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Abstract

Monotonicity is very important in most applications solving elliptic problems. Many schemes preserving
positivity has been proposed but are at most second-order convergent. Besides, in general, high-order
schemes do not preserve positivity. In the present paper, we propose an arbitrary-order monotonic method
for elliptic problems in 2D. We show how to adapt our method to the case of a discontinuous and/or tensor-
valued diffusion coefficient, while keeping the order of convergence. We assess the new scheme on several
test problems.
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1 Introduction

This paper describes a follow-up of two recently published works [6] [7]. In the former work, we designed a monotonic
and arbitrary-order numerical method for an elliptic equation in 1D. In the latter one, we showed that the approach
used in 1D extends to second-order accurate methods in 2D. Our goal in this paper is to propose the first arbitrary-order
monotonic method for elliptic problems in 2D.

The model we consider is

-V (kVu)+AXu=f in Q,
i=gp on Ip, (1)
kVi-n=gy on Iy,

where € is a bounded open domain of R? with 90 =T'p Uy ITpNly =0),and n € R? is the outgoing unit normal
vector. The data are such that f € L*(Q), gp € H/*('p), gn € L*(Tn), A € RT (if A = 0, then [Tp| > 0), and
Kk € L=(Q). The tensor-valued diffusion coefficient & satisfies the uniform ellipticity condition:

Vx € QVE € R?, ki) < €'k (X)E. (2)

where kmin is a strictly positive coefficient. Under the above conditions, one can prove (using Lax-Milgram Lemma in
the spirit of [I9], Chapter 6) that system has a unique solution in H' () which satisfies a positiveness principle, i.e.
if f >0 and g > 0, then w > 0. One often refers to monotonicity in the literature for this principle.

For the applications we have in mind, such as inertial confinement fusion simulations, we need to be able to solve
problem on (almost) arbitrary meshes. The reason for this is twofold. First, the domain €2 can be very distorted.
Second, problem is coupled to the incompressible Euler system, which is descretized using a Lagrangian finite volume
scheme (see [13] 24] 27]). We thus have no control on the quality of the mesh. Further, a fundamental property of the
hydrodynamics scheme is to be conservative, in order to reproduce as precisely as possible singular solutions, such as
shocks. Thus, the diffusion scheme applied to should be conservative too, in order to preserve this property. As a
consequence, monotonicity cannot be recovered by merely truncating negative values: such a strategy is incompatible
with conservativity.

This is why a large amount of work has been devoted to the design of monotone schemes since the seminal works
of |5, 26]. Among other publications, let us cite recent works [1T], 12 [30} [32], 34} 36 [37), 40] and references therein about
this topic. However, none of these methods is arbitrarily high-order accurate. The most advanced work in this direction
is [37], which achieved third-order accuracy.

Some methods are particularly well-suited for achieving arbitrary high-order for elliptic problems. Let us cite for
instance the finite-element method [14], the Virtual Element method [4], the Discontinuous Galerkin method [I5], and
the Hybrid High-Order method [I6]. However, very few (see [2] [3, [10] [35] and references therein) can enforce the posi-
tiveness of the unknown without imposing severe constraints on the mesh, and none of them achieve a convergence order
higher than two. Another reason for not using these methods in our context, is that their coupling with other models
can be problematic since the degrees of freedom of the different discrete operators approximations do not match.

This work proposes the first arbitrary-order monotonic scheme for the elliptic equation . The diffusion coefficient
can be tensor-valued and/or discontinuous. We show that we preserve the arbitrary high-order accuracy even with a
discontinuous diffusion coefficient as long as discontinuities are known and coincide with edges of the mesh. We recall
the main steps of the proposed method (see also [7]):

1. Integration of the equation over each cell of the mesh.

2. Transformation of this surface integral into a sum of fluxes using the divergence theorem.
3. Approximation of the fluxes using a Gauss quadrature rule on each edge of the cell.
4

. Taylor expansion of the solution @ in the neighborhood of each Gauss quadrature point of each edge along two
independent privileged directions in order to obtain an approximation of V4 involving the values of @ and its
derivatives at certain suitably chosen points, in this case the center of mass and vertices of the cell.

5. Using this Taylor expansion, estimation of (kV1)-n = (Vi) - (k'n).

6. Calculation of the values of @ at vertices by a polynomial interpolation formula in the neighborhood of the Gauss
quadrature points of each cell edge.

7. Calculation of the values of derivatives of 4 at centers of mass and vertices of the neighboring cells by differentiating
this polynomial interpolation.

8. Transformation of the scheme into a monotonic non-linear two-point flux approximation.



9. Resolution of the non-linear system by the Picard iteration method.

The paper is structured as follows. Definitions and notations are given in Section 2} The proposed arbitrarily
high-order Finite-Volume method is described in Section [3] Then, we explain how the scheme is modified to enforce the
monotonicity in Section[d] In Section [B] we prove some nice properties of the method. Finally the arbitrary high-order
accuracy and the monotonicity of the method are assessed in Section [f] on some classical benchmarks including cases
with anisotropic and discontinuous diffusion coefficients.

2 Definitions and notations

I
l
|
| | \
| |
| |
| |
! !

Figure 1: Example of a mesh with our notations.

Given an arbitrary mesh the cells of which are numbered from 1 to n, consider a cell denoted i and its neighbor j
(see Figure |1). The center of mass of ¢ (resp. j) is denoted by x; (resp. x;), their common edge is £ and the vertices
of ¢ are x, and x,. The position of the center of the edge ¢ is x;,. We denote by x4 a Gauss quadrature point located
on the edge ¢. The length of £ is |¢| and the volume of a cell ¢ is V;. The normal vector n, is the unit vector which is
orthogonal to the edge ¢ and outgoing for the cell 7. We define h = méin |€].

Given v = (v;) a vector in R™ we will denote respectively its Euclidian, L? and L® norms by
1/2

n 1/2 n
||v|=(_§;v§> , |v||2=<z;m?> LVl = max o
1= 1=

and we use the notation v > 0 (resp. v > 0) if, for all ¢, v; > 0 (resp. v; > 0).

3 Finite volume formulation

To simplify the presentation we suppose that & is isotropic : kK = xI, with K > Kmin. It is worth noting that the full
anisotropic case can be immediately dealt with by remarking that («kV#)-n = (V) - (k'n) and by replacing n by x‘n
in what follows. Moreover we assume that the discontinuities of k coincide with edges of the mesh.

3.1 Approximation of the interior fluxes

The first step to design a finite volume scheme consists in integrating on cell ¢

—/iV-nVﬁ-i-/i)\ﬂ:/if.

Thanks to the divergence formula we obtain

_Z/e,{va.n+/i)\ﬂ:/if. (3)

tci
Using a k-th order accurate Gauss’s quadrature formula for approximating the flux through the edge ¢



ﬁeZ/&Vﬁ-n
¢

we have

—Z|£|ngmxg ) (Vi) (xg4) nle—|—/)\uf/f—|—(’)

lei gel

where wy and x4 are respectively the weights and the points of the quadrature. Thus we have to approximate

r(xg) (V) (%) - mie-

Suppose that @ € W (Q) and denote :

A Taylor expansion at order k in the neighborhood of x4 gives

(x) = a(xg) + (x = Xg) - Vii(x,) +ZZ qawqayp () (e~ 2) (— 0"+ O (=) (@)

p=2q=0

U = %/iﬂ(x)dx

Integrating on cells ¢, j and dividing respectively by their volume V;, V; provides

Denote by @; the mean value of u in cell &

T = U(Xg) + (X — Xg) - Vu(xg) Vz ZZ q 8xq8y1’ P (xg) /(x —29)"(y — yg)" " 'dz + O (hk+1) )

k
iy = a(xg) + (%5 — Xg) - Vii(xg) Zf: 5axqayp q(Xg)/(xfxg) (y = y,)" "z + O (h*+")
hence
(xg = xi) - Vu(xg) = u(Xg) — Ui + Tgs,
(%; ) - Viu(xg) = Uy — U(Xg) + Ty;
with

Tgi = Z Z q amqayp P FaA =g (X /1(x —xg) !y —yg)" dx + O (hk'H) ,

Toi =T Z Z 4 axqayp q Sziogr—1 X9) /J(:c —29)"(y —yg)" dz + O (hk+1)

Using respectively x = x,, and x = x, in the Taylor expansion , we obtain

o) = ) + (5 — ) - Vi) + 3 3007 axqayp e (o) (@ = 20) (g — o)1+ O (W)

p=2q=0

with



k p _
or B B
Tre == ZZWW;,_Q(%) (2 = 20) (g = y0)" ™" = (& = 29) (g = 95)" ") + O (K1),

p=2 gq=0
Thus, we have the system
Va(xg) - (xg — %) = a(xg) — Ui + Tgi,
Vi(xg) - (x5 — Xg) = U — u(xg) + 7gj,
Vi(xg) - (xs — Xr) = U(xs) — (Xy) + Trs.

We can decompose the unit normal vector n;, both in the basis ((x4 — x;), (xs — X)) and ((x; — Xgq), (Xs — X;))

Xg — X; Xs — Xr Xj — Xg Xs — Xr
Ny = ;i + ] = Qi + .
= O e Tl TP e ] T Ty =l TP e — e
with
1 -
T (xg — Xi) - Mg ’
5, = D= e (g )
o
9= T ) - (kg — 30
and
I, — %
Qi = ———"1— >0
Y (x5 —xg) i T
B, = [[xs — %r|nie - (x; — xg)*"
9] —

(s =) - (% = %g)*

Thus, we have the expression of the gradient in the direction of the normal vector seen by the cell i, j, respectively

denoted by Vi(xg): - nig, Vi(xg); - Dig

_ Vi(xg) - (xg — X; Via(xg) - (x5 — %y
Vi(xg)i - nie = agi (Hi) _(xg-H ) + Bai (||i) —(X [ )7
g g 8 "
_ Via(xg) - (x5 —x Via(xg) - (%s — %y
Vi(xg)j - Nie = 0igj (Hi) —(xj I : *Pos (Hjc) —(X l )7
j — Xg s

that is to say, using ()

U(xXg) — Ui + Tgi U(xs) — U(xXr) + Frs

Vi T = Qe .
Hew e =T T T el
_ U; — U(Xg) + 7gj U(xs) — U(xr) + Trs
v e, — Y g 93 )
B T I =
If k is continuous on a Gauss point x4 of an edge ¢ we define
Kgi = Kgj = K(Xg)
while if it is not we define
kgi = lim k(x), kg; = lim k(x).

XEi—Xg XEJ—Xg

Thanks to the continuity of the flux

Kgi VU(Xg)i * Nie = kg VU(Xg)j - Ny,

we obtain

RgiQigq

1 ( KgjQgj
|

| Ty 1% = %l

U(Xg) = —grag; (aj + Tg;) + (@i —Tgi)

llxg —x;]

lIxg — x|

BB (o) — ) + ) — P () — ae) + 7).

l[xs — x|l

Inserting this value into @ or results in

(8)



KgikgjQgilgj

[Ix; — xgllkgicgs + lIxg — Xi||Kkgjcg;

KgiVU(Xg)i Ny = Kgj VU(Xg); - Myg = ( ) (@ — Ui + Tgj + Tgi)

KgikgjQgiBaillX; — Xql| ) — . =
+( ; ((x.) — (x,) + 70)
lIxs — x|l (x5 — XgllRgicgs + lIxg — Xil|K5gj0g;) ° " "

KgitigjOtgiBgillXg — Xi _ _ B
+<\|x — gillxg — x| )(u(xs)_u(xr)ws),

Ix; — Xgllkgicgi + [|xg — Xi||kgjrgs)

Let us assume that we have at our disposal an approximation u = (u;)1<i<n of @ = (%;)1<i<n. From u we can find a
high-order polynomial approximation P;(x) of @ in each cell ¢ while respecting the discontinuity lines of the diffusion
coefficient k (see Section [3.3). So, the numerical flux F¢(u) is defined by

Fe(w) = 16> w, Moty Qs (u — i + 74 (u) + rgs(1)
I )

x; — xgllKgiagi + [|xg — Xil[gjorg;

gel
KgikgjQgiBaillXi — Xy )
—+ PX37PXT+SL1
(T e e Sy ) () Fis) + o)
KgikgjQgjBgillXg — Xil| )
4 (Pi(xs) — Pi(xr) + s4i(0))
(HXS = x| (1% — Xgllkgicgi + [|xg — Xillegjrgs) !
with
k p
_ 1 P K q P—q
rgi(0) = sz Ng W(Xg)/i(l’—xg) (y —yy)" “du,
p=2q=0
k p
1 o P; _
() = =55 DN G k) [ (@ = )y )
prza=o ’ (11)
k p
W) = = 3 S NS o) (e = ) (0 — 90) = (= )"0 — ) )
g1 9 Yradyr—a g s g) \Ys =Yg r g) \Yr =Yg ,
p=2q=0
kK p
) I NP o’p; _ q _ P—q _ _ q _ P—q
5g5(1) qaxqayp—q(Xg) ((ms 2g)*(ys — Yq) (@r — 26)"(yr — yg) )
p=2 qg=0

Finally we obtain in a more compact form the following approximation of the flux through the edge ¢

Fe(u) = ye(u; — us) +re(u) (12)
with

KgikgjQgiQgj
Y= w ( ? > 20
Py, ! [x; — xgllKgiagi + [|xg — Xillkgjorg; ’

retw =1y | Foifa; 010t ) st + s )

x; — xgllKgicgi + [|xg — Xil[gjorg;

gel
+ ( KgikgjQgiBgillXg — Xil| ) (Pi(xs) — Pi(xy) + 8¢: (1))
lIxs — xr [l (x5 — XgllRgiag: + [Ixg — Xil|hgjg;) !
KgikgjQgiBaillXi — Xl
+ Pi(xs) — P;j(x,) + 545 (u
(e T e e ) (i) = () + i)

3.2 Approximation of the boundary fluxes

In this section we use the boundary conditions to estimate the boundary fluxes.

3.2.1 Neumann boundary condition

Integrating the Neumann boundary condition on an edge £ C I'y, we have

/mVﬂ-n:/gN,
¢ ¢



that is to say

= |4 nggl\’(xg) + O(hk)a

geL

we thus impose this equation on the numerical flux

u) = |¢| nggN(Xg)~

gel

3.2.2 Dirichlet boundary condition

Taking into account the Dirichlet boundary condition @(x,) = gn(x,) in (9) we have, for g € £ C I'p,

gp(Xg) — Wi + Tyi

ﬂ(xs) - fL(XT) + 'f’rs
lIxg — xill '

B

Viu(xg) - nie = ag:

+ /Bgi

By mimicking the expression of this exact flux, the numerical one is defined by

ﬂgi

l[xs — x|l

11 oy (e (a0 x) = () + (Px) = () + 5(w) )

geL

with rg;(u) and sg;(u) given in ((11)). In a more compact form we have
Wy kgQgill
Fe(u) WUH-Z( o] ‘gD(Xg)> + re(u)
2 Ty —
with

il
W:Z<L%|_|)20’

2Ty — i

B —— _Pai i(xs) — Pi(x rrs(u
) = I s () + 2 (P = P ) )

gt — x|

3.3 High-order reconstruction by interpolation

For a polynomial of degree k, we have to calculate

(k+1)(k+2)
2
coefficients, so at least (k + 1)(k + 2) neighboring cells of the cell are required for stability purpose [17, 23]. When it is
possible, the stencil will be centered on the cell, but the closer the cell is to the boundary or the discontinuity of x, the
more the stencil will be shifted in order to not to cross the discontinuity.

Figure 2: Construction of the stencil for the cell ¢ with a discontinuity (in red)



To be more precise, the construction of the stencil S; = {0, ..., p} associated with a cell ¢ is illustrated on Figure 2| For
the sake of simplicity, we have assumed that the cells involved in the stencil have been renumbered. First the cell i itself
(in blue) is added to the stencil and then we add the cells that share, at least, an edge with the cell i (in yellow). If the
number of cells we have already selected is not sufficient (in our case, (k+ 1)(k + 2) cells for a polynomial of order k), we
add the cells that have, at least, an edge linked to the cells that we have just been added to the stencil (in green) and
so on until we have enough cells. In all the above process, we impose that the stencil does not cross any discontinuity
of r (see Figure [2)).

Let wo, ..., up denote the p + 1 values of u used for the calculation, with p > 2. The polynomial is of the form

mm:E%ikmMmmmW@ww

The coefficients of the polynomial P(x) are assumed to satisfy

i/P(x)d:r:uj, vjeS;.
Vi

This leads to the following system

Uy femm g femw o g [@me)t 3 [ o
% 0 ! VO 0 Y Yi o VO 0 ’ % 0 Y Yi 1o uo

ao,1
: 1/. . P k : )
U feea) g femw g et g feew Suw/
Ve P Vo P Ve P Ve P ZS’Z —d

Since the matrix M has more rows than columns we have to use the least square method so that the vector a is computed
as the solution to the linear system: M*Ma = M*d. We use the Givens method (see [22] p.206 and following) to solve
the least-square problem.

In this process, we do not enforce the continuity of u at the vertices. Indeed, a priori, Pj(xs) # P;(xs) for i # j.

4 Monotonicity

A method borrowed from [36] 21 39, 20] and developed in the framework of 2D diffusion on arbitrary meshes can be
used to make the scheme monotonic. The flux can be rewritten as follows

+

Fe(u) = ve(uy —u) +re(a)” —re(u)”

with

) =)

+_ M >0 and 7¢(u)
5 >

5 2
Let us assume that u > 0, the flux then reads as

Fe(u) = (w + %j) uj — ('w + %) U

J

re(u)

re(u)t re(u)— g . . . .
and the coefficients ('yg + 5517)) and (’Y( + f(ui)) are positive. We end up with a two-point flux, which is very
J 7
favorable for the resolution of the system. However note that this system is non-symmetric and non-linear since its

coefficients depend on u.

4.1 Matrix form

The scheme reads as

—Z]:z(ll)-i-)\iviui =Vifi. (13)
eci
Consider a mesh the cells of which are numbered from 1 to n. Denoting



u = (ui)ici<n, b= (bi)i<i<n, A= (Aij)i<ij<n,
we can write ([13) as the matrix-vector product

A(u)u=bh, (14)
with
Au(u) - Z (’Yé + T[(U) ) + V)\u
(€i kgl N
(15)
+
Aij(n) =— > (w + —”(;) > i
ecing J
and

WekgOlgill
bo=Vifit S (w0 (S0 e | 4 Y 10 waon ), (16)

tei el p gel (€ileTy g€l

Remark 4.1. Assuming that f > 0 and g > 0, all the components of the right hand side b are non-negative. Assuming
moreover that f and g are not both identically zero, then at least one component of b is positive.

4.2 Picard iteration method

In order to solve we use a Picard iteration method. We start with an initial guess u® > 0, compute the matrix
A(u%) and solve A(u®)u' = b. Repeating this process, we build a sequence (u”) that, if it converges to a positive
vector, tends to a solution of the scheme. We stop the algorithm when the difference u*** —
iterates is small enough. To summarize, the following algorithm is used

u” between two successive

vr=20
A(u®)u' =b
v+1 v
While 1% Iz o, (17)

[u” |2
AuHu’™ =b
v=v-+1.

Unfortunately, we are unable to prove that the above algorithm converges. Nevertheless, we prove in Section below
that the scheme is well defined at each iteration of the algorithm, as soon as the initial guess u® is positive.

5 Properties

5.1 Conservation

By construction note that the scheme is conservative.

Proposition 5.1. Assume that u > 0 and consider homogeneous Neumann boundary conditions, then the scheme
defined by is conservative, that is to say

Zn: Vidiu; = i Vifi.
i=1 i=1

Indeed it satisfies the equality

> (- ) o

i=1 Lei



5.2 Monotonicity
Consider the definition of an M-matrix (see for instance [29])

Definition 5.2. An nxn matriz A that can be expressed in the forme A = sI—B, where B = (b;j)1<s,j<n with bj; > 0,
1<4,j <n, and s > p(B), the mazimum of the moduli of the eigenvalues of B, is called an M-matriz.

We use the following lemma

Lemma 5.3. A matriz A = (Aij)1<i,j<n ts an M-matriz if it satisfies the following inequalities
Vi#j4, Ay <0, and Vi, ZAU >0.
j=1

Moreover, if the last inequality is strict, we say that A is a strict M-matriz.
Proposition 5.4. Assume that u > 0. Then the matrice A defined by is such that A* is a strict M-matrice.
Proof. The matrix A satisfies .

Vi#j, Ay <0 and Vi, Y Ay >0

i=1

Indeed we have, for all j
- - re(u)” re(u)”
Sas=3 | X () 3 (e M) )
i=1 i=1 \(€i,0¢T N Leing
Thanks to Proposition [5.1] only the boundary terms and the mass term remain, for all j

S Ay=> > (WJFT[(ui) + A,V > 0.
i=1 v

i=1¢e(iNCp)

Theorem 5.5. Assume that f >0 and g > 0. Let A and b be defined by —. Then A='b =u > 0.

Proof. As A' is a strict M-matrix A is invertible and its inverse has only non-negative entries (see for example [33],
Corollary 3.20). In view of Remark the right hand side is non-negative, hence u = A~'b > 0. O

Remark 5.6. The scheme preserves positivity if the inversion of the linear system is exact. The above proof assumes
that the matriz M~ is calculated exactly. Obviously, in practice, this is not the case. In the tests we have carried
out, the error is small enough not to affect the calculations. However, in rare cases, the inversion of the matrix led to a
solution with negative components, causing the calculation to stop. This error can be reduced by working on the condition
number of the matriz or on methods for solving linear systems, which is a perspective.

5.3 Well-posedness of the Picard iteration method

Proposition 5.7. Assume that f >0, g > 0, and either || f||L2(q) > 0 or ||gllL2a0) > 0. Assume moreover that u’ > 0.
Then, the algorithm defines a sequence (u”),>o such, that for all v, u” > 0.

To prove this property, we need to introduce the concept of irreducible matrix: see [33 Definition 1.15].
Definition 5.8. An n x n matriz A is reducible if there exits an n X n permutation matrix P such that

PAPt — |:A11 A12:|

0 A

where A11, A12, Age are respectively r X r, v X (n —r) and (n — 1) X (n —r) sub-matrices with 1 < r < n. If no such
permutation matriz exists, then A is irreducible.

The matrice A defined by is irreducible thanks to the following Lemma (see |33, Theorem 1.17]).

Lemma 5.9. To any n X n matriz A we associate the graph of nodes 1,2,...,n and of directed edges connecting x; to
x; if Aij # 0. Then A is irreducible if and only if for any pair i # j there exists a chain of edges that allows to go from
X; to xj,

Ai,kl 7é0 A)Akl,lcQ 7é 00— --- %Akm,j 7&0

10



With these definitions we can make use of the following theorem (see [33], Corollary 3.20).
Theorem 5.10. If A is an irreducible strict M-matriz, then it is invertible and, for all i, j (1 <i,5 <n), (A" > 0.
We are now in position to prove Proposition

Proof of Proposition[5.] We argue by induction on the index v. We assume that u” > 0. Hence (A(u”))" is a strict
M-matrix (see Proposition . It is easy to check that (A(u”))" is also irreducible. Thus, applying Theorem
(A(u”))! is invertible and all the entries of (A(u”))”* are positive. Consequently, all the entries of (A(u”))~' are
positive. Using Remark we know that all components of b are non-negative. Moreover, because of the assumption
that either ||f|| 2(q) > 0 or ||g||L2(sq) > 0, at least one component of b is positive. We thus have, for all i (1 <i < n)

n

u/ =Y (Au));;h; >0,

j=1
since all terms of this sum are non-negative, with one at least that does not vanish. O

Proposition shows that the condition u” > 0 remains satisfied during the Picard iteration method, which allows to
define A (u”) for all v > 0.

6 Numerical experiments

Given Q =0, 1[%,  a diffusion coefficient and g a function defined on 99, consider Problem with A=0and 'y =0

{—V~(mVu):f in a8)

u=g on Of.
In addition to Cartesian meshes we will use the two following types of meshes (see Figure [3):

1. deformed meshes, the deformation of which from the Cartesian mesh is given by

(z,y) = (x + 0.1sin(27z) sin(27y), y + 0.1 sin(27x) sin(27y)),
2. randomly deformed meshes, the deformation of which from the unit Cartesian mesh with cells of size Az is given

by

(z,y) = 0.1(z,y) + 0.9(x + 0.45aAz,y + 0.45bAx),

where a, b are random numbers distributed according to the uniform law on [—1, 1].

FU Ly
e Ny
'---‘\ )

iy
L7

. =

T

N

...

Z 7

=
Ny AW ¥l vy
T

7

=
R a iy

| =
A
AWP S WIASNE]
S R
A PANABN =SSV
Saeee A2 T
S Filp Sy B VA s adivar el
S=———n O R SRt =
e \praNysys e R ErARVAWY.
T o T T s
dvacTikrs R el
N

e
o=
L]

I
AN
)
L
e

[
T
T
7
e
(BN
y

T
g
it

B!

8

)

T

]

NSNS~

SeeN
)

AR

Ty

\

LI
A

LT
‘\\\\\\\
=

Z

LY

s
L

T

5

LAY
W
l‘l

LY
L7
Iy
s
7
””I

7
HH

H11 1

sV
e

H
i
rl

(a) A deformed mesh (b) A randomly deformed mesh

Figure 3: Examples of deformed meshes.

The L2-error on the solution and the L?-error on the fluxes used in the following tests are respectively given by

11
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We also use the H' semi-norm error defined by
[Viu— Vil
IVl

where

1/2

1/2
IVl = <2Vi |vfa<xi>|2> . Vi =Vl = (Z% IV Pi(x:) va<xz~>||2> :
P; being the polynomial obtained by reconstruction with the approximated values of the solution u.

For all the tests, the stopping criterion y and the initial guess u® of the fixed-point algorithm (I7) are x4 = 1072 and
ul = 1,Vi. We use the linear solver GMRES with the preconditioner TLU (see [28], Chapter 7.4) with the convergence
criterion is 107,

6.1 Numerical accuracy assessment

In this section we present numerical results for diffusion problems of type with analytical solutions. The first (resp.
second) case involves a discontinuous (resp. anisotropic) diffusion coefficient. Numerical convergence rates are evaluated
using the L? norm of the solution as well the L? norm of the fluxes and the H' semi-norm. We perform a convergence
study for these problems with a sequence of successively refined deformed meshes as that shown in Figure [3a] For the
sake of brevity we present only the results on this type of mesh. We obtain similar results on randomly deformed meshes
as that shown on Figure We will also skip the case of continuous scalar diffusion coefficient, as it is simpler than the
discontinuous and anisotropic cases.

6.1.1 Discontinuous diffusion coefficient

Recall that we have assumed the possible discontinuities of the diffusion coefficient s coincide with edges of the mesh.
Given

. f(x) =277 cos(mz) cos(my) + 20, g(x) =0,

|
N = N =

the function

cos(mx) cos(my) — 102% 4+ 12 if x < %,
=9 13 1
5 cos(mx) cos(my) — bx” + T if x> 3,

is solution to . Results are summarized in Figure 4| which shows that all schemes are k-th-order accurate in the
L? norm of the solution as well the L? norm of the fluxes and the H' semi-norm. We can note that there is a
superconvergence for odd orders.

We see that, even if Vu is discontinuous in this problem, we are able to achieve an arbitrary order of accuracy. The
by point for this is to design a stencil that do not cross discontinuities of k, as explained in Section [3.3

6.1.2 Anisotropic diffusion coefficient

Given

Kk(x) = ( é g ) ., f(x) = 3n°sin(mz) sin(my), g(x) =0,

the function @(x) = sin(rx) sin(my) is solution to (I8). Results are summarized in Figure 5| which shows that all schemes
are k-th-order accurate in the L% norm, the L? norm of the fluxes and the H' semi-norm. We can note that there is
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Figure 4: L?-error on the solution (top left), L?-error on the fluxes (top right) and H' semi-norm error (bottom left)

for problem of Section

a superconvergence for odd orders. Of course, similar results have been obtained for a scalar-valued diffusion coefficient «.

Scheme | Number of cells per direction | Number of iterations | Execution time (ratio)
Order 1 168 172 1

Order 2 212 180 2.33

Order 3 31 132 0.10

Order 4 31 120 0.20

Order 5 19 103 0.20

Order 6 14 124 0.26

Order 7 16 143 1.08

Order 8 10 154 0.78

Table 1: Minimum number of cells to reach a precision on the L2-error of 10~° with the time of execution and the
number of iterations of the fixed point algorithm for order 1 to 8 for problem of Sectionl@

13



100 F 5
-1 i
10 101 | i
—2 | i
10 E 1072 E
-3 i .
10 E 10-3 | E
—4 L 4
10 E g 1074 F E
E E|
5L i 4]
. 10 El = 1070 E
5 2
= -6 L ] =
v o= 0
[ I 8
107 ¢ E £ q07k .
-8 L 4 N
10 E 10-8 | E
-9 | 4
10 : E| 10-oL ]
107 E E 10-10 [ ]
107! E E 10-1 | il
10712 | I | I I | 3 i I | | | |
8 16 32 64 128 8 16 32 64 128
Number of cells per direction Number of cells per direction
T T T
10° E
107" E Results with k = 1
2 0 Results with k = 2
1072 ¢ E| # Results with k =3
o Results with k = 4
1073 E| 4 Results with k =5
1 @ Results with k = 6
1074 ¢ E Results with k = 7
E Results with k = 8
8 1075 < * Results with k = 9
% 1 y=a"'
T 107°¢ E i y=a"*
1077 E -
1078 E 7
1079 E
10710 F E o
101k 4
£ | | | E|

Il Il
8 16 32 64 128
Number of cells per direction

Figure 5: L?-error on the solution (top left), L?-error on the fluxes (top right) and H' semi-norm error (bottom left)

for problem of Section

Scheme | Number of cells per direction | Number of iterations | Execution time (ratio)
Order 3 323 135 1

Order 4 343 135 2.49

Order 5 93 122 0.56

Order 6 76 134 0.73

Order 7 46 90 0.52

Order 8 40 76 0.62

Order 9 30 75 0.75

Table 2: Minimum number of cells to reach a precision on the L2-error of 10~° with the time of execution and the
number of iterations of the fixed point algorithm for order 3 to 9 for problem of Section @

Table [1| (resp. Table [2) gives the minimum number of cells per direction required to achieve an accuracy of 107° (resp.
107?) on the L?*-error, with the number of iterations of the fixed point algorithm and the time of execution. As expected,
the number of cells needed to achieve the desired precision (first column) is a decreasing function of the order. The
second column gives the number of fixed point iterations required to satisfy the stagnation criterion. This number is
either constant or decreasing with the order, which is not intuitive and is a good point. The more interesting column
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is the last one giving the total computational cost of the method. This computational time is a trade-off between the
algorithmic complexity and the precision of the method, which both increase with the order. We notice that, in general,
execution time decreases as the order increases. For a large error setpoint value (1075), the optimal choice of scheme
is the third-order one. However, when decreasing the error setpoint value (1079) higher-order schemes perform better,
and the optimal order becomes seven. We anticipate that small values of the error setpoint will favor the highest orders.
We obtain speed-ups of factors up to ten in term of computational time to reach the desired precision. We also observed
that odd orders perform better than even orders. This confirms what we notice on Figures @ and [5f a super-convergence
is achieved for odd orders. We also observe a somewhat spectral convergence: for a fixed mesh size, the error decreases
as k grows.

6.2 Monotonicity assessment

We propose a challenging benchmark borrowed from [38] to compare a non-monotonic scheme, which can give nonpositive
solutions (in this case the usual DDFV scheme), with our monotonic high-order scheme which always gives nonnegative
solutions. For this test we have used Cartesian meshes.

6.2.1 Tensor-valued coefficient x and square domain with a square hole

Consider the square domain with a square hole € =]0, 1[*\ [3, 3]2, f(x)=01in Q and g(x) = 0 (resp. g(x) = 2) on the
external (resp. internal) boundary. We choose

o cosf  sinf 1 0 cos§ —sind g~
=\ —sing coso 0 10* sinf  cos@ ’ T 6

Figure 6: Numerical solution obtained with the DDFV scheme on a highly refined mesh (1310720 cells of size Az =

1/1152).
Monotonic scheme | Minimum | Maximum
Order 1 1.3e — 28 1.96
Order 2 1.0e — 21 1.96
Order 3 1.7e — 27 1.98
Order 4 3.9¢ — 30 1.97
Order 5 1.1e — 27 1.97
Order 6 4.3e — 27 1.98
Order 7 7.9¢ — 25 1.98
Order 8 5.4e — 21 1.98

Table 3: Minimum and maximum of the numerical solution to the problem of section for a Cartesian mesh with
2000 cells of size Az = 1/45.

We compare the results obtained with the monotonic high-order schemes on a Cartesian mesh with 2000 cells of size
Az = 1/45. The stopping criterion of the fixed point algorithm is p = 107'2, except for order 6 for which y = 107'°
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(e) Fifth-order (f) Sixth-order

Figure 7: Numerical solutions obtained with monotonic schemes of order 1 to 6 for a Cartesian mesh (2000 cells of size
1/45).

and for order 7, 8 for which 1 = 107 to reduce the computing time.

As explained in Remark the precision of the inversion of the linear system sometimes leads to negative entries in
the solution vector u. In general, this can be fixed by using the result of a low-order calculation as the initial guess of
the high-order calculation. This procedure is also favorable regarding the computation time. It significantly reduces the
overall cost of the simulation. However, we encountered one case for which this fix was not sufficient. For the test of
order 5, for a Cartesian mesh with 86 cells per direction, we did not manage to run the simulation. We think that this
is a severe issue for this kind of methods which is in general not addressed in the papers. In the near future, we intend
to work on the linear system inversion.

Even for a highly refined mesh (1310720 squares of size Az = 1/1152) the solution obtained with the usual (non-
monotonic) DDFV scheme (see Figure @) has negative values up to —2.11 x 1073. On the other hand the high-order
solutions obtained with the monotonic scheme remain always positive whatever the order: see Figure [7] and Table
which gives the minimum and the maximum of each solution calculated with a Cartesian mesh (2000 cells of size 1/45),
up to order 6. We also observe on Figure m that the solution for & = 3 is closer to the converged solution (see @ than
the solution for k = 1. This is reminiscent of the spectral convergence we pointed out in Section [6.1
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6.2.2 Fokker-Planck type diffusion equation

This benchmark is a simplified version of the one from [25]. Given Q =] — 50,50[%, T = 250, v = (vs,v,) the velocity
variable and V = (—20, 20) the averaged velocity, we are looking for the distribution function 4 = @(v,t), solution to
the simplified Fokker-Planck equation

ou

5 — Vv (kYD) =0 i Qx0T
kVyt-n=0 on o0 x [0,T], (19)
a(0) = @’ in Q,

where the diffusion coefficient & = 1(v) and the initial condition @° are given by

1 1
k(V)=I--—=vav, @’ (v) = = exp(—|lv = V|?). (20)
vl ™
Note that the full Fokker-Planck equation would read as
ou _ _
e + Vv - (via) = Vy (kVya) =0.

The diffusion coefficient x defined by is degenerated: it does not satisfy , hence the theoritical results of the
preceding Sections do not apply to the present case. It follows in particular that the well-posedness of the fixed-point
algorithm (see Section is no longer ensured. However, @ should remain positive, and the non-monotonic DDFV
scheme produces non-physical negative values. We will see that our monotonic scheme fixes it. This diffusion tensor
correspond to a degenerate diffusion problem along the circle of radius ||v]|.

The backward Euler scheme is used for time integration.

1.04e-02
7.73e-03

5.07e-03

SR

2.41e-03 |

-2.48e-04 i

Figure 8: DDFYV solution to at time T = 250 on the Cartesian mesh of 200 x 200 cells.

Scheme Minimum of the solution | Maximum of the solution
DDFV scheme —2.48¢ — 4 1.04e — 2
Monotonic scheme of order 1 1.5e — 23 2.8¢ —3
Monotonic scheme of order 2 7.5e — 22 2.9¢e — 3
Monotonic scheme of order 3 1.1e — 18 5.0e — 3
Monotonic scheme of order 4 2.5e — 22 4.3 —3
Monotonic scheme of order 5 7.8e — 23 5.7e — 3
Monotonic scheme of order 6 2.3e — 20 5.8¢ — 3

Table 4: Minimum and maximum of the numerical solution to the problem of section for the Cartesian mesh with
200 cells per direction.

17



To limit the calculation time, the stopping criterion of the fixed point algorithm is g = 107°. Figure EI displays the
numerical solutions obtained with the Cartesian mesh of 200 cells. Table@ gives the minima and maxima of the DDFV
solution and the numerical solution obtained with the monotonic schemes up to order 6. We observe that the minima of
the solutions to monotonic schemes always remain non negative, as expected. Compared to the solutions obtained with
the DDFV scheme, given by Figures [§] and the solutions obtained by the monotonic DDFV schemes, given in [7], the
monotonic arbitrary order schemes are more diffusive (in the radial direction). However, we can note that the higher is
the order, the less diffusive (in the radial direction) is the scheme.
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0.0004
0.0002
1.5e-23
(a) Solution obtained with the
monotonic scheme of order 1
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0.0045
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— 0003
— 0.0025
— 0.002
0.0015
0.001
0.0005
1.1e-18
(c) Solution obtained with the
monotonic scheme of order 3
5.7e-03
0.0055
0.005
0.0045
— 0004

- 00035

— 0003

— 00025

0,002

00015

0,001

0.0005

7.86-23

(e) Solution obtained with the
monotonic scheme of order 5

Figure 9: Numerical solutions obtained with monotonic schemes of order 1 to 6 for a Cartesian mesh with 200 cells per

direction for problem of Section@
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7 Concluding remarks

This paper proposes an arbitrary-order monotonic Finite Volume scheme for the elliptic problem on general 2D
meshes. The new non-linear method we have detailed here is arbitrary-order convergent even for anisotropic and/or
discontinuous diffusion coefficients on deformed meshes. Furthermore it allows to deal with all boundary conditions
(Dirichlet, Neumann). This scheme uses a polynomial reconstruction involving values in neighboring cells to evaluate
the secondary unknowns at the Gauss quadrature points. We have adapted the non-linear process from [36] to enforce
monotonicity. We have assessed numerically both its accuracy and monotonicity.

Numerical performance could be improved. Indeed, the convergence of the fixed-point algorithm is not guaranteed
and may be very slow. This is observed in particular in test cases where the classical DDFV scheme gives negative
solutions. Techniques for accelerating this fixed point could be explored, such as Anderson acceleration (see [31}, [1]) or
the e-algorithm (see [9] [§]).

The next step is to extend the method to non-linear diffusion (with a diffusion coefficient depending on the unknown)
and to arbitrary order unsteady diffusion, taking inspiration from [I8] for example. The extension of the scheme to the
three-dimensional case, based on the same ideas, is the subject of ongoing works.
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