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MATHEMATICAL JUSTIFICATION OF A SHALLOW
WATER MODEL*

DIDIER BRESCH' AND PASCAL NOBLE#

Abstract. The shallow water equations are widely used to model the flow of a thin layer of
fluid submitted to gravity forces. They are usually formally derived from the full incompressible
Navier-Stokes equations with free surface under the modeling hypothesis that the pressure is hydro-
static, the flow is laminar, gradually varied and the characteristic fluid height is small relative to
the characteristics flow length. This paper deals with the mathematical justification of such asymp-
totic process assuming a non zero surface tension coefficient and some constraints on the data. we
also discuss relation between lubrication models and shallow water systems with no surface tension
coefficient necessity.
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1. Introduction. The shallow water description through the Saint-Venant sys-
tem is usual for many applications (rivers flow, tidal waves, oceans). Although Saint-
Venant derived it from elementary principle in 1871, one understands only from less
than few years how to derive it formally from the Navier-Stokes equations with free
surface and various bottom boundary conditions assuming the depth to be small
enough, see for instance [16] and [8]-[11] for flat bottom. We also referred the reader
to [4] and [5] for shallow water type equation with arbitrary topography. The flow
these equations describe is the horizontal flow caused by changes in the height of
the pressure surface of the fluid. Whereas the derivation of shallow water equations
from the incompressible Navier-Stokes system with free surface, through a depth in-
tegration of continuity and momentum equations, is now understood, there is still a
lack of mathematical justification of such approaches. In that paper, we present the
derivation of a shallow water system, inspired from [16], that we justify rigorously.
Note that the rigorous derivation is performed under further technical assumptions
that are necessary to have smooth solutions.

First, after a suitable scaling of the Navier-Stokes equations with free surface
boundary conditions and no slip condition at bottom, the solutions are formally ex-
panded with respect to the aspect ratio ¢ = H/L between the characteristic fluid
height H and the characteristic wavelength L of flow variables. Substituting the as-
ymptotic expansions into the depth averaged continuity and momentum equations,
we obtain a shallow water system in a closed form plus a remainder that formally
tends to 0 as € — 0.

To justify rigorously such asymptotic, see Theorem 1 and 2, we establish uniform
estimates in classical Sobolev spaces on solutions of the full Navier-Stokes system with
respect to € and we obtain that the remainder in the shallow water system tends to
0 as ¢ — 0 as a consequence. Such shallow water approximate system reads, in a
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non-dimensional form,

hy + (hv)g = 0,
6 ch?  (2s)?
h —hv? 4+ = — L K0,
(ho)e + (5ho"+ g = =51 X 2y
—2Whhgpe = —— (28 h — ==
ew sRe(S h)

where h denotes the height of the free surface, v is the vertical average of the horizontal
velocity component. The other quantitites ¢, s, W, €, Re are respectively cos, sin
where 6 is the slope angle, the Weber coefficient, the aspect ratio of the domain and
the Reynolds number given in (7).

Remark that, to the authors knowledge, such mathematical justification of shal-
low water system seems to be new. In our mathematical study Reynolds number is
assumed to be fixed and some assumptions on various physical quantities sizes are
done such as sin 6/+/ex and initial data small enough in some sense, see Theorem (1).

The paper is divided in three parts: The first section, inspired from the recent
derivation in [16], concerns the formal derivation of a shallow water model. The
second section deals with uniform estimates, with respect to the aspect ratio, of
solutions to Navier-Stokes equations combining similar process than those used in [12],
[14] and similar estimates than those in [13]. Using the previous sections, the third
section concludes on the rigourous derivation of the shallow water model. We also give
some comments around lubrication models which are included in the shallow water
mathematical derivation with no surface tension coefficient necessity. The reader,
interested by lubrication models, is referred for instance to [15], [9], [3].

2. Formal derivation of a shallow water model. In what follows, we derive
formally a shallow water model from the incompressible Navier-Stokes equations with
a free surface. The fluid flows downward to an inclined plane under the effect of
gravity. The Navier—Stokes system comes with boundary conditions: we assume a
no slip condition at the bottom and continuity of the fluid stress at the free surface,
the fluid being submitted here to surface tension forces. Moreover, assuming that
the layer of fluid is advected by the fluid velocity, we obtain an evolution equation
for the fluid height. We first scale the equations in the shallow water setting. Then,
we calculate formally an asymptotic axpansion of the flow variables with respect
to the film parameter . Inserting the expansion in depth averaged continuity and
momentum equation, we obtain a shallow water model and identify a remainder that
formally tends to 0 as € — 0.

2.1. Scaling the incompressible Navier-Stokes system. In that paper, we
consider a relatively thin layer of fluid flowing down an inclined plane, at an angle 6
with respect to the horizontal, under the effect of gravity. Remark that we consider
a flat bottom for simplicity. The reader is referred to [5] for formal derivation with
arbitrary topography. The fluid is incompressible and the fluid density is constant
and set to 1. The flow is supposed to be 2-dimensional. A coordinate system (z, )
is defined as the z-axis downslope along and the z-axis upward normal to the plane
bed. The longitudinal and transverse velocity are denoted (u,w), the pressure by p
and the total flow depth by h. The fluid layer €2; is the set

Q ={(z,2) eR*: 0<z<h(tz)}.



MATHEMATICAL JUSTIFICATION OF A SHALLOW WATER MODEL 89

The incompressible Navier-Stokes equations read, for all (z,z) € Q:

U + Uy + WUy + pp = gsind + v Auw,
wy +uw, + ww, +p, = —gcosh +vAw, (1)
Uy +w, = 0.

The v constant denotes the fluid viscosity and g is the gravity constant. The Navier-
Stokes equations is supplemented with boundary conditions. More precisely, we as-
sume at the bottom a no-slip condition on a flat bottom:

U|z:0 = w|z:0 =0. (2)

At the free boundary, we assume that the atmospheric pressure putn, is constant and
set to 0. The fluid is submitted to surface tension forces. Hence, the continuity of the
fluid stress at the free surface, written on = kn with o = —pld + v(Vu + Viu), yields
the following conditions:

: 14+ A2
p|z:h + ﬁhmm(l + hi)_% = —2v L uI|Z:h7
Dy
Uzlo=h + We|.=h = —4mwz|z:hv

x

where x measures the capillarity (the curvature). The layer fluid is advected by
the speed @ = (u,w), giving the evolution equation for the fluid height (the usual
kinematic condition)

ht+hmu|z:h =w|z:h. (4)

This set of equations possesses a classical steady solution, so called Nusselt flow. The
height of the fluid h(x,t) = H is constant, the transverse component velocity w is
equal to 0 and the longitudinal component speed w has a parabolic dependence with
respect to z

Ulz, z) = 2£(2Hz — 22)sin®. (5)
v
Moreover, the pressure is hydrostatic:
p(x,z) = g(H — z) cos. (6)

Adimensionalization and rescaling. We shall use the Nusselt flow in the sequel to scale
the Navier-Stokes equations. With the notation Uy = gH? /2v, we define the rescaled
variables

_ H
z=HZ, h = Hh, r =Lz, Ezfv
u=Upu, w=celUyw, p:gHﬁa (7)
L. HU, i
t=—t Re = W=—.
Uy ’ © v’ gH2

In what follows, we denote ¢ = cosf, s = sinfl. Under the shallow water scaling and
dropping the =, the Navier-Stokes equations read for all (x, z) in Q;:

+uug + + 2,1 (% Ua + Uzz)
Uu uu u e = e u u
t x T WUy Repx -Re -Re TT 2z)s
2c 1 9
B i TS

Wy +uw, +ww, +

Uy +w, = 0.
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The no-slip condition u|,—g = w|.—¢ = 0 and the evolution equation for h
ht + hm u|z:h = w|z:h; (9)

are unchanged whereas the continuity of the fluid stress reads

1 2 p2
Ploch + 2 W hao(1+282)~% = —¢ f%hg U 2=
— &
9 452hz * (10)
Uszlomh + €% Wy |2mn = —mwz|z:h-

We shall prove that in the asymptotic regime ¢ — 0, the solutions of the Navier-
Stokes equations (8) with rescaled boundary conditions are close to the stationnary
Nusselt flow and have an asymptotic expansion with respect €. This is done in the
next section.

2.2. Asymptotic expansion of solutions. Under the shallow water scaling,
the flow variables are close to a Nusselt low. More precisely, we write the Navier-
Stokes equations as a differential system in the crosstream variable z with boundary
conditions at z = 0 and z = h. First, the longitudinal component velocity u satisfies

Uy, +25=2¢ep, —l—aRe(ut + uuy —l—wuz) —EQUM
= \Iju(uuwup) (t,l’,Z),

u|z:0 = O, (11)
4e?
1—e2h2

=1L, (u, w) (t, z).

uz|z:h - _52 wx|z:h + hz uz|z:h

The functions ¥, (u, w,p), 1L, (u, w) satisfy formally the estimates
v, (u,w,p) = (9(5 + ERe), 11, (u,w) = (’)(52). (12)
Integrating (11) with respect to z, we obtain

22

U(t, €, Z) = 2S(h(ta I)Z - ?) + fu(ua wap) (tv €, Z)? (13)
where the function F, (u, w, p) is defined by

Fu(u,w,p)(t, z,z)

z 14
= () (6 0) — J7 S () o pdyaz. Y
As a consequence, the longitudinal velocity component u expands in the form
52
u(t,z, z) = 2s(h(t,z)z — ?) + O(e +cRe). (15)

The profile for u is then closed to a Nusselt type flow. We show in a similar way
that the pressure is close to a hydrostatic distribution. More precisely, the pressure p
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satisfies the ”ordinary” differential equation with respect to z:

£ 5 e’ Re
pz+c:§(wzz+a Weg) — 5 (wr + uwy, +ww,)
= U, (u, w)(t,z, 2),
| —Re hzz | 1+ 52 h?c (16)
peh = —R— Uy s
Ple=h 2 (1+e2h2)3 "T—e2n2

e
— —EThm +1I, (u) (t,x),

where the constant %, defined by & = £2W, is assumed to be of order O(1) in order to
see the capillarity effects. The functions ¥y, (u, w), I, (u) satisfy the formal estimates

Up(u,w) =0(e), I(u) =0(e). (17)
We integrate (16) with respect to z and find
_Re
p(I, Z, t) = _HThzz + C(h - Z) =+ fp(ua w,p)(:zr, Z, t)v (18)

where the function F,(u,w, p) is defined by

h
ﬂwmm:mw@m—/wmwwmmw (19)

The pressure p has, in a first approximation, an hydrostatic distribution and expands
in the form

p(z, z,t) = —E%hm +e(h—2)+ Oe). (20)

The transverse component velocity w is determined, using the free divergence con-
dition w, 4+ u; = 0 and the no-slip condition w(x,0) = 0. More precisely, we find

z
w(t,z,z) = —/ ug(t,,y)dy. We deduce that w has the asymptotic expansion
0

w(t,z,z) = —/ uy(t,z,y)dy = —shy 2° + O(c + cRe). (21)
0

In the following, we describe an iterative scheme to compute a formal expansion
of Navier-Stokes solutions to any order in e. First, we define the functions u(®) and
(0)
%) as

uO(t,z, z) = s(2h(t, )z — 22),

pO(t,z,2) = —FRehyy /2 + c(h(t, x) — 2). (22)

We write the equations (13,18) in the form

(0)= (o )+#per (23)

where the function F(u,p,¢) is defined by

Flu,p,e) = ( Fu(u,w, p) ) Cw(tw,z) = _/OZ wa(t, 2, y)dy. (24)
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Then, any solution of the Navier-Stokes equations appears as a fixed point of an oper-
ator that is formally O(e+eRe)-Lipschitz on any bounded set. Following the proof of
the fixed point theorem, we define the sequence of functions (u", w(™), p("))n>1 such
that N

u ) u® o
( p(n+1) ) = ( p(O) )+]:(u( )7p( )75)7 (25)

and w™ (t,z,z) = —/ ul™ (¢, y)dy.

0
We assume that all the derivatives of (u,w,p) remain bounded and the sequence
(u", w™, p(”))n>1 is bounded. We can prove by induction the formal estimate

max (|u — ™|, jw —w™|, |p - p(")|) = (’)((5 + 5Re)"+1). (26)

As a consequence, we clearly see that the n-th term of the sequence of functions
(u",w("), p("))n>1 is a formal approximation of a solution of the full Navier-Stokes

equations up to order O((e 4+ cRe)" ). In what follows, we use that approximation
of the solutions to close the depth average continuity and momentum equations and
obtain a shallow water model.

2.3. The shallow water model. In the sequel, we write a shallow water model

for the fluid height A and the total discharge rate hv = foh u(.,y,.)dy. Here v rep-
resents the mean velocity along the depth flow. On the one hand, integrating the
divergence free condition u, + w, = 0 along the fluid height and using the kinematic
equation for h namely h; + hyul,—) = w|,=p, we find

h
hy + (/0 u(x, z)dz) = hi + (hv), = 0. (27)

Note that the equation is exact and already in a closed form. Let us now write

an evolution equation for hv = fohu(-, -,¢)d¢. For that purpose, we integrate the
evolution equation on the velocity component v along the flow depth and substitute
the boundary conditions (10) into the resulting equation:

h h , 9 h h
udz —|—/ u dzm—l——/ dz)y + F——=  _h, =
(f o ([ wtderer ot [ paee ety

1
cRe

€

(2sh—uz(:17,0)) + ﬁ(/oh 2uy dz),. (28)

In order to write a momentum equation in a closed form, we shall calculate an
expansion of the averaged quantities in (28) with respect to ¢, h,v. First, let us note
that

(ho)(t,2) = /
h(t,x)
=2sh—3+/ du(t,x, )dC.
0

h(t,x)
u

h(t,z) h(t,z)
(t,2,¢)dC = /0 WO (1,2, Q) + /0 Su(t,z, )dC,

3
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Here, the function du is simply 6u = u — u(?). From the previous section, we deduce

h
the formal estimate du = (9(5 + ERe). We compute the average quantities / u?
0

h
and / p:
0

h(t,x) h(t,x) h(t,z)
/ (L, 2, O)dC = / WO (t, 2, O)dC + / (u? — (u®)) (t, 2, C)dC,
0 0 0

. h(t,x)
:%wu,x»% / (v = @) (t,, Q). (29)

0

1t h
We substitute 2s h? = 3v — 7 / ou into (29). The average quantity / u? reads
0 0

h(t,w) 6
| a0 = Sty + RE. (30)
where the function Rgl) is defined by

h(t,x)
RO (t,z) = / (w2 — W®)?)(t, 2, ¢)dC
0

12 h(t,,:ﬂ) 6 2 h(t,:ﬂ) 5 2
+1—5U/0 u(t, z, ¢)d¢ + m(/o u(t,z,¢)d¢)".

Inserting the estimate u — u(®) = (9(5 + aRe) into the expression for R, we find

h
that, formally, R, = (9(5 + ERe). We easily compute the average quantity / p:
0

h 2
R h
| 9 0de = =R, e+ R, (31)
0
with
@) h(t,x)
R (r) = [ (o= p) Q)
0
We easily prove that, formally, R?) satisfies the estimates R?) = O(e + cRe). Sub-

stituting (30),(31) into (28), one obtains

§hv2—|—lch—2) —F%hh —L(Qsh—u (z,0)) + R (32)
5 Re 2 /= mmm—ERe z\4) 1,

where the function R; is defined by

(h’U)t + (

Ry = -0, R — 9,R?
h
£ .. =((1 - 2p,2\-3
qete( [ et 0ac) m(0- ey b)) @3
and satisfies the formal estimate

R1=0(c(Re+1+ Re™')).
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Dropping the ”small” term R, we can see that the momentum equation (32) is almost
in a closed form and yields a shallow water model for i, hv. There remains to eliminate
uz(z,0). Due to the presence of the singular factor 1/(cRe), we cannot directly use
the expansion

u.(0) = u?(0) + O(e + cRe) = 3% + O(e + <Re).

In that case, the remainder would be of order O(1). As a consequence, we need an
asymptotic expansion of u,(0) and hv with respect to € and function of h and its
derivatives up to order 1. For that purpose, we use the function u(!) introduced in
the previous section. Recall that we have the estimate u — u(!) = (9((5 + ERe)Q). We
aim to compute an expansion of hv and u.(.,0) up to order 1: let us expand u with
respect to e. We find, using the iterative scheme introduced previously that

z h
uw=u® — / / 26 pl® + ERe(ugo) +u@u® 4@y ) f cReRY,  (34)
0 Jy

z rh
where the notation / / f is used to defined the function of (¢,z,z) as
0 Vs

/OZ /yhf(t,x) = /Oz /yh(t-,r) f(t, xz,2)dzdy.

Moreover the function Rél)

h
a _ B 2 0
Rs Re// Uy — ul0 /O/y Re(p ")

(0)
2 () + %) — @O+ =)

e2h2

/ / (w—u®), + (uuy — uOu?) + (wu, — wOu®).

is defined as

It is easily seen that R(l) O(e(1 +Re—|—Re71)). In order to simplify the notations,
we denote 7! the function

M — Re( ) 4 0y (0) 4 (0,0 )).
Then, the component velocity u expands in the form
w=u® e 4+ aReRél). (35)
From (35), we deduce that

Ugl,mo = 28h + & a.u |2=0 + aReBZRél) |0,

hS(t, JI) h(t,x) B h(t,x) L
(hv)(t,2) = 25— + 5/0 a (¢, z, O)dC + aRe/O R (t, 2, ¢)dC.
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Then, eliminating 2sh from the expansion of u.|,—o, one obtains the asymptotic
expansion

3 3 [ 3 [
R (L N ﬁ/ 7)) + eRe(0.RY <o — 5 | REY). (36)
0

h h? Jo
We substitute the expansion (36) into the momentum equation (32)
6 , 2 K, _ 1 30
(h’U)t+ (gh’U +ﬂc?)x_ﬁhhwww = E(2Sh— T) —T+R1 +R2, (37)

7 1 3 [t
with 7 = 225 (25)° ' by + 2(25) h* hy and Ry = RM e — ﬁ/ RV,
0

120

Dropping the ”small” term R = R4+ Ry = O(e(1+Re+Re '), we obtain a shallow
water model in a closed form
he + (hv), =0,
2 1

(hv), + (5hv + §07)1 — ®h hayzs = Re (2sh — - ) -

The term 7 can be written as the sum of a conservative term and a remainder of order
O(e + eRe). More precisely, we substitute the expansion

hd oo
hv:2s—+/ (u—u(®),
3 0

(38)

into the conservation law h; + (hv), = 0. As a result we find that

hy = —25h2hz—8x(/h (u—u(o))),
0

. (28)2 5 Sh2 h (0) .
and the function 7 reads 7 = — = (h°)s — T(?x( (u—wu )) If we introduce
~ sh? h ’
the notation R =R + Taw (/ U — u(o)), the momentum equation (37) reads
0
6 2 h?  (25)? 1 3v ~
h —hv? 4+ =—c— — h®) —Fhhppe = —=(2sh— —)+R 39
(h)e+ (5ho"+ geeq ~ 75 1) T F TRe Bh T ) FR(39)

The remainder R is formally of order O(¢(1 + Re + Re™!)). Dropping this “small”
term, we obtain a conservative form of the shallow water model (38):

he + (hv)e = 0,
ch?  (2s)? 15

6 2
(hv) + (ghv + Re 75 )a X . (40)

This concludes the formal derivation of a shallow water model from the full Navier-
Stokes equations with free surface. Formally, the remainder term R (resp. R) tends to
0 as ¢ — 0. In what follows, we compute a priori estimates in classical Sobolev norms
on the solutions (u,w,p) of the full Navier-Stokes system. We shall prove rigorously
that the convergence of R (resp. R) to 0 holds true in a suitable norm and thus
justify rigorously the formal derivation presented here. Finally, we can easily obtain a
shallow water model without capillarity, setting the capillary coefficient % to 0 in (40).
However, we shall see later on that capillarity is important to obtain energy estimates
on solutions to Navier-Stokes equations and to justify the asymptotic process.
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3. Uniform estimates and Navier—Stokes Eqgs. In that section, we compute
a priori estimates of solutions of the full Navier-Stokes equations in the shallow water
scaling. The method is based on the energy estimates obtained by T. NISHIDA et
al. [12] to prove the existence of global solutions to the Navier-Stokes flows down an
inclined plane. First, the fluid domain is transformed into a fixed domain through
a suitable change of variable. Then, the Navier-Stokes equations are written in the
neighbourhood of a Nusselt flow and the authors derive a priori estimates on the
perturbations of that steady solutions. Classically, for sufficiently ”small” initial data,
the solutions are proved to be global solutions and decays to 0 as t — oco. In order
to simplify the discussion, the functions are periodic in the z-direction. This is the
point of view adopted in that paper. The main issue here is to obtain estimates in the
shallow water asymptotic regime € — 0. The shallow water scaling make the diffusion
term anisotropic: in order to adapt the method of T. NISHIDA et al., we have chosen
to transform the fixed domain into a thin domain of size ¢ in the z-direction. In that
setting, the diffusion is isotropic and we can completely follows the approach of T.
NisHIDA et al.. Their estimates are mainly based on estimates on the Stokes problem.
At this stage, we follow ideas of R. TEMAM and M. ZIANE [13] on the existence
of solutions to Navier-Stokes equations in thin and fized domain: in particular they
obtain Sobolev inequalities and estimates on the Stokes problem in a thin domain. As
a result of this analysis, provided that the perturbation of the Nusselt flow is small
in a suitable weighted norm, we prove uniform estimates on solutions of the Navier-
Stokes equations in the shallow water regime ¢ — 0. In all the paper long, we will
denote || - || and | - |, the L" norm respectively in two-dimensional in space domains
and in the one-dimensional torus T.

3.1. Preliminaries. In that section, we follow the approach initiated by J.T.
BEALE [1, 2] to prove the existence of solutions to the Navier-Stokes equations with
a free boundary. We assume that the functions are periodic in the x variable and
consider small perturbations of the Nusselt flow: for a suitable change of variable,
we write the Navier-Stokes equations in a fixed thin domain. Then, we recall briefly
the fundamental inequalities in thin domains that are used in the paper: Sobolev
inequalities and estimates for the Stokes problem in thin domains.

3.1.1. Reduction of N-S equations to a fixed thin domain. The rescaled
Navier-Stokes equations are given in €2y by

Uu uu wu p e Uu u
t xT 4 R xT R R T zZz )

L2 e 1
2Re’* T  Z2Re ' cRe

Wy + U W, + W w, (% Wey + W52), (41)

Uy +w, =0,
where Q; = {(z,2) € TxR: 0 < z < h(t,z)} is the fluid domain. The system is
supplemented with boundary conditions: The no-slip condition on the bottom
u|z:0 = w|z:0 = 07
and the kinematic equation at surface for h

he + hy u|z:h = wlz:h'
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The continuity of the fluid stress reads

: 1 2 p2
Plaeh + 2 W hep(14+2h2)73 = —suz|z:h1+%h§,
—€
9 482hm ¢ (42)
Usz|omh + €% We|omn = —mwzb:h-

In order to simplify the N-S equations, we introduce the hydrostatic correction of the
pressure p = p — cz. We also assume that h = 1 + h and h is small. We clearly
see that, in the shallow water scaling, the diffusion is anisotropic: in order to recover
an isotropic viscosity and applies the idea of T. NISHIDA et al. [12], we write the
equations in a thin domain and introduce the functions u,w and P so that

m'I’BI

u(t,z,z) = a(t,z,e2), ew(t,x,z)=wtzez), P= (43)

We drop the ~ for the sake of simplifying the notations. The divergence free equation
reads u; + w, = 0, whereas the momentum equations are given, for all (x,z) €
T x (0,e(1+ h)), by

2
ut—i—uum—i-wuz—l—Qqu:E—l;s—i—uAu, (44)
wy +uw, +ww, +2u P, = pAw,

where p is the rescaled viscosity p = Ri In that setting, we write the continuity of
e

the fluid stress at the boundary z = £(1 + h) in the form

1+e2h2

_c 2p2)-2 = —
P=Z04m) +eWhaa(l 46 hy) ™2 = —tag— 739, (45)

- 4e hy
e = T T
The no-slip condition is unchanged and the kinematic equation for A reads in T

W]o—e(140)

- (46)

he + he ul—c(14n) =
In that framework, the steady solution, so called Nusselt flow, is defined by h = 0 and

Ulz, z) = 5%(2”_ 22, P= g (47)

We consider the Navier-Stokes equations in the neighbourhood of the Nusselt flow
and introduce the functions @, P so that

c ~
u="U +u, P=-+P (48)
€
We remove the ~ to simplify the notation. The momentum equations read:

ur+ (U +u)uy +w (U, +u,) + 20 P = pAu,
we+ (U+u)w, +ww, +2u P, = p Aw. (49)

The divergence free equation is written

Uy +w, = 0. (50)
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The boundary conditions at the free surface z = (1 + h) are given by

142 h2
PeShteWhea(l+e2h2) % = —yp 2
2s 4e hy
A
We obtain for the evolution equation for h
SE(l+h
he + (s(1 — ) +u(.,e(1 + h))) hy = w (52)

In the sequel, following the approach initiated by J.T. BEALE [1, 2], we aim to
write the N-S equations (49),(50), in the fized thin domain Q = T x (0,¢). For that
purpose, let us first remark that, integrating the divergence free condition along the
flow depth and using the boundary condition (52), one finds

(e(1+h))
0

d
As a consequence, we obtain T / h(z,t)dx = 0 and the spatial mean of h is constant.
T

In the sequel, we assume < h >= fT h(z,t)dz = 0. Under that hypothesis, we define
h the extension of h to Q as:

T hi(t) ik
h(t,z,z) = E e, Vo e T. (53)
= 1+ k%(z—¢)

Now, we define the change of variable from €2 to ; in the form:

©;: T x (0,6) = T x (0,e(1+h)),
(z,2) = (2,2(1 + h(t,z, 2))). (54)

The Jacobian matrix of the transformation is

De. = ( z%w 1+a(i(zﬁ) ) (55)

The function ©; is then a diffeomorphism between 2 and €2; provided that J =
1+ 0.(zh) > 0 (h is supposed to be small). In order to preserve the divergence free
condition, we introduce the Jacobian decomposition of the fluid velocity

U 1 _ U _
<w)—7D@to@tl<@)o®tl- (56)

Dropping the ~from the equations, the momentum equations transform into

ut+UUm+Uzw+2ﬂpm: MAU+F17
wi +Uwy +2up, = pAw+ Fy,



MATHEMATICAL JUSTIFICATION OF A SHALLOW WATER MODEL 99

whereas the divergence free condition u, + w, = 0 is preserved. The functions F;, i =
1,2 in (57) contain the nonlinear terms:

J, 2
FlthU—i—htza( ) — %(um—Jmu—hmz(u—

+U qu—i—zhmaz(—) —zhgu Uz+laz(3) — wd,(
J J J

u

7)
1 1

+ 2u(hy zp. + (1 = J) pa) +u(2Jum<9$(J) + T udea(5)

u hz

0.2 20.(%) ez, >+h za< 0-(%)

1 U _ 1
_82(3)8z(7)+(J 2 1)0.u+ = 8( )uz—l— zz(j))
hyzu hy 2z hy 2z J hmz 9
7TVt e - J "
z 2\ L uwy hazz B (he 2)? u
VU, u 7 7 Uu 5 U@z(J)
z) = (ha

F2 :_81(

+
(o

2
) 3zp+ hg sz) + /L((l —-J- )uzz

hy 2z Jy

— 3y (R 2)0, (J) + 20, (he z)ax(§) + O (ha z)§
h

9 U hez odezt  Jpzu  2Jy U JeJu
)J18Z(j)+( J) 7 72 72 z(j)— 7i ) (58)

In that setting, the continuity of the fluid stress at the fixed boundary z = ¢ reads,
for all x in T:

uz|z s+wz|z € 2 h = Hy,

Pl.= a__h+€Whmm+Um|z e = Hs, (59)
where the functions H;, ¢ = 1,2 contain the nonlinear terms and are given by
=1 _4;2 2 (1th T %)2@(”) e ?fﬁh)z)
_a(?x(lhj_z;) + 18_]:2 (w, + Elhjf;; + uaz(hLJZ)) + 5(1hiz;:)3,
Hy=eW hao(1 — (1+e2h2)~%) + ﬁ‘””h + 1th<1 - 1 fiizg)
1 - iz Zi ( { J}izh)Q Ou(zu) —&* ?f fh)l?f) (60)
Finally, the time evolution for h is described by the equation in T.
hi +s(1 —h*) h, = w'—: (61)

3
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The N-S equations with free surface are now formulated in a fixed thin domain.
Following the approach of T. NISHIDA et al., we shall compute estimates in Sobolev
norms on solutions of the Stokes problem. In order to estimate the nonlinear terms,
we shall also write some fundamental Sobolev inequalities in thin domain with a
particular attention on the optimal dependence of Sobolev constant with respect to
€. This is done in the next section.

3.1.2. Fundamental inequalities in thin domain. In what follows, we write
the classical Poincaré inequalities and Sobolev injections for the thin domain Q =
T x (0,¢). The resulting inequalities are summarized in the following lemma.

LEMMA 1. Assume that u|,—0 = 0 or u|,—. = 0, there exists a constant C
independent of € so that the following estimates hold

lullo < Celldzullo,  ulls@) < C IV ullo,

[ull o) < CVE (10 ullo + 110 uall0),
In the general case, these inequalities read:

1 1
lullzo) < Cemsllufly,  ulle@) < Cem2 lullz,

For a proof of these Sobolev-type inequalities, see the paper of R. TEMAM and M.
ZIANE [13] on Navier-Stokes equations in thin domain. Those inequalities are deduced
from Poincaré inequalities (Proposition 2.1), Agmon’s inequalities in thin domain
(Proposition 2.2) and anisotropic Ladhyzhenskaya’s inequality (Proposition 2.3). A
straightforward application of this lemma yields the further Sobolev-type inequalities.
We easily prove the following result.

LEMMA 2. Denote H§ the subspace of Sobolev space H®(Q2) vanishing either on
z =0 or z = €. There exists a constant C, independent of € so that the following
inequalities hold true:

luvllo < CVE(IVullo + IV usllo) lvllo, ¥ (u,v) € Hf x L7,

A

_1
luvllo < Ce™2 [lullz[lvllo, V¥ (u,0) € H? x L2,

Moreover, we can also prove that

1

luvllo < Ce® [[Vullo [Vollo, ¥ (u,v) € Hy x Hy,

luvlo < Ce™3 ||Vulolv|1, Y (u,v) € HY x H,
_1

luvlly < Ot ull ol ¥(uv) € H' x HY

The proof of the first set of inequalities is obtained using the classical Sobolev em-
bedding H?(Q)) — L>(Q), with the optimal Sobolev constant defined in Lemma 1.
The second set of inequalities results from the embedding L°(Q) x L°(Q) — L?*(Q)
together with the estimate

1
uvlrea) < Cet |lull Loy [[v] s (@),

with C is independent of &.
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Applying Lemma 1, we can also obtain estimates of the extension h of h on the domain
Q. The proof of the following lemma is straightforward.

LEMMA 3. There exists a constant C' independent of € such that for any a =
(a1,a0) and n = |a|, the extension h of h on Q satisfies the estimates

1050 < CVE1] hlo,  [05Rll0 < C'hl, s,

Moreover, using the fact that 0***1h(x,e) = 0 and Lemma 1, one obtains the
uniform estimates:

HEHOO < Clhalo, HEZHOO < C\/§|h|%, ”EZHO < Celhazlo-

Proof. We prove the estimates on |[|0hl|o and start with the derivatives in the
z-direction. It is an easy computation to show that

_ € dz
n 2 2 2n
|05 Rll5 = [hel*|K] /O (5 3 (62)

k+£0 (2 —¢)?)

With a change of variable in (62), one proves that

_ x du
JOT2 = S 2P ek, Fa) = / :

22
o 1+ u?)
The function f is bounded and |f(z)| < z, Va € (0,400). We easily prove that

107 hllo < €|z hlo, 1107 R]o0 < [1£llsclh]

1.
n—sz

In a similar way, one can prove that

— * 2du
8nazh 2 — h 2 k 2n-+1 k , :/ u
1020 = 5 el 9to) = [ o

The function g is bounded and [g(x)| < z, Vo € (0,+00). We easily deduce the
estimates on ||070,h|lo. The bounds on the higher order derivatives of h follows
similarly. O

Following the method of T. NISHIDA et al. [12] to obtain a priori estimates on
the solutions of the full Navier-Stokes equations, we shall write energy inequalities
involving the fluid velocity (u,w), the time and transverse derivatives 0292 (u, w) and
their gradients. We estimate the other derivatives of (u,w) and the pressure p using
the regularity in the Stokes problem. The main issue here is to obtain the dependence
of the regularity constant with respect to €. In what follows, we consider the Stokes
problem on the thin domain 2 = T x (0,¢) with Dirichlet boundary conditions. We
shall prove the following result.

LEMMA 4. Let f € (Hl(Q))2, GRS (H% (T))2 and consider the Stokes problem in
Q:

divu = 0,
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with the boundary conditions
E|z:0 = 07 E|z:s = ¢
There exists a constant C independent of € so that for i =0,1:

|¢2|z

_ 911
[l + IVl < € (171 g™+ 5 4 VTl + [V Tesllo) . (63)

Proof. We first prove the case i = 0. More precisely, we show that there exists a
constant C independent of € so that:

|¢1|1 |¢2|0

[l + 192l < € (1710 + + VT ]o). (64)

The case i = 1 follows immediately from that particular case: we derive the Stokes
equations in the z-direction and use the case ¢ = 0 to estimate the functions
020%7,0, Vp for any o > 1, a + 8 < 3. The other derivatives of w and 92 p are
estimated using the d1vergence free condition whereas the derivatives of u are esti-
mated using the Stokes equations and in particular

Uyy = _fl + 6;3]9 — Ugg

Now we prove (64) and write the function @ in the form @ = (u,w). In the sequel,
we shall note C' a constant independent of €. Using the Poincaré inequality and the
divergence free condition, we easily prove that

lullo + [lwllo + I Vullo + [[Vwllo < C([10:ullo + [ Vuallo)-
From the Stokes equation, we deduce that
[@zzllo < C(Ifllo + IV llo + [ VEllo)- (65)

Assume for the moment that Vp satisfies the estimate

IVl < © (171 + 124l 4 1220), (66)
c2

We want to estimate ||0,ullp. An integration by parts yields

/Q(azu)2z/qru(-,a)uz(-,s)dx—/ﬂuuzz.

Using the boundary conditions and Cauchy Schwarz inequalities, one finds

/Q(az u)2 < |¢1 |0|uz(-, 5)|0 + EHazu”OHUZZHO'

It is easily proved that

(e, o < C(VLg

Using Young’s inequality and the estimate (65) on u.., we obtain

10 ullo + velluzzllo).-

J0-ullo < (1o + 1250 + 1220), (67
£2
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We prove the estimate (66) on Vp. From the Stokes equation and the divergence free
condition, we easily prove that

10=pllo < [[fllo + I Ve o
Let 7 € H%(Q) so that
U),z0 =0, Tliee =¢, divi=0.

Such a function exists due to potential theory [7]. Let us write @ in the form @ = v+ 4.
Then we find that u, p satisfies the Stokes problem

—Au+ Vp = f+ A7,
(68)

divii =0, |,=0 = U|,=c = 0.

With a symmetry argument, R. TEMAM and M. ZIANE [13] (Lemma 2.6) proved that
in such a case, there exists C independent of € so that

lillz + 1V pllo < C(1If + Ad]o).

The estimates obtained in [7] for © would give

[Z1R

3
2

+—=
£2

|¢2|g)' (69)

Il + 192l < O (11 fllo + =

The inequality (69) is not optimal here. In the sequel, we ”improve” that estimate
provided that we add a correction term ||Vuyl|lo. Using the divergence free condition,
the lemma is proved provided that

: |¢1|1 |¢2|0
min |Aufo < € (251 +52), (70)

3 5
€2 €2

where X is the functional space

X—{UEH2(Q): Um0 =0, Ulrme = @1, / uz(~,z)dz——¢2}.
0
In order to prove (70), we decompose u and ¢ into Fourier series:

u(z,z) = Zuk(z)ei]”, b(z) = Z(¢17k7¢27k)eikm'

k€EZ keZ

Note that ¢ shall satisfy the compatibility condition ¢29 = 0. Then the problem
reduces to find the optimal solution uy, k € Z so that

€ €
/ |u (2) — k? ug(2)|?dz = min (/ [v" () — k? v(2)|2dz),
0 0
under the constraints

© id2 K
Voo =0, s = d1p, / o(z)dz = P2k (71)
0

k
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It is easily proved that if uj is a solution of the minimization problem, then for any
¢ € C*(0,¢), the function uy, satisfies the Euler-Lagrange equation

€
/ (u,(f) - 2k2u,(€2) + k4uk)l¢(2)dz =0.
0

As a consequence, the function wuy satisfies ugf) - 2k2u,(€3) + k*uj, = 0 and can be
written

up(z) = A+ Bceosh(kz) + Csinh(kz) + Dz cosh(kz) + Ezsinh(kz).

The minimization problem then reduces to finding (A, ..., Ej) so that
€
/ |k*Ar — 2k(Dy, sinh(kz) + Ej cosh(kz)) |
0

g
= min/ |k*A — 2k(Dsinh(kz) + E cosh(kz))|?,
0

whereas the constraints (71) read

A+ B =0,
A+ B cosh(ke) + Csinh(ke) + De cosh(ke) + Eesinh(ke) = é1.1,
A Bsmhk(ks) n CCOSh(]ZE) -1
4D 1- cosh(ks)k;l— ek sinh(ke) n Eak cosh(ka}i; sinh(ke) _ i(b]jk. (72)

We eliminate A from the constraints (72). Furthermore, we can consider, without
loss of generality, the minimization problem in R:

g
/ |k*By, + 2k(Dy, sinh(kz) + Ej cosh(kz)) |
0
g
= min/ |k?B + 2k(Dsinh(kz) + E cosh(kz))|?,
0

under the constraints

B(cosh(ke) — 1) + C'sinh(ke) 4+ De cosh(ke) + Ee sinh(ke) = ¢1 i,
B(sinh(ke) — ke) + C(cosh(ke) — 1)

cosh(ke) — 1

——

sinh(ke)

+D(e sinh(ke) .

) + E(e cosh(ke) — ) =2k, (73)

where ¢; i, Ak, ..., B, € R. Here, we choose D = E = 0. In that case, we find

cosh(ke) — 1
2(1 — cosh(ke)) + ke sinh(ke)

sinh(ke)

B =
2(1 — cosh(ke)) + ke sinh(ke)

o1k + 2.k

In order to simplify the notations, we introduce A%, A% so that

B =AY ¢y 1 4+ AX o,
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and we note u(x,z) = Y, o, uk(2)e™* the solution associated to that Fourier decom-
position, we find that

Jaullo < e [kl (45216141 + (45)%]gk]2).
k

We estimate ZE |k|* (A¥)2| ¢y x|*: separating the different cases ke = O(g), ke =
k
O(1) and ke > 1, we obtain

|¢1[7

3

> ekl (AN)2oukl? < C

k

)

with C, a constant independent of €. Similarly, we prove that
4) kY2 2 |23
ZEW (A3)°|p2,k]” < 05—5-
k
As a consequence, we have proved that
$1l | o200
I9pllo < (Il + 2118 1 12210)
£2 €2
This completes the proof of the lemma. O

We shall also give a formulation of a Korn’s inequality in the thin domain setting.
H. ITO has proved, in [10], the following result

LEMMA 5. Letu € (Hl(Q))2 so that
u|z=0 =0, divu = 0.

Then the following Korn’s inequality holds

‘Vu—i—Vut 2

2
5 > §||VU||%2(Q)-

1D 2y = ]

L2(Q)

3.2. Classical estimates in the shallow water scaling. In the following,
we shall prove that the energy estimates obtained by T. NISHIDA and coauthors in
[12] still hold true in the shallow water scaling. We recall the Navier-Stokes system,
written in the fixed domain Q@ =T x (0, ¢).

ut+UUm+Uzw+2ﬂpm: MAU+F17
wy +Uwg +2up, = pAw+ Fy, (74)
Uz +w, = 0.

The continuity of the fluid stress at the fixed boundary z = € reads in T,

S
uz'z:a + wz|z:€ - 2g h = Hy,

P|z:s - Eh"'EWhmx +um|z:5 = HQ;
g
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whereas h satisfies the equation in T:

he + s(1 — h%) hy = “"T: (76)
We recall that the full expressions of the nonlinear terms F, F5 in the Navier-Stokes
equations and Hy, Hy in the boundary conditions are given by (58),(60). The non-
dimensional constant y is given by 1 = ¢/Re. In what follows, we shall denote (k)

the symmetric matrix 8(h) = b(h)(Id — b(h))_l with

—0,(zh) z0;h
0.(zh) — (20,h)*
20zh 15 0.(2h)

b(h) =

The purpose of that section is to prove the following result.

THEOREM 1. There exists €1 > 0 such that if

in(0 holso
T ca P nlo + e ualy + VBl <21 (70

then there exists v1, so that the following energy estimate holds
0
g (E(u,w) + uK(h)) + 710 G(u,w) <0.
Here E, K, G denote the functions

2
E(u,w) = Y1103 (u, w)llo + ((1d + 5(h))ru, dyu),

j=0
K(h) =c(>_100hlo +[0:h[3) + 5 (D 1037 hlo + |0xeh[3)
7=0 j=0

2
Glu,w) = Y IV (u,w)|[§ + [1V0; (u, w)|.

J=0

REMARK. As we shall see later, this estimate is sufficient to obtain estimates of
the fluid speed (u,w) in the classical Sobolev spaces H?(§2), H3(2).

Proof. Following the paper of T. NISHIDA and coauthors [12], we shall decompose
the proof into several steps. First, we show the following result.

PROPOSITION 1. There exists €1 > 0 so that for

|hgz|0 + 5%|h’0

s+ VI, 00z < o1,

the solution (u,w), Vp of Navier-Stokes system satisfies for i = 0,1

_ Cr._ _ _ _ _
[T+ 991 < = (Il + (s + Re ™) (Vo + [ Velo + [ Veall))-— (78)

In order to prove that proposition, we consider the Stokes problem
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—pAT 4+ 2uVp = F — 1y — Uti, — U'(w, 0)",
divu = 0, (79)
ﬂ|z:0 =0, ulz:a = (ulz:a‘aw'z:a)-

We apply Lemma 4 to the Stokes problem (79) and obtain

I — — Ulz=e|1+1i Wz=¢|i
el 429 < € (1P -0, -0, 0)t (et el s

The boundary terms are bounded by

|u|z:8|l+i S \/E(HVU‘LE”O + ||vuww||0)u
w]a=c|i < eVe([[Vuzllo + [[Vuuzallo)-

We obtain the second inequality using the divergence free condition in the form w, =
—u, and a Poincaré inequality. Similarly, the linear term U7, + U’(w,0)? satisfies for
1=0,1

10T, + U’ (w,0)! | < C (Vo + Ve o + | Vralo )
whereas ||[Tt|l; < C||Vay||o. Inserting those inequalities into (80), we obtain

pllullai + 2ul Vplli <
C(HF”i + Vo + (s + Re™ ) ([ Vallo + |V lo + HWMHO)). (81)
Now we consider the nonlinear terms F = (Fy, F3). We can write F in the form

F = ub(h)Vp+ F where F contains only derivatives of h and w. We easily prove
that

l120(h)V plli < C(Jhaalo + €% [R]3) VPl

Under the hypothesis of the proposition and for £; sufficiently small, the inequality
(81) still holds with F' replaced by F'.

The second order terms of F' have the form pa;(h, Vh)3I0%T with j + k = 2 and
are estimated by

i a0, VR)DLOS|s < 11 Cler) (|haa| + €3 |hlg ) [Tl

Next, we consider the nonlinear terms involving a third order derivative in h. More
precisely, those terms have the form 1 b; . (h, Vh, z) u920%h with j+k = 3. We prove
easily that

1b;,(h, Vh, 2) udj0Eh]lo < Cler)e? |kl ([ Vullo + | Vuao),
(82)
1b;5(h, Vi, 2) udl0Fh]y < Cler) Ve |ull2 b5

We shall obtain a bound for |h| 1 for that purpose, we consider the equation on the
boundary z = e:

p|z:g - gh + Ethz + uz|z:5 = H2- (83)
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3 z
We apply the operator 92 to (83) and take the scalar product with 9Zh. Using
Cauchy Schwarz inequality, we obtain

C 9 9 3 5 3
Z|hfs +eWIhf; < |hl5 (102 plo + 107 u(e, )lo + 07 Halo) (84)

z
2

We set k = 2. In the derivation of the shallow water model, we assumed that
k = O(1): in particular, x can be set to 0. In what follows, we assume for the
moment that £ > 0. We deduce from (84) that

3
#lhlg < Ce (9Pl + [ Vuaallo + 07 Halo) (85)
The Sobolev space H 2 (T) being an algebra, we easily prove that
3
107 Halo < C(IVuallo + | Vtaallo + ellulls) + Ce2(ulls + bl 5) Rl A5
Inserting that inequality into (85), one obtains
(k= C(|ull2 + [h]3)IRl5) Il 7 < CE(HVplll +eflulls + [ Vuallo + | Vuaello)- (86)
Substituting (86) into (82), we easily obtain that for 1 sufficiently small, those terms
have no influence in (78). Furthermore, the other nonlinear terms are of lower order
and have no influence here. The proof of Proposition 1 is then complete.
We are now in a position to obtain energy estimates: according to Proposition 1,
we shall derive estimates for 05 v with o« = 0,1,2 and 0; v and their gradients. We
first consider the derivatives in the z-direction. We note v a constant defined by v =

2 — 2sRe. In the following, we shall denote |[u] = [|ulz2(0), (4, v)) = (u,v)120)):
and |h| = |h|p2(r). One can prove the following result.

PROPOSITION 2. Setting © = (u,w), the fluid velocity T and the fluid height h
satisfy

o |[]|® + (cln)? 2 2 28
A clh|® + K|hg| ) + 9| Va||© < hu =, (87)
2u e Jr
1
+ / Hyulee — 2How|—c + 26 8 h2hphye + —((F, 7)),
T M

[ || 2 2 2 28
O + (C|hz| + K|haal ) + IV ||” < hatg]s=c (88)
2u e Jr

1
+ /(Hl)m|z:5 Uy — 2(H2)z wm|z:e - 25(Ch/m - ’{hzzz)am(fﬁhz) + ;((FI;EI))v
T

”me“2 2 2 _ 2 §
2u e Jr

1
+ /(Hl)mx umx|z:e - 2(H2)mx wzz|z:e - 2S(Chzz - ’ihzzzz)amx(hzhz) + ;((Fzzaﬂxx))
T
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Denote F = F+2ub(h)Vp and 3 = b(h)(Id—b(h))~ . The function T and hy satisfy
the estimate
(L + B(h))ar, m)
615( 2 + (

2s
<Z / - / (H ) it o — 2(H) w1l oce — 25(chy — ihaat) Oy (h2ha)
T T

clhel? + klhoel?) ) + 1V (90)

+ ((th,ﬂt)) + 2(atb(h)vp|zzeaﬂt|z:6) + %(atﬁ(h)ut|z:euﬂt|z:€)

+

TlI=T|~

(ﬁ(h) (ﬁt + 2/M9tbv]9 - Uﬂ:l)t - U/(wta O)t) |z:€7 ut|z:e) .

Proof. The method for proving (87)— (90) is similar to the one employed by T.
NisHIDA and coauthors: see [12] for more details. We shall mention here that we have
applied Lemma 5 and used a Korn’s inequality

ID@)FL20yy> = IV ()2,
with a constant ¢(2) = 2/3 that is independent of . O

Let us prove Theorem 1: for that purpose, we sum the inequalities (87)—(90). We
obtain

0 (E(u,w)

(= + K(h)) +7 G, w) < R, (91)

where R,,; is defined as
2s
Rnl = ? hu|z:e + h/IJu13|Z:€ + h/IIJU’IJI|Z:€ + htutlz:e
T

1 — — —_— =
o (Em) 4 (FoT) + (o, ) + ()

1 ~
+ ; (ﬁ(h) (Ft + 2M6tbvp - Uﬂ:l)t - U/(wtu O)t) |z:euﬂt|z:e)

1
+ 2(6tb(h)vp|z:eu ﬂtlz:e) + 5 (atﬁ(h)ﬂ”z:eu ﬂtlz:e)

+ / Hyu|,—e — 2How|o—c + 26 8 h?hyhasy
T

+ /(Hl)x ux|z:e - 2(H2)x wz|z:e - 25(Ch/x - ’ihzzz)az (h2hz)
T

+ /(Hl)xx uzz|z:e - 2(H2)xx wxm|z:e - 2S(Chzz - ’ihzzzz)azz(hzhz)
T

+ /(Hl)t ut|z:é — 2(H2)t wt|z:€ — 2S(Ch,t — K,I’met)at(h?hz). (92)
T

We show that under the hypothesis (77), and for 10 sufficiently small, |R|,; <
%G(u,w): that proves Theorem 1 with the choice v; = % Denoting I the singular

term in front of 2s/e, we can prove that

2s 2s
—hl < %(Ihml + [he]) G u, w)?.
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Furthermore, we obtain an estimate on |hz,| with the boundary condition
€P|zme — ch + K hyy + €Uy | = = eHo. (93)

Mutiply (93) with h,, and integrate over T: for e; sufficiently small, |hz,| <
gG(u,w)%. Similarly, using the boundary condition (76), we prove that |h;| sat-
K

isfies the same estimate. As a consequence, we have proved that
2s s
—|h| £ C—=G(u,w)
€ K\/E

and for 1 small enough, that term is ”absorbed” in v G(u, w). We consider the other
boundary terms: one can show that

|/8§H18§u|z:€| < VEG(uw), k=0,1,2, (94)
T

The boundary terms [, OF Hyokw| =, Jp O H 104l =, |1 01 H20uul.—. satisfy the same
estimate. We consider I, = fT smhmm(fﬂhw)m:

S
2] < swlhf3 IR < O~ (VEIAIR) Glon ) (95)

The last inequality is obtained with the estimate (86). The other boundary terms
are of lower order and can be bounded similarly.

We finish the proof with the terms involving the nonlinear terms F'. Using a Poincaré
inequality and integration by parts in the z-direction, one proves that

I _ _ _
5] = 1E) + (Fo, )| < I1Flo (Il + Ve o).

It is a lenghtly but straightforward computation to prove that ||F|o < Ce1 G(u,w)
and I3 is "absorbed” in the term vG (u, w). We consider the term containing high order
derivatives (Fy, Ty, ): an integration by parts yields i(FM,Um) = —%(Fm,ﬂmm). We
have to deal with the term I, = fQ(J_2 — 1)UzzpUsgs: the other terms are of lower
order and can be estimated it is easily proved that

hloo
14| < O(% + Velh

3 ) (ullul3)[[Vuzello- (96)

Then for £; small enough, |I4| is absorbed by v Fs(u,w). Similarly, the only term
containing time derivatives that is important here has the form

Is= /Q(J_2 - 1)uzztut
= /(J_2 — 1)uzt|z:6ut|z:€ — / ((J_2 — 1)’U,t)z Uyt (97)
T Q

We deduce u,¢|,—. from the boundary condition (75): deriving the equation on u,|,—,
with respect to ¢, one obtains

_ _ S
/(J 2 1)uzt|z:€ut|z:6 = /(J 2 1)(H1)t — wmt|z:6 —2- ht)ut.
T T €
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Those terms have been treated before and we show that |I5| < Ceq G(u, w).

As a conclusion, we have proved that for £; sufficiently small,
R < Ce1 Glu,w) < gG(u,w).

This completes the proof of Theorem 1.

4. Rigorous derivation of a shallow water model. In that section, we justify
rigorously the derivation of the shallow water model from the Navier-Stokes equations.
Recall that the evolution system for the fluid height h and the discharge rate hv = foh v
can be written, in the shallow water scaling as

ht + (h’l))m =
6 ch?  (2s)? _ 1 3v ~ (98)
(h“)t+(5h Re 75 h)m_“hhm_sRe( h=G )+ R

with R a function of h, (u,w),p and their derivatives. Formally, that function R is
order O(¢(1+Re+Re ') and converges formally to 0 as € — 0. In what follows, we
prove that R converges to 0 as ¢ — 0 in a suitable functional space. As a byproduct of
the method of derivation, we also obtained lubrication models with a single equation
on the fluid height A that can be justified rigorously.

4.1. Estimate of the remainder in the shallow water model. In that
section, we shall prove that lim. .o 2 = 0 in a suitable functional space: we first recall
the definition of R. Let @, @, p, h a solution of the Navier-Stokes system (74),(75),(76).
We define u,w, p,h = 1 + h solution of the Navier-Stokes system (8), (9), (10) that
was used to derive shallow-water equations associated to u, w, p, h through the change
of variables (43), (48), (56). More precisely, the functions u, w, p reads

(Eﬁ‘w) (t,z,2) = (g) + %D@to@; (w2 2) (w> (.07 (r22,),

p(t,x,z) = c(1 — 2) +ep(t,0;  (z,e2)), (99)
with U(2) = 5(22 — 2%) and the function R is written
R =Ri+Rs+Rs.
The function R is defined as

Ry = -0, RV (t,2) — 0,RP (¢, 2)
&

n ﬁam(/oh(t’m) ot Q)dC) +7((1= (1 +2202) ) hohay ) (100)

with
h(t,x)
RO (t,2) = / (u? — <u<0>>2)<t7x,<>dc
0

+12 h(m)é t)d 1) d
= = (t
15“/0 u(z,y,t)dy + 15h / u(t, z, ) y )

h(t,x)
R (t,) = / (p—p ) (¢, z,¢)dC.
0
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The function Ry reads
1
=0.R5"(0) — 7 / RY (101)

with Rél) defined as

- [ [ et [ [ o

w ’U},(zo)
22 () + %) (w® () + %))

/ / uw—u) + (uuy — uOu) + (wu, — w@u),

whereas the function Rg3 is written

sh? h
Rs 1 &E(/o u—u ) (102)

The purpose of that section is to prove the following result.

K
THEOREM 2. Assume that the capillary constant ® has the form § = 7 Let us
€

suppose that the initial conditions (ﬁo,ﬁ)o,izo) satisfy the assumptions of Theorem 1

sin(#)

and that is sufficiently small. Then the function R satisfies the estimate

IRl ) < Cve

£2(0,00:L2(T)

with C, a constant, that does not depend on €.

Proof. In what follows, we shall express the remainders R; as functions of w, w, p, p
and use the estimates obtained previously. Let us first note that the functions u, w, p
read

W(0; Yz, e2)) = ul® — 2shz + %ﬂ(t, 0; ! (z,e2)),

(t,x z)—s(2z—z2)+7
_iLm
w(t,z,z) = s(w + %ﬂ)(t,@;l(x,ez)),
p(t iz, 2) = p© — ch + e p(t, 0; ' (x,e2)

For the sake of simplicity, denote Z = 6, *(x,e2) defined so that ©; ' (z,e2) = (2,%)
and

=%(1+ h(t,z,%)),

The proof of Theorem 2 is done in three steps. We first prove the following result.

LEMMA 6. The function Rs satisfies the estimate:

IRal ) SOVE

£2(0,003L2(T)
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Proof. The function R3 can be written in the form

2 1+h _ ~
Ry = %am(/o —2shz + ;(x,egl(t,x,sz))dz). (103)

We make the change of variable Z(1 4 h(t, z,%Z) = €z in the integral (103):

h? = 1 f°
82 3 o 1 5
=- (1+2h)h, + —/ Uy (t, x, 2)dz.
4 € Jo

Recall that we have obtained an estimate of |h;z|o in the form
C & .
haalo < E\/E(ZO Voo + [Vl )
J:

We deduce from Theorem 1 that |h]

inequality, one finds

Lo (o,oo;L2(1r)) < C. Furthermore, using Poincaré

1 €
e
€Jo

As a consequence, the function R3 satisfies HRg,HL2 (o

< Ve[|V ]o.
0

oo;L2(11‘)) < C/e. This

completes the proof of the lemma. O
We next show that the correction terms obtained from the averaged convection
terms and pressure terms are order O(1/¢).

LEMMA 7. The function R1 satisfies the estimate:

Rl ) < Cye.

£2(0,003L%(T)

Proof. After a change of variable and using the continuity of fluid stress, We write
(2)
R

€

R = sh(H2 - awlz:é‘) +/ J(b(t, 2, %) — p(t, x,€)) dZ.
0

It is a straightforward computation to prove that

0:RYY| < O=(|Haly + [ (- )lo + [t (-, 2)lo)
+CVe(lp = B()llo + 1Pz — Bx(,2)llo)-
From the Poincaré inequality and estimates on ||[Vp|o and ||Vpe||o together with the
estimates on Hs, we deduce that

2
2Ry < OVE( Y IV 0%llo + [ Viielo ).

=0
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Following the method to obtain an estimate of R3, one shows that 817351) satisfies
2 .
0. R0 < CVE( D IV0gllo + I Viteo).
j=0

Furthermore, one can prove that

h 3

o [ druatt. )l < € (9ullo+ [ Viall).
0

Then, there remains to deal with the capillary term Iz = ®((1— (1 —|—52hi))*%hzhm).
Here we use the fact that |hg.|o is a bounded function of time and |hy|oo < |huzlo:
one can prove that |Iz| < CRe?|hy.|o. From the estimates on |hy.|o, we obtain

2
1| < =3 (3 9 dilo + [ Velo ).
j=0

This completes the proof of the lemma 7. O

We finish the proof of the Theorem 2 with the estimate of Rs.

LEMMA 8. The function Ry satisfies the estimate

[ Rl < Cve.

£2(0,00:L2(T))
2 h
Proof. The function R is written Ry = (?ZRS)(O) + ﬁ/ Rél)(t, . C)d¢. We
0
first consider the function (’LRS)(O) defined as

3

0:R"(0) = =

" o_ "2 ©
/O Ugge — Ugy — 0 %(p_p )w

€ w, wgo)
e (i + 72 i?,iy @O+ 2 Eif;)% )

h
—|—/ (u—u®); + (uuy — u@Oul) + (wu, — wOu),
0

First, following the proof of Lemma 7, one can show that

e [ o _ "2 ©) ~ e
E/0 um—um—/o ReP—P )z|0SC\/E(;||V3%UHO+HVW|O>7

h 2
| s = )+ (w — 0l < OVE( S [Vl + [Vail).
0

Jj=0

Furthermore, we easily show, after a change of variable, that

h € €
C - -
[ ae < S| 1al +| [
0 € 0 0

+
0

).

0
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Then, using Cauchy Schwarz and Poincaré inequalities, one obtains

h
[ = < 0VE(I9allo + 19).
0

The boundary term —e(w, (h)—wéo) (h))/Re is written, using divergence free condition

and the no slip condition

3

e h
g le () =l () = o= [ (s =),

That term has been treated previously. Finally, we consider the boundary term

h
(1 =) () = w00 = g2 [ e =),

Re
(1= 22027 (w00 = w®0)| < | [+ | [ 1ol + 1 [ 1o
< OVE (I Vitallo + Viilo)-

After a change of variable, we obtain

)

Finally, the integral term foh Rél) /h? is estimated similarly. One can prove that

1 h 2 - )
Iﬁ/0 Ry < OVE( Y IVaiillo + [ Varlo)
7=0

and Lemma 8 is proved. O

As a consequence, from Lemmas 6, 7, 8, we deduce that the remainder term R in the
shallow-water system (98) satisfies

IR <CVE

£2((0,00),L3(T)) =

This concludes the proof of Theorem (2) and the mathematical justification of
the shallow water model (98).

4.2. Lubrication models. As a by product of the derivation of shallow water
equations, we shall obtain a hierarchy of model with a single equation on the fluid
height h: these are lubrication models. First let us recall that h,v satisfies the mass
conservation equation

he + (), = 0. (104)

As a first approximation, hv satisfies the expansion
h3 h
hv:2s?+/ (u—u®). (105)
0

Substituting equation (105) into (104), one obtains the Burgers type equation

3

he + (s%)w = —aw(/oh(u - u<0>)). (106)
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We then deduce from the analysis of the previous section that

—am( /0 h(u - u“”)) = 0(Ve)

in the L2((O, 00), LQ(R))-norm and this justifies the fact that the Burgers type equa-
tion (106) is a first approximation of shallow water flows. Furthermore, we can obtain
more accurate models, using the more precise expansion of hv:

hg t h(t,z) h(t,z)
(hv)(t,z) = 2s¥ +a/ E(l)(t,x,C)dC+aRe/ R (t,x,¢)d¢, (107)
0 0

where 7V is the function
W = —2p©@ —Re(ul” + u@ul? + w@u®).

Then, it is a lengthly but straightforward computation that h satisfies the lubrication
equation

h3 8s% —
Oh + 8, (3 (25 +=(Re=—h" —20)h, + 2g,<;hm)) = Rius, (108)

and the function R;,; satisfies the estimate

3
||RlUb||L2 (O,OO;L2(]R)) S CEZ :

This justifies the lubrication approximation for shallow water flows.

h? 8s% _
Oih + 0, (3 (25 +=(Re=—h" —20)h, + 2gmm)) —0. (109)

At this stage, one can derive a viscous Burgers equation: let us write A in the form
h = 1+¢eh(s(x—2st),e%7). This is precisely the diffusive scaling used in [15], to derive
a viscous Burgers equation from the full Navier-Stokes system. Then one proves that
h satisfies, up to zeroth order in ¢ the equation

Ok + ady(B) = BOush, a,B > 0. (110)

As a conclusion, we recover a result similar to that of H. UECKER [15] in the particular
case of periodic functions in the streamwise variable: here we can also prove that the
perturbation h decays exponentially fast whereas localized solutions of (110) have a
self similar decay.

5. Conclusion. In this paper, we have rigourously justified the derivation of
a shallow water system. Such proof has been possible due to the iterative scheme
which is described in Subsection 2.2. Mathematical justification of the shallow water
derivation described in [8] and for which well posedness has been studied in [6] is
an open problem. It corresponds to a Navier slip boundary condition assumption
on the bottom instead of a no-slip condition with a particular relation between the
Reynolds number and the aspect ratio coefficient. Remark also that our proof has
been written from the 2D Navier-Stokes equations to a 1D shallow water systems
but the generalization to the 3D-2D case may be done in the same way with higher
derivative estimates. The main hypothesis is a non zero surface tension coefficient.
Looking at the vanishing surface tension limit is an interesting open problem that is
postponed to a forthcoming work.
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