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CENTERED-POTENTIAL REGULARIZATION
FOR ADVECTION UPSTREAM SPLITTING METHOD *

MARTIN PARISOT' AND JEAN-PAUL VILA

Abstract. The current paper is devoted to a centered IMEX scheme in multi-dimensional
framework for a wide class of multicomponent and isentropic flows. The proposed strategy is based
on a regularized model where the advection velocity is modified by the gradient of the potential of the
conservative forces in both mass and momentum equations. The stability of the scheme is ensured by
the dissipation of mechanic energy, which stands for a mathematical entropy, under an advective CFL
condition. The main physical properties such as positivity, conservation of the total momentum and
conservation of the steady state at rest are satisfied. In addition, asymptotic preserving properties in
the regimes (‘incompressible’ and ‘acoustic’) are analyzed. Finally, several simulations are presented
to illustrate our results in a simplified context of oceanic flows in one dimension.

Key words. conservation laws, low-Mach number, low-Froude number, well-balanced scheme,
entropy dissipation, asymptotic preserving
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1. Introduction. In the current paper, we are interested in a system of con-
servation laws with a large number L of unknowns p; (¢, X) € R, /{0} satisfying an
advection equation with their own velocity U; (¢, X) € R? in a multidimensional fram-
work d € N\ {0}, where X € Q C R? is the space variable and ¢ > 0 is the time
variable. The space domain is assumed to be periodic and its measure denoted by ||
is finite. The force field applied to the fluids is supposed to be irrotational, defined by
the scalar potential ¢; (p, X) € R with p = (p1,...,pr)". The advection model reads

Oipi + V- (p:U;)
O (piUi) + V- (piU; @ Uy)

0
2

()

with a given initial condition p; (0, X) = p¢ (X) > 0 and U; (0,X) = U? (X). In the
following, we refer to the scalar unknowns p; as the masses and to the second equation
of (M!) as the momentum balance. The parameter ¢ is the dimensionless number
characterizing the ratio of the inertial and potential forces. In addition, the potential
energy & (p, X) is defined by 0,,€ := ¢;, the kinetic energy by K; := & |U;||* and the
mechanical energy of the model by FE := 5—2 + ZiLzl K;. In order to lead to physical
solutions, for any positive mass p; > 0, the potential energy should be a strictly
convex function of the masses. More precisely, the Hessian H (p, X) of the potential
energy &, defined by H;; = 83], 0. = 0p,¢; has to be positive-definite and the model

(M)
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(M?) should satisfy the following entropy inequality, corresponding to the second law
of thermodynamics

L
(1.1) OHE+> V- ((pif;’wci) Ui) <0.

i=1

The solution of (M) satisfies many steady states, which are generally hard to
estimate. As is usual in the literature [2, 4, 17, 34, 38], only the steady state at rest
is considered, i.e. with the additional condition u; = 0.

PROPOSITION 1.1. The state defined by
u; =0 and o (p(t, X),X) =0,
is a steady state of the model (M}), the so-called steady state at rest.

Note that several works present stability results for particular steady states with
non-vanishing velocity, see for example [8, 22, 35].

In the current work, a particular attention is given to the resolution of the advec-
tion model (M) in the regime € < 1. In such a regime, the main term of the potential
is constant and is given by ¢; = ﬁ fQ oy (po (X) ,X) dX and the main term of the

mass denoted by p; (z) satisfies ¢, = ¢; (p(X),X). Two asymptotic models seem

relevant, according to the time scale.

e For a short time scale t = 590 (€), using the rescaled time 7 = ﬁ and assuming that
the initial condition satisfies the scaling U? (X) = O (g) and p? = p, + O (¢), the
advection model (M) tends when € vanishes to a system of wave equations usually
called acoustic regime defined by

5‘751' + iﬁijv' (ﬁjﬁj) =0
j=1

a‘ljji + ng =0

(Mg)

with the initial condition given by ¢; (0,X) = Zle Hi; (p9(X) —p; (X)) and
U; (0, X) = % The main part of the Hessian is given by H;; = H;; (p (X) , X).
For more details see [43].
e For a long time scale t = O0 (1), assuming that the Hessian of the potential energy
e—
is well-conditioned independently of ¢, i.e. Kk = O0 (1) with x the condition number
E—r

of H and the initial condition satisfies the scaling p§ = 7, + O (¢) and V- (p2U?) =
O (¢), the advection model (M!) tends to a divergence free model usually called
incompressible regime when ¢ vanishes, i.e.

¢ V- (n:.U:)
(M) {&UZ- LT, VT,

0
=V

with the initial condition U; (0, X) = U? (X). The unknown ; (¢, X) acts as a
Lagrange multiplier to satisfy the divergence free condition. See [23, 24, 28] for the
case L = 1.
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PROPOSITION 1.2. Assume that the potential energy does not depend on the
space variable, i.e. £ (p,X) = & (p). Then the total momentum satisfies the following
conservation law

P ZL: . S Uev 2P _
t pz I3 + V . ZP’LUZ ® UZ + E2 Id == O
1=1

i=1

with P (p) = Y1, pidi (p) — € (p).

Many physical systems satisfy the assumptions of (1.1), Proposition 1.1 and the
scaling of the Hessian x« = 00(1). In the case of the one component system, i.e.

E—r
L =1, the isentropic Euler equations [41, 44, 42, 15, 14] with or without gravity force
can be written under the form (A/!). The isentropic pressure is a function of the mass
and can be linked to the potential and the potential energy thanks to the relation
P = p¢p — £. In the case of polytropic fluids, where the pressure is given by P = Ap”
with A > 0 and the adiabatic coefficient v > 1, the potential energy, the potential and
the Hessian are respectively given by

y—1
P 1 + gz and H=)\yp" 2

oY
E = A\——+pyz, o= A

v—1 -
where z is the vertical coordinate. In this context, the dimensionless parameter ¢
corresponds to the so-called Mach number. In the case without gravity force, i.e. g =
0, it is clear that the assumption of Proposition 1.2 is fulfilled. For a multicomponent
system, i.e. L > 1, the most obvious physical system which can be written under
the form (M!) is the mixture model [3]. Several numerical strategies can be cited to
adapt the Riemann solvers to the non-conservative hyperbolic equations, see [6, 9, 32].
However, the eigenvalues, generally hard to approximate in the case of a large number
of equations, are required for many numerical resolution of hyperbolic equations.

In the framework of free surface flow, the classical shallow water model [11] as
well as the multilayer model [1, 27, 36] can be written under the form (A/!). In this
context, the so-called mass p; > 0 corresponds to the effective mass of the i*" water
column p;h; with p; the density of the fluid and h; the layer thickness. The velocity
U; corresponds to the mean horizontal velocity. In this context, the dimensionless
parameter € corresponds to the so-called Froude number. Adopting the convention
that the layers are numbered from the free surface to the bottom, the potential is
given by
oy
Omax(i,5)

¢pi=g | B+
j=1

with B (X) the bottom elevation. The potential energy and the Hessian are respec-
tively given by

L L

1 ihj
e=g> [ B+ %% | oh |, and H;=—1—.

i=1 2 j=1 Omax(i,j) Omax(i,5)
Note that the Hessian is positive-definite iff the layers are well-stratified, i.e. iff
0i < 0i+1. This assumption is a necessary (not sufficient) condition to ensure the
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multilayer shallow water model is hyperbolic, see [13, 30, 31]. Finally, in the case
of flat topography, i.e. B = 0, it is clear that the assumption of Proposition 1.2 is
satisfied and leads in this context to the conservation of the momentum of the column
of water.

Classical Riemann solvers are well-known to be to much dissipative in the asymp-
totic regime ¢ < 1, and require a very restrictive CFL condition, see [19]. More
precisely, the asymptotic scheme obtained by passing € to zero in classical Riemann
solvers is not consistent with the acoustic regime (M), see [12]. The purpose of this
work is to propose a numerical strategy (S%) consistent with (M?) for any value of e
and satisfying the main physical properties (1.1), Proposition 1.2 and Proposition 1.1.
In particular, the asymptotic scheme (ng) obtained by passing € to zero in the numer-
ical scheme (S%), is consistent with the incompressible regime (M(). Similarly, for
small time step d; = €d,, the asymptotic scheme (ng) obtained by passing ¢ to zero
in the numerical scheme (SgT), is consistent with the incompressible regime (M{).
These properties, called in the literature asymptotic preserving (AP), see [21], can be
illustrated by Fig. 1.

5 6t = 590(1) s
(SEt) [ &5 e—0 (Sot)
TS )
52 = 0 Loz =0 5y — 0
= eT (]\/[(7)—)
E/)O t:sgo (1)
It 7t
(MY) — (Mp)

Fic. 1. Asymptotic preserving properties of the CPR scheme (Sgt)‘

The numerical scheme studied in the current paper is a generalization of the
scheme presented in [18]. It was applied for the discretization of the conservative
two-fluid model with only one momentum equation, therefore the potential ¢ is a
scalar. In addition, the potential ¢ is independent of the space variable. The main
improvement of the current work is to propose a formulation able to deal with space
dependent potentials and nonconservative products. Note that the space dependency
of the potential is required in the modeling of source terms such as gravity in the
isentropic Euler equation or the bathymetry in the shallow water model. The nu-
merical strategy is described in a general multidimensional framework R? and does
not require a bound for the eigenvalues of the system. The stability of the scheme is
ensured under an advective CFL condition, i.e. not restrictive for a continuous solu-
tion in the regime of small €. The main results was already presented in [37] without
mathematical proofs.

2. Centered-potential regularization of AUS method. In the current sec-
tion, an adaptation of the so-called Advection Upstream Splitting Method (AUSM)
introduced in [26] is proposed. The numerical strategy, from now on called Centered-
Potential Regularization (CPR) is based on a centered estimate of the potential, as
recommended in [12] to preserve the asymptotic limit, see Section 3. In addition,
the centered estimate ensures the discrete stability of the steady state at rest, see
Section 2.3. Then, the advection operator of the momentum equation is discretized
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using an upwind scheme according to the sign of the mass flux.

Fic. 2. Scheme of the numerical notations for 2D case, d = 2.

For any dimension d € N\ {0}, we consider a tessellation of  C R%, denoted T,
composed of star-shaped control volumes. For any control volume k € T, its measure
is denoted by |k|, its surface area by |0k| and the set of its faces by Fy. In addition,
for any face f € Fy, its surface area is denoted by |f| , the neighbor of k relative to
the face f by k;y € T such that kN k; = f and the unit normal to the face f outward

to the control volume k by V. : 7 see Fig. 2. The compactness of the control volume is

denoted by £ = % and the normalized face measure by u’} = %. The numerical

unknowns are approximated at time t"+! = " 4§, where §; is the time step at the n'P
iteration. The following numerical strategy is based on a cell-centered finite volume
method, i.e. the numerical unknowns are the approximation of the averaged value of
the mass p;’; > 0 and of the velocity U}, € R at the time ¢ in each control volume
k € T. The discretization of the potentlal is denoted by ¢}') = ¢; (py, X)) and we
use the following notations at the face: 2(a); := ax + ax, and 2 [a]:f = ag; — Q.
The numerical scheme of the mass conservation (M!) reads

Ot k
(52.a) Pt = ol — o D Fif NG
b feF
k

n+1
where the numerical mass flux f;";'l is an approximation of ﬁ fttn / s pilidodt.
Then, the momentum balance is approximated using an upwind scheme. It reads

+1
0y oi NG
P UL = Pl — Pl g Z Ny i
(S2.b) 5 fEF,
t +1 kT +1 k - k
_E Z < znk (‘anf ‘Nkf) —Uzkf (]:zn kf> )Mf
fEF

with the positive and the negative part functions defined by 2 (@D)jE =YLty > 0.
The numerical mass flux is regularized using the centered potential variation, i.e.

n+1 kf

(8% .c) ]_-n+1 (p +1Un) ) P [¢?+1]k Nkff
¢ ' v t ! f g2

The regularization parameter v can be defined locally, at the face, as a function of
the flow. The sensitivity of the solution to the numerical regularization parameter is
clearly depending on the state variables. In the following, under the following implicit
CFL condition

(2.1) 5t Z ‘ Frt

f]Fk
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and for v > 1, an entropic stability result is highlighted, see Theorem 2.3. Note that
the numerical scheme (S,ff) is a nonlinear IMEX scheme. More precisely, the implicit
CFL condition (2.1) can not be directly used to estimate a time step since it depends
on the mass (through the potential) at the next time iteration. In addition, the mass
conservation (S%.a) is a nonlinear coupled implicit scheme. One can use a Brouwer
argument to show the existence of a fixed point. In practice, the scheme (S%.a) is
solved using a Banach fixed point strategy and the time step is estimated using the
previous approximation.

PROPOSITION 2.1 (Positivity). Assume that the initial condition p . are positive.
Then there exists a time step §; such that the CFL condition (2.1) is fulﬁlled and the
mass approzimations pi. are positive.

Proof. Assume that the mass approximation at time iteration n is positive, i.e.
pix > 0, which is true for the initial condition. The CFL condition (2.1) is clearly
satisfied for d; = 0 and it is not an equality case. Then since the mass approximations
p?;rl are continuous functions of the time step §;, there exists a neighborhood of 0 for
d¢ such that the condition is satisfied. Then by direct estimate, we have

5 —

1 t 1 1. k k

PZlg = p?k £ E ]:n+ g § < n+ k:f) 1k
L= =

which leads to the positivity of the mass approximations p"+1 a

To compare the implicit CFL condition (2.1) to a classical CFL condition, a more
restrictive CFL condition but in the classical form is proposed. The numerical mass
flux is bounded by

n+1 ‘ ¢:‘L+1 kf’
(Fn-‘rl Nf) <‘ +1Uln) N]]:f’—F’j/(St (pz ) [ ]k: .
f

¢ g2

Since the sum over the faces is normalized, the CFL condition can be computed by face
2
and leads to a second order polynomial function (Vgg—;) +W g—; — 1 which is negative

when (V1 + V) g—; < 1. After simplification, we get the following CFL condition

l( rHgn) .N’“f‘ + (o) N |Coanind
(2.2) Pi i)y k Pi f 2 e? 0t < 1
min (P:Llcrlv p?zfl) i (&w Ekf) ?

which is more restrictive than (2.1). Classical Godunov schemes are generally stable
under a CFL condition of the form (‘UZ” . N}“’ + %) % < Cst see [16]. The celerity

of the potential wave (¢;);.;~; corresponds to the square root of the eigenvalues

of the matrix p;H;;. In the limit £ goes to zero, the wave potential is still large
¢ = Oo (1) and the classical CFL condition becomes restrictive, i.e. % = Oo ().
£— e—

On the contrary, the main term of the potential is constant in space, i.e. :‘k =
;ka + O0 (52), see Section 3.2 and the CFL condition of the CPR scheme can be
’ e—

large, ie. 2t = O (1).

e—0
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The regularization term in the numerical mass flux plays a role similar to the
numerical viscosity introduced in the Lax-Wendroff scheme [25]. In particular, dis-
persive oscillations are present in the vicinity of the shock using the CPR scheme (5%¢)
as well as the Lax-Wendroff scheme. Similarly to the artificial viscosity (denoted by
B in [25]), the regularization parameter v can be increased in order to reduce the
amplitude of these oscillations.

2.1. Consistency and accuracy order. In the current section, the consistency
of the CPR scheme (S%) in the sense of finite difference methods is analyzed. The
compactness reads £ = I‘aikl‘ = % with d the dimension and é, is the standard space
step definition, i.e. the distance between the center of two neighboring cells. For
readability reasons, the space Taylor expansion is written in one direction only. The
neighbors of the volume k € Z in the considered direction are k — 1 and k + 1. The
notation k +1/; indicate a discretization at the face between the volume k and k + 1.
Even if the index of the other directions are not indicated, the proof is established in
multi-dimensional framework d € N\ {0}.

PROPOSITION 2.2 (Consistency). Assume that the solution is smooth enough
and the tessellation is a reqular cartesian grid with a space step 6. Then for any
regularization coefficient v bounded with respect to §; and 8, the CPR scheme (S%) is
consistent with the advection model (M!). More precisely the modified system reads

2
o (.02

—piV <¢Z) S (V (piOU; @ U;) + O (%V@))

g2 2
5,62
2 tVx
+0 <5t,5x,52 >

with the modified discharge p;W; = p;U; — ‘;—t (2d’yin (Z%) + p;0U; — Uiatpi).

Proof. The exact solution of (M!) at time t" and at the position kd, is denoted
by pil, == pi (", kd;) and Uil = U; (t", kd,). Let us focus firstly on the numerical
mass flux (S2¢.c). The centered series leads to

Orpi + V- (piW;)

Oy (piUs) + V- (piU; @ Wy)

1 n+1 n+1 n+1 n+1 6:13 n+1 52 n+1
1 (pi‘k-&-l + pily, ) <¢i|k+1 — il ) =5 pidzdiliiy, + = Clity, + 0 (67)

1) L 1) el
= 5 pidatili Ly + 5 Ol + 0 (8:6,,67)

where €' = § (33,01-81@ + @) and

n+1 n n+1 n
(Pi k1 Uilgyr + pily Ui‘k)
62
+1 n T +1
= piliiy, Uiliry, + 50 (Pi|Z+1/2 U¢IZ+1/2) +0(3;)

_ nts | Ot ntl 2yt 2 o4
= piUi|k+1/22 + > T‘k#/j + 65 D|k+1/§ +0 (5“630)

N |

with D = %81; (piUi + %T) and T = U;0yp; — p;0:U;. Using a trapezoidal rule, the
flux at time ¢™ + % is a second order approximation of the integral of the flux along
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the time step. More precisely, we have

n+ 1/2

5,62
Filiiy, = <pzW +62D + = —d O) O (82,5%)

k+Yo

with ‘7:1|Zill/2 the discrete flux (S%.c) estimated with the exact solution. Using the
centered series, the modified equation of the mass is obtained. Considering the mo-
mentum equation, the upwind scheme leads to the following series

n+1 k + n n+1 k
Ui (Rl NE) = Ul (DL )
— U. 5t 2
= \Ui+ 50U | piWi

+0 (6, 0x)
The right-hand-side is finally written to get the modified momentum balance. O

k+Y-

2.2. Stability and entropy dissipation. In the current section, a stability
result based on the dissipation of the discrete mechanical energy, which stands for
a mathematical entropy, is presented. Let us introduce the discrete kinetic energy

n ,__sz n
IC’Lk‘ T Uzk

, the discrete potential energy & := & (p}, Xi) and the discrete
mechanical energy E}} := E—’; + Zi:l K-
THEOREM 2.3 (Dissipation of the discrete mechanical energy). Assume that the

CFL condition (2.1) is fulfilled. Then for any regularization coefficient v > 1, the
discrete mechanical energy satisfies the following local entropy inequality

n+1 5t grl QZJ{} ky n+1l Hgtlf
(2.3) B <Ep - ZZ Gar t -2 SN+ H u

fEIFk i=1

with the fluxes Q,’étlf and ’H’,étlf of kinetic energy defined by
n+1 kf . 1 n |2 n+1 kg n+1 kf B
glsz . §HU1J€H <fz,f 'Nk: ) 2 H zka (‘7: k )

el

£2

(2.4)

pn+1
and ’H’,étlf = 0y [ 26 }
k

and the fluzes g”“ and ’H?flf of potential energy defined by

ety Nf = (o), Frt - N
(2.5) . .
and Hgtlf =T [(ZS;LJFILJ [p?HUin]kf N

The proof of the theorem results from two lemmas that establish in the discrete
framework the evolution of the kinetic energy and potential energy.

LEMMA 2.4 (Kinetic energy). Assume that the CFL condition (2.1) is fulfilled .
Then the discrete kinetic energy satisfies the following bound

Qn+1

1)
n+1 n t n+1 k n+1 n+1 k
(2.6) N A (glc,i,f Ny + My, p— R f) Ky —
fEF
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where the fluzes of potential energy Gi ; » and Hi ; ¢ are defined by (2.4), the source
term and the discrete work of the forces are respectively given by
(2.7)

pn+1 n+1

n plk (]g n k k
i Q= B 5~ gy i
k feF,

e f

2

Proof. According to Proposition 2.1, the masses p”+1 are positive. Then the

scheme satisfied by the velocity UZ”,j is obtained by replacing the mass piy in the

momentum scheme (S%.b) using the mass scheme (S%.a). More precisely

(2.8)
n+1
6 U‘nk - Ul - 1) (¢i+)
n+1 n t i i n+1 k k t f arks  k
U = U, o — (]:z;_ 'N.f) W= D N
fere  Pik FEFy

The centered-discretization of the potential at faces can replaced by the half-difference,

S (@) N = 3 (et N

fEF feF

Using the equality 24 - (B — A) = ||B||*> — |A||> — ||B — A for any A € R? and
B € R, the scalar product between the velocity scheme (2.8) and the PZZIUZ,Lk leads
to

S Qn+1

1 t 1 k 1

Kt = K= 25 37 (Gt 7 ) b — 6 + 57
k FASIN

where the source term Si”,j'l coming from the numerical discretization is given by

2 nk n+1 E\ Kk
—Q*ZHU oI )

n+1 ,__ n+1 Un+1 _ n
ik 2 ’Lk? 3 ik

The following step of the proof looks for an upper bound the source term S"+1 in
function of the potential variation. Using the velocity scheme (2.8) and Jenbens
inequality, the advection term and the variation of potential are split, i.e.

12
N C AR I
st <o (1) 20 ]
feFy
2
1 (515 2 - nk n -
7 (2) Z( (o)) (2wt (o))

k F S\ k
2 3 ok (7)o

Then the first term of the right-hand-side is split into an anti-symmetric part which
leads to the flux 'HK 5,7 given by (2.4) and the symmetric part which leads to a source

term R” Kot f estimated at the faces (2.7). Finally, using a Cauchy-Schwarz’s inequality,
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the last terms of the right-hand-side is bounded by

0.
+1 t +1 +1 k
sttt < gr > (Bl — My ) o
fEF
Frtl. N:f>_ 1
k

s (S e ety ) [0 )

fEFs fEFs Pik
We conclude using the CFL condition (2.1). O

LEMMA 2.5 (Potential energy). The discrete potential energy satisfies the follow-
ing bound

0.

n+1 9t n+1 k n+1 n+1 k n+1

(29) <& - Z (G2 - NF+HEdy — RELy ) wf +5tZQ "

fE]Fk =1 =1

where the fluzes of potential energy G¢ ; , and Hg ; ; are defined by (2.5) and the work

of the force Q7). is given by (2.7). The numerical source term Rgtlf is defined by
n+1l ,_ n+1 kg n—+1 n+lyrn k

(2.10) Rgiy=[o7"], (]: (¢+Ui)f>'Nkf~

(2

Proof. Let us consider the potential energy at the intermediate time step 5,2“'5 =

£ (spZ"'1 + (1 —5) p}, Xi). Accordingly to the mean value theorem, there exists 0 <
s; < 1 such that

ETt = &p + 0.0 - 782 e

L
1 1 1 +s5 1
=&+ > (oif - o) otk Z Z (it = o) B (ot = o)
=1

11]1

with H:lfks’“ = H;; (spp ™ + (1 — sf) pf, Xk). Under the assumption of (1.1), the

last term is nonnegative. Then, using the mass scheme (S%.a), the following bound
holds

gn—i—l < gk _ g Z Z¢n+1fn}k1 k Mf

feF, i=1

Finally, the exchange of energy Q”+1 is added to the right-hand-side and the rest

is split into an anti-symmetric flux Qg i f and a symmetric residual R?+ 7 to get the
announced result. 0

Proof. [of Theorem 2.3] The definition of the numerical mass flux (S%.c) is mo-
tivated by the leading form of the potential energy residual (2.10). More precisely,
injecting (S%¢.c) in (2.10) and summing with (2.7), the mechanic source term reads

anis

2

Rntl n+1
Rn2f+ ng (1_7)6 (ng )
f
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We conclude the dissipation law of the mechanical energy (2.3). O

Note that the bound (2.3) is a dissipation law since the fluxes g,gf.lf . Nkf ggﬂc )

N, ]f U H,Tétlf and ’H f are anti-symmetric with respect to the control volume. More
precisely, summing 1nequahty (2.3) over the cells k € T leads to the energy decay law,
which can be considered as a nonlinear stability argument. The mechanical energy
dissipation leads to the following bound of the variation of potential, i.e.

T " 2
(71)Z6t2(’;j)f <> 0By,

n=1  fcF keT

| 7]}
2

2.3. Conservation law and steady states at rest. The following section is
devoted to the translation of the physical properties Proposition 1.1 and Proposi-
tion 1.2 of the model (M) at the discrete level.

PROPOSITION 2.6 (Discrete conservation of the mass). The discrete mass is
conserved by the CPR scheme (S°). More precisely

Z |k|Pz k= Z Wﬂ%k-

keT keT

The total momentum conservation Proposition (1.2) is not easy to satisfy at the
discrete level for any potential mapping. The following result Proposition (2.7) shows
the conservation in the case of a quadratic energy and as a consequence with constant
Hessian. However, many physical models have a quadratic energy. For example, the
multilayer shallow water model satisfies this assumption and more precisely the Hes-

sian is given by H;; = P

ProPOSITION 2.7 (Discrete conservation of the total momentum). Assume that
the Hessian is a constant and symmetric matriz, i.e.

8piH = 07 VH=0 and HU = H]z
Then the discrete total momentum satisfies the following balance

an+1 n+1 sz kY1, k Z Z < n+1 zn+1)f - % (p?+1¢n+1)f> /U';c‘

k rer, i=1
r Zi( (o) vt (72 ) )

It follows that the discrete global momentum is conserved by the CPR scheme (ng).
More precisely

L L
ZZ |k|P§L,k znk = ZZ |k|p?,kU3k'

keT i=1 keT i=1

Proof. Summing the momentum scheme (S%¢.b) over the mass 1 < i < L, the
nonconservative term becomes

. ¢”+1)f L ﬁldﬁl
sz Niug =3 > =55 Niuj

fEFK fEF, i=1
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Since the Hessian is constant, the potential can be written under the form qﬁzzfl =

L . . L .
ijl Hl]p;‘zfl and since the Hessian is symmetric, i.e. H;; = Hj;, it reads
L L
n+1 n+1 n+1 n+1 _ n+1 n+1 n+1 n+1
>k Piky = ZZP Hijpjk, = ZZP; ky HjiPi —ij,kf%k :

i=1 =1 j=1 =1 j=1 j=1

Then the half sum of the left-hand side and the right-hand side leads to

¢'(L+1) L pn+1¢n+1 + n+1¢n+1
n+1 ( NATRS S ik zkf z,kf i,k k k
Zp > NiE= D)) N
fEF fEF i=1
pz-’t1¢n+1+pn+1¢n+1

ik p

Finally using the equality
we get the announced result. O

PR () () - e

PROPOSITION 2.8 (Well-balanced). The CPR scheme (S2*) preserves the discrete
steady states at rest defined by U, = 0 and ¢, = ¢;.

Proof. Assume that the discrete unknowns at the n'" time iteration satisfy the
the steady state at rest. Let us consider first the mass scheme (S%.a). Since the

discharge and the variation of potential vanish (p”HU") = 0 and [¢:‘]:f = 0, the
scheme can be written as

kg

n+1 n+1 2 n nikr
Pz;rl 7. E ( ) 2 . lef :Pi,k_V*t 7} Tk,ulff
9 9
fEFK S

= b

The unique solution is p”+1

= pi'» which implies gi):.le = ¢;. Finally, the velocity
at time iteration n + 1 vanishes Uzn,j L' = 0 since the numerical flux ]-'in;'l and the

potential variation [(ZST-LH

kg .
; ]k vanish. O

Let us highlight that the CPR scheme (S%) is stable and consistent without
condition on the velocity difference. Indeed, for several physical model under the
form (M}), an additional condition on the velocity difference is required to proof the
hyperbolicity of the system, see [13, 30, 31] in the framework of free surface flows.
Obviously if this condition is not satisfied, the solution of the CPR scheme (5%¢) is
well-defined but is not relevant as a mathematical solution of the PDE system.

3. Asymptotic regimes. In the following section, the behavior of the scheme
in the regime ¢ <« 1 is analyzed. Fig. 1 illustrate the following properties. The
advection model (M!) has two asymptotic behaviors relevant depending on the time
scale considered.

3.1. Fine time scale: the acoustic regime (M{). In the following section,
the behavior of the solution of (M) for a small time scale ¢ = e7 and in the limit
where € goes to zero is analyzed. We refer to [43] for the derivation and the analytical
results about the acoustic regime.

For any fixed ¢ € R”, the main masses p;, are defined such that ¢; (p;, Xz) = ¢,
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and we consider the following scheme

(557) i
5, _ _ D ~ 1k
Gk =0~ Z:: (H, f%ij ((ijf)f-N;ffvéT (’;f)f[cbj“}kf) u
_ 5,
Ot = O = 30 (00 N

with (Hj;) = Hij (P, Xx). The following consistency result holds

PROPOSITION 3.1. Assume that the solution is smooth enough and the tessellation
is a regular cartesian grid with a space step d,. Then the numerical strategy (Sg*) 18
consistent with the acoustic regime (M7). More precisely the modified system reads

0r s + }Ljﬁijv (,05) = ‘ZELJHW ((2dy = 1)7,V6;) + 0 (62,62)
j=1
8, U; + Vo = - ZV (ﬁijV' ( )) +0(62,62) .

Proof. The proof is similar to the proof of Proposition 2.2. O

PrOPOSITION 3.2. Assume that the Hessian of the potential energy is well-
conditioned independently of e, i.e. kK = Oo (1), and the discretized initial condition
E—

satisfies

Me=0 (1), Ul=0 () and 6 (plXe)=5,+ O (e).

e—0 e—0

with the parameter p; ;. such that the potential ¢; = ¢i (P, Xx) is space independent.
Then the CPR scheme (S%) with the time step scaling 6; = Oo (€) tends to the
E—r

scheme (SgT) in the limit where € goes to zero. More precisely, for any time iteration
n € N, for any control volume k € T scheme differences read

Pt — (P +ePie) = 590 (%) and Ul — sﬁfk = 590 (%)

with (p?k,Ui",J, the solution of the CPR scheme (S%) and pj = ﬁ;lgg with
(alk,U ) the solution of the scheme (Sg’) with the initial condition ﬁ(i),k = p?’k,

ﬁi,k =Up;, and Hk is the inverse matriz of (ﬁk)ij = 0p, 0 (Py> Xk)-
Proof. First the time of the numerical scheme is rescaled. Note that since U}"} is

n

a velocity, the rescaled velocity becomes u;’) := U;’k . Assume the following scaling of

the numerical unknowns at the previous iteration n

Ot = 0 (P Xi) = ¢; + sQO (e) and uty = 0 (1)

e—0

which is true by hypothe51s for the initial condition. The main term of the mass

scheme (S%.a) (with d, ) can be written as
62 pn+1 & (52 pn .
n+1 ) n+115f  k n T 4 nircf ok
Pik *Z ( ) (o7, '“f:Pi,k:—W*Z () (071 1wy + O (e).
gk FEFy, 14 f Ek feiy Y4 ! e—0
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Since the Hessian is well-conditioned, the potential reads

L
o (pi+ 0, (2), X4 ) = i (o, X) + DY) 0,0 =8+ 0,)
j=
with (H;;), = Hjj (pjt, Xi). Then the solution for the main term is p"+1 = pi +

O0 (). We conclude by induction that the main term of the mass is constant in
e—

time, then the main term of the potential is constant in time and in space. Then the
numerical unknowns of the CPR, scheme (S%¢) are expanded as Pir = Pik +eryy
The potential can be expanded as

i (Py +exyl, Xi) = &, +eplly + O (%)

with pf', = 25:1 (ﬁiﬂ')k 77 and the main part of the Hessian (ﬁij)k = Hijiﬁk7 Xi) =
0y, ®i (Py, X) is time independent. Composing (S2.a) by the Hessian (H;;), and
summing over the components, the perturbation of the potential reads

n+1l 'L o k
Dik pzk+z i) Z (P; ] v 6, (?)f {P?Jfl} f) N§:EQO(5)~

fEF

Similarly, the main term of the momentum scheme (S%.b) reads

é k
w == 5 ), Nk + 0, (0).
fEF

We conclude that ((E?,kv (Z”k) is an approximation in order of & of (pzk, uﬁk). 0

3.2. Large time scale: the incompressible regime (1/}). In the following
section, the behavior of the solution of (M) for a large enough time scale, i.e. ¢t =
Oo (1) and when e goes to zero is investigated. We refer to [23, 24, 28] for the
E—>

derivation and the analytical results in the incompressible regime. This regime is
relevant for many applications such are nuclear reactor [5] and oceanography [40].

For any fixed ¢ € R, the main term of the masses p, is defined such that
éi (Py, Xi) = ¢;. Let us now consider the following scheme

Unﬂ _T, - O 3 [w?—&-l]kf NES b

O k
(S5.a) 5 Lo .
t —n —n+1 Lk —n —n—+1 k - k
- 3 (Ul-yk (]—'i,f ‘Nkf) ~T, (f” .Nkf) >uf-
& feFy

. . . . kf .
The variation of the perturbation of the potential [1/}?“] kf is computed by

f n+1
(S .b) ST F NIk =0
fEF:
with the asymptotic mass flux fz;tl = (ﬁiﬁ? ('Oz) ”H . The numer-
ical scheme (S .b) is a discretization of the constraint V - ﬁ U . Thanks to the
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regularization, the numerical scheme (Sgt) can be classified as a pseudo-compressible
Petrov-Galerkin method, see [39].

PROPOSITION 3.3. Assume that the solution is smooth enough and the tessellation
is a reqular cartesian grid with a space step 6,. Then the numerical strategy (ng) 18
consistent with the incompressible regime (M!). More precisely the modified system
reads

= d _ _ =
V- (pU:) = Etv' ((2dy = 1) p,Vhi —p; (Ui - V) Us) + O (67,62)
. _ 5 _
U+ (Ui V) Ui = =Vt = 50, (Vi) + 84y (Vi - V) Ui + O (67,65 -
Proof. The proof is similar to the proof of Proposition 2.2. O

PROPOSITION 3.4. Assume that the Hessian of the potential energy is well-
conditioned independently of €, i.e. kK = OO (1), and the discretized initial condition
E—r

satisfies

p?,k =0 (1)a Uzolc = 0 (1) and ¢z (pga Xk) = ai + 590 (52) .

e—0 ’ e—0
Then the CPR scheme (S%) with the time step scaling §; = 00(1) tends to the
e—

scheme (Sg”) and when € goes to zero. More precisely for any time iteration n € N
and any control volume k € T, the scheme differences read

no— D, = 2 no_ U, = 2
Pik — Pik EQO (%) and Uik = Ui 890 (%)
with (ka’ Z”k> the solution of the CPR scheme (S%), the parameter Pix satisfies
éi (Pr, Xi) = ¢¥ and U?’k the solution of the scheme (S{') with the initial condition
ﬁ?,k - U’Lo,k

Proof. Since the masses are positive (Proposition 2.1) and the numerical scheme

conserves the mass (Proposition 2.6), the mass in a control volume pﬁrl is bounded

by the initial condition, i.e. Ekp?jgl <Yjer lipd; = 590 (1). Then the main term of
the mass scheme (5% .a) reads
kg

& pit! [¢?+1]k k _
’yékz< 1 )f g2 Mf*e(—zo(l)'

fEF,

n+1]kf _
% kT
O0 (52). It follows that the main term of the potential is constant in space, i.e.
e—

neo= or + OO (52). On the another hand, for any X € Q, since the Hessian
’ £—

We conclude that for any f € F, the variation of the potential reads [(ﬁ

H is positive-definite, the application ¢ (p, X) is a diffeomorphism according to the

inverse function theorem. The mass at the intermediate time is defined by p?zs =

pi (S¢Z+1 + (1 = s) @3, X)) with p (¢, X) the inverse function for a given X of ¢ (p, X).
According to the mean value theorem, there exists an intermediate time 0 < s7, <1
such that
L o
1 —1\"T S, 1
ikt = ot = (H;Y), (qbﬁ - ?Jc)

J=1
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with ()5 = B (s1,0mp ™+ (1= s7) o X ) positive-definite. After sun-
ming over the control volume, since the main term of the potential is constant in space
and using the mass conservation, the time variation of the potential reads

L
;Mz‘j (@7 =¢f) = 0 (7).

with M;; = (Zké’]l‘ Cy (Hfjl)zﬂi’k) positive-definite as a finite sum of positive-
definite matrices. Likewise, M is well-conditioned independently of €, i.e. kp =
O0 (k) = OO (1) with kp the condition number of M. We conclude that the main
e— e—

term of the potential is constant in space and in time, i.e. (b%rl =¢; + O0 (52). It
) e—
follows that the mass is close enough to the parameter of the asymptotic scheme p; .,
ie. pi'y = pPip+ OO (52). Accordingly to the mean value theorem, there exists an
? ’ e—

intermediate time 0 < s; 5 < 1 such that

L
+1 _ n+s;k +1
G — o= > (H ) (prt = o)

Jj=1

with (Hij)ZJrsi”“ = H;; (si’kpzﬂ +(1—six) pZ7Xk). Using the mass conservation
(5% .a), it yields the divergence free condition (SJ.b) with a second order perturbation.
In addition, replacing the mass p?zl by the parameter p; ;, in the momentum scheme

(S%.b), it leads to the asymptotical scheme of the velocity (Sgt) with a second order
perturbation. O

4. Numerical results. The current section is devoted to the illustration of the
analytical results obtained in Section 2 and 3. The following simulations are presented
in 1 space dimension, in the framework of free surface flows, see Section 1.

In term of runtime, the CPR scheme is not efficient in the case of large dimension-
less parameter € > 1. In this case, the Gogunov’s schemes are very efficient. However,
the CPR scheme is very efficient in the case of small dimensionless parameter ¢ < 1,
unlike the Gogunov’s scheme. In the case of dimensionless parameter ¢ in order of 1,
the runtime of the schemes are comparable. Note that according to the CFL condition
(2.2), the CPR scheme at the steady state at rest is stable for any time step §; > 0.
Numerical convergence tests were performed and the consistency errors correspond to
Property 2.2 (first order), Property 3.1 (second order) and Property 3.3 (first order),
depending on the regime.

Several simulations of the steady state at rest, the so-called lake at rest in the
framework of free surface flow, are performed with various bottom elevations, continu-
ous or not, several layers and small or large density variations to validate Property 2.8.
The proposition is satisfied in any situations where the bottom elevation is completely
immersed, i.e. h% © > 0 and the density is well-stratified, with the error of the reso-
lution method of the linear system. In practice, the deviation of the layer thickness
is of the order of 107!% and the maximum of the velocities is of the order of 10713.

4.1. Simulation of oscillating surfaces. This test case is the simulation of
oscillating layers around the steady state at rest in an infinite domain. More precisely
the initial condition is given by

R =103 +cos(2mz), u! =0, V2<i<L=5 h?=10%

K2

=0
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and B = 0. The density of the layer is given by g; = 10 4+ i. These parameters
leads to a Froude number ¢ = 1073 witch is of the same order as in the ocean con-
text. The simulation can be seen as a simplified modeling of ocean flow, neglecting
several external forces such as the Coriolis force and the atmospheric pressure vari-
ation. The objective of the current test case is to compare the CPR scheme in the
low-Froude number regime to an analytical solution of the asymptotic model (M),
obtained by D’Alembert’s formulae. The eigenvalues and the eigenvectors required
for D’Alembert’s formulae are determined numerically in the following using a QR
decomposition with Givens rotations. The solution of the asymptotic model is a su-
perposition of five waves with the speeds (c1, ¢, c3,cq) = (14,17, 23,43, 215). Several
of them can clearly be identified in Fig. 3. The numerical results with a space step
d: = 51072 obtained using the Rusanov scheme for the coupled model of shallow
water equations, the Roe scheme for the uncoupled treatment [7] and the CPR scheme
with two different time steps (§; = 107* and 6; = 1075) are compared. The Godunov
schemes require a time step §; = 10~* for stability while the CPR scheme can be used
with a larger time step but the result is more diffusive. According to the asymptotic
analysis, the time step has to be of the order of the potential wave celerity in order
to approach the acoustic regime (M{]).

The Godunov schemes are able to preserve the amplitude of the highest frequency,
by adjusting the time step. However, the lower the frequencies are, the more diffusive
the wave is and moreover the smaller the time step is, the larger the diffusion is. With
the same time step used to ensure the stability of the Godunov schemes, i.e. J; = 1074,
the CPR scheme preserves the amplitude of the lowest frequency wave. In addition,
the smaller the time step is, the smaller the diffusion is for the high frequencies.
Obviously, long-time simulations, from several hours to one year, are needed in the
context of an oceanic flow, and the low frequencies are the most representative.

4.2. Lock exchange simulation. This test case is the simulation of the lock
exchange experiment with the multilayer shallow water model. For more details about
the test case and its physical interpretation, we refer to [20]. The initial condition is
given by

o+ [15 Lifz<05 o, « 05 ifz<05
ha(z) = {0.5 , elsewhere. ’ hi(z) = 1.5 , elsewhere.

and u§ = u3 = B = 0. In this configuration, the solution of the bilayer shallow water

satisfies the hyperbolicity criterium highlighted in [31] for any well-stratified (o1 < 02)
density ratio %. The simulations of this section are performed with a space step
set to 8, = 5-1073. The reference solution is a converged numerical solution using a
space step d, = 1075 and the CPR scheme. Godunov schemes converge to the same
solution in the case of large density ratio. When the density ratio is small, Godunov
schemes are so diffusive and the time step is so small that the converged solution is
out of our reach.

4.2.1. Large density ratio. Fig. 4 shows the interface levels and the velocity
profiles for a density ratio set to 929_29 L = 1 The velocity resulting from the variation
of density leads to a Froude number ¢ = 1. The time step is estimated to satisfy
the CFL condition (2.2) and leads to d; ~ 5-107* for the regularization parameter
~v = 1. The classical CFL condition of Godunov schemes leads to the same time step.
For the regularization parameter v = 10, the time step of the CPR scheme is slightly
smaller §; ~ 10~%. The four waves of the Riemann problem corresponding to the
initial condition can be clearly identified in Fig. 4.

[
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FIG. 3. Simulation of oscillating surfaces: Comparison between the CPR (y = 1 with §; = 10~4
and & = 1079), classical Godunov schemes and the asymptotic acoustic regime (M{). Deviation of

the interfaces (S; = ZiL:j h;) at the position £ = 0 along the time.

4.2.2. Small density ratio. Fig. 5 shows the interface levels and the velocity
profiles for a small density variation, i.e. % = 10~*. The velocity resulting from

the variation of density leads to a Froude number ¢ = 1073, The time step used for
the Godunov solvers are almost the same §; ~ 5 - 10~%. The Lax-Wendroff scheme
require a smaller time step to give the results presented in Fig. 5, i.e. §; =~ 1074. A
larger time step can be used with the CPR scheme and still satisfies the CFL condition
(2.2), i.e. 6 ~3-1073 for v = 1 and & ~ 1072 for v = 10. The numerical results
Fig. 4 make two very different wave speeds appear. The barotropic mode is quite
large ¢; =~ 4.5 and the free surface is almost flat. On the contrary, at the interface,
the variation of density create a very small current c; ~ 1073, The solution observed
is close to the solution of the incompressible regime (M), the so-called rigid-lid in
the shallow water context, i.e. hiuy = —hous.

5. Conclusion. A new numerical scheme for a system of advection equations
with irrotational force term in multi-dimensional framework is proposed and ana-
lyzed. The numerical scheme is applicable to a large class of physical models. The
strategy is particularly well adapted to multicomponent fluids and deals with the non-
conservative interactions. The numerical strategy proposed does not require a bound
of the eigenvalues of the system, which is not trivial for large system of equations.
Several numerical illustrations are presented in the context of the multilayer shallow
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Fic. 4. Lock exchange simulation: Comparison between the CPR scheme (v =1 and v =10)
and Godunov schemes using coupled or uncoupled strategies with large density ratio (% = %)
at time t = 0.08 with §; = 5-1073.

water model. The main advantages of the method is its strong robustness. It is still
accurate in the limit where the forces are large compared with the advection terms.
The dissipation of the mechanic energy, stand for a mathematical entropy, is proven
even when a large advective time step is used. Numerical experiments show the pres-
ence of oscillations in the vicinity of shocks. The regularization parameter introduced
in the scheme seems able to correct this drawback. However, the sensitivity of the so-
lution to the regularization parameter is clearly depending on the test case and a fine
parameter analysis is a perspective for further work. In a futur work, an extension of
the method to the case where the potentials of the forces are not an explicit function
of the mass will be proposed. It is in particular the case of the Euler system with
internal energy equation [24, 29], the multi-polar Euler-Poisson equation [10] and the
chemotaxis model [33].
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