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Abstract

In this work, we carry out the convergence analysis of an efficient DDFV method for approximating
solutions of degenerate parabolic equations. The basic idea rests upon different approximations of the
fluxes on the same interface of the control volume. Precisely, the approximate flux is split into two terms
corresponding to the primal normal and the dual normal components. Then the first term is discretized
using a centered scheme whereas the second one is approximated in a non evident way with the help of
an upwind scheme. Therefore the discrete maximum principle is respected and a uniform bound on the
discrete velocity is established. As a consequence, the scheme has an approximate solution. Thanks to
some compactness arguments, this discrete solution converges to that of the continuous problem provided
the size of the mesh tends to zero. Some numerical tests are then presented and they show that the scheme
in question turns out to be robust and efficient with an accuracy of second order.

Keynotes. Finite volume scheme, monotone, degenerate parabolic equations, convergence

1 Problem statement and goal of the paper

Nonlinear degenerate parabolic equations are the main core to study some complex problems arising from
petroleum engineering, hydrology and biology. Hence, seeking for analytical or approximate solutions of
these equations is of immense advantage. Throughout this work, we will be interested in approximating the
most commune nonlinear unsteady diffusion equation, which reads

dpu—V - (f(u)AVu) =0 in Qx(0,7)
u=0 on 900 x(0,T), (1.1)
u(-,0) = u® in Q

where  is a bounded polygonal open of R? and T a fixed positive integer, 92 is the boundary of €, and
f is a given nonnegative function. In the context of porous media flows, the function f is usually called
the mobility. More precisely, the problem (1.1) describes the infiltration of a single fluid through a porous
medium with no gravity effects [18]. It is derived from the Darcy law together with the mass conservation
equation. On the other hand, this problem in known under the name of the porous medium equation [43]
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whenever f(u) = u™, for some nonnegative real number m. In view of theoretical study, the elliptic term
of (1.1) can be formulated otherwise by introducing the so-called Kirchhoff transformation . With some
general assumptions on F, this formulation is sometimes said to be the simplified Stefan problem [26],
which is used to model free boundary value problems. Even if this function seems to have no physical
interpretation, it will play a remarkable role to carry out the analysis of the scheme we consider here. It is
then defined by

F(u) = /Ou f(s)ds, Yu € R. (1.2)

In this discretization, we will also introduce the feature of the 7 squared-Kirchoff” transform, denoting &,
which is given by a nondecreasing Lipschitz continuous function from R to R and it reads

Eu) = / C VI ds. (1.3)

Different approximations, with various assumptions on the data, have been conducted to discretize problems
involving nonlinear diffusion equations of type (1.1). For upstream finite difference method, we cite the
work [36]. Concerning finite volume schemes, we refer to this battery of contributions [2, 5, 6, 7, 9, 22, 29,
28, 31, 38]. Plenty of these discretizations stipulate an orthogonality condition on the mesh in the sense of
Eymard et al. [27], which excludes a large variety of interesting meshes. For example, in Hydrology, most
of geological layers are quite deformed thus the meshes used to discretize the field are somehow distorted.
In this case, the orthogonality condition is impossible to be satisfied for most of the edges. In addition, in
the presence of anisotropic media, we may encounter the same difficulties. Yet, some works have combined
between finite volume and finite element methods [1, 6, 24, 30, 35, 40]. Carrying out the analysis of this
schemes, the authors required a positivity assumption on the stiffness coefficients that does not hold for any
sort of meshes. To overcome this issue, positive schemes with their convergence studies have been proposed
in [14, 16]. More generally, a gradient scheme [23, 26] has been suggested to discretize the Stefan problem,
which is an equivalent formulation of (1.1) using the Kirchoff transform. Nevertheless, no proof on the
physical bound of the approximate solution is provided.

In this paper, we are concerned in the Discrete Duality Finite Volume (DDFV) method for the discretization
of the problem (1.1). This is viewed as a class of the finite volume methods but discretized on two different
kind of meshes. It has been firstly introduced in [19, 33, 34] and the method is proved to be quite equivalent
to that of finite element. The convergence analysis of the DDFV scheme is carried out later for many types
of partial differential equations of second order in several works [4, 13, 17, 20, 21, 37]. The strength of
this discretization consists in producing consistent discrete whole gradient without any major restriction on
the mesh, meaning that distorted meshes are included with more flexible cells. This reconstruction of the
gradient verifies the discrete Stokes formula, which is a powerful tool to make the analysis of a such scheme.
Moreover, we point out that the DDFV method is unconditionally coercive, which ensures the stability of
the scheme.

Theoretically and up to our knowledge the DDFV schemes fail to satisfy an explicit discrete maximum
principle. This property is crucial whenever we deal with positive physical quantities like saturation and
concentration. As to be more precise, let us consider the DDFV discretization of the linear diffusion equa-
tion —Awu = f with Dirichlet boundary conditions. It yields a stiffness matrix which is not monotone in
the case of non admissible meshes in the sense of Eymard et al. [27]. By choosing an appropriate positive
source term, we acquire a solution with some negative values. As a result, the question of monotonicity of
the DDFV scheme has been a drawback of the method since it has been appeared. However, in the work
of [11] the authors were able to design a monotone nonlinear DDFV scheme for the diffusion equation. It
basically rests upon the DDFV idea together with nonlinear monotone two-point finite volumes methods
[32, 39, 45]. So far and unfortunately, there is no convergence proof of the numerical schemes proposed in
[11, 32, 39, 45] since they suffer from the lack of the coercivity as pointed out in [12, 22]. Recently, in [13]
the authors have employed a nonlinear technique to establish the nonnegativity of the approximate solution
in the case of a linear drift equation enclosed by Neumann boundary conditions. So, the contribution of
this paper is to propose a new monotone scheme that obviously fulfills the physical range of the discrete



solution even on almost general meshes and even if the considered medium could be anisotropic. The key
point of this approximation consists in making use of the degeneracy of the mobility function to remove the
terms which generate undershoots or overshoots.

The remainder of this paper is structured as follows. In Section 2, we give the DDFV discretization, some
related notations and the definition of discrete operators. In Section 3, we sketch out how to derive the
proposed DDFV scheme. In Section 4, we prove that this scheme preserves the physical range of the ap-
proximate solution and we derive some energy estimate on the discrete gradient of the squared-Kirchoff
function. In Section 5, we establish that the nonlinear algebraic system has a solution using a monotony
criterion. In Section 6, we show some compactness properties. In Section 7, we apply the Kolmogrov’s
theorem to ensure the existence of a convergent subsequence of the discrete solution. In Section 8, we
demonstrate that this subsequence tends to a weak solution of the continuous problem. In Section 9, we
exhibit some numerical results to show the efficiency and the stability of the scheme.

Let us now formulate the main assumptions on the data. Let us also denote Q7 = Q x (0,T).
(A1) The initial condition «° is assumed to be in L>° ().
(Ay) The function f belongs to C1([0,1],R) with

f(u) >0, forallue(0,1),
f(u) =0, forall ue R\(0,1).

(A4) The tensor A is defined as follows

2X2
A L2(Q) — Sa(R) N [LOO(Q)}
x = Az),
where S(R) is the 2-square symmetric matrices space. Furthermore, A verifies the ellipticity condition

AJCP<A@)C-C <A [¢)?, forall ¢ €R?andae. zcQ. (1.5)

for some positive constants A and A.

(A5) ¢ is a CY(R,R) nondecreasing function. It is a bijection and its inverse is assumed to be #-Holder
function with 6 € (0,1). This means that for all a,b € R, |a — b| < C|¢(a) — £(b)]°.

We next define the natural space L?(0,T; H}(Q)) where the solution of the problem (1.1) will be sought
Hy(Q)={ve HY(Q) /v=0ondN}.
Moreover, H}(€2) is a Hilbert space endowing with the norm
1ol a2 = [IVOll(£2(0)2-

This leads us to the definition of the weak solution

Definition 1.1. (Weak solution) A measurable function u :  x (0,T) — [0,1] is called a weak solution
of the problem (1.1) provided

&(u) € L*(0,T; Hy () (1.6)

—/ u Oypdadt + VF(u) - Vedzdt
T Qr

_ / W p(,0)dz =0, Ve (X [0.7)). (1.7)
Q

The existence of a weak solution of the problem (1.1) has been investigated in [44] while the proof of
uniqueness is addressed in [42].



2 DDFYV discretization

For the simplicity of the exposition, we follow most of the notations given in the works [3, 17].

2.1 Meshes and notations

A DDFV discretization requires three kinds of meshes, the primal mesh, the dual mesh and the diamond
mesh. The primal mesh is denoted by 9t = 9 U 9N, where 9N is a partition of 2 with control volumes and
OM is the set of boundary edges, which are viewed as degenerate control volumes. For every K € 9, the
center of K is denoted by zx. We define V as the family of these centers.

We designate by V* the set of all the vertices of the mesh 9. It is composed of inner vertices V} , and
boundary ones V7. For each zx~ € V], (resp. i~ € V7,,), a dual control volume K* is a polygon whose
vertices are given by the set {xx €V / xx+ € K, K € M} (resp{ex+}U{zx €V [/ zx+ € K, K € OM}

). With these dual sub-domains, we define the dual mesh that is denoted by 2t* = 9" U 00T*.

For every couple of neighboring primal (resp. dual) control volumes K and L (resp. K* and L* ), we
assume that 0K N OL (resp. OK* N OL*) is an edge of the mesh M (resp. M* U IM*) that is denoted by
o = K|L (resp. 0* = K*|L*). We mean by £ (resp. £*) the set of all these edges.

We define the diamond mesh © = (D o+ )(5,0+)cexe+ such that D, 5« is a quadrilateral obtained by con-

necting the end points of ¢ and ¢*. In the case where o € £ N 9Q, the quadrilateral Dy o+ reduces to a
triangle as depicted in Figure 1.

......... o= K|L Primal edge
o' = K'|L* Dual edge

.................. Diamond mesh

Figure 1: Nllustration of the DDFV meshes

The DDFV mesh is defined then as the union of 7 = (9, M*) and D. For very M € T, the notation my,
represents the measure of M, £y contains the edges of M (if M € 99 we have 0 = M), Dy, is made of all
the diamonds D, ,~ such that m(Dy -« N M) > 0, and dp; refers to the diameter of M.

For each D, .« € D, the vertices of D, o+ are (g, Tx+,%r,xr+). The center xp of Dy 5+ =: D is defined
as the intersection of its main diagonals. mp stands for the measure of D, dp its diameter, and ap is the
angle between (xg,xr) and (xg~,xr+). For every e € €U E*, we define m, the measure of e. By ngy
(resp. Ng«x+) we mean the unit normal to o (resp. o*) outward K (resp. K*), Tx,r (resp. Tx=,.+) the
unit tangent vector to o (resp. o*), which is oriented from K (resp. K*) to L (resp. L*).

Now, we define the regularity of the mesh that determines the flattening of the diamonds cells and the
difference between the size of a primal (resp. dual) control volume and the size of a diamond cell whenever
they have a nonempty intersection. This regularity must be controlled in order to perform the convergence
analysis of the scheme. So, let hp be the largest of the diameters of the diamond cells, cy the unique real

number in |0, g] such that

sin(ar) = Tr)nelg |sin(ap)|

4



and pg (resp. pi~) the radius of the biggest inscribed ball in K (resp. K*) whose center is zx (resp. Ti+).
Thus, the regularity of the mesh is defined by

max max max ————
(1) ' Ded /mp Kem /My KeM* /Mg

d dpc~ .
max (—K + p—K>7 max ( K- PK ) (2.1)
Kem \PK dK K*€W7 T g+ #corner \PK* dK*

It follows from this definition that there exists a positive constant C' depending only on reg(7) such that

reg(7) = max <sin

MeMg+ < Cmy, mi* < Cmp, mi < Cmp, memes < Cmp.
The time discretization is an increasing sequence of real numbers (¢"),—o, . v such that

t'=0<tl<--. <tV =T
For every n € {0,..., N — 1}, we denote §t" = ¢"*1 — " and we define 6t = pmax 6t"™. Without loss of
<n<N-—
generality, we can assume that the step §¢™ is uniform. Then 6t = §t™.

2.2 Discrete operators

We now survey the discrete version of the unknowns and operators that will allow us to define the DDFV
method to discretize the problem (1.1). To begin with, let us set for every u,. € R¥7

wp = () e (W) e e )-

We next define the following scalar product on R#7

1
[u,,vr], = 5( Z MKEKUKVEK + Z mK*UK*vK*)v Vu,,vr € R#7.
Kem K=~

The set (R?)#® represents the space of vector fields that are constant on the diamond cells of the form

(o = ((p)peo. This space is endowed by the inner product (C@, (pg)@ , which is defined as

(C@W@)@ =Y mplp - ¢p.

De®

2.2.1 Discrete gradient

In the framework of the DDFV method, the discrete gradient is a linear mapping from R#7 to (R?)#®. It
is defined for every u, € R#7 by
Vou, = Z VPu, 1p,
DeD

where 1p is the characteristic function. This definition has been invented in such a way that

up — U UL — U
D L K D L K
ViU, Tg,p = ——, VoU, - Tgw pr = ——.
Mg me
or equivalently,
1 ur —uUg Urx — UK*
VDuT = — ( Ngx + n,,*K*), VD e ®.
sin(ap) M= My

Notice that the two components of the discrete gradients are reproduced so that we can have a consistent
approximation of the continuous gradient. This has required supplementary unknowns that we introduced



in the dual mesh.

Consider u,,vr € R*7 and D € D, we define §Pu, = [ UK UL } Thus, one puts

UK+ — UL*
(VQUT,VQUT)Q N Z §Pu., -APASPyr (2.2)
DeD

where the local matrix APA reads

1 m2An, . - n MyMyr ANy - s gor
ADA — = o AUK . oK 2 Z "K. TR VD eD. (2.3)
4mD MM ANgg * Ng* g mg* Ngxper * Ngr g
One also defines
1 m2 MsMs+1 s Ng* pex
AP = 7 oiferToR TRl L VD e®D. (2.4)
dmp |MeMo*Ngg - Ngx pex T«

These matrices verify prominent inequalities, which are stated and proved in Lemma A.2.

2.2.2 Discrete divergence

The discrete divergence has been introduced in order to reproduce a discrete counterpart of Green’s formula.
It is defined by a mapping from (R?)#® to R#7 such that: for all Ug € (R?)#*®

div Up = (divm Vg, div™ Ua, div?™ %)

with diVSm \I/@ = (diVK \I/@)Kegm, divm* \I/@ = (diVK* \IJQ)K*Egm* and divam* \I/@ = (diVK* \I/@)K*eagm*.
Each component is explicitly given by

, 1
divg Uo = — Z moeVUs - Ny, VK €M,
K p, ~eDk
, 1
divge o = — Z Mo+ Vg - Ny g, VEK* e M,
K Do,ox €D pex
. 1 Mo+
divie- o = — ( S me Vo mpee 4 Y s -n,,*K*), VE* € 9™,
K* 2D, g €D e Dy ov €D jcx NI

2.3 Approximation spaces

This subsection is devoted to describe the discrete spaces together with some related notations. Firstly we
have seen that a DDFV mesh is composed of three different partitions. We therefore require three piecewise
reconstructions for any vector u, € R#7. More Precisely

(i) We will denote u,, (resp. u_) the first (resp. second) reconstruction on the primal (dual) mesh,
which is a piecewise constant function with

Uy = E urlg, Use = E Uper 1 s

Kem K*em*

In addition, it is worthy to point out that u,. can be viewed as a function of L'(Q) and it can be

rewritten as the mean value of u,, and u__, we then set
2
Kem K*em*

We henceforth denote X7 the set of all these functions u,. In fact X7 and R#7 can be identified.
Thus u, € R#7 if and only if u, € X7 .



(ii) The third reconstruction concerns the diamond mesh. It is also a piecewise constant function on the
diamond cells and defined by up =: > uplp. The set of all these functions will be denoted with

DeD
Xp.

As a consequence, we define the following approximation spaces
Xrg = {uT € LYQr) : uyy,(@,t) = u (@) [ uy € X, Ve € (t"," ], ¥n =0, , N — 1}

Xt = {tta 0 € LN@r) g, (w,) = w™ (2) / up € Xp, Ve € (¢,¢"H1],¥n =0, N —1}.

For each function u € X 5, it gradient Vou € Xp. 5t X X9 st is written by

D,6t T,8t

VPu, . (z,t) = VQU’TL"Fl(x)7 vte (t" ", ¥n=10,--- ,N — 1.

As for u

+.5e € X768, we define

Uy 5 (T, 1) = u?n+l(x)’ Usie 50 (2,t) = ug%;l(x) Vi e (tnvthrl]a Vn=0,---,N -1

Let us now consider a nonlinear function F : R — R. We will denote F.

5. as the mean value of F(u
and F(u ). In other words

Dﬂ,ét)

M* 5t
1

FT,M = §(F( 9315:)+F( m*’ét))'

We next equip the finite dimensional space X7 with the norm |-|p - For every u, € R#7, we define

1 1/p
( > mK|uK|p+§ > mies uK*\p) if 1<p<+4oc0

Kem K*c*

T

fuy

max(max lug|, max |uK*\) if p=-+o0
K K+ e
This leads us to define the following discrete Sobolev norm

1/
(et #1920 )i 1< < oo
lwrllip = ;

sy + 920, i p= oo
where we recall that the norm of the discrete gradient is

HVQUTHZ = Z mp ‘VDuT‘p, V1 <p < +oo, and HVQUTH = %éi%!V uT‘
De®

Observe that
|V/D 7'||2 Z §Pu 'AD(SD“T
DeD

Finally we can define the discrete counterpart of the L4(0,T; W1P(2))-norm

N 1/q
(Sothurli,, ) if 1<pa<+oo
n=1 77

HUT"“Hq;LP,T o
max Hu if p=¢g=+4o0

n=1,- THLOO,T



3 Numerical scheme

Belonging to the family of finite volume methods, the DDFV scheme is basically obtained by integrating the
first equation of (1.1) over M x]t", "], where M is a primal or dual cell. Performing the Green’s formula,
yields the balance equation. Then the resulting fluxes are approximated by introducing the definition of
the discrete gradient and by that of the numerical flux function.

For the convenience of the reader, we briefly look at the discretization of (1.1) on the primal mesh and it
is deduced similarly in the case of the dual mesh. So, let n € {0,..., N — 1} and K be a primal control
volume, then

tn+1

/ (u(m,t”“) - u(m,t”)) dz — Z / / f(u) AVu-n, g dodt = 0. (3.1
K cCEx tm o
The evolution term is approximated with the aid of Euler scheme

/K (u(m,t”“) —u(x,t")) dr ~ mg (u}’jl —u?(), (3.2)

where u7} is the mean value of u(.,t™) over K for m = n,n + 1. Concerning the diffusion part, it is
discretized as follows

tn+1

ot My n "
[ [rwavungdrar s 0 (m Angc -y (F(u) = F(uf™)
+ R AN D e (E(uEY) —g(u’gfl)))
where I (resp. £) is the Kirchoff (resp. squared-Kirchoff) function and vj<t! is an approximation of
f(u) =: v(u) on the primal edge o so that the term v}t Angy - ng«ge (E(upt!) — E(ufth)) forms a

numerical flux function, which is computed at (u%+1,uz+17AnaK Mg (E(uE) — f(uzﬂ))) More

generally, a function G of arguments (a, b, c) € R? is said to be numerical flux if the following assertions are
satisfied:
(A1) G(-,b,c) is nondecreasing for all b, c € R,

and G(a, -, ¢) is nonincreasing for all a,c € R;

(A2) G(a,b,¢) =—G(a,b,—c) for all a,b,c € R; (3:3)
(A3) G(a,a,c) = (v/f(a))c =v(a)c for all a,c € R.
In order to make a conspicuous scheme, we will denote
aKL = sin(laD) :j—: Ang, -ng, >0, 77(?0* = sin(aD)AnoK ‘N € R (3.4)
gyt =g, YM e {K,L,K*,L*} and g€ {F,¢} (3.5)
St u =t =ttt S e= T — it (3.6)

We next provide a central option concerning the constructions of v?&l in a such way that the numerical
flux function obeys the properties (3.3) and will be the cornerstone for proving the energy estimate result.
This choice consists in considering the Engquist-Osher scheme [41], which reads

,UnJrl _ Ui(uz+1) + UT(uYIL(—i_l) if "701')0'* ( ?{tl - ?,jl) Z 0 (3 7)
KE v (W) +op(uf ) else '

where the functions v}, vy are given by

vy(u) == /OU (v'(s))+ ds, v (u):= —/Ou (v'(s))7 ds



with the following convention 1 = max(z,0) and 2= = max(—x,0) that will be adopted hereafter. We
wish to emphasize that one can write G(u", w02 o715, £(u)) as follows

Glug™ up ™ gy 07T () = v g (€5 — €.

As stressed in [3, 17], we require a penalization operator, which is crucial when passing to limit in the
convergence. It permits to check that the approximate solution on the primal mesh and the dual mesh tend
to the same limit. This will be also a key point in our study of convergence of the diffusive term. For this
purpose, let £ €]0,2[ and u, € R”7. The penalization P7 is a map from R#7 to R#7 which is defined, for
all u, by

T, — (pm om* o
P uT—(P U, Py, P uT),

where PP = (Pru, ) kem, Pm*uT = (Pr+u,)K~em= , Paim*uT = (Pk+u,)K+com+ such that

1 1
Pru, = e b ZimeK* (F(UK) - F(”K*))v vV K €M, (3.8)
K*em~
11 R
Prcrtty = ——-= > mxnic (F(uK*) - F(uK)), v K* e 0. (3.9)
ME D koo
Based on the following inequality
(F(a) = F(b))(a—b) > (£(a) = €))%, Va,beR, (3.10)

one can check that

11

[Pur,urly = 55 > D mknke (Fluk) = Flu))(uk — usc)
D K-ems Kem

11

2
Zilf |
D

||§(ufm) - ﬁ(umf,f)

(3.11)

L2() )

Thanks to the DDFV discretization, an approximate solution of problem (1.1) is defined as a function
u, 5, € X7 5t and satisfies the set of equations

1
ul; = —/ uw(z)de, VYMeT, (3.12)
M

mk ( n+1 n )
——\Uu —Uu
5t K K

Y (e (B = Fp) + G upinD, 0 € ))
D, o+ €DK

+7 Pgultt =0, VK eM,, n>0, (3.13)

Mg+ ( n+1 n )
Urr — Uge=
6t K K

> (e FE = B 4 G (gt w0 <u>>)
Deo,o*x €D

+ 7 Pg-ultt =0, VK € M*, n>0. (3.14)
By G, G* we mean numerical flux functions and 7 a positive parameter. Let us next check that G and G*
are well defined. This is the object of the following result.

Lemma 3.1. The numerical flux functions G,G* are well defined, meaning that assertions (A1), (As) and
(As) of (3.3) are fulfilled.



Proof. Let us focus on G and it is similar in the case of G*. Observe that items (A;), (As) of Definition
3.3 are direct consequences of the expression of v?&l given in (3.7). It remains to check that the assertion
(A2) holds. We firstly point out that the discrete gradient on a fixed diamond, which we recall below, is

uniquely defined

1 ur —uUg Ur* — UK=*
Ng*pex ).

sin(ap) Do+

VPu, =
Mg ur:

In other word, we associate to the primal interface o = K|L a unique dual interface ¢ = K*|L*. Now if
permute K, L then K* L* are automatically permuted, but the coefficient nZ . keeps the same sign. In
particular, this asserts that nZ . = nZ. . Consequently

D n+1 n+1l\ _ D n+1 n+1
naa*( K* _£L* )__770'0'*( L* T SK* )

According to this identity and the definition of v}?il introduced in (3.7), one finds

n+l _  n+1l
Vg = VLK -

Hence
n+1 n+1 D n+1 n+1 _ n+1 n+1 _D n+1 n+1
G(“K UL Moo (§ice — &10 ))—_G(UL UK M (§77 — s ))
O

Remark 3.1. In case of A = Id, the coefficient nE . measures the flatting of the diamond cells with
eventual anisotropy. In case of nE,. =0 for all D, which means that the mesh is orthogonal [27], the above
discretization reduces to the VF4 scheme of the problem (1.1) on the primal mesh and on the dual mesh
separately. Its convergence analysis can be found in [29].

4 Maximum principle and a priori estimates

In this section, we show that any solution of the proposed scheme verifies a L*>° bound. In addition, we
derive some a priori estimates on the discrete gradient of the squared-Kirchoff function. These materials
are of an immense importance when we prove the convergence.

4.1 Boundedness of discrete solution

Lemma 4.1. (Mazimum Principle)
For each fized integer 0 < n < N — 1, let (u) be a sequence such that the DDFV scheme (3.13)-(3.14)

holds. If ugﬁ,ug7 belongs to [0,1] then u;;*l,ug%'l remain also in [0,1].
Proof. The proof is carried out by induction on n. Fix n € {0, -+ , N — 1}. Let us assume that the claim is
n n+1

true for u] ,u” _and check that it is so for u

e o ,u;%l . For this purpose, we perform the proof in two steps .

Step 1 : We consider uj;t" = imgrjlt(uz*l) Multiplying (3.13) by —(u%"!)~ yields
€

mg n n n — n n n n n n —
- I ()R S (e (PR FE 4 G g ot g() ) )
D, €Dk
—y Prul T (uh) T = 0.

Since F is a nondecreasing function, we obtain axy, (Fpt' — Fpt') < 0. Furthermore
1 1.,D 1 1y —
Glui" up ™ s ngy- 070 €(u)) (ui™) ™ <0,
Indeed, if 0 < wit* then (u%')~ = 0. Otherwise, we introduce the fact that the numerical flux function is

nonincreasing with respect to the second argument and that is consistent

10



Gl w7 e ) (Wi < G (i i B L €)) (ui)
— (U ) i) = 0.

The previous equality holds thanks to the degeneracy of the function v for every u < 0. Let us next
demonstrate that

— Prul T (upt) T > 0. (4.1)

It follows from the definition of the penalization term highlighted in (3.8) that

n — 1 1 n n — n n —
—Prul ()T = = Y s (= Pl i)+ P (pth)”)
KD oo
1 1
= > ke ((F(0) = F(uf™ ) (i)™ + (Flujeth) = FO) i) ™).
mi hy K+~

Thanks to the uniform continuity of the function F, one finds zo €]ufi!, 0] and 2 €] — (ujth)~, (upt!)+]
such that

_ 1 1 ntly— *\, 1 n41y—
—Prul T (up) T = —— E mnes (f(z0)(ui™) 72+ fz0)ufct (u™) ™).
mihy o
- ot

Observe that f(z3) > 0 if ' > 0 and f(25) = 0 otherwise. Hence, inequality (4.1) holds. As a
consequence

= (ui = e ) (i)™ = () ) T <0,
which implies, using the induction assumption, that (u’}(ﬂ)_ = 0 Hence, u}L{H > 0.
Step 2 : We here switch the role of the control volume K and take now uj' = anzgz((u’LLH). Multiplying
€

(3.13) by (upt! —1)* gives
e e ) [

5t
Y (akn (FR = B+ Gl ap D, sp ) (i - 1)
Dy, o+ €DK

+ 9 Prul T (uptt = 1)t = 0.
It is now evident that apr, (Fj™' —Fp ) (ut —1)T > 0. Next, let us establish that the following inequality

holds
Guft ufthmZ 67t e (W) (ui = 1) <0,

So, if utt < 1 then (ulx™ — 1)+ = 0. Otherwise, u-™ > 1, we utilize once again the consistency and the
decrease of the function G with respect to the second variable. Therefore

G D By ) (™ = 1) 2 6wl ule om0 ) (i — 1)
= (DS ) — 1)t =0,

One can see in a straightforward way that Pru., (u;?'l —1)* > 0 as we detailed in Step 1. Utilizing the
identity

(i = ) (e = 10 = (g — ) (e — 1) (0 ),
we deduce that (u"' — 1)* = 0, which yields v < 1.

Similarly, we mimic the same steps so that we prove the property in the case of the dual mesh. Hence, the
proof of the Lemma is concluded. U

11



Remark 4.1. It follows from the above proof of the discrete maximum principle that the degeneracy of the
function v absorbs the terms, which may engender any undershoots or overshots. This function is of great
advantage to derive some energy estimate as we will see next.

In the sequel, we will denote by C different constants in various occurrences, which depend only on the
physical data and are independent of the discretization parameters 0t, hyp.

4.2 Estimates on the discrete gradients
We need first to introduce some remarkable lemmas in the framework of DDFV methods.

Lemma 4.2. (Discrete integration by parts) Let M be a primal or a dual mesh of the domain Q. For every
K € M, we denote by N(K) the set of neighbors of K. Let Ak, K € M and L € N(K) be a real value

such that Axr, = —Apk, and let ¢ be a piecewise constant function on the cells of M. Then
1
SN Axrek = ) > > Axrler —¢x). (4.2)
KeM LEN(K) KeM LEN(K)

Particularly, if Axr, = Tkr(cr — ck), with Tk, = Trk, one infers

Z Z Trr(cr —ck)e =-3 Z Z Trr(cr —cx)(pr — ¢K)- (4.3)

KeM LEN(K) KEM LeEN(K)

Proof. The proof of this lemma is omitted since it is similar to that one given in [7].

The convergence analysis of the DDFV schemes has been based on the following discrete duality formula
called sometimes discrete Stokes formula. One can look for its proof for instance in [21].

Lemma 4.3. (Discrete Stokes formula) For all ((o,w,) € (R?)#® xR#7, the following relationships holds
[div" Co,w, ], = _<<©,v©wT)©. (4.4)

We refer to [8, 27| for the proof of the following fundamental inequality.

Lemma 4.4. (Discrete Poincaré inequality) Consider T a mesh of Q. Then there exists a constant C, only
depending on the diameter of Q, such that for every w, € R¥*7  one has

el < Mwll 20y + [ W < [V®u, |,

L2(Q)

Proposition 4.1. (Discrete gradient estimate) Let (u%), for n = 0,...,N, such that the DDFV scheme
(3.12)-(3.14) holds. Then

N—1
Z5t||V©é“”“H2+§h725tH£ mh gt <e (4.5)

L2(Q)
for some appropriate positive constant C'.

Proof. We multiply the first (resp. second) equation of the DDFV scheme (3.13)-(3.14) by /%™ (resp.
u’}(tl) and sum up over all the primal (resp. dual) cells and the integers n. Adding together the obtained
equations leads to

Th+T1T,+T15=0,

12



where we have put

N-1
_ +1 _ +1 +1
T = mi (U w4 g E mce (Ut — wlfe ultt,
n=0 Kedn n=0 g=* Em*
N-1
_ n+1 n+1 n+1 n+1 n+1 n+1
T = ot E (aKL (Fg™ —F7) + iy 7700 (rr — €17 ))UK

N—
n+1 n+1 n+1 n+1 n+1 n+1
E E E (GK*L* (Fgi™ = FL5) + vep. 7700 €k — &1 ))UK*

K*c* Do o €D pex

T3 =Y oty [Pult! u],.

n=0

First of all, observe that

1
a(z—y) > 5(932 —y?), Vz,yeR

As a consequence of the above inequality, one can underestimate T3

% Z mK((u%)2 - (u(}()z) +% Z M= ((u%)2 (uf.) ) <T. (4.6)

Kem K*em*

Let us now turn our attention to the term 75. For this goal, we perform a discrete integration by parts as
given in Lemma 4.2, hence we obtain

T = To1 + Tho,
with

Toi=) 0t) (“KL (Fpt = Fron) (upd — ™) + agee e (Ftt = Fpt)(upt! — uzﬂ)’
n=0 De®

Tm:ZatZ(v?yf W (G — € — ) o B (6 6 g uz#)).
n=0 De®

The practical inequality (3.10) implies that
T > Z 53 arer (€ — Y Z 5t 3 areer (€2 — €Y
n=0 DeD n=0 DeD
Now, the monotonicity of the functions vy, v} gives
(or i) +vu (™) ) (wie = ™) = (57 -2+,

Thanks to the above inequality and the definition of v?&l, we find

n+1 n+l n+1 n+1 n+1 D n+1 n+1 n+1 n+1
UKL(UK )%a(}(* *L*)Znaa*(K —SL )(K —SLx )

In the same manners, one may write

n+1 n+1 n+1 n+l _ ¢en+1 n+1l _ ¢n+l n+1 n+1
Vs (U’K* — Up« )77(70 ( L ) = nan ( L >( 5 )

13



As a result we get

Tyy > Z St Z 9 % nM ( n+l n+1)( r;{ﬂ _ Z*ﬂ)

n=0 DeD
We deduce that
N-1
Ty > Y 6t (VO VRt (4.7)
n=0
In view of the relationship (2.2) and Lemma A.1 we assert
N-1 )
T2 C ) ot|[vPertl;.
n=0
for some constant C' > 0. Next, owing to (3.11), we write
N-1
1 1 2
—— ) 4t Hg mE — (u (4.8)
2 h% ’I’Lz::o o= LZ(Q)
Combining between (4.6)-(4.8), one proves the energy estimate (4.5) follows as required. O
Corollary 4.1. From the previous Proposition, one gets
N-1 )
S wvor <o, 9
n=0

Proof. This result is a direct consequence of Lemma A.1 together with inequality (4.5). It is sufficient to
observe that

Fla) = F(5) = v(wo) (¢() =€)

for some xy €] min(a, b), max(a,b)[ and notice that the function v is bounded. O

5 Existence of discrete solutions

In this section, we prove that the nonlinear algebraic system, which comes from the DDFV scheme, admits
a solution. To this end, we will need the following fundamental lemma, that can be found in [25]. This
result ensures the existence of at least one zero of some specific vector fields.

Lemma 5.1. Let A be a finite dimensional Hilbert space with inner product (.,.) and norm ||.||, and let £
be a continuous mapping from A into itself such that

(L(x),z) >0 for ||z||=r>0.
Then there exists x* € A with ||x*|| < r such that
L(z*) = 0.
We now state the existence result in the proposition below.

Proposition 5.1. The DDFV scheme (3.12)-(3.14) has at least one solution (u*"),—o, . N -

Proof. For sake of shortness we drop the superscript n from time to time. We proceed by induction on
n. We then assume that u’ is given and prove the existence of u"‘|r1 satisfying the numerical scheme
(3.13)-(3.14). We define the mapping £ : R#7 — R#7 such that

Lluy) = ({ﬁM}MeT),
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where

mg 1
Lk = W(“?(Jr - uf)
> (awr (FE = Fh) 4 ot nBe (650 = €7h) 4y Prul, if M= K,
D, Dk
Lo = T8 (uptt — )
ot
+ Z ((IK*L* (Fptt — Fpfty 4+ ot gD L (eptt — §f+1)) +7 Pg-ultt, i M= K*.
Dy o €D

L is well-defined and continuous.It remains to demonstrate that

(ﬁ(u”“),u"“) >0, for |[ul™|[ger =, (5.1)

T T
for some sufficiently large r. It follows from the calculation of the previous section that

(clur ) = = 3 i (@) = @) + 5 30 me (W) = (e)?)

Kem K*com~

+|[vPe, - ¢
1, g2
= ot ‘UT-H’z,T = Cn,

for some constants C,C,, > 0. Thanks to the equivalence of the usual norms || - |[g#7,|-|, ~ on the finite

dimensional space R*7, inequality (5.1) is fulfilled provided a large r. We therefore obtain the existence of
at least one solution of the DDFV scheme (3.13)-(3.14). Hence, the proof is ended. O

6 Compactness results

We here highlight some compactness properties. Let us begin with space translates.

Lemma 6.1. (Space Translates)
Let u be a discrete solution of the DDFV scheme (3.13)-(3.1/). Then

7,8t

T
[ [ leratos =6 w0l dedt < wllu, for coery y < B 61

where ' = {z € Q / z+y € Q} and w is a modulus of continuity independent of 0t, ho, verifying
w(ly]) — 0 as |y] — 0.

Proof. The proof of this claim is made in case of the primal mesh and it is similar for the dual mesh, i.e.
it is sufficient to prove that

T
/ / {g(umm (x+y,t) = &(Uyy s (w,t))‘ dzdt < w(ly|), for every y € R?. (6.2)
o Jar
Now, for every x,y € R? and o = K|L, we define the characteristic function x, as

1, iflz,z+y]lNnao#0,
0, else.

Xo (2, y) = {

We know that / Xo(z,y) dz < m, |y| (see [27] for more details). As a consequence, since we have

’

[ (g 50 (@ +,1) = gy s, (2, 1)] < Y Xolayy) €7 = €5
o=K|L

)
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this gives

/ |£(ufm,5t(l‘+y)t))_g(uﬂﬁ,ét(‘r7t))|dx < |y| Z Me |€n+1 f?{j—l
Q’ o=K|L
n+1l En-i-l
< C y Z mp |2k SK
D, ,x €D or

for some appropriate C' depending on the regularity of the mesh. On the other hand, we have
n+l _ ¢n+l
L K

e Gl

As a result of the Cauchy-Schwarz inequality and the energy estimate (4.5), one infers

T
/ / 1€t o, (2 31 1)) — Eti o (. 8))] dazdt < C g
0 Q/

This completes the proof. O

Lemma 6.2. (Time translates)
Let u ;, be a solution of the DDFV scheme (3.12)-(3.14). Then there exists a constant C that does not
depend neither on ho nor on 6t such that

/T_T/ lﬁ(um,at(x?t—kﬂ) _5(“m,5t($,t))’2dxdt
0 Q

+/OTT/Q|g(uw1&(x,t+7))—5(uwyét(x,t))‘2dxdtg0(7+5t), (6.3)

for all T € (0,T).

Proof. The proof follows the main steps of [27, Lemma 4.6]. We will provide the proof of the first integral
in (6.3) and that of the second one is proved in similar way. To begin with, let 7 € (0,7) and ¢ € (0,7 — 7).
We set

T—7 ,
:/ / ’f(um‘“(x,tJrT)) 75(%}?,&(%75)) de.
0 Q

We next define ng(t) € {0,---, N — 1} such that t"® < ¢ < ¢ 4+ 1 and ny(t) € {0,--- , N — 1} such
that " ®) < ¢ + 7 <+ ® 4 1. One then can rewrite A as follows

T—1 t t2
e[ 5 e

Kem

<o [T % ({0 -cor )« X i ) ) o
Kem

t<ndt<t+r
for some constant C' > 0 depending only on £. In light of the definition of the DDFV scheme, one gets

= nl(t no(t)
A<LL Z — &(uy ))

Kem

X Z 6t(— Z (aKL (Fptl — prtly ogndl D (entl £n+1)) + VPKu:ﬂ) dt.
D

t<ndt<t+t 0% €DK
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Applying the integration by parts and the first mean value theorem ensures the existence of a positive
constant C' that depends only on the regularity of the mesh, &, ||¢’||,, and on A with

A< C/ ooy (le - e o) - e

t<nét<t+r DED
et — e e ®) — g ®)|
T ’£n+1 gzj1| ‘5 un1(t)) _ 5(u21(t))’

+ gt - (up®) = €(ue™)| ) at

T—T1
7 / > ot Z (é‘(U?S(“) — €(upe) ) Prcur at.

t<ndt<t+r Kem

Let us now introduce the characteristic function 8 which is defined by (see [27])

3

1 ft<(n+D)ot<t+r
B(n.t) = (n+1)
0 otherwise

1 1
Using the elementary inequality ab < §a2 + §b2 in the previous estimate leads to

C
Ag;(EI+E2+E3+E4)+E5

where we have obtained

N—1 .
FEy = ot /T B(n,t) Z (E?(H . Z+1)2dt,
n=0 0 DeD
N-1 _r
Ey=) ot / T Y (i) = ep™)) a,
n=0 “0 DED
N-1 T—T1
Bo= Yoot [ ant) Y () - () at
n=0 0 DeD
N-1 T—71
E, = ot ,8( ,t) n+1 §n+1
! n=0 /0 " Dei‘t( )
N-1 T—71
Es=-) Jt/ Bn,t) > (6 ®) - i) ) Prcur at
n=0 Kem

On the other hand, observe that

S (e -agn) <o Y mo

De® De®

2
<0 Z mo ’vDﬁH’z’
DeD

n+l _ ¢en+l
SK ~~ SL

g

where C7 > 0 depends only on the regularity of the mesh. By virtue of the energy estimate (4.5) and since
T—71

B(n,t) < 7, there exists an appropriate constant C' such that F; < C7 and E; < C7. Next, following

0
[27, Lemma 4.6], one claims that

N—-1 ,gm+1 N-1 )
By <Ci Y / 5ty Bn,t) Y mp |VPEM dt < Cr.
m=0"1t" n=0 DeD

In an analogous way, one has F3 < C'7. Finally, to treat Fs, we use the maximum principle and the estimate
(4.5) to get that E5 < C7. Hence, the proof of the lemma is concluded. O
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7 Convergence of the approximate solution

We now claim a weak convergence of the discrete gradient and a strong convergence of Uy, 5, 10 the following
Proposition.

Proposition 7.1. Let T, be a sequence of DDFV meshes such that ho,dt tend to zero and reg(Tp) is
bounded. Then

U u_. —u  ae inQrp, (7.1)

u
My, 57 Ton=, st

Th 50
and up to a subsequence, we have

VOF, ,, — VF(u)  wedkly in L*(Qr)>. (7.2)
Moreover

0<u<1 a.e. i Qr. (7.3)

Proof. Thanks to the Kolmogrov’s compactness theorem [10], the sequences & (umh, se)s€(u ) are rel-

MF 5t
atively compact in L'(Qr). This ensures the existence of unlabeled subsequences of ¢ (u‘m} IOI (T
p .ot R h>

such that

(U, 5) — & ae. in Qr, and &(u — & a.e. in Q.

Wh‘ét)
Since ¢! is continuous, we deduce that
Uy, 5 — UL = €1&) ae in Qp, and Ugs, 5, — U2 1= £1(&) ae. in Qr.

In light of Proposition 4.1, we assert

€ s) = € ) T <o (7.4)

L2(QT)

Thus, up to unlabeled subsequence, we get
g(um,m) - g(umﬁy&) — 0, a.e. in QT.

Therefore

—u — 0, a.e. in Qp.

Uon 5t st

We then verify that u; = ug := u. Consequently

U —u ae inQr, and &, — &(u) ace. in Q.

T, 6t

Thanks to the maximum principle given in Lemma 4.1, we deduce from Lebesgue’s dominated convergence
theorem that

lim Hu —u =0.
ho,ot—0 || Thoot L2
As a consequence
lim HF ~ F(u —0.
ho,6t—0 || Th% (u)

L2(Qy)
Since the problem (1.1) possesses a unique solution, a classical argument confirms that the whole sequence
converges to u. Next, thanks to Corollary 4.1, the sequence (VZ)FT}“M) is bounded in (L*(Qr))%. As a
result, there exists a function G € (L?(Q7))? such that

VPF

Th 0t

— G weakly in (L*(Qr))?. (7.5)
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Let us now show that VF(u) = G is the sense of distribution. To do this, let ¢ € (C>(Q x [0, T]))Q.

to the weak convergence of (V® F

7, o) and the strong one of (F. ), one can pass to limit in

I7, 5t 1= VQFT;L,M cpdadt —|—/ F, s divedzdt
Qr Qr

— G-p dedt+ F(u)div pdzdt.
Qr Qr

The definition of the discrete gradient allows us to write

VOF, , -ededt= Z 5ty mpVPE, - opt,
Qr n=0 DeD
1 n+1
where " = 5 :,L Jp ¢ dxdt. For every diamond D = D, .+, we introduce @2+, e and @
mp
as follows
¢ntl gt
n+l _ n+1
s, t) dsdt, (s,t)dsdt,
o 5t My tn / Yo 5t Mo+ Jin /
¢n+ N = %00' ‘Do, QD'D cNgxpex = (,02+1 N .

Note that <p"+1 is uniquely defined. Thanks to the smoothness of ¢, we derive the estimate

s (7 -t 4 e -t

<2 reg(ﬁ) hp [Vl e -

|s0n+1 ¢n+1|

Now, the expression (7.6) becomes

/ VPF, ,, -pdedt = ZéthDVDF”“ ot

n=0 De®

+ Z 5t Z mp VDFrH-l ( n+1 _@%le)
n=0 De®
=: A7, 5t + B, 6t

In addition, inequality (7.7) and the energy estimate (4.5) lead to

lim B 0.
ho St Th,0t —

We next return to the definition of the discrete gradient. It implies

Fn+1 Fn+1 F’I’L+1 _ F’n+1
K L* K* ~n—+1

1o 1 ~ 1

ANy B S e ()
n=0 Kem oelk
1 ~ 1

— = Z 5t Z F]n('i_ Z Mg (90%—’_ 7n<T*K*)a

n=0 K*em~ o* €€k

19
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where we used discrete integration by parts (4.2). By virtue of the expression of cp”“ one gets

tn+1

A, 50 = Z SOFRT Y / / Mgy dsdt

n=0 KeM o€lk
1 N-1 gt
— 5 Z Z F;éi_l / / Mg g dsdt.
n=0 K*GW o*EEK*
Stokes formula entails
1Nl g+l
A7, 5t = 3 F”'H/ / div pdz dt
n=0 KeMm
1 N-1 ¢t
-3 F”+1 / div p dz dt
n .

= —/ F,. , divedzde.
QT

hm IT,“& 0.
ho,0t

Thereby we proved that F(u) € L?(0,T; H} (2)) and VF(u) = G. This finishes up the proof. O

As a consequence

8 Passage to limit

This section is dedicated to prove that any limit of the approximate solution converges toward the weak
solution of the main problem.

Theorem 8.1. Assuming a uniform boundedness of the mesh regularity, the limit function u of Proposition
7.1 is the weak solution of the problem (1.1) in the sense of Definition 1.1.

Proof. Let ¢ € C® (ﬁ % [0, T)), we denote by 9! = ¥(zx, ") and ¢! = (zxe, 7). Multiply
1
the equations (3.13), (3.14) by 5t¢"+1, 562& Yt respectively, summing over K, K* and n. Next, one

N-1
performs an integration by parts, adds and substracts Y. dt (VQF;L’IH, VQWTL}H)@ A to get
n=0 v )

1 2 3 4 —
ST, st +ST 5t +ST 5t +STh,5t =0, (8'1)
where
N-1
1 — +1 +1
STh,,ét - [[’U’Z,L—h _U;Lhﬂ/f?—h HTh’
n=0
N-1
2 _ D+l D, nt+l) D rntl oD, ntl
s = 0615 (VoF v )m_ [ AvRE Ry
n=

N—
1 n n n n n n n
St = b o S [t (et ) - (et )] (e i)

n=0 DEDh

. Zst S B |uth (n -t - (rrt - )| (st - ),

n=0 DeDy,
N-1
4 n—+1 n+1
St =) St[PEI ]
n=0
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Let us start off by establishing

lim St z—/uo w(-,O)dx—/ u Oy dx dt.
Q T

ho,6t—0 Th,t

Using a summation by parts and the fact that ¥ = ¥, = 0, yields

1 _ n+1 n+1 n
STh,,;t - _[[ Th 7¢Th ) HTh Z[[ Th]]Th
_ 1,1 1,2
- ST St ST 5t "

Thanks to the strong convergence of (wTh (+,0)), one obtains Consequently

lim SY!' =-— O4(-,0)d
h@,lér?—m ThSt /Qu (-,0)dz

Expanding the term S%’Q 5, entails

1,2 _ n—i—l n+1 n
ST;L,(H 2 :[[u Th]]Th

tn+1 tn+1
T

8tw(xK7 dxdt—fz Z mK*/ uK* atw(:cK* t) dx dt.

n=0 KedMn tn n= OK*EQJT*

Bearing in mind that (0;% (k")) kem and (9 (T, ")) - cpe converge uniformly toward dy3, we apply
the Lebesgue dominated convergence theorem to find

. L2 1,2 _
h@l}gl_)() STMt = hgl}g?ﬁo STh,ét = /T u Oytp dz dt.
Let us next prove the convergence of the diffusion part. To do so, we recall that the sequence (V®F ;‘:‘1)

converges weakly toward V F(u) whereas (AV%%H) converges uniformly toward AVi. Thereby

lim &2 / AVF(u) - V¢ dz dt.

ho,6t—0 Thoot

Let us turn our attention to the convergence of ST 5 This term can be split up into two parts as follows

t"

3 _ Q3.1 3,2
T8t STh,ét + STh,Jt’

where we have set

N_
1
3,1 +1 +1 +1 +1 +1 +1 +1
=g 20 S e ek (e ) - (et - )| (v o),
n=0 €Dy,
1N 1
D 1 1 1 1 1 1 1
S, = 3 300 3 e [ugthe (s - ) - (e - )| (ot - o).
n=0 DeDy,

Next, the first mean value theorem guarantees the existence of a constant u €Iy ntl +1- such that

K*L*
F}z+1 _ FEJrl _ ’U(U )( n+1 £n+1)
* * K*L* .

Thus, using assumption (A4) on the tensor A and the regularity of the mesh we get

<C Z ot Z mp |v”+1 —0(Upn )

n=0 DeDy,

‘ Sl |vaT,m’

Th 5t

D
v wTh*‘”’ '

21



for some constant C' > 0. We set

—-n+1 1 1
&= max {g(uy Ny 7= min {€(u)}
ra i . ¢n+l
57’,61,\'D><(t",tn+l] T gD ’ §7—$5t\D><(t”,t"+1] T éD ’

where Vp stands for the set of vertices of the diamond D. Applying once more the fact that 7! is a
0-Holder function, the Cauchy-Schwarz inequality and Holder inequality since 6 € (0, 1], we discover

N-1
<Cloll_Ivell_ Y ot Y mop

n=0 DcDy

gt 20\ /? ey 2\ '/?
<C(26t > mp |E) —g’;“) ) x (Zét > mo [VPE | )

et e v L)

Ty 0t

‘531

= DeDy, n=0 DeDy,
gl 9\ 0/2 N-1 , 1/2
<O<Zdtz 3 —g;“‘ ) x(Zét > mp VP, ) :
= De® n=0 DeDy,

for some positive constant C. In view of Lemma A.2 together with (4.5), we deduce that

lim 3715 = 0.
ho,0t—0 R0t

Similarly, we establish that
lim &% =0.
hodts0  Thodt
Finally, let us demonstrate that
lim S =0.

ho,6t—0 Th8t

Owing to the definition of the penalization term we explore

= %hi Z Z mlmK*( n"rl)_F(u’rIL(—tl))( L }@Zl)

K*com+ Kem

<= XY maee [

K*emt+ Kem

[PER W,

n+1

el
=2 hg

Hfimh,ét _fwhﬁt Hipgmh,dt _¢m7*h15t

L2(Qr) L2(Qr)

On the other hand, the regularity of the function v ensures the existence of a constant C' depending on the
regularity of the mesh such that (see [17] for deep details)

< Cho %]

wileoq)

meh,’ét - z/)W}L,ét

L2(Q7)

Utilizing the energy estimate (4.5) and the fact that ¢ < 2 to obtain

st =eny 0, oot — 0.

Th .0t

This ends the proof of the theorem. O

9 Numerical results

In this section, we present some numerical tests so that we can show the efficiency and the stability of
the DDFV scheme that we have proposed. As highlighted in the introduction of this work, this method
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will allow us to take into account almost general meshes and any tensor. However, we restrict our study
to diagonal tensors with weak anisotropy. We also stress that boundary conditions of Dirichlet type are
prescribed. It is sufficient to take the trace of a given exact solution on the boundary. This particularity
provides analytical solutions of the continuous problem and enable us to compare them with the discrete
ones.

To begin with, let us consider the unit square Q = [0, 1]? as the porous medium. Next, the primal meshes
are given by a sequence of a perturbed qudrangulation of the domain 2, known as mesh_quad.i of the
FVCAS benchmark on incompressible flows, while the dual mesh is constructed as described in Section 2.

Figure 2: Quadrangle meshes

Furthermore the mobility function is chosen as follows
f(u) =u™(1 —u)™, Yuel0,1] and m € {1,2}.

Notice that this function presents some degeneracy in v = 0 and in v = 1. Additionally, in order to calculate
the numerical flux, we require the computation of the functions v4+(u) and vy (). In our study, the function
v admits a unique global maximum @ = 1/2. Hence, one gets in a straightforward way that

vp(u) = v(min{u7 %}), and vy (u) = v(max{u, %}) - v(%), for all u € (0,1).

We are also interested in case of anisotropic media to verify the validity of our discretization. So we select
a diagonal tensor A such that
Ao Aew O
0 Ay )/’

So, the DDFYV scheme is formulated in a nonlinear algebraic system, which is solved thanks to the Newton’s
method with a given tolerance ¢ = 1.e7!°. We underline that the numerical scheme (3.13)-(3.14) is fully
implicit in time and then it is unconditionally stable and convergent. Yet, we require the time step to be
proportional to the square of the mesh size as mentioned in [13].

As we are focused in the accuracy of scheme as well, we need to evaluate the error of the proposed dis-
cretization. In all the tests, we denote by ErrLI2u the difference between the analytical solution and the
numerical one in L>(0,T; L%(£2)). Moreover we study the error between the corresponding gradients in
L2(2 x (0,T))?, which is denoted by ErrL2gu. The corresponding convergence rate will be designated by
RLI2u and RL2gu respectively. More precisely

ErrLI2u = ||tuex — u ErrL2u = ||Vuex — Vu

roell e o rn2 0 roell 2o oy

log (ErrL]?uH'l/ErrLIQui) log (ErrLZgui+1/ErrL29ui)
log (h! /My ) log (R /1)

where the index i is the space discretization 7; for ¢ = 1,--- ;5. In all the tables below wmin (resp. Umax)
stands for the minimum (resp. maximum) of the computed solution.

RLI2w = , RL2u =

)
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Test 1

In this test, we investigate the numerical convergence of the DDFV scheme (3.12)-(3.14) using the following
exact solution

Uex (,1) = 8023 (1 — 21)? x t, Vo= (z1,22) €Q, tec(0,T).

Substituting this expression in the main problem (1.1) yields a source term, which is nonnegative. One
notices that this solution degenerates at the line {#; = 0} and at {17 = 1}. The mobility function
f(u) = u?(1 — u)? is considered. Here the final time is fixed to T = 0.15.

vy=0 v=0.5
h # Unknowns || |[uy, 5, — uWy&H Rate [ty 50 — uw’&ﬂ Rate
0.3420 41 0.111 E-01 - 0.110 E-01 -
0.1740 145 0.575 E-02 0.974 0.574 E-02 0.973
0.0920 545 0.296 E-02 1.034 0.295 E-02 1.034
0.0470 2113 0.146 E-02 1.059 0.146 E-02 1.059
0.0195 8321 0.705 E-03 0.823 0.705 E-03 0.823

Table 1: The norm ||u with and without penalization term and n = m = 2.

m,5t UW,MHLQ(QT)

We have seen that the penalization term has played a crucial role to establish that the two reconstructions
of the solution on the primal and dual meshes converge to the same limit. We now study this numerically.
More precisely, we compute the difference ||u,, ;, — uw_ﬁtHLz(Qx(o’T)) in L?(Q x (0,7)) norm between the
approximate solution on the primal mesh and that on the dual mesh. For this, we consider two values of the
stabilization parameter v = 0 and v = 0.5 with a fixed ¢ = 1. As shown in Table 1, the presence or the ab-
sence of the penalization term does not influence the convergence of the sequence ||u U

mE 5t ||L2(Q><(0,T)) :
From this table, one can as well check the rate convergence is almost one.

om,5t

In the sequel, we set the parameter v to zero. In Table 2 we list the obtained results with an isotropic
tensor A, = Ay, = 1. We can observe that the convergence rate of the solution is almost of second order.
We thus reach the well known order of DDFV schemes for linear problems [13, 19, 20, 34]. Despite of
being of order between 1 and 1.5 for linear problem, the convergence rate of the discrete gradient may be
deteriorated with respect to the nonlinearity, the anisotropy and/or the discretization. For instance we
refer to [3] where the authors have found an accuracy of order 0.4 for anisotropic Laplace equation. Here
for our nonlinear problem, we observe that the convergence rate of the gradient is between 0.6 and 1.2. We
also verify that the computed solution preserves the maximum principle property. Table 3 gives the errors
in the anisotropic case. Thus, the tensor entries are A,; = 1 and Ay, = 0.01. It demonstrates that the
numerical solution is always nonnegative with convergence rates which are slightly similar with respect to
the isotropic case.

h ERL2 Rate | ERGL2 Rate Umin Umax
0.3420 || 0.127 E-01 - 0.161 E-01 - 0 0.703
0.1740 || 0.629 E-02 | 1.048 | 0.130 E-01 | 0.324 0 0.747
0.0920 || 0.216 E-02 | 1.669 | 0.937 E-02 | 0.509 0 0.748
0.0470 || 0.665 E-03 | 1.766 | 0.653 E-02 | 0.543 0 0.750
0.0195 || 0.126 E-03 | 1.880 | 0.210 E-02 | 1.280 0 0.750

Table 2: Numerical convergence with isotropic tensor and n = m = 2.
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h ERL2 Rate ERGL2 Rate Umin Umax
0.342 0.130 E-01 - 0.163 E-01 - 0 0.705
0.174 0.649 E-02 | 1.030 | 0.135 E-01 | 0.291

0 0.748
0.092 0.244 E-02 | 1.529 | 0.111 E-01 | 0.307 0 0.749
0.047 0.898 E-03 | 1.499 | 0.924 E-02 | 0.270 0 0.751
0.0195 || 0.180 E-03 | 1.812 | 0.353 E-02 | 1.085 0 0.750

Table 3: Numerical convergence with anisotropic tensor and n = m = 2.

Test 2

We now test the accuracy and the stability of our scheme thanks to the analytical solution
Uex (T, 1) = 62F x t, Vo = (21,20) €Q, t€(0,T).

Here the mobility function is chosen to be f(u) = u(1 — u). Note that this function is not a perfect square
with f(0) = f(1) = 0. This solution fulfills the continuous problem (1.1) with a corresponding source term,
which is also nonnegative. It vanishes at the line {x; = 0}. The final time is taken as T' = 0.15. Tables 4
and 5 present the convergence of the scheme including isotropic tensor, meaning that Ay, = Ay, = 1, and
anisotropic one, Az, =1 and Ay, = 0.001, respectively. The first table shows that the numerical scheme is
accurate of almost second order whereas the second one exhibits an accuracy of order 1.5 which might be
explained by the impact of anisotropy. In both cases we have not recorded any undershoots nor overshoots.

h ERL2 Rate ERGL2 Rate Umin Umax
0.342 0.104 E-01 - 0.220 E-01 - 0 0.840
0.174 0.425 E-02 | 1.335 | 0.162 E-01 | 0.460 0 0.895
0.092 0.132 E-02 | 1.821 | 0.102 E-01 | 0.730 0 0.897
0.047 0.365 E-03 | 1.933 | 0.445 E-02 | 1.236 0 0.900
0.0195 || 0.114 E-03 | 1.312 | 0.292 E-02 | 0.475 0 0.900

Table 4: Numerical convergence with isotropic tensor and n = m = 1.

h ERL2 Rate ERGL2 Rate Umin Umax
0.342 0.116 E-01 - 0.224 E-01 - 0 0.840
0.174 0.506 E-02 | 1.245 | 0.189 E-01 0.258 0 0.895
0.092 0.199 E-02 | 1.459 | 0.162 E-01 0.235 0 0.897
0.047 0.754 E-03 | 1.453 | 0.106 E-01 0.637 0 0.900
0.0195 || 0.207 E-03 | 1.459 | 0.604 E-02 0.638 0 0.900

Table 5: Numerical convergence with anisotropic tensor and n =m = 1.

Test 3

This test concerns the porous medium equation. We test our scheme with the following exact solution [15]
of the main problem (1.1)

)\1(171 — 05)2 + )\Q(IQ — 05)2
1-—t¢

Uex (T, 1) = , Vo= (z1,22) € Q,t €(0,T),
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with A\; = ﬁ and Ay = ﬁ. The mobility function now is f(u) = 2u. Note that this choice does
not match with the assumption '(Ag). We then record the numerical convergence results in Table 6 and
Table 7 with a final time setting to 7' = 0.2. From Table 6, one can check that the method is accurate of
second order and it produces no undershoots. Moreover, in the presence of anisotropy with A,, = 10 and

Ayy = 0.1, one can observe, as shown in Table 7, similar remarks with a relative difference with respect to
the last mesh.

h ERL2 Rate | ERGL2 Rate Umin

0.342 0.426 E-03 - 0.974 E-03 - 0.206 E-03
0.174 0.260 E-03 | 0.733 | 0.111 E-02 | - 0.196 || 0.243 E-04
0.092 0.789 E-04 | 1.860 | 0.684 E-03 0.759 || 0.304 E-05
0.047 0.213 E-04 | 1.965 | 0.354 E-03 0.990 || 0.612 E-06
0.0195 || 0.450 E-05 | 1.755 | 0.104 E-03 1.371 || 0.234 E-06

Table 6: Numerical convergence of the scheme with A, = A, = 1.

h ERL2 Rate | ERGL2 Rate Umin

0.342 0.340 E-01 - 0.991 E-01 - 0.734 E-03
0.174 0.123 E-01 | 1.516 | 0.611 E-01 | 0.719 || 0.131 E-03
0.092 0.336 E-02 | 2.022 | 0.375 E-01 | 0.764 | 0.178 E-04
0.047 0.847 E-03 | 2.068 | 0.176 E-01 | 1.136 || 0.449 E-05
0.0195 || 0.222 E-03 | 1.509 | 0.991 E-02 | 0.646 || 0.234 E-06

Table 7: Numerical convergence of the scheme with A, = 0.1 and Ay, = 10.

Conclusion

We have constructed and investigated a DDFV scheme preserving the maximum principle for nonlinear
parabolic equations. The basic idea of this scheme consists in considering the elliptic equation as a hyperbolic
one. Thanks to nonstandard approximations of the fluxes, we have derived some energy estimates. The
existence of the solution is proved by an inheriting result of the Brouwer’s fixed theorem. With the help of
some compactness properties, we have established the convergence of a sequence of approximate solutions
toward the weak one of the continuous problem. Numerical tests showed that our method is almost of second
order accurate and that the computed solutions are always nonnegative. Consequently, our theoretical
predictions are confirmed as required. As far as we know this work is the first one to prove the discrete
maximum principle together with the convergence of the numerical scheme.

A Appendix: Technical lemmas

Let D be a fixed diamond cell. We define the following 2 x 2 matrices

2 D D
AD _ 1 ms MeMe+| | A7 A . Al
- 4 2 - AD Ab ( . )
mp |MeMg* Mg« o,0% o*
2
AD’A _ 1 mo-Ana'K *Nok momU*AnUK c Mg pe*
- 2
4dmp MeMe+ ANy g - N e M« Angs v - Do e
D,A
ADA AT
—. o 0,0
: AD’A AD’A (AQ)
o,0* o*
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and

[ADA] + A2 0

DA
0 ‘AM*

BPA , VDeD. (A.3)

D,A
AP

_|_

The following lemma claims a crucial property of the matrix APA. In particular, it states that AP is
positive definite.

Lemma A.1. There exist some positive constants Ao and A1 depending only on the mesh regularity and on
A, A so that the following inequalities hold

APAy . 2 <BPAz .2 < \MAD AL . z, Yz eR? (A.4)

MNAPz -z < APAg .2, Vo e R% (A.5)

Proof. For the sake of completeness we reproduce the same proof as given in [13]. Let = (x1,z2) be a
fixed vector of R?. Thus, for every D € D, we have

APAy . 2 <BPAz.2 < HAD’Aﬂl \x|2 .

where ||.|| p 18 the usual p-norm matrix, p = 1,2. Thanks to the equivalence of norms property on R? x R?,
ensures the existence of a coefficient L > 1 such that

IAPA Jaf* < L [APA, Jef” < L Condy(APM)AP 2 -, (A.6)

N

where Conds stands for the condition number with respect to the 2-norm. In addition, this number can be
overestimated as follows

=1 =]

1(AD)> < 4reg(T)? x

Condy (A7) < Conda(A7) (0% + ¢ %~ Conda(A7)
2

where we have set

1 Mgy Mg
Op = — ( + ) > 1.
2sin(ap) \my= My

This proves the inequality
APAy . 2 < BP Az < AlAD’Ax -,

with \; = 4L reg(T)? x (K/ A). Using the elementary inequality
|As

o,0*

1
12 < 3 (A?mf + A?*xg),

one deduces that
APz 2 < 2(AUD$% + A?wc%).

Now the ellipticity of the tensor A implies

APz . x < BDA

(A?’Ax? + A?;Ax%) < x-T.

=] o
=] vo

Thanks to inequality (A.4), one gets

2
APx .z < %AD’Ax -z

A
Hence, the second inequality follows by setting A\g = i
1
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Lemma A.2. Consider the following piecewise constant functions

zntl n n n
£, = nax {&@i Y, §D+1 _Jé%l%} {&(uif D},
- o 77’L~‘r1 . en+l
grr’(;tmx(tnYthrl : 5 éTﬁst‘DX(tnYtn#»l] =£
where we denote Vp = {K, L, K*,L*}. Then
_ =0. A7
ho, 52&%0“57’ o =m0 0 (A7)

Proof. We firstly observe that

Pt € (ur) — E(urc ) + [€(ur) — E(ur)]?

7 | < et - )P + [€uk-) — E(ure)

—D
This implies

> me

—n+1 +12
& -]

—D
DeD
1 112 112 1 1 1 1|2
< > mo(Jet et et - et - P et - )
DeD
n+1 n+1 2 n+1 §n+1
W Y mo |+ )
DeD o Mo
2 2
+ z Bt e Y ol - g
DeED DED

g@zmmwwwm2 )

DeD
2 2
+ Z mp [ — &+ Z mp | — &
DeD DeD

Vo

*Tr*,L*

Due to the estimates (4.5) and (7.4) one concludes that

lim Hi —
heo,6t—0 571‘” éTﬁt

2@Qr)
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