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Abstract

Classical Finite Volume methods for multi-dimensional problems include stabilization (e.g.
via a Riemann solver), that is derived by considering several one-dimensional problems in
different directions. Such methods therefore ignore a possibly existing balance of contri-
butions coming from different directions, such as the one charaterizing multi-dimensional
stationary states. Instead being preserved, they are usually diffused away by such methods.
Stationarity preserving methods use a better suited stabilization term that vanishes at the
stationary state, allowing the method to preserve it. This work presents a general approach
to stationarity preserving Finite Volume methods for nonlinear conservation/balance laws.
It is based on a multi-dimensional extension of the global flux approach. The new methods
are shown to significantly outperform existing ones even if the latter are of higher order of
accuracy and even on non-stationary solutions.

Keywords: Stationarity preservation, Global flux, Finite Volume, Multi-dimensional
well-balancing, Hyperbolic equations

1. Introduction

This paper focuses on the numerical solution of nonlinear hyperbolic systems of conser-
vation laws in two dimensions:

0uq + O f + 0y9 =0, (1)

where ¢, f and g are the vectors of conservative variables and fluxes. Numerical methods for
hyperbolic partial differential equations (PDEs) need numerical diffusion to achieve entropy
stability and in order to deal with solutions characterized by strong gradients. The majority
of numerical methods for multi-dimensional problems, though, are developed following a
dimension-by-dimension approach, meaning that the numerical diffusion is usually derived
in a one-dimensional framework and that the diffusion term associated to an edge (or a face,
in 3D) usually involves only two states. Standard numerical methods with one-dimensional
Riemann solvers typically introduce a diffusion term of the type

atq + 8zf + 8yg = Axax(yxaa:(n + Ayay(yyayQ)a (2>
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where Az and Ay provide the size of the discretization, and v, and v, represent the diffusion
coefficients, which are often chosen proportional to the spectral radius of the flux Jacobian.
This one-dimensional approach does not take into account possible multi-dimensional fea-
tures of the numerical solution, such as the stationary states characterized by a balance of
contributions coming from different directions [§]. For equation , stationary states are
governed by

For classical methods, with the two-dimensional diffusion term designed following one-dimensional
approaches, the solution will be completely diffused instead of being kept stationary [9, [11].

In contrast to Equation , the discrete stationary states are characterized by the much
more restrictive conditions d,f = 0 and 9,9 = 0. States where 0, f # 0 is balanced by —0,g

is not a stationary state of the numerical method.

This can be prevented by choosing more sophisticated diffusion operators [40], 45] 28, [39].
Such methods are called stationarity preserving [8]. More recent developments of ad-hoc
diffusion operators were developed for geostrophic equilibria in the linear and nonlinear case
[4, B]. A connection to these equilibria in the context of low Mach number limit of the
Euler equations, which is related to the long-time limit of linear acoustics, was provided in
[30, B1] through the preservation of discrete divergence with ad-hoc functional spaces. Early
examples of stationarity preserving methods for nonlinear conservation laws can be found
in [7]. So far, however, no general theory for the agnostic detection of stationary states of
nonlinear multi-dimensional hyperbolic partial differential equations is available.

The method presented in this work is based on the global flux [27, [16] [I8] approach
initially introduced for hyperbolic balance laws in one dimension,

8tq_|_azf =S, (4)

with the original goal of developing well-balanced methods [3] 12} [I7], and the treatment of
source terms present in the mathematical model. The global flux has already been successfully
applied to different contexts and numerical methods [19] 20, 23], 35, 86l 32] to preserve one
dimensional equilibria.

The idea of the global flux consists in rewriting the source term as a flux R:

Ri— / " sda. (5)

In this framework, equation can be recast as
A+ 0:(f — R) =0, (6)

where discrete steady states satisfy the relation
&(f-R)=0& f—R= %, (7)

with # = f — R the so-called global flux and %, = % (x() for a given xy in the domain.
In the same spirit, a similar approach that integrates the Coriolis term into an apparent
bathymetry term was also developed in [14].



The concept of well-balancing is a particular case of the preservation of general stationary
solutions. The overarching idea is to design numerical schemes in which the artificial diffusion
vanishes at relevant equilibria. The development of well-balanced schemes in one-dimensional
problems has reached high levels of maturity in the last decades, but the multi-dimensional
extensions are often tackled with trivial dimension-by-dimension approaches [19, 211, 38|,
which only allows the preservation of 1D-like equilibria. In [I1], some of the authors presented
a way of achieving multi-dimensional stationarity preservation through global flux in the
context of a 2D linear problem, by considering that

Yy
Oiq + 0. f + 0y9 = Orq + 0,0, (/ fdy) + 0y9
v (8)
=0+ O f + 0,0, (/ gdx) = 0.

By combining the two derivatives, the two-dimensional formulation of the conservation law
can be written as

0 + 0pf + 0y = Oiq + 8,0,(F + G) = 0, 9)

by defining
Y T
F::/ fdy, G::/ gdz. (10)

The new divergence operator 9,0, (F'+G) now is easy to preserve at the discrete level. Thanks
to this formulation, it becomes also straightforward to consider multi-dimensional balance
laws with source terms,

kg + Opf + 0yg = s. (11)

In this case, the source flux R can be defined as

R = /m /y sdady, (12)

and directly included in the global flux. Setting

F =F+G—-R, (13)
the multi-dimensional global flux form of the problem now becomes again

0iq + 0yyF = 0. (14)

In this work, we present how this idea can be used to design first-order finite volume meth-
ods preserving multi-dimensional steady states, not known a priori, for general nonlinear
hyperbolic PDEs. Moreover, a thorough analysis of the method is presented for linear
problems showing a link with other stationarity preserving methods, as well as a discrete en-
ergy estimate. The approach proposed here naturally leads to the introduction of nonlinear
genuinely multi-dimensional fluxes at cell corners, which have been shown to provide

3



fundamental enhancements in the numerical solutions, and enjoy many theoretical properties
([26, 10]). However, differently from previous works, the formulation proposed here naturally
leads to corner fluxes, without any hypotheses on the type of quadrature. This approach
is a starting point for the development of new families of stationarity preserving high-order
methods based on high-degree polynomial reconstruction [22] 23], or discontinuous Galerkin
methods [35], 46].

The paper is organized as follows. In section [2], we present the examples of PDEs that will
be considered when assessing the performance of the method experimentally. In section [3]
we recall the global flux method in a one-dimensional framework for hyperbolic balance laws.
In section [4], we present the extension of the global flux method to two-dimensional nonlinear
hyperbolic PDEs. Here, we discuss the finite volume formulation, the stabilization technique,
boundary conditions, the treatment of source terms, as well as stability and consistency of
the method for a linear model. In section [5] we present the standard finite volume method
with piecewise constant and piecewise linear reconstructions used for comparison with the
global flux method. Several numerical experiments are presented in section [6] to show the
performance of the method. Finally, we draw some conclusions in section [7]

2. Mathematical models

The numerical method presented in this work is rather general and, in order to show
its potential, we exemplify it on several mathematical models described by both linear and
nonlinear hyperbolic systems. In particular, herein we will focus on three systems: linear
acoustics, Euler equations for gas dynamics and the shallow water equations. For all of them,
we focus on two-dimensional problems.

2.1. Linear acoustic system

The system of linear acoustic is a simple model that directly embeds non-trivial divergence-
free steady states. It can be written in the following 2D and vectorial forms as:

Oy -+ 8, —0,
tt+ Cap ov+Vp =0,
atv + ayp = 07 a + v 0 (15)
vV =
Op + Opu+ O =0, b ’

where p is the pressure and v = (u, v) is the velocity. The system can also be written in the
compact form with

U P 0
qg=|v|, f=10], g=|p|- (16)
p U v

The steady states of this system are given by

dq=0 & V.-v=0 and p=py= const. (17)



2.2. Fuler equations

The Euler equations are a simplification of the full Navier-Stokes system that do not
include viscosity effects. Their use is widespread for the simulation of compressible gas
dynamics. The system can be written in vectorial form as:

Op+V - (pv) =0,
Oi(pv) + V- (pvev+pl) =0, (18)
H(pE) +V - (pHV) =0,

having denoted by p the density, by v the velocity field, by £ = e+ ||v||?/2 the specific total
energy, being e the specific internal energy and [ is the identity matrix. Finally, the total
specific enthalpy is H = h + ||v||?/2, with h = e + p/p the specific enthalpy. To close the
system, we use the classical perfect gas equation of state p = (v — 1)pe with « the constant
ratio of specific heats (7 = 1.4 for air).

The nonlinear system of Fuler equations can also be recast in the compact form with

p gu PV
_ | ru _ |pumtDp _ | puv

q= pU ) f - puv ) g = pUQ _|_p : (19)
pE pHu pHv

Steady states of the Euler equations are more complex but, after some manipulations, the
smooth steady states can be characterized by the following relations:

V-(pv)=0, (pv-V)v+ Vp =0, v-VH =0. (20)

2.3. Shallow water system

The Saint-Venant or shallow water equations describe the dynamics of hydrostatic free
surface waves influenced by gravity. This model is valid under the hypothesis of very large
wavelengths, or very shallow depths, and is applied in various engineering fields, including
river and estuarine hydrodynamics, urban flood management, and tsunami risk assessment.
In particular, when working with large scale problems, this simplified model becomes crucial
to speed-up the computational time.

The system can be written in vectorial form as:

(21)

@h +V. (hV) = O,
O(hv) +V - (hv @ v + §gh’l) = —ghVb,

where h is the water height, v the velocity field, b is the bathymetry and ¢ is the gravity
constant. The system can also be written in the classical compact notation with

h hu hv 0
qg= |hu|, f=|hu®+ %gh2 , g= huv , s= |—ghdb| . (22)
hv huv hv? + %th —gho,b

This system admits a large variety of equilibria depending on the interaction between the
flux and the source. The most studied equilibria in the context of well-balanced methods
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are the so-called “lake at rest” states, which are characterized by a constant free surface
level n := h 4+ b = ny and a zero velocity v = 0. However, in the presence of a non-flat
bathymetry, the system can also admit non-trivial equilibria, which are characterized by a
non-zero velocity and a non-flat free surface level:

V-(hv)=0 (v-V)V+gV(h+0) =0 (23)

Several works have been devoted to the study of these equilibria in one dimension or in
a quasi-1D framework [37, 35, 21]. In this work, we are interested in truly multi-dimensional
well-balanced schemes that are capable of preserving all these equilibria at the discrete level.

3. Global flux for 1D balance laws

In this section, we recall the main principle of the global flux method and its initial usage
in a 1D framework. Consider a general nonlinear balance law and define a global flux .7
as

T
F = f—/ sdz, (24)
such that can now be written in a quasi-conservative form as
Oq + 0, F = 0. (25)
Steady states given by 0;,q = 0 are equivalently characterized by the condition 0,.% = 0 <
F = 9\0 €R.

In a finite volume framework, the computational domain €2 is split into N cells and the

equation (4)) is integrated over each cell C; = [q;i_%, x; +%]:

d Fiv1 i—1
__7: -2 @@ 2 _ 07 26
ar? + Ax (26)
where the cell average is defined as
1 Tivd
q; ‘= — dzx. 27
vy A (27)

2

a

The numerical global flux 2 1 is considered to be a function of the two values of the global

flux ﬁﬁrl and ﬁﬁl reconstructed at both sides of interface x; 1. For piecewise constant
3 2 2

reconstructions of the global flux one simply has #/, = % and ﬂfr L =i

2 2
Remark 1 (Numerical global flux). It is important to underline that structure preservation
can only be achieved if the interface global flux 9i+% depends only on global fluxes {F;} ez

in the cells, and not on the values {q;};ez of the conservative variables. This is due to the
fact that, at equilibria, only global fluxes are constant while conservative variables may vary.



In our previous work [23], we employed the following upwind flux:
EZ\H; =177, +1°7, where 17 := L*ML,
2 T3 L) 2
where L is the matrix of left eigenvectors of the flux Jacobian J,f, and sign A is the diagonal
matrix of the sign of the eigenvalues of the flux Jacobian, evaluated using any (average) state
at the interfacdl
For the development of the global flux method, a consistent approximation of R := [ " sdx
is necessary to define .# = f — R. This integral can be computed in a recursive manner,
starting from the beginning of the domain, by integrating the source in each element. To
simplify the description of the method, we will assume that ¢ and s are constant in each cell,
therefore the source integral can be computed as

Ti_1 z, 1 x; A A
R = / sd:z:+/ * sdz + / sdr = Ry_; + 7‘”@_1 + sz (29)
Z; T. 1

(28)

- 1
Ri—1

Hence, the global flux will now depend on both the conservative flux and the source term

Fi = f(@) — Ri = f(Gi) — Ri1 — %(511 + 5;). (30)
Similarly, the recursive procedure gives us the following values for .%;_; and .%; 1:
Fi1= f(Gi-1) — Ri—1, (31)
Fi1 = f(Gi1) — Rion — Ax (%@‘1 + 8 + %giJrl) : (32)
It can be noticed that, when considering a simple numerical flux
ﬁ%(ﬂu Fir1) = F (33)
equation (26) can be recast as
%CE _ _yi _Afi—l _ _f(%’) —Ai(%—l) n S; +2Si—1’ (34)

which shows already a difference with respect to the classical finite volume method, where
the source term would be treated in a centered way.

When the upwind numerical flux is used, one has (having temporarily made the
dependence of 1% on the interface explicit)

d Fi— Fin

S 35
dtq Az (35)
L f(@) + (3 + 1) (@) -1, f(Gia)
_ "3 t+3 73 3 (36)
Az
_ _ A\ SitSic1 _ SitSi _ _
].+ 1 1 1 1 1) ~ 1 1T~ 1+ 1 1 1 1+ 1 1 1 R/Lf
+ ( i+35 + it+35 175) 2 + it+3 2 + (\ it+3 - z+§/ E i—35 + 1752) L

In principle, therefore, one should write 1f+ , to make clear that they differ from interface to interface;
2

we do not make this depends explicit to ensure readability



where the contribution from R;_; cancels out even if 1* depend on the interface, since they
nevertheless add up to 1 on each of them.

Remark 2 (Compactness of global fluxes). It can be noticed that, although the global fluz in
15 defined globally with R;_1 that depends on previous values, the time residual shows
that the stencil is actually compact due to the cancellation of these terms. A full analogy with
compact residual distribution methods on a dual cell is presented later in section[{.5]

4. Global flux for multi-dimensional hyperbolic PDEs

4.1. Numerical method

When dealing with multi-dimensional conservation laws, non-trivial equilibria arise also
in absence of a source term in the equation. For steady states d,g = 0, it is no longer just
0, f = 0 that follows, but instead the divergence 0, f + 0,¢ = 0, which in general might have
many solutions.

In this section, we will show how to extend the global flux method to multi-dimensional
conservation and balance laws. We start by rewriting as @D using the definitions in
to obtain

0iq + 0y F = 0. (37)

with the global flux .%# := F +G. Then, integration of over the cell C; ; = [wi_%, xi+%] X
[yjf%, ijr%} yields

1) =0,
(38)

d _
AxAyEQl,] + y(tv xi+%7 ijr%) - y(t xzé%’yj+%) o y(ta xiJr%?yjf%) + y(ta xiféu Y-

where the cell average is defined as

1 iy [Yi+}
Gij = ——— dxdy.
1T Reny / / B
i— i—

We therefore are led to introduce the numerical corner fluxes ‘éz.\i:t%,j:t% that then allow to
write the evolution equation as

[N
Nl

— — — —

o
Firlg+l yif%,ﬁ% B 32'%,3% + 7

)

at AzAy

= 0. (39)

Recall that the global flux .# is obtained by integrating the physical fluxes and the source, see
equations , , and . In practice, the integrated fluxes F' and G are computed by
performing integrals along, respectively, the y and x directions in a 1D fashion. In particular,
the value of F; in the barycenter of a given cell ¢ can be computed recursively starting from
the beginning of the domain, similarly to section [3] as

Ay

Yj—1 Y5
F; = / fdy+ / fdy=Fij+ —~(figar+ fig) V5 (40)
Yj—1
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Figure 1: Cell labeling for the 2D grid.

where, for a first order method, trapezoidal rule is accurate enough. Similarly, G; can be
computed as

i1 x; Ar »
Gij = / gdr + / gdr =Gi_; + T(QHJ + 9ij), V. (41)
i1

When dealing with hyperbolic PDEs with source terms, as for the shallow water equations
in section , the integral of the source term R := [* [Y sdady can also be embedded into
the global flux. Similarly, R can be recursively defined as

Ti—1 LYj—1 i Yj AxA
R;; = / / S dydm+/ / sdydz = Rz'fl,ij—Ty (Si—1j—1+ Si—1,j + Sij—1 + Sij),

(42)
for every i, 7. More details about the treatment of source terms for the shallow water equa-
tions [2.3] are given in section [4.6]

4.2. Numerical corner fluzes

The conservative formulation obtained using global fluxes requires the definition

of numerical corner fluxes to update cell averages. This definition is better achieved by

considering the evolution of all the cells neighbouring a given node. To this end it is preferable
to recast (39)) as

R R C R e o

a1 AzAy

where we have added the superscript “/) to account for the fact that the signs used in the
formula involve the flux balance for ¢; ;. They thus are interpreted as depending on the
orientation of the corner normal for the four cells (i + ¢, j + r) for ¢, € {0,1} with respect
to the corner (i + %,j + %), defined by

Gregan (D)5
R <<_1)T+1 , i.e., (44)

i) . (1 G+ 1 Gj+1) . (1 (i+14+1) _ (1
L (—1)’ni+§7j+é = (_1>7“i+;,j+; ~—(1)v“i+;,j+g = (1 - 49

—0. (43)



Thus nj is a normal at corner p pointing into cell ¢. Corner normals and corner fluxes
alongside a modified concept of conservation associated to corners rather than edges are used
e.g. in [I0] for general polygonal grids, where they are shown to be crucial for structure
preservation. There, corner normals are defined as the average of the two edge-normals
adjacent to the node, scaled with the respective edge lengths. We believe that the definition
above is sufficient in the context of Cartesian meshes.

We further define the scalar n(.iJrf’J.'Jr?
o0 ts
i+l +r i+l j+r r r
T = n(lT) = (D) () = (<) (46)

where n(n) := n,n, is the product of the two components.

The reinterpreted definition of the corner fluxes above requires a different setting com-
pared to the classical one, and appears in the context of genuinely multi-dimensional Riemann
solvers using more than two states as input (see e.g. [6, 25 26] and references therein).

Next, we aim at defining the notion of the numerical global flux in the multi-dimensional
context as generally as possible. Then, we elucidate the conditions imposed on the functional
form of the numerical flux by consistency, conservation, and preservation os steady states.
We define the numerical corner fluxes at the corner (i + %, Jj+ %) with respect to the four
cells (1 +¢,j+r) with ¢,r € {0,1} as

FHlitr) _ o o a T e = = (i+£,5+r)
Fgri1 = F(Fijs Fi g, Firtjs Fir1,j15 iy Ggiats G g Gt g [, 1 il )-
27 2 27 2
We can now formulate local consistency as
g‘\ o o o op. _ o
F(F, 7,7, 7:¢,q.4,qn) = F n(n). (47)

A stronger property is the steady state preservation requirement which can be expressed as
F(F, T, T, TG, i1, i1 Qi+l,j+1|n§:]%),j+%) =7 ") (48)

S TATE

Remark 3 (Steady state subspace). Following [11], it will be shown below that steady state
preservation may be actually already proven if
for any two data distributions o and 3, such that o only depends on i and 3 only on j. In
this case, a conservation property more general of reads
* * x * A A = = (i.3) _ (i.5)
c%,j’ﬂiﬁpﬁiﬂ,jaﬂz‘ﬂ,ﬂh%,p Qi,j+1aQi+1,j>Qi+1,j+1|ni+]%7j+%) =7 i+jé7j+$(- )
50

A
JH%J%(

This condition will be used also in the consistency analysis of Section [{.5

Conservation cannot be expressed by face in this framework, as in standard finite volume
methods. It is instead formulated at corners as follows:

i\ i+1,5) ZGhj+1) ZU+1,5+1)
F) L gD gl gt 51
i+3,5+3 + i+3,5+3 + i+3,5+3 + i+3,5+3 (51)
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Having established the necessary conditions that the numerical global fluxes have to
satisfy, we next propose a particular choice. As in [26], we define numerical global fluxes as
the sum of a consistent central flux plus a diffusion term D. In the present paper, corner
fluxes are obtained extending to quadrilaterals the multi-dimensional Osher-Solomon flux
proposed in [26], and combining it with the recent work [11] on global flux compatible SUPG
stabilization. We define the numerical corner flux around the corner (z; + 1Yt ), which
involves the cells C; ;, Cit1 5, C; j11 and Cipq 41 (see figure . The same principle is applied
to the other corners. We set

Lé?(i,j-l—l) _? - 1n(i,j—l—l ) +,D(1,j+1 . §i+1’j+1) ?H (2+1,]+1)+D(i+1,j+1)

i+l g+l T T itggts Vit 4l i+35+3 i+3,5+1 30+3 Vit d 41 i+l g+l
() 7 (ir ) (i,9) Fli+1,5) = (i+1,) (i+1,5)
’ = 7 in D = y h = 7 in ’ D b
z+2,3+% i+5.0+3 i+1.5+% - i+1.5+37 i+1.5+% it+3.0+3 i+1.5+3 ™ i+1.5+37
(52)
where

— 1
Fiilr = Z(‘%’j + Fitrj + Fivrj1 + Fija)
is the average of the global fluxes at the corner.

To define the numerical dissipation we consider corner dual cells, as depicted on the right
on figure[l] The conservation condition (51)) requires that

i+1,5) (4,7 +1) (i+1,5+1)
D(Z ) + D( + D +D =
it+3.0+% i+3.0+% i+5.0+% i+5.0+3 =0.

To define the corner dissipation, we cannot proceed as in [26], since this would break the
stationarity preserving property. Instead, we take inspiration from the streamline upwind
stabilization (SUPG), studied in the global flux context in [I1]. To this end, on the dual cell

Cl 11441 we compute SUPG stabilizing terms

(’L+£, +T) - _ (Z+£, Jr?")
DZ+2’]+2 ' D<gﬂ+%’j+l’qi+%7j+%’ni+%v;+% )
(53)
_OCA/ (_J 8&@[7‘ + A_J anSDe 7‘) agn z+ ]Jrl déd’rb

where ;‘5\*: +1jrd is a bi-linear Q1 reconstruction of the global flux on the dual cell from the four
adjacent Values Fijy Fiv1j, Fij1, Fit1,,41. Here, J* and JY are the Jacobians of the fluxes

Qi i +tqi+1,5+9,j+1+qi+1,5+1 v AzZ+Ay? .
i A=Y —— s

the characteristic mesh size, and v = 1/, with A, the maximal spectral radius of the flux
Jacobians computed with the average state of the four reconstructed values at the corner.
The ¢, for £,7 € {0,1} in the above definition are the standard bi-linear finite element basis

f and g computed in the average value ¢, IERTEES

functions on the quadrilateral C defined by

prr(m) = 71+ (“) A+ (-1 ) (54)
pool€m) = 71 -1~ 1), grol&m) = 30+~ ) -
por(€n) = J1= A+ n), pra€n) = {1+ +)
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on the reference element &, n € [—1,1]. With this, we can explicitly evaluate the streamline
upwind dissipation terms as

~ aA n —~
D(F,gn) = 22 (2o Do ) (7 56
(Foah) =5 (R ) a(F) (50
ie.,
i+ _ oA T (g4 _ QA (T T
D= ( ar Tay) P Pugad T \(Tag Ty ) B
G _abd( JT T 1) _oBd (T
Dz’+%:j+%_ 4 ( Az Ay Pirdi+ds Di+%:j+%_ 1 \Tar Ay iyt
(57)
with
Byt et = V(Fy1501) = Ty gy — Fijo — Ty + Fij = - Oy F iy 3 dady -
i+ 5.0+
(58)

The next sections are devoted to the analysis of some properties of the scheme obtained
with the above definitions, as well as some enhancements.

4.3. Compactness of the method

Taking into account only the central flux, without the diffusion, one obtains

A () () /\(m)
d JOZH*Q,]‘F; + yzf?ﬁr; + 7 it1.j-1 +7 i—1j-%

i 59
dtq g AxAy (59)
Z ) (4.9) T (4.5) Z (4.9)
_ _"é“rzvﬁ%nw jer T Z*zvﬁ%ni%w% T Lt Tl
AxAy
(59b)
_ fz+2g+— ‘/z—%,]-i-% yi-ﬁ-% i—3 +<§z—% j—1
= ArAy (59c¢)
Define
— 1
Fiij = 4(F + Fiy1+ Fijo + Figj) (60)
— 1
Girtirs = 1(Gig + Givg + Gigr + Givrjn) (61)

Z —
such that Firljrl = Fi+%’j+2 + GZJr Jth and use the recursions (40)—(41)) to obtain

= = Ay Ay
Fiisget = Fipyjoy = 5 g + 2fing + firrg-o) + = (g + 2fi5 + fig-r). (62)
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We find an analogous formula for F; 1

Ll — Fi_%,j_%, such that in the end
d 1 1
dth] 2Ax<f+17 f 1, >] 2Ay<97]+1 gv] 1> ( )
with the average
1
<aﬂ>j = Z(a@j+1-+-2aaj-+-a@j_1). (64)

One observes that all the global fluxes drop out and the central part of the method is local.
Next, we turn to the numerical stabilization. Defining

F
(I)Z+2,]+1 = Fii1541 — Fij — Fipy + Fij (65)
G
(I)z+2,]+ Gi+1,j+1 - Gz’,j+1 - Gi+1,j + Gi,j (66)
such that &1 ;.1 = ¢ZF+27 1t ¢ HERIeE and using again the recursions (40)—(41), one
obtains
Ay
F
q)z—I—Q,H-f 2 (fiJrLjJrl + fi+1,j - fi,j+1 - fi,j)- (67)

An analogous formula is valid for @i 11 and also
27 2

Az
¢ﬁ27j+, 5 —(Git1j01 + Gijer — Givrj — Gij)- (68)

One observes again that all the global fluxes drop out.
The Jacobians involved in the update of ¢; ; are evaluated at the four corners, such that
the method with only the numerical stabilization reads

(4,9) (,J) (,9) (:9)
d D+27+5+D +$+D+§:‘_l +D 2’1_%
dtqz’] AzxzAy

1 aA

T Yy T Y
‘]z‘+§,j+§ Jz‘+§,j+% ® Ji—%,j—&-% Ji—%,j-&-%
— — || - - i+lj+i t - Di 141
AxAy 4 Ax Ay 2072 Ax Ay 2772

JEL o, TV JE o JY
_ it+3.0-3 it+3.0-3 i—3.0-3% i—5.0-3
" ( Ar Ay ) Pegop ( Ar Dy ) (D"i’j%] '

To give the spirit of the method, assume for the moment, however, that the Jacobians

(69)
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are evaluated on same state. Then, the numerical stabilization becomes

d 1 aA [ J*
@ T T Redy 1 [A_x (~Brsis + gy ~ Py + Biyy) (70)
JY
+ A_y <_(I)z'+%,j+% — ¢ i+t T CI)H- g1 (I)i—%,j—é>:|
alA | J* J*
~— {A 2 (firr, = 2fi. + ficr. )i + M(QHLJ‘JA = Gi—1j+1 — Gi+1,j-1 + Gi-1,j-1)
(71)
JY JV

* 4AmAy(fi+1’j+1 = Jirgr = frrgor + ficrgoa) £ A—y2<g‘,j+1 —29.;+ G j-1)i

Here, the average (-) introduced in has been used again.
Finally, the method can be expressed in classical flux form
fz‘—&—l] fz 15 Gigrl = Gij-1
- 2 — —2 = 0. 72
Ax + Ay (72)

a4 +

This demonstrates that additionally to the notion , the method is also conservative in
the classical sense. The numerical flux through the edge (i + %, j) reads

al Jiy +5.0+3 1 @it gt T 1P

r _ +27]77 ,L+2"7 2
fi"r%,j - <fl+l +f1 > 2 2AxAy . (73>
In a quasi-1D situation, i.e. when nothing depends on j and when g = 0, the flux is
f +1= (fz+1 + fi) — 5 H L (fir1 — o) (74)

With this, next we discuss the interplay between the numerical stabilization and stationarity
preservation.

4.4. Analysis of the method for the linear acoustic system

In this section, we focus on the analysis of the new numerical method by analysing the
numerical diffusion that allows to achieve stationarity preservation, and obtaining an energy
estimate.

4.4.1. Numerical diffusion and stationarity preservation

We start by considering the linear acoustic system, but similar results can be shown for
nonlinear problems. A classical dimensionally split finite volume scheme with a local Lax-
Friedrichs numerical flux provides the following discretization of the linear acoustic system:

Am Az Am Ay

d
—p+ Dyu+ Dyv =

gy Dop + D,yp,
d )\ A
d A A
&v +Dyp = —yDyyv,
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J+Y =31 0| 3 j+1 =)l j+1 -1l 0| 3

i l-1] 0] 3% il 313 i lolo]o

J= =5 0| % i=Y x| -3 T N
i—1 i i+1 i—1 i i+l i—1 i i+1
(a) AxD, (b) Az%D,, (c¢) AzAyDy,,

Figure 2: Finite difference-like stencils for global flux differential operators.

where D represent the discrete derivative operators given by

i — Qi1 1 — 2G5+ Gt
(Deq)yy =TI (D, g, = B T T (76)
and similarly for D, and D,,. As can be noticed, the stencil used in this discretization is a
simple 5-points stencil.
Contrary to this, the stencils involved in the new first order global flux method, equipped
with SUPG corner fluxes as described above, includes the cell itself and its eight neighbors
(9-points stencil):

d _ _ A _
G+ Deut Dyv =" (Ducp + Dyyp).

dt
d _ A,
dt 2
d _ al\ _
&v +Dyp = - (nyu + Dyyv) ,

where the new finite difference operators are given by the stencils in figure . D, and D,, are
standard discrete first and second order derivatives in x, but including a particular averaging
in y direction, introduced in as (a;.); = 1(a;j+1 + 2a;; + a;j_1). These operators have
first appeared in [40] and then in virtually all subsequent works on stationarity and vorticity
preservation for linear acoustics on Cartesian grids, e.g. in [40, [45] 28] 39, 34, [§].

In [I1] these finite difference operators appeared naturally as Kronecker products of uni-
direction operators: D,, = D, ® D,I,, D,, = D,, ® D,I, etc., with matrices I, responsible
for the integration and D, [, being the particular averaging matrix corresponding to (-).

One observes that the diffusion operators for the velocity no longer depend on second
derivatives of individual components, but instead on the gradient of the divergence operator.
Although this characteristic of the scheme is more readily visible for a simplified model like
the linear acoustic system , similar considerations can be drawn also for more complex
nonlinear systems, as is obvious from (71)).

Remark 4 (Numerical diffusion for nonlinear problems). For the shallow water equations,
the first order global fluz method with SUPG corner fluzes leads to the following discrete
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evolution equations:

d _ _ al al _
&h + D:chh + Dygh - 9 ( xmfhu + Dmyghu) + 7<D:vyfhv + Dnyhv)a
d _ _ al al _
Ehu + Dy fru + Dygnu = 5 ——(gh — @*)(Dag f1 + Daygn) — TUU( ey fn+ Dyygn)+

— a _ a _
+ aAﬂ(Dxxfhu + nyghu) + _@(nyfhu + Dyyghu) + TQ(Dz‘yfhv + Dyyghv)7 (78)

A - _
T(gh - @2)(nyfh + Dyygh) -

_ QA _ ozA
+ OéAQ_J<nyfh’U + Dyyghv) + TE(Dszhu + Dmthu) + —

d
—hv + D fhv + Dyghv =

a\ _ _
dt TU’U(Dmcfh + nygh)+

Q(D:Emfhv + Dmygh”u)y

where we considered constant Jacobians defined in an average state § = (h, hii, hv) to regroup
the terms in a compact form. For notational convenience, we have introduced the terms fua,
and g, to denote the fluxes for the momentum equation in hu, and similarly for the other
equations. Again, we obtain diffusion terms that depends on the gradient of the divergence
operator, which is essential for stationarity preservation.

4.4.2. Semi-discrete energy stability
In this section, we focus on the semi-discrete energy estimates for the linear acoustic
system. In particular, in the continuous setting, it can be easily proven that the conserved
. 2 2 . . .
energy of the system is £ = % + E- by multiplying by ¢¥, summing the three
equations and integrating over the whole domain §2:

/ (" 0q + ¢"IVqldx = / [uyu + u0yp + VO + vOyp + pOyp + pOyu + po,v]dx
) Q

_d u? + v?
S dt 2

2
+ p_] dx + / pv - ndS (79)
2 0

where the second term is zero for periodic boundary conditions. In our discrete framework,
we would like to prove that

d u?+v2 p?
— —|dz <0.
at { 2 +2]x—0

To do that, we will write the new differential operators introduced above in a tensor
product form to split the contributions from the two dimensions, for more details see [11],

Dy = (DyM_)® (M M), Dy
Dyy = (M+M*> ® (DJrD*) ) D:py

= (DyD-) @ (M M),
= (D4M_) @ (DyM-)

where the derivative, D, and average, M, operators are defined as

1 1 0 5 5 O
0 -1 1 0 5 3
D, = . M, = (80)
.0 -1 1 .. 0 5 3
1 0 -1 : 0 3
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with periodic boundary conditions, and by
D_=-D{ =D and M_=M!=:M.

Proposition 5 (Semi-discrete energy inequality). The following semi-discrete energy in-

equality holds,
d
&Za,j <0. (81)
Z7‘7

Proof. The central part of the method preserves the energy since, e.g. u"Dyp + p"Dyu =
u"D,p + u"DTp = 0 up to boundary terms. The evolution of the energy of the system is
thus entirely given by the numerical stabilization as follows:

2 d

T Z Eij=Dp TDyup+p Dyyp +u'Dyu+ uTnyv +v Dzyu + vTDyyv (82)

where the terms on the right-hand side can be recast as

p" Dywp = p" (D4 D) @ (MyM_)p = —||(D @ M)p||* <0,
p'Dyyp =p" (MyM_) @ (DyD_)p=—|(M & D)p|]* <0,
"Dypu=u" (Dy D) @ (MyM_)u=—[(D® M)u]" [(D® M)u],
u' Dyyo = u" (D4 My) @ (M_D_)v = —[(D® M)u]" [(M ® D],
v Dyyu = 0" (My D) @ (D-M_)u=—[(M & D)]" [(D & M)u],
v Dyyv =" (M{M_) ® (DyD_)v=—[(M @ D)|" (M & D)v],

where the mixed operator was manipulated thanks to M D = DM. Hence, the semi-discrete
energy is found to decrease:

aA & Z E; < —[(D® M)u]" [(D® M)u+ (M ® D] —[(M® D" [(D® Mu+ (M e D)l

= —|[(D® M)u+ (M ® D)v||* <0.

This is a discrete version of / v-V(V-v)dx=— / (V - v)%dx + boundary terms.
Q

Q
U

4.5. Analogy with Residual Distribution and discrete steady states

The recent work of [20] has provided a general analysis of the relations between multi-
dimensional finite volume methods with point fluxes and residual distribution schemes.
Earlier, it has been shown in [2] that residual distribution schemes can be reformulated
in terms of a global flux finite volume method. This section elaborates on these aspects for
the global flux finite volume approach proposed here. This allows us to give more details on
the discrete steady states of the method in a more general setting.
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Following the last reference we start from the conservation condition at each corner.
Consider, instead of , the following ansatz for the numerical global flux, given by the
trace of the cell (global) flux plus a fluctuation:

Zltbjtm) _ g (i+tj+m) (i+€,5+m)
Fiorjer = T+ <I>Z.+%7j+% : ¢,m e {0,1}. (83)
All the properties of the numerical flux can be translated into requirements on the fluc-
tuations <I>(f“im). The most interesting ones are related to conservation and stationarity
2’ 2
preservation. Corner conservation is written by using the above ansatz in , which leads
to the requirement

(4,3) (i+1,5) (1+17]+1) (7J+1) _ z+€ J+m) _
QT T + @) 1+ T Z Firtmn it = Qs
£,me{0,1}

where &, 1 +1j4d is the global flux integral on the corner dual cell as defined in (58). By virtue
of , deﬁmng a corner flux is thus equivalent to defining a residual distribution scheme

satisfying
(i+L,j+m) B
> O = =0 (84)
£,me{0,1}
This analogy goes much further, and it is in fact a full equivalence. In particular, we can
prove the following facts.

Proposition 6 (Equivalence with RD). Consider the multi-dimensional global fluz finite
volume method , with numerical fluxes written in terms of fluctuations (58)). Then,

1. the multidimensional finite volume global fluz method with piecewise constant data
15 equivalent to the Residual Distribution scheme

AxAy d

Gl O el rel e =0 (85)

27]""7 2]_2 i—3.J%3

with fluctuations (IDE:EJQ el verifying the conservation condition (84) at each corner (i+
27 2

3£ 3)
2. the finite volume global flux method . with average flux ﬁfjjjlm) = §z+273+2n5fj,yjj:?)’
Ve, m € {0,1} is equivalent to the residual distribution scheme with fluctuations
(i+Lj+m) _ o (i+£,5+m)
ittty (‘g%‘r%ﬁ*% N ﬁi%ﬁm)”w%,ﬂ%

3. the finite volume method including the numerical dissipation in , defined by the
streamline upwind terms (7)), is equivalent to the residual distribution scheme defined

by

(i+65+m) L (it 4m) o

(i+bj+m) _ oz
¢ = (Fu i+1g+3 4L g+L Titgits o

C 11— Fipim I
it+3.5+3 2:J+3 i+t j+m)

¢,m e {0,1}

with 87T = oA ((—1)Zi—1 + (—1)mi—:> according to (57);

+2, +2
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4. both the centered and the stabilized method are steady state preserving with respect to
global fluzes of the type . In particular, they both admait discrete steady solutions
verifying

cI)z’-&-%,j-‘,—% =0 Vi,j;

5. both the centered and the stabilized method are formally second order accurate at steady
state for smooth enough solutions.

Proof. The first fact is a consequence of the identity n(+ 7) + 1 —i—ngz_’{) J+1 —i—n( ) 1+ ’J) L=

7‘7 2’]
0, so when replacing (83)) in . we obtain 1mrned1ately Us1ng or to represent
the scheme is absolutely equivalent. The second and third propertles are obtalned by simply

subtracting from the average flux, and from the cell contributions to obtain the corres-
ponding fluctuations.

Concerning the discrete kernel property, consider first the average flux without extra
dissipation, and compute explicitly the sum of the corner contributions:

=z ( ) = (4,9) (m) (4,4)
‘%1—1—27]4-2 itd+i + ‘%H-é,j—ln i+31,5-1 +7 —L+im 1 i +7 i—3, J—%ni—%,j—%
_ Fiv1j+1 — Fip1,j-1 — fz‘—1,j+1 + Fio1j-1 (86)
4
1
7 <(I)z+2,3+1 Tttt P+ (I)z—%,j—%> : (87)

This shows that ®,,1 ;.1 = 0 is in the kernel of the average flux method. The same is true
for the stabilized scheme for which we can write after assembly around cell 7, j

__ 1 .
§ : A (4,5) V)]
{Ji+2,3+'”nz+2,]+m 462‘+§,j+%©i+§,j+%

Lme{-1,1}
_ 1 (id)
= X 0= 0s) Pasien]

¢me{-1,1}

(88)

So to prove point 4., we just check that ®, 1 = 0 is also a consequence of the steady

H— j-‘r

state preservation condrtlon of Remark I 3] in For F +a; + fj as in , in each
dual cell
D141 =F + o+ B — —Bj1—F —ai — B+ F +a; +3;=0

and thus ﬁi+£’]:f‘) Z . Finally, the second-order consistency at steady state is a con-
sequence of results for residual distribution schemes with bounded distribution coefficients

on linear and bi-linear elements (see [24], 42], [T] and references therein). Second-order accuracy
at steady state thus follows from the boundedness of the coefficients 1/4, and (I1-4;" (it b +m)) / 4

which appear in the equivalent forms of the scheme and .

The switch from conservative finite volume to residual distribution methods contains
some nuances on which we would like to comment. In particular, the proof uses two different
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writings of the average flux scheme. This may be confusing as to which is the proper form to
use. The confusion is originated from the fact that for this simple case, due to cancellation,
the same global assembly can be obtained from several different local contributions, not all
fitting into the same conservation framework. For example, the proof shows that the scheme

) o )

d _ i+3.+3 i+3.5—3% i—1,5+1 i-1j—1
A A — ;i 2’ 2 27 2 27 2 22 2 — O 89
Yt T Ty Ty Ty (89)
is equivalent to the average flux scheme. In light of , this may lead to the conclusion,
that the definition ®™) | = ®,.1..1/4 is a viable one; which is, however, wrong. Such
i+3.J+5 3Ty

a definition is not acceptable here, as it does not satisfy the local conservation constraint
(84), which has a minus on the right hand side. This change of sign is related to the differ-
ence between internal and exterior oriented normals. Scheme can also be shown to be
conservative in the classical cell-vertex residual distribution framework, with the appropriate
conservation constraint. On Cartesian meshes, this mismatch cancels out and one ends up
with the same discretization after assembly. However, on general meshes the change in sign
must be carefully accounted for (see e.g. [26]), and the appropriate local conservation and
consistency conditions respected. In particular, the central RD can indeed be written
in a flux form, but the numerical flux has a much more involved expression than the simple
average flux. The interested reader can refer to the last reference, and to [2] for more details.

4.6. Source modification to preserve solutions at rest

This subsection has the goal of providing a direct way to embed bathymetry source
terms typical of the shallow water system with bottom topography. For simplicity, this part
revolves around this PDE system, but the same approach can be also applied for other cases.
In particular, the goal is to achieve stationarity preservation for motionless equilibria, i.e.
lake at rest preservation, coming from the balance between the hydrodynamic pressure and
bottom topography, which is present in both 1D and 2D configurations:

1D: {h(x) + b(z) = mo 2D: {h(“"’ y) + b(z,y) = o,

u(z,y) =v(z,y) =0. (90)

As also shown in section [3| in a 1D global flux framework ([23]) it has been proposed to
integrate the source terms within the flux derivative, thus obtaining a quasi-conservative
formulation of the PDE:

6th + 890(11 = O, ath + axQx = O,
Do+ 0. (% + 9% ) = —ghosb, 0o+ 0, (% + g% + [ ghdbag) =0,
(91)

However, contrary to classical source terms, the bathymetry term shall be treated differently
given the presence of its derivative. To achieve consistency and well-balancedness for the
high order method, in [23] the integral of the bathymetry source is considered to jump at
each interface. In the current low order framework the approach amounts to

;i Ti-1 i hi + h;—
R® = / ghdeh d¢ = / ghebd€ + / ghﬁgbdngf_lJrg%(bi—bil), (92)

i—
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where the second integral has been computed using a consistent approximation of J¢b, while
for the h a simple trapezoidal rule has been used.

The same approach can also be developed for 2D systems, including the the source term
containing 0, in the z-flux, and the one containing J, in the y-flux. Starting from equation
(21)), we can integrate the source terms present in the momentum equation as follows:

Oh + 0y (hu) + 0y(hv) =0
Oy (hu) + 0, (hu2 + g%z + ¥ ghdeb dﬁ) + 0, (huv) = 0, (93)
O (hv) + 0, (huv) + 0, <h”02 + 9%2 + [Y ghd,b dn) =0.

Proposition 7 (Lake at rest preservation). The 2D global flux scheme of the system
with the source term quadrature provided in equation 15 exactly well-balanced for the lake

at rest solution .

Proof. To prove that the family of equilibria is exactly preserved when u = v = 0
and n = h 4+ b = 1y, Since the mixed terms depend only on the velocity and thus vanish,
the two momentum equations can be treated separately for the x and y contribution. In
particular we want to show that given a zero velocity and constant free surface elevation,
Jij + Ri; = fis1; + Ri_1;, Vj. Without loss of generality, we will show this result only for
the x direction.

By substitution of the relevant quantities, we obtain

+yg

it R —fii—R_,=g 5 5 (b; — bi—1) (94)
hi + h,’_ .
= QTI (m - Ui—l) =0, V7, (95)
where the last equality holds when n; = n;,_1 = no, with n; = h; + b;. O

4.7. Compatible boundary conditions

Boundary conditions play an essential role in the practical application of numerical meth-
ods. Let us for example consider the usual ghost cell approach. In a classical dimension-by-
dimension finite volume method, homogeneous Neumann boundary conditions on the state
variables can be simply enforced by copying the state. This is somewhat consistent with
the internal treatment based on one dimensional Riemann fluxes using two states. However,
this approach cannot be steady state preserving since it is not based on the global flux. One
should consider corner fluxes on the boundaries, and choose the ghost states consistently with
the equilibrium condition. Here, we construct compatible Neumann boundaries based on the
discrete constraint ®.oner = 0, which we have shown to be the relevant multi-dimensional
characterization of our discrete steady states. Compatible transmissive conditions require
this relation to be verified by the ghost cells at each boundary corner.

Let us consider the right boundary domain (see figure . We can impose Fyi1 -1 =
Zn -1 for all j on the global fluxes, instead of computing the state variables as for classical
homogeneous Neumann conditions. Then, we can use use directly the global flux at the
boundary corners. This will lead to the following relation

Oyi1j-1 = FIN11j— FNj— FNt1j-1+ Fnga =0, (96)
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Figure 3: Ghost cell labelling: ghost cells are highlighted in blue.

which gives a steady state solution.
On corner ghosts, similarly, one has to impose Fn, 41, n,+1 := ¥, N, +1, if also on the top
side transmissive conditions must be imposed, this will results in

or _ o —
PNyt 1Ny +1 = TNy Nyt1 = FNy41,N, = FN, N,

Similar ideas can be used also for other boundary types, but in our experience transmissive
conditions are the most critical to correctly maintain the internal structure, since they in-
volve no external data, which provide some link to the correct solution for other boundary
conditions.

When seeking to preserve steady states, it is crucial to ensure that the number of equations
imposed—either by boundary conditions or by the steady state equations—does not exceed
the number of unknowns, or that these equations are mutually compatible.

The steady state conditions enforced by q)i+%,j+% fori =0,...,N, and j = 0,..., N,
introduce Ney(N, + 1)(N, + 1) linearly independent constraints on NN, N, unknowns g; ;
(for e = 1,...,N;, j = 1,...,N,). To satisfy these extra constraints, N.,(2N, + 2N, +
4) ghost cell values are introduced. This leaves N,(N, + N, + 3) equations that can be
specified at the boundaries, typically through Dirichlet conditions. Homogeneous Neumann
conditions, as previously discussed, are compatible with the internal constraints and do not
introduce additional equations. Therefore, the N, (N, + N, +3) remaining degrees of freedom
correspond to at most two sides where Dirichlet boundary conditions can be imposed, and if
not consecutive sides, they should not have all corners included.

In summary, when seeking equilibria, the boundary conditions must be compatible with
the internal constraints. It is only possible, and necessary, to impose complete Dirichlet
conditions on (at most) two boundaries. In this respect, this work is changing the perspective
on this issue. For many years, schemes similar to the one obtained here have been considered
as flawed due to the existence of the steady states characterized by proposition [6 This is
due to the fact that spurious oscillating modes may also satisfy the condition ®;,1/2 j11/2 =0
Vi, j (see e.g. [42, [I] and references therein). However, this is only true if one considers the
problem locally, which is a wrong way to define multidimensional steady states as they must
include boundary conditions. If these are imposed in a compatible manner, spurious modes
can be controlled. This work, as well as the work discussed in [I1], contributes to rectifying
this notion.
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5. Standard finite volume scheme used for comparison

In this section, we present the standard finite volume (FV) scheme used for comparison
with the novel global flux (GF) scheme in the numerical experiments presented in section []
The classical finite volume formulation for the 2D nonlinear hyperbolic problem can be
written by integrating it in the cell C; ;:
fz‘-i—%,j - fi—%,j ?]i,j+§ - gi,j—%

d—t%',j + Ar + Ay = Si > (97)

where the numerical flux fz 11508 computed through the local Lax-Friedrichs (or Rusanov)
flux:

r 1 L R Am R L
ona =5 (ot 145) = 5 (el — diy) (%8)
where
fﬁr%,j = f(qiL+%7j)a fk%,j = f(qi]i;j% (99)

and similarly for the others. The source term is computed by integrating the source term
over the cell C; ;:

_ 1 /xwé /yj+§
Sij = sdzdy. (100)
AxAy vy Juy

In this work, we are going to compare the first order global flux scheme against the standard
finite volume with both piece-wise constant (first order accurate) and piece-wise linear (second
order accurate) reconstructions. Since the solution update can be performed in a dimension-
by-dimension way, we can focus only on the z-direction for simplicity. For piece-wise constant
reconstruction, the left and right states at interface i + % simply are

Gisy =G Gy, = Qg Vi (101)
While in the second order case, the left and right states are computed through a piece-wise
linear reconstruction of the solution as

(2, y) = Gig + (& = ) (0:0); 5 + (v = 4;) (0y0); 5, .y € Cij. (102)

Hence, the left and right states at interface ¢ + % are

_ Ax _ Ax :
qiLJr%,j = Gij + o (@a@m ) Qi%d = Gi+1,5 — o (8.Z‘q)i+17j ) vj. (103)
Here, the slopes (9,¢), ; are evaluated using the generalized minmod limiter [41]:
: Giv1j — Qij Qivry —di-15 Gij — di-1
0:q); ; = d(d , U , 104
(0:4);,; = minmo ( Ax 2Az Ax ) (104)
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where ¥ is used to control the amount of dissipation. In particular, the larger 1 is, the sharper
and more oscillatory the reconstruction will be. For the simulations presented in section [6]
when not specified, we set the parameter ¢ = 1.3. The same approach has been used along
the y direction.

The classical minmod function is defined as

min(a,b,c), if a,b,c>0,
minmod(a, b, ¢) = < max(a, b, c), if a,b,c <0, (105)

0, otherwise.

6. Numerical experiments

In this section, the goal is to show the performance of the new global flux scheme (GF)
when compared to the classical finite volume first order (FV-1) and second order (FV-2)
approaches presented in section [f] Several test cases are presented to study the impact
of the method on both linear and nonlinear hyperbolic problems: linear acoustics, shallow
water and the Euler equations. The numerical experiments are performed taking the gravity
g = 9.812, for the shallow water system, and the ratio of specific heats v = 1.4 for the Euler
system. All convergence analyses are performed on a set of nested quadrilateral meshes with
N, = N, = 20,40, 80, 160, 320. Time integration is performed through classical explicit Euler
and second order Runge-Kutta methods.

6.1. Linear acoustic system

6.1.1. Stationary vortex

The first test case considered here concerns the simulation of the linear acoustic system.
The initial condition is a compactly supported vortex centered in (¢, yo) = (0.5,0.5) defined
on the square [0, 1] x [0, 1] with periodic boundary conditions, which is given by

p(r,y) =1,
u(z,y) = (y — yo) f(p(z,y)),
v(z,y) = —(r — x0) f(p(7, 7)),

(z—0)*+(y—v0)*

, where g = 0.45, f(p) = v(14cos(mp))? and v = m&%.
This vortex is taken from the work [44], where its derivation is described. This initial condi-
tion is a steady state of the aocustic system.

In table [I, the errors computed with the Ly norm and convergence rates are shown.
As can be noticed, the GF method outperforms the standard FV-1 and FV-2 methods in
terms of discretization errors. Although the GF is in principle first order accurate due to the
piece-wise constant reconstruction, a superconvergence behavior is experienced for stationary
solutions (compare Proposition E[) Hence, the GF method is not only able to preserve the
vortex structure, but does so at second order accuracy. In particular, this is evident when
increasing the final time of the simulation, as shown in figure [l Classical methods like FV-1
and FV-2 are not able to preserve the vortex structure for long times, due to their numerical
dissipation that spoils the final solution.

with p(z,y) =

T0
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Table 1: Linear acoustic system: vortex (ty = 1). Lo error and order of accuracy 7 for FV-1, FV-2 and GF.

p U v
N,,N, L i Ly B Ly 7
FV-1
20 351E-05 -  651E-02 -  651E-02 -

40 4.58E-05 -0.38 5.42E-02 0.26 5.42E-02 0.26
80 2.71E-05  0.75 3.97E-02 044 3.97E-02 0.44
160 1.06E-05 1.35 2.54E-02 0.64 2.54E-02 0.64
320 3.34E-06 1.66 1.47E-02 0.79 147E-02 0.79
FV-2
20 4.31E-04 - 2.58E-02 - 2.58E-02 -
40 2.54E-04 0.76 6.12E-03 2.07 6.12E-03 2.07
80 6.37E-05 1.99 1.61E-03 1.93 1.61E-03 1.93
160 1.29E-05 2.30 4.46E-04 184 4.46E-04 1.84
320 2.73E-06 224 1.25E-04 1.83 1.25E-04 1.83
GF
20 4.72E-05 - 3.95E-04 - 3.95E-04 -
40 4.53E-05 0.05 9.17E-05 2.10 9.17E-05 2.10
80 1.95E-05 1.21 2.26E-05 2.01 2.26E-05 2.01
160 6.42E-06 1.60 5.58E-06 2.01 5.58E-06 2.01
320 1.85E-06 1.79 1.38E-06 2.01 1.38E-06 2.01

norm vel

norm vel le—15
" T ] 0.0057

0.0051
0.0045
0.0039
0.0033
0.0027
0.0021
0.0015
0.0009

0.0003

(a) FV-1 (b) FV-2 (c) GF

Figure 4: Linear acoustic system: vortex. Isocontours of the velocity norm obtained with FV-1, FV-2 and
GF after a long time integration (t; = 200).
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6.2. Fuler equations

0.2.1. Isentropic vortex

In this section, we test the proposed method on a smooth isentropic vortex [29]. The
initial condition is given in terms of primitive variables and it consists in superposition of a
homogeneous background flow and a perturbation:

(p,u,v,p) = (L 4+ dp, ug + du, vg + dv, 1+ dp) .

The test case is set up in a [0, 10] x [0, 10] domain with periodic boundary conditions and
vortex radius r = \/(x —5)2 + (y — 5)2. The vortex strength is ¢ = 5, and the entropy
perturbation is assumed to be zero. Given these hypotheses, the perturbations on velocity
and temperature can be written as

-5 (], oot

2 2 8ym?

It follows that the perturbations on density and pressure read
Sp=(1+6T)71 —1, op=(1+06T)77 — 1.

This test case is a stationary solution of the Euler equations.

In table[2] the convergence analysis for the isentropic vortex is presented by comparing the
FV-1, FV-2 and GF methods by running the simulation of a static vortex, i.e. ug = vy = 0,
until a final time ¢; = 1. As observed above, the GF shows superconvergent behavior with
order 2. In terms of discretization errors, it outperforms not only the classical piecewise
constant finite volume method, but also the second-order approach equipped with a linear
reconstruction. Even after very long simulations times (see figure |5) the new GF method
is able to maintain the vortex, while the first order FV-1 dissipates everything away, and
FV-2 significantly distorts the vortex structure and still diffuses it more than GF. Observe
that the nonlinearity of the equations makes this test significantly more challenging than the
corresponding test for linear acoustics, where in particular advection is not present.

In table [3] the convergence analysis for a moving isentropic vortex is presented with
uy = vop = 1 and a final time ¢y = 10. Here we can directly observe that the GF method
is indeed first order accurate, as expected, since the reconstruction is piecewise constant.
No superconvergence is observed in this case, as the solution is not stationary. The results
show an relevant improvement of the GF method over the FV-1 in both discretization errors
and convergence rates, while the F'V-2 method is, in this case, the best since it is able to
achieve second order accuracy. In figure [6] the solution at the final time is shown for the
three methods.

6.2.2. Perturbation of the isentropic vortex

In this section, we present a test case for the Euler equations that consists in a perturb-
ation of the isentropic vortex presented in the previous section. The initial conditions for
the three schemes FV-1, FV-2 and GF are taken as the final results g, of the respective
simulations run until final time ¢y = 50 with a 80 x 80 mesh.
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Table 2: Euler equations: isentropic vortex with ug = vo =0 (ty = 1).

FV-1, FV-2 and GF methods.

L5 error and order of accuracy n for

p pu pv pE
N., N, Ly n L, n L, n L, n
FV-1
20  3.58E-01 ~  6.77BE-01 —  6.77E-01 —  116E4+00 -
40  247E-01 0.53 4.40E-01 0.62 4.40E-01 0.62 8.29E-01 0.48
80 1.49E-01 0.72 2.59E-01 0.76 2.59E-01 0.76 5.15E-01  0.68
160  8.33E-02 0.84 1.43E-01 0.85 1.43E-01 0.85 291E-01 0.82
320 4.42E-02 091 7.56E-02 0.91 7.56E-02 0.91 1.56E-01 0.90
FV-2
20 1.06E-01 - 205B-01 -  200E-01 -  4.32E-01 -
40 3.62E-02 155 6.74E-02 1.60 6.71E-02 1.57 1.20E-01 1.85
80 1.07E-02 1.76 1.93E-02 1.80 1.95E-02 1.78 291E-02 2.04
160 2.39E-03 2.16 5.58E-03 1.78 5.61E-03 1.79 7.04E-03 2.04
320 5.12E-04 222 1.39E-03 2.00 1.39E-03 2.01 1.56E-03 2.17
GF

20 1.52B-02 ~  3.67E-02 -  3.67E-02 -  459E-02 -
40  5.95E-03 1.35 1.15E-02 1.67 1.15E-02 1.67 1.54E-02 1.57
80 1.76E-03 1.76 3.06E-03 1.90 3.06E-03 1.90 4.35E-03 1.82
160  4.69E-04 1.90 7.87E-04 1.96 7.87E-04 1.96 1.16E-03 1.90
320 1.21E-04 1.95 2.00E-04 1.97 2.00E-04 1.97 3.02E-04 1.94

Table 3: Euler equations: isentropic vortex with ug =vg =1 (¢5 = 10).

FV-1, FV-2 and GF methods.

Lo error and order of accuracy 7 for

p pu pv pE
N, N, L n L n L, n L, n
FV-1
20 6.50E-01 —  1.54E+00 - 154E4+00 -~  3.12E400 -
40 6.21E-01 0.06 1.46E+00 0.07 1.46E4+00 0.07 3.01E400 0.05
80 5.82E-01 0.09 1.31E400 0.15 1.31E400 0.15 2.83E+00 0.09
160  5.13E-01 0.18 1.06E+00 0.30 1.07E4+00 0.29 2.48E4+00 0.19
320  4.01E-01 0.35 7.58E-01 049 7.63E-01 0.49 1.92E+00 0.36
FV-2
20 529E-01 —  1.07E4+00 — 1.12E400 —  248E+00 -
40 2.45E-01 1.10 4.42E-01 1.28 4.84E-01 1.21 1.17E+00 1.08
80 6.55E-02 1.90 1.26E-01 1.80 1.37E-01 1.81 2.82E-01 2.04
160  1.85E-02 1.82 3.22E-02 1.97 3.42E-02 2.00 6.03E-02 2.22
320  3.38E-03 245 T7.49E-03 2.10 8.12E-03 2.07 1.28E-02 223
GF

20 546E-01 —  1.30E4+00 —  1.13E+00 —  258E4+00 -~
40 4.44E-01 0.30 1.02E400 0.34 7.71E-01 0.55 2.10E4+00 0.29
80 3.18E-01 0.48 6.96E-01 0.56 4.92E-01 0.64 1.53E4+00 0.45
160  1.99E-01 0.67 4.12E-01 0.75 2.96E-01 0.73 9.73E-01  0.65
320  1.12E-01 0.82 2.24E-01 0.87 1.68E-01 0.81 5.55E-01 0.80
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norm vel

norm vel norm vel

10 10 0.675
0.000276 0.45
0.600
0.000246 0.40
0.525
0.000216 0.35
0.450
0.000186 0.30
0.375
0.000156 > 0.25 -
0.300
0.000126 0.20
0.000096 0.15 0.225
0.000066 0.10 0.150
0.000036 0.05 0.075
0.000006 0.00 0.000
x x

(a) FV-1 (b) FV-2 (c) GF

Figure 5: Euler equations: isentropic vortex with uy = vy = 0. Isocontours of the velocity norm obtained
with FV-1, FV-2 and GF after a long time integration (5 = 200).

norm vel norm vel norm vel
10 10
1.460 1.80 1.72
1.435 1.65 1.62
8 8
1.52
1.410 1.50
135 1.42
1.385 6 64 ‘
R 1.20 1.32
1.360 >
4 1.05 ad 1.22
1.335
0.90 1.12
1.310 > 0.75 2 1.02
1.285 0.60 0.92
1.260 01 0.45 01 0.82
o 2 4 6 8 10 o 2 4 6 8 10
x x

(a) FV-1 (b) FV-2 (c) GF

Figure 6: Euler equations: isentropic vortex with uy = vg = 1. Isocontours of the velocity norm obtained
with FV-1, FV-2 and GF at ¢ty = 10.
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Figure 7: Euler equations: perturbation of the isentropic vortex. Isocontours of the p — peq norm obtained
with FV-1, FV-2 and GF at final time ¢; = 2 with a 80 x 80 mesh.

Then, we add to the initial conditions a density perturbation dp centered in (4,4) of the

form: (z=4)2+(y—4)

op = Ae= 2
where A = 51073 and o = 0.8. The simulation is run until a final time ¢ = 2 to compare
the effect of the numerical viscosity on the evolution of the perturbation.

In figure [7, we show the density contour plot at the final time for the three methods. The
GF method is able to capture the perturbation sharply, while the FV-1 and FV-2 methods
have discretization errors too large to capture it properly. By looking at the isocontours
scales, it is clear that the perturbation is completely dissipated for the FV-1 method, while
for the FV-2 method the perturbation is still visible but with a much larger error compared
to the expected solution.

6.2.3. Sod’s circular problem

Here, we test the robustness of the global flux method on the Euler equations for the Sod
circular problem. The problem is a two-dimensional extension of the classical shock tube
problem. The simulation is performed on a domain [—1,1] x [—1, 1] and the initial condition
is given by

O(x,0) = {Qz l.f r <R,
Q. if r>R,

with r = /22 +y2. The circle of radius R = 0.5 is centered in the origin and separates
the inner state @; from the outer state ., where Q = (p, u,v,p). The initial conditions are
given by @; = (1,0,0,1) and Q. = (0.125,0,0,0.1). For a reference solution of this problem,
we refer to [13].

To have a smoother initial condition, the two states are connected by a smooth transition
region given by an erfc function defined as

C(r) = %erfc (T ; R) ,
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Figure 8: Euler equations: Sod’s circular problem. Numerical results obtained on a 400 x 400 mesh with
FV-1, FV-2 and GF methods run until a final time ¢y = 0.2.
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where 6 = 0.01. Therefore, we can define the smoothed initial condition as

Q(r,0) = ¢(r)Qi + (1 = ¢(r))Qe-

The simulation is run until final time ¢; = 0.2 before the shock waves reach the boundaries.

In figure 8] we present the numerical results obtained on a 400 x 400 mesh with the three
methods FV-1, FV-2 and GF. For all situations, we show the density contour plot at the final
time, along with a slice of the density and vertical velocity on the x = 0 axis. It can be noticed
that, among all three simulations, the GF performs much better than the standard first order
scheme and it is clearly comparable to a second order one. It is able to sharply capture the
three waves, which are smoothed out by the classical FV-1. GF also avoids oscillations at
the beginning of the rarefaction, while the FV-2 shows small oscillations. On the foot of the
rarefaction, the GF show sharper results, while it is a little more diffusive on the contact
discontinuity with respect to the FV-2. On the shock, the GF does not oscillate, while the
FV-2 shows minimal oscillations and is a little more sharply representing the discontinuity.

This test case not only allows us to show the robustness of the method to deal with
unsteady shock propagation. It also provides interesting insights into its low dissipation even
though the method has not been designed to have any particular properties on unsteady
solutions.

6.2.4. Kelvin-Helmholtz instability

The last test case we present for the Euler system is a smooth Kelvin-Helmholtz instability,
introduced in [33] to study the ability of a numerical scheme to cope with low Mach number
flow and to assess qulitatively the numerical diffusion of the method. There is a large body
of work available in the literature concerning the shortcomings of classical Finite Volume
methods in the subsonic regime (see e.g. [9]). The effect of stabilizing diffusion becomes
bigger as the Mach number decreases, making it necessary to use highly resolved grids in
order to capture the features of the flow. Numerical methods that are not low Mach number
compliant typically also stabilize Kelvin-Helmholtz setups in an artificial way:.

The simulations are performed in the domain [0, 2] x [-1/2,1/2] until a final time ¢; = 80.
The initial condition is given by the following primitive variables:

p=~+H)r w=M™H(y), v=08M sin(2rz), p=1

where the Mach number parameter is M = 1072 and we use r = 1072 and § = 0.1. The
function H(y) is defined as,

—sin(Z(y+3), M —i-§<y<-—i+%
—1 if —lqe<yci_w
H(y) = ’ 1772 = 1 2
WV e-1). i h-sse<iin
1 else,

where w = 1/16. Observe that the shear flow is smooth such that for short times, there exists
a solution to which numerical methods converge upon mesh refinement ([33]).

In figure [9] we present the numerical results obtained with FV-1, FV-2 and GF for
the Kelvin-Helmholtz instability arising from the aforementioned initial conditions. The
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Figure 9: Euler equations: Kelvin-Helmholtz instability. Density isocontours are presented for a set of nested
meshes to compare FV-1 (top), FV-2 (middle) and GF (bottom).
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simulations are performed on a set of 4 nested grids from a 64 x 32, the coarsest, to 512 x 256,
the finest.

The FV-1 scheme is not able to capture any of the features arising from the instability.
No vortices form, since FV-1 is not low Mach number compliant.

Much improved results are obtained using the FV-2 with a linear reconstruction of the
conservative variables. Here, the higher order of accuracy helps to overcome excessive diffu-
sion at this Mach number and for this simulation time. However, the structures still appear
diffused and would need even more resolution for the vortex details to be captured.

Very differently from these methods, the GF method is able to capture all details of the
flow very accurately. Already on the coarsest mesh, the fluid structures start to appear and
develop. Here, some spurious vortices are visible, which are a known artefact of virtually any
numerical method (see e.g. [15]). When increasing the resolution, the fluid features converge
to the expected solution found in other references [33]. Comparison to the results obtained
with low Mach compliant methods studied in [33] shows that the GF method is at least as
good.

It has been suggested in [8] that numerical methods for the Euler equations whose lin-
earization (= method for linear acoustics) is stationarity preserving, are low Mach number
compliant. A nonlinear stationarity preserving method naturally has this property, and some
experimental examples of this behaviour can also be found in [7]. Thus, even though we set
out to improve the performance of the numerical method at stationary state, here we observe
that this property is beneficial even for solutions far away from it.

6.3. Shallow water system

6.3.1. Potential flow

The first test case implemented for the shallow water equations is an equilibrium (see [43])
characterized by a known exact solution, for which it is possible to perform a convergence
analysis. The initial condition is a potential flow defined on the square [—1, 1] x [—1, 1] with
Dirichlet boundary conditions, which is given by

h(z,y) = (x — 20)(y — %) + C,
u(r,y) = (r — ),
v(r,y) = —(y — %)

where C' = 3/2 and (z9,y0) = (0,0). The 2D equilibrium is achieved thanks to a special
bathymetry given by

1 2 2
b(x,y)zE(SO—x Y ) —xy—C.

The solution of this potential flow is shown in figure [10, and the convergence rates com-
puted at final time ¢; = 1 are presented in table @, demonstrating the improvement brought
about by the global flux formulation. Again, since the setup is stationary, superconvergence
is observed. Moreover, the new method is even able to outperform FV-2.
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Figure 10: Shallow water system: potential flow. Reference solution of the conservative variables.

Table 4: Shallow water system: potential flow (t; = 1). L error and order of accuracy n for FV-1, FV-2
and GF.

h hu hv
Ny, Ny Lo n Lo n Lo n
FV-1
20 1.54E-02 - 1.57E-01 — 1.71E-01 —

40 8.25E-03 0.89 1.08E-01 0.53 1.11E-01 0.62
80 4.30E-03 0.94 6.60E-02 0.71 6.43E-02 0.78
160 2.18E-03 097 3.68E-02 0.84 3.47E-02 0.88
320 1.10E-03 0.99 1.95E-02 0.91 1.80E-02 0.94
FV-2

20 2.49E-04 - 1.06E-03 - 1.47E-03 -

40 5.26E-05 2.24 2.61E-04 2.02 3.25E-04 2.17
80 1.09E-05 2.27 7.11E-05 1.87 &.17E-05 1.99
160 2.24E-06 2.28 1.86E-05 1.93 2.06E-05 1.98
320 4.81E-07 221 4.69E-06 198 5.17E-06 1.99

GF

20 1.15E-04 - 4.29E-04 - 1.11E-03 -

40 2.69E-05 2.09 1.01E-04 2.08 239E-04 221
80 6.49E-06 2.05 246E-05 2.03 5.50E-05 2.11
160 1.59E-06 2.02 6.08E-06 2.01 1.32E-05 2.05
320 3.95E-07 2.01 1.51E-06 2.00 3.24E-06 2.02
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Table 5: Shallow water system: lake at rest (ty = 0.1). Lo error and order of accuracy n for FV-1 and FV-2
schemes with the novel GF.

h hu hv
Nz, Ny Lo n Lo n Lo
FV-1
20 7.13E-03 — 4.67E-02 - 3.61E-02 —
40 2.79E-03 1.35 2.42E-02 0.95 2.04E-02 0.82
80 1.20E-03 1.22 1.21E-02 1.00 1.10E-02 0.89
160 5.46E-04 1.12 5.99E-03 1.00 5.71E-03 0.94
320 2.60E-04 1.06 2.98E-03 1.00 2.91E-03 0.97
FV-2
20 2.92E-03 — 2.17E-03 - 2.26E-03 -
40 6.76E-04 2.10 3.65E-04 2.57 3.94E-04 2.51
80 1.60E-04 2.07 7.58E-05 2.26 &8.10E-05 2.28
160 3.87E-05 2.04 1.70E-05 2.15 1.78E-05 2.18
320 9.50E-06 2.02 4.02E-06 2.08 4.13E-06 2.11

il

GF
20 4.50E-16 - 6.24E-15 - 6.36E-15 -
40 9.71E-16 - 1.36E-14 - 1.31E-14 -
80 1.58E-15 - 3.03E-14 - 3.29E-14 -
160 3.38E-15 - 8.62E-14 - 8.67E-14 -
320 6.47E-15 - 2.28E-13 - 2.29E-13 -

6.3.2. Lake at rest

In this section, we test the well-balanced property, proven in section of the global
flux method for lake at rest solutions of the shallow water system. The problem is set in a
rectangular domain [0, 1] x [0, 1] with periodic boundary conditions. The initial and exact
solution is given by

ha,y) =1=b(z,y),  ul(z,y) =v(z,y) =0,
where the bathymetry is defined as
b(z,y) = 0.1sin(27z) cos(2my).

In table 5] a convergence study is presented at final time ¢y = 0.1. As expected, thanks to the
well-balanced property of the global flux method, the GF is able to achieve machine precision
errors. The standard FV-1 and FV-2 methods show only the classical first and second order
convergence slopes. In figure [I1], we present the comparison between the well-balanced GF
method and the non-well-balanced FV-1 and FV-2 methods.

6.3.3. 2D supercritical equilibria

We consider two fully multi-dimensional steady states of the shallow water system, char-
acterized by constant momentum in supercritical regimes. However, contrary to the one-
dimensional version of such equilibria [23], 21], no exact solution is known for the simulations
presented in this section. For this reason, the numerical results obtained through the three
schemes will be compared qualitatively. The problems are simulated on a rectangular domain
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Figure 11: Shallow water system: lake at rest. Numerical results for the lake at rest solution on the coarse
mesh 40 x 40 at final time ¢y = 0.1 obtained with FV-1, FV-2 and GF.
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Figure 12: Shallow water system: 2D supercritical equilibria. Numerical results obtained with FV-1, FV-2
and GF to steady state for N, = N, = 450.

[0,25] x [0, 8], and are made fully multi-dimensional by employing a 2D bathymetry that is
a function of both = and y, given by

2
: (1 - (r(z—y)> ) ,  where r(z,y) <2

0, elsewhere

b(z,y) =

with 7(z,y) = v/(z — 20)2+ (y — v0)? and (zo,y0) = (10,4). The initial conditions of the
first problem are given by

h(ZL‘,y,O) :2—b(ZL‘,y>, q:v(x7ya0> :247 Qy(l‘7ya0) = 0.

Inlet boundary conditions (equal to the initial conditions) are imposed on the left boundary
of the domain, and outlet (homogeneous Neumann) on the right. Top and bottom of the
domain are periodic boundaries. In figure we present the numerical solutions for the
conservative variables when the numerical steady state is reached (time residual close to
machine precision). All simulations are performed on a mesh of 450 x 450 elements. GF
is able to capture and resolve sharply the many shocks appearing behind the bathymetry
bump. Although the mesh resolution for this case is quite fine, FV-1 still presents a highly
diffused result. An improvement is experienced when using the linear reconstruction for
FV-2, although all the waves still appear as smooth transitions. However, the results of the
classical methods still remain significantly inferior to those of GF, which captures all waves
sharply in much fewer cells.

As a second problem, and in order to test the robustness of the method, we also consider
a crooked supercritical equilibrium with the same bathymetry but different initial conditions:

h(x7y70) :2—b($,y), Qm(xay70) :247 Qy<xay)0) = 4m.
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Figure 13: Shallow water system: 2D crooked supercritical equilibria. Numerical results obtained with FV-1,
FV-2 and GF to steady state for NV, = N, = 450.

In this case, left and bottom boundaries are inlet boundaries, while right and top are outlets.
It should be noticed, that this test case is even more challenging than the one shown before
since no part of the fluid is aligned with the background Cartesian mesh. In figure the
results obtained for the conservative variables are presented, where the same conclusion about
the quality of the result of the GF method can be drawn as for the previous test. All the
physical features of the equilibria are well captured, while they are significantly more diffused
by the FV-1 and FV-2 methods.

7. Conclusions and perspectives

In this work, we have presented a new way to derive finite volume methods for nonlinear
multi-dimensional hyperbolic systems, which is based on the global flux approach @D, in-
troduced in [I1]. It is a general way to obtain stationarity preserving schemes for nonlinear
problems. Besides its generality, the method is also able to achieve superconvergence on
steady problems. Despite a focus on stationary states during its design, we observe highly
accurate solutions for unsteady multi-dimensional problems, outperforming standard first
and even second-order finite volume methods.

This work opens the way to several future developments. In particular, the extension
of the finite volume formulation to high order methods by using high-degree polynomial re-
construction techniques like WENO [29] is a natural next step, following the work on the
1D global flux WENO approach introduced in [23]. Moreover, the first order finite volume
method can also be seen as the starting point to develop a new family of multi-dimensional
high order discontinuous Galerkin methods based on the global flux formulation. More
investigations will also be dedicated to the extension of the method to deal with mathem-
atical models characterized by curl-free solutions, like the Maxwell equations. Extending,
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for instance, the observation that stationarity preserving methods are also low Mach number
compliant, theoretical work will include further analysis of the method in unsteady situations.
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