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SHALLOW WATER VISCOUS FLOWS FOR ARBITRARY
TOPOGRAPHY*

MARC BOUTOUNET!, LAURENT CHUPIN!, PASCAL NOBLE$!, AND JEAN PAUL VILAY

Abstract. In this paper, we obtain new models for gravity driven shallow water laminar flows
in several space dimensions over a general topography. These models are derived from the incom-
pressible Navier-Stokes equations with no-slip condition at the bottom and include capillary effects.
No particular assumption is made on the size of the viscosity and on the variations of the slope. The
equations are written for an arbitrary parametrization of the bottom, and an explicit formulation is
given in the orthogonal courvilinear coordinates setting and for a particular parametrization so-called
“steepest descent” curvilinear coordinates.
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1. Introduction

Mathematical models and numerical simulations for the flow of a relatively thin
layer of fluid under the influence of gravity over a complex relief have important
applications in natural processes such as ocean modeling, flows in rivers and coastal
areas, debris avalanches or industrial processes such as coating flows with applications
ranging from a single decorative layer on packaging to multiple-layer coatings on
photographic film. See the review paper on thin fluid dynamics by Oron, Davis and
Bankoff [8] and bibliography therein for further references.

Herein, we consider the slow motion of a thin liquid layer over an arbitrary to-
pography. The fluid is assumed to be incompressible and Newtonian. It is submitted
to capillary forces at the free surface and a no-slip condition is assumed at the bottom
surface. Our particular interest is to take into account as much as possible the influ-
ence of the topography in the flow equations. The dynamics are now well understood
in the flat case. For completeness, let us summarize recent results obtained in the
modeling of flows down a flat bottom. Given the fact that three dimensional Navier-
Stokes equations are difficult to treat both analytically and numerically, in particular
if the boundary is free, it is important to obtain reduced models that are able to
capture the relevant features, but are mathematically more manageable. Modeling
thin film flows down an inclined plane leads to a hierarchy of models. The first stage
of approximation is the lubrication model: under a suitable scaling, the fluid speed
and pressure are determined by the local fluid height and its dervatives. In that case
we obtain a model for the local fluid height in the form

Oyh=G/(h, Dymh), (1.1)
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where G involves various algebraic powers and differentiation orders of h. This type of
equation is obtained by means of asymptotic expansions in power of &, usually called
the film parameter or aspect ratio between the width of the layer and the typical
length of the phenomena in the streamwise direction. The simplest model obtained in
this way is Benney’s Equation [12]. The simplification brought by this reduction has
permitted a first study of the nonlinear development of waves using dynamical system
theory [13]. Unfortunately, Benney’s equation exhibits finite time singularities and is
only valid for small amplitude waves.

In order to obtain models valid for thicker flows, one considers shallow-water-type
flows: a specific shape for the velocity profile is assumed together with a hydrostatic
field assumption. Averaging the streamwise momentum equation and the divergence-
free condition, one obtains an evolution system for the local fluid height h and the
local flow rate g= fohu(z)dz. As a first approximation, one can assume that the
velocity is constant along the fluid height: this approach is justified for shallow water
flows of incompressible Newtonian fluids with negligible viscosity: see Perthame and
co-authors [7] for a formal derivation from the Navier Stokes equations and numerical
simulations of the resulting shallow water equations, Bouchut and co-authors [1, 2] for
the case of non-flat bottoms. When the viscosity is not small and a no-slip condition
at the bottom is assumed, we are in a regime where the fluid layer is entirely a
boundary layer: for inclined planes, the stationary solutions are of Nusselt type with
a parabolic profile of velocity and constant height. In that case, the first integral
boundary layer model was derived by Shkadov [11], assuming that the flow remains
close to the Nusselt flow. More recently, Ruyer-Quil and Manneville [5, 6] generalized
this approach and even derived second order models by introducing a third variable
7 that measures the departure of the wall shear from the shear predicted by the
parabolic velocity profile. Up to order one, this variable is determined by the local
fluid height h and the local discharge rate ¢; this yields a refined version of the
shallow water equations. The method of derivation is the following: the Navier-Stokes
solutions are expanded along a basis of polynomials in the cross-stream variable with
slowly varying coeflicients, these coefficients being determined under specific rules
of projections (collocation methods or Galerkin methods): this leads to a family of
models that differs one from the other through different coefficients. In fact, this
method generates a family of models, all accurate to the same order; the coefficients
only depend on the basis chosen to expand the solutions and the projection rules.
J.-P. Vila [14] has unified the formulation of the different models into a family of
shallow-water-type models parametrized by free constants: under the shallow water
scaling, Navier-Stokes solutions close to the Nusslet flow are expanded with respect
to e, the film parameter, and different characteristic numbers of the fluid (Reynolds,
Froude, Weber numbers). The expansion is inserted into the exact average equations
for the fluid height h and the discharge rate hv = fohu, u being the component of the
fluid velocity in the streamwise direction. Dropping small terms to a fixed order in
€, a family of shallow water models in a closed form is obtained. A linear stability
analysis of constant solutions is carried out and compared to the Orr-Sommerfeld
stability equations for the full Navier-Stokes system in the limit of large wavelength
in order to check the accuracy of the shallow water models.

When the topography is arbitrary, this approach has been generalized using the
center manifold framework [9, 10]: in that case the computations are carried out in
the neighborhood of the Nusselt parabolic flow. Using the center manifold reduction,
Roberts and co-workers formally obtained lubrication models [9] and shallow water
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type models [10] under the hypothesis that the curvature of the underlying bottom
surface is small. The models are formulated in a particular system of curvilinear
coordinates, namely the Darboux coordinates, the two basis vectors tangent to the
surface being pointed in the direction of maximal and minimal curvature. The Dar-
boux system of coordinates has the disadvantage not to be defined at umbilic points,
i.e., points where the principal curvatures coincide.

Whereas the situation is now well understood for the flat and almost flat case
from the modeling point of view, and the mathematical theory has become settled
now [3, 4], the situation is different for arbitrary topography: let us mention here the
recent papers of Bouchut and co-authors [1, 2] on the derivation of one dimensional
and multidimensional shallow water models from incompressible Euler equations (or
Navier-Stokes equations with small viscous term) without any restriction on the to-
pography and in the presence of a Coulomb friction term. One interesting aspect of
the approach proposed by Bouchut and co-authors is that the derivation is valid for
arbitrary topography and the formulation does not depend on the parametrization of
the surface where the fluid flows. In this present paper, we consider the slow motion of
a relatively thin layer of fluid over an arbitrary topography. The fluid is incompress-
ible, Newtonian and the viscosity is not negligible. A no-slip condition is assumed at
the bottom surface. For completeness, we also assume that it is submitted to capillary
forces at the free surface. In this paper, we derive shallow water equations from the
incompressible Navier-Stokes equations: as a byproduct of the analysis, we will also
obtain lubrication models.

The paper is organized as follows. In Section 2, we formulate the Navier-Stokes
equations and boundary conditions in a system of coordinates adapted to the geometry
of the bottom surface; during this step, we do not make precise the parametrization
of the underlying surface where the fluid flows. We also compute an exact evolution
system for the physical height of the fluid h and the average velocity, along the fluid
height, parallel to the surface. This evolution system is not in a closed form and some
modeling assumptions are necessary: classically, the pressure is supposed to be hydro-
static and the flow is quasi-stationary. In this paper, we follow the ideas introduced
by J.-P. Vila in [14], and these assumptions will be a result of a dimensional analysis
of the Navier Stokes system. In Section 3, we rescale the equations: the characteristic
height of the fluid H is supposed to be small compared to the characteristic wave-
length L of the flow variable in the streamwise direction. We introduce the “aspect
ratio” = % < 1. In the asymptotic regime ¢ — 0, we compute an expansion, with
respect to e, of the Navier-Stokes solutions close to a basic Nusselt type flow. As a
byproduct of the dimensional analysis, we recover the classical modeling assumptions
of the shallow water equations. Inserting the asymptotic expansions of Navier-Stokes

solutions in the evolution system for the fluid height A and the discharge rate fohu
and dropping “small terms”, we obtain a shallow water system in a closed form.

In the scaling chosen, the fluid speed direction is mainly supported by the “steep-
est descent” direction. Thus it is natural to introduce a specific parametrization of
the surface where the fluid flows, so called “steepest descent” curvilinear coordinates.
The first vector of the basis is tangent to the surface and has the steepest descent
direction, the third one is the upward normal to the surface and the second one is
deduced from the others through a direct wedge product. In Section 4, we write
the shallow water system in the “steepest descent” curvilinear coordinates and in a
standard set of orthogonal curvilinear coordinates. Finally, we compute lubrication
models from the shallow water system by eliminating the average velocity from the
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FiGg. 2.1. Curvilinear coordinates

equations.

2. Navier-Stokes equations with free surface in curvilinear coordinates

In this section, we write the Navier-Stokes equations in a system of coordinates
adapted to the geometry of the fluid layer. We first describe the change of vari-
ables from cartesian coordinates to a system of coordinates adapted to the bottom
surface geometry and show how the principal differential operators are transformed.
We decompose the fluid speed in this new reference frame and reformulate both the
boundary conditions and the Navier-Stokes equations with these new coordinates and
variables.

2.1. Curvilinear coordinates. Let y=z(z),2€R",n=1,2 be the graph of
the function describing the bottom surface S. The normal n to S is given by

n=(1 vl (T ) = (7). (2.1)

where ||.|| is the classical euclidian norm in R™. The scalar ¢ is the cosine of the angle
6 between n and the vertical (see Fig. 2.1). From this definition and ¢*+ ||s|? =1, we
notice that
1, i\ a2 9 2 Id+sst

8300:—28 08, Oyps=c(1—ss")0z,. 2, amz:TGIS. (2.2)
Here, Hj, =02, z denotes the curvature tensor of the bottom surface and d,s=(1—
sst)Hp. It is sometimes convenient not to work in cartesian coordinates, but in a
coordinate system adapted to the topography. This is the point of view adopted here.
In view of the fact that the models must be solved numerically, it is important to have
some flexibility in the choice of coordinates in which our models are written. In what
follows, we assume that a parametrization of the bottom surface £ € R" — z(§) e R"
is given.
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Define 5 =(£,€), a new system of coordinates, where £ €R™ is a curvilinear abscissa
along the bottom and £ €R the signed distance in the direction of the normal. The
horizontal coordinate x is given by the parametrization {+— x(§). Denote by J¢x the
Jacobian matrix of the transformation. We assume for convenience that det(dg ) > 0.
In what follows, the fluid domain €; is defined as

¢eo o ger—( O Yig( @@ oo
e o X60=( 00 )re(Tus)). ostsnen @

where h is the fluid height. In the following, we shall use the same notations introduced
in [2].

It is natural to define new velocity components using a decomposition of the
velocity U by Jacobian matrix:

U=(0:X)V—Vs,

U=1s"(8:X)V+cV, (24)

7= (0:X) V= {

with 0z X = (Id —£0,8)0¢z, U,V €R", U,V €R. There are other possible choices of
decomposition: see [2] for further details.
Let us define the matrix A€ M,,+1(R) as

A=(0:%) " = («%}g ) g) (Id_sstst ) . (2.5)

For further reference, we compute M = AA! € M1 (R):

M= (Aof (1’) M= (9 X) " (Id—ss")(9 X) " € M, (R). (2.6)

The Jacobian J of the transformation is given by
o1
J =det(0;X) = ~det(J¢ X) =det(M) 2.
- ¢
Let us describe how the principal differential operators used in the Navier-Stokes

equations are transformed through this change of variables.

LEMMA 2.1. For any vector field Z and any symmetric tensor o =o', the differential
operators transform according to

IV Z=Ve(JAZ), UNg=V.Vy Vg=A'Vg

2.7
JA_tVX.U:VE.(J'PAAt)—Fg'P:Vg(AAt), 2.7)

with P=A"t'c A~
For the proof of this lemma, see [2].

2.2. Reformulation of the Navier-Stokes equations. The Navier-Stokes
equations for the fluid velocity U and the pressure p in the domain £2; read

U +TUN U4V gp=—G+uVz.0,
0.

Vo e (2.8)

<4
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Here 0:8);[7—1— (BXU')t is the deformation tensor, p measures the fluid viscosity and
the vector ¢ represents the gravity forces. The density of the fluid is supposed to
be constant and set to 1. These equations come with boundary conditions. We aim
to write the Navier-Stokes equations (2.8) and boundary conditions in the reference
frame introduced in the previous section with the Jacobian decomposition of the
velocity.

2.2.1. Boundary conditions. The Navier-Stokes equations (2.8) come with
boundary conditions at the bottom £=0 and at the free surface £=h(£,t). More
precisely, we assume a no-slip condition at the bottom

V(£,0)=0, V(£0)=0, VEeR™ (2.9)

At the free surface € = h(&,t), we write that the fluid layer Q; is advected by the fluid
speed V: this yields the mass conservation condition (or equivalently an imperme-
ability condition):

he+V (., h).Veh=V(.,h). (2.10)

The other boundary condition at the free surface £ =h(¢,t) is the continuity of fluid
stress at that interface. For completeness, we take into account the capillary effects.
The atmospheric pressure p,t, is constant and set to zero. Then the continuity of
fluid stress reads

(6 —pld)N=xHN, VE=h(Et). (2.11)

The scalar H is the mean curvature of the free surface, x measures the capillary effects
and N is the normal to the free surface. We are going to describe more precisely the
continuity of fluid stress with the help of the new variables and the Jacobian speed
V. Let us first compute N.

LEMMA 2.2. The unitary normal to the free surface &€= h(&,t) is given by

N:aAt(_vlfh>, (2.12)

Veh
ST
The proof of this lemma is straightforward and can be found in [2]. Now associated
to the deformation tensor o, introduce P as

where o~ =|| At

P:A—tOA—1:<;?>_ (2.13)

LEMMA 2.3. The terms P,Z,f of the tensor P=A"tc A~! with
Uza)?[j-f— (8X‘Ij>t

are given by

- _ sst
Z=0g(M V) + VeV +20,8 (Id+ —5)(0: X) V.,
f=20:V, P=Q+Q",
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where

Q=0c(M V) +0¢((0:X)"). (9 X)V = Vs)

+(%(85X)v+cv)ag(@s).

In the new system of coordinates, the continuity of the fluid stress (2.11) at the free
surface £ =h(§,t) can be written

Ph_i\?h<_vlfh>ph<_vlﬁh>—nﬁ<_vlfh), (2.14)

where the subscript py, (resp. Ph,]\/\/fh) is the value of p (resp. P,M) at the free surface.
In the following, we shall note the value of flow unknowns at the free surface with a
similar subscript. Finally we can write the system (2.14) in the form

,LLPh,MhV5h+,LLZh +pthV§h: —KHV¢ h,

2.15
—u(My Zp) Ve h+p fr —pn = KH. (2.15)

2.2.2. Free divergence equation and momentum equation. In this sec-
tion, we write the Navier-Stokes equations using the curvilinear coordinates and the
Jacobian decomposition of the velocity. Using chain rules (2.7), the divergence-free
condition yields

IV ¢ U=Ve(JV)=Ve.(JV)+0¢V =0. (2.16)
Multiplying the momentum equation in (2.8) by the matrix A, one finds
0V +A(V .V (A™WV)+ MV p=—Ag

. N
+jM(V€.(JPM)+§P.V£M). (2.17)

We decompose the advection term A(V'.Vg)(A_117) in the form
AV V) (AV)=V. VeV =T (V), (2.18)
with

s (T(V)\ _ (9 X) (= (32 X).V.V 42V (9es)V +T(V)s)
FM‘(W))‘( VO (2, ) (0 X)V )

The momentum equation (2.17) can be written
OV +V.VeV+MVep=—Ag+T(V)

— —~ T —
+§M(v5. (JPM)+ 5 P: ng). (2.19)
Note that the vector f(V) has a physical interpretation: it represents the centrifugal
forces experienced by the fluid and associated to the change of reference frame.

We aim to write a shallow water model for the fluid layer: it consists essentially of
an equation of mass conservation and an equation for the streamwise velocity averaged
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along the fluid height. For this purpose, we separate the equation for the horizontal
velocity V' and vertical velocity V', and obtain the system

OV A+V.VeV+MVep=—gc(0:X) ' s+T (V)
+%M(V5.(JPM)+BE(JZ)+%P:V5M>, (2.20)
OV +V NV +0ep=—gc+T(V)
( (JMZ +6L(Jf)+JP &M) (2.21)

2.3. Averaged equations. In what follows, we obtain exact evolution equa-
tions for the fluid height h and the streamwise velocity averaged along the fluid height.
This system is composed of an equation of mass conservation and a momentum equa-
tion. Let us first write the equation of mass conservation with average quantities. In
the following, all the integrals computed are integrals of functions with respect to the
cross-stream variable &: for a function f(£,€), we shall write

1= [ reod (2.22)

and the bounds of integration are specified for each calculation.
Integrating the divergence free condition (2.16) over (0,h) yields

h h
thh+/ Vg.(JV):Jth+V§. (/ JV> *Jth.V§h:0. (2.23)
0 0

Here and in the following, the subscripted quantity Jj, (resp. Vj, Vi, phiete.) de-
notes the value of J (resp. V, V, p) at the free surface £ =h(£,t). Using the mass
conservation condition (2.10), one finds

h
JhatthVf. (/ JV) =0. (2.24)
0

Since J is time-independent, Equation (2.24) can also be written

o, ( /0” J)WE( /O%v>o. (2.25)

In order to write the mass conservation equation in a simple form, we introduce the

average quantities
_ h ~ h
h= / J, hvu= / JV,
0 0

and the mass conservation equation (2.25) reads
b+ Ve. (iw) —0. (2.26)

In the following, we shall write an evolution system for the more natural quantities
(h,hv). We will see later that under suitable hypothesis, we can deduce h and foh 1%
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from h and ho. Integrating the left hand side of Equation (2.20) over the interval
(0,h) yields

h h h
/J(@tV—I—V.VgV—FMVgp):at(/ JV>+V§.</ JV®V>
0 0 0
h h
+Ve. </ JMp) —/ pVe.(JM)
0 0

-l-Jh(ht + Vh.V§ h—Vh)Vh — JhpthVEh.
(2.27)

Furthermore, we integrate the right hand side of (2.20) and use the boundary condi-
tions (2.15). We find

h

at(/OhJV)Jrvf.(/O JV &V +.JpM)

h h h
:fgc/ J(aEX)71S7,LLJ0M0Z0+/ JF(V)+/ pVe.(JM)
0 0 0

h h
+g/ JM(P:VEM)—M/ J(9:M) 2
0 0

h h
+w5./ JMPM—N/ JPM :: 0 M
0 0
+pdpy My Zp — pdpy My P MpN ¢ h+ Jpppn MpVeh, (2.28)

where (A::0¢B) is the operator defined by (A::9:B); =tr(Ad:B?), B being the i-th
column of B. The continuity of the fluid stress at the free surface yields

wdn My, Zy, —MJthPthV§ h+ JhpthV5h= —KHJthV§h.

As a consequence, the equation for the average momentum foh JV =ho reads

h h
at(/ JV)—i—Vg.(/ JV&V + JpM )+ KH.Jy My Veh
0 0

h

h
:—gc/ J(85X)_1S—MJ0M0Z0+/ JF(V)
0 0

h h h
+/ pVg.(JM)—Fg/ JM(P:VgM)—,u/ J(0:M) Z
0 0 0

h h
+w5./ JMPMfu/ JPM ::9¢ M. (2.29)
0 0

This equation is exact and no approximation has been done for the moment in order
to obtain an evolution system for (h,h?) in a closed form: this shall be done in the
forthcoming section.

3. Shallow water asymptotics

In the following, we derive the shallow water equations from the Navier-Stokes
system (2.16, 2.17) and boundary conditions (2.9, 2.10, 2.15); scaling these equations,
we shall specify in which parameter regime the classical assumptions made for the
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derivation of the shallow water equations (hydrostatic pressure, quasi-stationary flow)
hold true. Then we compute an asymptotic expansion of the Navier-Stokes equations
with respect to the aspect ratio, e = % < 1, between the characteristic height of the
fluid, and L, the characteristic wavelength of the solutions; inserting these approxi-
mations into the averaged equation (2.29) and dropping “small” terms, we deduce an

evolution system for h and ho = foh JV in a closed form.

3.1. Scaling of the equations. Let Uy and H be respectively the character-
istic velocity and height of a flow. We define classically some dimensionless numbers,
respectively the Froude number F, the Reynolds number Re and the Weber number
We:

HU, HU?

, Re= 0 We= 9. (3.1)
vVogH W K

We do not make precise here the characteristic speed Uy; nevertheless, several choices

are possible. As an example, for an inclined plane with a non-zero slope ¢, the

stationary Nusselt solution is given by

h—H, V-0, v=200) <H§—£2>.
o 2

R
sin(¢), and F? = 76.

In the following, we consider functions with a characteristic wavelength L such
that the aspect ratio e= H/L < 1. We introduce the scaling

H2
Thus, in this case a typical choice of speed Uy could be Uy = 92

v—Li, €—Lf h—Hh E—HE t=L17
~ _ H ~ UO (32)
V=UV, V="UV, p=gHp.

Let us describe the bottom surface in this scaling. In order to deal with arbitrary
topography, we will suppose that s=(1). This means that V,z=0(1) and imposes
the scaling on z=LZz. Let us describe the curvature of the bottom surface. Here, we
want to separate the long wavelength assumption on the free surface and the curvature
of the bottom surface. For that purpose, we assume that the curvature of the surface
is of order O(1/R) where R is the characteristic radius of curvature of the bottom
surface and is not necessarily of order O(L). Then, the derivatives d,s and 92,z are
O(1/R). Let us introduce 0z = £, the ratio between the characteristic wavelength of
flow variables, and IR, the characteristic curvature of the bottom surface, and define
the rescaled bottom curvature Hy = %Hb. We shall see later that choosing different
values for fg yields different type of models, in particular the influence of capillarity.
Here we have introduced the parameter #g coherent with the scaling, which de-
scribes the typical curvature of the bottom surface. It is important to note that we
have made no restriction on the amplitude of the inclination and curvature of the
bottom: the size of these parameters with respect to e, especially the characteristic
curvature 0, will be discussed at the end of the paper to distinguish different models.
For the other quantities I',’H, P, Z, f, we choose the natural scaling:

U2~ 1~ U

inr = — = —
L’ " LH’ P L

~ U ~ U ~
P, fzfﬁ Z:EZ'
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Now we write the Navier-Stokes equations in a non-dimensional form. Dropping the
~ from the equations (2.20), (2.21), we find:

HV+V.VeV + o Vgp 1 (0 X) !

+(85X) (eRr( )s— (02 X). V.V +20,V (Des)V )

1 o, R
+Re <8Z(JZ)+5 (Vg.(JPM)—FZP.VgM)),
(3.3)
1 1 Op—
OV 4V + s 0ep=— et~ T(V)
1 _ B
R (Vg.(JMZ)+8g(J f)+§P.8§M). (3.4)

Note that, in these equations, the rescaled quantities related to the change of
reference frame are given by

7= MDD et (10 —cb,E(D,s)), 9 X = (10— B D) Ocr, 5
=(0¢x) " (1d—e0rE(D,s)) (Id —ss") (Id —e0rE(0,8)") (Oc ) 7,
whereas the rescaled quantites associated to the flow variables read:
t
Z=0 e (M ‘1V)+2593(8gs)t (Id—‘r S:) 85XV—|—62V5V, (3.6)
F=20,V, P=Q+Q,
with @ defined as
Q=0:(M"'V) +85((35X)t).((85X)stVs)
¢ 0 X
Jr(%(a5 )V+5cV)( 5C> (3.7)

The particular choice of characteristic velocity for the vertical velocity V implies
that the divergence-free condition (2.16) is preserved under the shallow water scaling

Ve.V+0:V =0. (3.8)

We write the rescaled boundary conditions at the bottom £=0 and at the free
surface £ =h(§,t). On the one hand, the no-slip conditions at the bottom and the
impermeability condition (see (2.9) and (2.10)) are unchanged under the shallow water
scaling:

V(,£=0)=0,V(.,£=0)=0,
ath“v‘Vh.Vgh:Vh. (3~9)

On the other hand, the continuity of fluid stress (2.15) at the free surface reads

MyVeht — MZ & ML PM Ve h=— T vh
nMpVe Rehtheh,}—}zhg—Weh§7
(7)) 2

Re (fr,— (MnZy)'Veh) — 2P = e

P
F? (3.10)
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Finally, we write the nondimensional counterpart of the averaged equations (2.25)
and (2.29); this yields exact evolution equation for

h h
h:/ J, hﬁz/ JV, (3.11)
0 0

where h,J,V are the rescaled flow variables. The dimensionless continuity equation

reads
h h
Oy (/0 J)—&-Vg.(/o JV>=0. (3.12)

Integrating Equation (3.3) over the interval (0,h) and using the rescaled boundary
conditions yields the averaged momentum equation:

h h 1 h eH
Oy (/0 JV>+V§.</O JV®V>+F2V§.</O JpM)JrWeJthVgh
& 1
:_570\/0' J(agX)ils—ﬁjoag‘/o

+ [ J@ex)? (9Rf(x7)s - (8§2§X).V.V+2EHRV(OIS)V) (3.13)
0

— (JM)— M
vz | 990 -2 [ aeanz

. h o oo -
= (Ve. | JMPM+ | SM(P:VeM)—JPM:0:M).
+Re(vg/0 J +/0 S M(P:Ve M) = JPM:0cM)

3.2. Asymptotics. In the following, we write an evolution system for h= foh J
and ho = foh JV. Recall the continuity equation (3.12)

O h+Ve. (hv)=0. (3.14)

We shall write an approximate evolution equation for h using (3.13). For that pur-
pose, we assume that the aspect ratio e = % <1 and we introduce the dimensionless
parameters

2 2

a:%7 G=cRe, 5:%, )\:%, E:%. (3.15)
From the assumption € < 1 and considering the Reynolds number Re and the Froude
number F to be of order one, we deduce that a, 3,0 <1 and A=0O(1). In fact, we shall
see later that the expansions carried out in what follows remain valid provided that
«, 3,0 < 1; thus, the range of validity of the models obtained here is not restricted to
Reynolds and Froude numbers of order one. In particular, we can choose Re — oo as

€ —0. To see the influence of the capillary effects, we shall assume that £=0O(1).
We now study the influence of the shallow water scaling on the Navier-Stokes
equations. Using Equation (3.4), a straightforward computation yields an equation



M. BOUTOUNET, L. CHUPIN, P. NOBLE AND J.P. VILA 41

for the pressure:

aﬂ’“ig(vﬁ-(JM7)+3g(J?)+§?:agM)
+%F() aB(OV+V.VV) =0, (V£ 1) (3.16)

In the asymptotic regime a,3< 1, 0g,A=0O(1), we clearly recover the classical as-
sumption of hydrostatic pressure made in the derivation of shallow water equations.
Moreover, the continuity of the fluid stress at the free boundary £ =h implies that
the pressure at the free surface is given by (see Equation (3.9)):

ph:—ﬁH—‘rOé(?h—(Mh?h)tvgh) :Hp(‘?h7§7t) (317)

Integrating (3.16) with the boundary condition (3.17), one finds
— - h RN
= =D+ (V&) — [ ,(7.E) (318)
3

If we consider that the derivatives of h,V,V are bounded and O(1), one can see
that p is determined up to order one and that

:c(h—g)—RH+o(a+97R6)=p<°>+o(a+%’*ﬁ). (3.19)

Let us now see the influence of the scaling assumption &,«, 3,0 < 1 on the velocity
profile. Expanding rescaled quantities in (3.5), (3.6) with respect to ¢,«,3,6 <1 and
A, KE=0(1), we find for the rescaled quantities associated to the change of reference
frame that

J=J(1-elrétr(d,s)) +O(*0%),
8EX = (“)530 — 6935(855) + 0(829%),
M =1 +260RE (De )" ((Idf sst)Hb(Id—sst)) (D)t +O(20%),

—  det(d —
with J = det(Ge) and M = (O¢z) "' (Id —ss?) (dex) . The rescaled quantities related

to the flow ugknows have the expansion
~ _ h?
h=Jh —EGRJtr(ams)? +0(c%0%)
Z=M '8V 205 (9cx) Hy(0c2)E(0:V) + O(e203 +¢2), (3.20)

Note that from the expansion of E, we can easily obtain an expansion of the
physical fluid height h:

o~ h?
Jh=h+elptr(0, s)ﬁ +0(260%).
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Now we insert the previous expansions into Equation (3.3) and find that
ag‘g( V)= Ac (8¢ x) s =BI(8,V+V.VeV —T(V))+6J MVep
—60RECT (D)™ (tr(@m s)IdJrams) s
0] (t1(0:8) 05 (€0gV) —2(0) T (9,8) (D) 9V )
+260RJ (0 ) ™1 (0,8) (0 x)&;fg( )+ O(e2 +£%6%).
(3.21)

In order to simplify the notation, we shall define the right hand side of (3.21) as
Uy (V,p,&,t), and (3.21) reads

—

8525(7‘/)—)\Cj(agx)—ls:\Pv(v,p,f,t), (3_22)

The continuity of the fluid stress at the free boundary & =h implies (see Equation

(3.9)):
Zn=ad (Pth —(Fn- (thh)tvw)ld) Veh=0(e2),
0gVi =260R (D)1 (025) (O ) hOgVi + O (€% +€20%) =T0, (Vi &), (3.23)
The no-slip condition yields
Vo=0. (3.24)

Integrating (3.22) with respect to the cross-stream variable & with the boundary
conditions (3.23, 3.24), one obtains

:—Ac<h§—€> (D)~ s——//\lva L&) +EML, (Vi &, 1). (3.25)

It is easily seen that up to order one in €,a,(3,d, the streamwise speed V' is uniquely
defined by

=2
V=-\c (hg— g) (0e2) 's+O(elp++06) =V O 4+ O(ebr+5+5).  (3.26)

Up to order one, the profile of the streamwise speed V' is parabolic with respect to the
variable &; when the bottom surface is an inclined plane, this corresponds exactly to a
Nusselt stationary flow. In the present case, the flow is locally close to a Nusslet type
flow which is a local equilibrium. Thus, the scaling assumption ¢ <1 implies that
at each time, the solution is close to a local equilibrium; this is the other classical
assumption made in the derivation of shallow water equations.

Finally, we obtain an asymptotic expansion for V by integration of the divergence-
free condition vg.v+c’)57:0 with the no-slip condition V(£,0)=0. One easily ob-
tains

€ _
—/ VeV =V 1 08+5+c0p), (3.27)
0
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with V17 = — £V, VO,

We describe now the method to derive shallow water equations from the in-
compressible Navier-Stokes equations in the parameter regime described above; the
method is mainly based on an iterative scheme. First, based on equations (3.18, 3.25,

3.27), we define the sequence of functions (V") V(n) ™) pnen by

-2
VO =_\c¢ <h§— 52> (Ocx) s,

B 3
v _ / VeV Oz,
0

p O =c(h—€) -FH. (3.28)

Then at the (n+1)-step, the functions (V("+1),V(n+1),p(”+1)) are defined as

Y+ (0 _ //\va (V) pt™) € tydsdz+EL, (V™ &, 1),
v(n+1):7/ VeVt g
0

h
P =c(h =)+ 10, (V" 6,8) - /, U, (VO £ t)dz. (3.29)
3

Then, this sequence of functions converges formally to (V,V,p) a solution of the
Navier-Stokes equations. More precisely, denote the operator F so that the iterative
scheme define previously reads

(V(HH)’V(nH)’ PV = f(v(n)ym), p™). (3.30)

Then any solution (V,V,p) of the Navier Stokes equations with boundary conditions
is a fixed point of F. Moreover, this operator is O(a+ 3+ 0 +¢&+ef0g)-Lipschitz on

any bounded set. As a consequence, and provided that the sequence (V("),V(n), p(”))
and the derivatives of the Navier-Stokes solutions remain uniformly bounded with
respect to «, 3,9, ¢,60k, one can prove by induction the following estimate

max(|V = VLV -V lp-p™) =0 ((a+5+5+e+e0p)™t ). (331)

As a consequence, we obtain an asymptotic expansion of V,V,p with respect to
e,a, 3,0 to any order in ,«, 3,d. This step of the computation can be implemented
using a formal computation software. Using this expansion, we easily deduce an
expansion of ¥ and compute an expansion of the different terms in the average equation
(3.13). Dropping terms in this equation of a fixed order, we obtain a hierarchy of
models. In what follows, we compute the shallow water model obtained by dropping
all small terms in the average equation. We shall see that an approximation of V,p
up to order one is needed to carry out such a computation. Let us first compute the
zeroth order approximation of V,p and see which terms we keep in (3.13).
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3.2.1. Asymptotic to order 0. In this section, we compute the zeroth

order approximation of V,p and check which terms we keep in (3.13). Recall that
V=VO10O(B+5+ebr) with

—2
V(O))\c<h§£2> (Oex)1s. (3.32)
We can compute an approximation of v:

h h
h%':/ JV:/ TJVO L0 (ebr+3+06)
0 0

_ ho_og
:—)\cJ(agx)_ls/ (hf—5)+(9(593+5+5)
0

3
:fxcj%(agx)*HO(eeR+ﬂ+5). (3.33)

Then up to zeroth order, we find that

L2
v=—Ac(0¢x)” "s—5.
, 57

We calculate the zeroth order approximation of the other terms in the left hand side
of (3.13) as functions of h,v.

The advection term foh JV @V reads:

h h
/JV@V:7/ VO R VO 1+ 0(lr+8+0),
0 0
h EQ 2
:)\2023(8§$)71S®(85x)7ls/ <h£—2> +0(ebr+5+9),
0
N2

—T?(agx)_ls(@(3§x)_1s+(’)(59R+5+5)7

. gﬁ’ﬁ®'ﬁ+ O(e0 + 5 +6). (3.34)

Integrating the pressure equation (3.16) with the boundary condition (3.17), one
proves that the pressure p is given by

p=—FH+c(h—&)+O0(chr+a). (3-35)

Up to zeroth order, the average terms containing the pressure are given by:

h o h2
/ JpM:JM(CQ—mHh),
0 (3.36)

h 2
/0 PV (T M) = Ve (TH) (¢ )
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As a consequence, the average equation (3.13) reads:

~ 6 p - h? R
Oy (hv)‘Fng.(h’U@erBJMVg (CQJ> 7Iﬁ:ﬁhMV§'H

h
:_%(AC/O J(0eX) s+ T0:V (0))

h
/O J(0eX)™ (9RF(V)S—(8§§X)VV>
1 h
"3, Z+O(69R+a +6+6+693) (3.37)

It is a straightforward computation to prove that the zeroth order terms in the right
hand side of (3.37) read

h
/OJ(agX) LOrT(V )s—(c’?& ).V.V)

2h°
= 15J AP (Oex) ™ ((852595).(8533)_18.(85x)_ls—|—9R(st’Hbs)s)—&—(’)(e@;ﬁ—ﬂ—&—é),

693

1 [ _ 5 B h2
5/ J(%M)Z:—Bc(agx) 1(5‘ms)s7+(9( 5 (5+59R+ﬂ+saR))

Due to the presence of the factor _3 in front of )\cfo (0: X))~ s+78EV(O)7 we need
an expansion of the wall shear 9:V(0) and the average velocity © up to order 1 in
order to eliminate 0V (0) from (3.37). This is done in the next section.

3.2.2. Asymptotic to order 1. This section is devoted to the computation
of an asymptotic expansion of V' up to order one: this enables us to compute v and
8ZV(O) as a function of h,¢ and €,a,3,0 up to order one. We can then insert the
resulting expressions in (3.37); dropping small terms, we find a shallow water model
for arbitrary topography.

We first prove that

h " 72
)\c/ J(agX)_ls:)\ch(&gx)_ls—i-6930%(6§x)_1(azs)s+(’)(529?%).
0

Using the iterative scheme described in the previous section, we find after an integra-
tion on (£,h) and up to order one:

3Z(jV) +Ac (O x) ts(h—€)

h
:J/f BITVO) =g,V VO v 1)

h
—0MVep® +60rcT (9 )L (tr (D) [d+D,8)s ﬁ zdz
3
+e0rTt1(0,:5)E(0gV) ) +2e05T (O ) " () (Og ) V)
+2e0R (D) " (D:5) (D 1) 0g(EV?)
+o(520;+5(5+5+eaR)+5(a+aeR)). (3.38)
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Setting £ =0 in (3.38), one obtains an expansion for 9:V(0):

JOV(0)+ Ach(Dex) " 's=0 P +BAPy+ Ps, (3.39)
with P; defined by

72 2
P :930(85;5)_1 ((%S)S% —JM (Vg(ch—nH)h—Vgcf;) s

— _ h? — TN — N
Py =Jc(0¢ ) 1sht?—/\cvg.((}c(8gx) 1S)§O+)\CV§.(JC]I(85$) 1s)m

7y .2 —1((n2 -1 —1 t 2h°

—JAc*(O¢ x) ((85595).(851‘) s.(0¢x) " "s+0g(s ’Hbs)s) 15

3h°
40°
Py= 0(529§+ B(B+5+e0R) +(5(oz+€9R)). (3.40)

4
—AcJ (O ) 8. Ve(ch(Og ) 's) % +Acd (Ogx) 15 Ve(c(Oez)s)

Let us now compute an asymptotic expansion for 715 up to order one.
Integrating twice Equation (3.38) on BEV, we can prove that

h

h 3
/ jV-f—)\Cj(agfL')_lS? =001+ 6A\Q2+Qs3, (341)
0

with @; given by

4 4
Q1= Hch(agac)_l(ams)shz —OrcJ(Oez)™! (&vs)s%
4 4

+0rJc(Og )~ (tr(@ms)fd—i— (08) ) s% —OpcJtr(0,8)(0¢ x)_lsh—

12
__ k3 5h4

—JM(Vg(ch—mH)g - Vgcﬂ),

_ 5h
QQ :CJ(agl')_lShtﬂ

Ty 2 2 -1 -1 2h7
“Te (agx)((a&x).(agx) s.(0e ) s+9R(stHbs)s)¥

— 11h8 _ 20h7
_AT(9ew) 8. Ve(chdex"s) 12’8 AT (Oex) 8. Ve(c(dea)s) 894’8

6 7
+ACVe.(Jeh(Ogx) ~'s)(0 w)_ls% —AcVe.(Je(0; x)_ls)(afx)_ls%7

Qs = 0(529§+ﬁ(5+5+saR) +6(oz+€9R)>. (3.42)

Moreover, it is easily seen that we can deduce h¥ from foh JV d€ with the equation:

h h
e [ v Z/(©)
hi = /O TV — el /O t(9,8)EV O +0<59R(ﬁ+6+603)). (3.43)

Finally we have

3 73 74
)\cj(ﬁgx)_ls% = Ac(ﬁfx)_ls% —l—(593ctr(@acs)(agyc)_lshj2 +0(%0%).  (3.44)
3J 2J
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Using equations (3.41), (3.43) and (3.44), one finds an expansion for h up to order
one as a function of h,& and (e,a,00). Similarly, Equation (3.39) gives an expansion of
9V (0) up to order one; thus we can eliminate d¢V(0) from Equation (3.37) to obtain
a shallow water model. We shall see later that there are different ways of eliminating
9zV(0), which gives a family of models. More precisely, from (3.41), (3.43), (3.44)
and (3.39), we define Ry and R» to be the terms of order one such that

JOgV (0)=—Ach(Dex)~'s— Ry (h.€)

+(9(629§%+ﬂ(ﬁ+5+591{)+§(o¢+€9R)),
s o N
hov=Ac—5(0c ) "s— Ra(h,§)
3J

+(’)(g29,%z +B(B+06+c0R) +6(a+geR)). (3.45)

From (3.45), we compute an expansion of 85‘/(0) up to order one involving the average

quantities ﬁ, v, the variable £ and the parameters a, 3,9, €:

2

TV (0)=— 3; T ()~ 2 Ra(hif)
( 9R+5(5+5+50R)+5(a+59R)) (3.46)

Inserting (3.46) into (3.37), one finds

Oyh+Ve.(hv) =0,
~ 6 o~ 65— h® -
8t(hv)+5Vg.(hv®v)+EJMV5(cﬁ)—/@thVgH

s
1/, = 37"
_ . -1 =
= ﬁ()\ch(agx) s+ B)+Ti+R, (3.47)
with
1 22
R:O(B(s 0% +0(a-+edp) +B+3+20n).

The function 7; depends on £ and h and reads:

ﬂ:%ﬁ”+ﬁz@,
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with

’]’1(1) = (%Vg c+ 20(85 x) " (0y8)s — gc(ag z)"(0,8)s — gtr(ams)(ag x)_ls) h

72
7
(85 l‘)ls>

5

T4
171(2) :c(agx)ils-vi(c(af 1:)—15) h74 —c([)&x)*ls.V§ (C h
35J

157"

h

J
R N ~ . ht _

+(V5.(c?(85x) ls) jz—i—vg.(ch(@@s) 1s) 74)0(85:10) 's

~Ve.(Je(Oe )™ ts)

6 %
7£02 (D)™t <8§§x.(8§ z) 's.(0¢x) s+ Or(s"Hy s)s) = (3.48)

We easily see that provided that the dimensionless numbers Re, F,& are of order one,
the higher order term R is O(e) and it is negligible in the scaling limit e < 1. Then
dropping these high order terms, one finds a shallow water model for h,hv in a closed

form. Furthermore, we clearly see that the conclusion of the expansion remains true
e20% ¢

if we only suppose that «,(,d,e0r < 1 and a, %593 < 1. As a consequence, the
model remains vallid not only for Reynolds and Froude numbers of order one but also
for Re, F — 00 as € — 0 provided that we choose a suitable dependence of Re, F with
respect to .

This formulation has the advantage of being independent of the parametrization
of the bottom surface S, but it is quite hard to work with that formulation. In order
to carry out numerical simulations, we have to specify curvilinear coordinates. In the
following, we are going to choose particular parametrizations of the bottom surface
S. Moreover, we shall be more precise on the asymptotic expansion of the mean
curvature of the free surface H with respect to €, and h,Hp; this will be done in the
next section for a particular parametrization.

4. Shallow water models for particular parametrizations

In this section, we parametrize the bottom surface with two systems of coordi-
nates: the “steepest descent” curvilinear coordinates and the classical orthonormal
coordinates. We write the shallow water equations in this framework for n-dimensional
flows (n=2 or n=3), which gives (n— 1)-dimensional shallow water equations.

4.1. Shallow water equations in the steepest descent parametrization.
In what follows, we describe the “steepest descent” curvilinear coordinates and write
the shallow water equations in that setting. First, we define 6,¢ such that the normal
n to the surface S is given by (see part 2.1):

Viz
— sin(0) cos(¢)
n= v 1+1||sz\|2 <= n= sin(@)s(j;;(@ . (4.1)

14|V, 2|2
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Here 6 represents the local inclination of the bottom surface. We are going to use the
“steepest descent” curvilinear coordinates &1,&2 so that we have

ox

Ox .
%, =cos(f) cos(¢), o6 sin(¢),
dy _ . oy _
96 cos(f)sin(¢), e cos(¢),

or equivalently

_ (cos(8)cos(¢) —sin(¢)
O¢ _<COS(9)Sin(¢) cos(¢) >

This system of coordinates is uniquely defined provided that a “steepest descent”
direction exists; this condition is satisfied if s# 0. This direction is at the intersection
of the tangent plane to the bottom surface and the plane spanned by the normal to
the surface and the gravity vector; we shall see later that it is the principal direction
where the fluid flows. As a consequence of this definition, we see that this system of
coordinates is designed for gravity-driven flows but is not relevant for fluids driven
by other external forces. In this system of coordinates, the rescaled quantities J, M
associated to the change of reference frame are particularly simple. It is easily proved
that

J=1, M=Id, c(9¢x) 's=—sin(d)ey,

with e; = (1,0)*.
Let us now compute an asymptotic expansion for the rescaled curvature of the
free surface. Using Lem. 2.2, the rescaled unitary normal N to the free surface reads

—

with

o

7]
. <—s —e(Id—ss") (D) "'Veh
n=

c—e(c(Oex)'s) Veh >+O(529R)~ (4.2)

Then the rescaled mean curvature is given by
(n—1)H=div, ((se(Id —ss")(0ex) " Veh)/||ii]]),
—Optr((0cw) " Oes) +tr ((9ew) 0 (9ex)Veh) ) +O(?).  (4.3)

As a consequence, the expansion of H with respect to ¢ is given by

H=0pHy+ —— (Ach+0rVehVay) +0(), (4.4)

t
with Vg 4 = (cos(G)sin(2¢)32 ¢—tan(6)0,60,— cfié)) )

Here, 0g Hy, represents the mean curvature of the bottom surface. At this stage,
two situations occur. Either 0 =O(1) or Oz =/(g): in the first case the mean curva-
ture of the free surface is, up to order one, given by the mean curvature of the bottom
surface:

1,00 0
H=—5( :

8—&+sin(9)8—€2) +O(e).
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In this particular case, the shallow water equations (3.47) have the more explicit form:

Oih+Ve.(ho) =
A2sin?(0)h°

3(hv)+V§ ( W ev— =

e; ®e1> + %VE(COS(Q)TLz)

760 1/~ 30
__F ﬁthg (9160 +sin(0 )62¢>)+B<>\hs1n(9)e1—%)

S~ _7(8 0+ sin(0)0 ¢)+ba ¢
+ﬁh2sm(9)< 2 _1%(520_9Rs?n(9)51£) 1

6 075 (O — 1) tan(0)0,6
_ﬁ)\ h5sm2(9)< " cos(6) 1 )

3 975 .
—ﬁ)\QhE’sm( )cos(0)010e. (4.5)

If we restrict our attention to a 2-dimensional flow for the Navier-Stokes system and
fr =1, we easily get the one dimensional shallow water model

Oh+ ¢ (hv) =0,

~_ 6~_, Asin?(A)h® GScos(0)h2\ S~
0u(v) + 0 (hit = = % ) R hok
1/ 30\ /6 3ATR _
=3 (Ahsm(@) - f) - (% + Wcos(@)) sin(6)0¢0. (4.6)

Here the £ variable is the classical curvilinear coordinate. We clearly see that no
contribution including third order derivatives of h appears in the capillary term. In
this case, the capillary effects are essentially supported by the curvature of the bottom
surface which is assumed to be not small: capillarity is not dispersive in this case
and acts as a classical friction or damping term —xhV¢ Hy, depending on the mean
curvature sign of the bottom surface.

In order to recover the classical “dispersive” capillary term involving third order
derivatives of h, let us assume that the curvature of the bottom is small: more precisely
we consider fr =cf0g. In this particular case, we find:

H:5§RHZ,+%A5%+O(52). (4.7)

Then, the contribution of the capillarity term in (3.47) is negligible if =0(1): we
only see the influence of the capillary terms provided that ek =O(1). Denoting k =¢R,
the capillary term in (3.47) reads:

1) )
—R—hV¢H=—kK—

g 8
In the case of shallow water flows over a flat and horizontal bottom, we clearly recover
the classical form of the capillary term —k ﬁhVAh found in the literature; see [3, 4]
for a mathematical analysis of shallow water models with this kind of capillary term
and references therein.

~ ~ 1 ~
WV (HRH;,+ — A h) +O(). (4.8)

4.2. Shallow water equation in orthogonal coordinates. In the literature,
the shallow water equations or lubrication model over varying topographies are usually
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written using orthogonal curvilinear coordinates. In order to compare our results
with several shallow water equations obtained previously [9, 10], we write the shallow
water equations using orthogonal coordinates. In this setting, the basis vectors of the
tangent plane to the bottom surface are directed along the directions of maximal and
minimal curvatures.

Define mi:||agg(_5)|| and h;=m;(1—efrk;€), where k; is the mean curva-

ture of the bottom in the direction &. In order to simplify the discussion,
let us choose an orthogonal system so that m;=1. Then, if we denote n=
(sin(8)cos(¢), sin(6) cos(¢), cos(f)), we easily establish that

M=1Id, J=1, c(agx)1s:_sin(9)(Z?jgg):_sm(e)b, (4.9)

where ¢ = (cos(¢), sin(¢))*. In this particular case, the shallow water equations (3.47)
have the more explicit form:

Oh+Ve.(hv) =0,

~ 6\ & — b~ 1/~ 3

3t(hv)+V5.<ghv®v)Jr%Vg(cos(G)h )%Bhvg.H+B(Ahsm(9)hf)
51 , 3. , 2
+B(;Vgcos(9)+t9pgsm(9)(k1+k2)1,—59381n(9)d1ag(k1,k2)b)?

4

+ A%sin?(0) (L.VgiNL)L%

—\? (% sin(0)(¢.Ve)(esin(h)) — Vg.(bsin(é'))bsin(e))

h5

5 (4.10)

An important remark is that the direction ¢ and the derivatives in that direction
are important in denoting the first terms, which describe the influence of a varying
topography; this is precisely the steepest descent direction, which is in the intersection
of the tangent plane to the surface and the plane spanned by the gravity vector g and
the normal to the bottom surface 7i. The other quantities depend only on 8, the
angle between the normal to the bottom surface with the vertical and the principal
curvatures of the surface. All these quantities are intrinsic and do not depend on the
parametrization of the surface.

4.3. A family of models. In the following, we show that we can obtain
a family of models from (3.47) which has the same accuracy. In order to simplify
the discussion, we work with the shallow water equations in the steepest descent
coordinates (3.47). First let us note that inserting the equation

2
U= Asin(@)%el +O(ebr+[+9)
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into the momentum equation of (4.5) yields, with the same accuracy and for any
constant A,

~ ~ 1 A ~
0y (h0) + V. < (g) hQT— (75 + 9) M sin?(0)h’e; ®e1>

5 0)h? 5 1/, ~ . 30
+BV§ (COS()> —EB hV§H: B ((Ahsm(Q)el — %))

059 . —9}%(519+Sin(9)62¢)+9}%_161¢)
+5h sm(9)< * 10,0 brsin(6)016)

6 o~ (0g —1)tan(0)0,0
35)\2h5sln2(9)( COS(9>QI)1 ' >
,%A2E5sin(9)005(9)310e1' (4.11)

Using the same argument and the equation
~ 73 ~
R = Asin(6) -e1 — Ra(h.§)+0 (5291%5 L B(B+0+e0r) +8(a +59R)) :

one can split the term %(Aﬁsin(&)el — %) in two parts for any constant B:

% (Aﬁsm(a)el - 3;) :g (A%sm(e)el - 3;) + % (Aﬁsin(o)el - ?;N?)

B[ ~. 30\ 3(1-B) , ~
=— | Ahsin(f)e; — = | + ——=—>R2(h,&) +O(e). (4.12
5 (Whsin0)er— %)+ =P Roff o) +00e). (412
The term 21-5) Ry(h,€) is O(1) since Ry(h,€) is O(e). If we choose B=0, we can

Bh?
completely eliminate the stiff source term from (4.5), but in that case, we lose the
information that v= Asin(@)h;el + (h.o.t) and the fact that this asymptotic analysis
was done in a quasi-stationary regime.

4.4. Lubrication models. In this section, we propose a family of models with
a single equation for the variable h, the velocity v being determined by A. This kind
of model is frequently used in lubrication theory, such as Benney’s equation or the
Kuramoto-Sivashinky equation obtained in the limit of small amplitude waves (see
[5, 6] for more details). The validity of these equations is limited because of the limit
on the amplitude of waves. Nevertheless, they are quite useful as a first approximation
of the shallow water equations and are more manageable from the numerical point of
view. In the literature, they are directly derived from the Navier-Stokes equations or
appear as a by-product of the derivation of shallow water equations: see [11], [5, 6]
for more details. We proceed here in a similar way to obtain a hierarchy of models
for the fluid height h.

The first model equation, valid up to a first order term in e, is obtained by
inserting the equation

B2
U= —/\cos(ﬁ)g(@ga:)*ls+(9(503+ﬂ+6)

into the “exact” mass conservation law

Oy h+Ve.(ht)=0.
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Dropping small terms, one finds the conservation law
~ 13
Oth—Ve. Acos(@)g(agx)*ls =0. (4.13)
In the “steepest descent” coordinate system, Equation (4.13) reads:
~ R3
Orh+ 04 )\sin(ﬁ)g =0. (4.14)

An important remark is that, in the steepest descent coordinates, the flow is al-
most one dimensional; this makes easier the numerical simulations of the flow in that
setting. The equation obtained is nothing but a Burgers equation which exhibits sin-
gularities in finite time; in order to get a more accurate model, let us replace v by its
asymptotic expansion up to order one. For the sake of simplicity, we write the model
in the “steepest descent” coordinate system. From the momentum equation (3.47)
and (4.13), we deduce the order-one lubrication model

O¢h+ Ve.(ht) =0, with

Or—1 Or .
010 — —(8194—5111(9)82(;5)
hv=—sin(f)e; + % sin(6) 8 2

Or . 1
?sm(é))&‘lqﬁf gaﬁ

she Y 73 Qﬁ)\2ﬁ7 o (0r—1)tan(0)010
——~ Vel(cos(0)h?) + 70— VeH — = sin (9)( cos(6)Dr¢ )

276 91 _
2ﬂi\5h (% sin(29)810—|—81112(0)81h>e1. (4.15)

It is hard to see the effects of the curvature of the topography and those of the
capillarity in this case; let us consider two cases where the lubrication equation has
a simpler form. In the one dimensional case and for g =1, one finds the lubrication
model

~ Mi3sin(d)  ROR3 5 ANZRT
n® A2 g~
=0 (?(6005(0) ——5—sin (O)h )8§h). (4.16)

In that case and up to order one, the main effects of capillarity and the curvature of the
topography is to introduce a corrective term in the advection term of the equation.
The dissipative term is completely similar to the dissipative term in the Benney’s
equation obtained for flat bottom.

When the curvature of the bottom surface is O(e), let 0 zegR; the lubrication
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model reads

" 73
Oth+ 01 </\§ sin(9)>

4 3 ~
=4Ve. (%Vg (cos(9)) + %cos(ﬂ)Vﬂz)

~ B~ 1, ~
—ﬂdVg.(;Vg (QRH})-F §A§h))

2 7 o i
_2A o1 <2hsin(20)5‘19+sin2(9)h681h+6hsin2(0)tan(9)819>

15 21 35
2 ~
+2§5)\ () <h7 sin? (0)008(0)6‘1¢> . (4.17)

In this case the dispersive effects of the capillarity appear through the term

%Wg.(%gvg Ach). (4.18)

5. Conclusion

In this paper, we have investigated systematically the slow motion of a relatively
thin layer of fluid over an arbitrary topography. From the Navier-Stokes equations to
Benney’s equation, there is a wide range of models for shallow water flows. Numerical
simulation of the full Navier-Stokes equations is cumbersome owing to the presence of
the free boundary and does not give good insight into the dynamic of the fluid layer.
On the other hand, Benney’s equation is an oversimplified model for this kind of
flow, only valid for small amplitude waves and it exhibits finite time singularities. We
achieved a subsequent level of modeling by considering the time evolution of h and the
local flow rate hv= foh v; this yields the shallow water equations. We have obtained

an evolution system for h and hv= foh V, where V is the component of the fluid
speed parallel to the bottom surface in a closed form obtained through an asymptotic
expansion, with respect to e, of solutions of the full Navier-Stokes equations.

The existing models were derived from the full Navier-Stokes equations only for
small curvatures of the bottom surface [5, 6], [9, 10] or for a vanishing viscosity
[1, 2] with or without capillarity. In this paper, the viscosity is not negligible and
the curvature of the bottom is not necessarily small; the layer of fluid is entirely a
boundary layer and in a first approximation, the velocity profile is parabolic provided
that the bed slope never vanishes. Under an appropriate scaling of the equations,
we justify (formally) the classical modeling assumptions made to derive shallow water
equations: the dynamic of the layer is close to a local equilibrium (here a Nusselt flow)
and the pressure is hydrostatic. We derived a family of new shallow water systems all
equivalent and accurate to order one in ¢, the film parameter.

We followed the approach of Bouchut et al. in order to give models independent
of the parametrization of the bottom surface. The shallow water system obtained
is written in conservative form; it has a hyperbolic part, and a stiff source term
involving viscosity effects and gravity forces. The terms in front of & represent the
capillary effects, whereas the terms in front of 0 are due to the curvature of the
bottom surface and take into account centrifugal forces. The term involving h*,h°
are correction terms coming from the interaction between the global boundary layer
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and the model of friction at the bottom (here a no-slip condition). The stiff source
term relaxes the system to the quasi-stationary Nusselt type flow.

As a first approximation the local average speed points in the steepest descent
direction. Hence it is natural to write the shallow water equations for a particular
parametrization of the bottom surface, the so called “steepest descent” curvilinear
coordinates. As a by-product of the analysis, we obtain lubrication models valid for
arbitrary topographies. Depending on the characteristic size of the bottom curvature,
the capillary terms have different effects; in the case of a large curvature, the capillary
force has the form —xV¢Hph: it is a classical forcing term linear in h: it has no
dispersive effects. In order to recover the classical dispersive effects of the capillary
forces, one has to assume that the bottom curvature is small; this yields capillary
terms with third spatial derivative of h.

To finish, let us outline some prospects for this work: first we need to make some
numerical simulations for the models obtained and compare the results to the one
obtained with a direct simulation of the full Navier-Stokes equations. The approach
proposed in this paper is only formal. It seems important that this approach should be
justified mathematically even in simple situations: for that purpose, uniform estimates
with respect to e of the solutions of the Navier-Stokes equations in the neighborhood
of Nusselt flows are needed. Finally a mathematical analysis of the nonlinear waves
for the shallow water equations obtained in this paper should give good insight into
the slow dynamics of shallow water flows.
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