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Vanishing capillarity solutions of Buckley-Leverett
equation with gravity in two-rocks’ medium.

Boris Andreianov* Clément Cances'

Abstract

For the hyperbolic conservation laws with discontinuous flux function there may exist several consistent
notions of entropy solutions; the difference between them lies in the choice of the coupling across the flux
discontinuity interface. In the context of Buckley-Leverett equations, each notion of solution is uniquely
determined by the choice of a “connection”, which is the unique stationary solution that takes the form of
an undercompressive shock at the interface. To select the appropriate connection, following Kaasschieter
(Comput. Geosci., 3(1):23-48, 1999) we use the parabolic model with small parameter that accounts for
capillary effects. While it has been recognized in Canceés (Netw. Heterog. Media, 5(3):635-647, 2010)
that the “optimal” connection and the “barrier” connection may appear at the vanishing capillarity limit,
we show that the intermediate connections can be relevant and the right notion of solution depends on
the physical configuration. In particular, we stress the fact that the “optimal” entropy condition is not
always the appropriate one (contrarily to the erroneous interpretation of Kaasschieter’s results which is
sometimes encountered in the literature).

We give a simple procedure that permits to determine the appropriate connection in terms of the
flux profiles and capillary pressure profiles present in the model. This information is used to construct
a finite volume numerical method for the Buckley-Leverett equation with interface coupling that retains
information from the vanishing capillarity model. We support the theoretical result with numerical
examples that illustrate the high efficiency of the algorithm.

Keywords scalar conservation laws with discontinuous flux functions, discontinuous capillarity; two-phase
flows in heterogeneous porous media, finite volume schemes
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Introduction

The Buckley-Leverett equation is a scalar conservation law
Ors+ 0pf(x,8) =0

with a particular form of the flux function f(z,-); the dependence in 2 describes the medium heterogeneities,
and the whole equation serves as a model for two-phase immiscible flow in one-dimensional medium with
neglected capillarity effects. The details of the models (with and without capillarity) are recalled in the
sequel. When the dependence of f on z is regular, the notion of Kruzhkov entropy solution [42] has been
recognized as the appropriate one; in particular, it is known that, whatever be the form of the capillary
pressure curves, the “vanishing capillarity limit” yields the Kruzhkov solution (e.g., in the autonomous case,
one can deduce this convergence result from the approach of [15]; for the general case, the result of [48] can be
used). The situation is much more delicate when the medium consists of two or more geological layers with
radically different physical properties and a sharp transition between the layers; mathematically, this means
that  — f(x,-) presents discontinuities. Several works were devoted to the study of such discontinuous-
flux Buckley-Leverett model; let us mention Gimse and Risebro [38, 39], Kaasschieter [41], Adimurthi et
al. [1, 2], Biirger et al. [19] (see also [20]), and the works [24, 25, 26] of the second author. These works
were mainly considering the model problem with interface located at x = 0 and piecewise constant in x flux
fz,) = fo()lz<o + frR(-)Lzs0; this will also be our framework in this paper.

In particular, Adimurthi, Mishra and Veerappa Gowda in [2] have pointed out the fact that infinitely
many notions of solution, all of them equally consistent from the mathematical point of view, may coexist for
the discontinuous-flux Buckley-Leverett equation; this fact was illustrated numerically in [19]. The so-called
“optimal entropy solutions” (here and in the sequel, we follow the terminology of [24, 25, 26]) were recognized
as the vanishing capillarity limits (with discontinuous capillarity 7(z, ) = 75 (-)lz<o + TrR(-)1z>0) in some
physical situations: see [41, 1, 24]. Let us highlight the fact that in many physical situations, the “optimal
entropy solutions” are not appropriate. Indeed, in [25] it was shown that the so-called “barrier entropy
solutions” appear, in another physical range of parameters. Roughly speaking, the optimal entropy solutions
correspond to the maximization of the flux of one phase across the interface while the barrier entropy solutions
correspond to the situation where the flux of this same phase across the interface is minimized (cf. [26]). As
shown in [25], the occurrence of the barrier entropy solution can be linked to the oil trapping phenomenon.
In this paper we show, both theoretically and numerically, that all intermediate notions of entropy solutions,
described by Adimurthi, Mishra and Veerappa Gowda in [2] and by Biirger, Karlsen and Towers in [20], do
appear as vanishing capillarity limits for some choice of nonlinearities (see Theorem 5 and the subsequent
comment). More importantly, we indicate a simple procedure that permits to identify the adequate notion
of solution, given the graphs of the flux functions fr, r and of the capillarity functions 7 r. In Section 2.3
we make clear the relation of the conclusions of our work to the conclusions of the pioneering work [41] of
Kaasschieter that are sometimes misinterpreted in the recent literature.

While the starting point of our analysis is exactly the same as in the work [41], we exploit the theoretical
framework of the paper [7] of Karlsen, Risebro and the first author (see also Biirger et al. [20]) in order to
avoid the lengthy analysis of vanishing capillarity profiles corresponding to different initial Riemann data.
Namely, from the facts established in [2, 20, 7] and those assessed in [23, 28], we deduce that only one vanishing
capillarity profile should be constructed explicitly. The choice of the profile follows a simple geometrical rule
(see Fig. 1 and Proposition 3). The main result of the paper, i.e. Theorem 5, combines elements of the
general approach to scalar conservation laws with discontinuous flux (see [7]) with some recent results on
two-phase flows in two rocks’ media (see [28, 23]).

The paper is organized as follows. In Section 1, we recall the parabolic model for two-rocks’ porous
medium, and the notions of bounded-flux and mild solutions as introduced in [28]. The key point here is
the so-called Kato inequality, which is a localized L' contraction principle satisfied by two mild solutions. In
Section 1.3, we point out a particular mild solution; this is a viscosity profile connecting some states (s, s7,)
defined from transmission conditions across the interface. This profile gives rise to the particular stationary
solution ¢(z) = sT lz<o + s 1,50 for the hyperbolic Buckley-Leverett model in two-rocks’ medium described
in Section 2. Namely, ¢(-) can be obtained as a vanishing capillarity limit, therefore it must be considered



as an admissible solution for the hyperbolic model. Using this fact and the general structure of entropy
solutions to our hyperbolic model, in Theorem 5 we eventually identify the vanishing capillarity limits as
the g(sg,s;; y-entropy solutions in the sense of [7]. Finally, in Section 3 we illustrate numerically the above
theoretical results. For solving the hyperbolic model obtained as the vanishing capillarity limit, we use a
simple finite volume Godunov scheme designed in [4] to approximate the discontinuous-flux Buckley-Leverett
equation in a way compatible with the more precise parabolic model with capillarity. In order to illustrate
the efficiency of the procedure, we compare the results provided by this Godunov scheme with those provided
by the scheme (analyzed in [23]) that approximates the parabolic problem. In particular, we observe a
remarkable computational gain in considering the simplified model, as well as a good concordance in the
numerical results.

1 Parabolic model for two-phase flow in two-rocks’ medium

This section is devoted to the parabolic model of two-phase flow with discontinuous capillary pressure in one
space dimension. Following the previous work of the second author [28, 23, 29] (see also [49, 21]), the frame
of multivalued capillary pressures is introduced in order to give a extended sense to the continuity of the
capillary pressure at the medium’s discontinuity. We will use the notions of bounded-flux and mild solutions
that have been proved to be well-suited for this problem in [28, 23]. This model will be re-scaled, letting a
scaling parameter appear in front of the capillary diffusion. Letting the capillarity parameter € tend to zero
will be the main purpose of this paper, and especially of Section 2.2.

1.1 Immiscible two-phase flows with discontinuous capillary pressure

We consider a one-dimensional porous medium made of two different rocks Qf, = (—00,0) and 2z = (0, +00),
separated by an interface I' = {z = 0}. The medium is assumed to be vertical, but we use the subscripts L
(“Left”) for the lower rock, and R (“Right”) for the upper rock in order to comply with the notation used in
the context of conservation laws with discontinuous flux. Two immiscible and incompressible phases a, b are
flowing within this medium. Writing the volume balance of each phase in ; yields

Qbiatsa + 81”0( =0 (a S {CL, b}vl € {Lv R})a (1)

where s, € [0,1] denotes the saturation of the phase o and ¢; € (0,1) denotes the porosity of the rock €;.
The filtration speed v, of the phase « is prescribed by the Darcy-Muskat law (see e.g. [13])

v = —KkT” (Oubo — pag) (@€ {a,b}.i € {L.R}), (2)

where K is the intrinsic permeability of €;, ta, po and p, are respectively the viscosity, the pressure and the
density of the phase «, and g is the gravity. Whenever p, # pp, the presence of gravity induces the buoyancy
force. The relative permeability kr, ; of the phase o in ; is supposed to be Lipschitz continuous, increasing
on [0,1] and such that kr, ;(0) = 0. The pore volume is supposed to be fully saturated by the fluid, i.e.

Sa+sp =1, (3)
while the phase pressures are supposed to be linked by the capillary pressure relation
Pa — Db = 771'(50.)7 (Z € {La R})7 (4)

where the functions 7; are increasing. As noticed by H. W. Alt et al. [3], the natural topology for the phase
pressure p,, stems from the estimate

; /Qi kra,i(sa) (8xpa) dr < C. (5)

Therefore, if s, = 0 (and thus krq,;(se) = 0), no control is provided by (5) on the pressure p,. As suggested
in [29] (see also [17, 16]), we extend the pressure in the following multivalued way

Pa(z,t) = [—00, pp(x,t) + m;(0)] if x € Q; and sq(x, 1)
py(z,t) = [—00,pa(z,t)) — mi(1)] if . € Q; and s,(x,t) =

0, (6a)
1, (6b)



for i = L, R. Therefore, as it was already the case in [21, 28], the capillary pressure function has to be
extended into the maximal monotone graph 7; from [0, 1] to [—o0, +0o0] defined by

i (8) if s € (0,1),
[mi(1),+00] ifs=1.
At the interface T', we require the balance of the phase fluxes, i.e. (formally)
UQ(O_, t) = ’Ua(0+, t) (Oé € {av b}>a (8)

and the continuity of the extended phase pressures, i.e.

Pa(07,1) Npa (07, 1) # 0. (9)

Here and at the sequel, the values at & = 0 denote the one-sided traces of different quantities, in some sense
that has to be made precise in each case.

Now, summing (1) for & = a,b we find that 0,(ve + vp) = 0. Thanks to (8), we can claim that the total
flow rate g := v, + vp only depends on time. For the sake of simplicity, we assume that ¢ is constant in
time. However, our results can be generalized to the case of time dependent ¢ by means of an adaptation of
the tools developed in [6, 5, 22]. Without loss of generality, we assume that ¢ > 0 and that the buoyancy
coefficient (p, — pp)g is nonnegative (these conditions can be enforced by changing x by — and by exchanging
the role of a and b). The equation (1) for the phase a can now be rewritten under the form

¢iat5a + 81 (fi(sa) - )\i(sa)amﬂi(sa)) = 07 (10)
where, for i = L, R,

B krai(s)
" hrai(s) + Eokry (1 — )

Ni(s) = Ry rai()hroi (1 = 5)

i,ubkra,i(s) + pakrp (1 —s)’ fi(s)

+ (Pa — Pv)gAi(s). (11)

Since we assumed that kr, ;(s), k7p.i($) are zero if and only if s = 0, the functions A; verify A;(0) = A;(1) =0
and \;(s) > 0if s € (0,1), while the functions f; are such that f;(0) = 0 and f;(1) = ¢. For classical choices
of relative permeabilities kr, ; and kry; (see e.g. [13]), the flux functions f;, i = L, R, are bell-shaped in the
sense (A1) below.

For the sake of readability, we remove the index a in s,; thus s stands for the saturation of the phase a.
Denoting by ¢; the Kirchhoff’s transform function defined by

we convert equation (10), valid in €;, into

$i0s + Oy (fi(s) — Ozpi(s)) = 0. (12)

Thus equation (8) becomes

lim (f1(s) = Oupr(s)) = lim (fr(s) — Oupr(s)); (13)
z—0~ z—0+
the precise sense of equality (13) will be specified later. Notice that traces at z = 0% of ;(s) exist whenever
vi(s(t,)) € HY(Q;). Since each ¢; admits a continuous inverse function, also the one-sided traces of s on
I exist in the strong L'(0,T) sense. Denote by sz, sg the traces on I' from Q, and Qg respectively; it has
been shown in [21, 28, 29] that relation (9) implies

7r(sy) N7Tr(sr) # 0. (14)

Note that in this paper, buoyancy is taken into account, and, as it will be stressed in the sequel, it plays
a major role in the following study. Indeed, it makes the flux f; defined by (11) bell-shaped in the sense of
assumption (A1) below. In the case where the gravity was neglected, existence of traveling wave solutions
to problem (12)—(14) was investigated in [52], while existence and uniqueness of (regular) weak solutions was



shown in [14, 28, 49]. The effective equations in a stratified porous medium were formally derived in [51],
and rigorously recovered in [49]. Numerical schemes were proposed in [37, 1, 40, 36] and analyzed in [35]. To
our knowledge, the only results available concerning the analysis of problem (12)—(14) in presence of gravity
are [41] for the traveling waves and [23] for the existence and uniqueness of the solutions, existence being
proved by establishing the convergence of a suitable finite volume scheme. Multi-dimensional extensions have
been recently performed [29, 17, 16].

Due to the large dimensions of the sedimentary basins, and since the time scale involved in the migration
of hydrocarbons is also large, it is natural to rescale the variables by choosing x := z/e, t := t/e for some
small positive e. The problem (12)—(14), completed with the initial condition (15d), thus turns into

Di0ps® + Oy (fi(s9) — €020:(s%)) =0 in Q; x (0, 00), (15a)

T (f2(57) — eDhpr(s) = Tim, (fa(s") — edopr(s)) in (0.T), (15b)
Tr(sy) N7r(sy) #0  in (0,7), (15¢)

sf,_, =50 inR (15d)

Here, as usual, i = L, R and s, s% denote the traces of s¢ at x = 0~ and = = 0T, respectively. The flux
transmission property (15b) should be understood in the weak sense, e.g., according to the theory of [33].

Let us now make precise the assumptions on the data required for our analysis. It is worth noting that
all of them are fulfilled by the model commonly used in oil-engineering (see [13, 9]).

(A1) The flux functions f; belong to Lip([0,1]) and satisfy f;(0) = 0, f;(1) = ¢ > 0. Moreover, f; is a
so-called bell-shaped function, i.e. there exists §; € (0, 1] such that f/(s)(5; —s) > 0 for a.e. s € (0,1).

(A2) The capillary pressure functions 7; belong to Lip,,.((0,1)) N L'((0,1)) and they are strictly increasing
on (0,1).

(A3) The Kirchhoff transforms ¢; belong to Lip([0,1]) and they are strictly increasing on [0, 1].
(A4) s is measurable with 0 < so < 1.

Hereabove, ¢« = L, R; and by Lip and Lip,,. we denote the spaces of Lipschitz and locally Lipschitz continuous
functions, respectively.

1.2 Bounded-flux solutions and mild solutions of (15)

This section is devoted to a brief summary of the state of the art for the mathematical analysis of the
system (15) for fixed e. Some existence and uniqueness results can be found in [14, 49], but we focus here
on the frame developed in [28, 23]. In particular, up to our knowledge, the result of [23] is the only one that
allows to take non-monotone flux function f; (as it is the case when buoyancy is taken into account).

The mathematical analysis of the system (15) for fixed € is carried out in [14, 49, 28] in cases where the
gravity (and thus the buoyancy) is neglected, and in [23] in presence of buoyancy. Let us recall the framework
of bounded-fluz solutions introduced in [28, 23] for this problem.

Definition 1 (bounded-flux solution) A function s¢ € L>*(R x Ry;[0,1]) is said to be a bounded flux
solution of problem (15) with initial datum so if Oppi(s€) € L=®(Q x Ry), if Tr(s%(t)) N7Tr(sk(t) # 0 for
a.e. t € Ry, and if, for all Y € C*(R x Ry),

50, i -0 i(5°) — €0ppi(s°)) Oxp = 0. 16
J[. oo+ oo >+ie{%}/m%<f<s ) = cDupi(s°)) Ot (16)
From now on, we use the Kruzhkov and semi-Kruzhkov (or Serre) entropy fluzes

®;(a,b) = sign(a —b)(fi(a) = fi(b)), P (a,b) = signy(a —b)(fi(a) - fi(b), (17)

where sign, (a) = 1 if a > 0 and 0 otherwise, and sign_(a) = —sign, (—a). In the sequel, for a € R, we
denote by a* (resp. a~) the positive (resp. negative) part of a, i.e. a* = sign_ (a)a.



Proposition 1 Let s¢, 3¢ be two bounded-flux solutions of (15) in the sense of Definition 1 corresponding to
ingtial data sg, $o respectively. Then for all 1 € C°(R x Ry;R+), the following Kato inequality holds:

Z //QNR+ Pils" =570 + Z ¢i(s0 — 50)*¥(-,0)

ie{L,R} ie{L,R} "

+ ) //Q_XR (®?(sf,sf)—eaz (¢i(s9) _(pi(ge))i) 9 > 0. (18)

ic{L,R}
Corollary 2 For all initial datum sg satisfying (A4) there exists at most one bounded-fluz solution s¢ to (15).

The proof of Proposition 1 and Corollary 2 is a straightforward generalization of the results of [23, Section 4]
at least in the case of L' data with values in [0, 1], the L' assumption being used to ensure that 9,¢1, r(s) — 0
as ¢ — Foo. For the general case, let us point out that the L' assumption is bypassed, e.g., by exploiting
the Kato inequality in the way of Maliki and Touré [44]. Thus (A4) is a sufficient assumption in Corollary 2.

Still in [23], the existence of a bounded-flux solution is proven thanks to the convergence of a Finite
Volume scheme under the assumption (A5) that the initial flux is bounded. Putting this existence result
together with the uniqueness result exposed in Corollary 2 yields to following theorem.

Theorem 1 Assume that (A1)—(A4) hold. In addition, let the initial datum be regular in the sense

(A5) for i = L,R, assume Oypi(so) € L>(). Furthermore, assume that the initial data are connected;
namely, denoting by so; the trace of so on T from Q;, we suppose that 7r(so,r) NTr(so,r) # 0.

Then there exists a unique bounded-flux solution s¢ of problem (15) corresponding to so. Furthermore, s
belongs to C(Ry; L .(R)). Moreover, if 3o also satisfies (A4) and (A5), if so — 30 € L'(R) and if we denote
by 3¢ the unique bounded-flux solution corresponding to So, then for all t > 0 we have

i (1) =5 ()T < Y Bi (s0(w) — Fo(2))™ . (19)

ie{L,R} 7% ie{L,R} "

Upon generalizing the notion of solution by a closure procedure, the above existence and uniqueness frame-
work can be extended to initial data that only satisfy (A4), but not (A5). This approach is a slightly
improved variant of the technique exploited in [28, 23].

Definition 2 (mild solution) A function s® € L>(RxR4; [0, 1]) is said to be a mild solution if fori = L, R,
02pi(s%) € L2 (U x Ry), if T (s5 (1)) NTR(sG(L)) # 0 for a.e. t € Ry, and if there exists a sequence (s*°¢),

loc
of bounded fluz solutions tending towards s€ in L} (R x Ry).

loc

Theorem 2 Assume that (A1)—(A4) hold, then there exists a unique mild solution s¢ of (15) corresponding
to sg. Furthermore, s¢ belongs to C(R; Li,.(R)). Moreover, if 3 is a mild solution corresponding to an initial
datum 3¢ then the Kato inequality (18) holds.

Proof:  Let us start with the case of a compactly supported initial datum. In this case, smoothing sg
and modifying it near the origin as proposed in [24, 25], we can approximate so in L*(R) by a sequence
(58),ey of initial data that are regular in the sense (A5). Denoting by s the unique bounded-flux solution
corresponding to the initial data sf, we see from (19) that the sequence (s*¢), is a Cauchy sequence in
C(Ry; L' (R)) Therefore, it admits a unique limit value s¢.

Let us show that s€ is a mild solution. Let K be an arbitrary bounded interval of R, let T" > 0, and let
Xi : Qi — [0,1] be a smooth function with compact support such that y; = 1 on ;. Choosing formally

(CL‘, t) — 7T(.’L', SV76($7 t))]l(O,T) (t)Xi(x)

as test function in the weak formulation (16) on s*>¢ (this point is thoroughly justified, by means of two steps
of regularization of the problem in [28] — see also [29] for the multidimensional case) provides that

T
/
0

/ (Oepi(s7))2 < C. (20)
Ki

ie{L,R}



where K; = KN§; and where C' does not depend on v nor on € (but on K). Then ¢;(s€) is uniformly bounded
in L2((0,T); HY(K;)) with respect to v. Since ;(s"€) converges strongly towards ;(s¢) in C([0, T]; L*(K;)),
by interpolation, it also converges strongly in L2((0,7); H*(K;)) (to the same limit) as soon as s < 1.
Hence, we infer the strong convergence of the one-sided traces ¢;(s;“) on the interface in the L?(0,T)
sense towards ;(s§). The functions <p;1 being invertible, we deduce that s;“ tends to s¢. Since the set
{(sz.sr) €[0,1)* | #r(sp) N 7r(sr) # 0} is closed, one recovers at the limit v — oo the property 71 (s¢) N
Tr(s%) # 0 a.e. in (0,7), and then a.e. in Ry since T has been chosen arbitrary. This ends the existence
proof for compactly supported data.

Next, given a general initial datum sg, we can approximate it by a monotone sequence (s§*)men by setting
50" = 501l|3|<m- Using the comparison principle contained in (19), we see that the corresponding sequence
(s™€) of mild solutions is non-decreasing, then it converges to some limit s¢ a.e. on R x [0,T]. It follows
that s¢ is itself a mild solution.

Finally, mild solutions being constructed as L}, . limits of bounded-flux solutions, the Kato inequality (18)
remains true because it is stable by L}, . convergence. A mild solution is a weak solution, i.e. it satisfies (16);
therefore, we deduce from [27] that s¢ belongs to C([0,T7]; L}, .(Q;)). Since s¢ € L>=(R x R;), one obtains
that s¢ € C([0,T); L, .(R)). O

As a consequence of the Kato inequality, the comparison and L!-contraction property (19) remains valid
for mild solution instead of bounded-flux solution. Last but not least, all the equations of system (15) are
still fulfilled, in the distributional sense or in the appropriate trace sense, by the mild solutions, ensuring that
they are effective solutions to the problem. To sum up, Theorem 2 sets up a well-posedness framework for
(15), for all € > 0.

Remark 1 Let us explain the terminology used in this section. The denomination bounded-flux solutions
has been introduced in [28]; the name is due to the regularity property Oyp;(s€) € L>(Q; x Ry). Note that
this non-trivial property is derived thanks to a mazimum principle for the flur Ff(z,t) = f£(s¢) — €0ppi(s©)
(recall that € > 0 is fized). Further, the denomination mild solution is the usual term used in the theory of
nonlinear semigroups generated by accretive operators: is denotes the solution obtained by means of implicit
semi-discrete in time approximation. Solution in the sense of Definition 2 being the limit of bounded flux
solutions, it is indeed a mild solution in the latter sense. This fact can be inferred from the arguments
of [23], where the solutions provided by a fully discrete time-implicit finite volume approximation are shown

to converge towards the mild solution.

1.3 Looking for a stationary profile solution

Clearly, € in (15) can be seen as a vanishing capillarity parameter. In order to understand the limit problem,
as € — 0, in this paragraph we point out an evident stationary profile U : R — [0,1] such that for all e,
U(z/¢) yields a bounded-flux solution to problem (15). In the simplest case, U is constant on each side from
zero; in the other case, U is constant on one side only.

Given 7y, g and fr r, we define two curves P and U in the unit square [0,1] x [0, 1] (see Fig. 1). Recall
that we have extended 77, p to maximal monotone graphs 7, r from [0, 1] to R, thus extending the domain
of 71';71R to whole R (the inverse of a maximal monotone graph is a maximal monotone graph). Define the set

P = { (sz,sr) € 0,1 | Fr(sL) N7r(sR) # 0 }= (21)

then the curve P is the maximal monotone graph from [0, 1] to [0, 1] defined as the composition 75" o 7z, of
two maximal monotone graphs. The curve U is implicitly given by

U .= { (SL,SR) | fL(SL) = fR(SR)7 sy, > 5 and sg < Sg } (22)

Due to assumption (A1), U is the graph of a strictly decreasing function on an interval that we denote
[s9P%, s%7]. More specifically, the extremity (57", s%") of the curve U lies inside (0,1)%; we have either
s9" = 51, or s%" = 5p according to the order of the values max|o 1) fz and maxg 1] fr. The other extremity
(shar, s%7) lies either on the part {1} x [0,s%] or on the part [s7",1] x {0} of the boundary of the unit
square, according to the sign of the total flux q.
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Figure 1: The maximal monotone graph P (in red) is defined by (21) from the capillary pressure
function 7 g, and the decreasing curve U (in green) is defined by (22) from the convective flux
functions fr, gr. The vanishing capillarity limit is fully characterized by their intersection, as stated
in the “selection rule” at the end of the section. The segment D (horizontal, in the case s7” =3 L)
is used in the proof of Prop. 3.

Proposition 3

(1) Assume that UNP # 0, and denote by (s7,sT,) its unique element. Then c(x) = c(z) := sTlgco+5FLz>0
is a bounded-flux solution of (15) for every e > 0, it is therefore a vanishing capillarity limit.

(ii) Assume that U NP = 0. Then c(z) = s Ny + s¥ uso is a vanishing capillarity limit, i.e., there

exists a sequence ¢ of stationary bounded-fluz solutions of (15) that converges to c(-) in L, (R), as € — 0.

In the above statement, saying that a function is a solution of (15) we do not specify the initial condition.
Proof:

(i) It is enough to check that the function c(-) fits the definition of a bounded-flux solution. Indeed, it is
constant on each side of the interface, so that the equation is verified pointwise away from {x = 0}. Next, the
capillary pressures are connected in the sense 77 (s7) N7wr(s%) # 0 because (s7,s%) € P. Finally, because
(sT,s%) € U, we have

(fL(e) = €0uc)la=o- = fL(s7) = fr(sR) = (Fr(c) = €0x¢)[o=0+-

(ii) The proof in this case is similar to the proof of [24, Proposition2.9], in which a particular choice of P
was done. We consider separately two cases: either s7” =35, or s‘;%pt = Sg. In the first case we complement
U by the horizontal segment D := [0, s7"] x {s9%'} (see Fig. 1); in the second case we complement U by the
vertical segment D := {s97'} x [s%",1]. In each of the cases, there is an intersection point (37,3%) of the
maximal monotone graph P with the union & UD which is a maximal anti-monotone graph. Since Y NP = ()
by assumption, the point (57,37%) belongs to D.

Consider the first case: we have 3% = s, 37 < s97", and f1.(-) — fr.(s?"") < 0 on [0, 1]. We construct the
solution of the following Cauchy problem for the ordinary differential equation:

{ AL(U©) [rr(UE)]) = f2(U©) = fu(s7"). €€ (~00,0] (23)
U(0) = 37.

Existence of a local solution is clear from the Cauchy-Peano theorem, and it is easily seen that the solution

is non-increasing and it can be continued to a global on (—o0, 0] solution satisfying lime_, o U(€) = s7* L



Set c“(z) := U(x/€)lyco + s¥" 1u>0; as in (i), we check that this function is a bounded-flux solution of
(15) for every € > 0. Indeed, differentiating (23) in the weak sense and recalling the definition of ¢, we see
that equation (15a) is satisfied pointwise for # # 0. The capillary pressures are connected at {2 = 0} because

(37,59%") € P; and the fluxes are connected at {z = 0} because

(fre) — €0xC)|p—0- = fL(S%pt) = fR(S(;{pt) = (fr(c) — €0x¢)|p—0+-

The limit of 5¢(-) being ¢(x) := s 1,0 + s;’ft]lmw, this ends the proof for this case.
In the second case, we have 37 = s9, s?* < 3%, and fr(-) — fr(s?") < 0 on [0,1]. Analogously to the

first case, we construct a profile ¢*(z) := s« + U(z/¢)ly50. Here U(-) is a non-increasing function with

lime 40 U(E) = s‘;%pt; it solves the ODE problem analogous to (23) but posed on [0, +00), with fR,E}’%,s%)t
replacing fr,,57,57", respectively. O

With the above proposition in hand, we highlight the following

Selection Rule:  We set (s],sT,) to be the intersection point of U and P if the two curves cross
(see Fig. 1), and we set it to be (s, s%") if U and P do not cross.

2 Buckley-Leverett equation in two-rocks’ medium

Taking the limit ¢ — 0 in the problem (15) provides formally that the limit s of s¢ satisfies the hyperbolic
scalar conservation law with discontinuous flux function

o(x)0rs + 0, f (x,8) =0, (24)

that is known to have several mathematically consistent notions of solution (see [2]). In Section 2.1, we recall
some elements of the theory on the scalar conservation laws with discontinuous flux functions detailed in [7],
that will be of great interest to identify the notion of solution that describes the vanishing capillarity limit.

2.1 The formal discontinuous-flux model, connections, entropy solutions

Buckley-Leverett equation in two-rocks’ medium is a particular case of conservation law with discontinuous
flux. When the interface between the media is located at {z = 0}, this general problem takes the form

Ou[(611aco + Grlluno) 5 | +0u [ F1(9) oo + fr(s) o] = 0. (25)

Remark 2 In the case ¢, = ¢r, problem (25) has been much studied in the literature (see the references
in [7]). Let us stress that the introduction of constant coefficients ¢, and ¢pr does not change the properties
of problem: namely, the definitions and results stated below can be reduced to those of [1] and the other
references upon introducing the new unknown u(x,t) := (¢prLzco + Prly>0) s(z,t) and the new fluzes g g :
u fLr(u/éL R).

The notion of L!-dissipative germ (L'D germ, for short) has been formulated in [7] in order to describe the
different semigroups of entropy solutions satisfying the L! contraction principle. For fluxes f g satisfying
(A1), (25) can be seen as the formal limit, as e — 0, of (15). We interpret this idea by saying that an
admissible solution s to (25), in the Buckley-Leverett context, should be a vanishing capillarity limit, i.e.,
a limit of some sequence (s¢)c_ of solutions of (15). Due to Theorems 1,2, it is clear that the vanishing
capillarity limits do satisfy the L! contraction principle; thus the setting of [7] is suitable for our needs.

Let us give the definitions underlying the theory of problem (25).
Definition 3 (admissibility germs; complete, maximal and definite germs)
- Any set G of couples (s, sgr) € [0, 1]? satisfying the Rankine-Hugoniot relation
V(sw,sr) €G fr(sr) = fr(sr) (26)
and the L'-dissipativity relation
Y(sr,$Rr), (zL,2r) € G ®r(sL,21) > Pr(sr, 2r), (27)

where @, g are defined in (17), is called an L'D admissibility germ (a germ, for short) associated with
the couple of fluzes (fr, fr) defined on [0,1].



- A germ G is called complete if all Riemann problem at x = 0 for (25) admits a self-similar solution s
such that (sr,sr) € G, where s, resp. sg, is the limit of s(t,-) as * — 07, resp.as x — 0.

- We say that G' is an extension of a germ G if G C G' and G’ still satisfies the L*'-dissipativity property
in (27) and the Rankine-Hugoniot condition in (26).

- A germ G is called maximal, if it does not admit a nontrivial extension.
- A germ G is called definite, it it admits only one mazximal extension.
In relation with definite and maximal germs, consider one more definition.

Definition 4 (dual of a germ) Let G be an L' D-admissibility germ. The dual of G is the set

G = {(z1.2r) € 011 | f1 (1) = fa (2r)

(28)
and for all (sp,sr) € G, ®r (sp,21) > Pr (SszR)}-

It is shown in [7] that, if G is a definite germ, then its dual G* is the unique maximal extension of G.

We are in a position to define different notions of entropy solution.For simplicity, consider a finite time
horizon T > 0.

Definition 5 Given a couple of continuous functions (fr, fr) defined on [0,1] and a definite germ G asso-
ciated with this couple, we say that s € L (R x (0,T);[0,1]) is a G-entropy solution of (25) if the Kruzhkov
entropy inequalities hold away from the interface {x = 0}:

Ve €[0,1] 9 (¢r,r|s —k|) — 0:®r,r(s,6) <0 in D'(Q g% (0,T)), (29)

and and for a.e. t € (0,T), one has (sL(t), sr(t)) € G*, where s.(-) (the trace as x — 07 ) and sg(:) (the
trace as x — 0T ) are the interface traces of s in the strong L*(0,T) sense.

We say that s is a G-entropy solution of the Cauchy problem with s(-,0) = so if the initial condition sg is
assumed in the sense of strong Llloc inatial trace.

Notice that under assumption (A1), the traces si, g and s(-,0) do exist ([53, 46, 47, 27]).

Remark 3 According to the results of [53], [46] and [27], it is not a restriction to assume that, up to
a re-definition of s(t,-) on a set of zero measure of t € [0,T], a G-entropy solution of (25) belongs to
C([O7T]7LZOC(R))

The following result is contained in [7] (see in particular [7, Theorem 6.4])

Theorem 3 (Well-posedness for G-entropy solutions) Assume (A1) holds, and G is a definite germ of
which the dual G* is complete. Then for all measurable initial datum so with values in [0,1] there exists a
unique G-entropy solution to problem (25). Moreover, the finite volume scheme for (25) with Godunov flux
converges to the corresponding G-entropy solution, for all initial datum.

Remark 4 It is required in [7, Theorem 6.4] that f1 r be defined on R. Nevertheless, let us point out that
in our case, solutions with [0, 1]-valued initial data always take values in [0,1]. Indeed, assumptions (A1)
contain the compatibility conditions fr,(0) = fr(0), fL(1) = fr(1). Moreover, it is easily seen that (0,0) and
(1,1) belong to G*, whatever be the germ G; therefore 0 and 1 are constant G-entropy solutions. This ensures,
in particular, that approximate solutions constructed by the Godunov scheme lie in between zero and one.

Under assumptions (A1), it is easy to classify all possible L' D admissibility germs. According to the
analysis of [7, Section 4.8]', each maximal germ is complete, and it is entirely determined by a definite germ
which is a singleton. Such singletons are called connections in the below definition.

Definition 6 (Adimurthi et al. [2], Biirger et al. [20]) For fr r satisfying (A1), a couple (A,B) €
[0,1])% is said to be a connection if A € [51,,1], B € [0,5g] and fL(A) = fr(B).

IWhile this analysis has been carried out under the assumption g = 0, the general case is completely analogous
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Being a connection means that u(t, z) := All,<o+ Bll;>¢ is a stationary weak solution of (25) that represents
an undercompressive shock: the (strict) Lax condition fails from both sides from the jump.

Notice that the set U of all connections (see Fig. 1) is given by (22). Let us describe its extremities. We
define the optimal connection (A°P, B°P') by

(A°P* B°P') € U, with either A" = 351, or B°"' = 5p.
and the barrier connection (A2 B®") by
(A% BY") € Y, with either A*" =1 or B"" = 0.

The common value F = f1(A) = fr(B) is called the connection level and denoted by F(A,B); when
(A, B) runs over U, F(4 p) fills the interval [F**", F°P']; here F**" = max{0,q} = fr(A"") = fr(B""),
while F°P* = min{max 1) fz, max 1] fr} = fL(A%") = fr(B").

Reciprocally, the connection at level F' € [F%", F°P] is denoted by (A, Bp). Such a connection is indeed
unique, since fr, g are strictly monotone on [0, 5. g] and on [5L, g, 1].

Further, set O := QZ‘AOPHBON) (see Fig.2b). From the bell-shapedness assumption in (A1) one easily sees
that O\ {(A°PY, B°PY)} is the set of all couples (a,b) € [0,1]? \ U such that fr(a) = fr(b). In contrast to
under-compressive states (A, B) € U, every couple (a,b) € O will be called an over-compressive state (note
that (A°P*, B°PY) € U/ N O is both under- and over-compressive). We have

Proposition 4 (see Section 4.8 in [7], see also [4])
For every connection (A, B) € U, the singleton G4, gy := {(A, B)} is a definite germ; its dual is given by

Giap =1{(A4,B)}UOg, ,, where Op, . = {(2,2r) € O s.t. fu(z1) = fr(zr) < Flap}. (30)

Moreover, every mazimal germ contains one and only one connection (A, B) € U, therefore it can be repre-
sented under the form (30).

Jr.r(s)

[opt
F(A,B)
Fhar — g

t ‘
0 S A1

(a) Flux functions, flux limitations and connections (b) The sets O and U

Figure 2: On Figure 2a, the two flux functions fr r have been plotted. Given a value
Fiap)y € [F"™ F°Y], we construct the unique corresponding connection (A4,B) € U. On
Figure 2b, we have plotted the corresponding sets O (green solid line) and U (red dashed
line). For a given flux limitation F'( A,B), the grey rectangle represents the open set
{(sz.sr) €[0,1]* | (fr(sL) > Fia,p)&(fr(sr) > F(a,p))}. So, the maximal germ G4, p) is made
of the union of singleton {(A, B)} and of the subset Op, . of O which is outside of the grey
rectangle.

Remark 5 The point of view developed in our note [/] is that, at least for the purpose of interpretation of the
solutions’ behavior and for their numerical approzimation, it is convenient to characterize different notions of
G-entropy solution by the connection level F' rather than by the corresponding connection (Ap, Bg). Indeed,
as one can see from the representation (30), the possible trace couples (s, 5Rr) of Gap,By)-entropy solutions
obey the constraint fr r(sp.r) < F. In particular, the only free parameter required to construct the Godunov
scheme for problem (25) with fluzes (A1) is the connection level F (see [}] and Section 3.2 below for details).
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Finally, we recall an equivalent characterization of G4, p)-entropy solutions with the help of adapted entropy
inequalities introduced by Baiti and Jenssen [11] and Audusse and Perthame [8].

Theorem 4 (see [7], see also [20]) Given a connection (A,B) € U, a function s € L>®(R x (0,T)) is
a Ga,p)-entropy solution of (25) with flures (A1) if and only if it satisfies, away from the interface, the
Kruzhkov entropy inequalities (29) and moreover, given ¢(x) = Allz<o+ Bl >0, it satisfies the global adapted

entropy inequality
O (d(2)]s — c(a)]) = 0x®(x;s,¢(x)) <0 in D'(Rx (0,T)). (31)

Here gf)(.I) = ¢L]1x<0 + ¢Rﬂz>0; Similaﬂy’ (I)(Ia S, C) = (I)L(Sv C)]lx<0 + (I)R(Sa C)]lx>0-

2.2 Identifying the vanishing capillarity solutions

We have now introduced enough material to be able to carry out the proof of our main result. The following
theorem permits to characterize the semigroup of vanishing capillary limits by identifying it to the appropriate
G(a,p)-entropy solutions’ semigroup; we see that the underlying connection (A, B) only depends on the
nonlinearities present in the problem.

Theorem 5 (Main result) Assume we are given nonlinearities fr, r and 7r, g satisfying (Al),(A2),(A3).
Let (sT,sT,) € U be the connection obtained according to the Selection Rule of Section 1.3, i.e., it is either

the intersection point of the curvesU and P (see Fig.1) or the optimal connection (s7*, s%¥") when UNP = 0.
Let 5¢ be the unique mild solution of problem (15), and let s denote the unique Gsx s7 s7)-€entropy solution

of the discontinuous-flux Buckley-Leverett equation (25) corresponding to the same mitial datum sq, then

s —=s in L (RxRy).

In particular, any solution of (25) obtamed as vanishing capillarity limit obeys the flux limitation con-
straint at the interface: fr(s(t,07)) = fr(s(t,07)) < F™ where F™ = f1 r(s] p) is the corresponding
connection level.

Let us point out that, choosing 7y, r appropriately, we can make appear any given point of the curve I/ as the
intersection point (s7,s%). Thus it follows from Theorem 5 that, given a notion of G4 p)-entropy solution,
this notion corresponds to some choice of vanishing capillarity profiles 7, g.

Proof: ~ The proof combines the results of Propositions 1,3 and characterization (31) of G4, p)-entropy
solutions.

To start with, fix some (not labelled) sequence e decreasing to zero. According to Theorem 2, for all € > 0
fixed, the problem (15) is well posed in the setting of mild solutions, i.e there exists a unique corresponding
mild solution s¢. Moreover, the Kato inequality (18) holds for all couple of solutions s¢, §¢ corresponding to
initial data sg, §o. Assume for a moment that there exists s € L>(R x R4;[0,1]) such that

up to a subsequence, s¢ tends to s in L}, (R x Ry) as € tends to 0. (32)

First, write the Kato inequality (18) for a solution s¢ of problem (15) and for the capillarity profile
¢ constructed in the proof of Proposition 3. Using the convergence s — s, ¢ — ¢ as € — 0, c¢(x) =
ct <0 + cRllg>0, we can pass to the limit in this inequality. We inherit the “hyperbolic Kato inequality”

S ] (oo s e c@nan) + 3 [ s —e@lvt0) 2

ie{L,R} xRy ic{L,R)}

for all v € D(R x [0,T)), ¥ > 0. Restricting the choice of test functions to D(R x (0,7)), we find the global
adapted entropy inequality (31) with (A, B) = (s7,s%). Second, it follows from classical arguments (see
e.g. [15, 31]) that s is a Kruzhkov entropy solution away from the interface, in the sense (29). Moreover,
it assumes the initial datum sg, hence s is the (unique) G(s7 ,s7,)-entropy solution corresponding to datum
s0. Now, applying (32) to subsequences of (s¢)., from the uniqueness of the accumulation point we deduce
that lim,_, s¢ exists. Thus, provided (32) is justified, we prove that the vanishing capillarity limit exists and
it coincides with the unique Gs7 sr)-entropy solution. This ends the proof of the theorem, except for the
justification of (32).

If we assume that fr, r are genuinely nonlinear on every interval, then according to the well-known
compactification results of [43, 45, 48] we can extract an L], . convergent subsequence of s°. In the general
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case, we can use the framework of G-entropy-process solutions in the way of [5]. Indeed, extracting a nonlinear
weakly-* convergent subsequence of (s¢)., due to the existence of G-entropy solutions (see Theorem 3) we
can prove that the g(sg,s;; )-entropy-process solution coincides with the unique Q(Szysﬁ)-entropy solution for
the same initial datum. Let us point out that the proof is not straightforward, because one global adapted
entropy inequality (as in Theorem 4) is not sufficient in this argument (see [5] for the case fr, = fr). O

Remark 6 Another way to prove (32) is to restrict our attention to a dense set of initial data sg, and to
derive additional estimates on the solution, like a BV estimate on a Temple function [10, 32, 24], or, using
a variant of the technique of Biirger, Garcia, Karlsen and Towers [18, 20], one can derive a BVi,. estimate
on the solution with small capillarity s¢. This latter point is detailed in Appendix A.1.

2.3 Comparison of our conclusions with those of Kaasschieter [41]

Our work builds on the idea of Kaasschieter [41] that the physically admissible solutions of the Buckley-
Leverett equation with discontinuous flux should be seen as vanishing capillarity limits. In [41], the author
analyzes solutions of the general Riemann problem; here, due to the tools borrowed from [7], we reduce the
analysis to a study of one particular stationary solution.

Then we are able to observe the following important fact. Although the analysis of [41] is fully correct
under a seemingly non-restrictive assumption of “genericity”, it follows from our analysis that the assumption
made by Kaasschieter is truly restrictive. Namely, in [41] the case where a solution u(t,z) = U(%) to the
Riemann problem fulfulls simultaneously the constraints

fLU(07)) = fr(U(0")) and 71 (U(07)) = 7r(U(0T)) (33)

is eluded because it is considered as “merely coincidental”. Our analysis shows, in an indirect way, that this
case is realized for many Riemann problems. Namely, whenever F,, < F°P* and whenever the values s4 at
+o00 are such that the flux given by

min (f1,(min(s_, 51)), fr(max(s, ,51)))
exceeds the value F, the situation (33) does happen (see formula (42) in the the next section), moreover,
fLU(07)) <0 and fRr(U(0T)) = 0. (34)

Therefore, our conclusion differs drastically from the one of [41]. Indeed, the conclusion of [41] should
sound as follows: “the appropriate entropy solution is the optimal entropy solution, except may be when
(33)—(34) happen”. Yet the case (33) is not merely coincidental, and it cannot be seen as exceptional.
Thus one should recast the conclusion of the Kaasschieter work [41] as follows: “the appropriate solution
notion is Gsr r)-entropy solution, in particular, the optimal entropy solution occurs whenever (33)—(34) is
impossible”.

3 Numerical approximation of the flow in two-rocks’ medium

The goal of this section is, first of all, to provide numerical evidence for convergence of s¢ towards the
appropriate entropy solution s (recall that the notion of solution strongly depends on the capillarity profiles
7L, R, See Section 2, and secondly, to discuss about “time saved versus accuracy lost” by solving the simpler
problem (25) instead of solving the finer problem (15). To do so, we introduce two numerical schemes: the
first one, used to discretize the parabolic problem (15), was proved to be convergent by the second author
in [23]; the second one, introduced by the authors in [4], is the exact Godunov scheme adapted to the
connection (s7,s%), and is based on the notion of flux limitation ([32]) discussed in Section 2.1.

3.1 A finite volume scheme for the parabolic model

First, we have to compute the mild solutions s¢ of the degenerate parabolic problem. This is done by means
of the fully implicit finite volume scheme studied in [35, 23].
For Az > 0, we denote by (Ij""l/z)jGZ = {(j+1/2)Ax | j € Z} the set of the “cell centers” and by

(#5) jez = {JAz | j € Z} the sets of the “edges”. Given At >0, we use ("), = {nAt|n €N} for time steps.
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For so € L*°(R; [0, 1]), the initial data is discretized as follows:

o 1 Tjt1
Sii1/e = E/ so(x)de. (35)
The implicit scheme is then given by
§7n+1 _ Sg,n
Vj € Z,¥n € N, d)jW&T + R pentt — g, (36)

where the fluxes F ;’"H have to be made explicit. Let j € Z\ {0}; for ¢ standing for one of the symbols
@, f, ¢, 5, we denote a space dependent function which is constant in Q2 r as follows:

if j <0
ovem={ 3 H50

Now we introduce the exact Riemann solver for the convection within Qy r. For (a,b) € [0,1]? and
Jj €Z\ {0}, we set
_ _ ) mingepap fi(s)  ifa <D,
Gjla,b) = { maxgepqp fi(s) ifa>b.

Note that G;(a,a) = fj(a), that G; is Lipschitz continuous w.r.t. both variables, and that G; is non-
decreasing w.r.t to its first argument and non-increasing w.r.t. the second. It is well known that for bell-
shaped fluxes, G; can be computed by the formula

Gj(a,b) = min (f;(min(a,s;)), f; (max(b,5;))) ; (37)
let us recall that 5, g = argmax fr g (see Assumption (A1)).
For j # 0 (i.e. in the case where the edge j is not at the interface), one defines
e,n+1 e,n+1
Py (Sj+1+/2) — ¥ (ijf_/2)
Ax

Fje,n—i—l — Gj(se,n-i-l e,n—i-l) _

j—1/205j41/2 : (38)

It remains to define the flux Fj "+ across the interface so that everything be defined in (36). To do so,
e,n+1  _en+l

following [35], we introduce additional unknowns sy, ", s, that solve the following nonlinear system

wr(syt ) Nar(sgR) #0, (39a)
e,n+1 e,n+1
er(sgr ) —en(s2in)
en+l en+l _en+l , /2
F = Gr(sT))y.80 ) —€ Avjo (39b)
e,n+1 e,n+1
Cr(sy ) —eL(sgr )
ent+1  entl 1/2 0,R
— GR(S()’R »°1/2 ) - AZC/2 (39(3)

e,n+1l  en+1

n+l en+1
—1/2 512

It is proven in [23] that for all (s ), the system (39) admits a unique solution (s5'7" ", 55’z ), hence

the flux """ is well defined.
The results of the paper [23] can be summarized as follows.

Proposition 5 Let € > 0 be fized and let so € L (R;[0,1]), then

1. the scheme (36),(38),(39) admits a unique solution (S;f;r/lz)jez o

2. if we define the approzimate solution sj, almost everywhere on Ry x R by

si(et) = s5y if (2,1) € (g, @540) x (7,871,

then s§, € L°(R x R4;[0,1]) converges in Ll (R x Ry) towards the unique mild solution of the problem
as Ax, At — 0.
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3.2 A finite volume scheme for the hyperbolic model

The scheme introduced in previous section is asymptotic preserving, in the sense that choosing ¢ = 0, and
obtaining therefore an approximate solution s9 (the solution to the scheme in the case e = 0 is once again
unique), one can show that s) tends to the vanishing capillarity limit described in Theorem 5. This point
is made explicit in Appendix A.2. Nevertheless, to produce numerical results for the hyperbolic problem
(25), we use the Godunov scheme under the form explained in our note [4] (see also [30]). Namely, we have
shown in [4, Theorem 3.1] that in order to obtain the Godunov scheme for approximation of G4, p)-entropy
solutions of (25) with fluxes (A1), it is enough to take the scheme of Adimurthi et al. [1] known for the
optimal connection (A°P*, B’) and to limit the flux at the interface to the maximum value F4 p). More
precisely, in our case, the ezplicit Godunov scheme for computing the unique Gsx r)-entropy solution can
be rewritten as

57}:11/2 —Si11)2
J mn m
gbj]TAx—i-FjH - F' =0, (40)
where the fluxes F" are given by
F' = Gj(s;-ll/Q, 3?+1/2) if 7 #0, (41)
F}' = min (F’T,fL(min(s’jl/Q, 51)), fR(max(s’f/Q,EL))) . (42)

In the previous formula (41), the exact Riemann solver G; was defined by (37) while, in formula (42), the
quantity F™ = f I, R(SZ ) is the connection level corresponding to the connection chosen using the selection
rule of Section 1.3.

We now state a convergence result which is a consequence of the fact that the scheme prescribed by (40)—
(42) is monotone and preserves G(sr o= (it even preserves g(*sz,s;'? ) since the scheme is the Godunov one).
Recall that it has been stated in Theorem 3 that the Godunov scheme is convergent. We refer to [7, 4] for
further explanations.

Proposition 6 Define s, : R x Ry — R by sp(z,t) = S?—tll/2 if (z,t) € (mj,2j41) X (¢, t"TY), then, if we

denote by Ly a Lispchitz constant of both fr, r, and if there exists ¢ € (0,1) such that

(1-QAx

At <
— Ef )

(43)

then sp, € L (R x R4;[0,1]). Moreover, under the CFL condition (43), when Ax (and thus also At) tends
to zero the discrete solution sy converges in L (R x Ry ) towards the unique G(s7 ,s7,)-entropy solution of the
problem.

3.3 Numerical illustrations of convergence

We now give numerical evidence of convergence of the mild solution s¢ of the parabolic problem towards the
g(sg,s;; y-entropy solution by comparing their respective approximations s} and sp,.

3.3.1 The test cases

Concerning the design of the test cases, we have chosen a particularly simple configuration. The capillary
pressure functions 7z, g are defined by

7TL7R(S) = PL,R - 111(1 - S), (44)

where the quantities Pr, g, called entry pressures, play an important role in the selection of the correct solution
notion (cf. Section 1.3) and will vary from one case to another. Note that in the case where Pr > Pr, the
set P defined in Section 1.3 by (21) has the particular simple expression

P ={(s,max{0,1+ (s —1)e*""r}) se[0,1]}.

15



|
|
|
|
|
|
|
|
|
/ 0.3 1 |
| In !
4o 064 | |
| |
|
04 1 |
| |
| |
| |
1 1

0 g T T T T T T T T T T T
0.0 01 02 03 0.4 05 06 07 08 09 10 00 01 02 03 04 0s 06 o7 o8 09 10
Spr =Sy s

(a) Capillary pressure curves (b) Flux functions fr g

Figure 3: The capillary pressure curves (Fig. 3a) defined by (44)—here Py, = 0 (blue) and Pr = 2
(green)— satisfy lims_,1 71, r(s) = 4+00. Therefore, the maximal extension 7y, g of 7y, g is obtained
by adding {0} x [—o0, Pr g) and {1} x {+oo} to the graph {(s,7 r(s) | s € [0,1)}. For the
particularly simple choice of parameters and functions done in the simulations, the flux functions
fr.r are proportional one to the other. We have represented on Fig. 3b the optimal connection
that is relevant for the case presented in Section 3.3.2; but not in the one presented in Section 3.3.3.

Numerical values of the parameters. The only parameter we let vary between the two test cases is
the entry pressure Pgr. In the first case, which leads to the optimal connection, we choose Pr = 0.5. In the
second case, we chose Pr = 2, so that the selection rule presented in Section 1.3 provides another solution,
despite the fact that formally, the equation remains the same. The physical parameters and functions used
in the simulations are collected in the following tables. Concerning the scaling parameter €, several values
has been used in order to illustrate the convergence of s¢ towards s (see Fig. 10). All the numerical tests
have been performed for the initial data ug = 0.5.

total flow rate q=0; viscosities le = 1073,
gravity g=—9.81; pp = 3.1073 ;
intrinsic permeabilities | K = 1072, Kg = 5.103; || densities pa = 0.87,
porosity ¢ =¢r =1 Py =1;
entry pressures P, =0, relative permeabilities | krq4(s) = s,
Pr = 0.5 in Section 3.3.2, kryi(s) = (1 —s);
Pr =2 in Section 3.3.3; time step At=25%10"73,
space step Az =102

3.3.2 The optimal connection

In the case where Pr = 0.5, the connection diagram (Fig. 4) is such that P NU = 0. Therefore, the selection
rule of Section 1.3 and Theorem 5 claim that the good notion of solution for the vanishing capillarity limit
is the g(szpt7s%pt)—entropy solution.

The numerical approximation of the optimal entropy solution obtained via the Godunov scheme described
in Section 3.2 is presented in Fig. 5a. It appears to be in good accordance with the solution for a small value
of € given by the implicit scheme described in Section 3.1, and represented on Fig. 5b. In particular, the
wave starting from the interface with negative speed has the expected amplitude and the expected speed. As
already noticed on Fig. 5, we see on Fig. 6 that the shocks of the hyperbolic solution are smoothed by adding
some capillary diffusion. Let us also point out that the one-sided traces sy, sr of the hyperbolic solution
on the interface {x = 0} do not satisfy 71 (sz) N Tr(sg) # 0. Therefore, these traces are not suitable for
the parabolic approximation. We can see on both figures (particularly on Fig. 6a) that a boundary layer is
present on the right hand side from the interface.
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Figure 4: The connection diagram in a case where the intersection of P (in blue) and ¢ (in green)
is empty; according to the Selection Rule of Section 1.3, it leads to considering the optimal entropy
solution.
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3.3.3 Another connection

Choosing now Pgr = 2 provides the connection diagram presented in Fig. 7a, where it clearly appears that
PNU # 0. As previously, we denote by (s7,s7) the connection belonging to P NU. Following the selection
rule of Section 1.3 and Theorem 5, the appropriate notion of entropy solution for the vanishing capillarity
limit is then the G(sr ¢=)-entropy solution. As a consequence, the interface flux is limited to the maximal

T
R

value F'™ (formally, the limitation is equal to F°P* in the case where the optimal entropy solution is selected).

(a) connection diagram

fr

T T ——
66 07 08 5]

(b) flux limitation

Figure 7: The connection diagram in a case where the intersection of P (in blue) and U (in green)
is non-empty is presented on Fig. (7a). This results in a flux limitation, in the sense that at the
interface, the flux of the hyperbolic solution may not exceed the value F™ = fr, r(sT gr), where
(s7,sT) is the intersection point of & and P.

Here again, the approximate solution s, for small capillarity (e = 1073) is really close to the vanishing
capillarity solution (the G(s7 ,s7)-€ntropy solution). On Fig. 8, one can see that the shocks (for the hyperbolic
solution) are smoothed in presence of capillary diffusion. Three waves are generated by the medium discon-
tinuity: one wave with negative speed joining so = 0.5 to s7 ~ 0.87, one wave with zero speed joining s7 to
s% ~ 0.11, and one wave with positive speed joining s%, to so = 0.5. Note that since 71 (s7) N 7Tr(s%) # 0,
then there is no boundary layer for s¢ as z — 0.

(a) Solution sp, to the hyperbolic problem

0.75
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0.2

-04
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X

(b) Solution s¢ to the parabolic problem (e = 1073)

Figure 8

3.3.4 Convergence speed, numerical speed-up

One of the most important drawbacks of the numerical scheme presented in Section 3.1 for approximation
of solutions to the parabolic problem is being implicit: the scheme requires the use of an iterative method
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Figure 9

at each time step, making the solution expensive to compute. For example, computing the approximate
solution sj, presented on Fig. 5b requires 2182.31 s of CPU time with Scilab, while the computation of the
approximate solution s; presented on Fig. 5a only requires 3.185 s of CPU time, the speed-up ration being
hence of about 685. Moreover, since it is explicit, the computation of s, requires less memory than the one
needed to obtain s ; this allows to solve the hyperbolic problem on a finer mesh.

Concerning the convergence speed, we first illustrate in Fig. 10 the convergence of s¢ towards s by plotting
log ||s§, = snllL1(0,7;01(—1,1)) as a function of . In accordance with the theory (see e.g. [15, 50]), Fig. 10 lets
us think that for all T > 0, one has

T
/0 /R|se(:t,t)—s(:t,t)|dxdt§061/2. (45)

03i--mmm-os R e e

+ + + + +
0.3 0.1 0.03 0.01 0.003 0.001

Figure 10: log ||sj,—snl| 11 (0,751 (~1,1)) as a function of € (in blue) and a straight line with slope —1/2
(dashed green). We recover numerically the order of convergence that was expected from (45).
Note that the slope of the blue curve is damaged when € is too large. This phenomenon is due
to the fact that the solution is computed on the finite domain « € (—1,1). When the diffusion
is large, the boundary conditions affects the numerical solution. The convergence rate is also
damaged for small €. This comes from the fact that the numerical error become comparable to
the modeling error ||s¢ — s|| (this effect is particularly visible since the convection is discretized
in an implicit way in the scheme presented in Section 3.1 and in an explicit way in the Godunov
scheme presented in Section 3.2.

We now look at the convergence rate of the Godunov scheme. To our knowledge, no uniform bound on the
total variation of s;, has been proved in the case fr, # fr (see [30] for the case fr, = fr). Yet the particularly
simple configuration we are dealing with (a Riemann problem) ensures the existence of a variation bound.
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Carrying out a proof similar to the one performed in [30] provides an error estimate of type

T
/ / sn(z,t) — s(z,t)|dzdt < CAzY/?
o Jr

(recall that At < C'Ax thanks to (43)) This estimate is optimal in the case where fr or fr is linear. In the
framework of the test case presented in Section 3.3.1, the flux functions are genuinely nonlinear (see Fig. 3b).
As it is usual in this case, a convergence of order 1 is observed numerically: see Fig. 11.

0.1 :
0031
0.017] :

0,003 -4- -
0001

0.0003 -4

Figure 11: Illustration of the convergence of order 1 in the genuinely nonlinear case. The blue
curve correspond to the plot of ||sp — syef|| L1 as a function of Ax, where st is a reference solution
computed with a small Az = 1073, The green dashed line has a slope equal to 1.

Conclusion

The goal of this paper was to investigate the limit, as € — 0, of the system (15). This study is close to the
one performed by E. Kaasschieter [41], but here, we have taken advantage of the recent developments in the
theory of the scalar conservation laws with discontinuous flux function (see [20, 7] and references therein) to
avoid difficult calculations, and eventually achieved a full classification of possible physical situations. We
have identified the correct interface coupling in the discontinuous-flux Buckley-Leverett model in terms of the
profiles of the flux functions and capillary pressure functions on two sides from the interface. In particular,
we clarified the conclusions of the work [41] by proving that “optimal entropy solution” is not always the right
notion of solution in the Buckley-Leverett context. Finally, we constructed an adequate numerical method
and gave strong evidences on its efficiency.

A Appendix
A.1 The BV, technique

The goal of this appendix is to prove the relation (32) by adapting to the continuous case, and under the
additional assumption that ¢, g € W2°°([0,1]), a technique developed in [18, 20].

Because of the finite speed of propagation and the Lj . contraction property for G-entropy solutions,
completely analogous to the classical estimate of [42], it is enough to prove (32) for an Llloc-dense subset of
initial data. Indeed, a limit of vanishing viscosity limits is still a vanishing viscosity limit.

Thus we pick sgp € C§°(R) and such that sg = 0 on some interval around zero (this is a way to ensure a
smooth transition across the interface {x = 0}). We extend the corresponding solution s¢ of (15) continuously

by s for ¢t < 0; notice that for ¢ < 0, the so extended function s satisfies
O ((prle<o + Pr1u>0)5) + Ou (fL(5)Nuco + fR(5)Len0) = €02 (0uprL(s)Naco + Oupr(s) o) + ()

where
rix e Oy [(fL(SO) — €0201.(50)) Laco + (fr(s0) — EamSDR(So))ﬂwo} (46)

20



is an L>°(R)NL*(R) function, by the assumptions on s and because f, g, ¢r, g Were assumed regular enough.

Therefore the so extended function s¢ is an entire solution (i.e., a solution defined for ¢ € R) of problem
(15) with the additional source term r(z)1l;<o. Now, the key fact is that we can control the L' time translates
of s¢ by a linear modulus of continuity, because solutions of (15) with a source term verify the L' contraction
principle completely analogous to (19):

t
S [ el -st-ni< 3 ¢1-|sf<o>—sf(—r>|+/0/R|rns<o—rnsT<o|ds—f|r||p.

ie{L,R} 7 ie{L,R} "

Therefore s¢ € BV (0, T; L}(R)), with a uniform in € bound. Then we can use the idea of [18, Lemma 4.2] and
[20, Lemma 5.4]: for a > 0, using the mean-value theorem for each € > 0 we can find a contour (0,T") x {a‘}
with 0 < a® < a such that TotVara® along these contours is uniformly bounded by % The variation of sg is
also bounded, therefore in the same way as in the classical estimate of Bardos, LeRoux and Nédélec [12] for
the Dirichlet problem for viscous conservation law (with boundary datum given by the values of s on our
contour), we get the bound

TotVar s {(¢,) | te(0,7), 2>a} < o

with C that only depends on sy and on the Lipschitz constant of f; r and of cp'L r- Analogous estimate
holds for the variation on the set {(¢,z) |t € (0,T), < a}. With the Cantor diagonal argument, we deduce
compactness of (s¢) in L}, .((0,T) x R;) and thus justify (32).

A.2 An asymptotic preserving scheme

As a consequence of Proposition 5 and Theorem 5, we have

lim lim s¢)=s inL (RxR
e—0 \ At,Az—0 h lOC( +)7

where s§, is the solution to the scheme (35)—(39). In order to justify the comparison of the numerical solutions
sj, and sy on Figures 5,6,8,9,10, in this appendix we aim to prove that

i (1' f): in L1 (R xR,).
Aw,grtl—m el—%sh 5 m lOC( X +)

First of all, we need to identify which scheme governs lim._,¢ sj,.

Lemma 7 Let s§ be the solution of (35)~(39), then s\ := lim¢_, s§, (in the L},. sense) is a solution of the
scheme (35)—(39) where € has been set to 0.

Proof: First of all, since, for all compact subset K of R x R, the restriction of sj to K lies in a finite

. . 1 €,n .
dimensional space, the L; . convergence means the convergence of each 5iv1/2 (j € Z,n € N) towards some
0,n

Si1/2: Assume that this holds for n € N (this is true for n = 0), let us show it for n + 1.

Since, for all € > 0, sjf;r/lz € [0,1], then, up to a subsequence, sjf;r/lz tends to some sgf;ﬁ € [0,1], and,

by a diagonal extraction process, one can assume that this convergence occurs for all j € Z. Up to an new

subsequence, one can assume that SEL"]; ! tends to 8%7?_1 as well as e tends to 0. Note that since the set P in

(21) is closed, (s3", s%" ) € P.
e,n+1 e,n+1

. en+l o~ c.ent+l  _en+l ‘Pj(sj+1/g)*<ﬂj(5j,1/2) .
For j # 0, the flux F =G (Sj—1/27 sj+1/2) —€ ~ satisfies

. e,n+1 (O0nt+1l Ont1y  _ 0n+1
lim F3 = Gj(s;70 9 851y0) = F

Similarly, it follows from the formulas

e,n+1 e,n+1
Fe,n-i—l - G ( e,n+1 e,n+1) . wL(SL ) - ( —-1/2 )
0 = L\S_1/25L € A:E/Q
e,n+1 e,n+1
- @ e,n+1  en+l sDR(SI/;_ )_ R(SR * )
= r(sh 1519 )—¢ Av/2 ,
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and from the property (s, s% n“) € P, that

{ 7~TL( OnJrl)ﬁTr (0n+1)7£®

O,n+1 _ O,n+1 O,n+1 0,n+1 0,n+1
Ey =Gr(sZ2y) 8L ) = Gr(sg 151)2 )-

(47)

O

The following lemma ensures that the transmission conditions system (47) yields a flux that is well defined.

Lemma 8 Let (ur,ur) € [0,1]%, then the system

{ 77rL( )ﬁTrR(SR) 7£ ) (48)

F(ur,ur) = Gr(ur, 1) = Gr(sk, ur)
admits a least one solution (sr,sr) € P; moreover, the value F(ur,ur) is defined uniquely by (48).

Proof: The set P can be naturally parametrized by p € R as follows:

P ={(' )75 ®) |pcR}.

Therefore, finding (sz,, sr) solution of (48) reduces to finding p € R such that

L(p) == Grlug, 7, (p)) = Gr(Fg' (p), ur) == Vr(p), (49)

where the left-hand side ¥y, is non-increasing while the right-hand side ¥ g is non-decreasing. In addition,
we have Uy (—o00) > Ur(—o0) and ¥ (+o00) < Ur(+00): e.g.,

Gr(ur,0) > GL(0,0) = 0= Ggr(0,0) > Gr(0,ur)

due to the consistency and the monotonicity properties of the numerical fluxes G g(-,-). As a consequence,
there exists at least one value of p and a unique value of ¥y, r(p) such that (49) holds. |

In the following proposition, we identify the flux given by (48) with the Godunov flux at the interface,
whose explicit formula was derived in [4].

Proposition 9 Let (ur,ur) € [0,1]?, then the flur FY(ur,ur) given by the nonlinear system (48) is equal
to the Godunov flux -
Fo(ur,ur) = min (F7, fr(min(ug, 5.)), fr(max(5r, ur))) , (50)

where F™ = fr, r(sT g) and (s, s%) is the connection selected in Section 1.3.

Proof: We perform the proof by a case by case study relying on the resolution of the Riemann problem.
First, we need to introduce some notation. To start with, we extend the graphs f; by setting f;(0) = (—o0, 0]
and f;(1) = (—o0,q]. In this case, for all F' < F°P' the sets of level F for fr, R have exactly two elements,
one on each side from 5, r. Then we denote by u} the unique value of [0, 1], called conjugate of u;, such that
fi(u) = filus) and (51, — uf)(51, — ug) < 0. )

Moreover, if fr(ug) < F°P (resp. fr(ugr) < F°P), we denote by uf (resp uk) the unique value in
[0,1], called transpose of uy, (resp. ug), such that fr(ur) = fr(u®) and (ug — EL)(uf — 5r) > 0 (resp.
fr(ur) = fr(uk) and (ur — 3g)(uk — 51) > 0). We will denote by uf”* (resp. uR *) the transpose of the
conjugate of ur (resp. ur) (cf. Fig. 12a). Note that, for (ur,ur) € U, one has ur = u}f* (and ur = uR ).
In the case where (up,ur) € O, then either uy, = uk (and ug = u¥) if (ur,ug) lies on an increasing branch
of O, or up, = uIL%’* (and up = uj B*Yif (ur,ur) lies on the decreasing branch of (9 We denote by (s7,s%)
the connection defined by the Selection Rule at the end of Section 1.3, and by s7 L &, the conjugate values of

527 R
(1) Assume first that uy, > s7* and ur < si”, then, thanks to Assumption (A1), the Godunov flux
given by formula (50) provides Fy(ur,ur) = F™. Reciprocally, assume firstly that P NU # 0, so
that (s7,s%) € P. From Assumption (A1) on the flux functions, we deduce that Gr(ur,s]) =

Gr(sk,ur) = F™. Thus formulas (48) and (50) yield the same value. The remaining case is when
PNU =, thus F'™ = F°P!. There are two symmetric situations: the one where F°P* = f1(51) and
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the one where F°P* = fr(5g). Let us treat the first situation in detail: see Fig. 1, but imagine now
that P crosses D and not /. We see that there exists a value sy, < s% t = 51, such that (sp, s‘;%pt) e P.
Moreover, since s;, < 5, = 7 < ur, we do have G (ur,sy) = fL(s‘zpt). The latter value coincides
with fr(s%"), which also equals Gr(s%",ur) because ug < s%'. We arrive to the desired equality
Gr(ur,sp) = Gr(s¥' ug) = FoP' with (sz,s9") € P: again, we see that formulas (48) and (50) yield
the same value.

(ii) Assume that u, < s7* and that ug < uf’*, so that formula (50) provides that the flux at the interface
should be given by Fy(ur,ur) = fr(ur). Let us find a convenient choice of (s, sg) solution to (48) so
that F{(ur,ur) = Fo(ur,ur). The fact that GL(ur,sL) = Gr(sr,ur) = fr(ur) implies, because of
Assumption (A1), that sz, can be chosen arbitrarily in [0, u% ], while s has to be equal to u£. Note that
(u,ulf) €U, and that uj > s7, ulf < s7,. It can thus be seen on Fig. 1 that ([0,u}] x {uff}) NP # 0.
Choosing (s, sg) at this last intersection in (48) ensures that formulas (48) and (50) yield the same
value for the flux Fy(ur,uR).

(iii) The last case is then ug > s5* and ug, > ul*, so that the flux given by (50) turns to be equal to
fr(ug). From similar argument as in the previous case, we deduce from Gp(ur, sy) = Gr(sg,ur) that
sgr can be chosen arbitrary in [u}, 1] while the condition sy, = ué is enforced. Here again, the segment
{uk} x [u%, 1] has a non-empty intersection with P. Choosing (sz,sr) € ({uk} x [uf,1]) NP ensures
that, in this case again, the values given by the formulas (48) and (50) coincide.

The above case by case study is illustrated by Fig. 12b. O

As a direct consequence of formula (50) and of [4], taking e = 0 in the scheme defined by (35)—(39) yields
the implicit Godunov scheme corresponding to the notion of g(sz s,)-entropy solution. From the monotonicity
of the scheme, we deduce that the discrete solution s) is unique (e.g. [34, 23]). The analysis carried out in [7]
for the explicit Godunov scheme can be straightforwardly adapted to the implicit case.

Corollary 10 Let s9 be the unique approzimate solution provided by the scheme (35)—(39) in the case € = 0,
then
li S=sin L, (RxR
Az,lAHtlﬁOSh s loc( X +)7
where s is the unique Q(Szysg)-entmpy solution to the hyperbolic Buckley-Leverett equation in two-rocks’
medium. '
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