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A Finite Volume Scheme for Nonlinear Parabolic Equations Derived from
One-Dimensional Local Dirichlet Problems

ROBERT EYMARD, JURGEN FUHRMANN, AND KLAUS GARTNER

ABSTRACT. In this paper, we propose a new method to compute the numerical flux of a finite
volume scheme, used for the approximation of the solution of the nonlinear partial differential
equation u¢ + div(gf(u)) — A¢(u) = 0 in a 1D, 2D or 3D domain. The function ¢ is supposed
to be strictly increasing, but some values s such that ¢’(s) = 0 can exist. The method is based
on the solution, at each interface between two control volumes, of the nonlinear elliptic two point
boundary value problem (gf(v) + (¢(v))’)’ = 0 with Dirichlet boundary conditions given by the
values of the discrete approximation in both control volumes. We prove the existence of a solution
to this two point boundary value problem. We show that the expression for the numerical flux
can be yielded without referring to this solution. Furthermore, we prove that the so designed
finite volume scheme has the expected stability properties and that its solution converges to the
weak solution of the continuous problem. Numerical results show the increase of accuracy due to
the use of this scheme, compared to some other schemes.

1. INTRODUCTION

The simulation of two-phase flow in porous media must be performed in different industrial
settings: for example, in the petroleum engineering setting, one must approximate the solution of
oil/water flow (see for example [3]); in the hydrological setting, one has to simulate air/water flow.
In both cases, the equations to be considered include many mathematical features. In particular, an
equation of nonlinear convective/diffusive type arises, the solution of which is the saturation of one
of the two phases. This equation is obtained after eliminating the pressure of the other of the two
phases. We thus study in this paper the following problem: find a numerical approximate solution
to the equation

u + div(qf(u)) — Ag(u) =0 (1.1)
with an initial condition
u(z,0) = up(x) (1.2)
and a boundary condition
u(z,t) = u(x,t) (1.3)

on 99 x (0,T). We suppose that the following hypotheses are fulfilled:

1.1. Assumption.

(i) € is an open bounded connected subset of RY, with d = 1,2 or 3,
(ii) @ is the trace on 9 x (0,T) of a function, again denoted %, which is assumed to satisfy
ue HY(Q x (0,T)),
(iil) uo € L*(Q),
(iv) 7€ C'(Q,R?) is such that divqg = 0,
(v) let ¢ € CY(R,R) be Lipschitz continuous and strictly monotonically increasing
(vi) f € C°R,R)
Denote U = essinf L essinf ug, U? = esssup @ T ess sup ug.
The derivative ¢ is understood in the distribution sense. As ¢ is Lipschitz continuous, we have
that ¢’ € L (R).
Moreover, we will write a Tb = max(a,b),alb = min(a,b).

The existence and uniqueness of a weak solution to problem (1.1)-(1.3) has been extensively
studied (see [2] and [4]). Many numerical schemes have been proposed to approximate the solution
of this problem. In particular, approximate solutions using Finite Volume methods have been
shown to be convenient (see [10], [13], [11]) for two reasons: first, these methods are suitable for
purely nonlinear hyperbolic equations, secondly they have been proved to be efficient in the case
of degenerate parabolic equations. The use of these methods implies to formulate a numerical
approximation G of (gf(u) — Ve¢(u)) -7 at the interface between two grid blocks, where 77 is the unit
vector normal to the interface between the two grid blocks, oriented from the first to the second
one. We denote by a and b the respective approximate values of u in the first and in the second
grid block at a given time step, by h the distance between the respective “centers” of these grid
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2 ROBERT EYMARD, JURGEN FUHRMANN, AND KLAUS GARTNER

blocks. We suppose that ¢ is an average value of ¢- 7 at the interface. A classical method consists
in defining the numerical flux G by the relation

¢(a) — ¢(b)

h )
where ¥(a,b,q) is a numerical flux for the hyperbolic term div(¢f(w)), which is not necessarily
the same for all interfaces. Many choices can be taken for the function ¢, provided they fulfill
properties of regularity (¢ must be continuous in order to prove the existence of a discrete solution),
of consistency (¥(a,a,q) = qf(a) for all reals a) and of monotonicity (1(a, b, q) is increasing with
respect to a and decreasing with respect to b). Among others, the classical Godunov scheme [14]

min (gf(s)) if a <b,

- s€[a,b]
¢godunm) (a, b, CI) - _w(b7 a, _q) = IH[E;X](C]][(S)) otherwise (14)
se

)

G =(a,b,q) +

fulfill these conditions. A drawback of this method is that it does not make use of the nonlinear
diffusion generated by the function ¢ in order to get, as far as possible, a less diffusive scheme.
Indeed, if — in the case of Lipschitz continuous f — the following Péclet-type condition holds:

h |q| esssup{|f'(a)|, a € R} <2 essinf{¢’(a), a € R}, (1.5)
the choice
b(a,b.q) = S(f(a) + F() (1.6)

can be done, leading to an accurate and stable scheme. Unfortunately, functions ¢ such as the
ones resulting from actual examples of two-phase flow problems do not satisfy the existence of some
a > 0 such that ¢’(a) > « for a.e. a (the diffusion degenerates when one of the phases vanishes)
and a local Péclet condition cannot be satisfied.

A scheme which in the linear case (¢ = Id, f = Id) minimizes artificial diffusion is the II'in
scheme [15] (also known as Allen-Southwell [1], Scharfetter-Gummel [18]). In this case, we express
G by the relation
aet™ —b  aB(—qh) — bB(qh)

= — ].'
G=a4—_5— . (L.7)
where B(z) = %5 is the Bernoulli function. It is well known that it is possible to obtain this
scheme by solving a two point boundary value problem on (0, k)
[-v" +qv] =0on (0,h),
v(0) =a, (1.8)

v(h) =b.

and taking G as the constant value between 0 and h of —v' + qu.
In this paper, we generalize this method to nonlinear problems like (1.1). We set G = g(a, b, g, h),
where the function g(a, b, g, h) is defined from the solution of the following local problem:

[~¢(v)' +qf(v)]" =0o0n(0,h),
v(0) =a, (1.9)
v(h) =b.
Then g(a, b, q,h) is set to be equal to the constant value —[¢(v(z))] + qf (v(z)) for all z € (0,h).
The above problem appears as a nonlinear 1D elliptic problem, with non homogeneous Dirichlet

boundary conditions. We prove in this paper that the value of g(a,b, g, h) is given by the following
relation:

if a < b then, setting Gbmb = m n](qf(s)),

i
€la,b
b /
ist>O,/L)L§S§h,then
a Qf(s)_Ga,b+E

g(au b7 q, h) = Gz,b
else (1.10)
b /
¢'(s)ds
a,b,q,h) =G € —oo,GZ such that/ ———— =h
g( ) ( ,b) ; qf(s) _G

else if a > b then
’ g(a7 b7 q, h) = _g(b7 a, —¢q, h) ‘
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b !
d
Note that Definition (1.10) is meaningful since it is obvious that / ?((;)SG
a 4J\S8) —
expression with respect to G € (—oo, Gz’b) and tends to 0 as G tends to —oo. Furthermore, formula
(1.10) is then easy to numerically implement. We also see, in the case where ¢’ = 0, that formula
(1.10) gives back the Godunov flux (1.4). However, such a situation will not be studied in this

paper.

is a strictly increasing

The paper is organized as follows: In section 2, we deduce properties of the function g(a,b, g, h)
as given by (1.10). Section 3 is devoted to the study of the boundary value problem (1.9), and
its relation to the function g(a,b,q,h). In both sections 2 and 3, we distinguish between the cases
where F(u) = qf o ¢! is continuously differentiable resp. continuous. In Section 4, we study the
finite volume scheme based on the flux functions g(a, b, ¢, h) and we prove its convergence. Finally,
in section 5, we present some numerical examples which show the increasing of precision due to the
use of this new numerical scheme.

1.2. Remark. It would be sufficient to assume that ¢ and f are defined on [Ub, U*]. To proceed in
this case, we would need to extend the domains of definition in an appropriate way.

1.3. Remark. The convergence study of the case where ¢ is increasing, but not strictly increasing,
could be done as well. However, in such a case, we would have to use some more complex tools [11].

2. PROPERTIES OF THE NUMERICAL FLUX

Before obtaining the results on the function g(a, b, g, h) defined by (1.10), we regard the function
G(F, A, B,h) which is given, for all (A, B,h) € R x R x (0,400) and F € C[A, B], by

if A < B then, setting FELB = min F(s),

s€[A,B]
B
if Ve > 0, / b < then
A F(s)—FA)B—i-s
g(F7AaB’h’) = F‘Z,B
else (2.1)
b B ds
g(F;AaBah):Ge(_OO7FA7B) SU.Ch that N m:h

else if A > B then
|G(F,A,B,h) = —G(~F, B, A,h).|

S

B
d
Note again that definition (2.1) is meaningful since / W is a strictly increasing expression
A S

-G
with respect to G € (—o0, F% ) and tends to 0 as G tends to —oo.

2.1. Lemma (Properties of G(F, A, B, h) in the case where F' € C'[A, B]). Let h > 0, A,B € R
with A < B and let F € C[A, B] be given. Let G(F, A, B, h) be defined as in (2.1).

(i) For fixred A, B, the function h — G(F, A, B,h) defined for all h > 0 is continuously differ-

entiable and strictly monotonically increasing, and satisfies }lLiHB G(F,A,B,h) = —00 and
lim G(F,A,B,h) = min F(s).
h—oo s€[A,B]

(ii) For fized h, the function («, 8) — G(F,«, B, h), defined for all (o, 8) € [A, B] x [A, B], is
strictly increasing with respect to o, and strictly decreasing with respect to 3.

(iii) For fized h, the function (a,B) — G(F,a,B,h) is Lipschitz continuous with a Lipschitz
constant lower or equal to 2 é??fg] [F'(s)| + +.

Proof. (i). Let us denote by FKB = SGH[EIB] F(s). The property Ggriloo fAB 7F(sd)S—G’ = 0 is straightfor-
: B ds 1
d. Let that 1 e = . Let us first that M = F
ward. Let us now prove tha GJI{%BIA 7rs)—¢ — +00. Let us first assume tha sél[l?,}fgﬂ (s)]

is such that M > 0. Let C € [A, B] be such that F(C) = F’, 5 = n[iian] F(s). Then we get for all
’ sE|A,
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s€[A,B],0<F(s)—F(C)<M |8 — C, and therefore

) —

/B ds
S) G = M|st’|+F(
s

)G ]
/ M(C s)+F( = G+/C M(s—O)+ F(O) - G
! (e (MEATY g b

M F(C)-G F(C) -G
Since one of the two values M (C — A) and M (B — () is necessarily strictly positive, it is then clear
that

, 1 M(C - A) (B-0C)
GE?}C)M (log (F(C)—G +1) + log <F(C) e +1>> = +00.

In the case M = 0, then F(s) = FE\,B for all s € [A, B]. Then

/B ds /B ds  B-A
a F(s)=G Jo Fip—G F,pz-G’

and the conclusion lim ff ﬁ = 400 follows.
A,B

G—F"

(ii). Let us first show the monotonicity of the function o — G(F, «, 8, h), fi € [A, B] given.
Let A< & < a < < B be given. Let us denote by G = G(F,, 3,h) and G = ( @, 3, h), which
means in this case

s, 2.2
| oa- 22
and 5
ds
/a FGo) -G h. (2.3)

which proves that

([ o) ([ o)

and therefore G — G > 0. We thus get that G(F,, 3, h) is strictly increasing with respect to a for
a < B. A similar argument shows that G(F, a, 3, h) is strictly decreasing with respect to S.

(iii). Let now A < @ < a < 3 < 8 < B be given. Let us denote by G = G(F, &, 3,h). The later
means in this case

5 ds
7_ = h. 2.4
| (24)
We note that, by monotonicity, G < G. Let us define F' : [o,8] — R, 5§ — F(3) =
( + 5 a( 5704)) Since G satisfies (2.4), we get, thanks to the change of variable s =
a+ B—é‘(s —a),
p-a /
= h. 2.
5o ). TG (2.5)
After replacing the symbol § by s in (2.5), we subtract the above relation from (2.3). We get
[0 Gare =6,
o (F(s) = G)(F(s) - G)
This gives
[ C=AE =GP0+ ) a0+ AP =0, . .
o (F(s) = G)(F(s) = G) ’
leading to
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Since F(s) —G > 0 and F(s) — G > 0 for all s € [a, 3], we get

i om0l =01 (e 59— )
G-G< n%a’}é]|F() F(s)| + 7 a rer%g’)é]F(s) G).

We first remark that n?ax_] F(s) = n%a)é] F(s) and that, using the mean value theorem in (2.2),
s€la, se|a,

there exists 7 € [@, (] such that

which produces

Y 757@
We thus get
- _ a—a—ﬁ+6( _ ﬁ—a)
G - G < max |F — F(s)] + ——— | max F(s)—F(®)+ .
max [F(s) — F(o) S (max P - P+ B

Since M = max |F’(s)|, we have, for all s € [a, g],
s€[A,B

s

|F(s) — F(s )—‘F(S)_F<O‘+ﬂ_z(s_a)>‘

<%(( —a)(s—a)— (B—a)(s—a))
<M max(|a — al, |8 — B])
<M(|la—a|+|8 - 3|)

and

max F(s) - F(3) < M(3 - a).
s€la,f]

Gathering the three above inequalities, we get

SN R

G—G<M(a—al+|8-70])+ o i-a h

which gives

G-G<(2M+ )(\a—al+|ﬂ a)).

Let us now consider the case where A < & < a = 8 < B < B. In this case, the relations
@

G = F(a) = F(8) and G = F(y) — £22  with y € [a, ], lead to
G- G=F(e) - F@y) +
<M(B—a)+B;d
(B-p+a—a)+?2 ﬁza_@

<(M + 3)(a— al + 16 - B).

This suffices to prove that (e, ) — G(F, a, 3, h) is Lipschitz continuous with the constant 2 M+ + for
all a, 8 € [A, B] with o < 3. Since, for all a« > 3, G(F,«, 3, h) = —G(—F, 3, a, h), the same proofs
hold with —F instead of F', leading to the same Lipschitz constant 2 M + % forall a, 8 € [A,B]. O

Now, we examine the case of a weaker hypothesis on F, namely F € C|0,h] instead of F €
1o, h).

2.2. Lemma (Regularity of G(F, A, B, h) with respect to F'). Let h >0, A,B € R with A < B and
let Fy, Fy € C[A, B]. Then

G(F, A4, B,1) ~ G(F>, A B.I)| < i [Fa(s) = Fa(s)]. (2.6)
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Proof. Let us denote, for i = 1,2, by F} = H[ljnB] F;(s) and G; = G(F;, A, B,h). We first assume
se

that for both values i = 1,2, G; < F holds, which leads to fA

po S) o = = h. Since we have

Poods P ds _ Fa(s) = Fa(s) + Gr~Go ,  _
/AF1(8>—G1 /AFz(s)—Gz B /A(Fl(s)—Gl)(Fz(s)—Gg)d = 0

we get

/B Fi(s) — Fa(s)

G —Gy=74 (Fi(s) — G1)(Fa(s) — G2)ds

B 1 ?
/ ds
a (Fi(s) = G1)(Fa(s) — Ga)
which gives (2.6), thanks to (Fi(s) — G1)(Fa(s) — G2) > 0 for all s € [A, B]. Let us now assume
that G; < F} and that Gy = F3, which means, thanks to Definition (2.1), that for any ¢ > 0,

/ <h.
Fy(s F" +e
The above inequality gives

B ds B B ds B B Fy(s)— Fi(s)+ Gy — F) +¢ 5
/AFl(S)—Gl AF2(8)—F5+5 a /A(Fl(s)—Gl)(F2(3)_F2b+5)d =0

which produces

/B Fi(s) — Fy(s) ds
A (Fi(s) = G1)(Fa(s) — F3 +¢)

B 1

A (Fi(s) = G1)(Fa(s) — F3 +¢)

Gl—FQb—FEZ .
ds

This proves that

Gi>F)—c— e [F1(s) = Fa(s)l.

Since the above inequality holds for all € > 0 and since G| < F} < F§ + H[lj);] |Fi(s) — Fa(s)|, we
sSEA,

get
Fy + max [Fi(s) = Ba(s)] > Gh 2 Fj - [ |[Fi(s) = Fo(s)l,
which also leads to (2.6). The case G; = F? for i = 1,2 results from F} < F§+ n[lax |F1(s)— Fa(s)|
s€[A,B
and F < F? 4+ max |F1( ) — F3(s)|. This completes the proof of (2.6) in the general case. O

s€[A,B

2.3. Lemma (Properties of G(F, A, B,h) in the case where F € C[A, B]). Let F € C[A,B]. We
regard the function (o, 8) — G(F,a, B, h), defined for all (o, B) € [A, B] x [A, B].
(i) It is increasing with respect to o, and decreasing with respect to (3.
(ii) It is continuous.
(i) There ezists v € [aLB,aT ] such that
08—«

g(F,Oé,ﬂ,h):F(’Y)— h

Proof. (i). Consider, for F € C[A, B], a sequence of functions F,, € C'[A, B] which uniformly

converge to F. Applying Lemma 2.1 and (2.6), we get that for all («,3) € [A4,B] x [A, B],

|G(F,a,B,h) — G(Fpn,a,B,h)| < g[lix |F(s) — F,(s)|, which proves that the sequence of func-

S

tions («, ) — G(F,, a, B, h) uniformly converges to the function («, 8) — G(F, «, 8, h). Hence the

function (o, 8) — G(F, a, B, h), is increasing with respect to «, and decreasing with respect to 3.
(ii). The function is continuous as the limit of a sequence of uniformly converging continuous

functions.

(iil). Let us denote G = G(F, a, B, h). Let us assume that o < 8 and that fﬂ F(gs = h. Then

(2.7)

the mean value theorem gives that there exists v € [, 8] with

A ds 1
|, F=e = mm=a ="

which gives (2.7). Otherwise, let us suppose that for all € > 0,

/F G+6_
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We then have that there exists 7. € [a, (] such that

B ds 1
/a o) -6 PR —are
and therefore
¢ <220 Pl +e

Extracting a sequence from 7. which converges as € — 0, we get that there exists vg € [«, 5] with
-«
G < —ﬁT + F(70)-

Since G = min F(s), we get
s€la,p]

. . B
min F(s) < min F(s)+
s€fo,B] (s) s€la,f] (s) h

Therefore there exists v € [a, (] such that

. f-a
F(v)= min F(s)+ ,
() JDin (s) + —

which again gives (2.7) in this case. Finally, the case f < « is similar. g

We can now obtain the results on the function g defined by (1.10), which will be sufficient to
derive the convergence of the numerical scheme in section 4.
Note that Definitions (1.10) and (2.1) meet the property g(a,b,q,h) = G(qf o =1, p(a), p(b), h)

since for all G < FELB =G,
/b ¢'(s)ds /B dt
an(S)_G A F(t)_G

Indeed, thanks to the following Lemma 2.4, we can apply the change of variable t = ¢(s).

2.4. Lemma. (Change of variable) Let a,b € R be given with a < b, and let w € Cla,b] be a
Lipschitz continuous monotonous function. Let A, B be defined by A = w(a) and B = w(b). Let
f € C[A, B] be given. Then the identity

b B
/a Flw(@)w' (z)ds = /A F(3)ds (2.8)
holds.

Proof. Let us suppose that w’ > 0 a.e. in (a,b) and that B > A (otherwise, the function w is a
constant, and then (2.8) holds). Let & € Cla,b], for all € > 0, be a strictly positive function such
that ||{. —w'||p1(ap) — 0 as € — 0 and f: ¢.(s)ds = B — A (it suffices to prolong w’ by periodicity
on R, to regularize with a mollifier, to add (B — A)/(b — a) and multiply by 1/(1 +¢)). Let the
function w, be defined by w.(z) = A+ f; &:(s)ds. Then the function w, is a diffeomorphism from
[a,b] to [A, B] such that we uniformly converges to w in C'(a,b) and w. converges to w’ in L!(a,b)
as € — 0. Then the change of variable y = w,(z) is possible, and the equality

/a " e )l () = /A " f(s)ds

holds. Thanks to the dominated convergence theorem of Lebesgue and to the continuity of f, we

e—0 e—0

get
b b B B
/a flw(@)w'(z)de = hm/a flwe(z))wi(z)de = hm/A f(s)ds = /A f(s)ds
resulting in (2.8). O

2.5. Lemma (Properties of g(a,b,q,h)). Let a,b,q € R and let h € (0,+00) be given. Let f € C(R)
be given and let ¢ € C(R) be a strictly increasing Lipschitz continuous function. Let g(a,b,q,h) be
defined by (1.10). The following properties are then available.

(i) The function g is continuous with respect to (a,b), and it is (not strictly) increasing with
respect to a and (not strictly) decreasing with respect to b.
(ii) There exists ¢ € [aLb,aTb] such that
¢(b) — é(a)

g(CL, b7qa h) = _T + qf(C), (29)
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(iii) The following inequality holds.

(a —b)g(a,b,q,h) > M + q/a f(s)ds, (2.10)

where ¢ € C(R) is a Lipschitz continuous function such that, for a.e. s € R, {'(s) =
V()

Proof. The first item is a consequence of g(a, b, q, h) = G(qf o™, ¢(a), ¢(b), h), and of Lemma 2.3.
We then set F' = qf o™, A= ¢(a), B = ¢(b) and G = g(a,b,q,h) = G(F, A, B,h). The second
item is a consequence of (2.7) and of F = qf o ¢~!. The third item can be proved by the following

method. For all £ > 0, we have,
b /
/ ¢os)ds
a 4 f(S) -G+e ™

From the Cauchy-Schwarz inequality, we get, for all function a(s) > 0

b ? bC’(s)QdS b
(/ C’(s)ds) < (/ o )(/ a(s)ds>.

We choose a(s) =q f(s) — G +e. It leads to
b 2 b g(s)ds b
(/ <<s>ds> < (/ qf(S)GH) (/ (qf(s)—G+€)ds>,

b
(€)= ¢(@)* < h (/ q f(s)ds —G(b—a) +6(b—a)> -

Letting ¢ tend to 0 in the above inequality, we get

and therefore

b
(C(b) = ¢(a)® < h </ q f(s)ds — G(b - a)) ;

which is (2.10). .
2.6. Remark. As an immediate consequence of (ii), we get, using Definition (1.4), that, for a < b,
o(b) — p(a
g(a; b7 q, h) > wgodunov(a,, b, q) — %,
and for a > b,
b) — ¢(a
g(a’ b,q; h) < wyodunov(aa b, q) - w

3. STUDY OF A 1D STEADY NONLINEAR ELLIPTIC PROBLEM

First, we transform Problem (1.9), setting A = ¢(a), B = ¢(B) and F = qf o ! and changing
the unknown v in ¢(v). Our objective is then the following: for A < B, h > 0 and for a given
function F' € C[A, B], prove that any function v € C*[0, h] solution to the problem

(—v(z) + F(v(z)))" =0, Vo € (0,h)
v(0)=A4 (3.1)
v(h) = B,
in the sense that it satisfies that there exists G € R such that
—v(z) + F(v(z)) =G, Yz €0,h]
v(0)=A (3.2)
v(h) = B,
is such that G = G(F, A, B, h) as defined in (2.1).
First, we will consider the more obvious case of continuously differentiable F' (lemmas 3.1, 3.2).
A limit process then leads to results for the case of continuous F' (lemma 3.4).
Hence we consider the auxiliary problem
—v"(z) + p(x)v'(x) =0 on (0,h)
v(0) =A (3.3)
v(h) = B.
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3.1. Lemma (Existence of solution of (3.3)). Let h >0, A, B € R with A < B and let p € C[0, h].
Then Problem (3.3) has a unique solution v € C?[0,h] which is strictly monotonically increasing
and verifies
B-A B-A
. exp(—2Mh) <v'(z) < h

denoting M = .
enoting max Ip(z)]

exp(2Mh), (3.4)

Proof. Let us define the functions e, E : [0,h] — R, by

e(z) = exp (/Oxp(n)dn) and  E(z) = /Oxe(g)dg, Yz € [0, ).

A standard integration of the above problem gives

v(z)=A+ (B— A)?EZ; and v'(z) = (B — A) 2((2)), vz € [0, ). (3.5)
In order to obtain (3.4), we note that exp(—Mh) < e(x) < exp(Mh), and hexp(—Mh) < E(x) <
hexp(Mh). O

3.2. Lemma (Existence of a solution of (3.2) for F € C*[A, B]). Let h >0, A,B € R with A< B
and let F € C'[A, B]. Let us denote by M = H[lg)%] |EF'(s)|. Then Problem (3.1) has a unique,
se s

strictly monotonically increasing solution v € C?[0, h] such that (3.4) is satisfied. Furthermore, the
constant G € R such that G = —v(z) + F(v(x)) for all x € [0, h] is such that G = G(F, A, B, h).

Proof. Let K be the closed convex subset of C[0,h] defined by K =
{u € C[0,h], u(x) € [A,B], Vz € [0,h]}. In order to prove the existence of a solution, we
consider the mapping L : K — C?[0,h], such that for all w € K, v = L(w) is the solution of
problem (3.3) with p € C[0,h] defined by p : = — F'(w(z)) (the existence and uniqueness of
L(w) is given by Lemma 3.1). Let us remark that, since F’ is uniformly continuous on [0, ],
for a given ¢ > 0, there exists n > 0 such that, for all w € K with m{g)z] lw(z) — w(z)| < n,
xe|0,

m{g)}i] |F'(w(zx)) — F'(w(z))] < e. We then get, thanks to (3.5), that the corresponding functions e,
x€|0,

E.é E satisfy

max |e(z) — é(z)| < exp(Mh)he
z€[0,h]

and thus

max |E(z) — E(z)| < exp(Mh)h?e,
z€[0,h]

which gives

e |L(w)(@) — L(E)(z)| < (B~ A)2hexp(4dh)e,

which proves that L : C[0,h] — C[0, h] is continuous. Since L(K) is bounded in C1[0, h], it is thus
compact in C[0, k] by the Ascoli theorem [16]. Thus by Schauder’s fix point theorem, L has a fix
point, denoted v, which therefore satisfies v = L(v) and thus v € C?[0,h] and v is a solution of
(3.1). Moreover, the conclusion of Lemma 3.1 applies to v solution of (3.3) with p = F’(v), and
thus we get that this function v satisfies (3.4) with M = sg[lg)](g] |F'(s)|. Integrating (3.1) gives the

existence of the constant G such that, for all x € [0, h],
G = —v(z) + F(v(z)), Yz € [0, h). (3.6)

Thanks to (3.4), we get that F(v(z)) — G > Z74 exp(—2Mh) > 0 for all z € [0, h]. Integrating
(3.6) yields

h U(;E)/

—————dxz =h. 3.7
o Flo() G 7
Thanks to (3.4), v is a diffeomorphism, which allows for the change of variable s = v(x) in (3.7).
This leads to the relation
B
ds
SR 3.8
|, e 3

which proves that G = G(F, A, B, h).
Finally, we have to prove uniqueness of the solution. Assume, that v and w both are solutions
of (3.1). As F € C'[A, B], the mean value theorem allows us to obtain a continuous function a(z)
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such that F(v) — F(w) = a(x)(v — w). Further, by (3.8), the flux G for both solutions is equal.
Therefore, we obtain that for u = v — w, the following holds:

—u' +alx)y =0

u(0) =0
u(1) =0
Standard integration of this problem yields v = 0, and thus, v = w. O

In the case where F' is only continuous, let us consider the following example:

3.3. Example.
—u' +vV1—u2 =G in (0,h)
u(0) =-1
u(h) =1.

The differential equation has solutions —1, 1 and sin(z — zp) with G =0=F ®. These can be glued
together in order to fulfill the boundary conditions. Namely, for & > 7, we get the solutions

_17 S (0,%0 — g]
u(z) = ¢ sin(x —x9), € (xo— 5,20+ 5)
L, x € [xo+ 5, h)

for any x¢ € (5, h — 5 ), showing that this problem has an infinite number of solutions.

Example 3.3 indicates the way to extend the results from the case of continuously differentiable
F to the case of continuous F'. Problem (3.1) must be taken in the sense of Problem (3.2). The
following lemma states that Problem (3.2) has at least one solution which is necessarily monotone
(not strictly monotone) and which belongs to C'[0,h] (not to C?[0,h]), and that a uniqueness
property is available for G, but not for u.

3.4. Lemma (Existence of a solution of (3.2) for F € C[A, B]). Let h >0, A,B € R with A< B

and let F € C[A, B]. Let us denote by F} 5 = n[ajnB] F(s). Then the following statements hold:
’ se|A,

(i) Problem (3.2) has at least one solution (v,G) € C*[0,h] x (—oo,FZ,B] with v'(x) > 0 for

all x € [0, h).
(ii) For any solution (v,G) of (3.2), G is the unique value given by G = G(F, A, B, h) defined
by (2.1).
Proof. Let F,, € C'[A, B], for all n € N, be given such that max |F(s) — F,(s)| tends to 0 as

s€[A,B]

n — oo. Thanks to Lemma 3.2, let us define v, € C?[0,h] as the solution of Problem (3.1) for
F = F,,. It thus satisfies

—vp(x) 4+ Fp(vp(z)) = Gp, Vo € [0, 1], (3.9)
where G,, = G(F,,, A, B,h). Thanks to Lemma 2.2, the sequence (G,)nen converges to G =
G(F,A,B,h). We thus get from (3.9) that the sequence (v,)nen is bounded in C[0,h]. From
Ascoli’s theorem, we get that there exists a subsequence, again denoted (v, )nen, and a function
v € C[0, h], such that (v,)nen converges to v in C[0, h]. Moreover, using (3.9), we get

vn(z) = F(vp(2)) + (Fn(vp(x)) — Fvg(z)) — Gy, Vo € [0, ],

which proves that the sequence (v),)nen converges to F(v) — G in C[0,h]. We thus get that the
function v satisfies v € C'*[0, h] and that (v, G) is solution to Problem (3.2). We have thus proved the
first part of the lemma. Let us now prove that any solution (v, G) € C'[0, h] x R to Problem (3.2) is
monotone and that G = G(F, A, B, h). Let us assume that v is not monotone. Then there exist two
values 1, z2 in [0, h] such that v(z1) = v(z2) and v'(x1)v'(z2) < 0. But as —v(z1)’ + F(v(x1)) =
—v(z3) + F(v(xz2)), we conclude that v'(x1) = v’(22), leading to a contradiction. Consequently,
Vx € [0,h],v(z) € [A, B]. From the mean value theorem, we get that there exists Z € [0, h] such
that v'(z) = B—;A > 0 which proves that for all € [0,h], v'(x) > 0. Therefore, we necessarily
get G < F,Z,B- Assume that there exists 2o € [0, h] such that v'(x¢) = 0. In such a case, we get

G = F(v(xo)), which implies G = F,b4,3~ We thus get, for all € > 0,
(@) +e=F(v(x)) = F g +e¢, Yz €[0,h],

/h (v'(z) 4+ ¢)dz _h
o Flu(z))~Fjp+e ’

which gives
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/h v'(x)dx <
o Fu(z)~Fyp+e”

Thanks to Lemma 2.4, we can apply the change of variable s = v(z) which gives

/ < h, Ve > 0.
F FAB+E

We thus proved that in this case G = Q(F,A,B,h). Otherwise, if for all z € [0,h], v'(x) > 0, we
get that G < Fﬁl,B, and since v is a diffeomorphism from [0, k] to [A, B], we can make the change
of variable s = v(z) in

yielding

thus obtaining

B
d
/ _ %y
a F(s)-G
We thus have proved in this case as well that G = G(F, A, B, h). O

4. STUDY OF THE RESULTING FINITE VOLUME SCHEME

We give in this section the main steps which permit to define a finite volume scheme, we give
the results of convergence. We first introduce the notion of admissible discretization [10] which is
useful to define a finite volume scheme.

4.1. Definition (Admissible discretization). Under assumption 1.1, an admissible finite volume
discretization of Q x (0,7T), denoted by D, is given by D = (7,&,P, 1), where:

e 7 is a finite family of non empty open polygonal convex disjoint subsets of Q (the “control
volumes”) such that Q = Uge7 K. We then denote, for all K € 7, by 0K = K \ K the
boundary of K and mg > 0 the N-dimensional Lebesgue measure of K (it is the area of
K in the two-dimensional case and the volume in the three-dimensional case).

e &£ is a finite family of disjoint subsets of  (the “edges” of the mesh), such that, for all
o € &, there exists a hyperplane E of RY and K € 7 with @ = 0K N E and ¢ is a non
empty open subset of E. We then denote m, > 0 the (N — 1)-dimensional measure of o.
We assume that, for all K € 7, there exists a subset Ex of £ such that 0K = Uyecg, 0. It
then results from the previous hypotheses that, for all o € &, either o C OS2 or there exists
(K,L) € T? with K # L such that K N L = 7; we denote in the latter case 0 = K|L.
We denote by Ny the set of control volumes L # K such that there exists o € £x with
o = K|L. The subset of £ of the edges o such that there exist two control volumes K and
L with 0 = K|L is denoted by Ejut.

e P is a family of points of 2 indexed by 7, denoted by P = (xx)ker. This family is such
that, for all K € 7, zx € K. For all 0 € & such that there exists (K,L) € 72 with
o = K|L, it is assumed that xx # 1, and that the straight line (zx, ) going through
xx and zp, is orthogonal to K|L. We denote dx = dist(zy,z;). For all K € T such that
meas(0K NN # 0 we assume that zx € I (the set of such control volumes is denoted
Text, the set of control volumes such that meas(0K NON) = 0 is denoted T;,t). We set, for
all K € T and o € &k,

Dk o, ={tzx + (1 -t)y,t € (0,1), y € o}

and we assume that for all K € T, K = U DK,K“;.
LeNk
e 7 > ( is the time step. Let N be the largest integer such that Npr < T.

The size respectively regularity of the discretization are defined by
size(D) = sup{diam(K),K € T} U {7}
. dist(zx, K|L)
D)=infq ————=
reg(D) = in { diam(K)
For all K € T and L € Nk, we denote by ik, 1, the unit vector normal to K|L outward to K.

For any family of values {v% } kep nen, we define the piecewise constant function vp : @ xR — R
as

7K€T,L€NK}.

vp(z,t) = vt Y(z,t) € K x (n1,(n+1)7), V(K,n) € T x N.
We now give a scheme which permits to obtain an approximation of the solution of the continuous
problem given in the introduction of this paper.
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4.2. Definition (The implicit finite volume scheme). Under assumption 1.1, let D be an admissible
discretization of © x (0,7 in the sense of Definition 4.1. We set, as given in the introduction of
this paper,

1
JKL = / (j(:ﬂ) ~’I_7:KLCZS($), VK €T, VL e Nik. (41)
MKL JK|L
Setting
1 (n+1
antt = / / a(x,s)dxds, VK € T, Vn € N, (4.2)
T Mg K
we take into account the boundary condition by
uitt = @ttt VK € Tow, Vn €N, (4.3)
and we take into account the initial condition by
1
uf = —/ uo(x)dz, VK € T. (4.4)
mg Jk
We then define the scheme by
mK( nkl “r T Z mgr g n+1 n+ ,QKL;dKL) = O,VK S ﬁnt, Vn € N. (4.5)

LGNK

Then an approximate solution to problem (1.1)-(1.3) is given by up(x,t).

4.3. Remark. The following results cannot be extended to the explicit scheme since we do not exhibit
in this paper the Lipschitz continuity of ¢ in the general case.

4.4. Lemma (Stability, existence and uniqueness of a discrete solution). Under assumptions 1.1,
let D be an admissible discretization of Q x (0,T) in the sense of Definition 4.1.

(i) For any solution up of the scheme (4.1)-(4.5), we have the estimates
uitt < max{u'y} U {ul Y penye VK € Ting,n > 0
ui ™t > min{uf} U {ul Y pene VK € Ting,n > 0
(i)
it € [UP, U VK € Tig,n >0 (4.7)
(iii) There exists one and only one solution {u%"'}kez,. nen of (4.1)-(4.5).

Proof. First, for A € [0, 1], define

u—v
ol o) = micr (1= 05" 4 Al i den))
KL

It is straightforward that g%} 1, is continuous and for each fixed A € [0, 1], it has the same monotonicity
properties as g. Let us regard the scheme
UTIL(H U w1l
my + Y gk(u ) =0,YK € T, ¥n € N. (4.8)
LeNk
Positivity of mx and monotonicity of g* in the first argument allow to solve each individual equation
of (4.8) for u'x, thus yielding a function U such that

uit™ = U (ufe, {uf b oen)- (4.9)

Up is non decreasing with respect to all of its arguments: Assume Lo € N, and let v"‘H > u”+1

and define v by
n+1

v — U’
mK%K‘F Z Inr Wi w4 g, (v vﬁ(,“) 0
LeNk\{Lo}
Subtracting this equation from (4.8) and adding 0 = —gx (v, upt') + g, (VT ”H) yields
v —ui +1  ntl A +1 , n+l
mi - + Z (9% (0wl ™) = giep (uict up ™)
LeNk\{Lo}
+ 9, (VR ) = gy (Wi R F g, (0T 0ETY) = g, (0wt ) = 0
Define

Ux(€) _754‘ Z grer (& up™)

LGNK
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By monotonicity of g in the second argument we get

Uf%(”?{“) U/\( n+1) _gKLO(’U;L(—i_l UTLL:rl) gKLO(’UZ'—H UZOH) >0

But by construction, U I)% is strictly monotone, so necessarily, v ”+1 > u’}{"l
Now, let v% > u% and define v}-"™! by

v?(“ Uk 1 1
mg +ZQKL (W up™) =0
LeNk
Subtracting from (4.8) yields
o — v — u}
e S (G 0 ) — gk ) = m R

T LeNk
therefore, as above Up (vis™) — U (u™) > 0, again yielding v'xH > w2
As the next step, we verify that for all a € R,

a=Ug(a,{a}reny). (4.10)

Looking at (4.8), it remains to show that

Z g?(L(ava) = 07VK € ,Zrint, Vn € N.
LeNk

Equation (2.9) yields g (a,a) = Amxrqrrf(a). Equation (4.1), the Gaussian integral theorem
and the assumption divg'= 0 from 1.1 ensure that ZLGNK mrrqrr = 0.

Let umax = max{u%} U {ul"} enr. Then by (4.10) and monotonicity of Uy,

Umax = U[/\((umax ce umax) > U}é(“?{v {uerl}LGNK) = urll(Jrl,
thus verifying the first inequality of (4.6). A similar discussion yields the second inequality. Let K
be such that u”Jrl = Umax = max{u} ntl }rer. Assume that K € Tj,. we then remark that
unK+1 = Umax = UIA((UTIL{’ {UZ-H}LENK) < UI)%(U}LO {umaX}LENK)7

while at the other hand, umax = Up (Umax, {Umax JLenr )- This implies umax < uf, and the proof
of the L estimate (4.7) follows by induction.

All the results shown in this proof so far hold for any A € [0,1] under the assumption that a
solution exists. Let N;,; = card 7i,¢. Then the scheme (4.8) defines a discrete nonlinear equation
in RNint

UMty — Mu™ =0 (4.11)

where M is a diagonal matrix consisting of the values mg. For A = 0, the system is linear. Its
matrix is diagonally dominant with non-positive off diagonal entries, and its graph is connected,
so it has the M-property, implying that U°(u"*!) — Mu™ = 0 has a unique solution. Thus the
topological degree of the affine mapping U°(-) — Mu™ is nonzero. Furthermore, U*(-) — Mu™ is
continuous in its argument and in A, and for any A, any solutions are bounded by the L estimate.
Being a bounded set of solutions of a continuous operator, the set of possible solutions is compact.
Therefore the homotopy invariance of the topological degree yields that the degree of U!(-) — Mu™
is nonzero proving the existence of at least one solution of U*(u"*!) — Mu™ = 0 which is equivalent
to our original scheme (4.5) [17, 6].

To prove uniqueness, we follow the reasoning of [10]. Let A = 1 and Ux = U}, and gk = g5y
Assume that u"*! and v™*! are two solutions of (4.8). From equation (4.9) and the monotonicity
of U we get

u}’(“'l +1—|—Un+1

UK(UKTUIO{UTLI Jrenyk) <0
0

1 1 1
U?(+ - UK(“KTUKv{“Z+ TUZJF breny) <
and, therefore
u’}fl'l'v?(+1 Uk (uj Tvk, {quTv”H}LENK) <0

Similarly, we obtain

n+1 n+1 n n n+1 n+1
ug Lo — Uk (ug Loge, {up™ Lop™ breni) =20
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Subtracting and taking into account aTb — a_Lb = |a — b| and the monotonicity of gx, in the first
argument allows to obtain

1 1
uge™ — o = uf — vk i
T
Z (gKL(U?(—"_lTU;?—l +1—|—,Un+1) KL ( n+1J_,Un+1 +1J_1}”+1)) S 0
LeENK
Taking into account that g1, (u,v) = —grk (v, u) leads to canceling of all fluxes along interior edges

and to the fact that for any {vk}rer,

Z Z 9r (v, L) Z Z 9rx1(VK,vL).

KeTin LENK KeTox LENK
Therefore,
n+1 n+1
u —|u% — v
S g R v
T
KeTint

SN (grn (W ToE wl TRt < grep (Wt Lot upt Lot )
KeTexy LENK

But for any K € 7oy,

n+1 n+1 n+1 n+1
Tog  up T Tol™)

n+1 n+1 n+1 n+1
grr(u K vk Lop™)

—grr(u

= QKL(U?(+1 up T = gren (i up T Lot <0
Adding trivial terms at the boundary yields the L' contraction estimate

D mglupt =it <> mc|u — vl
KeT KeT

leading to the uniqueness of the discrete solution. U

For a discrete function vp = {v% } ke1 nen define

Y Y MR gy
L

d
n=0 Ke7T LeENk KL

4.5. Lemma (Discrete L?(0,T; HY(Q)) estimate). Under assumptions 1.1, let D be an admissible
discretization of Q@ x (0,T) in the sense of Definition 4.1. Let {u’}{"l}KeTﬂeN and {ﬂ}?l}KeT,neN
be given by (4.1)-(4.5). Let p > 0 such that reg(D) > p. Then, there exists a constant Cy, only
depending on Q, f, ¢, ug, @ , p, and not on size(D) such that

Np(C(up) — ((up))* < Cy

Proof. We mainly follow the reasoning in [11]. We multiply (4.5) by w"+1 = u"K+1 — ﬂ’}(ﬂ (which
vanishes for all K € Toxt), and sum on n and K. We obtain: A 4+ A+ B = 0, where

Nt
A:Z Z my (Wit — wik)wit?

n=0 K€Tint

S Y i - s

n= OKETmt
1 1
*TE E g mKLg n+ "+ aQKLadKL) s
n=0 K€Tiny LENK

Thanks to (1.10) and to w”Jrl =0if K € 7oy we get

= TZ Z Z mir g utt qren, din) (Wit —wpth)

n=0 KeTLeNK

which delivers B = B’ — B with

= TZ Z Z mir g(u n+1 n+7QKL,dKL)(u7}(+1—u’z+1)

n=0 KGTLGNK
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Z S0 mur gl g dicn) (@5 - ),

= KETLENK
leading to B' = B — A — A.
Estimate of A: We get, thanks to b(b — a) = $b* + 1(b — a)? — 3a? that
1 1 1 _
Az 5 3 mu (T = @h)?) = =5 Y mu(wh)? = —5llue — (- 0)l[ @) = Ca
KeTing KeTing
(4.12)

K
Then
Nt
i —nt+l 1 +1
A= g E mp (@ — a)witt + E 5 mi (U — U)Wy .
n=0 K€Tins n=0 K€Tins
A density argument allows to estimate
n+1 ~n -
[ug — | < (|Gl (rex (im eme1y)

‘UK — ’117;(| < ||at||Ll(K><(tnfl7tn))
Using the L* bound we obtain
|A] < 2|[@]| £ @0, [uf = w’| = Cg.
Estimate of B: Equation (2.9) allows to obtain

—TZ > > TR - elapt )@ - @)

d
n=0 KGTLGN KL

+TZ Z Z mrrqrrnf W) (@t —artty  (4.13)

= KETLENK

where ust! € [ug Lur,ux Tug]. We apply Young’s inequality for the first sum. In the second sum

we use continuity of f and boundedness of u"+1 This allows to obtain for any « > 0

Bl < SNp(6(up)? + o -No(an)’ +o,fz S Y M g - o

= KG’T LeNk

For the first sum, we remark that there is a constant Cy such that |p(u) — ¢(v)]| < Cy|¢(u) — ((v)].
This allows to estimate

1BI <C3 SN (C(up))? + 5-No(ap)?

+ Cq,fNp(up) ( Z Z Z mKLdKL>

n=0 KeT LENK
1
<CINp(¢(up))® + %ND(@D)2 + Cq,tNp(tip)dmg
As we can estimate Np(tip) < F(p)||tl|r2(0,1),11 () [9] we obtain the estimate
_ e
[B] < G2 Np(C(u))* + Cp(arp)
Final estimate: Using (2.10) we get B’ > 2 Np({(up))? which for any a > 0 leads to
1 o
5VNp(((up))* < CogNp(((up))* + Cpla,p) + Ca+Cs
allowing to deduce for o = ﬁ Np(C(up))? < C* =4(Cg(a, p) + Ca + Cj). But then, [9]
Np(¢(up) = ((up))* < 2Np(C(up))* + 2Np(¢(up))”
< 20" + 2CgF(p)HaD‘|L2((O,T),H1(Q)-
t

We can then obtain similar results to those of [10] and [11].
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4.6. Lemma (Space and time translate estimates). Under assumptions 1.1, let D be an admissible
discretization of Q x (0,T) in the sense of Definition 4.1 such that reg(D) > p > 0 Let u™" and
aitt for all K € T and n € N such that nt < T, be given by (4.1)-(4.5). Then we get the existence
of Ca, only depending on , f, ¢, ug, 4, p and not on D such that the function zp = ((up) — ((ap)
(prolonged by 0 outside of Q x (0,T)) satisfies

T
/ /(ZD(x +6,8) — 2p(a, £)2dadt < Colé| (€] +4 size(D)), V¢ € RY, (4.14)
0 Q
and
T
/ /(zp(a:,t—l— 0) — zp(x,t))?dzdt < Col|0|, VO € R. (4.15)
0 Q

Proof. The proof of (4.14) is a classical consequence of Lemma 4.5 (the results of [10] apply, since
Z% = 0 holds for any n € N and K € Zey). Let us now turn to the proof of (4.15). Denoting, for
all ¢ € Ry, we notice that

T T
/ /(Zp(x,t +0) — zp(x,t)’dadt = Y mg (ot — N 2ge — A — 2B + A,
0 Q KeTing 0
with
/ mK Nt+9+1) ((u%ﬁ+1))2dt,
Ke€Tint
T
B = > / mic(Qugd ™ = g )T~ ),
KeTine 0
and .
A= 30 [ milClng ) - )
KeTing 0

Using the hypothesis & € H'(Q x (0,T)), and the L> estimate on the discrete solution, we easily
get that B and A are respectively bounded by expressions under the form C|6|. Let us turn to the
study of A. Introducing a Lipschitz constant C¢ for the function ¢, we get

T

Nito+1 Nijo+1
A<Ce Yo | mae(Clug™™) = Qe ™) (ug! ™ —ugd
K€Tin 70
which gives A < C: A" with
T Nito
N 1 + n n
A=Y / mc (Cug ™) = Clup ™) >0 (uptt — ).
KeTint 0 n=N;+1
Using the scheme (4.1)-(4.5) and after gathering by edges, we get that
T Nf+6
A/ _ / n+1 n+17qKLadKL)
KeT LeNK n= Nt+1

~ ( C(ufg’we-i-l) _ C(ugwre-ﬁ-l) _ C(ugt+1) + C(U%Hrl) ) dt.

Using expression (2.9), the discrete L estimate and the Young inequality, we then get the
existence of some C3 > 0, only depending on 2, f, ¢, ug, @ and not on D such that

T Nt+9
A< 03/ T pNett  pNere 7t

n= Nt+1
with —_—
=Y 7 Z (P(ug™) — p(up™))?,
KeT LeNk KL
and —_—
=T > 7 (Cag™) = ¢(apt))>.
KeT LeNk KL

Since ), Io a”and ) T N o b" are bounded depending only on p (thanks to Lemma 4.5), we can then
apply Lemma 4.6 of [12] (also proved in [10]). This gives a result under the form A’ < C10|. Thanks
to the discrete L estimate, and to the prolongation by 0 outside Q x (0,7T"), we then conclude that
(4.15) holds. O
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We are now able to prove the following result.

4.7. Theorem (Convergence of the scheme). Under assumptions 1.1, let D be an admissible dis-
cretization of Q x (0,T) in the sense of Definition 4.1. Let up be given by (4.1)-(4.5). Then the
function up converges in L*(Q x (0,T)) to u as size(D) tends to 0, and reg(D) > p, where u is the
unique weak solution of Problem 1 in the following sense:

(i) uwe L>®(Q x (0,7)) is such that {(u) — ((u) € L*(0,T; H}(Q)),

(i) for all test function p € CX (2 x [0,T)), we have

/OT /Q u(@, t)pi(x, t)dzdt+

/ / 7(z) — Vo (u)(z, ))~V<p(x,t)da:dt+/uo(x)go(x,O)da::O.
Q

Q

Proof. This proof is similar to that of [10], [11] and [12]. We consider a sequence of discretizations
(Din)men with size tending to 0. Applying Lemma 4.6 and Kolmogorov’s theorem, we can extract
a subsequence such that the sequence (zp,, )men (we recall that zp, = ((up,,) —((@p,,)) converges
in L2(Q x (0,T)) to some function Z such that z € L*(0,T; H}(2)). Since the sequence (up,, )men
strongly converges and since ( is strictly increasing and continuous, we thus get that the sequence
(up,, )men converges in L?(Q x (0,T)) as well to some function @ € L?(Q x (0,T)) such that
Z = ((a) — ¢(u) € L?(0,T; H(Q)), which shows that the boundary condition is satisfied. It now
suffices to obtain the weak relation satisfied by @, in order to show that @ = u. Equation (2.9) can
be rewritten as

Plug™) — ¢lup™)

gluit uiaxn, din) = arnf(uih) + drr ’
n+1 n+1 . : : n+1 n+1
where uy; = uj - is a value belonging to the interval with ends u}y and uj; ™" . Then, the

multiplication of the scheme (4.5) by ¢(zk, (n + 1)7), where ¢ is a regular test function with a
compact support, leads to A,, + Bm + C,, = 0, in which we define:

Z 3 mg(uEt — ui)p(ex, (n+ 1)r),

n=0 K€Tins

Z S mrraxof i el (n+1)7)
n=0 KeTin LENK
and

n+1 un+1
Y Y Y e PO

n=0 KT LeENK KL
These terms then classically verify (see [10], [11] and [12]) the following convergence properties:

lim A4, = / / a(z,t)pe(x, t)dedt — / o(z)p(z,0)dz,

and

lim C,, :/o /QVQS(&)(x,t) -V(x,t)dzdt.

m—00

The only relation which is slightly different from the above references is

T
lim B, — — / / Fa(a, 1) d(x) - Veola, t)dudt. (4.16)
Let
B,, = Z Z Z mrrdxrf uKL) (zg, (n+1)7)
n=0 KeTin LENK
with

. 1 / i(z) - fixcrd
dKL = ———7+—~ Q) Ngrax
meas(Dxr) Jp,, ’
where Dx1 = Dg k| U Dp k| is the so called “diamond”. The regularity of ¢ allows to assume

that qx 1 can be estimated by Gx assuring that B,, and B,, have the same limit.

Let us define the function Vp_ ¢, by Vp, o(x,t) = dKL (p(zr, (n+1)1) —p(xk, (n+ 1)7)) kT
for a.e. (z,t) € Dgp X (n7,(n + 1)7) and for all 0 = K|L, and by Vp, (z,t) = 0 for a.e.
(x,t) € Dg,o X (n7,(n+1)7), for all 0 € oy, . We get from [8] that Vp,, ¢ weakly converges to Vi

in L2(2 x (0,T)). We then define the function @p, by the value u' in Dgy, % (n7, (n+1)7) and,
m KL
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for all 0 € Eexs, by the value w7t in Dg , x (n7, (n 4 1)7) where K is such that o € Ex. Tt is easy
to see, thanks to Lemma 4.5 that ((ip,,) — ((up,,) tends to 0 in L%(Q2 x (0,7T)) as m — oo. This
proves that ip, also converges in L?(Q2 x (0,T)) to . Since, gathering by edges, we observe that

T
By = — / /Q flap, (2.1) §z) - Vo, (e, t)dedt,

passing to the strong-weak limit in the above expression gives (4.16), which concludes the proof
that @ is a weak solution of Problem 1. The uniqueness of this weak solution yields the convergence
of all the sequence, and achieves the proof of the theorem. O

5. NUMERICAL EXPERIMENT

This section illustrates the method and its typical properties on an example such that a simple
analytical solution is known. It does not go into implementational details but touches on this
example the two main issues: an initial guess for the local Newton’s method (needed to solve the
nonlinear problem (1.10)), and the evaluation of derivatives close to singularities by asymptotic
expressions. The techniques used should ease the application of the suggested method in other
cases, too.

We consider the case where, in (1.1), we take Q = (0,1), ¢ : s+ %, f : s+ s, ¢ € [0,4+00), in
(1.2) we take ug = 0 and in (1.3), we take, for a given v € (g, +0), u(0,t) = (v — q)vt/2 and we set
a(1,t) =0 for t < 1/v and @(1,t) = (v — q)(vt — 1)/2 otherwise. The unique weak solution of this
problem is then given by

_f w=q)(vt—x)/2 if z <ot
u(z,t) = { 0 if © > vt.

Since this situation corresponds to a decreasing solution, we now examine the computation of the
numerical flux G = g(a,b,q,h) = —g(b,a,—q,h), defined by (1.10) in the case 0 < b < a. In
this case, we get that G is such that G > ga and that fa 2sds — p o The case ¢ = 0 leads to

b G—gs
G = +(a® —b%). Let us suppose that ¢ > 0. This gives, by integration, the equation
G
G _
—1 g =L e
q G @
We set v = % —aand d= % + a — b. This leads to the equations
—b
(7+a)ln<1—|—a>—d:0 (5.1)
Y
and
y(ed ) _ 1) — (a —b) = 0. (5.2)

Both equations (5.1) and (5.2) are useful to derive close bounds of . Note that, from Lemma 2.5,
we know that v < 7y, where 79 = (G — ¥godunov(a, b, q))/q is the Godunov approximation, defined
by
a? — b2

qh
Using (5.2), a super-solution for all A with the correct asymptotics for small and large h (see Figure
1) can be derived by

Yo =

a—2b
VS eera) — 1
The same argument can be used to construct a sub-solution for large h by choosing the sub-solution
~v = 0 in the exponent of (5.2)
a—1b
Using in (5.1), the inequality In(1+z) > @ — 22 /2 for z > 0 gives, in the case (4 +¢)gha < (a+b)?,

Y>3 =

7 <7,

a’? — b? 4hqa
= ]_ ]_ — 5 .
M= o ( * (a+b)2>

The convex combinations of super- and sub-solutions

B {ow(lom,
Yinit =

with

072 + (1 — 0)7s.
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6.0,A gamma o.e,A uf-u
*
* Godunov h=0.01
50 - + Godunov h=0.005 *
gamma_numeric X Godunov h=0.0025 *
4.0 | © gamma_0 04 | X *
* gamma_1 * X
* +
30 | + gamma_2 .
© gamma_3
X gamma_init
20 |
10 |
0.0 : : : . e
0.0 1.0 2.0 3.0 40 h 0.0 02 0.4 0.6 0.8 X
FIGURE 1. Asymptotic expansions (71, Y2, V3, Vinit, the numeric solution Ynumeric,
and the Godunov flux function g for a = 2, b =1 ¢ = 1 (left); the local error of the
implicit scheme (lines, ¢t = 0.004, 7 = 3.125 - 10_7, h =0.01, 0.01/2,...,0.01/16)
and the Godunov scheme (markers) with respect to the analytic solution (right).
00 A In(max(|u‘-u7h\)) e 00 gun(max(\u»uihm —
0 1.0 20 3.0 40 n
1.0
+ +
20 |
* tau_0/4 o * Godunov, tau_0/4
-3.0 X tau_0 -3.0 | X Godunov, tau_0
< 4tau 0 < Godunov, 4 tau_0
+ 16tau_0 « + Godunov, 16 tau_0
-4.0 | -4.0 |
*

FIGURE 2. Experimental order of convergence for spatial step sizes h,, = ho(1/2)"™
and different time step sizes 79 = 3.125- 1077, (||us, — u||o) of the implicit scheme
(left, line: ¢ h') and Godunov scheme (right, line: ¢ h3/4).

(# = 0.75) and using the above inequality with ¢ = 0.05 provide initial values to solve either (5.1) or
(5.2) by a local Newton’s method in typically 4 steps to rounding precision 1071°. The asymptotic
expression 7y, is used to compute the derivatives dg/da, dg/db directly when the parameters are
to close to the singularities to proceed via the chain rule and the original equations.

The following pictures, obtained with ¢ = 100, v = 200, ¢ = 0.004 (in this case, the analytical
solution vanishes at xg = 0.8) illustrate these generic properties of the flux functions, show the error
and the order of convergence of the implicit Euler scheme for different time step sizes (7). Results
for the Godunov case are added, too.

The experiments suggest differences in the order of convergence with respect to h and the Go-
dunov scheme, the interference with the time discretization error can not be neglected. The qualita-
tive properties of the scheme (maximum principle, stability for all h, direct relation to the equation)
may be the points of interest for some applications.

6. CONCLUSIONS

Dealing in this paper with a nonlinear hyperbolic - degenerate parabolic problem, a new finite
volume scheme can be obtained, taking for numerical flux at each interface between two grid blocks
the solution of a 1D steady flow problem. This last problem, which is formulated as a nonlinear
elliptic equation, is shown to possess an analytical solution which can easily be numerically ap-
proached. Thus, taking advantage from the nonlinear diffusion to stabilize the convective discrete
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A In(ju-u_h|_2) A In(ju-u_h|_2)
-1.0 : T -1.0 ] ; ——
0 1.0 2.0 3.0 4.0 n
-2.0 | -2.0 |
5
3.0 | -3.0 |
+ + +
-4.0 | -4.0 |
3 o o
5.0 4 * tau_0/4 5.0 * Godunov, tau_0/4
X tau_0 X Godunov, tau_0
-6.0 < 4tau_0 X « -6.0 | <© Godunov, 4 tau_0
+ 16 tau_0 + Godunov, 16 tau_0
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-7.0 | -7.0 |
*
FIGURE 3. As Figure 2, but |juy, — ul|o (left, line: ¢ h%/2, right, line: ¢ h').
A In(lu-u_hl|_1) A In(lu-u_hl|_1)
10 : — 10 : —
.0 1.0 2.0 3.0 4.0 n g .0 1.0 2.0 3.0 4.0 n
-2.0 | -2.0 ]
-3.0 | -3.0 |
4.0 § + N N . 4.0 |
5.0 -5.0
o
<& o <o
* 4 * 4
60 | tau_0/: 60 | Godunov, tau_0/:
X tau_0 X Godunov, tau_0
X
o <o
70 | 4tau_0 x X 70 | Godunov, 4 tau_0
+ 16 tau_0 % + Godunov, 16 tau_0
-8.0 * -8.0
*

FIGURE 4. As Figure 2, but ||u, — ul|1 (left, line: ¢ h?, right, line: ¢ ht).

term, this finite volume scheme produces an increased accurateness compared to schemes where
the convective part is approximated independently with the nonlinear diffusive part. Some further
works remain to be done, in order to ameliorate the algorithm for solving the nonlinear equation
providing the numerical flux.
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