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GODUNOV-TYPE METHODS FOR CONSERVATION LAWS WITH A
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Abstract. Scalar conservation laws with a flux function discontinuous in space are approximated
using a Godunov-type method for which a convergence theorem is proved. The case where the flux
functions at the interface intersect is emphasized. A very simple formula is given for the interface
flux. A numerical comparison between the Godunov numerical flux and the upstream mobility flux
is presented for two-phase flow in porous media. A consequence of the convergence theorem is an
existence theorem for the solution of the scalar conservation laws under consideration. Furthermore,
for regular solutions, uniqueness has been shown.
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1. Introduction. Let f and g be continuous functions on an interval I C R,
and define the flux function F(x,u) = H(x)f(u) + (1 — H(x))g(u), where H(z) is the
Heaviside function. Let ug € L>°(R, I), and consider the following scalar conservation
law:

ou 0
— + —F = fi R
8t+8x (x,u)=0 for z€R, t>0,

(1.1) u(z,0) = uo(x), xR

This type of problem appears, for example, in modelling two-phase flow in a
porous medium [8, 13], in sedimentation problems [7, 5], and in traffic flow [24].

It is well known that after a finite time (1.1) does not in general possess a con-
tinuous solution even if ug is sufficiently smooth. Hence by a solution of (1.1) we
mean a solution in the weak sense. That is, u € L{S.(R x Ry) such that for all
e CPR xRY)

(1.2) / / ( + F(x, u)g ) dtdz + /:: uo(x)p(x,0)dxr =0.

Denoting u; = 3t, Uy = “, then u satisfies (1.2) if and only if in the weak sense u
satisfies
(1.3) u+gu), = 0, <0, t>0,

’ u+ fu), = 0, >0, t>0,

and, at x = 0, u satisfies the Rankine-Hugoniot condition; namely, for almost all ¢,

(1.4) F™(t) = g(u™ (1)),

where u™(t) = lim,_o+ u(z,t), w=(t) = lim,_o- u(x,t).
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Because of the discontinuity of the flux F' at © = 0, the Kruzkov method [19] does
not guarantee a weak solution of (1.1), and, even if the solution exists, it may not be
unique.

When there is no discontinuity of F' at = 0, that is, when f = g, the problem
has been studied and well understood. In this case, existence of a weak solution
was obtained by Kruzkov [19] in the class of functions satisfying the Lax—Oleinik
entropy condition [21, 25]. The solution thus obtained can be represented by an L!-
contractive semigroup [18, 19]. The method adopted in this case is that of vanishing
viscosity. Furthermore, finite difference schemes are constructed using a numerical
flux based on exact or approximate Riemann solvers such as Lax—Friedrich, Godunov,
Engquist—Osher, upstream mobility, etc... . Convergence of these schemes is based
on the following properties: conservation, consistency, monotonicity, and Lipschitz
continuity. Using these properties, one obtains that the finite difference schemes are
TVD (total variation diminishing) and satisfy the maximum principle and a numerical
entropy condition. This allows one to pass to a limit to obtain a unique weak solution
satisfying the Lax—Oleinik entropy condition.

When f # g, this problem was considered from the theoretical or numerical point
of view in several papers [3, 20, 8, 13, 6, 5, 15, 1, 28, 29]. In general, the solution to (1.2)
is not unique. To choose a correct solution, in [8] it was suggested to choose a solution
which has |u™(#) — « ™ (¢)| minimum, but the problem of uniqueness was left open in
the case of a general Cauchy problem. Nevertheless, this led to the construction of
a numerical flux which was actually the same as the one used in [3, 14]. It turns
out that the solution to the Riemann problem and the flux function given in [8] and
the numerical scheme given in [3, 14, 28, 29] are correct when assuming that the flux
functions f and g are not intersecting, even though this was not stated explicitly.
Actually, they may intersect but in such a way that no undercompressive waves are
produced, which is not the case when f/ > 0, ¢’ < 0 at the intersection point. It
should be noted that in [28, 29] at the intersection points derivatives of fluxes f and
g have the same sign. At an intersection point, if the derivative of g is negative and
that of f is positive, then the problem becomes more difficult. Later, in [6, 7, 5] the
problem was studied in the general case with a source term, and it was suggested
to choose a solution with a minimal variation in the x-direction. For this purpose a
condition called the I'-condition was introduced, an explicit formula was given for a
solution to the Riemann problem, and uniqueness was proved. Diehl’s construction
allows undercompressive waves; hence it is not clear that the solution thus obtained
can be represented by an L!-contractive semigroup.

In [15] it was shown that the solution to the Riemann problem with the numerical
flux built upon it in [3, 8, 13] was not correct when the flux functions f and g
intersect in the undercompressive case, and a correct solution was given for this case.
Independently, in [1], the authors asked themselves the following question: “What is
an appropriate condition on x = 0 so that the solution can be represented by an L'-
contractive semigroup?” Assuming that f and ¢ are strictly convex with superlinear
growth, using the Hamilton—-Jacobi theory, they constructed an explicit weak solution
satisfying an explicit interface entropy condition at x = 0, different from the Lax—
Oleinik entropy condition satisfied for x # 0. This interface entropy condition means
that it does not allow the undercompressive waves. Furthermore, it was shown that
this solution is unique by proving that the solution can be represented by an L!-
contractive semigroup. The solution to the Riemann problem thus obtained is actually
the same as in [15], though written in a more compact form. This leads to a very simple
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way of calculating the interface flux and to derive its main properties: monotonicity
and Lipschitz continuity. One should also note that the solution to the Riemann
problem does not satisfy the maximum principle nor is it TVD.

Finally, we mention two papers which recently appeared and also investigate the
problem of a nonlinear conservation law with a discontinuous flux function [17, 16].

In this paper, we consider the general case which includes the case where the flux
functions are intersecting. Using the solution to the Riemann problem obtain in [15, 1]
and the corresponding numerical flux, we study the resulting finite difference scheme
and prove its convergence. In section 2 we present the continuous problem, defining
in particular an interface entropy condition at x = 0, and we state an existence and
uniqueness theorem for the solution to the continuous problem. In section 3 we present
a Godunov-type method to calculate this solution, and in section 4, the core of this
paper, we prove convergence of this numerical scheme. This scheme is conservative
and monotone but not consistent in the usual sense. Due to the nonconsistency, it
does not satisfy the maximum principle. In spite of this we show that the scheme
is L>®-bounded and L'-stable. Furthermore, using the singular mapping technique
introduced by Temple [27], we show that the scheme converges pointwise to weak
solutions. These weak solutions satisfy the Lax—Oleinik entropy condition for x # 0
and the interface entropy condition at x = 0. This ensures the uniqueness of the limit
solutions.

In section 5 we study the case of two-phase flow in porous media and introduce the
alternative of the upstream mobility numerical flux [2]. One-dimensional numerical
experiments are presented in section 6, and a comparison is made between these two
numerical fluxes.

A consequence of the convergence theorem proved in section 4 is an existence
theorem for the continuous problem for a larger class of functions f and g than the
one studied in [1], where they were assumed to be convex. Uniqueness is shown
in the appendix by proving that the solutions to the continuous problem form an
L'-contractive semigroup.

2. The continuous problem. Let s < S denote the endpoints of the interval
of the definition of f and g. In the following we will assume that f and g are smooth
functions with the same endpoints and each one with one global minimum, reached
at 8 and 6, respectively, and with no other local minimum (see Figure 1).

Hypotheses. Assume that f, g are Lipschitz continuous functions on [s, S] satisfy-
ing

(Hy)  f(s) = g(s), [f(S) =g(95),

(Hz)  f and g have one global minimum and no other local minimum in [s, S].

Denote by Lip (f) and Lip (g) the Lipschitz constants of f and g. We will need
also the constant

M = max {Lip (f),Lip (9)} -

In order to state an existence and uniqueness theorem for the continuous problem
we need to define regular solutions and entropy conditions. Since the flux function is
not continuous, there are actually two different entropy conditions, one in the interior
(which is the same as the usual Lax—Oleinik entropy condition) and the other at the
interface which was introduced in [1].
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S A(u_l) ef A 69 U—1 S

F1G. 1. Fluz functions f and g satisfying hypothesis (Hz).

Entropy pairs. For i = 1,2, (p;,1;) are said to be entropy pairs if ¢, is a convex
function on [s, 5] and (¥4 (6), v4(6)) = (@4 (6)1'(6), ¢4 (0)g'(6)) for 0 € [s, S].

Let ug € L>°(R) be the initial data with s < ug(z) < S for all z € R, and let u
be a weak solution of (1.2) with s < u(z,t) < S for all (x,t) € R x R;.

Interior entropy condition. With ug and u as above, u is said to satisfy an interior
entropy condition if for any entropy pairs (¢;,1;),4 = 1,2, u satisfies in the sense of
distributions

dp1(u) n M1 (u)

< Oinz>0, t>0,
@1) 9 6? ) 5@081(: )
w2(uU 2(U .
< .
ot + 9z < Oinz<0, t>0

Interface entropy condition. With up and u as above, assume that u™(f) =
lim, o+ u(z,t) and w™ () = lim, ,o- u(z,t) exist for almost all ¢ > 0, and define

L={t>0; ut(t) € (0,5, u () €s,04)},
U={teL;u"(t)=u (t)=S}U{teL; u (t) =u"(t) =s}.
Then wu is said to satisfy the interface entropy condition if
(2.2) meas {L\U} =0.

This means that the characteristics must connect back to the z-axis on at least one
side of the jump in F’; i.e., undercompressive waves are not allowed.

Regular solution. wu is said to be a regular solution of (1.2) if the discontinuities
of u form a discrete set of Lipschitz curves.

We need also an estimator N(f,g,ug) of the total variation of the flux function
evaluated at ug. This estimator will be defined precisely below at (3.5).

We can now state our existence and uniqueness theorem for the continuous prob-
lem.

THEOREM 2.1. Let ug € L>®(R) such that s < ug(x) < S for all x € R and
Nin(f,g,u0) < co. Then there exists a weak solution u € L= (RxR,) of (1.2) satisfying
the following:

(i) For almost allt >0 and x € R, u(x+,t),u(z—,t) exist.

(ii) u satisfies the interior entropy condition (2.1).

(iii) If u is regular, then it satisfies also the interface entropy condition (2.2) and
it is unique. Moreover, if f = g, then u is the unique entropy solution for the initial
value problem studied in [19].
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An existence and uniqueness theorem was proved in [1] for convex functions f
and g using arguments from the Hamilton-Jacobi theory. However, functions satis-
fying hypotheses (H;) and (Hs) are not necessarily convex, as shown Figure 1, and a
consequence of the convergence theorem, Theorem 3.2, proved below is that existence
in Theorem 2.1 is valid for such functions. Uniqueness follows by showing that the
solutions form an L'-contractive family, which is done in the appendix.

We remark that a similar analysis to what is done in this paper for f and g
satisfying hypothesis (Hz) can be done for the case where f and g satisfy hypothesis
(Hs) instead:

(Hs) f and g have one global maximum and no other local maximum in [s, 5],
as shown in Figure 2. 0y and 6, would denote the points at which the maxima of f

and g are reached. In the analysis below only the case where f and g satisfy (Hy) will
be considered.

s 0, Of S

F1G. 2. Fluz functions f and g satisfying hypothesis (H3).

3. A Godunov-type finite volume method. Let F' be the Godunov numer-
ical flux with respect to f:

arr%inb] f(@) if a<b,

_ €la,

(3.1) Flab) = max f(0) if a>b,
0€b,al

and similarly for the numerical flux G with respect to g.
Taking advantage of hypothesis (Hz), equivalent formulas can be used [1]:

F(a,b) max{F(a,S), F(s,b)} = max{F(a,0), F(0f,b)}
max{f(07)(1 — H(a1)) + f(a)H(a1), f(0)H(a1) + f(b)(1 — H(a1))}

= max{f(max{a,0;}), f(min{6,b})},

where a1 = (a—0y) and H is the Heaviside function. Note that the last two expressions
are much simpler to use in calculations than formula (3.1).
In the case where f satisfies hypothesis (Hs) instead, the equivalent formulas are

F(a,b) = min{F(a,s), F(5,b)} = min{F(a,0), F(0y,b)}
= min{f(0)H(a1) + f(a)(1 = H(ar)), f(0;)(1 — H(a1)) + f(b)H (a1)}
min{ f(min{a, 0}), f(max{0y,b})}.
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Interface flux F; At the point x = 0 where the flux function changes we introduce
the numerical flux F' calculated by using the Riemann problem solution given in [1]:

F(a,b) = max{G(a,S), F(s,b)} =max{G(a,b,), F(0,b)}
52) = max{g(0)(1 ~ H(@) + g(0) (),
' FOp)H (by) + f(0)(1 — H(b1))}
= max{g(max{a,,}), f(min{f;,b})},

where a1 = (a —6,),b1 = (b—6y).

These four expressions of F are equivalent, but only the last two are useful for
computational purposes. This flux F' coincides with the one given in [15]. When f
and g do not intersect this numerical flux reduces to the one given in [3, 9, 13, 6].

Remark 3.1. In the case where f and g satisfy hypothesis (H3) the definition of
the interface flux should be

F(a,b) min{G(a, s), F(S,b)} = min{G(a,b,), F(0¢,b)}
(3.3) = min{g(0y)H (a1) + g(a)(1 — H(a1)),
' f(05)(1 = H(b1)) + f(b)H(b1)}
= min{g(min{av 09})7 f(max{ofa b})}a

where 6y and 6, are now the maxima of f and g.
Let h > 0 and define the space grid points as follows:

$_1/2 = 1'1/2 = 0, l’j+1/2 :j h fOI‘j > 0, xj—l/Z = jh fOI’j < 0.

We will also use the midpoints of the intervals:

2j — 1 2j + 1
zj:(] >h for j > 1, g:j=<‘7+ )h for j < —1.

2 2

For time discretization the time step is At > 0, and let t, = nAt, A = %.
For an initial data ug € L>°(R) we define

1 [%it+3/2 1 [%i-1/2
“2-&-1 = E/ up(z)dzr if j >0, u?_l = f/ ug(z)dx if j <0,

i+1/2 h j—3/2

f7gvu0 Z |G u7,7uz+1 G(u?—lvu?” + Z |F(u?7u?+1) - F(u(z)—hu?”

1<—1 1>1
(3.4) HF (g, uf) = Guly,ul )|+ |F(uf, ug) — Ful y,ui),
(35) N(f,g,UO):SupNh(f,g,UO).
h>0

It is easy to see that if ug € BV(R), then N(f,g,u0) < C|luo||py, where C is a
constant depending only on the Lipschitz constants of f and g.
Now we can define the explicit finite volume scheme {u]'} inductively as follows:
n+1

Wt =g AP ) Pt ),
(3.6) Uu; ) = ( (uzﬂuz+1) F(u?—lvu?)) if i > 1,
“Tlr = AF(uly,ut) — G(uy,uly)),
uftt = —MG(ui,uiy ) — Gu_y,uy)) if i< 1.

K2
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Observe that this is, a Godunov scheme for i # +1, that is, away from x = 0, and
that for i = £1 the scheme is not consistent; that is, in general F'(u,u) need not be
equal to f(u) or g(u). Because of this, the maximum principle does not hold.

For ug € L>(R) and grid length i and At with A\ = 4L fixed, define the function
up, € L (R x Ry) associated with {u]'} calculated by the scheme (3.6):

(3.7 up(z,t) = ui for (x,t) € [X;_1/2,Tiv1/2) X [DAL, (n+1)At), i #0.

Now we can state the following convergence theorem.

THEOREM 3.2. Assume that \, M satisfies the CFL condition A\M < 1. Let
ug € L*®(R) such that s < up(x) < S for all x € R and N(f,g,uo) < co. For h > 0,
let X\ = 5t and uy, be the corresponding calculated solution given by (3.6), (3.7). Then
there exists a subsequence hy — 0 such that uyp, converges a.e. to a weak solution
u of (1.2) satisfying interior entropy condition (2.1). Suppose the discontinuities of
every limit function u of {up} is a discrete set of Lipschitz curves; then up, — wu in
L2 (Ry, Ll (R)) as h — 0, and u satisfies the interface entropy condition (2.2).

The proof of this theorem is the object of the next section.

Remark 3.3. The CFL condition still reads AM < 1 in the case of a discontinuous
flux function.

4. Proof of the convergence theorem, Theorem 3.2.

4.1. Properties of the numerical flux. Before going into the details of the
proof, we need to study the properties of the numerical flux F, G, and F.

From definitions (3.1), (3.2), F, G, F, are nondecreasing functions in the first vari-
able and nonincreasing functions in the second variable. Furthermore, the functions
F,G, and F satisfy for any a,ay, as,b,by, by € [s, 5]

(|F(a1,b) — F(az,b)|, |[F(a,b1) — F(a,b2)]) < M(la1 — az|, [b1 — ba]),
(4.1)  (|G(a1,b) — G(ag,b)|, |G(a,b1) — G(a,b2)]) < M(lay — az|, [b1 —b2l),
(|F(a1,b) — F(ag,b)|, |[F(a,b1) = F(a,b2)]) < M(Jay — az|, [b1 — ba).

The following lemma is easy to prove.
LEMMA 4.1. Let f and g satisfy (Hy) and (Hg). Then F satisfies

F(s;s) = f(s)=g(s), F(S,8)=f(S)=g(9),
F(a,b) = F(a,b) if f=g.

Now we define for XY, 7 € [s, 5]

H.y(X,Y,Z) = Y- AF(Y.Z) - G(X.Y)),
Hl(X7YaZ) = Y_)‘(F(KZ)_F(X7Y))7
Hy(X,Y,Z) = Y - MNF(Y,Z)—F(X,Y)).

Then we have the following lemma.
LEMMA 4.2. Let AM <1 and a € [s,S]; then we have the following:
(i) Hy, (a,a,a) = a, and Hy,(s,s,s) = s, Hy,(S5,5,5) = S.
(ii) H; is nondecreasing in each of its variables.
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(iii) Let {Ti}ie\{0} be a sequence in [s,S], and define P; = (T;—1, T3, Tiv1) if
|’L| Z 2, Pl = (T_l,Tl,TQ), and P_1 = (T_Q,T_l,Tl). Then fOT’ ‘Z‘ Z 3,

5H1 8H1 aHl

ax Bitt) Sy (P) t o5y Bi-) =1
iy + 2ty o+ ) =,
Py o+ TrE) o+ SRR =,
Mrpy + Uy + Dy = 1,
oy + 2y + e,
%(Pg) + %(Pl) 4 ag]Z_Z(P_l) - L

Proof. From Lemma 4.1, F(s,s) = f(s) = g(s), F(S,9) = f(S) = ¢(S), and for
all a € [s,5], F(a,a) = f(a),G(a,a) = g(a). Hence Hii(a,a,a) = a, Hia(s,s,s) =
s, Hyio(S,8,5) = S. This proves (i). By symmetry it is enough to prove (ii) for Ho.
Let (X,Y,Z), X1 < X2,V <Ys,7Z; < Zs, be given. Then

Hy(X1,Y,Z) — Hy(X2, Y, Z) = N(F(X1,Y) - F(X3,Y)) <0.

Without loss of generality we can assume that g(6,) = ming > min f = f(6y).
For X > 04,7 < 6y, define A(X) < 0 and B(Z) > 0 by f(A(X)) = g(X) and
f(Z) = f(B(Z)). Then we have by direct calculations

F(B(2)) = f(Ye) if Z<6;, Y1<B(Z)<Ya
f(V1) — f(Ya) if Z<6;, Yi>B(Z)

Il:F(YlaZ>_F<Y27Z>: Or220f7 Y129f7
f(0r) = f(Y2) if Z>05, Y1<0p <Y,
0 otherwise,

F(Y1) = f(min(Yy, A(X))) if X >0y, Y1 <
L =F(X,Y1) - F(X,Y2) = f(Y1) — f(min(Ya, A(0,))) if X <8, Y1 < A(6,),
0 otherwise.
Let I = —A(I; — I). Then from the above calculation, I = —AI; if Y7 > 6; and
I = X\ if Yo < 0¢. In either case we have |I| < AM|Y; — Y3|. Now suppose that
Y7 < 0f < Ys; then we have
1] < (|L] + [Ta]) < AM(Ya — 07| + [Y1 — A(6,)]) = AM|Y; — Yz |.

Hence, since F and F are nondecreasing in the first variable and nonincreasing in the
second variable, we obtain

HQ(Xv Ylv Z) - HQ(XaYévz)

Yi - Vs — AF(Y1, Z) — F(Ya, Z))
FACF(X, V) - F(X,13))

Yi - Yo - ML — L) < Y; — Ya + AM|Y; — Yz
(1 -AM)(Y1 —Y2) <0,

—AMF(Y, Z1) - F(Y, Z3)) < 0.

A

HQ(vaaZI) _HQ(X,Y,Z2)
This proves (ii).
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Let ¢ > 3; then

0H, 0H, 0H,

37(Pi+1)+ 37<Pi)+ 37(3'71)
oF oF oF oF
2 1) 41 (8 (T Tiv) ~ 9 (n_l,n>) =1

This proves the first equality in (iii). The proof is similar for the second equality in
(iii). For the third, fourth, fifth, and sixth equalities we have

() + (R + S (P) = A (13, Ty) + 1

—-A (88F(T2,T3) %i(Tl,TQ)> —)\%};(Tl,Tg) =1,
2+ ot p )+ 2t py <2 s 1) 41

A (885(T_2,T_1) %f(T_S,T_ )) —/\%—i(T_g,T_ ) = 1,
o py+ 22 p oy + 2t <20 1 41

-2 (gl;(Tth) %i(T 2, T )) )\%?(T,%T,l) =1,
(P + TR + 2L (P ) = AP (T, T) +1

OF oF oF
—A(a (T, T) — (T_l,T1)> A (T_1,T1) = 1.

This completes the proof of Lemma 4.2.

4.2. L*° and TV bounds. The next lemmas show that the scheme (3.6) is
L'-contractive and the idea of the proof is taken from [11].
LEMMA 4.3. Let ug € L*(R,[s,S]) be the initial data, and let {ul} be the

corresponding solution calculated by the finite volume scheme (3.6). When AM < 1,
then

(4.2) s<uy <S8 Vin.

Proof. Since s < ug < S, hence for all i, s < u! < S. By induction, assume that
(4.2) holds for n. Then from (i) and (ii) of Lemma 4.2 we have

= H_i(s,s,8) < H_y(uj_q,uf,uiy,) = u’f"‘l < H_4(5,8,8)=85ifi< -2
Hi(s,s,8) < Hy(uP j,ul,ulyy) =uft < Hi(S,8,8) =8 ifi>2,
H_5(s,8,8) < H o(u”y,u,ul) =u"Tt < H 5(S,8,5) =S,

= Hy(s,s,8) < Ha(u™;,uf,ul) = uf™ < Hy(S,S,8) = S.

» » » ®
I

This proves (4.2).
LEMMA 4.4. Let ug,vg € L>(R, [s,5]) be initial datas, and let {ul'} and {v}'} be
the corresponding solutions calculated by the finite volume scheme (3.6). Let A\M <1
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and io S j(),' then

DR i IS W A

t0=i<jo i9g—1<i<jo+1
i#0 i#0
n+1 n n n—1
E lui ™ — up < E lu —ui .
i#0 i#0

Lemma 4.4 is a localized version of the Crandall-Tartar lemma [4], which we will
prove along the lines of [11].

Proof. The first inequality in Lemma 4.4 will be proved for ig < —1 and jo > 1.
The other cases follow in the same manner. For 6 € [0, 1], let pI"(0) = Oul + (1 — 0)v!
and

(Pi-1(6), Pz( )P (0)) if i > 2,
B (0) = (P25(8), p21(0),p7(0)) if i=—1,
(p21(0), p1(0), p5(0)) if i=1.

From Lemma 4.3 we have p(0) € [s,5] for all i, n, and . From their defini-
tions, the H;’s are uniformly continuous functions, and from (ii) in Lemma 4.2 a.e.
(X,Y,72), aHI >0, %}{; >0, %}é@ > 0. Hence from the mean value theorem

i“?“ - ”?H‘ = Zz:|H1(U?1vU?»“?+1) — H_1(v;1, v}, v} 1)
<Z|u“ il [ P oy
+Z|u 7 / OB (pr(6))db + [ufy, — o7y / O (pr(o))do
R — 1\/ 1 (pr (0))a0
+Z|u ol [ <8H‘ ,+1<9>>+6§§1<a"<9>>+f;<Pitl<e>>) s

I 2|/ (aH‘ " (0) 5§Z—1(Pfg(e))) d

aH_
+luy — 0" 1|/ (9))do.

Now ag‘ (X,Y,Z2)=)92¢ (X Y) < AM <1, and from the second equality of (iii) in
Lemma 4.2 we obtain

-2 -3
St — ot < St — o+ fuly — o 1|/ (6))d6
i

i0—1

+lun, —v 2\/ (aH " (0)) + ag; (P”3(0))> do.
OH

Since G+ = —)\%—IZ < AM < 1, the following inequalities result from the first equality
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of (iii) in Lemma 4.2:

Jo+1

Jo OH
St — ot < Sl — o]+ fuf — o / Oy (0)) a0
2 3

vl -1 (S >>+%§?<P3<9>>)d9-

Moreover,

|un+1 n+1| + |un+1 UIL+1|

‘H (u 2, U_ 17u1) - H_ 2(7}”27’0”17’0?” + |H2(un1’u?7ug) - HQ(Uﬁl,U{L7U3)|

< Juy—v 2|/ Ol (pn, (6))d6+[u™, v 1|/ (aH? Pr(60)+ 8é)LIY?(Pnl(e)D 6

= |/ (aH? )+a§1, P, (9))) 4o+ [u — |/ M2 pn(9))ap.

Summing up all the above three inequalities and from the last four equalities of (iii)
in Lemma 4.2 we obtain

Jo+1
S oot s 3 SR M
LOZZSJO ip—1
OH s OH_, OH_, .
g ol [ (S22 )+ S o)+ 2 o)) ao

wy o) [ (G ey >>+8§§;2<Pfl<e>> 2P0 ) a
g o] (SR + 2 rro + 22 Py ) as

wug sl [ (S rpio + AP0 + 2 P10 ) ao

- Y e

ig—1<i<jo+1
i#£0

Take the special choice of vy by vo(z) = u} in [Ti—1/2,%it+1/2). Then it follows easily
that v’ = u"+1 Now substituting this in the first inequality of the lemma and taking
igp = —00, jo = oo we obtain the second inequality. This completes the proof of
Lemma 4.4.

Next we use the singular mapping technique introduced in [27, 23, 22, 28] to
obtain TV bounds for the transformed scheme, and this allows us to pass to the limit
as h — 0.

Let k : [s,S] — R be a Lipschitz continuous function satisfying (Hz), and let K
be the corresponding numerical flux as in (3.1). Let 0 denote the unique minima of
k. For A € [s,5],a,b € R, {uj_1,uj,uj41,uj42} C [s,5], define

B u , , B 0 if wu € (0k7‘9]7
Vi alu) = /A |k'(0)|do, x_ (K'(u) = { 1 if we s, bk,
(1 if a<b, o1 uwe 09,
X(aab) = { 0 if a>b, X+ (k (u)) - { 0 if ue [S?ek),

and H;1q/9 = K(us,uiqq) for j —1<i<j+1.
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Apart from x_, x, we will use the standard notation
a+ = max(a,0), a— =min(a,0), a=ay +a_, la]=as —a_.

LEMMA 4.5. With the above notation we have the following inequalities:

43)  xluugen) [ KO0 < KD g ol

J
Uj+1

(4.4) N / K (0)d0 < x, (K (uys1))| Hyvajz — Hiys sl

J

—(r,a(us) = Yralujr)) - = x(uj, ujp1) {/uj+1 K, (0)do — /%Hl k’/(e)de}

J
(4.5) < X_(K'(uj))Hjq1y2 — Hij—1y2| + x4 (K (wjv1))[Hjps/2 — Hjg1y2]-

The proof of this lemma can be found in [28, Lemma 3.3, just replacing the
requirement of a single maximum by a single minimum.

Singular mappings. Let f, g satisfy the hypotheses (H;) and (Hz). Let 6,0, be
the respective minima for f and g. Define the singular mappings 1,1, associated
with f and ¢ as follows.

Case 1. f(05) < g(8y). Choose A > 0 such that f(A) = g(d,) and for u € [s, 5]

1) =, 0) = [ 19O, 200 = vpa0 = [ 17001
Case 2. f(0f) > g(b,). Choose A < 0, such that f(6;) = g(A) and for u € [s, 5]

100 = a0 = [ O, va(w) = r0, 0 = [ 17000

In order to obtain TV bounds for the transformed sequence under the singular
mappings, we have to estimate the error term E defined as below. This error estimate
will be carried out in the next two lemmas.

For {u_g,u_1,u1,uz} C[s, 5], define 2y =vpp(u1), z_1 =1 (u_1), Hzjo=F(u1, uz),
Hijp=H_y/= F(u_1,u1), H_3/5=G(u_2,u_1), and

u_1

E=—(z1—21)- — x(u1,u2) /“2 fL(0)do + X(U—2,U—1)/ g’ (0)do

u_o

—|H_1j2 — H 35| — |H3/o — Hy 3.

LEMMA 4.6. With the above notation, for any sequence {u_o,u_1,u1,us} C
[s, 5], we have E < 0.

Proof. Without loss of generality we can assume that 6; < 8, and f(67) < g(6,)
(see Figure 1). Now (S) = F(S) — F(A) = g(S) — g(6;) = 11(5) and tn(s) =
~(f(s) — F(07)) — (F(A) — F(8)) < —(F(A) — F(5)) = (9(8,) — g(s)) = 161 (s). Hence
the range of v is contained in the range of 9. Therefore for each u € [s,S] there
exists a unique p(u) € [s, S] such that ¢ (u) = ¥2(p(u)) and u — p(u) is an increasing
function since 11, ¥y are increasing functions.

For u_; > 0y, define A(u_1) < 05 by f(A(u_1)) = g(u_y) (see Figure 1).
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Step 1. Let u_q > 04, uq > A(u_l). B
In this case it is easy to see that Hy o = H_y,9 = F(u_1,u1) = g(u_1) and

s [ (0100 = x(u—zu)(glu_r) — g(max(8y.u_s))).

|H_1/2 — H_35] = [F(u_1,u1) — Glu—z,ur)] = |g(u-1) — g(max(fy, u—2))|

z X(U—2,u—1)/ g, ()d6.

U_3

Hence
u_1
(4.6) X(U—2,U—1)/ g\ (0)d0 — |[H_y ;o — H_3/5| <O0.
u_g

Since u_q > 64 this implies that 0 < g(u_1) — g(0y) = ¥1(u_1) = 2(p(u_1)). Hence

p(u-1) = A and f(p(u-1)) = g(u-1).
Now (z_1 — 21)— # 0 if and only if ¥s(p(u_1)) = ¥1(u_1) < W2(u1). This implies
that p(u_1) < uj. Therefore for A < p(u_1) < u; we have

(o1 — 21)— = () — a(p(uy)) = / ( 1710 = flm) = S

Hence

47 (- z)- = { flu) = flp(u-1)) i A< pluy) <u,

0 otherwise.

Now for A(u_y) < w1, 0 < Flu_y,u1) = g(0y) = glu—r) — g(0y) = 1(u_1) =
Ya(p(u—1)) = f(p(u-1)) — f(A), and therefore F'(u_1,u1) = f(p(u—1)). Hence either
up < ug or plu_y) < up, and for all uy we have

|H3/2—H1/2| = \F(U1,U2)—F(U71,U1)| = |F(uy,uz) — f(p(u-1))|
(4.8) S { |f(u1) — f(p(u-1))| if uy > 0y,
- |f(min(uz, 05)) — f(p(u-1))|  if ug <Oy,

u2 , 0 if 2 0 )
(4.9) x(ul,w)/m f—(g)d"{ Flur) — Flmin(uz0y)  if ur < 6

Let By = —(2-1—21)— — x(u1, uz) f;ﬁz f1(0)d0 —|Hy /5 — Hs5|. Suppose p(u_1) <
u1; then uy; > 0y, and hence from (4.7), (4.8), and (4.9) we have
By < fur) = f(p(u—1)) = [f(ur) = fp(u-1))] <0.

Suppose uy < p(u—_1); then (z-1—21)- = 0.If 0y <y, then By = —|Hy 95— Hg/o| < 0.
Let 0 > u; > A(u_;); then by the definition of A(u_;) we have f(A(u_1)) =
g(u_1) = f(p(u—_1)). If up < uy, then clearly By = —|Hy /3 — Hy/o| < 0. Let uy < up.

Now f(A(u_1)) = g(u_1) = f(p(u_1)), and hence f(ur) < f(A(u_1)) = f(p(u_1)).
Hence from (4.7), (4.8), and (4.9),

Ey < f(ur) — f(min(ug, 0f)) — |f(p(u-1)) — f(min(ug, 05))| < 0.
This together with (4.6) implies that E < 0.
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(u_l).
f(ur) and g(u—1) < f(u1).

|H—1/2 - H—3/2| = |F(U—1,U1) — G(u_g,u_1)| = |f(u1) — g(maX(u—zﬁg))l
> X(u—2,u—1)[g(u—1) — g(max(u_2,6y))|

Step 2. u_y >0,, up < A
In this case F(u_ 1,u1) =

(4.10) > ) [ o)
|Hsjo — Hyjo| = [F(u1,u2) = Fu_1,u1)| = | f(min(ug, 0)) — f(u1)]
(4.11) > _X(U17u2>/ fL(0)do

From Step 1, (z-1 —21)- # 0 if and only if A < p(u_1) < uy. Hence (z_1 —z1)— = 0.
Combining thlb with (4.10) and (4.11) gives £ < 0.

Step 3. u_1 < y,uy > A(f,) (see Figure 1).

In this case F(u_1,u1) = f(A) = g(f,). Since u; > A(f,) this implies that
flur) < f(A) if ug < 0y. Let ug < ug; then

(4.12)

. I fa) - FA)] if ;> 0y,
—X(ur, u2) / F0) — [Hajs — Hyjol < 4 f(u) — f(min(us, 6;)),

" C () = f(min(us, 6,))] i wr < 0.

Since u_1 < 0, hence x(u_s,u_1) [, -, 94(0)d0 = 0. Let (2—1 — z1)— = 0; then from

u

(4.12) we have E < 0. Suppose (z_1 — z1)— # 0; then p(u_1) < u; and

Semm)e = vslun) — valplu—r)) = [ "r)ae,
_ p(u—1)
G(u_g, u_l) — F(u_l,ul)

|H_1/2 — H_3)5| =
> g(u-—1) = g(by) = —1(u—1) = =2 (p(u-1)).

Hence from (4.12) we have

uy A
(et 1) | Horyp— Hogp| < / 1(6)]d8 — / F(0)|do <0
p(u—1) pu—1)
E< if U1 S A,

wy A U1
[ ir@ue— [ ipee- [Cireme=o it > a

p(u_1) p(u—1)

Hence in all cases E < 0. 3
Step 4. Let u_y < 6, u; < A(f,). In this case F(u_1,u1) = f(u1) and
X(u_g,u_ 1)fu tg (9)d070 Let u1 < ug,u_o < u_q; then

|Hsjo — Hijo| = [F(u1,u2) _i(uflaul)l = |f(min(ug, 0f)) — f(u1)]
—X(ul,U2)/ 1(6)do

u1

(4.13)

If uy < p(u_y), then (z_1 — z1)— = 0, and therefore from (4.13) E < 0. Hence
assume that p(u—_1) < ui; then f(p(u—1)) > f(u1). Since ¥2(p(u—1)) = ¥(u—1) this
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implies that

A

flp(u1)) = F(f) + f(A) = f(65) = /( )\f’(9)|d9 = —a(p(u-1))
Gq

= gy (u_y) = / 19/ (016 = g(u_r) — g(6,).

-1

Hence f(p(u-1))—g(u-1) = 2(f(0) — f(A)) < 0, and therefore f(u1) < f(p(u-1)) <
g(u_1). This implies that

|H_5/2 — H_1/5| = |G(u—2,u—1) = F(u_1,u1)| > g(u_1)— f(w1).

Since f(A) = f(A(f,)) we have

E < —(eo1—21)o — |Hogjs— Hoypol < /( 1708~ lg(ur) = f)|
= f(plu_1)) — g(u_y) < 0. .

This proves Lemma 4.6.

LEMMA 4.7. Let ug € L™(R) such that s < ug(x) < S for all x € R and
N(f,g,u0) < 0. Let {ul'} be the scheme defined as in (3.6). Let 11 and 3 be as in
Lemma 4.6. We introduce the constant

L = max{Lip(¢1), Lip(¢2), |1 [lso, [[¥2]loc }

and define
o { Yolul) if i>1,
i ul) if i< -1,
(4.14) Y (uy)
TV(E") = Y |2 = 2l + 120 = 2.
i#0,—1
Then
(4.15) TV(z") <2/ Jul™ —uf| <2/0) " Juj —ud| = 2Nu(f, g, u0),
i#0 i#0
(4.16) > |z = 2" < ALln = m|N(f, g, P, ug).
i#£0
Proof.

Define H1/2 = H71/2 = F(UEI,U?) and

F(ul,ulyy) ifj>1
. — 7 g+l =5
Hji1y2 { Gul,uly,) if j < —2.

Since 0= 3,0 (2] — 2%1) + (224 — 27),

1 1 n n n n
§TV(ZH) = 2( Z |2; _Zi+1|+z—1_zl>

i#£0,—1

_< Z (2 — zi41) - + (22 — Z?)) =1 + I+ I3,

i#£0,—1
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where

Lo==> (=2, == (=20,
i<—3 i>2
Iy = (20 —20y)- — (20 —20)- — (oF — 25)-.

From (4.3) to (4.5) we have
no==) (=) == > (W) — v (ullyy))-

i<—3 i<—3
< Z X_ (g W) Hip1y2 — Hi—y 2] + x4 (9" (uiy 1) Hivs2 — Hiy 2]

i<-3
< Z |Hiz172 — Hi—12] + x, (9" (ulo))[H _3/2 — H_52],
i<-3
Iy ==Y (& = 2fia)- = =) _(a(ul) = va(ufy))-
i>2

i>2
<O x (W) Hipry2 — Hi—ypol + x0 (F (ui1) [ Higsy2 — Hig ol

< Higi2 — Hizio] +x_ (f'(uy))|Hs 2 — Hsal,

—(27y = 2"y) - = x(u"y,u™y) ( / AGI= / ) g'w)de)

< X(uy,uy) / g, (0)d8 + x_(g/(u™5)) [ H s/ — H_3s],

~(af = 28)- = x(u,u2) ( [ rwas [ f’_(é))d9>

< DIy~ Hapol = x| 0)ab,

Combining all the above three inequalities we obtain

n
U_q

1
STVED < X Hinge— Hoapl +xtutsay) [ o 00
li|>2

() / F1(0)d6 — (=) — 7).

o
= Y Hipip— Hiopo| + B,

where
ug u”
E= (" — ) —x(upu) [ F(0)d6+ x(us,uy) / 7, (6)do
u? u
—|H_1/9 — H_3/5| — [H3/9 — Hy 2|

From Lemma 4.6, E < 0; hence from Lemma 4.4

TV(Z") = > | =2yl + 12" — 20 <2 [Hiprjo — Hi1pol
i#0,—1
2 n+1 n 2 1 0
= XZ\%‘ —uj| SXZM —u;| = 2Ny (f, g, u0)-
i#£0 i#£0

This proves (4.15).
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Without loss of generality assume that n > m; then from Lemma 4.4 we have

Slap =zl = D=2+ ) |2 =2 < LY Jupf —ull|

1#£0 i<—1 i>1 1#0
n—m+1
< LYY -
i#0  j=0
< L|n_m|z‘uzl_uzo‘:AL|n_m‘Nh(f7gau0>
i#0

This proves (4.16) and hence Lemma 4.7.

The following lemma is the analogue of Lemma 4.7 in terms of functions instead
of point values.

LEMMA 4.8. Let ug,vg € L™(R,[s,S]) such that N(f,g,up) < oo, N(f,g,v9) <
oo are initial datas, and let up and vy be the corresponding solutions obtained by the
finite volume scheme (3.6) and defined as in (3.7). Let {z'} defined as in (4.14) for
ug and zy, be the corresponding function defined as in (3.7). Then

(4.17) s <up(z,t) < S vV (z,t) e Rx Ry,
(4.18) llznlloc < L, TV(za(:,t)) < 2Nn(f,g,u0),
(4.19) / lup (z,t) — up(z, 7)|de < Np(f, g,u0) (2At + |t — 7)),
R
(4.20) / |zn(z,t) — zp(x, 7)|de < LNL(f, g,u0)(2At + |t — 7).
R
Moreover, for a < b and T < t,
b bt (t—7)
(4.21) / lup(z,t) — vp(x, t)|de < / lup,(z, 7) — vp(x, 7)|dz + 4(S — $)h.
a a—5(t—7)

Proof. Inequalities (4.17) and (4.18) follow from (4.2) and (4.15). For inequality
(4.19) let t, <t < tp41 and t,, < 7 < typ41 SO that

[n—m|At = |ty —tm| < |tn —t|+ [t — 7]+ |7 — tm| <248+ |t — 7.

Hence from Lemma 4.2 we obtain
n—m-+1

[l e nlde = B fur - 5SS S0 -l
R i#0 i#0 =0
At|n — m)|
< Bl fud — ) < ST S g
#£0 i#0

< (At [t = T[)Ni(f, 9, u0)-
The proof of (4.20) follows from (4.19):
/|zh(x,t) —zp(x,7)|de < hZ|zZ" -z < LhZ|u? —ul™
R i#0 i#0
< LNw(f,g,u0)(2At + [t —7|).

We prove inequality (4.21) for a < 0, b > 0. The proofs are similar for the other cases.
Let

Tig—3/2 < @ < X172, Tjor1/2 S b < Tj,13/2,
tn+1 <t< tn+2; tn—p-i—l <7< tn—p+2;
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so we have Tiy—p—3/2 <a —ph < Lig—p—1/25 Ljo+p+1/2 < b+ ph < Ljo+p+3/25 and
t— At <7+ pAt <t+ At. From (4.17) |up, — vp| < (S — $); hence

b Tig—1/2
/ lup(z,t) — vp(z, t)|de = / lup(z,t) — vp(z, t)|d
@ wj0+1/2 @ b
—|—/ lup(x,t) — vp(z, t)|dx —|—/ lup(x,t) — vp(z, t)|de

ig—1/2 Zjg+1/2
<2S—s)h+h > fuptt—opth.
ig<i<ijg
i#0

Using Lemma 4.4 it follows that

b
/ lup(x,t) — vp(z, t)|dx
<2(S—s)h+h Z fu P R

ig—p<i<jo+p
)

Tjotpt1/2
=2(5 —s)h +/ lup(x, 7) — vp (2, 7)|dx

Tig—p—1/2

b+ph
=2(S—s)h+ / |up(x, 7) — vp(z, 7)|dx
Tig—p—1/2 amph b+ph
—/ lup(x, 7) — vp (2, 7)|dx — / |up(x, 7) — vp (2, 7)|dx
a—ph Zjo+p+1/2
bt 5T
<2(S —s)h —l—/ lup(z,7) — vp(x, 7)|dx
a_t=t
a—ph A b+t;"
—|—/ lup,(z, 7) — vp(x, 7)|dz —|—/ lup(z, 7) — vp (2, 7)|dx
a— t;T b+ph
b+ fr;T
<2(S —s)h+ 2|57 —ph|(S’—s)+/ lup (z, 7) — up(x, 7)|dz
a_t=r
b+i5T .
<4(S —s)h —|—/ . lup(z,7) — vp(x, 7)|dz .

This completes the proof of Lemma 4.8.

4.3. Convergence of a subsequence to the weak solution. From hypothe-
ses (Hy) and (Hy) we will construct a solution to the Riemann problem with under-
compressive data which will enable us to prove that the solution satisfies the interface
entropy condition (2.2). For «, 8 € [s, 5], let

a if x<0,
”O(x’a’ﬁ):{ﬂ if >0.

Then we have the following lemma.

LEMMA 4.9. Assume that f,g satisfy hypotheses (Hy) and (Hz). Let o, 3 € [s, S|
be such that o < 8, and B > 0. Let vy (z,t, a, 3) be the solution given by the finite
volume scheme (3.6) with initial data vo(x, o, 3) and AM < 1. Assume that for a

subsequence hy, — 0, vy, (z,t,a, ) — v(x,t, o, B) on LS (Ry, L} (R)). Then
liI(r)l v(z,t,a,8) = 0, if min g > minf,
i d VU

(4.22) lim+ v(z,t,,0) = Oy if min g <minf.
z—0 ’
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Proof. We will prove the lemma for min g > min f. The other cases can be proved
in a similar manner. Let A > 6 be such that f(A) = ¢(8,) (see Figure 1). Since
a <0y, >0 it follows from (3.2) that

(4.23) F(a, 8) = max {g(0y), f(05)} = g(0).

Then if {v'} are the grid values corresponding to the initial data vo(z, a, 8),

a—Mg(6,) — gla)) if i=—1,

SR if <=2,
L) B=ASB) —glly) i i=1,
I} if 1>2

This implies that v, = a — A(g(0,) — g(a)) and v1; = a + A(g(a) — g(8,)) <
a+)\M|a—9|<a—|—9 —a:ﬂg.LetﬂE[Gf,A] thenf(ﬂ) f(A) = g(8,),

hence v} = 3 — A(f(B) — g(6y)) > B and v} = B+ A(g(6y) — f(B)) = B+ A(f
fB) < B+ (A-p) = A If B € [AS], then f(B) > f(A) = g(b,), and hence
1= 08— Af(B) —g(0y)) < B and vi =B —Af(B) — f(A) =5 — /\M( —A) = A,

Hence {v}} satisfies

a < vl_lgﬂg,

B < vi<A if Belby, A
(4.24) A < vi<p if BelAS],

L a if i< =2,

o= {5 if Q> 2.

Now we claim that {v]'} satisfies

(67 < ’Unng’l)lanrlS "'Svﬁlgeg;
o< op< <o <A Belfy A
(4.25) A < of<-<u<8 if BelAs)
" a if 1< —-n-—1,
v = e
v g if i>n+1.

From (4.24) the claim is true for n = 1. Assume that it is true up to n — 1. Since
o™t > 6; and v™]' < 0, hence as in (4.23) F(v",v}) = g(6,). Hence by the same
argument as in (4.24), it follows that o < v < 0y, B < v} < Aif B € [0, 4]
and A <o < g if g € [A,S]. Now (4.25) follows since the scheme is monotone and
consistent for |i] > 2. This proves (4.25).

From (4.25) it follows that v(x,t, «, () satisfies

a < v (t,a,f) = lll(r)l v(z,t, 0, 0) <04,
B8 < vt(t,a,B)= hm v(z,t,a,0) <A if (e (b A
A < vt(ta,B) = 111{)1+ v(z,t,a,0) < B if BelAS].

From (4.25) and hypothesis (Hs) on the shape of f and g we observe that {u§”)},§_1
is independent of 3 as long as 3 > 6. Hence v~ (¢, «, §) is independent of 3, and hence
v (t, o, B) = v (t, @, 0f). Since v (t,,05) < A and g(v™(¢t,a, B)) = f(vT (¢, B)),
hence v~ (¢, @, B) = 4. This completes the proof of Lemma 4.9.
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Proof of Theorem 3.2. Let A = % < & be fixed. Since N(f,g,uo) < oo, then
from Lemma 4.8 and by a standard argument there exists a subsequence hy — 0 such
that 2y, converges to z in L°°(0, T, L}, .(R)) and for almost all fixed ¢, zp, (.,t) — 2(.,t)

loc
in L}, .(R). Let

Yy (e(x,t)) i 2 >0, >0,
u 1) = { w?’l(z(x,t)) if <0, t>0.

Now for © > 0,up, (z,t) = 5 (21, (x,1)) and for x < 0,up, (x,t) = 7 (zn, (2,1))
and ; and 1, are continuous, and therefore for almost all ¢, wup, (.,t) — u(.,t) a.e.
in R. From (4.18), for a.e. t, 2(.,t) € BV(R), and hence z(z+,t), z(x—,t) exist for
all x € R. This implies that u(z+,t), u(x—,t) exist for all z € R and a.e. t. We will
complete the proof of the theorem in two steps.

Step 1. Let us prove that u is a weak solution of (1.2) satisfying the interior
entropy condition (2.1). Remember that the scheme is not consistent. However, the
proof follows almost as in the Lax—Wendroff theorem [10, Theorem 1.1].

Let o € C3(R x Ry), and let

Multiplying (3.6) by ¢! and summing over j and n we obtain

o) co —1
EY > ul(ep ™t = o) + A S Gulyuf) (el — o))
n=1 3#£0 n=0 —oo
HAEY N F(ul g uf) (e — o)+ ALY Pl ul) (" ) —h > ulel =0.
n=0 2 n=0 i#0
Let
gn(z,t) = G(ul_ 1, ul), 1<—1, z€(xi_1,zi], tenAL (n+ 1)AL),
fh(xat) = F(u?—la u?)a i227 TEe (561;171'1'], te [nAtv (n + 1)At)7
Fn(t) =F(u"y,u}), te [nAt, (n+ 1)At),

@h(t) = 90(%’ nAt) - (p(*%anAt)a te [TLAt, (TL + 1)At);

then the above equalities read as

[ e (8 5050)
—00 0

h
o oo ettt on(r b
+/_»,;1/0 fh(:t,t)(“%( +2’t)h¢h( 2’t)>dtdas
Jr/o Fh(t)¢h(t)dt+[ up(z)pp(z)de = 0.

Let h = hy, in the above equation, and by going to a subsequence if necessary, by using
by the fact that |F(t)| < ||F|lc + [|Glloo and by the dominated convergence theorem,
it follows that as k — oo, up, — w in LY (R, L}, .(R)) and the above equation gives
that

o0

/_Z /0°° [“%f + (H(2)f(u) + (1 = H(z))g(u)) gﬂ dtdz + / wo () (x, 0)da = 0,

— 00

where H(z) is the Heaviside function. This proves that u is a weak solution.
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In order to prove the interior entropy condition, for [ € R define

A(a,b) = F(aAl, bAl)—F(aV1, bV1), B(a,b)=Ganl, bAl) —GlaVi, bVi),

(4.26) A?+1/2 = A(U?,%’H% BJT‘L+1/2 = B(U?7 ujyy).
Then as in [4, 10], for |i| > 2, u}* satisfies

(4.27) [ U < = 1] = AATpr g — AT 22,
(4.28) W 1] < U — U = ALy — By ja) i< 2.

Let 0 < ¢ € C}(Ry x Ry). Then there exists a > 0 such that supp (p) C
{(z,t);z > a, t > a}. Hence for hy small, ¢p, (z,t) = 0 for z < x4, t > At. Let
l € R, A, and A;;q/5 be defined as in (4.26). Let Ap(x,t) = A;‘+1/2 forz; <z <
Tit1, tn <t < tpy1. Then multiplying (4.27) by ¢} and summing we obtain

/OO/OO|Uh l|<90hk(1',t)_§0hk(l',t_At>
o Jo ¥ At
oo oo b ) — (o — Lt
+/ / Ap, (2,1) (‘P(I+ 2 )h 2@ =3 pear > 0.
0 xr3 k

Now letting fy, — 0 yields [~ [7°[|u — |22 + (f(u) — f(1))sign(u —1)52] dzdt > 0,
and similarly for < 0. Hence u satisfies the interior entropy condition (2.1), and this
complete the proof of Step 1.

Step 2. We will now show that if u is the weak solution constructed in Step 1
for some hy — 0, and assuming that the set of discontinuities of u is a discrete set of
Lipschitz curves {I';}, then u satisfies the interface entropy condition (2.2), and the
solution thus obtained is unique.

The main ingredient to prove this is the choice of the solution constructed in
Lemma 4.9. Without loss of generality we can assume that ming > min f. Since
x — z(x,t) is TV bounded, hence z(0+,¢) and z(0—,t) exist. This implies that u*(¢)
and v~ () exist. Suppose that u does not satisfy the interface entropy condition (2.2).
Then meas {L\ U} # 0. Since for t € L\ U u™(t) > 0y, u () < b, from hypothesis
(Hy) we obtain, for almost all t € L\ U u™ (t) < S,u™(t) > s and

meas {t € Lyu™ (t) < S,u*(t) > s} #0.

Hence from the hypothesis on u and (Hsz) we can choose tg € L\ U, a,8,e € Ry
such that they satisfy

(4.29)  to = npAt, up, (7,t0) — u(w,t) in Li,.(R) and u™(to) > 0, u™ (to) < 0y,
w is continuous in [—3,0) X [to — a, to + a] and (0, 8] x [to — a, to + a,

u” (to) —e < wu(z,t) <u (to) +e < b in [-f,0) X [to — a,to + q],

O <ut(ty) —e <u(z,t) <ut(to)+e in (0,8] x [to — o, to +af.

On R x {to}, define the functions

(4.30)

Vk(I,to) = Upy (J’J,to)
Uh,y, (]J,to) if |$| > ﬂ7
431 Viee(x,t0) = max(up, (z,t0),u (to) —e) if —B<z<0,
(4.31) max (up, (z,t0),ut(to) —e) if 0<xz<p,

v _ max(s,u” (o) —e) if =z <0,
0 n ut(tp) —e if z>0.
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From (4.29) and (4.30) it follows that as k — oo, for almost every z € R
(432) Vk(iﬂ,to) - U(l’,to), Vk,E(m7t0) - u(x,to).

With ¢y as the initial time and A, A = %}f, as the grid lengths, let f/hk, f/h,m, and Wy,
be the respective solutions calculated with the finite volume scheme (3.6) for ¢ > ¢
and associated with Vj, V4 ., Vi as initial data at ¢ = ¢¢. Since Vi, V} ., and Vj are such
that N(f,9,Vk), N(f, 9, Vie), N(f, g, Vo) are bounded, one can extract a subsequence
still denoted by hy such that th,‘?hk,Hth converge to u (since up, = Vi, ), v, w
a.e., respectively. Letting hy — 0 in (4.21) for any a > 0, ¢ > tp, we have

a a+t0/A
/ lu(z, t) — v(z, t)|dz < / lu(z, to) — v(, to)|dz = 0.

—a —a—to/A
Hence u = v.
From (4.31), Vo(z,t0) < Vi e(z,%0) for z € [—3, F] . Hence by monotonicity of the
scheme (see (i) of Lemma 4.2), Wy, (2,t) < Vi o(x,t) + o(At) for —3 + Hh <z <
B — 5o, and hence for ae. (z,t) with ¢ > to, —f+ 5 <z < g - Sl

w(z,t) < u(x,t).

From this inequality, Lemma 4.9, and (4.30) we have for a.e. t € (to, min(to+ A3, to—
@))
Oy =w(t) <u™ (t) <u (o) +e < by,

which is a contradiction. Hence u satisfies the interface entropy conditions.

Let u, v be two limit points of the scheme {uy} such that v and v have a discrete
set of Lipschitz curves as discontinuities. From Steps 1 and 2, w and v satisfy the
entropy conditions (2.1) and (2.2), and hence from Lemma A.1, for b > Mt,

b+Mt, b
/ la(a t) — o(a, £)|da < / lu(z,0) — v(z, 0)|dz = 0.
—b

—b+Mt
Hence u = v. This proves Step 2.
Furthermore, let u and v be the weak solutions of (1.2), constructed in Steps 1
and 2 for the initial data ug and vy, respectively. Then by taking a = —o0, b = +o0,
and letting h — 0 in (4.21) we obtain

[ tute.0) = v(o0ldz < [ fua(o) - vo(w)lds.

Finally, if f = g, then by Lemma 4.1 F(a,b) = F(a,b), and hence the scheme is
Godunov’s scheme. Now Theorem 3.2 follows from Steps 1 to 2.

Note that the scheme defined in (3.6) using the interface flux F gives a much
stronger bound, i.e., E < 0. This helps us to extend the result for a flux F(z,u)
having more discontinuities in the space variable, as stated in the next remark.

Remark 4.10. The above analysis can be extended readily to the equation

us + f(k(z),u), =0,

where f(a,b) € C1(R x R) and k is a piecewise smooth function satisfying

(i) fla,s) = f(b,s), f(a,S)=f(b,5) forall a,b R,

(ii) for all a the function u — f(a,u) satisfies (Hs).

Remark 4.11. In a forthcoming paper we will extend the above analysis to all
E-schemes, including Engquist—Osher, Lax—Friedrich, etc. The case of the upstream
mobility is considered in the next section, where it is compared with scheme (3.6).
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5. Two-phase flow in porous media. Capillary-free two-phase incompressible
flow in a porous medium with a rock type changing at z = 0 is modelled by (1.3),
(1.4), where u is the saturation of one of the two phases, say phase 1. Equations (1.3)
represent conservation of phase 1 inside each rock type, and (1.4) ensures conservation
of the same phase at the interface between the two rock types. The functions f and
g are the Darcy velocities (divided by the porosity) of phase 1 in each rock type, and
they have the form

1 A
f=f==~"2[q+ (c1 —c2)Xa] forz >0,
(5.1) O A1+ Ao
. I m
=g1=—7—|¢g+(c1—c for z < 0,
g9=a ¢u1+uz[q (c1 — c2)pu2]

where ¢ is the porosity of the rock and ¢, a constant in space, is the total Darcy
velocity, that is, the sum of the Darcy velocities of the two phases, ¢ = ¢(f1 + f2) =
®(g1+9g2). The Darcy velocities (divided by the porosity) of phase 2 denoted by fa, g2
are given by

1 A 1
=% MTQ/\Q[(H_ (c2—ci)M], g2=—~ s

P m[q + (c2 — c1)pa].

f2
The quantities A1, 1 and Ag, pg are the effective mobilities of the two phases.
They are functions of u satisfying the following properties:

(5.2) A1, 11 are increasing functions ofu, A1(s) = p1(s) =0,
' A2, pi2 are decreasing functions of u, Aa(S) = p2(S) = 0.
The gravity constants ¢y, co of the phases are proportional to their density.

In such a context the flux functions f and g satisfy hypotheses (H;), (Hz), or
(Hs), and Theorems 2.1, and 3.2 apply, provided that an appropriate CFL condition
is satisfied. In numerical computations one can, of course, use the numerical fluxes
F,G defined in (3.1) inside the rock types and F', defined in (3.2) at the interface.

However, petroleum engineers have designed, from simple physical considerations,
another numerical flux called the upstream mobility flux. It is an ad hoc flux for two-
phase flow in porous media which corresponds to an approximate solution to the
Riemann problem. It is given by the following formula:

UM _ 1 AL *
F (a’ b) (b A:lk + A; [q + (Cl 02))\2}’
(5.3) Me(a) if g+ (ce—c)Ny >0, i=1,2, i#,
A, = { {=1,2,
Ae(b) if g4+ (ce—ci)N, <0, i=1,2, i#L,

and similarly for GUM associated with g. As we can see, the flux is calculated using

the mobilities of the phases which are upstream with respect to the flow of the phases.
When the two phases are flowing in the same direction, the Godunov flux and the
upstream mobility flux give the same answer and coincide with standard upstream
weighting, but they differ when the phases are flowing in opposite directions. This flux
has been shown to have all the desired properties for convergence of the associated
finite difference scheme [26, 2] in the case of a flux function which does not vary with
space (one rock type).
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The generalization of the upstream mobility flux to the case of two rock types is
straightforward, and at the interface the corresponding flux is

— 1 AT
FM(a,b) = = = la + (o — e2)g)

’ N pela) g+ (ce—ec)Ay >0, i=1,2, i#L, /=19
ETU ) ifqt(ce—e)Ai <0, i=12 i#e ‘0%

This upstream mobility flux at the interface satisfies the consistency condition of
Lemma 4.1:
—UM —UM q

F(s,8) = f(s) =g(s) =0, F 7 (S5,8)=f(5) =g(5) = s

6. Numerical experiments. We consider an idealized experiment in which two
phases of different densities are flowing in a vertical closed core. This core is made of
two rock types, the top part being associated with the flux function g and the bottom
part associated with the function f defined in (5.1). The data associated with the
problem are as follows:

¢:17 q:O7 61:2; 02:1a
s=0, S=1, X\ =10u? X =20(1-u)? p =50u? ps=5(1-u)?

which gives the flux function f and g represented in Figure 3. Note that we are in
the case where f and g satisfy hypothesis (Hz). Phase 1 is the heavy phase, and it
moves downwards while phase 2, the light phase, moves upward.

2
16f TN
, N
g . 4
' N
1.2t K .
/ \
N
lll \\
0.8F ! R
} , N
A \
1 \\
l' N
o4r /) A
N
' N
' .
Il s e
’ S e
0 . . . . N
0 0.2 0.4 0.6 0.8 1

Fic. 3. The fluz functions at the interface for the numerical experiments.

We present here two simulations which differ by the initial condition. In the first
case we start with discontinuous data ug(z) = 1 if < 0, ug(z) = 0 if > 0; that
is, at initial time the core is saturated with the heavy fluid (phase 1) in the upper
half and with the light fluid (phase 2)in the lower half. The calculated solution is
shown in Figure 4. In the second case we start with a constant initial data ug = .5
which corresponds to a situation where the two phases are “mixed.” In this case the
solution is shown in Figure 5.

In all figures the top part of the core is on the left of the picture and the bottom
part is on the right. As expected, observe as time goes on the heavy fluid moving
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1 T T T T T T T T

08| ERS — — -
upStream ””””

06 i
04

02 r

0.8 | | ERS —— E
upstream -------

0.6 -

04

02 - —

08 | ERS —— | .
upstream ””””

06 | 1

0.4 B

Fi1G. 4. Finite difference solutions calculated with numerical fluz (3.1), (3.3) (ERS) and with
the upstream mobility fluz (5.3), (5.4) at different times for a discontinuous initial data (h =1/100).

downward which is represented by its saturation u decreasing on the left and increasing
on the right. Obviously, in the case of the continuous initial data we reach earlier
the stationary state where the heavy phase occupies the bottom half of the core
(u(z) = 0if x < 0,u(x) = 1if x > 0). However, one can observe the complexity of
the solution, which presents several shocks.

In Figures 4 and 5 we compare the finite difference solutions calculated when
using the numerical flux based on the exact Riemann solver (ERS) (3.1), (3.3) and
the one calculated when using the upstream mobility flux (5.3), (5.4). We can observe
that the latter is doing very well even in these complex situations. However, small
differences can be seen. In particular, a small boundary layer appears on the left side
of the interface. For these numerical examples these differences vanish when A — 0 if
they are measured in the L; norm.

Finally, in Figure 6 we present the solution given by the numerical flux which was
presented in [3, 8, 13, 6] (ERS-NIF) and which is not valid when the flux functions
intersect in the undercompressive case, which is our situation. The picture in Figure
6 is to be compared with the bottom picture in Figure 4. As expected, this numerical
flux is not able to capture the complexity of the solution.
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1 T T T T T T T

0.8 - ERS —— T
upstream -------

0.6 - ,

08 ERS ——
upstream -------

0.6 -

0.8 - ERS —— f
upstream -------

0.6 - T

F1G. 5. Finite difference solutions calculated with numerical fluz (3.1), (3.3) (ERS) and with
the upstream mobility fluz (5.3), (5.4) at different times for a constant initial data (h = 1/100).

1 T T T T T T
08 ERS-NIF —— b
0.6 b
04 r 1
02 b

0 1 1 1 1 1 1

-4 -3 -2 -1 0 1 2 3 4

Fi1G. 6. Finite difference solution calculated when using the numerical flux for nonintersecting
fluzes.

7. Conclusion. The calculation of the solutions of conservation laws with a flux
function discontinuous in space needs appropriate numerical methods. We presented
a Godunov method which uses an exact Riemann solver, and we proved convergence
of the corresponding numerical scheme. We compared numerically with the upstream
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mobility numerical flux used for multiphase flow in porous media, showing that the
latter still works well in the case of a discontinuous flux function. A consequence of
the proof of the convergence of the numerical scheme is an existence and uniqueness
of the solution to the continuous problem.

Appendix A. End of the proof of existence and uniqueness theorem,
Theorem 2.1. In this appendix we terminate the proof of Theorem 2.1 for nonconvex
functions as in Figure 1. Existence was a consequence of the convergence theorem,
Theorem 3.2, and to prove uniqueness we need to show that all solutions of (1.2)
satisfying entropy conditions (2.1) and (2.2) can be represented by an L!-contractive
semigroup. The proof is as in [1], so we sketch only the proof. The main idea of this
proof goes back to Kruzkov [19].

LEMMA A.1. Let u,v € L= (R x Ry) with s < u,v < .S be two solutions of (1.2)
with initial data ug,vo € L= (R), respectively. Assume the following:

(i) For almost every t, u(x+,t),v(z+,t),u(x—,t), and v(z—,t) exist.

(ii) The set of discontinuities of u and v is a discrete set {I';};en of Lipschitz
curves.

(iil) w and v satisfies the entropy conditions (2.1) and (2.2).

Then for any M > M, a < 0,b >0, b—a > 2Mt the function

b—Mt
t— [ |u(z,t) —v(z,t)|de
a+Mt
18 nonincreasing.

Proof. The first three steps are exactly as in Kruzkov’s proof (see [12, p. 24]),
and the interface entropy condition (2.2) is used to prove Step 4.

Step 1. Let I € R, ¢ (8) = 10 —1], f(0,1) = (f(0) — f(1)) sign (6 — ). Let
0<peCPRXxRy). Let T) =T;n{(z,t) : = >0,t>0}and 1/ = (vi, 1) be
the a.e. normal to I‘;r Then by integration by parts and using the interior entropy
condition (2.1) we obtain

/ / (pr(u(z, 1)) 875 + f (u(z, )l)%dmdt
= ;/Fj([@z(u)]lf{ + [f(w,0)]13)pdo — /OOO F(u*(),0)p(0, t)dt

(A1) > / " Fut (9. 1p(0, t)de,

where [ip;(u)] = ¢1(u™)—¢;(ut), the jump across of F;r, [f(u,D)] = flu=,1)—f(ut, 1),
the jump across of I'S, and u*(t) = u(0+,1).

Step 2. Let A(w,t,y,s) = LB Is) o ¢ C3((~1,0) x (~1,0)) with
Jgz a(2)dz =1 and 8 € C§(Ry x Ry). Let £ > 0,2 > 0, and define

rT—y t—T

1
£ 7t7 b - b b .
pe(,t,y,T) Elgza( P . )5(y s)

Now taking | = v(y,7) and p = p.(x,t,y,7) in (A.1) we integrate with respect to
(y,7) € Ry x Ry. Then using symmetry and letting e; — 0, €5 — 0 we obtain

/ / )I{aaf+z4(x,t,x,t)gi} drdt> /Ooof(lﬁ(t),v*(t))ﬂ(o,t)dt.
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Step 3. Let b > 0 and x. be a decreasing smooth function in (0, 00) converging
to x[o,5] as € — 0. Let 0 < ¢ € C§(Ry), and let B(z,t) = x-(|z| + Mt)p(t) in the
above equation. Letting ¢ — 0 we can write

) b—Mt b/ M B
/ w(z. t) —v(x — ut (1), vt .
/0 o (t) / (e, £) — v, B)|dt > / Flu (1), v (1) o(t) e

Similarly for x <0,

oo b/ M
/O o1(t) / (i, £) — v, £)|dt > / G (£), v~ (£) p(t)dt.

+Mt

Adding both inequalities we obtain

[e%) b— Mt b/ﬁ -
/ (1) / fu(z, £) — v(z, t)|de > / Gu ()0 () — Fu (), 0+ (8)p(0)) .
0 a 0

+Mt

Step 4. So far, all the above steps are standard, and now we will make use of the
interface entropy condition (2.2) to prove Lemma A.1. In order to prove the lemma
it is sufficient to show that for almost all ¢, I(¢) > 0, where

10 = 5 (0,07 (0) = Fu (007 (0) = fu () - o~ (o L LD =2 L)
a0 - oo LN =T

Without loss of generality, we can assume that u™ () > v (¢). If f(u™(t)) < f(vT(2)),
then I(t) > 0. Hence let f(u™(t)) > f(vT(t)). Since u™(¢t) > v (¢), from hypothesis
(Hs) we have u™ () € (0y, S]. From the interface entropy condition (2.2) either u™(t) =
u(t) =S or u (t) € (04,5]. In the first case, I(t) = 0. In the latter case from the
Rankine-Hugoniot condition, g(u~(¢)) > g(v~(t)) and from hypothesis (Hg) u™(¢) >
v~ (t), and hence I(t) = 0. This completes the proof of (A.2) and of Lemma A.1.

Lemma A.1 implies that

b—Mt b
/ lu(z,t) — v(z, t)|de < / |u(z,0) — v(z,0)|d.

+Mt
Letting @ — —o0, b — -+00 we obtain the L' contractivity and terminate the proof of

Theorem 2.1.
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of our paper and their useful constructive remarks.
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