)p be the corresponding sequence of
discretizations of Q x (0,T). Let (qu)p be the sequence of corresponding discrete solutions to the scheme,
then, up to a subsequence (still denoted by (qu)p), there exists u € L>®(Q x (0,T7)), 0 < u < 1 a.e., with
&(u) € L2((0,T); HY(Q,)) (i = 1,2) such that:

up, — U a.e. in Qx(0,T) as p — Q.

Moreover, keeping the notations of Lemma 2.7,

u_1p,1(t) — u(-1,1) for a.e. t € (0,T) asp— oo,
u1p,2(t) — u(l,t) for a.e. t € (0,T) asp— oo,
uo,p,i(t) — wq,(0,t) =u(t) forae te(0,T) asp—o0, i=1,2,

and 71 (uy) Na(uz) # O almost everywhere in (0,T).



986 C. CANCES

2.5. Convergence of the scheme

We will now achieve the proof of the following result.
Theorem 2.9. Let (Mp)pen, (Np)pen be two sequences of positive integers tending to +o0o, and (Dp)pen the
associated sequence of discretizations of @ x (0,T). Then, up to a subsequence, the sequence (qu)p of the
discrete solutions converges in L"(Q x (0,T)) for all r € [1,00) to a weak solution to the problem (P) in the
sense of Definition 1.1.

Proof. As it has been seen in Proposition 2.8, the discrete solution up, converges, up to a subsequence, towards
a function u fulfilling all the regularity criteria to be a weak solution. In order to prove the convergence of the
subsequence to a weak solution, it only remains to show that the weak formulation (1.12) is satisfied by the
limit w.

In order to simplify the proof of convergence of the scheme towards a weak solution, we will use a density
result, which is a simple particular case of those stated in [21].

Lemma 2.10. Let a,b € R, a < b, then: {¢p € C=°([a,b])/y" € C2°((a,b))} is dense in W4(a,b), q € [1,+00].

This lemma particularly allows us, thanks to a straightforward generalization, to restrict the set of test
functions ¢ for the weak formulation (1.12) to

T ={Y €D x[0,T))/0:1) € D((Ui=1,2%) x [0,T))}-

Let ¢ € 7. For j € [-N,,N, — 1], n € [0,M, — 1], we denote by 1/)?“/2 = (7;41/2,t"). Assume that p is
large enough to ensure:

wzl/Q = w?/27 Vn € IIOa Mp - 1]]7 (226)
E = w _17tn )
mewmh =

One has also

M, .
Wi =0, Vi€ [-Np N, —1]. (2.28)
For j € [-N,, N, —1], n € [0, M, —1], let us multiply equation (2.2) by w?+1/25t’ and sum on j € [-N,, N, —1],

€ [0, M, — 1], we get:

Mp—1 Np—1 Mp—1  Np—1
> 2 Gl — )t Y8t Y (I = F e =0,
n=0 j=—N, n=0 j=—Np

which can be rewritten thanks to (2.26)—(2.28):

p—1 Np—1 Np—1

Z Z ¢z ]+1/2 ]+1/2 1/’;1:11/2)599* Z ¢iug+1/2¢?+1/2555

n=0 j=—N, j=—N,

+ Z ot Z FPH W51 ss = Vhay2)

n=0 J¢{—Np,0,Np}

M, — M,—1
= Y StEMEM (=1, + Y StFR T (1,7) = 0. (2.29)
n=0 n=0

Using the definition of F ]-"H, we obtain

A, + B, +Cy,+D,+ E, =0, (2.30)
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with, using the notation sz—1/2 = ¢2N+1/27 and wTJ{,_H/Q = w}f,_l/Q,

M,—1 N,—1
n+1 n+1 .
A = Z Z ¢i“ji1/2(1/’?+1/2*1/’]-:1/2)593,
n=0 j=-—N,
N,—1
Bp = - Z ¢i“?+1/2%0'+1/25$5
=N,
Cp = Z ot Z Gi(Wi ) o w1 (W) jy = U o)
n=0 j¢{*Np,0N}
Np—1
n Vs = 205400 T 12,
Dp = - Z ot Y wiluli) = e —
= j=—N,
Mp—1 My—1
Ep = - Z 5tG1(ﬂn+1 Untvl_,’_l/Q)’lp(—l,tn Z (5tG2 uN 1/2,_71 1)w(1 tn)
= n=0

Since ha, : (z,t) — M if (z,t) € (xj,2j41) x (£",t"T1), converges uniformly towards —d1) as p — oo,
and since up converges in LI(Q x (0,T)) towards u,

jin 4o == [

Thanks to the convergence in L(Q) of up(x,0) towards ug, we have

Jim By =~ Z/ piuo ()Y (x,0)dzx (2.32)

i=1,2

/ piu(w, )0 (x, t)dx dt. (2.31)

1=1,2

We have to rewrite C, = C} + C2, with

p—1
=0t > A )@~ Es),

n=0 JE{—Np,0,Np}

M,—1
= Z ot Z (Gi(u?jll/ga n+11/2) filu] G 1/2)) (¢?_1/2_¢?+1/2)-

n=0 j¢{—Np,0,N,}

Thanks to Proposition 2.8, the quantity C’1 converges towards — / Z / filw)(z, )0, ¢(x, t)dz dt as p — oo.

i=1,2
Concerning C’g, since
+1 +1 +1 +1 +1 +1
Giuily s uifyn) = filul” 1/2)‘ ‘Gi(uyfl/wu;'lﬂ/z) - Gi(u?ﬂ/%“?ﬂ/ﬂ‘ =< LG|”;+1/2 Ui 1/2|v
and since (z,t) — w on (j_12,&j41/2) X (t",¢" 1) is uniformly bounded by [9,%||oc,

T
K$SLﬂmwh/‘/wwuammw,
0 Q
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where dup, (z,t) = “?:11/2 - u?fllm on (x;_1/2,Tj11/2) X (t", ") (j € [-Np +1,N, — 1]), and 0 otherwise. It
is easy to check, thanks to the discrete L?((0,T); H'(£2;)) estimates stated in Proposition 2.4, that dup, tends
to 0 in L*(Q x (0,7)) as p — oo. Then

T
lim C, = — / > / fi(w) (z, £)0pp(x, t)da dt. (2.33)
pee 0 =12/
Since, using Proposition 2.8, ¢;(up,) tends to ¢;(u) € L*((0,T); H'(;)) in the L*(€; x (0,T))-topology, one
has:

T
lim D, = —
Jm D, == [ 3

i=1,2

/Q% @i(u)(z, )02, (x, t)da dt :/0 Z /Q% Oppi(u) (2, t)0p ¢ (z, t)da dt. (2.34)

i=1,2

The strong convergence of the traces, stated in Proposition 2.8 allows us to claim that

T T
lim E, = —/ Gi(u(t), u(—1,8))(—1,t)dt +/ Ga(u(1,t),a(t))y (1, t)de. (2.35)
p=eo 0 0

We can thus take the limit for p — oo in (2.30), and it follows from (2.31)—(2.35) that w fulfills the weak
formulation (1.12). O

3. UNIFORM BOUND ON THE FLUXES

In this section, we show that, under some regularity assumptions on the initial data, there exists a solution
with bounded fluxes. This existence result is the consequence of some additional estimates on the discrete
solution, and will be necessary to get the uniqueness result of Theorem 4.1.

Definition 3.1. A function u is said to be a bounded-flux solution to the problem (P) if:

(1) w is a weak solution to the problem (P) in the sense of Definition 1.1;
(2) Or¢i(u) belongs to L>(Q; x (0,T)).

In order to get an existence result, we need more regularity on the initial data, as stated below.

Assumptions 3.1. We assume that:
(1) Ozpi(ug) € L(€), 0 <wup < 1;
(2) 71 (uo,1) N To(uo2) # 0, where ug; is the trace of ugjq, on {x = 0}.

Theorem 3.1. Suppose that Assumptions 3.1 are fulfilled. Let (Mp)pen, (Np)pen be two sequences of positive
integers tending to +00. Let (up,)pen be the sequence of the associated discrete solutions obtained via the finite
volume scheme (2.2), and let u be an adherence value of the sequence (up,)pen. Then u is a bounded flux
solution to the problem (P) in the sense of Definition 3.1. This particularly ensures the existence of such a
bounded-flux solution.

All Section 3 will be devoted to the proof of Theorem 3.1. We only need to verify the second point in
Definition 3.1, because we have already proven in Theorem 2.9 that u is a weak solution. So the aim of this
section is to get the uniform bound on the fluxes. Such an estimate can be found in [18] in the case where
the convection is neglected. It is obtained using a thin regular transition layer between 2; and (5, and a
regularization of the initial data ug. This technique was also used in [10] to get a BV -estimate on the fluxes
in the case of a non-bounded domain €2, and for particular values of the data (which are supposed to be more
regular). In this paper, we only deal with the discrete solution, which can be seen as a regularization of the
solution to the continuous problem (P).
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We extend the definitions of the discrete internal fluxes (2.3)—(2.6) to the case n = —1, 4.e. in the time ¢t = 0.
Forall j € [-N+1,N—1], j #0,

‘Pi(uQ_H 2) - ‘Pi(uq_1 2)
F]Q = Gi(“?ﬂ/za“?ﬂ/z) - Y or I (3.1)

Thanks to Lemma 2.1, there exists a unique couple (u8’1, u872) solution to the system

p1(ug1) —p1(u? ) pa(uf ) = 2(uf 2)
dx/2 oz /2 ’

o1 (“8,1) N 77'2(U8,2) # 0. (3.3)

Fg = Gl(“%/zvugﬂ) -

= G2(U8,27U(1)/2) -

Remark 3.1. u8’1 and u872 are given by Lemma 2.1, and so they are different of up ; and ug .

Lemma 3.2. There exists C > 0 depending only on ug, @;, q such that

max |F]-O| <C.
FE[-N+1,N—1]

Proof. Since ¢;(up) is a Lipschitz continuous function, and ¢, ! is continuous, ug|, is a continuous function,
and there exists y;,1/2 € (75, 2;41) such that “?+1/2 = u0(Y;4+1/2)- Then (3.1) can be rewritten

pi(uo(yj+1/2)) — pi(uo(yj-1/2))
F]Q:Gz‘(UO(yj—l/z)vUo(yj+1/2))* J+1/2 5 i=1/2))

Using the fact that 0,¢;(ug) € L>(82;) gives directly: Vj € [-N+ 1,N — 1] \ {0},

|| < max || Gil oo + 2 max ([|0z0i (uo) | L (c2)) - (3.4)

The monotony of the transmission conditions 7 (ug ;) N T (ug o) # 0 and 71 (ug,1) N 72 (uo,2) # O implies that
either u871 > up,1 and u872 > up,2, Or u871 < up,1 and u872 < up2. Assume for example that u8’1 > up,1 and
u872 > ug,2 — the other case could be treated similarly — then one deduce from (3.2) that:

pa(uo(y1/2)) — p2(uo,2) e1(uo0,1) — @1(uo(y—1/2))

Ga(uo,2,u0(y1/2)) — < FY < Gi(uo(y—1/2), uoa) —

dx/2 dx/2 ’
and so since ¢;(ug) is a Lipschitz continuous function,
0
< ; X 0 (Q,)) -
|55] < max [|Gilloo +2 max ([10z0i(wo) | 1=(0) O
Proposition 3.3. There exists C > 0 depending only on ug, p;, G;, such that
max ( max |FJ”|> <C.
JE[-N+1,N—1] \ ne[0,M]
Proof. For all j € [-N+1,N— 1]\ {0}, for all n € [0,M — 1],
+1 n o __ +1 +1 n +1 n “+1 n n
o (Gi(u?_l/?u?_i_lm) - Gi(uj_l/Q,u?H/Q)) n (Gi(uj_m,uyﬂm) - Gi(uj_m,uﬁm))

+ @i(u?jll/g)_%(“?_UQ) - @i(“?:f/g)_Wi(U?_i_l/z) .
ox ox
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Thus, using (2.2) yields

(a,nt1 n+1 el n+1
prtl o _ ot GiluiTy gy uity ) = Giludy g, uily o) prtl _ ol
J i T b0 ntl _ (j o j—l)
i Uj 179 — Ui 179
n+1
ot Giluj_y o U5y e) = Giluj_y o, ufyy o) el _ g
ton P R (F4Y — )
i Ujirye — Ujiiy)0
(g1 s
+ at (‘Dl(uj—l/Q) (‘Dl(uyflﬂ) (Fn+17Fn+1)
¢,5x2 uttl o yn J j—1
v j—1/2 j—1/2
n+1
_ ot @i(uj+1/2)_(‘0i(u?*1/2) (Fn+17Fn+1)
52 1 n 41 j ‘
pidw u?+1/2 T Uiiy)0 ! !

The monotonicity of the scheme is once again crucial, since it implies that there exist two non-negative values
n+1 n+1

ajit1,a; ;1 such that

n+1 n+1 n+l _  n+l n+l _ n+l n+1 __ mn
(1 aj 2y +aj i) B =i L PP — o PR = F (3.5)
The monotonicity of the graph transmission condition (2.7) ensures that either ug 1! > uf; and ul%* > ug 2,

or ugjl < g, and ugfgl < ug 5. Suppose for example that ugjl > ug ; and ugfgl > ug 5, the other case being

completely symmetrical

R -Fy = (G u ) - Giluty o uly))
L ‘PI(UT{/I2) —pi(uy ) _ er(ugi!) = ei(ug,) (3.6)
5z/2 dz/2 '
= (Galuf i) = Galuf g u)))
(7 (ugh') = p2uiyn) | [wa(ugih) —ea(ufn) 57
Sz /2 5z /2 '

It follows from (3.6) and from the monotony of Gy, ¢ that

$1 (UT{/IQ) —p1(u 1/2) )

By = By < (Gautug ) = Galuly o)) + ( 572

Similar computations as those done to obtain (3.5) provide the existence of a non-negative value agill such that
(1 +agth) Fptt —af Py F T < (3.8)

Considering (3.7) instead of (3.6) shows the existence of a non-negative value bgjl such that

(L+ogth) Fott — g T F T > Fy (3.9)
We denote by jmtl (vesp. j”11) the integer such that
Frotl —  max  Frtt (resp. F™t1 = min  FPh).

et
Jmax  je[-N,N] 7 Jmin  jE[-N,N] 7



FV SCHEME FOR DISCONTINUOUS CAPILLARITY FLOWS 991

Either jiil € {—N, N}, then it follows from Remark 2.1 that max;c[_n,nj F;H'l < max;—12 ||Gil e, or L €

max

[-N+1,N —1]. In the latter case, (3.5) and (3.8) imply

mauXFj""'1 Frit < F"H <maXF”

g Jmax Jmax

Similarly, (3.5) and (3.8) yield
min FJ”H F"Y > F7 ., > min F}.

7 Jmin min 7

We obtain a kind of discrete maximum principle on the discrete fluxes, which corresponds to the uniform bound
on the continuous fluxes proven in [18]. It follows from Lemma 3.2 that

ntl) < ; ; . )
neo] <je[[1r\1n+afN1]] 17 ‘) < pag [ Gilloe + 2 max (11001 (o)l () -

Conclusion of proof of Theorem 3.1. Let (Np)pen, (Mp)pen be two sequences of positive integers tending to +o0,
and let (up,)pen the sequences of associated discrete solutions. It has been seen in Theorem 2.9 that (up,),
tends to a weak solution w in L™(Q2 x (0,T)), for all r € [1, +00).

Let i = 1,2, let (x,y) € Q, let t € (0,T]. For p large enough, there exists jo, j1 € Jint such that z;, <z <
zjo4+1 and zj, <y < zj,4+1, and there exists n such that t € (¢, t"!]

n+1 )

[eilup,)(@,8) = pilup,)(w,0)] = [watutl )

il

Jo

= | X el - eit)

J=j1+1
Jo
n+1
< Z 901( J+1/2) ‘Pz( G— 1/2)‘
Jj=j1+1
Using the definition of the discrete flux (2.3):
fesum, ort) — il ). 0] € 3 o0 [P = Gl g it )|
J=s1+1

We deduce from Proposition 3.3 that there exists C' > 0, depending only on ug, @;, G; such that:
Jo
i, )(@,8) — eilup, ) D] < 3. 62C < Clle — | + 260).
Jj=ji1+1
Letting p tend towards +o0, i.e. dx and dt towards 0 gives
[pi(u)(@,t) — @i(u)(y, t)| < Clo —yl. (3.10)

So we deduce from (3.10) that dy¢;(u) € L= (€; x (0,T)). O

4. UNIQUENESS OF THE BOUNDED-FLUX SOLUTION

This section is devoted to the proof of Theorem 4.1, which is an adaptation of [18], Theorem 5.1, to the case
where the convection is taken into account.
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Theorem 4.1. If u, v are bounded-fluz solutions in the sense of Definition 3.1 associated to the initial data
ug, vo, then for all p € [1,4+00|, u and v belong to C([0,T]; LP(2)), and the following L*-contraction principle
holds: ¥t € [0,T7,

/ bi(u(x,t) —v(z, t)Fdr < / b (uo(x) — vo(x))Fda.
This particularly implies the uniqueness of the bounded flux solution to the problem (P).

Obtaining a L'-contraction principle for a nonlinear parabolic equation is classical. We refer for example
to [5,11,19,25,30,31,33] for the case of homogeneous domains, and for boundary conditions of Dirichlet or
Neumann type. We have to adapt the proof of the L'-contraction principle to our problem, and thus particularly
to the boundary conditions and to the transmission conditions at the interface.

We need to introduce the cut-off functions pg, € C%(Q, R*) defined by

o= (72’

Lemma 4.2. For all 9 € D*([0,T)),

imipt [ 00) Y | (s = )(iw) = i) = 0 (o) = () ) o)t > 0.

1=1,2

Proof. We define the subsets of (0,T)
Buso = {t € (0.7) [ w1 () > vi(t) or ua(t) > wa(t)} .

Euco = (Busy)® = {t € (0,7) ‘ ui(t) < vi(t) and us(t) < UQ(t)} :

Since the trace on {x = 0} of the function sign, (v — v)(fi(u) — fi(v)) is equal to 0 for all t € E\<,, it is easy
to check that

lim 0 Z /Q% sign, (u — v)(fi(u) — fi(v))0zpg d dt = 0.

0B, T
Thanks to the fact that the trace of (¢;(u) — ¢;(v))" is equal to 0 on the interface, one has also,
1imi(1)1f/ 0 Z / D (pi(u) — 0i(v) T Bppf dazdt > 0.
£—
Bu<o = 1,2

This particularly implies that

lim inf / 6% / sign, (u — o) (i ) — f;(0) ~ 0 (¢i(w) — @i(0)) ] Dupdzdi > 0. (41)

e—0
Eu<o = 1,2

Since u, v are two weak solutions, subtracting their corresponding weak formulation (1.12) for the test
function ¢ (x,t) = 6(t)p§(x) leads to

/ Z/ ¢zu—vp08t9dxdt+2/ b1(tt0 — 10)p5A(0)dz

1=1,2 1=1,2

/ 3 | (G0~ £ = 0w~ i) dupi e = 0

i=1,2
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Since p§ tends to 0 in L'(Q) as ¢ — 0, one has:

Ehil(l)/ Z/ ¢zu—vp00t9dxdt+2/ ¢i(ug — vo)pgh(0)dz = 0,

i=1,2 i=1,2

thus

lim / 3 / (filw) = Fi(0)) = Oulpalu) — 9i(v))) Dol dadt . (4.2)

e—0
i=1,2

Thanks to the L>(2 x (0,7")) bound on the fluxes, one has

/ S / (filw) = F:(0)) = Bulpi(u) — 0il0))) Dupf d | < Cl6]11 0,

1=1,2

then, using a density argument, (4.2) holds for all § € L*(0,7).
Replacing 6 by Oxg n (4.2), and splitting the positive and the negative parts a = a™ — a~, we obtain

u>v 1

>

i=1,2

- /E > /Q (i (=)o) — i) = Ouleil) — i) Dot £, (43)

[ Gign = 0)(60) = ) = 0uu0) = 1(0))) e

with
hII(l) r(e) =0.

For almost every t € E,~,, it follows from the monotonicity of the graph relations for the capillary pressure
Ti(w) Naa(uz) #0,  T1(v1) N 72(v2) # 0,

that ¢ belongs to Ey,>, = {t € (0,T) ‘ ui(t) > vi(t) and ua(t) > vy (t)} . So we obtain exactly in the same way
that for (4.1), that

iigt [ 03 [ o (0 00~ 50 02 0 = )] gt 20

e—0

It follows directly from (4.3) that

lim inf [E > / [t (=)o) = £i0) = 00 (i) — i) e drat 20 ()

e—0

Adding (4.1) and (4.4) achieves the proof of Lemma 4.2. O
Lemma 4.3. For all 9 € D*([0,T)),

lim inf / 0 [ (sgnale=0) () = fi(0) = Orlin(w) = 1 (0))*) Dup st 20, (45)

hmlnf/ /Q signy (u —v) (fa(u) — f2(v)) — O (p2(u) — cpg(v))i) 0xp] dzdt > 0. (4.6)
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Proof. For the sake of simplicity, we will only prove

liminf / /Q (sign., (u — 0) (fa(w) — fo(v) — Dul2(u) — 2(0))*) Oupf dzdlt > 0,

but all the steps of the proof can be extended to the other cases. We denote by F),~, and F,>, the subsets of
(0,T) given by

Fuso ={t € (0,T) |u(l,t) > v(L, 1)}, Fuco = (Fuso)® = {t € (0,7) [ u(1,t) < v(1,£)}-

Let € > 0. For almost every t € F,<,, one has
A 0: (pa(u)(,t) = pa(v) (2, 1) " Bppi(a)da < 0.
2

Then, using the fact that for almost every t € F, <., the trace of sign_ (u(-,t) —v(-,t)) (fa(u)(-,t) = f2(v)(:, 1))
on {z =1} is equal to 0,

lim nf / / sign. (1w — 0) (f2(u) — fo(v) — Dula(u) — w2(0))*) Dupda > 0. (4.7)
We deduce from the weak formulation that for all 8 € D([0,T)),
T
iy [0 [ () - dua() it Gafu(1, 0,70 ) e =0, (49)
e=~YJo Qo

Since the fluxes fao(u) — dpp2(u) and fa(v) — dpp2(v) belong to L>®(Qs x (0,T)), a density argument, which has
already been used during the proof of Lemma 4.2, allows us to claim that (4.8) still holds for any § € L*(0,T).
So, it particularly holds if we replace 6 by Oxr,.,. This leads to

iy [0 [ (B 20)-0u(eaw—ea)) st drar = [ 60) Galu(1,0),70) - Galo1,0),T@))
Fuc<o Q2 Fuswv

It follows from the monotonicity of G5 that
vVt € Fuso, Ga(u(1,t),a(t)) > Ga(v(1,t),a(t)),

thus
lim inf / (F2(0) = Fo(0) = Ou(2(w) = 9(0))) Dup dardlt > 0. (4.9)

Fuco Q2
In order to conclude the proof of Lemma 4.3, it only remains to check that

E—

lim inf /F 0] () = o) = 0uloata) = 22(0)))pf

E—>

:hminf/Fu@H o, (sign+(u—v)(fg( ) — f2(v)) — Oz (pa2(u) — gog(v))"’)é)xpf daz dt. (4.10)

Since @5 1is a continuous function, u(+,t) can be supposed to be continuous on s for almost every ¢ in (0, 7).
Particularly, for almost every ¢t € F,,~,, there exists a neighborhood V; of {z = 1} such that u(-,¢) > v(-,t) for
all z € V;. On V,, one has

R(a,t) = (falu) = fa(v) = Bulpa () — ¢2(0))) — (sign. (u = v)(fa() = fo(0)) = Dula() = p2(0)) ") = 0.
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Then, for almost every t € Fy~,,

lim R(x,t)05p](z)dz = 0.

e—0 Qs

Moreover, since the fluxes fa(u) — 0yp2(u) and fa(v) — Ozpa(v) belong to L>(Qy x (0,T)), there exists C' > 0
not depending on ¢ such that for almost every ¢,

<C.

/ R, 1), p% () da
Qo

We deduce from the dominated convergence theorem that

e—0

T
lim/ / R(z,t)0yp7 (xz)dx = 0.
0 Qo

This particularly implies that (4.10) holds. This achieves the proof of Lemma 4.3. (I

Proof of Theorem 4.1. First, since u and v are weak solutions to a parabolic equation, they are also entropy
solutions (see [19,25]), and it has been proven in [17] that u and v belong to C([0,T], LP(£2)), in the sense that
there exists @, v € C([0,T], LP(€2)) such that « = @, v = ¥ almost everywhere in Q x (0,7).

Let u and v be two weak solutions, then some classical computations, based on the doubling variable technique
applied on both the time and the space variable (see e.g. [19,25]) yields that for any ¢ € DT (Q; x [0,T))

/ / bi(ule,t) — v(, £))E0pb(z, )z dt + / b1t () — vo()) E(, 0)de
0 Q; Q;
+ / / sign(u(e ) — o) ()0, 1) = )@, ) D,
T
- / / 0, (p1(w) (. £) — i (0) (. 1)) = Do, 1)l it > 0. (4.11)
0 Q;

Let 6 € DT ([0,7)), then summing (4.11) with respect to ¢ = 1,2, choosing

Pla,t) = 0(t) (1 - p= 1 (x) — p5(z) — pi(x))

as test function, and letting € tend to 0 leads to, thanks to Lemmata 4.2 and 4.3:

/OT 20(t) Y

i=1,2

/Qi di(u(z,t) —v(z,t))Fde dt + Z /Q bi(uo(z) — vo(x))TH(0)dz > 0. (4.12)

i=1,2

Since u, v belong to C ([0, T]; L*(£2)), the relation (4.12) still holds for any § € BV (0,T) with §(T+) = 0. Let
t € [0,T], we choose 6 = X[0,t) In (4.12), obtaining this way the L!-contraction and comparison principle stated
in the Theorem 4.1. ([

5. SOLUTIONS OBTAINED AS LIMIT OF APPROXIMATIONS

We aim in this section to extend the existence-uniqueness result obtained in Theorems 3.1 and 4.1 for any
initial data ug € L>(02), 0 < ug < 1 a.e. We are unfortunately not able to prove the uniqueness of the weak
solution to the problem (P) in such a general case, but we are able to prove the existence and the uniqueness
of the solution obtained as limit of approximation by bounded flux solution. Moreover, this limit is the weak
solution obtained via the convergence of the implicit scheme (2.2) studied previously.
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Definition 5.1. A function u is said to be a SOLA (solution obtained as limit of approximation) to the
problem (P) if it fulfils:

e u is a weak solution to the problem (P);
e there exists a sequence (u,),en of bounded flux solutions such that

u, — u in C([0,T]; L*(Q)), as n — 4o0.

Theorem 5.1. Let ug € L>®(Q2), 0 <wug <1 a.e., then there exists a unique SOLA w to the problem (P) in the
sense of Definition 5.1.

Furthermore, if (Mp)pen, (Np)pen are to sequences of positive integers tending to +o00, and if (up,)pen is
the corresponding sequence of discrete solutions, then up, — w in L"(2 x (0,T)), r € [1,400).

Proof. The set
£ = {uo e L®(Q) | 0 < up < 1, Bupi(uo) € LX), 71(uo.1) N 7a(uos) # @}

is dense in {ug € L>(2) | 0 < ug < 1} for the L'(Q)-topology. Then we can build a sequence (g, ), oy such
that

Vllngo [0, — uoll 1 () =0
Let (uy), be the corresponding sequence of bounded flux solutions, then we deduce from Theorem 4.1 that for
allv, p e N,

vVt € [O,T], Z /Q ol (UV(I,t) — ult(x’t))i dor < Z /Q ol (uo,l,(x) — uo,u(x))i dz. (51)

i=1,2 i=1,2

Then (u,), is a Cauchy sequence in C([0,7]; L'(f2)), thus it converges towards u € C([0,77]; L'(£2)), and

veelo, 1], Y /Q,"” (o, t) — (e, 1)) dr < 3 /Q 6 (t0.0(z) — uo(x))* da. (5.2)

i=1,2 i=1,2

Let us now check that u is a weak solution. Since ¢; is continuous, and since 0 < wu, < 1 a.e., ¢;(u,)
converges in L2(; x (0,T)) towards ¢;(u). The L2((0,T); H*(Q;)) estimate (2.23) does not depend on uy,
thus, up to a subsequence, (;(u,)), converges weakly to o;(u) in L2((0,T); H'(£;)). It also converges strongly
in L2((0,T); H*(S2;)) for all s € (0, 1). This particularly ensures the strong convergence of the traces of (p;(u,)),
on the interface. Since <p;1 is continuous, we obtain the strong convergence of the traces of (u,),. Checking
that the set

F ={(a,b) € [0,1]* | 71(a) N72(b) # 0} is closed in [0, 1]?,
the limits u; fulfill 71 (u1) N 72(ug) # 0, and so u is a weak solution, then it is a SOLA.
If u and v are two SOLAs associated to the initial data ug and vy, we can easily prove, using Theorem 4.1 that

vt e [0,77, Z/Q bi (u(z,t) — v(z, 1)) da < Z/Q i (uo(z) — vo(z))* da. (5.3)

i=1,2 i=1,2

The uniqueness particularly follows.

Let ug € L>(Q), 0 < wp < 1, and let (ug,), C £ a sequence of approximate initial data tending to ug
in L' (2). We denote by u the unique SOLA associated to ug, and by (u,), the bounded flux solutions associated
to (uo,),. Let (Mp)pen, (Np)pen be two sequences of positive integers tending to +oo. Let p € N, v € N,
let up, the discrete solution corresponding to ug, and let u, p, the discrete solution corresponding to uo,,:

lup, —ullLiaxor)) < lup —uwp,llL1(@x0,1) + |tw,D, — UL (@x©0,1) + |t — | L1 @x0,1))-
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From the discrete L'-contraction principle (2.11), and from the continuous one (5.2), we have

max ¢;
lup, — ullLraxor)y < T————|uop — towp,llL1(0) + [luwp, — | L1 @x(0,1)
min ¢;
max ¢;
T — .
+ in o, llwo,, — uoll L1 ()

Letting p tend to oo, it follows from the definition of (ug,,p) (adapted from (2.1)) that
plirlgo luo,p — w00, L1 (0) = lluo,, — uollL1(a)-

We have proven in Theorem 3.1 that the sequence of discrete solutions converges, under assumptions on the
initial data, to the unique bounded flux solution, thus

Jim ., = uvllp@xco.my) =0

This implies
. max ¢@;
hzlisgp llup, — ullrx 0,y < 2T . llwo, — uollL1 (-

Letting v tend to co provides

lim ||’U,Dp — UHLI(QX(O,T)) = 0
p—00

The convergence occurs in L'(Q x (0,7)), but the uniform bound on the sequence (up,) in L>(2 x (0,7))
ensures that the convergence also take place in all the LP(Q2 x (0,T)), for p € [1, 00). O

6. NUMERICAL RESULT

In order to illustrate this model, we use a test case developed by Anthony Michel [32]. The porous medium
Q = (0,1) is made of sand for = € (0,0.5) U (0.7, 1), with a layer of shale for x € (0.5,0.7).
First case

The total flow rate is equal to 0, since fsand(1) = fshale(1) = 0, and the convection is the exclusive of the
volume mass difference between the oil, which is lighter, and the water. The convection functions are given by:

2 2
u (1l —u
fsana(u) =100 * fepate(u) = 50 * %
The capillary pressures are first given by
Tsand (U) = u57 Tlshale (U) =0.5+ u®.

The functions pgang and @Yghale, given by

u 82(1 _ 52) u 82(1 _ 82)
Psand(u) = 10 * /O mﬂ-;and(s)dsa Pshale(u) = 0.1 */O mﬂéhale(s)d&

are computed using an approximate integration formula. The initial data ug is equal to 0, and u = 0.001, w = 0.
The convection is approximated by a Godunov scheme, defined by

min_f;(s) ifa<b,

. - s€[a,b]
G'L (aﬂ b) - III[E;.X] f’i (5) OthGI’WiSe-
s€lb,a
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saturationt-20 sauration 100 sauration 200

FIGURE 1. Saturation profiles for ¢t = 20, ¢t = 100, ¢ = 200.

pression 120 prassion t-100 prassion 1-200

Ficure 3. Oil-flux profiles for ¢t = 20, ¢t = 100, ¢ = 200.

A little quantity of oil enters the domain from the left boundary condition, and it moves forward in the first
part made of sand. The discontinuity of the capillary pressure (Fig. 2) stops the migration of oil, which begins
to collect at the left of the interface, as shown in Figure 1. One can check in Figure 3 that for ¢ small enough,
the oil-flux through the interface {2 = 0.5} is equal to 0. The accumulation of oil at the left of {x = 0.5} implies
an increase of the capillary pressure. As soon as the capillary pressure connects at {x = 0.5}, the oil can flow
through the shale. The next discontinuity at {z = 0.7} does not impede the progression of the oil, since the
capillary pressure force, oriented from the large pressure to the small pressure (here from the left to the right),
works in the same direction that the buoyancy, which drives the migration of oil.

For t = 200, the presented solution is a steady solution, with constant flux (Fig. 3). Some oil remains blocked
in the first subdomain (0,0.5). Even if one puts u(¢) = 0 for ¢ > 200, the main proportion of oil in the porous
medium can not overpass the interface {x = 0.5} and leave the porous medium (0,1). Indeed, the function
defined by

() _{ 0 if z ¢ (0.4,0.5),
T b (5(x—0.4)) ifa € (04,0.5)

sand
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FIGURE 4. Saturation profiles for ¢ = 100, ¢ = 500, ¢t = 900.

pression 100 prassion 1-500 prassion 1-900

x10° fuxt-100 x10® fiux1-500 x10® fiox1-900

FiGURE 6. Oil-flux profiles for t = 100, ¢ = 500, ¢t = 900.

is a steady solution to the problem for uw = 0. It is easy to check that u(-,200) > w®, thus the comparison
principle stated in Theorem 4.1 ensures that for all ¢ > 200, u(-,t) > «®*. Thus for all ¢ > 200

0.5 0.5
/ u(zx, t)de > / u®(z)dz > 0.
0 0

This quantity is said to be trapped by the geology change. Further illustrations, and a scheme comparison will
be given in [32].
Second case

We only change the values of the capillary pressure functions (and also the linked functions ¢sang and @shale)-
The amplitude of the variation of each function is reduced from 1 to 0.2, i.e.

Tsand (1) = 0.2 % u®, Tohale (1) = 0.5 4+ 0.2 % u”.
The graph transmission condition for the capillary pressure turns to

(]- - usand)ushale = 0;
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where ugang (resp ushale) denotes the trace of the oil saturation at the interfaces {x = 0.5} and {z = 0.7}. In
this case, no oil can overpass the first interface, which is thus impermeable for oil (see Figs. 4, 5 and 6). The

only steady solution is
s { 1 ifx<0.5,
u®(x) =

0 ifxz>0.5.

An asymptotic study for capillary pressures tending to functions depending only of space, and not on the
saturation has been performed in [13], Chapters 5 and 6 (see also [15,16]). It has been proven that either
the limit solution for the saturation is an entropy solution for the hyperbolic scalar conservation law with
discontinuous fluxes in the sense of [1-4,6-9,26,34-36] (see also [27-29]), mainly when the capillary forces at
the interface are oriented in the same direction that the gravity forces, or that non-classical shocks can occur
at the interfaces when the capillary forces and the gravity are oriented in opposite directions.

Acknowledgements. The author would like to acknowledge the Professor Thierry Gallouét for his numerous recommen-
dations and Anthony Michel from IFP for the fruitful discussions on the models. He also thanks Alice Pivan for her help
with the English language.
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