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Abstract

The time discretization of a very high-order finite volume method may give rise to new
numerical difficulties resulting into accuracy degradations. Indeed, for the simple one-
dimensional unstationary convection-diffusion equation for instance, a conflicting situa-
tion between the source term time discretization and the boundary conditions may arise
when using the standard Runge-Kutta method. We propose an alternative procedure by
extending the Butcher Tableau to overcome this specific difficulty and achieve fourth-,
sixth- or eighth-order of accuracy schemes in space and time. To this end, a new finite
volume method is designed based on specific polynomial reconstructions for the space
discretization, while we use the Extended Butcher Tableau to perform the time discretiza-
tion. A large set of numerical tests has been carried out to validate the proposed method.

Keywords: finite volume, very high-order, convection-diffusion, polynomial
reconstruction, Butcher Tableau.

1. Introduction

Very high-order finite volume schemes involving diffusive or viscous contributions is
a recent but important challenge [T, 2] (see [3] for a generic framework of the finite
volume method with diffusion terms). In [4], a new high-order finite volume method
has been developed providing up to a sixth-order approximation for the two-dimensional
steady-state convection-diffusion problem. The method is based on specific polynomial
reconstructions used for the convection and the diffusion fluxes [5] [6] [7, 2, [§]. The issue
we address here is the extension to the time-dependent case. The semi-discretization
in space results in an initial value Ordinary Differential Equation (ODE) system where
standard methods produce a fully discretized system. The Runge-Kutta method [9] is
one of the most popular schemes but alternative techniques such as the strong stabil-
ity preserving time discretization schemes [10] or the ADER method [11] 12} [§] may be
considered. Nevertheless, a straightforward application of the time discretization of the
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ODE is not fully satisfactory since, as we shall prove in the paper, accuracy deterio-
ration is observed when dealing with fourth-, sixth- or eighth-order methods. Indeed,
numerical problems appear close to the boundary resulting from an inadequacy between
the time discretization of the diffusion term of the differential equation and the Dirichlet
or Neumann boundary conditions where such a phenomenon arises when dealing with
time dependent boundary conditions. The goal of the present study is to overcome this
problem introducing two time-discretizations (one for the differential equation and an-
other for the boundary conditions) such that they match in the sense that a class of
functions (for example constant in space) are exactly solved. We present the method for
one-dimensional geometries for the sake of simplicity since the main difficulty concerns
the time discretization, being the extension for higher spatial dimension the subject of a
future work.

The paper is organized as follows. In the second section, we introduce the notations
and ingredients to perform the space discretization for the steady-state problem rephra-
sing [ for the one-dimensional context. The motivation is that the time discretization
is based on the stationary case by using the method of lines. Section three is dedicated
to the design of high-order finite volume schemes for the time-dependent case where we
develop a new class of time discretization to preserve the compatibility between the source
term and the boundary conditions. Section four deals with the numerical tests showing
that the scheme provides fourth-, sixth- or eighth-order accuracy both in space and time.
We propose examples which show that the straightforward time discretization may not
provide the expected order whereas the new method effectively gives the optimal order of
convergence or a significant improvement. In the last section we present the conclusions
of the work.

2. Steady-state convection-diffusion problem

Very high-order finite volume discretization in space is introduced in the present sec-
tion. We first deal with the steady-state context since it is an important building-block
for the time-dependent problem we shall tackle in the next section. The main ingre-
dient is a polynomial reconstruction procedure which provides accurate representations
of the solution further used to evaluate the flux for the convection and the diffusion
contributions.

2.1. Finite volume discretization

We seek function ¢ = ¢(z) solution of the steady-state convection-diffusion equation

(U¢)/ - (Hd)/)/ = fv in Qv (1)

where = (z1,,zr) is an open bounded interval of R, the diffusive coefficient k = k(x)
and the convective coefficient v = v(z) are regular functions on Q with k(z) > ko > 0,
and f = f(x) represents a regular source term. We shall consider three different types
of boundary conditions:

e Dirichlet: ¢(Z) = ¢p(Z);
e total Neumann: v(Z)¢(Z) — k(Z)¢'(T) = ¢1(T);
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Figure 1: Notation for the mesh, cells, and interfaces.

e partial Neumann: —k(Z)¢'(Z) = ¢p(T),

where Z is a boundary point and ¢p = ¢p(z), ¢ = ¢r(x), and ¢p = ¢p(z) are given
functions (only defined at points zy, and zg for the one-dimensional case, being the
extension for the two-dimensional situation straightforward). Other boundary conditions
as the Robin condition can also be considered (see [I3] for instance).

We underline the main difference between the total Neumann condition and the par-
tial Neumann condition. In the first case, the natural flux involving both the convection
and the diffusion are linked to a given function ¢, whereas in the second case only the
diffusive part is controlled by an external function ¢p. We shall see in the following that
Neumann conditions shall bring numerical difficulties when dealing with large Péclet
numbers.

To perform the space discretization we denote by 7 a mesh of the interval Q constitu-
ted of cells K; = [xi_%,:cpr%], i=1,...,1, with centroid z;, where z1 = xr,, Trii = TR,
and Tipr=a; 1+ hi,i=1,...,I stand for the interfaces (cf. Fig. .

Using the classical finite volume methodology, equation is integrated over cell Kj;,

i=1,...,1, resulting in
1
T%‘ (IFH% _FF%) —fi=0, (2)

where we set the physical flux as

The exact mean source term f; is approximated by f; through Gaussian quadrature
approximation and the numerical approximation for the exact fluxes ]Fii% is the subject
of the next two subsections.

2.2. Polynomial reconstructions

To achieve high-order numerical approximations, we introduce local polynomial re-
constructions of the underlying solution whereas second-order popular techniques use
local interpolation based on centroids or vertices (see [14] for the two-dimensional case).
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We adapt the reconstruction procedure developed in [4] for the one-dimensional situa-
tion and highlight three specific and important points: interpolations are carried out with
mean values such that the mass matrix deriving from time discretization turns out to be a
diagonal one (see next section); conservative polynomials are well adapted for convection
fluxes while non-conservative polynomials associated to the interfaces are required for the
diffusive contribution; and the weights distribution in the minimization process is crucial
to provide a positivity preserving scheme when dealing with pure diffusive problems.

At the first stage, we define the stencils associated to the cells and the interfaces.
For any cell K;, i = 1,...,1, and any degree d of the polynomial reconstruction, we
shall denote by S; the stencil composed of the even n closest neighbor cells (excluding
cell K;). In the same way, for any interface Tip1, 0= 0,...,1, and and any degree d of
the polynomial reconstruction, we denote by S, 1 the stencil constituted of the even n
closest neighbor cells of the interface.

The second stage consists in defining the polynomial reconstructions based on the
data of the associated stencil. To this end, we assume that ® = (¢;)i=1,..1, ¢ €R, is a
vector gathering approximations of the mean value of ¢ over cells K;, i = 1,...,I. We
have to consider three cases:

e Conservative polynomial reconstruction on cells: let i € {1,...,I}. The polynomial
reconstruction of degree d associated to cell K; is defined as

d
¢i(z) = di+ Y, Rial(z—2:)" — M;a],
a=1

where we have set M; o, = hi SK» (x — z;)* dzx to provide a conservativity property,
that is, h% Sk, ®i(x)dz = ¢;, and the vector R; = (Ri,a)a=1,..¢ gathers the poly-
nomial coefficients. For a given stencil S; and vector w; = (w;j)j=1,.. #S,, Wi;j
positive weights of the reconstruction, we consider the quadratic functional

2
Ei(R) = ) wi l;} L{‘ ?;(z) dﬂfd’j] :

J€Si

We denote by éz the unique vector which minimizes the quadratic functional and
set @, the associated polynomial that corresponds to the best approximation in the
least squares sense of the data of the stencil.

e Conservative polynomial reconstruction on boundary interfaces: to take the Dirich-
let conditions into account, we introduce two polynomials associated to the bound-
ary interfaces © = x1, and * = xrr. The polynomial reconstruction of degree d
associated to the boundary interface x = xy, is defined as

d
¢1(x) = dn(ry) + 3 Byale —ay)
a=1

where again we have a conservativity property, that is, ¢1 (x%) = ¢p(x 3 ), and the
vector R% = (Réya)azl,,_”d gathers the polynomial coefficients. For a given stencil
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S% and vector wi = (w%7j)j:1,__.7#51 ;Wi positive weights of the reconstruction,
1 :
we consider the quadratic functional
) 2
E%(R%) = Z w%,j [h] JK‘ ¢%($L’)dl’ - Qﬁj] .
J

JeS1
2

We denote by R 1 the unique vector which minimizes the quadratic functional and

set (7); the associated polynomial that corresponds to the best approximation in
the least squares sense of the data of the stencil. We proceed in the same way for

polynomial ¢[+% at interface Try1 = TR

e Non-conservative polynomial reconstruction at inner interfaces: let i e {1,..., I —1}.
The polynomial reconstruction of degree d associated to interface x, 1 is defined
as

d
¢z+%(x) = Z RH—%,a(x - :EH—%)aa
a=0

where the vector RH% = (RiJr%}a)oc:l,..‘,d gathers the polynomial coefficients. For a
given stencil ;1 and vector w; 1 = (wi-&-%,j)j:l,m,#SH% ; wip 1 positive weights

of the reconstruction, we consider the quadratic functional

~

2
1
Ei+%(Ri+%) - SZ: Wit .4 lh] JK¢1‘+%($) dx — ¢j] .
IS 41 J

~

We denote by R, 1 the unique vector which minimizes the quadratic functional

and set ¢~Si +1 the associated polynomial that corresponds to the best approximation
in the least squares sense of the data of the stencil.

2.8. Numerical scheme

To provide an accurate approximation to the convection-diffusion problem, the poly-
nomial reconstructions are employed to design the numerical fluxes. We propose the
following expressions based on [4] (we use the notations [v(x)]T = max(v(z),0) and

[v(2)]” = min(v(z),0)):

e left boundary interface:

[0(e )] é(y) + [0(1)] By (ey) — 5 )dy (1), if Dirichlet:
F1 (®) =< o7 (x% , if total Neumann;
v(x%)(;&l (1) + dp(z1), if partial Neumann;
e inner interfaces (i =1,...,I —1):

Fi-&-%(@) = [U(mi+%)]+$z‘(xi+%) + [U(xi+%)]7¢i+1(xi+%) - ’i(xi+%)¢i+%(xi+%)§



e right boundary interface: similar to the left boundary interface.

Remark 1. Total Neumann boundary condition at point T contains the convective con-
tribution which implicitly provides a Dirichlet-like condition. Indeed, for a zero diffusion
process, this type of boundary condition prescribes the convective flux, namely v(Z)o(Z).
Since v(Z) is given, the ¢(T) value is implicitely fixed. The problem is that such a sit-
uation is not physically relevant for pure convection problem with an outflow condition.
When dealing with partial Neumann boundary condition, one has to discretize the con-
vective contribution. Since no value on the boundary T is available, the scheme does not
involve the upwinding for inflow conditions. It implies that the method is not uncondi-
tionally stable with respect to the space parameter. In particular, for an inflow situation,
we are dealing with a downwind scheme which requires a stability condition with respect
to the velocity, the diffusion, and the characteristic length of the mesh.

Based on the linearity of the polynomial reconstruction, the definition of the numeri-
cal fluxes, and the finite volume formulation , we obtain an affine operator such that
for any ® € R? we associate G(®) € R given component-wise by

Gi(@) = o (Fiyy (@) = Fiy(#) — £
h; 2 2
where the affine operator is parameterized by the data of the problem k, v, f, ¢p, ¢,
¢p, the mesh, the stencils, and the weights of the quadratic functionals.
The numerical solution is then given by vector ®f = (@T)i:l,---, 1 which is the solution
of the linear problem G(®) = 0;.

Remark 2. Notice that the problem is matriz-free in the sense that we do not explicitly
produce the matriz and the right-hand side associated to the affine problem. Iterative
methods like Krylov or Jacobi methods take advantage of it.

3. Time-dependent convection-diffusion problem

We now turn to the time-dependent situation and develop very accurate finite volume
schemes both in space and time. We reuse the notation introduced in the previous section,
just pointing out the necessary adaptations. For instance, the boundary conditions and
the polynomial reconstructions now depend on the time parameter ¢.

3.1. Finite volume discretization
We seek for function ¢ = ¢(z,t) solution of the time-dependent convection-diffusion
equation
01 + 0p (V) — 0p (KO d) = f, in Q x (0, ], (3)
where k = k(z,t) and v = v(x,t) are regular functions with x(x,t) = ko > 0, f = f(z,t)
is a regular source term, and ¢ty > 0 is the final time. We also prescribe the initial
condition

#(-,0) = ¢", inQ,
and consider three different types of boundary conditions:

6



e Dirichlet: ¢(z,t) = ¢p(T,t);
e total Neumann: v(Z,t)p(Z,t) — (T, t)0,0(T,t) = o1 (T, t);
e partial Neumann: —k(Z,t)0,6(Z,t) = ¢p(Z,t),

where again T is a boundary point and ¢p = ¢p(z,t), o1 = ér(z,t), and ¢p = ¢p(z,t)
are given functions. Of course, compatibility conditions with the initial condition are
required to provide the full regularity when dealing with smooth functions.
We apply the method of lines starting by integrating equation over cell K; to
provide the semi-discretization in space
do; 1
Sk (e

% (t)+h7

(O = Fi_y (1) = Jit) =0, te (0,4],

with

3.2. Discretization in space

To derive the space discretization we first introduce vector ®(t) = (¢;(t))i=1,...1,
where ¢;(t) is an approximation of ¢;(t). We now substitute the exact fluxes Fir1(t)
on interfaces by the numerical approximations F; 1 (t). To this end, we consider an
extension of the polynomial reconstruction where the time is a parameter. For ¢ fixed,
we determine vectors R;, i = 1,...,1, R%, R1+%7 and RH%, i=1,...,1 —1, in the
same way we have done in tAhe previous section. rllhus, we get the time-parameterized
polynomial reconstructions ¢;(x,t), i = 1,...,1, ¢1(z,t), ¢y 1(x,t), and @1 (z,1),
i=1,...,I—1. From this polynomial reconstruction extension, we propose the following
expressions for the numerical fluxes:

e left boundary interface:

[v(zs, )] dp(21,t) + [v(zy,1)] @i (21,1)
Fo (1, B(1)) = — x%,t)é’xqb% (Ji%,t), %f Dirichlet;
2 qST(x%,t), if total Neumann;
v(x%,t)a)l(x%,t) + ¢p (w1, 1), if partial Neumann;
e inner interfaces (i =1,...,I —1):

~

Firi(t,0(1)) = [v(xﬁ%’t)]*@i(%%,t) v 1 0] @i (@i 100)

1
2
(@15 ) 0niy L (T4 1, 1);

e right boundary interface: similar to the left boundary interface.
7



The exact mean source term f;(¢) is substituted by the Gaussian quadrature approxima-
tion f;(t) and the residual form of the finite volume scheme on cell K; writes

do;
dt

)+ Gi(t, () =0, i=1,...,1, (4)

where

1
Gi(t, 0(1) = o (Fiay (1,0(0) = Fiy (1, 0(0))) = (0).
The time parameterized function ®f(¢) = (¢! (£))i—1.....; is the solution of the differential
system , which gathers all the components for ¢ € (0, t¢] such that

ol0) = 5 | @

The main issue we shall address in the following subsections is that, in the present
form, operator G = G(t, ®(t)) does not distinguish the source term and the boundary
Dirichlet or Neumann conditions. It results that the time discretization, for instance
a Runge-Kutta method, operates in the same way with the three time-dependant con-
tributions which, as we shall highlight, is responsible in some loss of accuracy. Indeed,
incompatibilities in the time discretization between the source term and the boundary
Dirichlet or Neumann conditions may arise leading to a convergence order degradation
of the overall scheme.

3.3. Runge-Kutta methods

To proceed with the time discretization, let N be a positive integer and set the time
step At = t—j\ff and the time subdivision t" = nAt, n =0,...,N. Operator G = G(t, ®(t))
is a time-parameterized function and the generic s-stage Runge-Kutta method to solve
the initial value ODE system is given by

O = " 4+ At Y b K™, (5)
k=1

starting from an initial value vector ®°. In the previous equation we have set (notice the
minus sign)

S
Kk = —g (t"k M+ AL Y aHIC"’Z) L k=1,....s, (6)
=1

at time ¢™* = t" + Atcy, with a = (a¢), an s x s real matrix, and b = (b) and ¢ = (¢y),
two vectors of R, usually presented in a table called Butcher Tableau like Table [Tl We
recall that we have an explicit Runge-Kutta — ERK if the elements a; ; = 0 for ¢ < j;
if there exists at least one element a;; for ¢ < j that is non-null, then we obtain an
implicit Runge-Kutta method — IRK; if a; ; = 0 for 7 < j and a1,; = 0 with all diagonal
entries equal, we have an explicit singly diagonally implicit Runge-Kutta — ESDIRK).
We rewrite the Runge-Kutta formulation into an equivalent but more convenient
formulation using intermediate stage vectors

s
Pk = " + At Z ak,gIC”’e,

£=1
8



Table 1: Butcher Tableau for the generic s-stage Runge-Kutta method

Ci1|ai1 -+ Qigs
Cs | As,1 *° Ggs
by -+ b

being the s-stage Runge-Kutta methods given by

Pk _pn 4 At Z akvgg(t"’z, ‘I’n’g) =07, k=1,...,s,
=1

and

S
O = " — At Y bpG(tMF, &™),
k=1
As a consequence, the source term and the boundary conditions are evaluated at the
same time t™* to compute stage ®* which will bring some numerical errors leading to
a loss of accuracy as we show in the two next subsections.

8.4. The Dirichlet case
We first deal with Dirichlet boundary conditions on both boundary points.

8.4.1. Example of accuracy losing for the Dirichlet case

We detail an example to highlight that the interaction between the time discretization
and the time-dependent boundary condition may lead to a loss of accuracy. To do so,
let consider an example with null velocity since the difficulty is already contained in
the diffusive contribution so we assume that the following conditions hold: = (0,1),
v(z,t) = 0, k(x,t) = 1, f(z,t) = 2t, °(x) = 0, and ép(7,t) = t2, where 7 is a
boundary point. The solution to this problem is the function ¢(z,t) = t? and it is well-
known that the explicit Runge-Kutta three-stage third-order method (RK3) defined by
Butcher Tableau presented in Table [2[is exact for polynomial functions up to degree 2.
Consequently, the initial value ODE problem ¢ (t) = 2t, (0) = 0, will be solved exactly.
Thus, as ¢, the solution of the one-dimensional time-dependent diffusion problem we are
considering, is constant in space, the diffusion contribution vanishes. Applying the RK3
time discretization with the finite volume scheme presented in section [3.2]even with d = 1
should provide the exact solution.

We now detail each stage of the RK3 method performing one time step from t° = 0

using a uniform mesh h = h; = %7 i =1,...,1. Let &%k = (¢?’k)i=1w,17 where
gi)?’k is an approximation of ¢;(#"*). The numerical fluxes write: F1 ok ek =
nk_ n,k nk_(yn,k\2 nk _ gn.k
_¢1 4;11?2(071‘/ ) — _¢1 h;; ) ) ‘/—_'i+%(tn,k’q)n,k) — _¢w+1h¢z ’ i = 1,.”’1 _ 1’ and
& (17tn,k)_¢n,k (tn,k)2_¢n,k
Frog(tmh, @nk) = —SEomrs =i = — i



Table 2: Butcher Tableau for RK3 method

= = O

Q| = NI O

wol o O O
oo O O

e Since ¢°(z) = 0 and ¢p(Z,0) = 0, we easily check that at time t%! = 0, we have
@01 = @0 = 0; and G(t%1, %) = 0.

e For the second stage, the Butcher Tableau yields

%2 — 9% + %g(ﬂ%l, %) =0y,
and we deduce that ®%? = 0;. We now compute expression G(t%2, ®%2) with
102 = %, which implies that ¢p(7,t%?) = ATtQ and f(x,t%2?) = At. Since
¢p(Z,t%%) # 0 whereas ®°? = 07, the diffusion contribution is not equal
to zero and we get Fy(t"? 0%?) = A2 and Frip(t9?,09%) = f%—ﬁ on the

2h
boundaries. Consequently, on the first cell K; and the last cell Kj, the residual

values Gy (t%2, ®%2) and Gr(t*2, ®°2) correspond to the contribution of the source
term and the non-null diffusion fluxes whereas inner cells K;, i = 2,...,I — 1, are
not affected by the diffusion contribution since ®°2 is a constant vector. After
calculations, we obtain

At2 At? ) r

02 $92) = —(At,At,... . At ADT — [ ==.0,....0, —
g(t ) ) ( t? t? b t7 t) 2h2 507 507 2h2

e We now evaluate the last stage. Since we have
%% — 0% — AtG(1"", ®01) + 248G (172, 0%2) = 0y,
we deduce that
%% = —2AtG(19%, 0%?)
At A3\
]712’07...’07}l2> .

To provide G (%3, ®%:3), we notice that t%% = At which yields that ¢p(z,t%?) = At?
and f(z,t%3) = 2At. Both cells K; and K, are affected by the left bound-
ary condition (and symmetrically cells K;_1 and Kj). Fluxes calculation give

= (2A12,2A8, .. 208, 2082) T + (

f%(to’?’,(l)o’:;) _ _2Aht2 B 22;3’ ]__%(toﬁ’q)&g) _ Ahg?»v }_iJr%(to,?,’(I)&S) _ 07 i =
3 2 3
2, I =2, Fro (19%,9%%) = —&L and Frpy (93, 003) = 200 4 280 After
some algebraic manipulations we get:
G193, ®93) = (—2At, —2At, —2At, ..., —2At, —2At, —2At)T
A2 AB A AB A2 A\
+ <2 +3——,—,0,...,0, —,2—- +3) .
2 ha ha ha 2 ha

10



e At last, we compute the approximations at time ¢! = At with

At 2A¢t At

! — 0 _ 2loo1 o1y 0.2 §0.2y _ 2,03 0.3
G @) — == g (0=, @0 — =g (177, 277,
obtaining
Att At At AT
Ol = (A2 AR AL, A2 A2 AR + (=22 22 o028 20
( ) ) ) ) ) ) ) + 214 gRaT " epdT T o)A

The solution at the first time step does not present the correct values on the cells close to
the boundaries and the solution is no longer constant in space. Numerical perturbation
appears due to the fact that the values deriving from the boundary conditions discretiza-
tion do not match with the ones deriving from the equation discretization. Error Ah—‘f
is generated at the very beginning of the computation. High-order reconstructions may
reduce such phenomenon but will not cure it since the fundamental problem remains:

the source term discretization does not match the Dirichlet discretization in time.

3.4.2. Extended Butcher Tableau for the Dirichlet conditions

To overcome the incompatibility problem, we shall consider a relaxation of the dis-
cretization considering now that the time discretizations for the source term and for the
Dirichlet condition can be different. Let us define

e — ¢p (2L, t™F)
P ¢D (xR7 tmk)
We re-qualify the residual operator setting
gn,k _ g(tn,k7q)n,k:7Fn,k7<D’g,f)7

where F™F = (f;(t"*));=1...1 and vector @g’f, the substitute of @g’k7 should be evalu-
ated/discretized in a different way. We here introduce a generic principle to derive the
two discretizations:

Principle: The time discretizations of the source term and the
Dirichlet condition are compatible up to degree d if the scheme
exactly solves the solutions t™, m = 0,...,d, constant in space.

Such a principle may not be fulfilled if one considers whatever time and space dependent
convection or diffusion coefficients. Therefore, we restrict the principle to a very simple
situation taking k = 1, v = 0 and build the extension for this particular case. Hence
we shall check in the numerical section that the method based on the extended tableau
significantly increases the accuracy even for complex situations with non-constant coef-
ficients.

Since we are now dealing with constant in space functions, the diffusive contribution
vanishes. Therefore, we naturally introduce the initial value Ordinary Differential Equa-
tion 9’ (t) = g(t), ¥(0) = ¥° € R where we shall take the functions t™, m = 0,...,d, for

11



1. Based on the Butcher Tableau, the Runge-Kutta method for the initial value ODE
problem is governed by the linear relations

YR = g b ALY ag gt k=1, s,
=1

and

S
YU ="+ AL Y brg (),
k=1
since g does not depend on .

The choice of degree m is directly linked to the Runge-Kutta method order to provide
the optimal convergence. For the sake of simplicity we assume that we use an s-stage RK
method for an ODE which exactly solve all the polynomial solutions up to degree s—1, i.e.
m = s — 1 (the more general case will be tackled in the examples section). The principle
we introduce states that we shall recover the same convergence order when dealing with
a constant in space solution for the convection-diffusion problem. We highlight that
an s-order in time for constant in space solution and a p-order in space for constant
in time solution method does not necessarily solve in an exact way monomial functions
of the form z°t", 7 < s, 0 < p. Hence the global error may be lower than min(s, p).
Nevertheless, the principle reveals the origin of the error: in the RK method, the solution
at the different substeps does not correspond to the intermediate approximations, only
the final combination provides the good approximation.

To reproduce constant is space solutions for the one-dimensional convection-diffusion
problem, the key idea is to define a boundary condition discretization q)g’f which is not

necessarily @g’k as we have done in the previous paragraph but to consider a linear
combination of the different time stages, namely

s
n,k n,l _
(I)D*:Zpqu)D’k_L“"S'
(=1

To determine the s x s matrix p = (pg¢), we apply the principle setting ¢ (t) = ¢p(z,t) =
t™ m =0,...,d, such that the vectorial equality

1
@’gf:w’k(l),k:y..,s (7)

holds. Since the solution is constant in space, the vectorial equality turns out to be
a scalar one. Therefore, only the first component is relevant. In other words, @g’f is
evaluated such that the values in the domain (governed by Runge-Kutta method) exactly
match the values at the boundary for a class of polynomial functions.

To effectively determine matrix p entries, let £ be a reference time. As we can always
shift the time referential, one can choose ¢ = 0 and the time discretization writes

zpkygzl, k=1,...,s,
=1

12



for m = 0 and

S S
Z pk7g(CgAt)m = At Z a,kjm(CgAt)m_l, k=1,...,s,
=1 =1

form=1,...,d. Let us consider the Vandermonde matrices

Q' =
(Cl)d_1 (02)d—1 . (cs)d—l
()t () o (co)?
and
0 0 0
1(cp)? 1(cg)? 1(cs)?
@d _ 2(cy)?t 2(co)t 2(cs)?t
(d=1)(c)™? (d=1(e2)?? -+ (d=1)(c,)*?
d(cl)d—l d(CQ)d_l . d(Cs)d_l
Then the condition writes for kK =1,...,s,
PE,1 Qg1 1
Pk,2 a2
Dk,3 ~ ak,3 0
Q. [=¢] + ,
Pk,s—1 Ak s—1 0
Pk,s Ak, s 0

which provides the row k of matrix p. In compact form, one has Q%p” = @daT + E‘f“’s,
where Ef 15 s a (d 4+ 1) x s matrix, such that the elements of the first row are ones
and all the other elements are zeros. We assume that coefficients ¢, £ = 1,...,s, are
different from each others for the sake of simplicity but the case when two coefficients
are equal can be also treated as proposed in section If s =d + 1, the Vandermonde
matrix Q% is square and invertible while s > d + 1 corresponds to an under-determined
linear system associated to a maximal rank matrix Q¢. In the first case, existence and
uniqueness of matrix p is straightforward but for the second case one has to develop a
strategy to determine a unique matrix p. We here propose two ways to determine matrix
p namely:

e LS-way: find p in the Least Square sense;

e AC-way: Augment the number of Constraints adding polynomial functions t?+1,
..., t*71 such that we get a invertible Vandermonde square matrix Q*~'.
13



From the Fatended Butcher Tableau, we derived the new Runge-Kutta formulation
for the Dirichlet-Dirichlet problem: find the ®™* k =1,...,s, such that

s
(bn,k —P" + At Z (Zk7gg(tn’e, (I)n,Z7Fn,Z7 (I)g,f) =0
=1

and compute

‘I)’IL+1 = " — At Z bkg(tn’k,(bn’k,Fn’k,(I)gf)
k=1

where we have set A
£ 2
(I)TIl)* = Zpk,fq)g :
£=1
In Table [3| we represent in compact form the data needed for the presented extension.

Table 3: Extended Butcher Tableau for the generic s-stage Runge-Kutta method

c1 al,l cee a1 | P11 e pl,s
Cs | As;1 +° Qss | Ps,1 " Psys
b, --- b,

3.5. The Neumann case

We now turn to the situation where we have a total Neumann boundary condition
on both boundary points.

3.5.1. Example of accuracy loss for the Neumann case

We here give an example to highlight the incompatibility between the the source term
discretization and the Neumann condition. We again consider a pure diffusive and data
of the test case are the followings: Q = (0,1), v(z,t) = 0, r(x,t) = 1, f(z,t) = 2xt,
#°(x) = 0, and ¢7(Z,t) = —t2, where 7 is a boundary point. One easily checks that the
solution is function ¢(x,t) = xt2.

Let ¢ = 9(t) be the solution of the initial value ODE problem v/ (t) = 2¢, 1(0) = 0.
Since the source term is a linear function, again the RK3 scheme exactly solves this
problem. Therefore, noticing that ¢, the solution of the one-dimensional time-dependent
diffusion problem we are considering, satisfies the relation ¢(x,t) = x(t), we expect that
the RK3 time scheme applied to the ¢ problem would also produce the exact solution.

As for the Dirichlet case, we detail each stage of the RK3 method performing one
time step from t° = 0 using a uniform mesh h = h; = %, i=1,...,1. Let ®»F =
(gbn’k)i:l,__wl, where qﬁ?’k is an approximation of ¢;(t™*). The numerical fluxes write

[
n,k n,k
¢i+1_¢1

fé(tn,k,@n,k) - —(ZST(O,t"”f) _ _(tn,k)2, fi+%(t"’k,¢”’k) _ _f, P11,
Frap(t™F,0™F) = —gp(1,t7F) = —(tF)2.

14



e Since ¢°(z) = 0 and ¢7(%,0) = 0, we easily check that at time t%! = 0 we have
©0 = 001 = 0; and G(t%1, 801) = 0;.

e For the second stage, the Butcher Tableau yields

At
2 — 0% 4 —=G(", %) = 0y
and we deduce that ®%2 = 0;. We now compute expression G(t%2, ®%2) with

t92 = &t which implies that ¢ (z,t%2) = A2 and f(x,t92) = zAt. The fluxes

2 =
at the interfaces are F1(t%2, ®%2) = —ATf’z, Fipr(t92,002) = 0,4 =1,...,1—1,
2 2
2
and Fp 1 (t%%,0%%) = — &L After calculations, we obtain
A2 A2\"
G(t92 %2) = — (21 AL, woAL, ..z Atz AT + ( =—.0,...,0,—=— ) .
4h 4h
e At last, we compute the third stage. Using
%% — @ — AtG (1", %) + 2AtG(t7%, @%2) = 0y,
we deduce that
P03 = 2ALG (%2, 0%?)
At A3\
- (QxlAt2,2x2At2,...,2x1,1At2,2m,At2)T + (—Qh,o,...,o, 2h) .

With t%2 = At, we have f(x,t%3) = 22At, ¢7(z,t%3) = At?, and obtain .7-'% (t03, @03) =
—A2, Fy (1023, 80%) = —2A¢% — o Fipn (193,099) = —2A#%, i = 2,... . 1 -2,

K3

Frop(t93,09%) = —2A¢ — QAT'Z;, Frap(t9%,@9%) = —At?. We then deduce

G(t%3,®%3) = — (221 AL, 229 At, 203 AL, ... 2207 oAt 227 | At, 22 At)
(AP AP AP AP AP AP g
h 2R372R3777T 2h37 h 2h3 '
e We compute the approximations at time ¢! = At with

A 2A A
(I)l _ (I)O _ ?tg(to’l, (130’1) _ %g(tO,Q’ (I)O,Q) _ %g(tO,LS’ (IDO’S)

and we obtain
<I>1 = (aletz, QigAtg, $3At2, ce ,SL’[,QAR, .’)ijlAtQ, $1At2)T

At A At AT
12637 12K3 7 12R30 T 123 )

We get this time an error controlled by Ah—f.
15



3.5.2. Extended Butcher Tableau for the Neumann conditions

The principle proposed in the Dirichlet case can not be here applied since a constant in
space function gives rise to homogeneous Neumann conditions. Therefore, we introduce
a slightly different generic principle to derive the two discretizations:

Principle: The time discretizations of the source term and the
Neumann conditions are compatible up to degree d if the scheme
exactly solves the solutions xt™, m = 0,...,d, linear in space.

As in the Dirichlet case, the criterion may not be fulfilled with non-constant coefficients
hence we restrict the criterion to the simple situation x = 1, v = 0 to build the extended
Butcher tableau. We numerically check that the method deriving from the extension
effectively improves the accuracy. To this end, let us define

ok — < ¢r(zr, t™F) > '

¢T ($R7 tn7k)
We consider the residual operator for Neumann conditions setting
gn,k _ g(tn,k’®n,k’Fn,k7(p7’17;;k)’

where again F™F = (f;(t™*));—1...1 and vector q)%’f, the substitute of @%’k, will be
defined in the sequel. For null velocity, constant diffusion x, and functions ¢(z,t) = xt™,
m =0,...,d, we have

Op(2t™) — Kpe (2t™) = mat™ 1 =: f(x,1).

Consequently, if ¢ = () is the solution of ¥'(t) = mt™~1 =: g(t), with ¥(0) = 1 if
m =0 and ¥(0) = 0 if m > 0, then ¢ = x¢) is the solution of the heat equation

0t — KOy = f(:c,t)(= l‘g(t)),

with the initial condition ¢*(z) = z if m = 0 and ¢°(z) = 0 if m > 0 and the Neumann
condition ¢r(x,t) = —kt™.

As in the Dirichlet case, we consider a linear combination of the different time stages,
namely

S
n,k n, 4
OF = qee®h, k=1,...,s,
=1

where one has to determine an s x s matrix ¢ = (gx¢). Noticing that ¢ = 0,(z%) and
or(z,t) = —kt™ = —kdp(x,t) where ¢p is the Dirichlet function considered in section
the principle for Neumann condition yields

1
OLF = —kOEF = —kymF ( ) ) k=1,...,s (8)

We deduce that relation is identical to relation , hence ¢ = p. Consequently, we
can use the same time discretization both for the Dirichlet and the Neumann conditions
characterized by the Ertended Butcher Tableau.

16



3.6. Time discretization with Dirichlet and Neumann boundary conditions

We now generalize the extended Runge-Kutta formulation for the Dirichlet-Neuman
problem. Let us consider the Extended Butcher Tableau given in Tableand set PP =
ép (o1, t™F), @%’k = ¢r(aR,t™"). Assume that ®" is a given approximation of the
solution at time t". We seek vectors ®™* k= 1,...,s, solution of

s
(I)n’k —P" 4+ At Z aklg(tn,l7 (I)H,Z7Fn,l7 @%157 q)?%f) =0;.
=1

and we determine

S
O = @ — Aty bG(EF, @ P O E O,
k=1

where we have set

S S

n,t n,f nt n,t

P, = ZPH‘I)D , Op, = ZPH‘DT :
(=1 (=1

Remark 3. Extension for higher dimension problems can be considered where vectors
@TBZ and ‘Iﬂ}’é correspond to the evaluation of the Dirichlet and Neumann conditions at
the Gauss points on edges or faces.

3.7. Fxtended Butcher Tableaux examples
We present the construction of Extended Butcher Tableauz for different orders. We
also propose a technique to evaluate matrix p even if two time stages (or more) are equal.

o Examples of second-order time discretization.

For two-stage methods we have the matrices

1 1 ~ 0 0 11
2 _ 7 2 _ 7 E2,2: )
@ <c1 cQ> @ (1 1) ! 0 0

In Table[4 we present three second-order two-stage methods: the Midpoint method
(explicit), the Heun method (explicit), and the Crank-Nicholson method (an im-
plicit unconditionally stable discretization).

Table 4: Extended Butcher Tableaux for second-order Runge-Kutta methods: Midpoint
method (left), Heun method (center), and Crank-Nicholson method (right).

For all these examples we notice that the source term time discretization and the
boundary conditions time discretization are equal since p is the identity matrix.
Therefore no specific treatment is required for the Boundary condition.
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e Example of third-order time discretization.

Let us consider the RK3 given by Table [2| with s = 3 and d = 2. For three-stage
methods we have the matrices

1 1 1 0 0 0 1 1
Q3 = c1 Co C3 s Q3 = 1 1 1 s Ef’g = 0 0 0
(c1)® (e2)® (e3)? 2¢1 2cy 2c3 00 0

The linear system to compute matrix p writes as

1 11 P11 P21 P31 0 0O 0 3 -1 1 1 1
O % 1 p172 p272 p372 = 1 1 1 O O 2 + O 0 O
0 % 1 P13 P23 D33 0 1 2 0 0 0 0 0 O

where we use the transpose matrices of p and a. Solving the linear system, we then
deduce Table [5] Since matrix p is different to the identity one, specific boundary

Table 5: Extended Butcher Tableau for RK3

0 0 0 O 1 0 0
1 1 1 1
2z 0 0)—3 2 —3
1|-1 2 0| 2 -4 3
Tz 1
6 3 6

treatment is required to achieve an optimal convergence order.

e Example of fourth-order time discretization with two equal time stage.

Let us consider the explicit 4-stage RK4. Since ¢ = c¢3, we can not directly apply
the methodology developed in the previous section because matrix Q* is singular.
To overcome the problem, we introduce a new vector z = (21, 22, 23, 24)7 and new
time stages 7% = " + 2z, At, k = 1,...,s. We present the proof for the Dirichlet
situation since the Neumann case will provide the same matrix p. We then define

S
n,k n,f
LT = pre®pt k=1,
=1

where we have to take, for m = 0,...,d,

ot = (rmhm ( 1 > :

Applying the principle that the source term discretization matches with the Dirich-
let condition and taking t" = 0 as the reference time, we get the matrices

1 1 1 1 0 0 0 0
4 21 22 z3 24 A4 1 1 1 1
9= (z1)? (22)* (23)% (=)* | @ = 2¢1 2¢y 2c3 2¢4

(21)® (22)* (23)° (z)? 3(c1)? 3(c2)® 3(es)® 3(ca)?



It is important to notice that matrix Q* involves the new coefficients z while matrix
Q* still uses coefficients c. We choose arbitrary z = (0, %, %, 1) and we get the
Eztended Butcher Tableau in Table [6] where vector z has been stored on the right-
hand side of the Tableau.

Table 6: Extended Butcher Tableau for RK4 method

= NN O
— NN O
= oAl O

|
[N}
2|5 cotoo 2|5 o

W= O O O
oo O O O

o=l O O N~ O
W= O N O O

Example of fourth-order time discretization with s > d + 1.

All the previous cases correspond to the situation where s = d + 1. We now
consider an implicit version (DIRK) which requires 6 stages, hence s > d + 1.
As we mentioned in the previous section, the linear system is under-determined
and we here propose two strategies: the Least Square method and the Augmented
Constraint method.

For the Least square method, the matrices write

1 1 1 1 1 1
Q4 = €1 C2 c3 Cy4 Cs Cg
(1) (c2)® (e3)® (ca)® (c5)® (co)?
(1) (c2)® (e3)® (ca)® (c5)® (co)?
and
0 0 0 0 0 0
Y 1 1 1 1 1 1
@ = 2cq 2¢o 2c3 2¢cy 2cs 2cq

3(c1)® 3(c2)® 3(e3)® 3(ca)® 3(cs)® 3(ce)?

and we solve the linear system Q*p” = @4aT + Ef’G in the least square sense. We
present in Table [7] the resulting Extended Butcher Tableau.

A second way consists in augmenting the numbers of constraints assuming that the
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Table 7: Extended Butcher Tableau for ESDIRK4 method — Least Squares approach
_ 738 _ 193  _ 151  _ 490

0 0 0 0 0 0 0 2093 9366 1016 1663 U
1 1 1
5 1 1 0 0 0 0 0 0 0 0 0
83 8611 _ 1743 1 0 0 0 895 1654 501 1703
250 62500 31250 1 618 1551 1046 2211
31 5012029 _ 654441 174375 1 0 0 _ 455  _ 319 922 805
50 34652500 2922500 388108 1 1506 5103 1679 4378
17 15267082809  _ 71443401 730878875 2285395 1 0 0 0 0 0 0
20 | 155376265600 120774400 902184768 8070912 1
1 82889 0 15625 69875  _ 2260 1 165 303 400 573 1

524892 83664 102672 8211 4 799 18133 3319 809

82889 0 15625 69875  _ 2260 1

524892 83664 102672 8211 14
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two discretizations also match for ¢* and ¢°. In that case the matrices write

1 1 1 1 1 1

cq Co c3 Cy Cs C6
Qb = (c)? (e2)® (e3)® (c)® (c5)* (co)?
(c1)® (c2)® (e3)® (ca)® (c5)® (co)?
()t (e2)* (e3)* (ea)* (c5)* (co)*
(c1)® (c2)® (e3)® (ca)® (c5)° (c6)®

and
0 0 0 0 0 0
1 1 1 1 1 1
~ 2cq1 2¢o 2c3 2¢cy 2cs 2cq

3(c1)? 3(c2)® 3(e3)* 3(ca)® 3(es)® 3(co)?
4(c1)® 4(c2)® A(es)® 4(ea)® 4(cs)® 4(ce)?
5(c1) 5(ea)* 5(es) 5(ea)t Bles) Blce)!

(cs

and we solve the linear system Q%p” = Q%7 + EY®. We present in Table |8 the
resulting Eztended Butcher Tableau.

4. Numerical tests

At a first stage, we consider the steady-state situation and show that the discretiza-
tion in space provides an effective sixth-order scheme when dealing with low and large
Péclet numbers. We also address the stability question of the total or partial Neumann
conditions for the convection-diffusion with large Péclet number. The second part is
dedica-ted to the time-dependent equation where we numerically confirm that the Fa-
tended Butcher Tableau is a necessary ingredient to significantly improve the effective
order both in space and time.

The notation Py(n) means that the polynomial reconstructions have degree d using
stencils of n elements. The weights we will consider are summarized with the notation
w;; = gq|r, ¢,r € R*, with the following meaning: if ¢ and j are contiguous cells, then
w;; = q; otherwise, w;; = 7 (this notation extends in the natural way for the cases
Wiy Wipl g and wy 1 j)- In the present study, all the computations have been carried
out with weights 2|1 and a study on the weights choice is given in [4]. Moreover, to
reduce the computational effort, a preconditioning matrix is used as proposed in [4] for
the steady-state problems as well as when dealing with time-dependent implicit schemes.
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Table 8: Extended Butcher Tableau for ESDIRK4 method — Augmented Constraints approach

1958 346 2585 177 417
0 0 0 0 0 0 011 1645 1317 6863 1970 797
1 1 1 7388 4924 2637 5466 4956
2 4 1 0 0 0 010 283 567 379 667 191
83 8611 1743 1 0 0 0lo 991 2410 2357 1133 2701
250 62500 31250 1 378 577 748 487 328
31 5012029 654441 174375 1 0 0olo 268 3639 3745 4289 5597
50 34652500 2922500 388108 1 129 494 612 626 229
17 15267082809 71443401 730878875 2285395 1 olo —9% _3040 _ 1076 449 3194
20 155376265600 120774400 902184768 8070912 1 196 1441 829 274 371
1 82889 0 15625 69875 2260 1| 239 761 206 470 2577
524802 83664 102672 8211 4 2004 1482 569 1237 757
82889 0 15625 69875 2260 1
524892 83664 102672 8211 4
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Table 9: Results for the steady-state Dirichlet boundary conditions.

I v(z) =3 v(z) =20

80 56E—08 — T7.TE—06
160 37E—09 3.9 7.3E—07 34
Ps(4) 320 24E—10 4.0 5.7E-08 3.7
640 15E—11 4.0 3.9E-09 38

40 35E-09 —  94E—06 —
80 6.3E—11 58 3.7E—07 4.7
Ps(6) 160 1.1E—12 59 9.0E-09 5.3
320 1.7E-14 6.0 1.8E—-10 5.7

4.1. Steady-state cases

To perform the numerical simulations, we consider uniform meshes of domain € =
(0,1) constituted of I cells. Since we shall only deal with regular solutions, we use the
L norm to compute the error between the solution and the approximation, which is
given by

I —
Ewo(I) = max |¢; — ¢il,

and the convergence order between two meshes characterized by I; and I cells is given
by
log(Ey(11)/Ex (I
O (11, I2) = | log (B (11)/ B (I2))]
|log(I1/12)|

4.1.1. Dirichlet condition
We consider the convection-diffusion problem with homogeneous Dirichlet conditions

and set f(z) = 1 such that the solution is given by ¢(z) = 1 (:13 - %). We set
(z) = 1 and test two velocities: v(z) = 3 and v(z) = 20. We report in Table [J] the
errors. The numerical scheme is stable even with a large Péclet number and provides the
theoretical order (second-, fourth-, and sixth-order respectively) for the Py, P3, and Ps
reconstructions respectively. For the large Péclet number, the convergence is effective

when the mesh parameter is small enough to capture the boundary layer.

4.1.2. Total and partial Neumann conditions

Two types of Neumann condition can be prescribed whether we consider the total flux
or the diffusive flux leading to two different discretizations. We study here the impact
of the Neumann condition as a function of the Péclet number. To this end, we consider
the convection-diffusion problem with a left boundary Dirichlet condition and a right
boundary Neumann condition. For the sake of simplicity, we set x(xz) = 1 and prescribe

several constant velocities for v, namely —20, —3, 3, and 20. We take ¢(z) = 14—% so that
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Table 10: Results for the steady-state Dirichlet + total Neunann boundary conditions.

I v(xz) = —20 v(z) = =3 v(z) =3 v(z) =20
E, Oy FEy Oy Ey O E, O

40 1.9E-07 —  6.3E-07 — 1.1E-06 —  89E+01 —
80  28E-08 2.7 4.6E-08 3.8 83E-08 38 54E+00 4.1
P3(4) 160 25E—09 3.5 3.1E-09 39 56E—09 3.9 35E-01 3.9
320 1.8E-10 38 2.0E-10 39 38E-10 3.9 23E-02 3.9

20 1.1E-07 —  3.0E-07 — 68E-06 —  54E+01 —
40 48E-09 45 77E-09 53 16E-07 54 43E+00 3.6
Ps(6) 80 1.3E-10 5.2 1.6E-10 5.6 3.0E-09 5.7 81E-02 5.7
160 2.5E-12 5.7 28E-12 58 52E-11 58 13E-03 5.9

the source term is f(x) = —ﬁ — —%~ and the Dirichlet conditions at point x1, = 0

@+1)?
writes ¢p(0) = 1.

For a left total Neumann boundary condition, we have ¢r(1) = From Ta-
ble where we report the L® error for the four velocities, we observe that the total
flux condition provides lower accurate approximations for positive velocity although we
obtain the optimal convergence order for all velocities. Moreover, the accuracy degrada-
tion increases with the Péclet number and decreases with finer mesh. Discrepancies with
positive velocities derive from the incompatibility to prescribe the flux for a pure convec-
tion problem. Indeed, outflow does not require external information for pure convection
problem while the total flux with x(z) = 0 implicitly imposes an external condition for
the convective contribution. For x(x) > 0 diffusion helps to incorporate the external in-
formation but a stability condition involving the Péclet number and the mesh parameter
such as kh < Cv|, C € R, is required. No instability appears with negative velocities
since we now deal with an inflow condition for the pure convection case and one has to
prescribe the external condition to fix the inflow.

For a left partial Neumann boundary condition, we have ¢p(1) = i. From Table
where we report the L* error for the four velocities, we observe that we obtain opposite
results in the sense that the scheme is stable for positive velocities while lower accuracy
approximations are obtained with negative velocities. The explanation is the following.
For positive valued velocity, the discretization of the convective flux turns out to be an
upwind scheme which provides a very stable solution even for the diffusion-free problem
(k = 0). For negative values, the discretization turns into a downwind scheme which
provides larger errors. For pure convection problem, the external information should not
be prescribed and leads to an under-determined problem. When s > 0, the diffusion
scheme brings stability conditioned by the Péclet number and the mesh parameter like
ah < Clv|, C eR.

To sum up, one has to prescribe the total flux Neumann condition for inflow boundary
and the diffusive flux (or partial flux) Neumann condition for the outflow boundary.
Notice that total flux and diffusive flux are equal when dealing with a boundary with a

14+2v
1 -
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Table 11: Results for the steady-state Dirichlet + partial Neunann boundary conditions.

I v(xz) = —20 v(z) = =3 v(z) =3 v(z) =20
E, Oy FEy Oy Ey O E, O

40 1.2E+02 —  4.0E-06 — 73E-07 — 7T8E-07 —
80 5.7E+00 44 24E-07 41 49E-08 3.9 5.1E-08 3.9
P3(4) 160 3.3E—01 4.1 1.5E-08 4.0 32E—-09 3.9 3.3E-09 4.0
320 2.0E-02 4.0 9.1E-10 4.0 21E-10 4.0 21E-10 4.0

20 25E+00 — 11E-06 —  42E-0v —  59E-07 —
40 54E-01 22 80E-09 71 89E-09 56 12E-08 5.6
Ps(6) 80 6.4E-03 64 1.5E-10 5.7 17E-10 5.7 21E-10 5.9
160 89E-05 6.2 2.7E-12 58 29E-12 59 3.3E-12 6.0

null velocity.

4.2. Time-dependent cases

To perform the numerical simulations, we consider uniform meshes for domain €} =
(0,1) constituted of I cells. The computation are carried out up to the final time tf = 1
for the explicit methods and t; = 10 for non-explicit methods. Several time schemes will
be tested where we identify by “BT” the Butcher Tableaux and by “EBT” the Extended
Butcher Tableaux. Errors between the solution and the approximation are evaluated at
the final time with

(1) = max |6} — 67].

4.2.1. An explicit sixth-order scheme

We aim at comparing the BT and EBT methods when dealing with time-independent or
time-dependent Dirichlet conditions. For this purpose, we consider the classical explicit
RK3 method for a pure diffusive problem taking x(z,t) = 1 and v(z,t) = 0 given by
Table [2| and by Table 5} respectively. In a first case we assume that the exact solution
writes ¢(z,t) = (¢ — 1)In(z + 1) exp(—t) and deduce the source term f(z,t) = [(1 —
z)In(z+1)— 225 | exp(—t) with time-independent Dirichlet condition. In a second case,

(x+1)2
we assume that the exact solution is ¢(x,t) = cosh(x) exp(—t) such that the source term
is f(z,t) = —2cosh(z)exp(—t) and the Dirichlet conditions are now time-dependent.

Since we use a P5 reconstruction and one has to respect stability condition for the explicit
time scheme, the time step is given by At = %hQ to provide a full sixth-order scheme
with respect to h. We reproduce the errors and convergence rates with the BT and EBT
methods for the first situation in Table [[2] and in Table [[3] for the second situation . We
observe that the effective order are optimal for both methods in the time-independent
case whereas for the time-dependent with BT there is a clear reduction in the accuracy
to a fourth-order method. The EBT method manages to recover the optimal order and
shows the effectiveness of the correction.
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Table 12: Results for the time-independent Dirichlet example with k(z,t) = 1, v(x,t) =
0, and ¢(x,t) = (x — 1) In(z + 1) exp(—t) for RK3

1 BT EBT

10  1.6E—06 1.6E-06 —

P5(6) 20  5.0E-08 5.0 5.0E-08 5.0
%hz 40 1.2E-09 54 12E-09 54
80 2.2E-11 5.7 22E-11 5.7

Table 13: Results for the time-dependent Dirichlet example with x(x,t) = 1, v(z,t) = 0,
and ¢(x,t) = cosh(z) exp(—t) for RK3

I BT EBT

10 5.2E-07 3.7TE-08 —
P5(6) 20 3.2E-08 4.0 6.1E-10 5.9
At = %hQ 40 2.0E-09 4.0 1.0E-11 5.9

80 1.3E-10 4.0 1.6E-13 6.0
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Table 14: Orders of convergence for the time-dependent Dirichlet problems with (z,t) =
1, v(z,t) = 0, ¢(x,t) = x°t", polynomial reconstructions of degree 5, and time step
At = $h? for RK3 BT/EBT (expected order of convergence: 6)

T 0 1 2 3 4

E/E E/E 4/E 4/6 4/6
E/E E/E 4/E 4/6 4/6
E/E E/E 4/6 4/6 4/6
E/E E/E 4/6 4/6 4/6
E/E E/E 4/6 4/6 4/6

AW o~ O

Table 15: Results for the time-independent Dirichlet example with k(z,t) = 1, v(z,t) =
0, and ¢(x,t) = (x — 1) In(x + 1) exp(—t) for RK4

I BT EBT

Ey O Ey Ow

10 34E-07 — 34E-07 —
Pz(8) 20 4.0E-09 64 4.0E-09 6.4
At=1n* 40 29E-11 7.1 29E-11 7.1
80 1.6E-13 75 1.6E-13 75

To go deeper in the convergence study, we shall check the convergence order for
monomial functions of the form z?¢™ with o,7 € {0,1,2,3,4}. We prescribe the cor-
responding source term and Dirichlet condition and carry out the computation using
the P5 reconstruction in space. We sum-up in Table [14] the test convergence where “E”
(for Exact) means that the approximation corresponds to the exact solution otherwise
we indicate the rate of convergence. Moreover in expression 4/6 the first digit indicates
the convergence order with the BT while the second digit corresponds to the EBT one.
Relevant cases are the monomial functions 2 and xt? which are exactly solved using the
EBT scheme while the traditional RK3 only provides a fourth-order approximation. In
the same way, for monomial functions such as z?t? or zt3, the EBT technique gives a
sixth-order approximation whereas the BT one only reaches the fourth-order.

4.2.2. An explicit eighth-order scheme

We consider the diffusion case where we set r(z,t) = 1 and v(z,t) = 0 and we use a
P7 reconstruction in space associated to the explicit RK4 Runge-Kutta method proposed
in Table[6] As in the previous case, the time-independent and time-dependent Dirichlet
conditions are addressed to assess the EBT method capacity to improve convergence order.
For stability reasons, we impose At = %hz and expect a global convergence of order 8.
In Table we present the errors and convergence rates for the first situation and in
Table [16] we present the errors and convergence rates for the second situation.

As in the previous case, the EBT technique clearly improves the accuracy of the
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Table 16: Results for the time-dependent Dirichlet example with x(x,t) = 1, v(z,t) = 0,
and ¢(x,t) = cosh(z) exp(—t) for RK4

I BT EBT

Ey Oy Ey Oy

10 2.8E-06 —  3.5E-09 —
P7(8) 20 1.6E—07 41 52E-11 6.1
At =3h* 40 10E—08 40 82E-13 6.0
80 6.4E-10 4.0 1.1E-14 6.3

Table 17: Orders of convergence for the time-dependent Dirichlet problems with &(z,t) =
1, v(z,t) = 0, ¢(x,t) = x°t", polynomial reconstructions of degree 7, and time step
At = 1h? for RK4 BT/EBT (expected order of convergence: 8)

7| 0 1 2 3 4

E/E E/E 4/E 4/E 4/8
E/E E/E 4/E 4/E 4/8
E/E E/E 4/6 4/6 4/6
E/E E/E 4/6 4/6 4/6
E/E E/E 4/6 4/6 4/6

B oW NN~ O

method. For the time-independent case, we get the optimal order for both cases whereas
the classical Runge-Kutta fails to accurately integrate the time-dependent boundary
conditions and dramatically cuts the accuracy by two orders of magnitude. As in the
previous section, we analyse in Table[I7]the convergence of the method for the monomials
x%t" considering polynomial reconstructions of degree 7 and the RK4 method with time
step At = £h%. We observe that we get the exact solution for monomials 2 and t* by
construction and achieve the eighth-order of convergence for t* whereas the BT method
only provides the fourth-order convergence. Unfortunately, for some monomials functions
like 22t2, we only achieve a sixth-order of convergence since solving exactly ¢> and t> do
not guarantee solving exactly x2t2. It results that polynomial Taylor expansions will
be approximated with a sixth-order method which explains the sixth-order convergence
observed with function cosh(z) exp(—t) as shown in Table

4.2.83. An implicit fourth-order scheme

We aim to test an implicit version of the Runge-Kutta method in order to use an un-
conditionally stable scheme allowing larger time step. In section [3.7]we have proposed two
versions for the EBT technique applied to the ESDTRK4 method, namely (LS) and (AC),
since the number of stages is larger than the number of conditions (Tables and respec-
tively). To perform the simulation, we consider a pure diffusive problem setting x(z,t) =
1 and v(z,t) = 0 and consider again time-independent and time-dependent Dirichlet
boundary conditions. The exact solution writes ¢(z,t) = (z — 1) In(x + 1) exp(—t) for
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Table 18: Results for the time-independent Dirichlet example with k(z,t) = 1, v(z,t) =
0, and ¢(x,t) = (x — 1) In(z + 1) exp(—t) for ESDIRK4

I BT EBT (LS-way) EBT (AC-way)

Ey O Ey Oy Ey Oy

20 25E-09 —  25E-09 —  25E-09 —

P5(4) 40 1.6E-10 39 16E-10 39 1.6E-10 3.9
At =10h 80 1.1E-11 4.0 1.1E-11 4.0 1.1E-11 4.0
160 6.8E—-13 4.0 6.8E-13 4.0 6.8E-13 4.0

Table 19: Results for the time-dependent Dirichlet example with x(x,t) = 1, v(z,t) = 0,
and ¢(x,t) = cosh(z) exp(—t) for ESDIRK4

I BT EBT (LS-way) EBT (AC-way)

Ex O Eqy O Ey Oy

20 1.3E-04 — 20E-05 — 22E-05 —

Ps(4) 40 1.1E-05 3.6 11E-06 4.2 1.1E-06 4.3
At =10h 80 1.2E-06 3.2 6.6E-08 4.0 6.7TE-08 4.1
160 1.3E-07 3.1 42E-09 4.0 4.0E-09 4.1

10  43E-08 — 3.6E-08 —  3.5E-08 —

P5(6) 20 1.1IE-09 54 6.0E-10 59 59E-10 5.9
At =h'® 40 34E-11 49 98E-12 59 9.7E-12 5.9
80 14E-12 4.6 20E-13 5.6 2.0E-13 5.6

the first situation while function ¢ = cosh(x)exp(—t) corresponds to the second one.
Due to unconditional stability, we take a larger time step At = 10h and apply a P
polynomial reconstruction to achieve a global fourth-order accurate scheme. An other
possibility consists in choosing At = h'® with a Ps reconstruction in space to provide
a global sixth-order accurate scheme. The error and convergence orders are reproduced
in Tables and for the time-independent and time-dependent Dirichlet boundary
conditions, respectively. As expected, both methods provide the optimal order for the
time-independent case. For the time-dependent boundary condition the BT method only
provides a third-order scheme wiht the P3 reconstruction and we observe an order 4.5
with A = h!® and a Py reconstruction. On the contrary, EBT method clearly releases the
accuracy reduction and provides the optimal order for the two situations. We highlight
that both methods — LS and AC —, give very similar errors.

4.2.4. An explicit sixth-order scheme with Neumann condition
We now test the explicit RK3 schemes in time for a pure diffusive problem with
k(z,t) = 1 and Neumann conditions. The exact function is ¢(z,t) = cosh(x)exp(—t)
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Table 20: Results for the time-dependent Neumann example with x(z,t) = 1, v(z,t) = 0,
and ¢(x,t) = cosh(z) exp(—t) for RK3

I BT EBT

Ey Oy Ey Oy

10 71E-09 — 35E-10 —
P;(8) 14 13E-09 50 31E-11 7.2
At=1p?> 17 51E-10 50 81E-12 6.9

20 23E-10 50 29E-12 6.3

which provides the function ¢r(x,t) = — sinh(x) exp(—t). To perform the simulations, we
take At = %hz for the sake of stability and use the P; to better highlight the convergence
in time. Indeed, the approximation in space is more accurate hence the errors derives
from the time discretization. We presents the errors and convergence rates in Table
We first observe that we get a fifth-order converge for the BT technique in place of the
fourth-order obtained in the case of time-dependent Dirichlet condition. The observation
is confirmed with the EBT technique: for convection-diffusion problem with Neumann
conditions, we obtain a better approximation (one order of magnitude) than for the case
with Dirichlet condition. On the other hand, the scheme in time based on Extended
Butcher Tableau provides an optimal seventh-order.

4.2.5. A complex example

To end the numerical section we compare the three discretizations in time equipped
with the BT or the EBT method for a convection-diffusion problem with time and space
dependent coefficients. We take k(z,t) = 3e~!cosh(x) and v(z,t) = —0.5¢!(z? + 1)
and assume that the exact function writes ¢(z,t) = cosh(z)exp(t) which implies that
f(z,t) = exp(t) cosh(z) — 3cosh?(z) — 3sinh®(x) — & sinh(z)(2? + 1) — z cosh(z). We
prescribe the Dirichlet condition both at z = 0 and z = 1. The explicit RK3 scheme is
used with At = %th and the Pg reconstruction in space to provide a global sixth-order
scheme. The explicit RK4 scheme is using the same time step and a P7 reconstruction
in space to provide a global eighth-order scheme. For the implicit ESDIRK4, we use
larger time step At = 10h and apply a P3 reconstruction in space to provide a global
fourth-order scheme. Table [21] clearly shows the effectiveness of the EBT method since we
recover the optimal sixth-order method even with non-constant diffusion and velocity.

The situation of the RK4 scheme presented in Table 22] highlights the dramatic in-
fluence of the boundary condition with very high-order approximation. The BT method
only produces a global fourth-order scheme whereas the extended version recover the
optimal order.

In the implicit case presented in Table the EBT method provides the optimal order
in contrast with the BT method which strongly cuts by an half the accuracy order.
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Table 21: Results for the time-dependent Dirichlet example with r(z,t) =
3cosh(x) exp(—t), v(z,t) = —3 exp(t)(1 + 2?), and ¢(w,t) = cosh(x) exp(t) for RK3

I BT EBT

Ey Oy Ey O

10 27E-07 —  25E-07 —
Ps(6) 20 12E-08 45 43E-09 59
At = s5h* 30 22E-09 41 39E-10 5.9
40 7.0E-10 40 71E-11 59

Table 22: Results for the time-dependent Dirichlet example with «(x,t) =
3cosh(z) exp(—t), v(z,t) = —1 exp(t)(1 + 2?), and ¢(z,t) = cosh(x) exp(t) for RK4

I BT EBT

10  1.5E-08 —  3.2E-09 —

P (8) 20 88E-10 4.1 14E-11 738
h? 30 1.7E-10 4.0 5.8E-13 7.9
40 5.5E-11 4.0 5.6E-14 8.1

Table 23: Results for the time-dependent Dirichlet example with r(z,t) =
3cosh(z) exp(—t), v(z,t) = —% exp(t)(1+2?), and ¢(z,t) = cosh(z) exp(t) for ESDIRK4

1 BT EBT

40 4.6E-02 — 72E-02 —

P3(4) 80 9.2E-03 23 5.1E-03 3.8
At =10~ 160 2.5E-03 19 3.5E-04 3.9
320 5.6E-04 21 23E-05 3.9
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5. Conclusion

We have shown that straightforward application of the Runge-Kutta time schemes
based on the Butcher Tableau fails to provide the optimal convergence order in numerous
cases. The main reason is a wrong synchronization between the Runge-Kutta scheme
applied to the linear system deriving from the finite volume formulation and the boundary
conditions. Constant in space solution are not preserved and numerical perturbations
are generated at the boundary and further propagate into the whole domain. We have
proposed a strategy to cure the undesirable phenomenon introducing an extension to the
Butcher Tableau such that we preserve solutions t” for Dirichlet boundary conditions
and xt” for Neumann boundary conditions up to a certain degree. Numerical simulations
show the high effectiveness of the method for both boundary condition types. Extension
of the method for the two- and three-dimension geometries seems straightforward and
will be investigated in a future study.
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