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Abstract

We are interested in free surface flows where density variations coming e.g.
from temperature or salinity differences play a significant role in the hydrody-
namic regime. In water, acoustic waves travel much faster than gravity and in-
ternal waves, hence the study of models arising from compressible fluid mechanics
often requires a decoupling between these waves. Starting from the compressible
Navier-Stokes system, we derive the so-called Navier-Stokes-Fourier system in an
"incompressible" regime using the low-Mach scaling, hence filtering the acoustic
waves, neglecting the density dependency on the fluid pressure but keeping its
variations in terms of temperature and salinity. A slightly modified low-Mach
asymptotics is proposed to obtain a model with thermo-mechanical compatibility.
The case when the density depends only on the temperature is studied first. Then
the variations of the fluid density with respect to temperature and salinity are
considered, and it seems to be the first time that salinity dependency is consid-
ered in this low Mach limit. We give a layer-averaged formulation of the obtained
models in an hydrostatic context, allowing to derive numerical schemes endowed
with strong stability properties that are presented in a companion paper. Several
stability properties of the layer-averaged Navier-Stokes-Fourier system are proved.

Keywords: Navier-Stokes equations, compressible and incompressible fluids, free sur-
face flows, variable density flows, low-Mach approximation, layer-averaged formulation



1 Introduction

In oceans and lakes, one of the predominant driving forces is the difference in density,
caused by salinity and temperature variations: increasing the salinity and lowering the
temperature of a fluid both increase its density (Rahmstorf, 2003)). Oceans and lakes
are stratified: the water density varies along the vertical direction. In the present work,
we aim at describing and simulating variable density flows with free surface.

The Navier-Stokes equations — or possibly simplified versions of these equations —
are the cornerstone of the modeling of hydrodynamics in lakes and oceans. Compared
to situations where the density is constant, when considering variable density flows with
free surface, two characteristics appear:

e the variations of the fluid density can lead to acoustic waves,
e the fluid density adds nonlinearities in the Navier-Stokes equations.

These two aspects are detailed hereafter.

The density variations are usually small and a common assumption in the case of
geophysical flows is the Boussinesq approximation (Boussinesq, |1903)). It is widely used
to simplify the Navier-Stokes equations with variable density and consists in ignoring
density variations in momentum conservation equations except in the buoyancy force
term. The underlying assumptions are 1) the density variations are very small with
respect to the mean density and 2) the vertical scale of the motion is small compared to
the vertical scale of variations in density, and the density and pressure variations due to
motion are not larger than the total static variations of pressure and density
Veronis), 1960} [Lul, [2000) The consequences of the Boussinesq approximation are listed
in (Auclair et al| |2018). Notably, under the Boussinesq approximation, the volume of
the water is conserved, while the mass is not conserved. With this approximation, the
density can be defined as a function of any given tracer, the temperature or a pollutant
for instance. The Boussinesq approximation is the basis of many ocean models such as
ICON (ICON-ESM software), NEMO (NEMO software) and POM (POM software).

Several authors have shown the benefits of taking into account non-Boussinesq effects
in lake and ocean models, either for the propagation of internal waves (Soontiens et al.
2013)) or for sea level variations induced by expansion/contraction processes (Mellor and
Ezer}, [1995} [Lu, 2000} |Greatbatch et all, [2001)). In the case of ocean water, density is in
general a function of pressure, temperature and salinity. Equations of state for water
based on experiments are proposed in (Safarov et al 2009; [Unescol [2010)).

Consequently, approaches to take into account the non-Boussinesq effects have been
developed. A possibility is to adopt pressure coordinates (Huang et al. 2001; [Song
and Hou|, 2006). The non-Boussinesq equations written in pressure coordinates are
isomorphic to the Boussinesq equations in z-coordinates, which allows to use the same
algorithm for the non-Boussinesq model as for the Boussinesq model. So far, however,
this approach is not widely used in ocean modeling, though it is available in the code
MITgcm . A review of the different types of vertical coordinates used for ocean
modeling is given in (Griffies et all, 2000)). In (Auclair et al. 2018)), a non-hydrostatic
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non-Boussinesq model is presented. A non-hydrostatic pressure anomaly is related to a
compressible (non-Boussinesq) density anomaly. Yet the authors of (Auclair et al., 2018))
are primarily concerned with the simulation of acoustic waves and thermal dilation is not
investigated numerically. This model has recently been included in CROCO
. In the present work, we focus on the inclusion of dilation effects in the model.

The approach chosen here to propose a non-Boussinesq model is different from the
previous ones. Starting from the compressible Navier-Stokes equations, we propose a
formulation of the Navier-Stokes-Fourier system in the asymptotics of an "incompress-
ible" 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 all
2009; [Unescol, 2010) and in this case, the acoustic waves can be filtered out, this is the
so called low Mach number limit. This is advantageous from the computational point of
view because a restrictive condition must be imposed on the time step when the acoustic
waves are included (Paolucci, 1982). Even if in some very particular situations
and Stiassnie, [2013), a coupling between gravity and acoustic waves can occur in the
context of fluid density variations, we consider here situations (in terms of water depth
and wave frequency) when the phenomena are decoupled.

The incompressible limit of the Navier-Stokes-Fourier system has been extensively
studied mathematically, see (Alazard, 2006; [Feireisl and Novotny, [2007) and the ref-
erences therein. The incompressible limit is a low-Mach approximation of the Navier-
Stokes-Fourier system. It consists in neglecting the pressure dependency in the fluid
state law (but not the temperature and salinity dependencies). This limit is singular
and requires not necessarily intuitive scalings, in particular for numerical approxima-
tions (Bouchut et al., [2017). Since the studied phenomena strongly couple mechanics
(fluid motion and rheology) with thermodynamics (temperature and salinity variations),
we pay close attention that the obtained models do not violate the second principle of
thermodynamics. The most simple way of performing the incompressible limit yields a
model for which the energy balance exhibits discrepancies with respect to the energy
balance of the original compressible system. To recover an energy balance that is close to
that of the original system, which is important for the robustness of numerical methods,
some corrections terms are incorporated in the incompressible model. These do not alter
the accuracy of the approximation. Instead of conserving the volume of fluid and not
the mass (which is what the Boussinesq approximation implies), the model derived here
strictly conserves the mass and is enriched by the thermohaline expansion effects i.e.
the volume is no longer conserved. In particular the velocity is not divergence free, but
the divergence of the velocity field is equal to a right-hand side involving temperature
and salinity gradients, as well as viscous dissipation. Our incompressible models include
the dependency of density on salinity additionally to the dependency on temperature,
and it seems to be the first time that this is considered in detail, including Onsager’s
principles. The proposed model is close to the one in (Audusse et all [2011a)), yet it
is rigorously derived here. While solving the model in |Audusse et al| (2011al) required
inverting a non-linear system, the numerical resolution of the present model is more




simple, see (Boittin et al., [2018)). Moreover, the model in the present work is 3D while
it was only 2D in (Audusse et al| 2011a)).

In the second section of this paper, a layer-averaged model is derived from the Navier-
Stokes-Fourier system, in the hydrostatic context. Vertically averaged multilayer mod-
els (Allgeyer et al., 2019; Bristeau et al., | 2017; Audusse et al., 2018| |2011a) are a way to
describe stratified flows and to overcome the limitations inherent to isopycnal models.
Layer-averaged models can deal with situations when the density stratification is broken
due to external forcing terms (e.g. the wind during upwelling phenomena) and when
mixing of fresh/cold/salted water occurs. We also prove that the multilayer models
obtained (one for the Euler-Fourier system and one for the Navier-Stokes-Fourier sys-
tem) satisfy an energy balance and we show that the stable equilibria of the multilayer
model for the Euler system with variable density are those of the classical Euler system.
Moreover, the multilayer approach does not require moving meshes. As the equations
obtained on each layer are similar to the classical one-layer Shallow Water equations,
we can use the existing robust and accurate techniques developed for the Shallow Water
equations. A numerical scheme and numerical test cases are presented in a companion
paper (Boittin et al., 2018).

The paper is organized as follows. The incompressible Navier-Stokes-Fourier and
Euler-Fourier models are derived in Section [2} In Section [3 the multilayer formulations
of the incompressible Euler-Fourier and Navier-Stokes-Fourier systems are given and the
properties of the multilayer models are analyzed.

2 The 3d Navier-Stokes-Fourier system

(sec:iSF) 9 1 The compressible Navier-Stokes-Fourier system

We consider the classical compressible Navier-Stokes system describing a free surface
gravitational flow over a bottom topography z,(z,y),

PV Uy =0, (2.1)[eqmass _coms]
9(pU)

5 TV (U U)+Vp—V 0= pg, (2.2)[eq:NSF_2d3]

0 U2 U2
ET (p’ 2’ +pe) +V. ((p% +p€+p—J)U> =-V -Qr+pg-U, (2.3)‘eq:NSF_energy

where U(t,z,y,2) = (u,v,w)T is the velocity, p is the mass density, p is the fluid
pressure, o is the viscosity stress and g = (0,0, —g)T represents the gravity forces. The
internal specific (i.e. per mass unit) energy is denoted by e, the temperature by T.
The heat flux Q7 obeys the Fourier law Q7 = —AVT, hence the name "Navier-Stokes-
Fourier", A being the heat conductivity. The quantity V denotes V = (%, 8%, %)T In
the following, we will also use the notations u and V,,, u(t,z,y,z) = (u,v)? is the

horizontal velocity and V, , corresponds to the projection of V on the horizontal plane

. T . .
ie. Vy, = (8%, a%) . The square norm of the velocity vector is |U|? = u? + v? + w?.
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We consider a free surface flow (see Fig. [1]), therefore we assume
a(w,y) <z <t w,y) = hit,z,y) + 2(z,y)

with z,(x,y) the bottom elevation and h(t,z,y) the water depth.

z n(texey) LLH]
—

h(t.x.y) w(t,x,y,z) T(txy.2)

vit,xy,z)/ ultxy.z)

y

Figure 1: Flow domain with water height h(t,z,y), free surface n(t,x,y) and bottom

Zb('xa y)
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Notice that, because of the free surface and of the gravitational forces, the term
pg.U = —pgw in the right hand side of ({2.3)) prevents this equation from being directly
a local energy conservation law. Nevertheless one can write (see Remark

d(pgz)
ot

<

pgw = + V.(pgzU),
which leads to a conservative version of (2.3)). In the sequel, we will mainly work with
the energy balance written under the form ({2.3)).

Regarding constitutive equations, we assume that the fluid is Newtonian i.e. the
viscous part of the Cauchy stress depends linearly on the velocity gradient. Hence the
stress tensor X is given by

Y=—-pl+o=—pl+¢V-Ul+2uD(U). (2.4)‘eq:stress_tem

where p is the viscosity coefficient, ¢ is the second viscosity and D(U) = (VU +
(VU)T)/2. Further on we shall use the notation A : B for the scalar product between
two square matrices A, B, and |A]* = A: A.

Among the thermodynamic variables p, p, T, e, only two of them are independent.
This implies in particular that we have a state law under the form

flp,T,p) =0. (2.5)‘eq:NSF_state_<




tom_freesurf)

The thermodynamic variables are linked by the identity

de = Ldp+ Tds, (2.6)
p

where s is the specific entropy of the fluid. Classically, in order to have a good entropy
structure one has to assume that —s is a convex function of 1/p,e. In Section the
case for which there is an additional thermodynamic variable S, the specific salinity, is
described.

Energy equations can be deduced from the above equations. Multiplying by U
yields the kinetic energy equation

ot 2 2

0 U|? U2
ar <pu> +V- <(pu +p— 0)U> va -U—-o0: D(U) + pg - U. (2.7)‘eq:NSF_kin_en<

Subtracting (2.7 to (2.3 gives the equation for the internal energy

0
§+V~(peU):—pV-U—i—U:D(U)—V-QT,
or equivalently
D
pj: =—pV-U+o: D(U) —V-Qr, (2.8)‘eq:NSF_internz

with the classical notation D/Dt = 9/0t + U - V. We can write the continuity equation

E1) as
Dp
"Dt
With the thermodynamic relation one can write ds = de/T — (p/Tp*)dp, thus
multiplying by 1/T and by —p/Tp* we obtain

+p*V-U=0. (2.9)‘eq:mass_cons_(

Ds 1 1
This can be written also
0 1 T
g +V. (pSU) = TU : D(U) -V % — QT : Z—Z, (2.10)‘eq:NSF_specif:

which gives the increase with time of [ ps, the second principle of thermodynamics.

2.2 Boundary conditions

2.2.1 Bottom and free surface

o
"Let n, and ng be the unit outward normals at the bottom and at the free surface

respectively, defined by (see Fig |l

n, = 1 ( Vay ) n, = 1 ( —Vayl )
V1 [ Veyal? -1 ’ VT Ve 1



On the bottom we prescribe an impermeability condition

U-n, =0, (2.11) [eq:botton]

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

(X-ny)-t;=—kU-t;, i=12, (2.12)[eq: fric|

with x a Navier coefficient and (t;,7 = 1,2) two tangential vectors. For some applica-
tions, we rather use more specific friction laws and the equation is then replaced
by

(E-nb) -t = —I'{,(h,U) 'ti7 1= 172,

with x(h, U).U > 0. On the free surface, we use the kinematic boundary condition

0
a_:;] + u(t7 x,Y, 77) ' v%,y,r/ - w(t7 €,Y, 7]) = O’ (2]‘3)

and the no stress condition

3 on, = —p*t,z,y)ns + W(t, z,y)ts, (2.14)

where p*(t,z,y), W(t,z,y) are two given quantities, p® (resp. W) mimics the effects of
the atmospheric pressure (resp. the wind blowing at the free surface) and t is a given
unit horizontal vector. Throughout the paper p® = cst, W = 0. For the temperature,
Neumann or Dirichlet boundary conditions can be taken, see Subsection [2.5]

k conspotgrav) Remark 2.1 Computing the quantity fzz z (% +V. (pU)) dz and using the boundary

conditions (2.13), (2.11)) one finds

a n n n
a/ gpzdz+Vx,y-/ gpzudz:/ gpwdz,

Zb Zb Zb

which 1s the integrated local conservation of gravitational potential energy.

2.2.2 Fluid boundaries and solid walls

d_b ies)? . . . o . . .
~boundaries) On solid walls we prescribe a non-penetration condition (neglecting viscosity)

U-n=0,

n being the outward normal to the considered wall, together with appropriate conditions
for the temperature.

In this paper we consider fluid boundaries on which we prescribe zero, one or two of
the following conditions depending on the type of the flow (fluvial or torrential): water
level h + z,(x,y) given, discharge AU - n given.



2.2.3 Boundary conditions for the temperature

The heat flux in Eq. requires to define boundary conditions for the temperature.
Moreover when the state law will be precised, the definition of the temperature at
each boundary will be mandatory. We can choose either Neumann or Dirichlet conditions
namely at the bottom

oT
)\a—nb = FTbO, (2.15)‘BC:neumann_bo1
or
T, =Ty, (2.16)[BC:dirichlet_]
and at the free surface oT
A ::Z77§% (2.17)‘BC:neumann_su]
on,
or
T, =T?, (2.18)[BC:dirichlet_:

where FTY, FT? are two given temperature fluxes and T, T? are two given tempera-
tures.
The system is completed with some initial conditions

h(0,z,y) = K (z,y), p(0,z,y) = p°(z,y), U(0,2,y,2) =U’x,y, 2).

2.3 The low Mach limit

In this section, the low Mach limit of the compressible Navier-Stokes equations is per-
formed in order to get an incompressible system. As already mentioned in the introduc-
tion, one of the motivations for this limit is that the density of the water varies very little
with pressure variations, and removing acoustic waves from the model is advantageous
from the computational point of view. Therefore, we now consider the state equation of

the fluid (2.5)) under the form

essible_limit)

F(p.T,e(p = pres)) =0, (2.19)

where ¢ < 1 is a small parameter and with p,.; a reference pressure constant in space
and time. In other words, taking into account the implicit function theorem, this means
to assume the particular form for the pressure

P=pres+ 22, (2.20) o+ scaling p|
€

where the law po(p, T') has no stiff scale.

Remark 2.2 When writing equation (2.19)), we assume that the density of the water
depends very weakly on the pressure, and this is true in practice. Water and seawa-
ter compressibility values at various temperatures and pressures are given in (Fine and



\Millero, |1973; |Safarov et all, [2009). A possible state law for seawater (involving the
salinity S, which we will include later on in Section is to write (2.19)) as

P(S, T7 pref)
1 _ DP—Pref )
K(S7T7p7p'r'ef)

p(S,T,p) =

where in the fraction (p — prep)/K(S,T,p — pref), the denominator is very large with
respect to the numerator, so that this law could actually be written

IO(Su Tvpref)
S.T,p) = .
p( p) - g(p - pref)

This law was published in (UNESCO, |1981), where values of the density p at different

pressures and constant S, T are also given. One can see that the density varies slowly with

respect to the pressure. As reported in Appendiz A of , for S = 8PSU
and T = 10°C, the water density for p = 0 (atmospheric pressure) is p(8,10,0) =

1005.945659kg.m ™3 while for p = 10bar, the density is p(8,10,10) = 1006.41797kg.m 3.
This justifies the assumption (2.19)).

Remark 2.3 One could consider that the reference pressure prey varies in time, for
instance because of changes in the boundary conditions of the system - p,.; adapts to
temperature fluxes and mass fluxes at the boundaries. Here, for the sake of simplicity,
we consider that py.r is constant in space and in time. Yet the model deriation should
not be significantly different with pye; = pre(t).

(rem:pref)
For the thermodynamic identity to be compatible with , it is necessary
to consider a rescaling for e and s, leading to the following rescaled thermodynamic
identities

e+ Pres _ @, s = @, with deg = p—gdp—i— Tds, (2.21)[eq:scaling_th:
p e e p

where ey and sy do not involve stiff scales. The low Mach limit is performed by letting
€ go to 0 in the Navier-Stokes-Fourier system with the relations , . As pis
the physical pressure, it has to remain finite. Therefore according to at the limit
we get po(p, T') = 0. This can be written

T =T%(p),

or equivalently p = p(7?). In all the remainder of the paper, the superscript ¢ (as
in e;?) is used for the quantities "at equilibrium", i.e. quantities in which p and T are
constrained by the relation po(p, T") = 0.

One can define the specific enthalpy H = e + p/p, and the specific heat capacity

at constant pressure ¢, = (%)p Then with (2.20), (2.21) one has H = Hy/e with

Hy =eo+ po/p, and ¢, = ¢,, /e with ¢,, = (%%)po.
We have the following result.



(prop:lowmach)

Proposition 2.4 The system

/(Teq
V- -U-= _MV S (AVT*), (2,22)‘eq:compatibil:
P=Cp
% +V-(pU) =0, (2.23) 7eq:masscons_1
U
a(gt ) +V-(pUU)+Vp—-V-0=pg, (2.24)‘eq:momentum_1<

with the relation T' = T°Y(p) and where p is a Lagrange multiplier, is the formal limit of
the system (2.1))-(2.3), with (2.20)), (2.21) as € goes to 0. The energy balance verified by
229)-@2) i

2 e

U|? eq!

o (p% pref‘i‘p%) +V- ((p'T — Pre+p L +p—0)U)
A

ZV( OVT6q>+pg'U+(p_pref)v'U_U:D(U)'

(2.25) ‘ eq:energy_low
The energy balance (2.25)) is expressed in the rescaled variables defined by (2.20)), (2.21))

in order to show clearly the order of magnitude of each term. The quantity \g is defined

by (2.28).
Proof We first rewrite (2.1)) under the form
D
pr = —p2V -U. (2.26)‘eq:mass_consl

When e — 0 we get p = p(T?), and we can multiply (2.26) by dT°/dp to get an equation

for the temperature
Dret dTeq

Dt dp
In the sequel, we consider that for the heat conduction \ and the fluid viscosity p, we
are in the following asymptotic regime,

1% V. U. (2.27) ‘ eq:temperatur:

Y

A
A= 20 and oo~ 1. (2.28)‘eq:scaling_la1
9

Notice that if X or p is smaller than these scales, then the corresponding terms in the in-

compressible system (2.22))-(2.25]) will simply vanish. Hence, taking (2.8)—pres/p* x (2.9),
multiplying by € and taking the limit, we get according to (2.21)

Dey!
Dt

p =V - (ANVT). (2.29)‘eq:NSF_intern:

Wrriting then as above the rescaled enthalpy Hy = eq + po/p, one gets that at equilibrium
HE = e,
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and H5" = HG*(T°?). One has then according to the definition of cp,
dHS = cp,dT™.

We thus get a second equation for the temperature

DT
pcpow =V - (ANVT). (2.30)‘eq:temperatur<

Comparing (2.27) and (2.30) we obtain (2.22), where we have replaced the scaled quanti-
ties cp, and \g by their physical values ec, and e\ respectively. The pressure p in (2.24))

can finally be interpreted as a Lagrange multiplier for the equation (2.22). The momen-
tum equation (2.24)) together with the mass equation (2.26|) gives again the kinetic energy
equation (2.7). Adding it to (2.29) divided by € and to trivial terms in p,.s finally gives

the energy balance (2.25)). W
Remark 2.5 At the limit, the thermodynamic identity (2.21)) becomes
deg! = Tdsg!.

From (2.29)) we obtain the equation for the evolution of the entropy

d, . . 1 .
a(psoq) + V- (psg?U) — ﬁv - (A VT?) = 0.

Written in the conservative/dissipative form, this gives

0, eq WA |VTea|?
&(Pso )+ V- (psy’U) = V- ()‘OW> - AO(Te—q)2’

which shows that in accordance with the second law of thermodynamics, the total entropy
[ psgy! can only increase.

The energy balance exhibits discrepancies of the order ¢ with respect to the
original energy balance . Namely, the terms (p — pref)V - U — o : D(U) are of size
e with respect to the leading order terms and they are not present in . In order
to get an energy balance closer to the original compressible equations, we go one step
further and some corrections of size € are incorporated into the system. These do not
modify the order of accuracy of the approximation however, since other error terms of
order € are not corrected.

ected_system)?

Proposition 2.6 The system

/ Teq
V-U= —pggc )(V - (AVT*) + 0 : D(U)), (2.31)[eq:NSF_1]
P
% + V- (pU) =0, (2.32) 7eq:NSF_2?

11



d(pU)
BT +V-(pUeU)+Vp—-V.0=pg, (2.33)[eq:NSF_3]

with T a given function of p

T=T“ s 2.34)|eq:rho_T
p

and where p is a Lagrange multiplier, is an approximation of order € of the formal limit

E2)-B2D) of the system E1)-E3) with @20), @20). The system (231)-E33)

satisfies the energy balance equation
o ( [0 € U €5

sy 5 ~ Pre - R < — Pre - - U)
at(p 5~ Prest 2 ) V(05 —pres+p +p—0)

A
=V- (?OVT‘”I) +rg- U,

(2.35) ‘ eq:NSF_energy.

where ef is an independent (rescaled) corrected energy variable such that e —eg! = O(e).

Proof The proof is similar to that of Proposition [2.4 At the limit, the variables are
constrained by the relation (2.34). To obtain an energy balance close to (2.3)), we define
an independent corrected energy variable €f (e§ # eq?) satisfying

Dej

"Dt

With this correction, the energy balance is now ([2.35)). The internal energy at equilibrium
eq? satisfies (2.36) but without the term e(p — pres)V - U, which implies that ef — eg! is

of order . Recalling that Hy? = ey?, we get the equation for the enthalpy at equilibrium
H?

=V ()\()VTeq) — E(p — pref)v -U+c¢eo: D(U) (2.36)‘eq:NSF_internz

DHy!
P Dt
Eq. appears as a correction of . Notice that if the correction —e(p—pres)V-U
were incorporated, the model obtained would be even more accurate, but it would contain
derivatives of p, which makes the equations much more difficult to handle since p is a
Lagrange multiplier. Here we restrict ourselves to the correction eo : D(U), which is
viscous dissipation, to keep the model simple.
From equation , we get a corrected equation on the temperature

DT*1
Plro oy~ = V- (AVT*) +co : D(U).

=V - (AVT) +eo: D(U). (2.37)‘eq:NSF_enthal]

Consequently, comparing with (2.27)), we get the equation on V - U (in the rescaled
variables)

! (Teq
V-U= P (2 )(V - (ANVT) +e0 : D(U)),
P~Cpy
which is (2.31)). In physical variables, the equation for the temperature can also be written
DT*?
pcpw =-V.-Qr+o:D(U). (2.38)‘eq:temperatur<
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Remark 2.7 The entropy equation for the model (2.31])-(2.33)) is

0
(ps51) + V- (psIU) — V- (Ao

vm) VT e
9 — A
ot

Teq = A0 (Teq)Q Ter' : D(U)
As o : D(U) > 0, we obtain again that the total entropy [ psi? can only increase. Here
there is no discrepancy with the original entropy equation (2.10)).

Remark 2.8 In models (2.22)-(2.24) and (2.31))-(2.33)), the temperature T is no longer

an independent variable of the system. It is recovered by inverting the state law p =
p(T7).

Remark 2.9 The model — 15 very similar to what is classically obtained
in the literature when the low-Mach limit of the Navier-Stokes equations with thermal
conduction is taken, see for instance (Paolucci, |1982). The limit is usually performed by
expanding the variables of the system in power series of the Mach number. The method
we have used here is different. As we have given ourselves only a generic state law, we
cannot express the Mach number, let alone make it appear in the equations. Instead, the
result 1s obtained via a rescaling of the variable part of the pressure, and this enables to
consider general state laws.

Remark 2.10 FEwven if a gas and water behave very differently, an example of equation
of state to which the previous asymptotics can be applied is the stiffened gas law (Harlow
and Amsden, |1971))

C_pT:e_p;’O

p=(v—1)pe = VPoo: ;

Y

with the constraint e — po/p > 0, where v > 1, po > 0, ¢, > 0 are constants. Here the
entropy is given by s = %" log(T/p"~1). Then the scaling assumptions (2.20)), (2.21)) are

satisfied when

Poco c
poo:_pref—"%a Cp:%a

with Peco and cp, constants independent of €. At equilibrium we get the relation pT°! =
ﬁ%, thus T is inversely proportional to p.

0
Remark 2.11 In (Audusse et al,|2011d) the authors focused on the following 2D (x, z)
model

dp Opu  Odpw

LT

ot T or T oz

Opu  Opu®  Opuw Op 00y, Doy

(2.39) eq: Sop_cont|

ot ox 0z or  Ox 0z’
op n 00 . n 00,

0z <l ox 0z’

p=p(T),
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(2.40) ?eq: jcp_moment

(2.41) 7eq: jcp_presst

(2.42) 7eq: jcp_state?



imit_salinity)

0pT  OpuT  OpwT NPT  NO°T

ot * Oz * 0z cp8x2+cp822 (2.43)[eq:jep_T|

Rewriting equation (2.43)) in the non-conservative form, we get

orT orT or A (82T 82T>

Paor TP TP, = \az T o2

Cp
Multiplying this equation by p'(T')/p gives an equation for p

op dp op _p(T) XN (0°T O°T -
BT g waz =, o, \ 922 + 9.7 ) (2.44)‘eq._]cp_cont_2

Finally, subtracting (2.39)) to (2.44) and rearranging the terms gives a compatibility
condition similar to (2.22) for a constant A

@+8_w__p’(T) 82T+82T
or 90z pic, or? 022 )

Indeed ([2.43)) is similar to (2.30)). This shows that the model (2.39)-(2.43) corresponds
to the model (2.22))-(2.24) with a hydrostatic assumption, see paragraph .

Because of the stability inherited from the energy balance (2.35)), that is consistent
with (22.3)), in the sequel we consider the system (2.31)-(2.33) instead of ([2.22))-([2.24]).

2.4 The Navier-Stokes-Fourier system with salinity

We now consider the situation where the fluid density depends on the temperature T
and on another internal variable, the specific salinity S. This is the case of sea water.
The compressible Navier-Stokes-Fourier system with temperature and salinity can be
written

% LV (pU) =0, (2.45) [eq mass_cons_.
% +V-(pUaU)+Vp—V.-0=ypg, (2.46)[eq:NSF_2d3_sa:
% <pg + pe) +V- <(pg +pe+p— O’)U) = —V-F" + pg - U, (2.47)[eq:NSF_energy.
9(pS)

ot +V-(pSU)=-V- F°. (2.48)

The local mass and momentum conservation equations are identical to (2.1)) and ([2.2)),
whereas the energy equation is slightly modified: the heat flux is now F?. The conser-
vation equation (2.48)) on the mass fraction of chlorides S can also be written as

DS

v =~V F (2:49) oq: bransps 2

14



with F¥ the salt flux. According to [Unesco| (2010)), the molecular fluxes of heat and salt
FT and F? are expressed in terms of the thermodynamic Onsager forces related to the

entropy equation ([2.55)) below,

— 1

F° = AV (%) + BV <T) : (2.50)[def : f1uxS_TED:
— 1

F' = Bv <$> +CV <T> : (2.51) [def : £1uxT_TEO;

where A, B and C' are three independent coefficients to be discussed later, and pg is the
chemical potential of seawater. The particular symmetric form of , is related
to Onsager’s reciprocity principle and the dissipation of entropy, see below. The
state equation of the fluid is

f(p,T,S,p) =0,

and the thermodynamic identity now reads

de = %dp + Tds + pgdS. (2.52) ‘ eq:thermo_id_:

As in classical gas dynamics, a simple assumption that ensures the hyperbolic structure
of the model is that —s is a convex function of 1/p, e, S. From (2.47)) and using ({2.46)),
(2.45)) we get the equation on the internal energy

De
"Dt
Let us explain how the formulas (2.50)), (2.51]) lead to the second law of thermodynam-

ics. The equation for the entropy is obtained using the thermodynamic identity ([2.52))
combined with the mass, internal energy and salinity equations (2.9)), (2.53), (2.49)),

=—pV-U+o: D(U) —V.-FT, (2.53)‘eq:NSF_internz

p<§+U.v3):%(U;D(U)—V~FT+MSV-FS), (2.54) 7eq: entropy_s:

that can be written under conservative/dissipative form

1 1 1
%+V-(psU) =70 : DU)-V: (TFT B %FS> Y (T) Y (%) - (2.55)[eq: conservati

Substituting the expressions ([2.50)), (2.51)) in the right-hand side of (2.55)), we obtain the
following quadratic form for the nonconservative terms in the right-hand side of ([2.55]),

FT~V (%) —FS-V (%) =C ‘V (%) ‘Q—QBV (%) -V (%) +A ‘V (%) ‘2. (2.56)‘eq:quadsalini1

For this quadratic form to be nonnegative (which is required for entropy dissipation),
the three constraints are A > 0, C' > 0 and AC > B?. With these constraints the
expressions ([2.50), ([2.51)) of F* and FT can be written in terms of the gradients of the

15



salinity S, temperature 7" and pressure p (as in (Unesco, 2010), equations (B.26) and
(B.27)) by writing us = us(T,S,p) and assuming dspg > 0,

Ostis Ostis

Bosus
F' = —pce, k" VT + ST F’, (2.58)[eq:FTK]

kST B
FS = —pkS (vs + %vp) - (p or (52) + ﬁ) VT,  (2.57)[eqiFSE]

where k7 > 0 and k° > 0 are the thermal and molecular diffusivities of salt, related to
A, B, C by
pkST B?
= it C = pc,k"T? + e (2.59) [eq: Tel1ACKSKT]
The free model coefficients are thus now k°, kT and B. Note that F” in ([2.58) is written

as a gradient of T (as in the case where the temperature is the only tracer), plus another
term, due to the presence of salt. Using (2.59) and ([2.50]), the quadratic form ([2.56|) can

be rewritten

C ‘v (%) ‘Q—QBV (%) v (5)+A v (%) ‘2 = pe k7T

which shows that it is indeed nonnegative. Thus with (2.55)) the total entropy [ ps can
only increase, in accordance with the second principle of thermodynamics.

|FS 2, (2.60)‘eq:fina1quads

Vol T

1'2 1

We now perform the low Mach limit as in Section 2.3 We introduce the state
equation of the fluid under the form

f(p7 T,S,e(p— pref)) =0, (2.61) ‘ eq:state_eq_s:

with ¢ < 1. Taking into account the thermodynamic identity (2.52)), p, e, s are thus
rescaled as in (2.20)), (2.21) and pg scales as 1/e, which yields

P = Dref + @, e+ Pref = 6—0, s = @, ns = @, (2.62)‘eq:scaling_th<
€ ) 5 5 5
with dey = p—gdp + Tdsy + psodS. (2.63) ‘ eq:scaling_th
P

We still define the specific enthalpy H = e + p/p, and the specific heat capacity at
constant pressure ¢, = (a—H Then one has H = Hy/e with Hy = ey + po/p, and

8T)pys'
9Hy As ¢ — 0, the finiteness of p yields the equilibrium

or >PO S

Cp = Cpo/e With ¢, = (
relation po(p, T, S) = 0 or equivalently 7" = T%(p, S).

Proposition 2.12 The system

_ L (% cay2 (O ls/T) s r_ .
v U—pch (aTeq)S<(T ) ( S Sv F$+V.-F' —¢:D(U)
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1 (9p S
— [ Z£ .F
+p2 <83>Teqv 7

dp

E—i—v-(pU)—O,

(pU
(gt)+v-(pU®U)+Vp—V-0:pg,
@%—V%pSU):—V-FS,

s soa_  (PET. rus\ B

FS — _pkSVS (83M50T<T)+T2 VT,
FT — —pe k7T + BO5Hs ps

pkST =~ 7

(2.64)[eq:NSF_1_sali:

(2.65) ?7eq:NSF_2_sali

(2.66) 7eq:NSF_3_sali

(2.67)[eq:NSF_4_sali:

(2.68) ‘ eq:FSk-incomp

(2.69) ‘ eq:FTk-incomp

with T = T (p, S) and where p is a Lagrange multiplier, is an approximation of order

e of the formal limit of the system ([2.45)-(2.48)), (2.57), (2.58)), (2.62).

Proof At the limit there remain only two independent thermodynamic variables, and

one can take T and S. We consider that F° is bounded but FT ~ 1/e. With (2.50)),

(2.51) this means that A ~¢e, B~ 1, C ~ 1/e, and using (2.59)) that
¥~ 1, ekt ~1)e.

(2.70) 7eq:scaling_di

At equilibrium the term in Vp in (2.57) disappears in the expression of F° since pg

depends only weakly on p (this is a consequence of the scaling assumption (2.61

)) and

Vp remains bounded, giving (2.68)), (2.69). The mass conservation equation (2.45)), the
momentum equation (2.46) and the salinity equation (2.48|) are unchanged. Consider

then the enthalpy H = e +p/p = Ho/e. Taking (2.53)—pres/p*x [2.9), multiplying by e
and taking the limit, we get according to (2.62)) and using the correction as in Section

the equation for the rescaled enthalpy at equilibrium HG? = e,

DH(
Dt

p = —eV-F' +e0: D(U).

One can write at equilibrium

eq €q
dH® = <8H ) ATt + (8H ) ds.
S Teq

oTed oS

Combining (2.71)) (written in the physical variables) with (2.72)) gives

oTed Dt oS

eq eq €q
p(@H ) DT _(aH ) V.FS+V.FT—U:D(U):O-
s Ted

We have similarly for the density

_( 9p ¢ dp
dp = (aTeq)SdT 74 <$>Teq ds.

17

(2.71) [eq: NSF_enthalj

(2.72)[cq:di TS|

(2.73) ‘ eq:incomprsal.

(2.74) ?7eq:massTS?



The quantities (—8&)5 and (g—g)Teq are known from the state law of salted water, and

oTed
using (2.26]), (2.49) we deduce another equation on the temperature
dp DT dp
2 S
—p°V-U= - | = V- -F~. 2.75)[eq:rhoTSeq_TS
P (am)sp Dt (as)m (2.75)[eq:rhoTSeq..

Combining (2.73) with (2.75)) gives an expression for p*V - U

_Op_ eq
/)QV'U: (8Teq)5 <_ (aH ) V-FS—{—V-FT—O'ZD(U))—F(@) V-FS,
Teqa Tea

(%%5) ¢ a8 93
(2.76)

that generalizes (2.31)). We recall that by definition c, = (g—H)pS, thus ¢, = ¢, /€ and at

equilibrium cp, = (%) g OT in physical variables

OH*
o= () (277 eardoter)

which enables to express the denominator in . Note that we obtain without
using the thermodynamaic identity , and without involving pus. Next in it
remains to express OH®/0S. One has at equilibrium (see |Unesco, (2010), equations
(A.11.1) and (A.11.2))

OH® Ops , 0
— e — T — (T eq ,
< B )Teq = Us T T = (T ) 9T (NS/T ), (2.78) eq:lawHmu
thus finally (2.76) gives (2.64). The relation (2.78)) can be deduced from the limit of the

thermodynamic identity (2.63]). At equilibrium we have

dHg'  pso

Ter 7 (2.79) e s0eg-s

that can be interpreted as dH®? = T°ds* + ugdS, analogous to (2.52)). We reformulate
(2.79) as
H H 1150
eq 0 _ 0 eq
d <30 Teq) = —(Teq)ZdT Tea ds.

The left-hand side is an exact differential form, therefore we can write that the two cross
deriwatives with respect to T, S and S, T are equal. It yields

0 <_@):£ Hy"
o7 \“7e) = 55 \ (702 )

eq _
dsy' =

which gives (2.78)). WA

Remark 2.13 Because of (2.79)), (2.71), the entropy equation (2.55|) is still valid for
our model (2.64)-(2.69), and the quadratic form on the right-hand side takes the form

(2-60)).
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Remark 2.14 A criterion of well-posedness of our incompressible system -
can be derived as follows. We write that the second-order terms in the coupled S and T
equations , gwe a diffusion matrix with positive eigenvalues. With ,
we have at equilibrium (using ([2.78))

s
S_ _ .8 o PRPT . rps\ | B
B = —pl*VS — BVT.  with B= -0 (5)+ 7 (2.80) [eq:FSeq]
OH*1 Bo
FT FS = —pe, kTVT + | =28 | 729, (us/T) ) FS
08 /1 kT (2.81)[eq:FTcombS
Y -
= —pcpk” VI'+ E kS F~.
The diffusion matriz of the system is thus, taking into account (2.77)),
pk? E
ETacspus E2 :;(Zglcf + ka .

We obtain positive eigenvalues under the natural conditions also mentioned in (Unesco

2010

kS > 0, kT >0, Osps >0, ¢, > 0. (2.82)‘eq:parabconds

Remark 2.15 For the particular choice of B such that E = 0 (the relation between E
and B is (2.80) ) we have a diagonal diffusion matriz in S, T. In this case we have

particular formulas

FS — —pkSVS, (2.83)
and from (281), @79)
F7 4 720, (%) FS = —pc,kTVT. (2.84) 7eq:FTdiag?

We deduce that

VF 120 (B Vo FS = =V (o k"VT) —F5 (120, (52)), (285 [eq:FTatagaiv)

that can be used in (2.64)). Neat we write [2.73)) using (2.77), (2.78)) and (2.85)) to get

DT
peryo = V- (pek"VT) +FS - V(120 (2)) +0: D(U).  (286)(7)

We can write

V(T28T (%)) = V(-,us + TaTMS)
= —0rusVT — OsusVS + V (TaTus>
= —0spsVS + TV (drus),
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thus we obtain

DT
per o = V- (peohVT) + TFS ¥ (Drps) — Dsps F* VS +0: D(U),  (2.87)[eq:bTbsdiag]

that generalizes . We therefore obtain the equations and on S and
T, with the value of FS given by . With the conditions we can see that T
remains nonnegative and S verifies the maximum principle (i.e. it remains within its
initial lower and upper bounds). Notice that with , , the model finally relies
on the knowledge of p°4(T,S), H(T,S), k' (T, S), k°(T,S).

2.5 The incompressible and hydrostatic Navier-Stokes-Fourier
system

er_continuous) \We consider the incompressible Navier-Stokes-Fourier system — derived in
paragraph [2.3] for the sake of simplicity we consider that the density only depends on
the temperature p = p(T'), and we neglect the salinity S. For the sake of lightness, the
exponent “? is dropped in this part and in the rest of the present document. The system

is completed with the boundary conditions (2.11))-(2.14)).

The hydrostatic assumption consists in neglecting the vertical acceleration of the
ow Ouw Ovw  Ow?
P + ~ 0,

fluid
Do Du G B (2.89) egrverticace]

where we recall that U = (u,w) with u = (u,v). We refer to (Brenier, |1999; |Grenier,
1999; Masmoudi and Wong|, 2012) for the analysis of hydrostatic models and for their
asymptotic derivation (Audusse, 2005} [Ferrari and Saleri, [2004; Marche, [2007).

Using the assumption ((2.88)) and the defintion , the hydrostatic approximation
of the incompressible Navier-Stokes-Fourier system — therefore reads

v.u--A0 (v C(AVT) + (Vo - u+ dow)”

pcp
1
+2M(|Dmuy2 + ilvww + d,ul® + (@w)?)) : (2.89)
dp
7% + V- (pU) =0, (2.90)‘eq:mass_cons_1
d(pu) d(puw)
L Ve (uew) + S 4V, p =V, (€(Va - u+ .0))

+Vay - <2,qu7yu> + 0, <,LL (vm]w + ELu)) , (2.91) 7eq:ns_2d3?

O.p=—pg+0, (C (Voy-u+ @w)) + Viy - (,u(wa + @u))
+0, (210, w). (2.92)

with T = T'(p) a given function. According to Remark pres 1s taken to be the
atmospheric pressure p* that is supposed constant.
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The energy balance for the hydrostatic system ([2.89))-(2.92)) is

o ( f? . uf . @
E(pT—I—pe +V. p7+pe +p—p* | U

Vo - _C(vx,y a4+ 6zw)u —2u(D, u)u — p (Vg w + 0.u) w)

+0, (—C(Vz’y ‘u+ azw)w — 1 (Vyyw+0u)-u— 2,uw8zw> = V.(A\VT) — pgw,
with the corrected internal energy e® governed by

0
a(pec) + V- (peU) = —(p— p*) (Vo - u+ .w) + V- (AVT)
1
(Ve -u+ dw)’ + 2[L<|Dx7y11|2 + 5|V9[,,,yw + 0.ul* + (8zw)2>.

(2.93) ogse By

Notice that is similar to divided by €. The energy e(7") defined by de/dT =
¢, (e corresponds to el in paragraph satisfies the same equation except the
term —(p — p*)V - U in the right-hand side. It is obtained by multiplying by
¢p dT'/dp and by using (2.89).

In order to make the numerical approximation easier and without loss of applicability
we propose a few usual simplifications for the viscous terms. First, let us notice that
for water the second viscosity cannot be neglected compared to the dynamic viscosity,
see [Dukhin and Goetz (2009)). But in practice, the chosen value for the coefficient
(typically u = 0.1 kg.m~'.s7!) is much bigger than the value of the dynamic viscosity
(~ 1073 kg.mt.s71) in order to model the turbulence effects. Hence hereafter, we can
neglect the second viscosity i.e. we consider { = 0.

Instead of — we propose to consider the simplified system with constant

1
o(T) ) ou |’
V-U=- e V- (AVT) + p |V ul” + p 5% , (2.94)
P

dp
a5 + V- (pU) =0, (2.95) ?eq:mass_cons_
0 0 K 0?

(aptu) + V., - (pu®@u) + % + Vay pgdz = V.V, u+ ,ua*;;(Q.QG)‘eq:ns_ZdS_mod

z

Notice that we have used that from Eq. we have V- U = O((A + p)p'/(pcy))
and the terms in O(u(\ + p)p'/(p*c,)) appearing in Eq. have been neglected.
Therefore the formulation of the rheology terms appearing in is similar to what
has been studied by some of the authors in (Allgeyer et al.| 2019)). Moreover in order to
obtain , the viscous terms in Eq. have been neglected.

Concerning the dynamical boundary conditions for Eq. , at the bottom we
impose a friction condition given e.g. by a Navier law

0
B 1+ ‘Vx,yzb|2—u = —KuU, (2.97) 7eq:uboundihmf
P 8nb
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ubsec:boussi)

with k a Navier coefficient. For some applications, one can choose k = k(h,ul;). At the
free surface, we impose the no stress condition

[ oa

~ o PR = —p*(t, z, y)ng + W(t, x,y)ts. (2.98) 7eq:uboundihm?
p On ——

where u = (u,0)”, p*(t,x,y) and W (t,z,y) are two given quantities, p® (resp. W)
mimics the effects of the atmospheric pressure (resp. the wind blowing at the free
surface) and tg is a given unit horizontal vector.

2.6 The hydrostatic Euler-Fourier system

Assuming that the viscous terms are small, the incompressible Navier-Stokes-Fourier

system ([2.31))-(2.33]) becomes the incompressible Euler-Fourier system

/
T
V-U= —pg )V - (AVT), (2.99)‘eq:divu_incom]
P=Cp
dp
En +V-(pU) =0, (2.100) ?eq:mass_cons_
a(pu
(gt ) +V- - (pUU)+ Vp =pg. (2.101)[eq:NSF_2d3_in

Therefore, the hydrostatic approximation of the system (2.99)-(2.101)) consists in the
hydrostatic Euler-Fourier model

(T
v-u=--20v. () (2.102)[oqincomsd)
P
% +V - (pU) =0, (2.103) ?7eq:mass_cons._
9, 0 K
(gtll) + V., (pu®@u)+ (gl:w) + Vo, pgdz = 0, (2.104) ‘ eq:euler_2d30

completed with the relation p = p(T") and the boundary conditions (2.11), (2.13]).

2.7 Remark on the Boussinesq assumption

’In geophysical water flows, density variations are often considered as small and this
allows justifying the Boussinesq assumption, which consists in considering the density
variations only in the gravitational forces. More precisely, assuming

p=p(T)=po+ f(T),

with f(T') < po, this leads to writing the incompressible hydrostatic Euler system ([2.102])-
(2.104]) under the form

V.U =0, (2.105)‘eq:div_boussi
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T
PoCp <%—t +U- VT) =V - (A\VT), (2.106) ?eq: temp_bouss
0 0 "
00 <a_ltl + V@y . (11 ® 11) + %) + vay/ pgdz = 0. (2.107) ?eq:mom_boussi

Notice that whereas in (2.102)), the divergence of the velocity field equals the expansion
due to the temperature effects, the Boussinesq assumption implies the divergence free
condition ([2.105)).

The Boussinesq assumption is valid in various regimes (McDougall et al., 2002} (Great-
batch et al., |2001)) but

ul?

e it does not ensure a conservation of the kinetic energy since py5- is conserved

|ul?

instead of p5-,

e for long time phenomena (sloshing, wave propagation,...) significant differences
appear when the Boussinesq assumption is made, see (Audusse et al., 2011al para-
graph 6.2).

In this work, the Boussinesq assumption is not done and some remarks about its validity
are given in the companion paper, see also (McDougall et al., 2002; Greatbatch et al.,
2001).

3 Layer-averaging for hydrostatic models

(sec:av_euler) Fyllowing the same strategy as in[Fernandez-Nieto et al. (2018), the layer-averaging could
be performed for the non-hydrostatic system —, but due to the complexity of
the problem and in order to be consistent with the proposed numerical scheme in the
companion paper, we focus on hydrostatic models. In this section we propose a layer-
averaged formulation of the hydrostatic Navier-Stokes-Fourier system (2.94)-(2.96). To
simplify the presentation, in a first step we neglect the viscous effects within the fluid and
the diffusion terms for the temperature, therefore we consider the incompressible and
hydrostatic Euler system with variable density and free surface given in paragraph [3.1}
Then in paragraph [3.2] the dissipative and diffusion terms will be considered.

In order to describe and simulate complex flows where the velocity field cannot be
approximated by its vertical mean, multilayer models have been developed (Audusse,
2005; |Audusse and Bristeau, [2007; Audusse et al., 2008} Bouchut and Zeitlinl 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., |2011b,a; |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). Compared to
the constant density case, when considering the density variations, additional source
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terms appear, see remark Notice that in (Audusse et al., [2011a) the hydrostatic
Navier-Stokes equations with variable density is tackled but only in the 2d context.

With respect to commonly used Euler or Navier-Stokes approximations, the ap-
pealing features of the proposed multilayer approach are the easy handling of the free
surface, which does not require moving meshes (e.g. (Decoene and Gerbeau), [2009)), and
the possibility to take advantage of robust and accurate numerical techniques developed
in extensive amount for classical one-layer Saint-Venant equations.

We consider a discretization of the fluid domain by layers (see Fig. [2]) where the layer
a contains the points of coordinates (x,y, 2) with z € Lo(t,2,y) = (2a—1/2, Za+1/2) and
{zat1/2}a=1,. v is defined by

Zap1y2(t 2, y) = zp(w,y) + D25 hit, 2, y), a€[0,...,N], 11
. :1
{ ha(t, 2,y) = zas1/2(t,2,y) = za1p2(t, 2,y) = lah(t, 2, y), (3.1) [eqr1ayer

and 30 1, = 1.

Figure 2: Notations for the layerwise discretization.
(fig:free)

Using the notations (3.1)), let us consider the space IP’éV ht of piecewise constant func-

tions defined by
ng;f ={lcrntuy(2), a€{l,....N}}, (3.2)[eq:P0_space]

where 1.cr,(t04)(2) is the characteristic function of the layer L,(t,x,y). Using this
formalism, the projection of p, u, v and w on IPéV }f is a piecewise constant function

defined by

N
XN(t7 r,y,z, {Zoz}> = Z ﬂ-zELa(t,x,y) (Z)Xa (ta L, y)7 (33)
a=1

for X € (p,u,v,w). When the quantities {p,(t,2,y)}a=1,. n are known, if the function
T = T(p) is known, it is possible to recover the temperature using the formula

N
TV(t, 2,2, {20}) = D Lecratan ()T (palt, 2,y)).
a=1

The layer-averaging process for the 2d hydrostatic Euler and Navier-Stokes systems
is precisely described in the paper Bristeau et al.| (2017) with a general rheology and
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in |Allgeyer et al. (2019) for the 3d Navier-Stokes system with constant density, the
reader can refer to it.

3.1 The layer-averaged hydrostatic Euler system with variable
density

ayer_av_euler) Jp) the following, we present a Galerkin type approximation of the incompressible hydro-

static Euler system with variable density

vou-o (3.4) eazinconp
0
gp + V- (pU) =0, (3.5)‘eq:mass_cons_<

ot
d(pu) d(puw) K

5 +V.y- (pu®u)+ P + V., [ pgdz =0, (3.6)

completed with the boundary conditions (2.11), (2.13)).
The three following propositions hold.

Proposition 3.1 Using the space ]P’é\f;f defined by (3.2) and the decomposition (3.3)),
the Galerkin approximation of the incompressible and hydrostatic Euler equations (3.4])-

m m ) leads to the system
vay aua = 0, (3.7) eq:massesvm

a a'ta
pé)t + nyy . (pahaua) = pa+1/2Ga+1/2 — pa_l/gGa_l/g, o = 1, ey N, (3.8) eq:massesvm.
Opahaug

ot + vx,y : (pahaua & ua) =+ vx,y (hapa) = pa+1/2vx,yza+1/2 - pa—l/va,yza—1/2

+ua+1/2/)a+1/2Ga+1/2 - 11@—1/2/)@—1/2Ga—1/27 a=1,..,N, (3-9)

where the pressure terms po, pati1/2 are given by

N N
palia
Pa =g <T + ) pjhj> and  parip=g > pihy (3.10)[eq: palphat]

j:a+1 j:CX—‘rl

The quantity G412 (resp. Ga_l/g) corresponds to mass exchange across the interface
Zat1/2 (1€8p. Za—172) and Gaqiy2 is defined by

Gotip = Z(%it+v hu]> Z(Zz Lo ) Vey - (Aju;),(3.11) [eq: Qalphabis]

j=1 j=1 p=1

fora=1,...,N. The velocities Usy1/2 and the densities po11/2 at the interfaces are
defined by
Vg if G, <0
Va+1/2 = { /2

ey (3.12) egiupuind uT

forv=nu,p.
(thm:model_ml)
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—source_terms) Remark 3.2 In the constant density case, the integration of the pressure term gives

Ra41/2 hha
/ Vaeypdz =V, (pggT> + poghaVay2p,
Za—1/2

which is the sum of a conservative term and a source term depending on the given
topography z,. In the variable density case, the integration of the pressure term yields
the terms

Za41/2
/ vx,ypdz = vx,y(hapa> - pa+1/2vx,yza+1/2 + pa—1/2vz,yza—1/2-
Za—1/2

Note that zo41/2, Za—172 are not giwen data, they depend on the unknown h. Therefore,
the pressure source terms are more difficult to handle in the variable density case.

The smooth solutions to (3.7)), (3.9) satisfy an energy balance and we have the
following proposition.

- roposition o. € system ), . aamzits, jor smoo solurions, € enerqy oat-
nergy_balance) p ition 3.3 The system (3.7), (3.9) admits, f th solutions, th bal

ance
0
aEa + vm,y . (ua (Ea + hapa))
[Uat1 2|2 0Zat1/2
= (pa+1/2+T/ + gpati/2zati/2 | Gari/2 + Dati/2 (Ga+1/2 — 5’; / )
2
Uy—1/2 0%za-1/2
- (Pa—1/2% + gpa—l/QZa—1/2) Ga—1/2 — Pa-1/2 (Ga—1/2 Y / )
1
_5 (pa+1/2|ua+1/2 - uoc|2 + gha(poHrl/Q - pa)) Ga+1/2
1
+§ (Pa—1/2|11a—1/2 - Ua|2 - gha(pa—l/Q - Pa)) Ga—1/27 (3-13)\eqienergy-mC1
with o ?
(0% ua ,Oag
E, = pa 5 + 9 (Z3+1/2 - Zi_l/g). (3.14) ?eq:energ_al?

The sum of egqs. (3.13)) for a =1,..., N gives the energy balance

a N N
ot > Fat ) Vey o (Eat hapo)
a=1 a=1

N

|ua 1 uoc|2
= - Z )Oa—l—l/Q%lGa-‘rl/ﬂ
a=1
g N
5 Z (ha(pa+1/2 — pa) + hav1(pat1/2 — Pa+1)) Gov1/2- (3-15)\eq=energy—g1°3
a=1

op:energy_bal)
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(prop:def_w)

In the energy balance ([3.15]), the first line of the right hand side is non positive due
to the upwinding (3.12)). Concerning the second, it is a third order term since we have
5 0%p 3
ha(ﬂa+1/2 — Pa) + ha+1(pa+1/2 — Pat1) = Iy, 92 = O(l,).

[0}

Due to the hydrostatic assumption, the vertical velocity is no more a variable of the
momentum equations (3.9)). This is an advantage of this formulation over the hydrostatic
model where the vertical velocity is needed in the momentum equation and is
deduced from the incompressibility condition . Even if the vertical velocity w no
more appears in the model —, it can be obtained as follows.

Proposition 3.4 The piecewise constant approximation of the vertical velocity w satis-

fying (3.3) is given by

W = ko — 2aVay - Uq (3.16)

with
kl = vx,y : (Zbul)a kaJrl = ka + vx,y : (Za+1/2(ua+1 - ua))-

The quantities {w,}Y_, are obtained only using a post-processing of the variables gov-

erning the system (3.7))-(3.9)).
Notice that relation (3.16)) is equivalent to

024 Goyi12 +Ga1)2
ot

and using (3.19) is also equivalent to

0 Zi+1 2~ 22—1 2 Zi+1 2~ Z§—1 2
9t <Pa / 9 / + Vay - | Pa / 5 / U, | = pahawa

ha

«

+ (Zapa+1/2 + Pa
see (Bristeau et all, (2017, paragraph 4.2).

Proof of prop. Considering the divergence free condition (3.4) we get

Za+1/2
0= / Lero(ayV - Ude = / V - Udz,
R

Za—1/2

and from the definition (3.1)), simple computations give

ah a Za+1/2 a Za41/2
0= / ﬂzeLa(t,z,y)v'UdZI _a+_/ udz—l——/ v dZ—Ga+1/2+Ga_1/2,
R ot O Za—1/2 ay Za—1/2

27

+ U0 Vay2a = wa + . , (3.17)

5 )Ga+1/2 - (Zaﬂa—l/Q - pa?)Ga—l/% (3-18)



with Gat1/2 corresponding to

8Za+1/2

ot

Goy12 = +Uat1/2 * VeyZati/2 — Wat1)2,

and it will be precised below. Now from the definition (3.3), we obtain the mass balance
for the layer o under the form

Oha
5 T Ve (hala) = Gatipz = Gapo. (3.19)

The sum for a = 1,...,N of the above relations gives (3.7) where the kinematic
boundary conditions (2.11)), (2.13)) corresponding to

Gij2=Gny12 =0, (3.20) [eq:G_boundary

have been used. Similarly, the sum for j = 1,... « of the relations (3.19)) with (3.20))

gives the expression (3.11)) for Gaiq/a.
The same strategy is used to obtain a layer-averaged version of (3.5)), (3.6]),

0
/ LecLa(tay) (8_§ + V- (PU)dZ) dz =0,
R

and

Jd(pu J(puw K
/ I[zGLa(t,;t,y) ((8%) + Vz,y : (pu ® u) + <gz ) + Vm,y pgdZ) dz = O,
R

z

leading, after simple computations, to (3.8)), (3.9). W

Proof of prop. In order to obtain (3.13)) we multiply (3.8) by gzo — |ual?/2 and
(3.9) by u,, we sum the two obtained equations and we perform simple manipulations.

More precisely, the momentum equation along the x axis multiplied by u, writes

0 0 ) 0
(a(ﬂahaua) + g (pahaua + hapa) + 8_y (pahauava)) Uy =

0Zat1/2 0%Za-1/2
(pa+1/2 or 2 _ Pa-1/2 I / + Ua+1/2Ga+1/2 - Ua71/2Ga71/2 Uq-

The pressure terms are treated separately from the other terms. The previous equation
18 rewritten as

0
[u,a —+ %(hauapa) = [p,u,ou

with

0 0 0
Iu,a = (a(pahaua) + % (pahozui) + a_y (pahauava) - ua+1/2Ga+1/2 + ual/QGal/Q) Uqs
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[ Uq a+1/2 a—1/2
U, T h'apa Pa+ « Pa— «a .
it ox 1/24 or 1/24 ox

Using (3.8) multiplied by —u? /2, the term I, becomes

9 [ pahou? 0 pahau? 0 pahau?
Iu,a—a( 9 >+%(UQ ) +a—y Va B

u2+1/2 u271/2
T Potl2T Gati/2 + Pa—1/2 5 Ga-1/2
2 2
Ua+1/2 — Uq Ug—1/2 — Ua
+ pa+1/2( +1/2 ) Gotij2 — pa_l/g( /2 ) Ga—1/2- (3.21)‘eq:energ_ec_0

When the second component of (3.9) is multiplied by v,, we write in a similar manner

0
IU,O& + a_y(havapa) = [p,v,aa

and a similar expression is obtained for I, .
The pressure terms I, o, Iy .o are handled together. First we notice that

agha agha
Pa+1/2 = Pa — P 5 and  pa—1/2 = Pa + P 5
so that
]p,u,a + ]p,v,a - hozpavz,y ) P pa+1/2ua ' vz,yza+1/2 - pa—l/Qua ' vr,yza—l/Z

= pavx,y : (haua) - gpahaua : vz,yza-

Using (3.19)), the sum of the pressure terms becomes

Iy + dpv.a = Pa <Ga+1/2 = Ga1j2 = %) — gpahalle - Vayza, (3.22)[eq: sun_ipu_ip
or equivalently
Ipua + Ipva = Pat1/2Gar1/2 — Pa—1/2Ga-1/2 — pa%
+ gpa%(GaH/g — Ga_l/g) — gpahan - V2.

Finally, we obtain

32a+1/2 aza—l/?
[p,u,a + ]p,v,a = Pa+1/2 (Ga+1/2 - ot — Pa-1/2 Ga,1/2 - ot

ha 0%4
+ gpag(GaH/g — Goﬁl/z) — gpahaua : sza — gpahaﬁ, (3.23)‘eq:sum_ipu_ip1
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where

ha
Zat1/2 = Za T 5
has been used. Next, we multiply (3.8) by gz, and we arrange the right-hand-side to get
69 a}la
gza—(pat ) + 92aVay - (Paha) = 9Zat1/2Pat1/2Gat1/2 — 9Za-1/20a-1/2Ga-1/2
ha
_ g7 (pa+1/2Ga+1/2 + pa_1/2Ga_1/2) (3.24) ‘ eq:potential_t
Summing
Tyo+1yo+ V- (hallapa) =Ipua+tIpva (3.25) ‘ eq:energy_dec

with (3.24) gives the result.
Finally summing the relations (3.13) for a = 1,..., N gives (3.15)) which completes
the proof. A

Proof of prop. Using the boundary condition (2.11)), an integration from z, to z
of the divergence free condition (3.4) easily gives

z
w=—Vg, / udz.
2p

Replacing formally in the above equation u (resp. w) by u™ (resp. w™ ) defined by (3.3)
and performing an integration over the layer Ly of the obtained relation yields

2 2
F3/2  “b

9 Vx,y - Uy,

23/2 z
h1w1 = — VLy . / u; dZle = hlvx,y . (zbul) —

P 2
1.€.

wy = vx,y : (Zblll) - Zlvx,y - Uy,
corresponding to for a = 1. A similar computation for the layers Lo, ..., Ly
proves the result fora=2,...,N.

A more detailed version of this proof is given in Bristeau et al| (2017).
Notice that from

Za+1/2 Za
/ V-Udz=0, and / V- Udz =0,
Za Za—1/2

performing computations similar to those depicted in prop. and using the assump-
tion (3.3)), it comes

ha
Wat1/2 — Wa + 7vx,y ‘U + (Wa — Uat1y2) - VeyZayie =0, (3.26)

and

ha
Wo — Wa—1/2 + ?Vw “Uq + (Wac1/2 — Ua) - Vayza—12 = 0. (3.27)
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The two relations (3.26)), (3.27) are consistent with the definition (3.16|) in the sense

that the sum of (3.26)), (3.27) gives (3.19) whereas the subtraction of (3.26)) and (3.27)
gives (3.17). Finally, equation (3.18) is rewritten as

0%4 Opaha

ot + 2a ot + pahaua ' vm,yza + Zavzr,y : (pahaua) - pahawa

Paha

ha ha
+ (Zapa+1/2 + Pa7> Gati2 — (Zapa—l/Q - Pa;) Ga-1/2

and simplified into

0z Gotij2 + Ga-
pahaa_z; * pahaua ’ vzvyza = pOéhOéwa + pahoc L 2 =

using (3.19)). Dividing by pohe gives equation (3.17). W

ic_equilibria) Proposition 3.5 For equally distributed layers, the static equilibria of system (3.7))-
(3-9) verify

dp

Vgc,y166t+1/2 - % Vz,yza+1/2 = 0,

Za41/2

1
Vz,yn =0 (N) )

P + o .
with poti1/2 = % The first relation in (3.28) can be re-interpreted as

(3.28) ‘ eq:static_equ:

vayﬁza+1/2 =0.

Remark 3.6 For N large enough, the free surface is almost flat and the conditions
(13.28]) correspond to the static equilibria of the Fuler system.

Moreover, for N large enough and ||V, 2| small, all the interfaces between the layers
are flat and we get Vg ypat1/2 = 0. Such a condition allows "checkerboard modes" for
the density. However, as explained in the proof of Proposition [3.7, these checkerboard
modes are not stable equilibria.

Proof of prop. Inserting u, = 0 and replacing all the time derivatives by 0 in

system (7)-B9) gives
vw,y(hapa> = pa+1/2vw,yza+1/2 - pa_l/va,yZa_l/Q, o= 1, cey N,

which we simplify to get

vaypa = —gpaVz,yza, a=1,...,N. (3.29) ‘pressure_equii

For a = N, equation (3.29) becomes

hy

97Vx,ypzv = —gpNVayn-
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Note that the left-hand side of the previous relation depends on the number of layers N.
Assuming that the layers have the same size, we get g%prN = —gpnVayn, which
means that V,,n = O(1/N). The difference of (3.29) written for a +1 and for o gives

vz,y(pa+1 - pa) = _gpa+1vm,yza+1 + gpavx,yza-
We use relation (3.10]) to express p, and por1 and we assume that the layers are equally
distributed, so that we get

Pa+1 t Pa+t1/2
gha+1/2vx,y (%

where hoy1/2 = ha = hog1. Finally, we divide equation (3.30)) by hai1/2 and we define

% = LatizPa 4o get the result. B
Z1za41/2 a+1/2

) = gPat+1VayZa+1/2 — 9PaVayZati/2; (3.30)‘eq:pressure_sﬂ

tratification) Proposition 3.7 For V. ,z, small enough and for equally distributed layers, the stable
equilibria of system (3.7)-(3.9)) verify
0.pl., <0, a=1,...,N.
Proof of prop. Let us define a perturbation around a static equilibrium

— a2/ o
Ug = Uy, W = W,

pa = Ro + /)Iou vz,yn =0

The superscript ' denotes a first-order term. R, is constant in space and time. The
perturbation of the free surface is neglected. As a consequence, the space derivatives of
he and z, are zero for all a. The equations — are linearized around the static
equilibrium. The Boussinesq approzimation is performed for the sake of simplicity.

[0}

;+1/2 = Z(V%y . (hju;-)), a=1,...,N, (3.31) 7eq:1lin_freedi

j=1
8tp:1 = % ;_’_1/2 — % ;_1/2, a=1,... ,N, (3.32)‘eq:1in_masscv
poatu/a + Vnypa =0, a=1,...,N. (3.33) ‘ eq:1lin_moment:

In (3.32)), the terms P=4=L= and L2 =L are interpreted as 10.p|s. and —30.p.., respec-
tively, so that we get

atp; = K, —=, a=1,...,N, (3.34)‘eq:lin_masscvi

where we have used the notation K, = 0.p|.,. Next, Gaoi1/2, Ga—1/2 are replaced by their

expressions given by (3.34). In (3.33)), the expression given by (3.10) for the pressure is
substituted. We get

a Ry,
@tP;:Ka (Zhjvx,y'u;_?vﬂmy.u:x) , a=1...,N,
j=1
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N
ha
poatula +g ( Z th%yp; + ?Vx’ypa> = 0, o = 1, Cee N.

Jj=a+1

We describe the perturbations u.,, pl, as plane waves

Ug (O — _ i(Qf — _
u/a — , QLT eZ(Qt kax lay) 10/04 = po,an(Qt ko lay), o = 1, [ 7N,
U,y

with Q, ky, o positive real numbers. The linearized equations become

HO - U,
Wpo,a + KOLW (Z uo,j(ka + la) — T(k)a + la)> =0, a=1,...,N,

Jj=1

N
H, 0,0
poQ'UJO,Oc_gW ( Z pO,j(ka+la>+7(ka+la)) :0, a:l,...,N.

j=a+1

Let the two vectors ug = (ug 1, - .-, uon)’ and po = (po1,---,pon)". The previous system
18 rewritten as

Q]Npo + KTJ:UO = 0,
ijo + QINUO =0,

where Iy is the identity matriz of size N, T is an upper triangular matriz with negative
coefficients and KT is a lower triangular matriz, where the coefficients of line o have
the sign of K,. Then, necessarily, for the system to admit a solution, the coefficients
K,, a=1,...,N must be negative. B

3.2 The layer-averaged hydrostatic Navier-Stokes-Fourier sys-

tem

sec:layer_NSF) Following the same strategy as in paragraph [3.I] we derive a layer-averaged version for

the hydrostatic Navier-Stokes-Fourier system (2.94)-(2.96)).

(layerav_nst)? Proposition 3.8 Using the space Pé\j;f defined by (3.2) and the decomposition (3.3)), the
layer-averaged approzimation of the hydrostatic Navier-Stokes-Fourier system (2.94))-
(2.96) completed with (2.11)), (2.12)), (2.13)), (2.14) leads to the system

N N
(T,
% + Z Ve - (hotly) = — Z pp(2 Ca) (Sta — Sua), (3.35)[eq:massesvm
a=1 a=1 a~p

dpaha

p@t + Vx7y . (,Oahaua) = pa+1/2Ga+1/2 — pa,l/gGafl/g, o = 1, ceey N, (3.36) ?eq:massesvn
0pahau,
pT + vx,y : (pahaua & ua) + v:p,y (hapa) = pa+1/2vx,yza+1/2 - pa—1/2vx,yza—1/2

+ua+1/2pa+1/2Ga+1/2 - ua—l/Qpa—1/2Ga—1/2 + vx,y ’ (,Uhavx,yua)
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—|—Fa+1/2(ua+1 — U_a) — Fa_l/g(ua — U_afl) — KaUgq, a=1,..,N, (3.37) eq:mvtsvml _:
where po, and pai1/2 are defined by (3.10) and with

Ga+1/2 = Z(Zl ]<a> z,y (h ug + Z P ) ST,] S,m'), (3.38)‘eq:Qalphabis_'.

j=1 pJCp

koif a=1
Ko = , ) (3.39) 7eq:Kalpha?
0 if a#l —_—

ST,a = <>\Vx,y ' (hava:,yToz) + 2>\Ol+1/2
Aatiz=A for a=1...,N—1

Ta+1 - Ta Ta - Tafl

———— —2X\p_1/2———— ] ,(3.40) ?eq:S_T,alpha?
Toes + I 1/2ha+ha_1) (3.40) 7eq alpha

For a =0, we tmpose 2)\a+1/2hj:—+,£a FTy if the Neumann boundary condition (2.15))

is chosen, or hg = hy, Ty = T if the Dirichlet boundary condition (2.16)) is chosen.

Likewise, for a = N, we impose 2)\a+1/2;‘: i;;‘?‘ = FT? with the boundary condition

2.17), or hyt1 = hy, Tny1 = T2 with the boundary condition (2.18)). The terms S, q,
Lat1/2, Hat1/2 are respectively defined as

|ua+1 - ua‘2 ‘ua - uoz—1|2

Sp,a - _hoc:u|vz,yuoc|2 - Foe-i-l/? 9 - F04—1/2 9 - ’ia|uo¢|2
Fa+1/2 = Ma
ha+1 + ha
0 if a=0
/La+1/2: 12 Zf azl,...,N—l
0 o a=N.

The term |V, u,|? actually denotes

[Veytal® = (Vayta) : (Vayua)”
g\ g\ 2 e\ 2 Ova\ 2
- (&E) +<0y) +<3ff) +(5y>
The temperature and viscosity terms have been simplified. In particular, the terms
U(Vayt)|at1/2Vayzati2s M(Vaeytt)|a—1/2VayZa—1/2 have been simplified, which is rea-
sonable because the problems of interest are much vaster in the horizontal direction
than in the vertical direction. Providing a detailed treatment of these terms is out of
the scope of the present work. Notably, it would lead to very complicated terms in the
fully discretized equations. For an exact integration of the viscosity terms, see (Bristeau
et al.| |2017), and for a simplified rheology, see (Allgeyer et al., [2019). The term S, , is
exactly the dissipative term that is obtained when the quantity u,.(Vy,, - (1ha Ve ua) +

Loti1/2(Uas1 — Uq) = Taoq/2(Ua — Ua—1) — KaU,) is reformulated as a conservative term
plus a dissipative term.

_averaged_NSF)
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gy_balance_ns)

Proof of prop The "Euler part" of the hydrostatic Navier-Stokes system is inte-
grated as in the proof of Proposition [3.1 Here, we deal only with the viscosity terms and
the fact that V - U is no longer equal to 0. For the integration of the viscosity term in
the momentum equation, we refer to (Allgeyer et al., |2019). The temperature diffusion
term 1s integrated in the same manner. Integrating the equation on the divergence gives

Ohyg, (T,
ot + Vx,y ' (haua) = CTch—i—l/2 - Ga—1/2 - P ( )

(ST,a - S,u,a

2
pacp

(341)[eq:c0me T

The sum for j = 1,...,« of the relations (3.41)) with the boundary conditions (3.20))

gives the expression (3.38) for Gai1/2.
[ |

Proposition 3.9 The system (3.35)-(3.37)) completed with the equation

0

E(pahaea) + Vz,y : (pahauaea) = pa+1/2€a+1/2Ga+1/2 - pa—l/Zea—l/QGa—l/Q

p(15)
PaCp

+ Pa (ST,a - S,u,a) + ST,a

admits, for smooth solutions, the energy balance

0
aEa + Vo - (U (Ea + hopa — 1tha Vi yu,))

u 2 |y |? wol? — lu. 412
+Fa+1/2| a+1| | a| _Fa—1/2| oc| | o 1|

2 2

2
U, 2
= (Pa+1/2% + Q,Oa+1/22a+1/2) Gay1/2 + Pat1/2 (Ga+1/2 —

2
Up—1/2
- (pal/Q% + 9Pa1/22a1/2) Ga71/2 — Pa-1/2 (Ga71/2 -

(pa+1/2(ua+1/2 - ua)Q + ghoz(pa+1/2 - poz)) Ga+l/2

+

N =N

(pa—l/Q(ua—l/Q - ua>2 - gha(pa—l/Q - Pa)) Ga—l/Q + ST,ou

with o
Lo = pa B + B (Zc2t+1/2 - 23—1/2) +t €a-

Note that in (3.43), we use the notation

ou v,
ua_a _.I_ ’UOé_a
uavx,yua = ( d%xa égvﬂ .

Uq dy + Uoca_y

- Su,oz

aZa-i—l/Z

ot

(3.42) ‘ eq:intenergym:

)

aZa—1/2)

ot

(3.43) ‘ eq:energy_mcl,

(3.44) 7eq:energ_al_X

Remark 3.10 The energy e, plays a role analogous to that of e in the continuous model
in Section [3. While in the Euler model it was enough to work with the kinetic and
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potential energies because de/dt = 0, here, an internal energy is needed in order to
obtain an energy balance. The term Sy, is a heat flux, so its sign is unknown. The sum
of St over the layers gives

N N
D Sra =AY Vay- (haVeyTo) = VT, -0, + VT,
a=1 a=1

Proof of prop. The proof is very similar to the proof of Proposition [3.5.  The
kinetic energy contribution is the same as before, plus a contribution from the viscosity
term. The quantity I, described in (3.21]) becomes

0 (pahatl 0 pahau? Ou,, 0 pahat? O,
o= g (25 g (oo (P57 - ne i) oy (255 = )

“2+1/2 u2_1/2
~ Pat12 Gari/2 + Pa-1/2 5 Ga-1)2

(uozfl/Q - ua)2

2
Uy — Uq
(tay1yo ) Gati/2 = Pa—1/2 9 Ga-1/2 + Suaa

2

For the contribution of the pressure terms, the beginning of the proof is the same, but
there is a difference when substituting V., - (haWys) in the sum of the pressure terms.

Instead of (3.22)), we now obtain

+ Pat1/2

oh, (T,
Ip,u,a + ]p,ua = Pa (Ga+1/2 — Ga*1/2 i S P ( )

ot PaCp
so that instead of (3.23)), we get

0% 0%a
Ip,u,a + Ip,v,a = Pa+1/2 (Ga+1/2 - +1/2> — Pa+1/2 (Ga—l/Q - 1/2)

ot ot
ha, 024 (T,

+ 9Po—7 (Ga+1/2 - Ga—l/Q) - gpozhaua~vz,yza - gpaha_ - pa#(sﬂa - 'S,u,,a)7
2 ot pA.cp

The sum of (3.25)) with (3.24]) and (3.42)) gives the final result. B

Remark 3.11 The layer-averaged Navier-Stokes system obtained in Prop. has the
form

(ST,a - S,u,oe)) - gpozhauowva:,yzom

ou

S5+ Veu F(U) = 8,(U. ) + S.(U, U, 0,U) + 5,1 (U), (3.45)

where the vector of unknowns is

U= (haplh/la' .- apNh]\ﬁqx,la vz, Ny Gyl - - - 7qy,N)T7
With Gro = pahatia, @yoa = pahaVe. We denote by F(U) = (F,(U), F,(U))T the fluzes of

the conservative part and by

323/2 821/2 823/2 821/2 r
S, (U. =10,... — —= — -
p( ,Zb) ( ) yP3/2 o P1/2 or y P3/2 By P1/2 Dy ) )
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the non-conservative part of the pressure terms. The source terms are S.(U,0,U,0,U)
and S, ;(U), representing respectively the mass and momentum exchanges and the vis-
cous and friction effects. A numerical scheme for the simulation of the layer-averaged
Navier-Stokes system is proposed in the companion paper (Boittin et all |2018); it relies

on the form (3.45)).

4 Conclusion

In this paper we have derived, using a low-Mach approximation, an incompressible model
for variable density flows. This model is obtained from compressible Navier-Stokes
equations by assuming that the density depends weakly on the pressure, thus involving
a small parameter ¢, that can eventually be identified as the Mach number. As ¢ — 0,
the pressure dependency is lost, while the dependency of the density on temperature and
eventually salinity remains. It leads to an "incompressible" model where the divergence
of the velocity is equal to source terms involving temperature and salinity fluxes. In
order to obtain a more accurate model in terms of energy balance, a correction of order
¢ is incorporated, which is indeed the viscous dissipation. The resulting model does not
rely on the Boussinesq approximation. It is mass-conservative; expansion or contraction
can be observed as a result of the variation of a tracer concentration. Our models
generalize classical incompressible models to quite general state laws that can depend
on salinity. They include entropy consistency via Onsager’s principles. A layer-averaged
model for the hydrostatic Navier-Stokes-Fourier system is then proposed. The layer
boundaries do not correspond to isopycnal surfaces and mass exchanges between the
layers are allowed. The equilibria of the layer-averaged Euler-Fourier model (in which
the diffusion and viscosity effects are neglected) are found to be those of the classical
Euler system. For smooth solutions, the layer-averaged model verifies an energy balance.

In (Boittin et al., |2018), a numerical scheme is proposed and analyzed and the be-
haviour of the model is illustrated by means of several test cases.
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