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Abstract

In this paper, we propose and study a numerical scheme for the Navier-Stokes-Fourier
system derived and studied by the authors in [Boittin et al. (2023). This system models
hydrostatic free surface flows with density variations depending on temperature or salinity.
We show that the finite volume/finite element scheme presented — based on a layer averaged
formulation of the model — is well-balanced with regards to the steady state of the lake
at rest and preserves the nonnegativity of the water height. A maximum principle on the
density is also proved as well as a discrete entropy inequality (when the thermal and viscous
effects are neglected). Some numerical validations are finally shown with comparisons to
3D analytical solutions and experiments.

Keywords: Navier-Stokes equations, Navier-Stokes-Fourier system, free surface flows, var
able density flows, layer-averaged formulation, finite volume scheme
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1 Introduction

In this paper we present a numerical scheme for the 3D incompressible Navier-Stokes-Fourier
system with variable density and free surface, as well as numerical test cases. This model
describes variable density flows with free surface, the density variations coming from differences
in temperature and/or salinity. The model has been derived from the compressible Navier-
Stokes system using a low-mach type approximation, hence filtering the acoustic waves and
neglecting the density dependency on the fluid pressure but keeping its variations in terms of
temperature or salinity. The model has been studied in a recent paper Boittin et al.| (2023).

Variable density flows are frequently studied by oceanographers. Different systems of co-
ordinates exist, among which terrain-following coordinates and isopycnal coordinates. For a
discussion of the advantages and disadvantages of the various coordinates frequently used in
ocean models, the reader is referred to |Griffies et al. (2000) and |Song and Hou| (2006)). The
layer-averaged model presented here is not a terrain-following coordinate model. Though the
layer thicknesses are defined as fractions of the total water height, it is not a o-coordinate
system. The model also differs from isopycnal coordinate models because in the layer-averaged
formulation, the layers exchange mass between themselves, which means that the internal layer
boundaries are actually not physical. The layer-averaged formulation suppresses the need for
moving meshes (Decoene and Gerbeau, [2009)), (Donea et al., 2004). It allows to perform 3D
simulations with a 2D fixed mesh and the possibility to take advantage of robust and accu-
rate numerical techniques developed in extensive amount for classical one-layer Saint-Venant
equations.

For the discretization of the Navier-Stokes-Fourier system with variable density, a finite-
volume formalism is adopted coupled with a finite elements strategy for the viscous and thermal




terms, see (Allgeyer et all [2019)). To take into account the topography source term, the hy-
drostatic reconstruction technique is used (Audusse et al., 2004). Therefore, the topography is
accurately represented and the scheme is well-balanced. Yet the discretization of the noncon-
servative pressure terms demands special care.

In Audusse et al.| (2011a), a similar model was studied and simulated. The scheme presented
in (Audusse et al., 2011a)) was a 2D (x — z) scheme and relied on a kinetic interpretation. In the
present work we present a fully 3D scheme which is more flexible in a certain sense, because the
kinetic flux is only one of the possible choices for the numerical flux. With any flux consistent
with the semi-discrete in time conservative part of the system, the resulting scheme is well-
balanced and preserves the nonnegativity of the water depth. A maximum principle on the
density is satisfied when the heat conductivity is neglected. In order to prove an in-cell entropy
inequality, we adopt a kinetic flux, already used in the context of the Shallow Water equations
in (Perthame and Simeoni|, [2001)), (Audusse et al.,|2011a). The entropy inequality is satisfied for
a constant topography and includes third-order remainder terms. Moreover, the unknowns in
(Audusse et al.l 2011a) were not the same, which resulted in a complicated numerical scheme
- nonlinear systems were solved at each step and a Newton fixed-point method was used.
The present scheme is simpler and does not involve nonlinear systems. Finally, the present
scheme is more stable than the scheme in (Audusse et al., 2011a), the CFL condition of which
could actually degenerate and give a time step equal to zero. With the proposed scheme, the
computational cost of the simulation of a non-Boussinesq flow is not greater than that of the
simulation of a Boussinesq flow.

The proposed numerical scheme is validated on three test cases simulated with the Freshkiss3d
code (Freshkiss3d, 2020). Each of these test cases allows to validate an aspect of the numerical
scheme: wet/dry interface treatment, buoyancy terms, diffusion effects, second order extensions
(space and time)... A real application of hydrodynamics in a river with chlorides entries will
be presented in a forthcoming paper (the research report is available (Souillé et al., [2017)), in
French).

The first test is a convergence test towards an analytical solution (Bristeau et al., [2020)
for the Navier-Stokes-Fourier system with A = p = 0. In the second test, a lock exchange
simulation is performed and the results are compared with experimental data available from
the literature (Adduce et al) 2012). Finally, in two diffusion cases, the differences between the
Navier-Stokes-Fourier with variable density and Boussinesq models are evidenced.

The paper is organized as follows. In section [2] the Navier-Stokes-Fourier system with
variable density introduced in (Boittin et al., [2023)) is recalled and its layer-averaged formulation
is derived. A numerical scheme for the proposed model is presented in Section [3] its properties
are studied. The numerical test cases are presented in Section

2 The Navier-Stokes-Fourier system and its layer-averaged for-
mulation

2.1 The Navier-Stokes-Fourier system

The approach chosen here proposes a non-Boussinesq model. Starting from the compressible
Navier-Stokes equations, we propose a formulation of the Navier-Stokes-Fourier system in the
asymptotics of an "incompressible" fluid. The term "Fourier" refers here to Fourier’s law of
thermal conduction. For most geophysical flows, the water can be considered as incompressible



in the sense that the variation of its density with respect to the fluid pressure is small (Safarov
et al.l [2009; [Unesco, [2010)) and in this case, the acoustic waves can be filtered out, this is the
so-called low Mach number limit. Hence, instead of conserving the volume of fluid and not
the mass (which is what the Boussinesq approximation implies), the model used here strictly
conserves the mass and is enriched by the thermal expansion effects i.e. the volume is no longer
conserved.

This model has been derived in (Boittin et al., [2023]) where temperature and salinity effects
are introduced, here for the sake of simplicity we consider the following system dealing only
with temperature effects

_ _P/(T) 2 87‘1 ?
V-V= ,02Cp \Y ()‘VT) + .“|vw,yu| + H Oz ’ (1)
dp
LAYV =0, )
d(pu) d(puw) K B 0 (Ou
5 +Vay - (pu®@u)+ 52 + Vay j pgdz1 = pAg yu+ ha: \ 35 ) (3)

where V(t,z,y,2) = (u,v,w)T is the velocity, u = (u,v)? is the horizontal velocity vector

T
and p is the density. The notation V denotes the gradient operator V = (8%’ 6%’ %) » Vay

T
corresponds to the projection of V on the horizontal plane i.e. V., = <8%’ a%) and the
quantity |V, ,u|? means

‘vw,yu‘Q = (vw,yu) : (vayu)T. (4)

The temperature T is linked to the density p via the state equation T' = T'(p). The viscosity
coefficient is denoted by u, the heat conductivity by A and the specific heat capacity at constant
pressure by c,,.

The energy balance for model — is

0 ( |af? [uf? uf®

n
P tpe|+Vay - (ulp—- +/ pgdz1 + pe | — puV-—— ) = —pgw + V.(AVT),
ot 2 2 - 2
with e is the internal energy of the fluid governed by

9(pe)
ot

n ou 2

Notice that in the derivation process leading to ,7 some of the viscous and diffusion
terms have been simplified, see (Boittin et al., 2023). Notice also that Eq. is not a diver-
gence free condition (hence volume preserving) but allows compressible effects. Indeed due to
temperature variations we expect to observe dilatation and contraction due to diffusion and
viscosity effects.

If the salinity effects are taken into account, the system — is completed with an advec-
tion equation for the salt concentration (see (Boittin et al., 2023, Prop. 3.3)) whose discretiza-
tion is similar to the one presented for Eq. .

We consider a free surface flow, therefore we assume

zp(w,y) <z <t x,y) = h(t,z,y) + z(x,y),
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Figure 1: Flow domain with water height h(t,x,y), free surface n(t, x,y) and bottom z(x,y).

with zp(x,y) the bottom elevation and h(t,z,y) the water depth, see Fig.
Let ny and ng be the unit outward normals at the bottom and at the free surface respectively
defined by

1 1 _
Ny = ———— < Vay > , and my = e ( Vayn > )
V14 Vayzl -1 V1+[Vayn| 1

On the bottom we prescribe an impermeability condition
V.nb = 0, (6)

and a friction condition given e.g. by a Navier law

Ju
1% 1+ |Vm7y2b|267nb = —KkU, (7)
with k a Navier coefficient.
On the free surface, the kinematic boundary condition

In
E +u(t7xay7n) ’ Vm,yn—w<t7x7y777) = Oa (8)
is satisfied, along with the no stress condition
ou
=0 9
Pom, O 9)

with @ = (u,0)7.
On solid walls, we prescribe a slip condition

V-n=0, (10)

coupled with an homogeneous Neumann boundary condition

ou

— =0
luan Y
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n being the outward normal to the considered wall.
Boundary conditions for the temperature also have to be considered, we can choose either
Neumann or Dirichlet conditions namely at the bottom

oT
= — . 11
Moo = 01l (1)
or
T, =T} (12)
and at the free surface oT
— 1
)\81'15 (bT’W ( 3)
or
T, = T? (14)

where ¢7|,,, ¢r|, are two given temperature fluxes and T, TY are two given temperatures.
Since T' = T'(p), the boundary conditions for p naturally ensue from the boundary conditions
for T.

The system is completed with some initial conditions

h(0,2,y) = h0(z,y), p(0,2,9) = p°(z,y), V(0,2,y,2) = VO(z,y,2).

This model respects the second principle of thermodynamics (non-decreasing entropy).

2.2 The layer-averaged Navier-Stokes-Fourier system

Following the same strategy as in (Fernandez-Nieto et al., 2018} |Allgeyer et al., [2019), in this
section we propose a layer-averaged formulation of the hydrostatic Navier-Stokes-Fourier —
B).

In order to describe and simulate complex flows where the velocity field cannot be approx-
imated by its vertical mean, multilayer models have been developed (Audusse, 2005; Audusse
and Bristeaul, [2007; |Audusse et al.| [2008; | Bouchut and Zeitlin) 2010; |Castro et al., 2004, 2001]).
Unfortunately these models are physically relevant for non miscible fluids. In (Fernandez-Nieto
et al., 2014; |/Audusse et al [2011bla; |Sainte-Marie, |2011)), some authors have proposed a simpler
and more general formulation for multilayer model with mass exchanges between the layers.
The obtained model has the form of a conservation law with source terms. The layer-averaged
approximation of the 3d Navier-Stokes system with constant density is studied in (Allgeyer
et al., 2019)).

We consider a discretization of the fluid domain by layers (see Fig. [2) where the layer
o contains the points of coordinates (z,y,2) with 2z € La(t,2,y) = (2a—1/2) Zat1/2) and
{2a+1/2}a=1,.. N is defined by
{ Zay1/2(t 2, y) = 2, y) + 3252 bt 2,y), a€[0,...,N], (15)

h‘Oé(tv Z, y) = Zoc+1/2(ta Z, y) - Zoc—l/Q(tv T, y) = lah(ta €, y)a

and Zgzl lo = 1.
Using the notations , let us consider the space ]P’év,’f of piecewise constant functions
defined by

Py = {Licra(ey(2), a€{l,...,N}}, (16)



NEXY)=Z -1
- Zjn
- Zian

Z(X,Y)=Zi

Figure 2: Notations for the layerwise discretization.

where ¢y, (1,2,4)(2) is the characteristic function of the layer L (t, z,y). Using this formalism,

the projection of p, u, v and w on IP’(])V ht is a piecewise constant function defined by

N
XN(tv Z,Y,%, {za}) = Z ]lZELa(t,a:,y) (Z)Xa(ta Zz, y): (17)
a=1

for X € (p,u,v, w). When the quantities {po(t,2,y)}a=1,. ~ are known, if the function 7' =
T'(p) is known, it is possible to recover the temperature using the formula

N
TN(ta z,z, {Za}) = Z ]lzeLa(t,x,y) (Z)T(pa(ta xz, y))

Proposition 2.1 The layer-averaged version of the Navier-Stokes-Fourier system — reads

N
h P(
— + Z vx,y . a a - Z T, — Su,oz)) (18)
a=1 a=1 po‘cp
8chhoz
ot + Vay - (Pahatla) = pa+1/2Ga+1/2 - pa—1/2Ga—1/27 a=1,.,N, (19)
8paho¢ua

ot + Vm,y : (pahaua X ua) + Va:,y (hapa) = pa+1/2vx,yzo¢+1/2 - pa—l/va,yza—l/Q

Fot1/20041/2Ga+1/2 — Wa—1/2Pa-1/2Ga-1/2 + Vay - (BhaVaiyua)
+Fa+1/2(ua+1 —Ug) — F(;y—1/2(uoz —Uq-1) — KaUa, a=1,..,N, (20)

with

(6 [e% p/ T
Ga+1/2 = _Z< lp J<a) z,y " (hjuj) + Z (2 ]) (ST,j - S}L,j)a (21)

Jj=1 p=1 J
k if a=1
Ra = )
0 if a#l

810 = AVay - (haViyTa) + 2Xat1/2

)

Ta+1 - Ta —92)\ Ta - Ta—l
ha+1 T hy, a—1/2h

Aagiz=A for a=1,...,N—-1,

; (22)
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To = T(pa)-
For a =0, 2A,11/2 gzi;;{z = ¢7ls, if the Neumann boundary condition is chosen, or
ho = hy, Ty = Tl9 if the Dirichlet boundary condition is chosen. Likewise, for « = N,
2Xa11/2 ZZEI:E = ¢y with the boundary condition , or hy11 = hy, Tni1 = T with the
boundary condition . The dissipation term due to the viscous effects is

Ugi1 — Ugl? U, —ug1)?
Slha = —ha,u|Vx,yua|2 — Fa+1/2‘a+12a‘ - Fa—1/2’a2al‘ - /{a|ua’27 (23)
with
204172
r = — 24
0 o a=0
Hat1/2 = § M Zf azl?"'aN_l (25)
0 i a=N.
The notation |V ,u,/? is defined by ie.
ug \ 2 dug \? e\ 2 e\
v 2 _ [Gla Ol I o )
[Vayttal (83;) * ( Jy * Ox * oy
The velocities u,1/2 and the densities p,1/o at the interfaces are defined by
Vo if Ga+1/2 <0
v, = i 26
at1/2 { Vat1 I Gayr2 >0 (26)
for v = u, p.
The pressure terms pa, po41/2 are given by
ol N N
Pa =g a2 <+ Z pih; and  pati2=9g Z pih;. (27)

j:a+1 j=0{+1

Notice that for the pressure terms in the right hand side of Eq. , simple computations
allows to obtain the identity

pa+1/2vx,yza+1/2 - pa—l/QVx,yza—l/Q = DPaVayha — paghaVazyza- (28)

The terms G 1/7 represent the mass exchanges between the layers.
For smooth solutions, the system — satisfies an energy balance given in the following
proposition.

Proposition 2.2 The system — admits, for smooth solutions, the energy balance

0

aEa + vx,y : (ua (Ea + hapa - /-Lhavx,yua)) = _pahawa + ST,a



Ug+1 + 1 Ug +Ug—1
+Fa+1/2u : <Ua+1 - ua) —Tasrjp——5——- (ua - ua—l)

2 2
Uot1)2 02a11/2
+ (Pa+1/2( ; 2y €a+1/2> +Pa+1/2> Gaty1/2 = Pat1)2 (;1_5 /
Uo—1/2 02q-1)2
- <Pa—1/2( 5 + €a—1/2> +pa—1/2> Ga—1/2 t Pa-1/2 It
1 2
_§pa+1/2(ua+1/2 —Ug) Ga+1/2
1
+§pa71/2(ua71/2 —u,)’Gooi), (29)
with " )
E, = Po a121()z| + pahaea- (3())

The quantity e, plays the role of the internal energy of the fluid and is governed by the equation

0
a(ﬂahoﬁa)‘f‘vx,y “(Pahatiata) = pa+1/26a+1/2Ga+1/2 - pa71/26a71/2Ga71/2

(T, (T,

+pa+1/2 A )(ST a+1/4 — Spat1/4) T Do 1/2p ( )(STa 1/4 = Spa—1/4)
pacp pacp

+ Sma + ST@, (31)

that is a layer-averaged version of Eq. .

Note that in , we use the notation

Oua 8va 2
Uan Uy = ta 8m ta = V.r |ua*| .
Y ua o OUuq + UCM Y 92

Proof of Prop. Considering Eq. we get

2
) le,

(T ou
/ lzleLa(t,x’y)V . del = —/ 1z1€La(t,z,y) Lg ) <V . ()\VT) + ulvx,yuP + 1% a
R R P~ Cp

(32)
and from the definition , simple computations for the left hand side of Fq. give
Za+1/2 Za+1/2 Za+1/2
/ V'dezat+/ u Z+/ Gat1/2 +Ga1)2s
Za—1/2 Za—1/2
with Go41/2 corresponding to
0za41/2
Gat1y2 = C:% 2y U i1/2 ° VayZatr1/2 — Watl/2s (33)

and it will be precised below.
For the right hand side of Eq. , simple finite differences approximations (see (Allgeyer
et al., 12019)) give

Zat1/2 o/ (T ou 2
/ e )<V'()\VT)+M|V$,yu|2+M .

Za—1/2 pP=Cp

P (T
) le = p(Q)(ST’a — Sp,a)y

« Cp

9



where St and S,, o are respectively defined by and .
Now from the definition , we obtain the mass balance for the layer a under the form

Ohg (T
Vi (hatte) = Gasro ~ Gacrja — 2o (870~ 8,0). (34)
ot p2.cp
The sum for a« = 1,..., N of the above relations gives (18) where the kinematic boundary
conditions (@, corresponding to
Gi2 =Gny12 =0, (35)

have been used. Similarly, the sum for j = 1,...,«a of the relations with gives the
erpression Jor Goy1ya-

2

) le,

Notice that from
Za+1/2 Za+1/2 o T all
/ v.VdZZ—/ PT) v-(w:r)wwx,yuﬁw‘
cel zel pacp 0z

2

) le,
performing computations similar to those depicted at the beginning of this proof and using the
discretization , 1t comes

Za Za /T
/ v-de:—/ p()<V~()\VT)+M|Vx7yu|2+,U«‘gz

2
Za-1/2 Za—1/2 P=Cp

Wat1/2 — Wa + %Vw ‘Uq + (U — Ua+1/2) “VayZati/e = p;g;cj(sﬂaﬂm - S;L,a+1/4)7 (36)
and
Wo — Wa—1/2 + %vx,y Uy + (Ug—1/2 —Ua) * VigyZa—1/2 = I();)Eg)éj;cg(ST,a—l/ZL —Spa-1/4), (37)
with
ST,a+1/4 = %Vz,y ’ (hav:myTa) + 2)‘a+1/2m7
Spatija = —ghaw:c,yuaP - Fa+1/2|uo¢+12_ua|2 - %X!ua!z-

The sum of Eqs. and gives .
The same strategy is used to obtain a layer-averaged version of , from

0
/ leLa(t,x,y) <8§ +V. (pU)dz) dz =0,
R

and
d(pu J(puw K
/ ]leLa(t,x,y) (p ) + Vﬂ:,y : (Pu & u) + (p ) + V;p’y pgdz | dz =0,
R ot 0z .
leading, after simple computations, to ,,
|

10



Proof of Prop. In order to obtain we multiply by g2a — [ua|?/2 and by
Uy, we sum the two obtained equations and we perform simple manipulations. More precisely,
the momentum equation along the x axis multiplied by u, writes

B ) , B
<at(pahaua) + 5= (pahaua + hapa) + aiy (pahauoﬂ)a)) Uq =

Or
0zat1)2 02a-1/2
<pa+1/2a;/ — Pa—1/2 o / + ua+1/zpa+1/2Ga+1/2 - ua1/2pa1/2Ga1/2> U
0 Oug, 0 Oug
+ (% (Mha%) + oy ('uhaTy) + Tav1/2(tatr — ta) = Ta—1/2(ua — ta—1) — “aua>uo¢'

The previous equation is rewritten as

0
Iu,a + %(hauapa) = Ip,u,a + Vu,a;

with

0 0 0
Io = (at(Pahaua) + e (,Oahaui) + oy (PahatiaVa) = Uay1/20a41/2Gat1/2 + ua—1/2pa—l/2Ga—1/2> U,

ou 0zay1/2 0za—1/2
Ip,u,a :haPaT; +pa+1/2ua(gT/ - pa71/2uo¢ (5117 / y

Vi :<88x (uha%> + ;; (MhaaE;LyOl> + Fa+1/2(ua+1 — Uy) — Fa,l/g(ua — Uq—1) — /@aua)ua.

Using multiplied by —u? /2, the term I, o becomes

0 ([ pahau? 0 pPahau? 0 pahau?
Iua = = o = o =
“= ot ( 2 > T <“ 2 ) T oy 2

2 2
u Uy_1/2

a+1/2
_pa+1/2%/Ga+1/2 + Pa—1/2 5 ! Ga-1/2

(Uat1/2 — Ua)2 (Ua—1/2 — Ua)2
+ Pa+1/2%(;a+1/2 - pa—l/2+Ga—l/2' (38)

We also have

d g\ O iy g\ e\
Vu,a = % (/Lhaua%> + %(ﬂhozuaaiy> - ,U,ha <ax> - Nha (ay>

2 2
u 1— U Uy — Uq—1
_ Fa+1/2(a+2a) _ Fa_1/2(a2a> _ /‘iaui- (39)

When the second component of 18 multiplied by vy, we write in a similar manner

0
Iv,a + @(havapa) = Ip,v,a + Vv,aa

and a similar expression is obtained for I .
The pressure terms I y o, Ip v, are handled together and we have
Ip,u,a + Ip,v,a - hapava;,y Uy +pa+1/2ua ' Vx,yzoﬁrl/2 - pafl/Qua . vw,yzafl/Q
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/ Ta / Ta
_pa+1/2$(ST,a+l/4 - Su,a-‘,—l/ll) - pa—l/2y(ST,a—l/4 - Su,a—1/4)7
Palp Palp

where relations and have been used.
Finally, the obtained expression for the quantity

0 0
Iu,a + Iv,a + %(hauapa) + %(havapa) = Ip,u,a + I U, + Vu,a + Vv,aa

using definitions , and relations , (and their equivalent form for v),
with gives relation that completes the proof. B

3 Numerical scheme

In this section, a numerical scheme for the layer-averaged Navier-Stokes-Fourier system is de-
signed and analyzed. It extends the work done by some of the authors in (Allgeyer et al., 2019;
Audusse et al., 2011a). First the semi-discrete (in time) scheme is presented then the space
discretization based on a finite volume approximation coupled with a finite elements strategy —
for the viscous and thermal contributions — is studied.

The advantages of the numerical scheme are the following

e it gives a 3D approximation of the Navier-Stokes-Fourier system, while only 2D situations
were considered in (Audusse et al., 2011a),

e it can be implemented with any flux that is consistent with the homogeneous Saint-Venant
system; the kinetic flux is used only for the discrete entropy property stated for a constant
topography with A = p =0,

e the scheme is endowed with strong stability properties (well-balanced, positivity of the
water depth),

e convergence curves towards a 3D non-stationary analytical solution with wet-dry inter-
faces are obtained, see paragraph [4.1]

The system — has the form
ou
o +Vay - F(U) =8,(U, %) + S.(U,0,U,0,U) + S, ¢(U), (41)
where the vector of unknowns is
U= (h7p1h17° . '7pNhNan,17 <-4z, N, Qy 1, - - 'aqy,N)T
with ¢z0 = pahatia, @y, = pahava. We denote by F(U) = (F,(U), Fy(U))T the fluxes of the

conservative part and by

)

82’3/2 821/2 823/2 821/2 T
U = — —
Sp( ) (07 yP3/2 o P1/2 ox yP3/2 y P1/2 dy > )

the non-conservative part of the pressure terms. The source terms are S.(U, 0;U,0,U) and
Sy,#(U), representing respectively the mass and momentum exchanges and the thermal, viscous
and friction effects. Notice that, as a consequence of the layer-averaged discretization, the
system is made of only 2d (z,y) partial differential equations with source terms. Hence,
the spacial approximation of the considered PDEs is performed on a 2d planar mesh.

12
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3.1 Time discretization

We consider discrete times t" with "+ = " + At". For the time discretisation of the layer-
averaged Navier-Stokes-Fourier system we adopt the following scheme

U™ =U - At (V- F(U) = Sp(U, 2)) + A"SIT + At"S,, ;. (42)

In and wherever there is no ambiguity the superscript ™ has been omitted.
Similarly to (Allgeyer et al., [2019), the semi-discrete in time scheme writes

N N
To
Rl = p2 = A Z Vay - (hatla) — A" Z pp(Qc )(ST#X — Spa), (43)
a=1 a=1 "a™P
(paha)n+1/2 = paha - Atnvz,y : (pahaua) 5 (44>
(pahaua)n+1/2 = pahcxua — At" (vm,y : (pahaua & ua) + vm,y (hapa)
_pavx,yhtx + pocghoavx,yzoz)

+At" (Vr,y (1haVeyua) + Lat1/2(Uats — Ua)

—To_1/2(0 —ua-1) — /iaua), (45)
(paha)n+1 = (Paha)n+1/2 + A" (pgii/zGa-&-l/? - pZJ—riﬂGa—l/Z)’ (46)
(pahaua)nJrl — (Pahaua)"+1/2 + A" (ugi}/szi%/QGoﬁl/Q — uZi—iﬂpZtimGa,l/g}éj)

with G,1/2 defined by and U1 1/9, ST, Sp,a respectively defined by , and .
Notice that A" = [,h"*+ and A1 £ K22 where h™/? is defined by

P (Ta)
2
o

hg+1/2 = ha - Athx,y : (haua) - (ST?O( - S/'L7O‘)' (48>

Cp

The first three equations — consist in an explicit time scheme where the horizontal
fluxes and the pressure terms are taken into account whereas in Egs. — an implicit
treatment of the exchange terms between layers is proposed. The implicit part of the scheme
requires to solve a linear problem, see paragraph and Allgeyer et al.| (2019)).

Following , Egs. — also writes
U2 = U - At" (V,, - F(U) = S,(U, 2)) + At"S, f, (49)

these computations being detailed in paragraphs and Equations. ([46)-([47) can

be reformulated under the form
Ut = Ut Agngn (50)

this implicit step being precised in paragraph |3.3.3|

13



3.2 Eigenvalues for the advection and pressure part

In order to propose a finite volume discretisation for Egs. — with A = 4 = 0, an
estimation of the eigenvalues is necessary and given below.
Without the exchange terms, the system — writes

on -
a + ; Vx,y : (haua) =0, (51)
A(paha

(pat ) + Vx’y . (pahaua) =0, (52)
I(pahauy)
T + v:c,y ' (pahauoc ® ua) + vx,y (hapa) - pavm,yha + paghavx,yzoc = 07(53)

with

vx,y (hapoc) - pocv:r:,yhoz + paghozvx7yza :havx,ypa + paghavx7yza

N
1
:gha Z vLy(pjhj) + §v$7y(paha)

Jj=a+1
—1
pagha R
+ 9 x,yha + pagha Z v:c7yhj + vac,yzb 5
j=1

where the definition has been used. Notice that the pressure terms in Eq. have been
rewritten according to .
We rewrite the system — under the form

DY N
o T 22 UilhVay -uj) + > () - Vayh =0, (54)
j=1 j=1
9pa
% + ua-vag,y[)a =0, (55)
Ou, g al la
—, 1+ (o Vay)us + = Z LiVay(pih) + - Vay(pah)
ot pa \ . 2
j=a+1
l a—1
+g | 5 Vayh+ > 1iVayh+ Vayz | =0, (56)
j=1

and the quasilinear form of the system — writes

ouU . . s

ﬁ + A(U)V%yU = Sb(U), (57)
with )
U= (haula'"7uNap17-"7pN)T7
and

-~ (A1(U) Ay(U)
)= () 2o))

14



]51 U1 0 0
~ D2 0 w O 0
A (0) = : :

1(0) 0 u; 0
0 0o . 0
PN 0 0 0 uy

0 0

ghi  gha ghn

201 o cee e T

gha  ghs :

~ 2p2 P2

2pj pj

: . . ﬂ

0 0 202

A3(U) = Onxn1, A4(U) = diag(u;),

ﬁj:i pjl +pjzl + Z pil;

1=7+1

For the sake of simplicity, the expression of the matrix A(fJ) given below corresponds to the
1D case i.e. for v; =0,4=1,..., N. Notice that A»(U) and A3(U)” are rectangular matrices
with N 4+ 1 rows and N columns.

The following proposition holds, consisting in a version of the Cauchy’s interlace theo-
rem (Hwang, 2004) in the case of non symmetric matrix.

Proposition 3.1 The system is strictly hyperbolic for h > 0 and the eigenvalues of A(fJ)
belong to the interval (Amin, Amaz) With

Amin = min{u;, v} — max{pj} v g
J

min{p;}

Amaz = max{u;,v;} + maxip; b Vg
min{p;}

Proof of Prop. Since A(U) is a block-matriz, its eigenvalues consist in the eigenvalues
of A1(U) completed with the set {u;}Y . Writing the characteristic polynomial of A1(U) under
the form (development e.g. along the first row)

l;hp;

A — U
=1 v

Py, =TI, (A —w) [ A= Zlu]

the eigenvalues of A1(U) satisfy
A Zl u; = Qa (N,

15



Figure 3: The two functions A — Q4,(\) and A — X — Z;Vﬂ ljuj, each intersection of the two

curves is an eigenvalue of A;(U).

with Qa, (\) = Zf\;l f\’fﬁi For N = 3, assuming that, up to a permutation the velocities are

in a non-decreasing order, the functions A — Qa,(\) and A — X — Z;VZI lju; are depicted over
Fig.[3 and it is easy to see that the four eigenvalues \; exist with the interlacing

AM<up <Xd<...<ug < M\

Moreover we have

N

Lihp; mm{p l; hp max{p-} N
QAI ()\max) = E - > ]} § . . J V gh < Nnaz — E :ljuja
Jj=1

— Amaz — Ui max{pj mln{pj}

and likewise

N

Lihp; min{p;} l; hp max{,o-} N
QAI ()\mzn) = Z \ — = J} Z : . . V gh > )\min - Z ljuja
j=1

~ Amin — ui max{pj min{p;}

therefore the eigenvalues {\;}X, of Al(fj) satisfy
Aming)\'ié)\maxa izl,---Na

proving the result.

3.3 Finite volume formalism for the system without thermal and viscous
effects

In this paragraph, we propose a space discretization for the model — in which we assume
A = pu = 0. We first recall the general formalism of finite volumes on unstructured meshes. Let
Q) denote the computational domain with boundary I', which we assume is polygonal. Let T}
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be a triangulation of ) for which the vertices are denoted by P; with 5; the set of interior nodes
and G; the set of boundary nodes. The dual cells C; are obtained by joining the centers of
mass of the triangles surrounding each vertex P;. We use the following notations (see Fig. :

e K;, set of subscripts of nodes P; surrounding F;,

e |Cy], area of Cj,

e I';;, boundary edge between the cells C; and Cj,

o L;j, length of I';;,

e n;;, unit normal to I';;, outward to C; (nj; = —ny;).

If P; is a node belonging to the boundary I', we join the centers of mass of the triangles adjacent
to the boundary to the middle of the edge belonging to I" (see Fig. [4) and we denote

e [';, the two edges of C; belonging to T,

e L;, length of T'; (for sake of simplicity we assume in the following that L; = 0 if P; does
not belong to T'),

e n;, the unit outward normal defined by averaging the two adjacent normals.

y

[
[ )
S

(a)
Figure 4: (a) Dual cell C; and (b) Boundary cell C;.

We define the piecewise constant functions U"(x,y) on cells C; corresponding to time ¢" as
Un(wvy) = U?v for (xay) € Cia

)T ie.

with Uy = (h?ap?,ih?,iv o ’p?\f,ih%,wq:?,l,i’ e 7qg,N,i7qg7,1,i’ e 7qu/L,N,z‘
1
U ~ / U(t", z,y)dzdy.
Cil Je,
For the topography, we choose a piecewise constant approximation under the form

),
2 R —— zp(x, y)dxdy.
Gl Jo, )

We will also use the notation

1
Ug,i ~ |C| /C Ua(tn,x,y)dxdy,
4 i

with U, defined by
Ua = (hou pahou pahauom pahaUOc)T- (58)
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3.3.1 The horizontal fluxes and the pressure terms

A finite volume scheme for solving the system — (with A = p = 0) is a formula of the
form

U—nJrl/2 Ui - Z 0ijFij — 0iFei+ Z 0ijSp U“UJ’ZbZ’ZbJ) (59)
JjEK; JEK:

where using the notations of

S LijFij~ / Vi - F(U)dzdy, (60)

JjEK;

with
AtnLl’J AtnLZ
5 g; = .
|Ci

Here we consider first-order explicit schemes where

O-izj =

T
Fij (Fh F/J1h17 _ FPNhN Fur 7Fil,l]N> , (61)

1,59 4,5

and
Z 'L] ’ (62)

and for the boundary nodes

iert

h p1h1 pNhN uq uy T
Fie _(FF oo FONY F) . (63)
The fluxes Flhj , Fp aha B “O‘ appearing in expressions ,, are numerical fluxes such
that
FZ”:;/Q = Fma (Ua»i7 Uaaj’ ni:j)’

with m = h, ph,u, a=1,...,N.

Relation tells how to compute the values U?H/ 2 knowing U; and discretized values zy ;
of the topography. Following , the term F; ; in denotes an interpolation of the normal
component of the flux F(U).n;; along the edge C; ;. The functions F(U;, Uj,n; ;) € R2V+!
are the numerical fluxes, see (Bouchut|, 2004).

Until now, the expression for the numerical fluxes is not detailed since any numerical fluxes
(Rusanov, HLL,...) can be used (Bouchut, 2004). In paragraph we define F(Uj;,n; ;)
using kinetic fluxes and we prove a discrete entropy inequality for the system with A = p =
0. The computation of the value Uj., which denotes a value outside C; (see Fig. [4}(b)),
defined such that the boundary conditions are satisfied, and the definition of the boundary flux
F(U;,Ug;,n;) are described in (Allgeyer et al., 2019). Notice that we assume a flat topography
on the boundaries i.e. 2; = 2p;e-

For the discretization of the pressure source term S,(U, z;,), we adopt a strategy defined
below.
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3.3.2 The hydrostatic reconstruction technique

The hydrostatic reconstruction scheme (HR scheme for short) for the Saint-Venant system has
been introduced in (Audusse et all 2004)) in the 1d case and described in 2d for unstructured
meshes in (Audusse and Bristeau, [2005). The HR in the context of the kinetic description for
the Saint-Venant system has been studied in (Audusse et al., 2016]).

In order to take into account the topography variations and to preserve relevant equilibria,
the HR leads to a modified version of under the form

n+1/2
U U E Uzg 1] Uz-/rze"i_ § Uz,j pz]? (64)
JjEK; JjEK;
where
* — * * .o
Fig = FU5;Ujimgg), (65)
* f— . . o .
Spij = Sp(Ui, Ui,j7 Zbis 2b,js Mij)
0
~% ’“‘*
Py (R —hi)meg — gp1ihi; (2105 — 21,0)0 5
= : (66)
~% ‘”*
Pryij(hasig = hai)ij — gPailty; (20 — Za,i)Mij
with
zp; ;= max(2y, 26,5), hi; =max(h; + 2 — 25, ;,0),
* = * . * . * . * X . * . T
U@J (hi,ja P1 lehzja -+ PN Zlthjv pl,zllhi,jul,m ey pN,lehi,juN,za .o ) )
% l a—1
Zig = Hhag T T 2= l) i
L _ ZaugtEa
ZO&,”LJ - Za’j i . 2 B ) (67)
R
hoé,i,j = ha,j,i Cmm2 SHEN
pro = Medt s
o,t,g 2 ’
~x pa,i‘i’pz’iJ
Pajij="72
and

l (6%
ta=a+ |5+ Z_: i
Do 18 given by . Throughout this work, the * refers to the HR technique.

Remark 3.2 Since the quantity S(U, z) appearing in (41)) contains non conservative terms,
its integration over the cell C; is not straightforward and we have used the result proposed by
Bouchut (Bouchut, 2004}, Proposition 5.3) to obtain the expression .

3.3.3 The vertical exchange terms

We give the fully discrete expression of the step for the vertical exchanges, described by
Egs. —. The step for the vertical exchanges consists in

urtl = uttY2 4 Apgrtt, (68)
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with
0
p3/2 1G3/2 i
P?/J;zGE)/z i p3/2 ZG3/2 )

1 ’ 1
PN 0 G- 172 — PN 320G N-3/2,

—PN 1/2 ZGN 1/2,i
n+1 n+1 G
) Us o, zp3/21 3/21 »
n+ 7+ n
Us/9,iP5 )2, 7,G5/2Z - 3/2 zp3/2 G3ya,i

n+1l __
grtt =

n+1 n+1 n+1 )

UN_1/2, PN 1/21,GN 1/24 — uN—3/2,ipN—3/2,iGN*3/2ﬂ
it +1 o .
N—1/2,ipN—1/2,z‘ N-1/2,

The mass balance for the layer « is governed by Eq. and its discretization gives
+1/2
ottt =his 2+ At"(Gag1/2, — Ga—1/2,)5

where ;"% is defined by (4S).
The previous equation multiplied by pgfgl and the equation gives the relation

Z,nghZ;I/z . pztl/zhn+1/2 +At"(( n+1

a+1/2z - paz )Ga+1/2,i — ( a+}/21 _ paz )Ga—l/Q,i)'

Hence using (126)), relation can be rewritten under the form

(Hn+1/2 + AtnGNl) nt+l (P B )n+1/2 (69)
where H;\L,t /2 is a diagonal matrix of size N with coeflicients (HNZ )1<j<N = hn+1/2 and the
matrix G is given by

|Gsail+  —1Gs/al+ 0 0 0
|G3/2,i|— 0 0
0 0 0
Gni =
0 |Ga71/2,i‘— |Ga+1/2,i|+ - |Ga71/2,i|— -G 0
: KR 0 —|GN_1/2]+
0 0 0 IGn_12:il-  —|GNn_1)2,l-
If hmfl/ 2 = 0 for all «, then we trivially have p”+1 = 0 for all a. Let us now assume that

there exists a layer a such that hnH/ 2 > 0. Then the matrix Hy; nH/ 2 L AG N,i 1s a strictly

diagonally dominant matrix. Therefore it is invertible and the entrles of its inverse are all
nonnegative - see the proof made in (Allgeyer et al., [2019, Lemma 5.1). Notice that the same

strategy is used for Eq. giving (patia)" .
This system and its numerical resolution are studied afterwards, in section [3.5]
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Remark 3.3 Hence the sum of relations and gives

1
; ; n+1 n+1
It 1s possible to recover h ;- and U, from
n+1
hn-f—l —1 hn+1 n+l _ (pauoé)i
i T tally Uy = ntl
ol

Concerning the temperature Tg;"l, we use the formula
1 1
Tott =T(ogh).

3.4 Spatial discretization of the thermal and viscous terms

The discretization of Egs. , is done using a finite element /finite difference approximation
obtained as follows. We depart form the triangulation defined in Section [3.3] and we use the
cells values of the variables — inherited from the finite volume framework — to define a Py
approximation of the variables on the triangles. A classical IP; finite element type approximation
with mass-lumping is used. The reader can refer to (Allgeyer et al.. [2019) for a more complete
presentation.

The discretization of Vg4 - (1tha Ve yua) + I‘aﬂ/g(ua“ —uy) — Fa_l/g(ua — U,y-1) reads

_]C,u,ozUoz + Mp,a+1/2(UOé+l - Ua) - M,u,,oz—l/Z(UOé - Ua*1)7
with the 4N, x 4N, block matrices

00 0 0 00 0 0
00 0 0 00 0 0
Fuo=1o 0 k1, o | Meeniz=|o o M, ., 0 ’
/ !/
00 0 ’Cu,a 00 0 wa+1/2

where the non-zero coefficients are given by

3
(Ko)ii = 5 o, /Qhavwvy%‘ Vaypidady,
7 alla )i

(M, )i = i
N?O‘+1/2 J:t (paha)z ha+1,i + ha,i

The ; are the basis functions and ¢; ; is the Kronecker symbol. The area A; is the area of the
support of the test function ¢;.
The discretization of the terms St, due to temperature diffusion is similar. To discretize

%Sﬂa, we propose the simplification
a~p
/
P (T,
(2 = l) (ST,a)i-
pa,icp

The term S, o ensures that the energy of the layer-averaged system is consistent, see (Boittin
et al., 2023)). Indeed, the following identity holds

Uo - Vay - (haVieyua) = Ve - (1haaVeyta) — phe |Veyual® .
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It is important to ensure the same consistency at the discrete level, i.e. an analogous identity
should be verified at the discrete level. This gives guidelines for the discretization of S, . A
similar problem is studied in (Grapsas et all 2016) in the case of the compressible Navier-
Stokes equations. However the numerical analysis of the scheme with the dissipation and
diffusion terms has not been done yet. It will be performed in a future work.

3.5 Properties of the numerical scheme

Proposition 3.4 Consider a consistent numerical flux F for the homogeneous problem ( —
i.e. Eq. with Sp(U, z,) = 0) that preserves the non-negativity of the water depth h;
under the corresponding CFL condition (the CFL condition for the kinetic fluxes is precised

n ), then the finite volumes - finite elements scheme proposed for - by -
(i) preserves the non-negativity of the water depth,

(ii) preserves the steady state of a lake at rest (with an homogeneous temperature),

(éit) is consistent with the system (L8)-(20),(21).

Proof (i) Fora=1,...,N, hZH/Z 1s obtained using the fully discrete version of , that is
to say,

n P T,
W =i = 35 sl = 80 EEE (510); — (5,0)), ()
jeK; a,i P

where p'(To;) < 0. Following the expressions of St and S, given in Prop. and the
proposed discretization of the thermal and viscous terms given in paragraph[3., we notice that
ha,i factorises in (Stq)i and (S,qa)i (because the first order finite differences appearing in
(ST,0)i and (Sua)i correspond to approzimations of second order derivatives in space) i.e.

(ST,a)'i = ha,i(ﬂ,a)ia (S,u,a)i = ha,i(%,a)’ia

with (T2,a)i > 0 leading to

thl/Q 2 < Atnp (T ) ’(7104 7 ) Z Uz,]Fha
’ C

azp jeK;

Classically, the explicit discretisation of the thermal and diffusion terms is simpler — than its
implicit version — to implement but implies a restrictive CFL when the spatial discretisation
(vertical and horizontal) becomes fine. In the context of geophysical flows, this limitation char-
acterized in the previous equation by the quantity

P (Tai)
2

oz,icp

|(T1a)il

1s rarely severe. In particular, the CFL condition induced by the explicit treatment of the viscous
terms s less restrictive than the one coming from the advection part in all the numerical tests
of Section [{]

Moreover the flur F preserves the mon-negativity for the shallow water equations, then

h:j;l/ % s positive under a given CFL condition (see for the kinetic fluxes). The numerical
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treatment of the vertical exchanges terms detailed in paragraph ensures k™1 is positive.
This proves ().

(ii) For the Navier-Stokes system with temperature, the notion of stationary solutions is
meaningful only if the temperature is homogeneous or without diffusivity i.e. A = 0 that is
considered here. In the constant density case and with a non-flat topography, (ii) is proved in
(Audusse et al., |2011d). In the variable density case with flat topography, the proof is trivial
because at equilibrium, the density is constant in each of the layers. In the general case, the
continuous equations describing the static equilibrium are

ug = 0, a=1,...,N,
Vaeyn = 0,
Vay(haPa) = Pat1/2VayZati/2 = Pa-1/2Vayza—1/2, a@=1,...,N. (72)

While the first two equations are easy to write at the discrete level, the third one is not. There
15 mo simple discrete formulation of . Yet, for

Uy =0, Va,Vi, and N = Neg, Vi (73)

with Neq a constant, due to the use of the HR technique, the proposed numerical scheme verifies

h::;l/z = hozm
(P25 = (ph)a,
(ph)2Ht = (ph)ii'?,
(phu)y i = (phu)y ",

for all o and alli. Therefore, starting from a situation described by and a discrete version
of , the discrete equilibrium is preserved. Starting from a situation near the equilibrium,
the system will evolve towards equilibrium. We have empirically checked that a system initially
far from equilibrium will reach an equilibrium, see (Audusse et al., |2011a).

(tii) Since the flur F is consistent with the homogeneous systems (i.e. when S,(U, z,) = 0)),
Fq. is a consistent discretization of the non-conservative pressure terms (see (Audusse and
Bristeau, |2005; |Allgeyer et al., |2019)), and is a consistent discretization of the vertical
exchange terms, then (iii) holds true. B

Proposition 3.5 Consider a consistent numerical flux F for the homogeneous problem —
i.e. Eq. with Sp(U, zp,) = 0 that preserves non-negativity of hi(t) and such that

Oéh(! «
Ffele = po i iFs, (74)
with ,
. if Fle >0
paig =4 D0 (75)
Paj U Fi§ <0

then when A = 0 the numerical scheme - satisfies a mazximum principle on the density
i.e. for any a1 one has

Pgtl < mgx{l)a,iapa,j}a v] € K’L
When A #£ 0, contractions of the fluid volume are possible and the maximum principle for the
density p no more holds.
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Remark 3.6 The formula was initially proposed in (Larrouturou, |1991) see also (Bouchut,
2004).

Proof of Prop. B.5] Let us first deal with the horizontal exchanges. Due to the choice of
Fp oo , the numerical discretization of Egs. ., can be decomposed into

+1/2 he ho
(paha)} ™ = pay | B2, — ST oigl Ml | = Y oigpaglFS |-

JEK; JEK;

The right hand side of this expression is positive. Indeed, hy ; — deK gij|F, h"‘|+ s positive

due to the CFL condition and — Z]GK 0i.jPar,j Fho‘\_ 8 posztwe because
The right hand side is factorized by max{pq., pa’]}

Fh"‘ |_ is negative.

(paha)! ™ <max{pa, pagt | B — Y oiglFle e — Y aiglFle |-

/L"j
JEK; JEK;

)

o (T
<max{pais o} | oy — D iglFisle = Y 0ujlF)s |- + A" ( )Sum
JEK; JEK; po‘ ip

where we have used that

/
T .
+Atnp (2 a’z)S,u,ai > 0.

Pa,iCp
Therefore, dividing by hgj;lp positive and satisfying (71), we obtain that
1/2 ,
PZt / < max{pa,hpa,j}’ Vi€ K;. (76)

We deal next with the vertical exchanges, see pamgmph-

Note that the matriz H +1/2 + AtGn,; defined by (69) is an M-matriz. Let 1 be the vector
the entries of which are all equal to 1. We notice that

so we also have 1 = (Hnﬂ/2 + AtGn,;)~ lh?H/Q. Let (pihy)" /2 be the vector the entries of

which are (plhl)n+1/2 pZ?;l/Qth:.lﬂ, a=1,...,N. Then

IR + A G ) (oiha) ™2 oo < o2 ool (RS + AL )T 02 o,

which is exactly

+1/2
1o oo < 100

n+1/2

[foo- (77)

To conclude, relationship (76| is applied to Pa, for all a. Combining with gives the

mazimum principle on the denszty |
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Remark 3.7 Let us present a more accurate result for the maximum principle on the vertical
exchanges. Let o, g and ap such that 1 < ag < a < a; < N and

Gajr1/24 <0, Go,_172:>0  forje{0,1}

The coefficients of the lines oy and oq of matric Gn; are respectively (GNi)ag,j = Oag,j

n+1 n+1/2

ap,t = pao,i and

and (GNi)ar,j = Oay,j with Oy the Kronecker symbol, which means that p
n+l _ n+}/2

Pori = Pari - The system can be solved using forward elimination and backward substitution.
Denoting by pZiLll{Q the vector (pZIlﬂ,pZEf, ey pZ;LI/Q)T, we have the following results
1 +1/2 1 +1/2 1 +1/2
167 agilloo < 16 a0 lloos 1Pt tayilloo < 1Pnamnilloos 1ok nalloo < 19haslloc:

The layers receiving no mass from the layers above and below them separate groups of layers
which exchange mass between themselves.

Remark 3.8 We have presented a first order in space and time discretization of the system.
In order to increase the accuracy we have improved the space and time approximations. Con-
cerning the horizontal discretizations a second order reconstruction is applied (Audusse and
Bristeau, |2005; |Allgeyer et all, |2019). We have not developed a specific second order scheme
for the exchange terms but all the quantities used for the resolution of Eq. come from the
second order horizontal approximations. A modified Heun scheme (see (Allgeyer et al., |2019))
1s implemented to improve the first order Euler scheme used for the time discretization but, due
to the implicit numerical treatment of the exchange terms, the second order accuracy is not fully
reached. Nevertheless we will call this improved scheme ‘second order’ in the following numeri-
cal validation section. Notice that in (Allgeyer et all,|2019) several numerical tests are proposed
including stationary or non-stationary analytical solutions with topography and constant den-
sity (see (Allgeyer et al., |2019, paragraphs 6.1 and 6.2)) and the convergence curves obtained
(especially Fig. 3-(b)) show the theoretical orders of convergence (first order and second order
extensions) are obtained.

For the obtained numerical scheme we are able to prove the consistence, the well-balancing
and the non-negativity of the water depth. But a discrete entropy inequality such as the one in
proposition [3.9 has not yet been obtained. The proof of proposition [3.9 cannot be adapted for
the second order scheme; a different strategy would be needed.

3.6 Kinetic fluxes

Whereas the proposed numerical scheme can be adapted to any finite volume solver for the

classical Saint-Venant system, in Section [4] the numerical simulations are performed using a

kinetic solver and hence the numerical fluxes in in the kinetic context now are specified.
To define the numerical fluxes, we introduce the functions xg, M,

1
Xolen, 22) = L2z,

ha §— U YV — Va
Ma:M(Ua7£77)202X0< c 7>7

o Ca

with ¢ = \/Pa/pa, Ua defined by and where (£,v) € R2. We also define the quantity M4
by
MS = paMa~
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The quantity M4 satisfies the following moment relations

1 pOéhOé
L (&) padt () dear = { gt | (78)
R Palava
52 pahaui + hapa
/ 57 IOOAM(Uaa ga ’7) d5d7 = pahauava . (79)
R '72 pahoﬂ)i + haDa

Hence in the context of the kinetic description, the fluxes appearing in have the expressions

Fle = / My i jGigdédy,  FPe" = poiiFls, FP = pa; /R , <§> Ma,i,jGijd€dy  (80)

with
M, J T Mo*z,i,jﬂCi =0 + Ma] l:ﬂ'Cz <0 (81)

where M* . —M(Uzzj,ﬁ v), U = (la hi; s Pasila hZ > Pailaly um,pml h} vm)T. The *

a,i,j az]

refers to the HR technique, see . The den51ty Pa,i,j is defined by and

Ci,j = (f/) -1y 5.

We give here some details about Proposition in the case of the kinetic flux (for the sake
of simplicity, the formulas are written with A = = 0). We consider the equation

n+1/27 * E3
foi = Mai— Y 0iCile,>0Mb, ;= Y i My ;iGiile, <o (82)
JEK; JEK;

Using , we see that integrating equation for « = 1,..., N with respect to &, ~ gives
the HR scheme for Eq. .

Let us now give the CFL condition for the kinetic flux. There exists a velocity v, > 0 such
that for all o,
Y — Va,i

Cai

> Uy, OT

‘§ vaéM(Ua,iafav):()'

COCZ

A CFL condition strictly less than one is considered
. 1 .
Gi([tiail + [Vai| +vmeai) < B < 3 for all i, o,

where ¢; = At"Y ek, Li j/|Ci|, and B is a given constant. More precisely, the CFL condition
writes

1 C;
At" < — min il .
2 ai Yjer,Lij(|ua| + [vail + vmcay)

(83)
Under this CFL condition, the kinetic function f;ljl/ >~ remains non-negative, i.e.

P >0, W(E ) € R Vi, Va.

a,i

The proof can be found in (Allgeyer et all 2019)). Therefore, the water depth h"t1/2 is non-
negative. Note that the CFL condition does not depend on the vertical exchange terms because
they are treated implicitly.
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3.7 Discrete entropy inequality

In this paragraph, a discrete entropy-like inequality with errors terms is obtained in the case
of a flat topography and A = u = 0. The crucial point of the numerical scheme in is the
treatment of the pressure source term S, corresponding to

Sp,a = pa+1/2vx,y2a+1/2 - pa—l/va,yza—l/Q = pavaz, ho — Paghavx,yza- (84)

Indeed the other terms appearing in the numerical scheme are either conservative — and hence
easily incorporated in the numerical fluxes — or similar to terms appearing in the constant
density case, see (Allgeyer et al.,2019). The term S, , is an extension of the topography term
for the Saint-Venant system but in a far more complex setting. Proposition [3.9] is interesting
since until now, the properties satisfied by the numerical scheme detailed in paragraph
concern Egs. — except Eq. . Hence, for the momentum equation , only the
equilibrium at rest is proved.

In the context of the kinetic description, the relation between the mass and momentum
fluxes is simple (see ) and it is possible to slightly modify the definitions in order to
obtain an in cell discrete entropy inequality. The authors do not claim that only the kinetic
fluxes allow to obtain such a result but, as in (Audusse et al., 2016), it is not clear whether the
result holds with other numerical fluxes in particular the definition is related to the kinetic
description and not easily available for others finite volume solvers (Rusanov, HLL,...).

We consider in this paragraph a discrete form of that is slightly different from and
defined by

Spasij = Pai(hayij — hayi)ij — GPaila,i(Zajij — Zayi) i (85)
with
«
Zasijzi = Zbit Y hig, with 2 =z = cst, V),
=1
Zat1/2;i T Za—1/2
Zoi = )
2
o Zayi T Za,j
a,i,j T 9 s
haij = / (Mol <0+ Mayle ;>0)dédy, = / , Maijdédy (86)
R R
¢ 2
Jre ( ) —Uqi| Mod€dy
py = Poa (57)
ot 2 fR2 Ma,ldé-dry

Since we consider a flat topography, the notations associated with the HR do not appear in the
previous definitions. The discretization is very similar to the discretization written
for a flat topography, but a bit of upwinding with respect to the advection is included in .
Note that this kind of upwinding could help to reduce the error term due to the topography in
(Audusse et al., 2016). For a non-flat topography, the HR induces upwinding with respect to
the topography, not with respect to the advection.

The main interest of the following proposition is to justify the discretization but for
three reasons it is a partial result:
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e [t only concerns flat topography situations whereas it is well known that the numerical
treatment of topography source terms is a very difficult issue.

e The extension of the expression to the situation of a non flat topography is not
natural since in the simple case of a single layer with a constant density i.e. the classical
Saint-Venant system, the definition does not exactly match with previous works of
some of the authors (Audusse et al., |2016|) (whereas definition exactly reduces to the
scheme studied in (Audusse et al.| 2016) in the Saint-Venant case).

e The numerical tests carried out with the two possible discretizations of Sp 4 ; j, namely
and (85)) give very similar results especially similar convergence curves, see paragraph

For these reasons and even if the result proposed in the following proposition is an interesting
stability property, the numerical simulations presented in Section [] have been obtained using
the discretization .

There is an extensive literature concerning the derivation of thermodynamically compatible
schemes for the numerical solution of models arising in fluid and solid mechanics (see e.g. Abgrall
et al. (2023) and references therein) where one could find ideas to improve the result given
hereafter.

Proposition 3.9 When considering a flat bottom, the scheme , with the fluzes defined
by satisfies an in cell fully discrete entropy inequality having the form

2
+ 1 .
EZ,erl Eqi + Z Oi,j / <gza,m + Skt 3 ' (i) — Uaq,i,j

2
> Pa,ij Mai ;G jdEdry

JEK;
+1 2 12
N w il G A [t Ul a
TR Pt | T +92a+1/2,i | Gat1/2:t Pa—1/2i" 5 +92a-1/2,i | Ga—1/2,i

— D2 (A Gagrjag = 2011 o Zatijai) + Phiy i (A Gorjai = 207 o + 2a1/2:)
= da,i + eq, + fa,i

where E ; is the discrete energy

2
T
Ea,i = pa,iha,i | O;l|

+ pa,ighoz,iza,h
and where dq; is a sum of non-positive and hence dissipative terms whereas eq; (resp. fu.i)

contains errors terms of magnitude O(diam(C;)3) (resp. O(At™)?). The expressions of da,;
and eq; are given by

2
u Uq,i
- Yo |alaﬂ|/2 PaiMai| G j|dEdy
R

JEK;
u u
3 gl el [ G
JEK; {¢i,5<0}
Z Uz,jg/ (paz a,ila,i — Pa z,]Ma,z,j <£)> (Za,z',j - Za,i) : ni,jd§d7
JjeEK; v
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- Z (oF} Jpaz/ ,i,j Ma,i)(ﬁa,i,j - ua,i) : ni,jd§d7

JjeEK;
=Y 0ii(Maij — Uayi) / [((5) - ua,i) PaiMa,i — <<§> - ua,j> Pa,jMa,j] Gi,jd€dy
JEK; {¢i.s<0} v v
2ua ), — Uq,; — Uq,j 2
- Z Uw' 1 d / Pai Mo, ;G jdSdy. (89)

The quantity fo; is defined by

ghai
Jog = Atn% ((PZJQI - PZﬁ/gl)GaH/z,i (Pa i PZﬂ/g Z)Ga—l/Q,i>

. An+1
49 ((paihas)™ — o by ) (204 — .)+M|un+l_u |2
g pavl a,t pa (2 a, ZOé,i ZO‘vz 2 chi QL
n+1
Uy —u”
n n+1 a2 a,l n+1 n+1
—At"p Pati1/2;i 2 (ua,z‘ - 2ua+1/27i + ua,i)Ga+1/2,i
n+1
Uy —u
n n+1 a2 il n+1 n+1
+A"p, T 1/2,i B ——.(ug;" —2ul” 1/2,; T Ua )Ga—1/2,i;

where the first line is the discrete version of the term appearing in the last line of the continuous
energy balance given in Fq. (see also (Boittin et all, |2025)) and the other lines come from
the explicit time scheme and vanish in the semi-discrete (in space) case. The velocity Qo j is

defined by
/ Ma,i,j (£> d{d’y
- _JRr2 ol

ua’i’j -
[ Maigdcar
RQ

where M ; j s defined by and the pressure pZ’;I/Qﬂ. is defined by

ha,
pgtﬁ:lﬂ i = Dayi F Pgtlg 2

Remark 3.10 Since we use an explicit time scheme it is natural to have error terms fo; of
order O((At”)Z). Concerning the error terms eq; due to the space discretization, we point out
that they are of order O(diam(C;)?3) i.e. smaller than residuals with second terms.

Proof of Prop. The proof is given in Appendiz[A] B

4 Numerical validation

In this section, we confront the proposed numerical scheme to three test cases. In the first
one we present convergence results in the case of a 3d analytical solution for the Euler system
i.e. the system - with A = g = 0. This test case is 3d, non-stationary with wet/dry
interfaces and density variations and hence it is a challenging problem to obtain convergence
curves towards the analytical solution. The second test deals with the simulation of the lock
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exchange phenomenon and the comparison with experimental results available in the literature.
The third test consists in two simple diffusion cases for which we present a validation with an
analytical solution and comparisons between the Navier-Stokes-Fourier and Boussinesq models.
All the presented simulations have been obtained with the numerical code [Freshkiss3d| (2020).

4.1 Parabolic bowl

In (Bristeau et al.2020)), the authors have proposed an analytic solution for the Euler system. It
is an extension of the Thacker’ analytical solution (Thacker} |1981)), corresponding to a periodic
oscillation in a parabolic bowl.

The following proposition holds, its proof is detailed in (Bristeau et al., |2020).

Proposition 4.1 For any nonnegative function s + p(s) and for some (a,n,a, hy) € R? x
(R4 )2, let us consider the functions h,u,v,w,p, ¢ defined for (z,y) € [~L/2,L/2]?, t > tg by

(z — ncos(wt))? + (y — nsin(wt))? }

h(t,x,y) = max {0, ho — « 5

u(t 2y, ) = —nwsin(wt),
olt, .y, 2) = nw cos(wt),

w(t,z,y,z) = —anw (x sin(wt) — y cos(wt)) ,

h+zy
p(t, 2,9, 2) = p(1) + / p(T(t, .y, 21))den,
T(t,$,y,2) = a(h—l—Zb - Z)v

with w = \/ag and with a bottom topography defined by zy(x,y) = %(:1:2+y2), then h,u,v,w,p, ¢
as defined previously satisfy the 3D hydrostatic Euler system with variable density (system (|1))-
with A = 0, u = 0) completed with the kinematic boundary conditions @, .

Notice that the expression of the tracer concentration T is imposed by the construction of the
analytical solution. Considering a > 0, it is a decreasing function of the z variable, it mimicks
the effect of the salinity and not of the temperature.

For the numerical validation the parameters are set to n = 0.1, hg = 0.1, a = 10, a = 1
and L = 4 and we consider a simplified state law given by p(T) = po + ST with pg = 1000
and 8 = 10. The free surface is plotted at different times in Figure [5| highlighting the planar
motion of the fluid in the bowl. On Figure |§|, the density in the slice plane (x, y=0, z) after a
period for a mesh with 31316 triangles and 30 layers is plotted.

The convergence towards the analytic solution is assessed by plotting the logarithm of the
cumulative error (in L2-norm) at time 7 = 27 /w versus the space discretization (i.e. log(ly/l;)
where [y is the average edge length of the mesh ¢ and [y the average edge length of the coarsest
mesh) for several unstructured meshes with 934, 2194, 4020, 6408, 9066, 12674 triangles. More
precisely, the error in L?-norm is computed by summing on all the nodes of the mesh at each
time step, for each layer. Then, the cumulative error is obtained by summing the errors at each
time step, normalized by the time step.

Figures[7]and [§ show the cumulative errors obtained with a constant number of layers equal
to 10 (the mesh is refined in the horizontal direction but not in the vertical direction). The
analytic solution being non-stationary, errors in time and space accumulate over time and the
theoretical rate of convergence is thus hard to obtain.
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Figure 5: Analytical solution of prop. 3D planar surface in a parabolic bowl: free surface
at t =0 (red), t = 7/4 (dark grey), t = 7/2 (blue), with the period 7 defined by 7 = 27 /w.
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Figure 6: Numerical result of the parabolic bowl with variable density. Free surface and density
contour in the slice plane (x, y=0, z) at initial time (left) and at time 7 = 27 /w with first order
scheme (right).

Figures @ and show the cumulative error in L? norm for meshes with 934, 2194, 4020,
6408, 9066, 12674 triangles and 10, 12, 14, 16, 18, 20 layers respectively. Increasing the number
of layers while refining the horizontal mesh is a reasonable idea because by doing so, the
proportions of the 3D wedge cells are preserved. For the first order scheme, a super-convergence
phenomenon can be observed for ph when the number of layers is increased as the mesh is
refined. A rate of convergence higher than the theoretical rate is also observed for phu and
phv. The faster one refines the mesh in the vertical direction, the higher the convergence rates
obtained. The results shown on figures [9] and prove the stability of the numerical scheme
for the Euler system.

To summarize the results on the convergence of the schemes and to overcome the difficulty of
interpreting the super-convergence cases, we propose another way of plotting the results in the
case of multi-layer models. The error is plotted as a function of the horizontal space step /; and of
the vertical proportion I, = 1/N at the same time. Figure shows the horizontal convergence
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Figure 7: Parabolic bowl: convergence of h and ph in L?-norm towards the analytical solution,
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Figure 8: Parabolic bowl: convergence of phu and phv in L?-norm towards the analytical
solution, constant number of layers.

rates of the first- and second-order schemes, as well as the first order vertical convergence.
Note that the vertical discretization proportion does not correspond to the vertical space step
because the water depth varies (ho = [ph).

4.2 Lock exchange

Gravity currents triggered by lock-exchanges are encountered in many applications and their
numerical simulation is a challenge. In this section we show the ability of our numerical scheme
to properly simulate the propagation of lock-exchange induced density currents. The computed
front position is compared to the experiments carried out by |Adduce et al. (2012). The results
presented were obtained with the Navier-Stokes-Fourier model where the dissipation terms S,
due to the viscosity were neglected.

Initially, fluids of different densities, p; = 1090kg.m =3 and py = 1000kg.m =3 respectively,
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Figure 9: Parabolic bowl: convergence of h and ph in L?-norm towards the analytical solution,
increasing number of layers.
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Figure 10: Parabolic bowl: convergence of phu and phv in L?-norm towards the analytical
solution, increasing number of layers.

are at rest and separated by a wall located at xy = 0.3m. When the vertical barrier is removed,
the denser fluid flows under the lighter one due to the difference in the hydrostatic pressure.
The initial water height is hg = 0.3m and the length of the domain is L = 3m. The reduced
gravity is defined by ¢* = ¢ (1 — ) where v = pg/p1 is the density ratio. We also define the
buoyancy velocity as u, = /g*ho. The Navier-Stokes equations are usually made dimensionless
using the Grashof number defined by
2
e (0 o

v

with v the kinematic viscosity. Simulations have been carried out with a Grashof number of
Gr = 2.53 x 108 on different meshes. The evolution of the density and the position of the front
are presented in figures [I3] and [I4] respectively. The initial opening of the gate has been delayed
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Figure 11: Parabolic bowl: error of ph in L?-norm as a function of vertical and horizontal
discretization for first order (a) and second order (b) numerical schemes.
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Figure 12: Fluid domain of the lock-exchange test case

(1s) to take into account the time of opening in the experiment. The figure shows the
convergence of the numerical scheme and we observe a good matching between the numerical
simulation and the experimental data of Adduce et al. (2012)).
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Figure 13: Lock exchange: computed density with the most refined mesh in the slice plane
(r,y =0,2) with Gr = 2.53 x 10® at times t = 3, 7, 9 and 11s (from top to bottom).
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Figure 14: Lock exchange: front position as a function of time for different meshes with com-
parison to Adduce et al.| (2012) experimental results (where N; is the number of triangles and
N is the number of layers).

4.3 Comparison with the Boussinesq assumption

In this section we mainly test the effects of the temperature diffusion and we compare the
solutions obtained with the model — to the solutions with the Boussinesq assumption
defined below. So, we introduce the system

V.U=0, (92)
or

POC 50 +V-(TU) =V - (A\VT), (93)
Ou 9(uw) !

Po <6t + Viy - (u®@u) + 2 > +Vay : pgdz =0, (94)

i.e. where the Boussinesq assumption is made - pg is a constant.

We consider simple diffusion cases in which a basin is initially at rest i.e. U = (0,0,0) and
the free surface and bottom are flat and equal to h(tg, x,y) = ho and z(to, z, y) = 0 respectively.
In the basin, the temperature is initially distributed such that T'(tg,z,y,2) = To(z), where
To = To(z) is a given function.

Starting from the initial conditions described above, it is easy to see that the velocity and
density for ¢t > ty are given by U = (0,0,0)” and p = p(T'), where T' = T(t, z) is governed by
the heat equation:

oT o*T

ot o2 (95)
T(to, z) = To(2).

The coefficient Dy is the diffusivity defined by Dy = ; O’\Cp.
Now considering the system — with p = 0 i.e. without the Boussinesq assumption and
starting also from the initial conditions described above, it is easy to see that the velocity and

temperature for t > tq is given by U = (0,0,w)” and T = T(p), where w is defined by:

A (7o 0T

— =——dz
2 9,2
cp Sy P? 02

W= —
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where p/ = g—; is deduced from the state law and p = p(t, z) is governed by the equation:

op _0p \po*T

— W = ———,

ot 0z ¢p p 022 (96)
p(t0,2) = pol2).

The velocity w is the result of the fluid dilatation. When w = 0 the two models are almost
identical, the only difference being the diffusivity D. It is either a constant in the Boussinesq
model or defined by D = p% in the case of the Navier-Stokes-Fourier model. In the following
examples we show that for common water state laws, w is sufficiently small to have no noticeable

effect on T" and p. However, this term is essential in order to obtain rigorous mass conservation.

4.3.1 Temperature diffusion

In this test, the initial temperature Tj (and density pg) is constant in the domain and a Dirichlet
boundary condition is applied at the bottom with a temperature of T, = 0 (cf. figure . At
the free surface we impose a homogeneous Neumann boundary condition (¢7|, = 0, where ¢r
is the thermal flux).

5 ¢T|?7 =
T, po
h-o
‘Pz T(Zb) = Tb
A >;(: r_/
-~
L

Figure 15: Fluid domain of the diffusion test case with Dirichlet boundary condition at the
bottom.

In Fig. we show the density distribution in the slice plane (x, y=0, z) obtained with
the Navier-Stokes-Fourier model at two different times £ = 0.03 and £ = 0.06, ¢ being defined
below.

Dimensionless parameters are defined such that z = z/hg, t = 29¢ and T = T, + (T — T,)T.

hg
From Eq. we obtain the dimensionless heat equation

or 9T
= 97
ot 0z%’ 07)
whose analytical solution is given (for the boundary conditions Tp=1and T} = 0) by
Tzl = [ ™ cap(—e)de (98)
an 9 - \/7*_‘_ 0 p .

We compare the temperature obtained by a numerical resolution of the system —
(with a simplified state law given by T'(p) = % with pp = 1000 and 8 = 10) to the analytical
solution . Notice that from Eq. we obtained a slightly different dimensionless heat
equation

or p(Ty—Ty) 0T [*p oT  O°T
ot hy 0z /zb 2o T 9
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S 0.100 994.44 0100 994.48
0.075 993.33 0.075 993.38
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0.025 991.11 0.0251 991.17
0.000 990.00 0.000 990.07
0.00 0.05 010 015  0.20 0.00 005 010 015  0.20
x (m) X (m)

Figure 16: Temperature diffusion: evolution of the density in the slice plane (x, y=0, z) with
the Navier-Stokes-Fourier model at time £ = 0.03 (left) and ¢ = 0.06 (right).

We obtain a good matching between the numerical results and the analytical solution both
with the Navier-Stokes-Fourier system (with ¢ = 0) and the Boussinesq system — which
validates the numerical treatment of the diffusion. The results are plotted on Figure [17]in the
case of the Navier-Stokes-Fourier model. However, there is no noticeable difference between
the analytical solution and the Navier-Stokes-Fourier numerical solution even though p' = —f3
has been chosen higher than its real physical value (in the case of water 0.03 < p’ < 0.13).

0.8 =
Analytic, t=0.0
Y-V Analytic, f=0.011
0.6 ve .
e H--8 Analytic, t=0.024
0.4 ¥--V Analytic, t=0.036 )
=—=a Navier-Stokes-Fourier, t=0.0
0.2 1 v—v Navier-Stokes-Fourier, {=0.011
=—a Navier-Stokes-Fourier, {=0.024
0.0 - v—v Navier-Stokes-Fourier, {=0.036
0.0 0.2 0.4 0.6 0.8 1.0
b4

Figure 17: Temperature diffusion: dimensionless temperature 7" as a function of z/hg at differ-
ent times and comparison between analytical solution and numerical simulation with a number
of layers equal to N = 20.

Note that the mass is strictly conserved in the Navier-Stokes-Fourier model, even though the
density varies. Dilatation effects induce a variation of the water height such that the integral
of the density over the total volume of fluid stays constant over time. This is not the case with
the Boussinesq model, where the volume is not affected by temperature variation and mass
conservation is violated (cf. Figure .
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Figure 18: Evolution of the mass ratio (m/mg) and volume ratio (V/V}) for the Navier-Stokes-
Fourier and Boussinesq models.

4.3.2 Thermal equilibrium

In this second test a well stratified fluid is considered. No exterior forcing is applied and
zero thermal flux boundary conditions are considered so that only the internal diffusion due
to gradients of temperature affects the evolution of the density in the fluid (cf. Figure [19).
Given a non null thermal conductivity, the density converges towards a stationary and uniform

solution.
+ ¢T|ﬂ =0
To, po
ho
AZ 11, p1
=$ '. ¢T|zb =0 ‘
e
L

Figure 19: Thermal equilibrium: fluid domain for the diffusion test case
For the numerical simulation the parameters have been set to hg = 2m, pg = 995.52kg.m™>
and p; = 999.76kg.m~3. We now use a more realistic water state law defined by T(p) =
4 + «/pgp—op with 8 = 6.63 x 1075 and py = 1000kg.m~>. This gives the following initial
temperatures Ty = 30°C and T7; = 10°C. We define the dimensionless z coordinate and time
as Z = z/hg and t = ah—"ét, where a,, is the initial mean diffusivity defined by a,, = ﬁ with
pm = (po + p1)/2.

The evolution of density and temperature obtained with both Navier-Stokes-Fourier and
Boussinesq is plotted in Fig.[20] The temperature converges rigorously towards an equilibrium
temperature of Tpy = T3, = (Tp + 11)/2 = 20°C in the case of the Boussinesq model. For the
Navier-Stokes-Fourier model, the equilibrium temperature is shifted below T}, due to dilatation
effects and is equal to Te, = 19.977°C. Because of the diffusion effects, the equilibrium tem-
perature is lower than T},. Note that for both models the density does not converge towards
pm as the state law is not linear.

38



30.0

27.5 1

- =0

999 -

@ 998 ) ) . 2251
& 9
> o 20.0 4
x ~
Q B
997 4 17.5
15.0
996 - - 12.54 - -
=8 Navier-Stokes-Fourier =8 Navier-Stokes-Fourier
¥--V Boussinesq 10.0 ¥--V Boussinesq
0.0 0.2 0.4 0.6 0.8 1.0 0.0 0.2 0.4 0.6 0.8 1.0
z zZ

Figure 20: Thermal equilibrium: density (left) and temperature (right) against z/ho with the
Navier-Stokes-Fourier and Boussinesq models at times ¢ = 0, 0.07, 0.16, 0.24, 0.33 and 0.42
with N = 20

As in Fig. [18] Fig. emphasizes the effects induced by the Boussinesq assumption over
mass and volume variations.

1.00100 1.00100
ll-l Mass (Navier-Stokes-Fourier)

1.00075 | |E-11 Mass (Boussinesq) J l 1.00075
— pav— [t c PO I -0
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1.00025 1 - 1.00025
=4 ." o
£ 1.00000 f——B VB —— i~~~V W —— B ——B—-F—B | 1.00000 >
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\
\
0.99975 \\ L 0.99975
\\\
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Figure 21: Thermal equilibrium: evolution of the mass ratio (m/mg) and volume ratio (V/Vj)
for the Navier-Stokes-Fourier and the Boussinesq models.

5 Conclusion

In this work, we have proposed and analyzed a finite volume/finite element scheme to solve the
Navier-Stokes-Fourier equations, which describe free-surface variable density flows. With any
flux consistent with the semi-discrete in time Fuler system, the proposed scheme is well-balanced
and preserves the non-negativity of the water depth. In the case of a kinetic flux, a discrete
entropy balance is proved for a flat topography and without thermal effects. The numerical
scheme is validated. The confrontation is made with results obtained with the simulation of the
Boussinesq system. Notably, in a simple thermal diffusion case, the equilibrium temperature is
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not the same for the two systems.

A discrete entropy balance for a non-flat topography has yet to be obtained. Another
challenge is the design and analysis of a numerical scheme for a system with a non-Newtonian
rheology and in such a situation, we expect to be able to simulate complex interactions between
the rheology terms and the temperature fluxes. Finally, simulations of the Navier-Stokes-Fourier
system could be performed to investigate the propagation of internal waves in a stratified ocean.

For geophysicists running complex OGCMs (Ocean General Circulation Models), it seems to
the authors that the interest of relatively simple solvers such as the one presented here (Freshkiss3d,
2020)) is to be able to perform more simulations and to draw conclusions within simplified sit-
uations.
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A Proof of prop. 3.9

The proof of this proposition is long but only contains elementary computations. The authors

have not found a simpler presentation.
Starting from the set of discrete equations , the energy balance for the cell i at the

layer o is obtained by performing the sum of the two following quantities:
e the mass conservation equation over the layer a in multiplied by gza; — |ua,7;]2/2
e the momentum equation in over the layer a multiplied by u ;.

In other words, the energy balance comes from a rewriting of the quantity

|ua,i|2

5 )((pa,iha,i)n_H — Pa,ila,i + Z Ui,jpoz,i,jFi%I

JEK;

1 1
—At" (pZL/z,iGaH/?,i - pZJ—r1/2,iGa—1/2,i>)

ga,i = (gzoz,i_

n+1 haua,i
+uq,- (pa,iha,iua,i) - pa,ihcx,iua,i + g Uz‘,j<Fi; o — Sp,a,i,j)
JEK;

+1 +1 +1 +1
—At" (pZ+1/2,z'u2+1/2,z'Ga+1/2,i - pZ—1/2,iuZ—1/2,iGa*1/2,i)) . (99)

Since the manipulations necessary to obtain the result are, to some extent tedious, we proceed as
follows: first we consider the terms involving time derivatives then those involving the horizontal
fluzes and finally, we consider the vertical exchange terms.

The discrete time derivatives The terms appearing in writes

|ua,i|2
2

and can be rewritten under the form

gcty’i = (gza,i - )<(pa,iha,i)n+1 - pa,iha,i> + Uq- ((pa,iha,iua,i)n+1 - pa,iha,iua,i) )

1 ugt1|2 uq,|? 1
Ehi = (Paihai)"t ’T*(Pa,ihom) "+ (payigha,iza)" ! = (Paigha,iza,)
p 7-h r n+1
(i) G i) — L) 2 (100

The last term in (100)) is classical in the context of explicit in time schemes and give rise to a
non-negative term in the energy balance.
The horizontal fluzes The quantities we are now considering are

|ug |
&= (9%ai — C;Z ) Pai - Mo ;,5Ci jdEdry

+ U <pa,i,j/ (£> M, ; ;G d&dy — Sp,a,i,j) .
Rr2 \7Y

And using we rewrite £ ; under the form

€+ 1|(¢\ -
gﬁi,j = /RQ <92a,z‘,j + T2 Tal\y/) " Ug,ij
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) PaiyjMa,i ;G jdEdry

+g/2(pa,iha,i — Paij(Zasij — Zai)Uayi - NG jdEdY. (102)
R

The last two lines of the previous equation reduce to

- Umpaz/ avig — Ma,i)(Uayij — Uay) - 1 dSdy.

JjeK;
ow, using the definition , we rewrite the second line of -, denoted Ea”, under the
form
2
52,901/ _ 1 -~ 5 M, ;déd
aig = 75(11&’1'7]' —ua,i).nm- — Uq,i| Po,iMayi 3 Y
R2 | \7
1]/¢ 2
| = —Uai| PaijMa,iGigdEdy
R2 2 Y
/e .
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where the definition has been used. Letn; j = (n1;j, ngﬂ',j)T, because the Gibbs equilibrium
M, ; is an even function of the variables & — uq,; and v — vq4, we get

FROR

pa,iMa,id‘sd’% (103>
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2

where we have used that since the function (§ — uqa,i)Ma,; is even then
/2(5 — Ua,i)VN2,i,j PaiMa,idEdry = 0.
R
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Likewise, we obtain

2 o) e

And therefore, using Eqs. (104),(105), we can rewrite the last line of relation (103|) under the

form
(ﬁa,i,j - ua,i)-/ (<€> - ua,i) pa,iMa,iCi,jdgd')/?
R2 gl

leading to the following expression for 504@
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We rewrite the second line ofé' Y under the form
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Using the previous identities and considering the cases (; ; > 0 and ; ; < 0, simple computations

give the following expression for Sz f‘g
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R

_ 2
+|aJ2a| / PaiMy G jdEdy
(€120}

+(ﬁa,i,j - ua,i)-/ |:<<§> - ua,i) pa,iMa,i - <<5> - ua,j) pa,jMoa,j:| CZ,]dé‘d'y
{¢ig<0y LAY v

1 )
+5(Qajig — dag). / (Ueij — Uai = 2(Waj — Uai)) paj Ma, i jdEdry,
(¢, <0}

and the last line of the previous expression can be written under the form

1
- i‘ua,i,j - ua,i‘Q pa,jMa7jCi7jd€d7
{¢:,;<0}
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+ (Qayij — Uayi)-(Tayij — Uaj) / PoiMa,;Ci,jdEd,

{¢i,;<0}
or equivalently
1,
= 5ltai; — vl PavjMa,jGijd€dy
{¢i.;<0}
Wi — o, 2003, — Ui — oy
B E— Pa,jMa,;GijdEdy + 1 Pa,jMa,;GijdEdy,
{65 <0} {¢,;<0}
where the identity ab = (a + b)?/4 — (a — b)?/4 has been used. Hence, the final expression for
27 . .
Exliy is given by
Eait = ~Pa / L Mai(Qaij — Uag)-nidEdy
R

[Qaij — ua,i|2 Ua,i — Ua]?

/ Pari M| G gl dey — Mo ~ Vo / Pou Mo G jdEdy
2 R2 4 {Ci,jgo}

+(ﬁa,i,j - ua,i)-/ |:<<€> - uoc,i) pa,iMoz,i - <<£> - ua,j) pa,jMa,j:| Cz,]d§d7
{¢i,5<0} g Y

200,ij — Uai — Uajl°

1 / Pa,jMe, ;G jdEdy,
{¢,;<0}

where in the previous expression, the second line is nonnegative and the last two lines are third
order terms (i.e. of order O(diam(C;)3)) when considering Lipschitz continuous solutions.
Then for the third line of (102), performing simple manipulations we have

+

~

R - ) P . N
Pajij = = Pasilhasij = hai)ba,imn,

= — Pa,i /Rz(Ma,i,j — My ;)dédyug ;.0

= — Dai /}RQ(Ma,i,jﬁaM'ni,j — Mg ug;my ) dEdy
+ Dai /R2 Mg i j(Qaij — o)y jdEdy

= — Pa,i /R2(Ma,i,jCi,j — Mg uq.m5)dEdy
+ Paji /R2 Meij(Qayj — Uay).1;dEdy

= —DPa,i /RQ(Moc,i,jCi,j — Mg ug,;1m 5)dEdy
+ Pai /R2 Mo i(Qaij — o) jdEdy

+ Dai /2(Ma,i,j - Ma,i)(ﬁa,i,j - ua,i)-ni,jd§d7 (106)
R

where the definitions , have been used. Notice that for the second term in the first line
of (106)), we have

Z pa,i/ Ma,iua,i-ni,jd€d7 = pa,i/ Ma,iua,idé—d’% Z n;; = 0,
R2 R2

jeK; JEK;
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and using the discrete form of the continuity equation, for the first term in the first line of ({106
we get

- Z 04,5 Pa, z/ Ma z,]Cz,]dde Pa z(hZ:’;l - hoz,i - Atn(Ga—i-l/Q,i - Ga—1/2,i))'
JjeK;

The vertical exchange terms It remains to examine the contribution of the vertical exchange
terms over the energy balance, namely in Eq. the quantity

‘u 7' 2
Voa,i = A" (gzoz,i - 9 ) (Pgi%/g Z'Ga+1/2,i - pzti/gﬂ‘Gafl/Zi)

n . n+1 o n+l n+1 )
+At uavz'(pa-i-l/Q zua+1/2 i{Gat1/2, pa—1/2,iua—1/2,iGa*1/2ﬂ>'

And we write

un+1 |2 un+1 |2
R n n+1 at+1/2; A+l a—1/2,i
Voii = At"p Pat1/2, Z#G‘Pﬂ/li At pa—1/2,i#Ga*1/27i

+At"g (PZH/ZizaH/ziGaﬂ/z i~ pz—ti/gﬂ‘zafl/liGaf1/2,1’)

u”+}/2 _ n+1|2 W s — un+1
a+1/22 o, P
_Atn 211/2 ; ( 5 + 5 (o'} (ugﬂ;l — 211211/272 + ua,i)) Ga+1/2,i
un+1 o n+1|2 Wo i — un—fl—l
1 a—1/21 a, , 1 1
+A" Z+1/2 i ( B + B = (uZt - 2ug+1/2 it uai) | Goo1y2,
h .
_Atng 52%'5 <pZii/2:iGa+l/2’i + pgti/z’iGafl/Z,Z) . (107)

Remark A.1 When Goy1/2; <0, then the third line of (107) is nonnegative namely,

‘ua [ n+1|2
n n+l ’ _ n\3
—At"p a+1/szGa+l/2,i = O((At ) )7
whereas for Goy1/24 >0

n+1 . TL+1’2 n+1

a+1/2, Ua,i = Upy g n+1 n+1

5 — 5 (ugi — 2u, 0t Ug,i)
n+1 n+1
Uy, — U

o 2ug ) = O((AY).
Hence, when it is not a dissipative term, the third line of (107)) is a O((At”)B) term. The same
result holds for the fourth line of (107]).

All the contributions
Now, summarizing the computations carried out in the previous paragraphs, we sum all the

contributions, namely 52”, 52%7]- and Vo ; leading to a new expression for E,; under the form

2
+ 1 .
EZ? Eoi+ Z Uw/ <9 Zajij T Sl -3 ' (i) — Uayi,j

jEK;

2
> Pa,ijMai G jdEdry
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+1 )2 +1 2
n n+l uZJr1/2,i| n n+l u2—1/27i|
—At"p Potijpi| — 5 + 9%Zav1/2,i | Gag1/2,i AL Pasij2i™ 5 + 92a-1/2,i | Ga—1/2,i

= da,i + €a,i + Foc,i

where d; are non-positive and hence dissipative terms whereas eq; are errors terms. do; and
€q,i are given by and respectively. The quantity F, ; is defined by

Fai = (paighai)" ' (205" = 20i) = pai (hies' = hai — A" (Gag1/2i — Ga-1/2,0))
h i h i (p 7-h 7.)n+1
—At" Zﬁ/g Zg%Ga—‘rl/Qz At" PZﬂ/zz %Ga—l/li 4 ;“ it —ug )

un+1 _ n+1|2 W s un+1
a+1/2i T )i
—At" 211/2 i ! 9 + 9 = '(U‘Zji_l o 211211/2 i t Uq Z) Ga+1/27i
n+1 n+1 2 n+1
]u . — ‘ u,; —u_ "
n n+l a—1/2, @, a,t n+1 n+1
+At pa71/2,i ( 9 + 2 '(ua,i - 2ua71/27i + uoz,i) Ga—l/?,ia

and the first three lines of Fy; can be rewritten under the form

(pa,iha,i)nJrl

Falz = (Poz,igha,i)n+1(zn+1 — Zayi) — pa,i(hngl - hai) + 9

[67%) ) |u

i :
+AL" (pgil/Q,iGaJrl/Zi - pg*—l/Z,iGOé—l/zvi)
+At”% <(pgf1 - PZE/Q JGagi/2i+ (Pa i PZﬂ/Q Z)Ga—l/l’i) : (108)
Now, we rewrite the first two terms of the first line of under the form

(Paigha,)"
F2. = %(ZZEN ;T za+1/2 i~ Pat1/2i — Za—1/2,)

(. n+1 n+1
“Payi (Za+1/2 i Za 1/2,i Fa+1/2, + Zafl/li)
Nk n+1 % n+1
= —Par1/2i(Fat1y2s ~ Zav1/24) o 1/24(30 10 — Za—1/24)

+9 (b = Pt has) (253" — 7).

Hence, we have for Fy;

_ n* n n+1
Fag = Dp1jai(At"Gayryai — Zagi/2i T Zot1/2,)
1%k n n+1
_pa—l/z,z‘(At Ga—1/2,i = % 12, T Za71/2,i))
un+1 _ n+1‘2 W s n+1
n n+1 at+1/2,i at T Mo n+1 n+1
—At"p Pa+1/2i ( 9 2 .(uw. - 2Ula+1/2 ; T Ua z) Ga+1/2,z’

1 1
Ag et ’uZJ—rl/Zz woi I* ) a - ugt ntl _ oyntl G
+At Po—1/2;i 2 + B '(ua,i AUy 1724 + Uqi) a—1/2,i

ghai
+AL" 2a : <(pgt1 - pa+1/2 )Gati/2i + (pgjl - pgﬂ/z,z‘)Ga—l/Zi)
n+1 n+1 n+1 (Poz,z’ha,i)nH n+1 2
+9 ((Pa,iha,i) ~ Payi ha,i) (Zoéyi - Za,i) + 9 |ua,i - ua,i| )
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the first two lines being conservatives terms and the four following ones being error terms
corresponding to fo;. The fifth line is the discrete version of the term appearing in the last line
of the continuous energy balance given in Eq. (see also (Boittin et al., |2025)) and the last
line of the previous relation comes from the time scheme and is of order (’)((At”)2).

In order to conclude the proof, it remains to prove that all the quantities appearing in eq;
are third order terms i.e. of magnitude O(diam(C;)3). The terms in each of the sums in eq,;
are obviously second-order terms. Since the sum is made on the faces, gradients of second-order
terms appear. These gradients are indeed third-order terms. B

If one wishes to introduce even more upwinding in the discretization of S, , by using the
discretization

Spavij = Pavilhayij = Rai)Nij — 9pajijhaij(Zaij — Zai)Ri g,

Proposition still holds but the expression of the rest term e, ; becomes

Cai = D 0ijg / PaiiMaij(2aj — Zai) (Uayi — Uagij) - nyjd€dy

; R2
JjeEK;

+ Z O'i,jg/ PasiiMaij(2zaij — Zayi) (Wi - i — Gij)dédy
JEK; R?

— > OijPai / (Mayij — Mai)(Uayij — Uai) - 14 5d€dy
jeK; R

- Z 0ij(Qa,ij — o) - / [((5) — ua,i) Pa,iMai — <<§> — ua,j> PwMa,j] Gi,jd&dry
ek {Giy<0y LAY 4

Qi — Ugi — Ug |
_ Z Ui,j ’ «,t,) 4&,1 CY:]| / pa’]Ma,JCszé.dp)/

This new expression of eq; also contains only third-order error terms, thus the result is not
deteriorated.
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