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Various analytical solutions for the incompressible
Euler and Navier-Stokes systems with free surface
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Abstract

In this paper, we propose several time dependent analytical solutions
for the incompressible Euler and Navier-Stokes systems with free sur-
face. The given analytical solutions concerns the hydrostatic and non-
hydrostatic Euler and Navier-Stokes systems.

1 Introduction

Models arising in fluid dynamics are often based on the Euler or Navier-Stokes
equations and are generally difficult to analyze both at the mathematical or
numerical level. As a consequence the derivation of simplified models is im-
portant, however the design of efficient/validated numerical schemes for such
models remains complex. Presence of the free surface complicates the digital
study of the models. It is then possible to show only very few properties on
the digital plans and often not the convergence of these. A way to circumvent
this difficulty is to have access to analytical solutions of the considered problem.
Indeed, analytical solutions allow

e to have access to a complete behavior of the variables of a model in a given
situation,
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e to find closure relations for unknown quantities during the derivation pro-
cess of models simpler than the Navier-Stokes equations (e.g. shallow
water type models),

e to confront the simulated solutions with reference solutions. And it makes
possible the study of the convergence order of a simulated solution towards
the reference one.

Many of the analytical solutions which we find in the literature concern two-
dimensional shalow water type models, few have solutions distributed on the
vertical line. One of the most famous is the paper of Thacker [I6]. We spread
these works to the three-dimensional case, to the variable density and to several
tracers. Our analytical solutions can also treat the case where the wet/dry
interface is moving.

This paper is organized as follows. In section [2] we present the notations and
the various variants of the Euler and Navier-Stokes system studied in this paper.
Then we present our analytical solutions of the Euler and Navier-Stokes systems
for non hydrostatic or hydrostatic cases, with a time variable topography or with
a variable density. In each case, we give illustrations of the typical situations
depicted by the proposed analytical solutions. In the last part, we present an
analytical solution for propagative waves in an linearized Euler system and a
full Euler system where the free surface is not necessary on the sinusoidal form.

2 The Euler and Navier-Stokes systems

We consider the three-dimensional Navier-Stokes system [11] describing a free
surface gravitational flow moving over a bottom topography zy(z,y).

V.U =0, (1)
ouU 1
—+V.(UgU)=g+ —V.5r, (2)
ot Po

where U(t, x,y,2) = (u,v,w)T is the velocity, p is the fluid pressure, pg is the
density, g = (0,0, —g)T represents the gravity forces and py a constant density.

T
The quantity V denotes V = <%, 0%, %) . We assume a Newtonian fluid, p
is the viscosity coefficient. The viscosity stress tensor 3 is given by

L =p(VU+(VO)T).
We define the total stress tensor X1 by
Yr=-pli+X.
We consider a free surface flow (see Fig. [1} therefore we assume

zp(2,y) < 2 <t 2, y) == h(t,2,y) + 2 (7, y)
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Figure 1: Flow domain with water height h(¢,z,y), free surface n(t,z,y) and
bottom zy(z,y).

with z3(x,y) the bottom elevation and h(t, z,y) the water depth.

In Egs. —, the fluid density is supposed constant p(t,z,y,z) = po = 1
and we consider the fluid contains a tracer ¢(t, x,y, z). The tracer ¢ is governed
by a transport-diffusion equation

0
L UYo =, 3)

where p4 is the tracer diffusivity and A is the classical laplacian operator.

2.1 Boundary conditions

At the free surface, the kinematic boundary condition is

on an In
. s s~ Ws = Oa 4
ot T "ar Ty (4)
whereas at the bottom we have the non-penetration condition
321; 8zb
il =0 _ =0, 5
Ubax Jr'Ubay Wy (5)

where the subscript s (resp. b) denotes the value of the considered quantity at
the free surface (resp. at the bottom).

Let n, and n, be the unit outward normals at the bottom and at the free
surface respectively defined by

1 1 _
n = —F——— ( Vauh ) , and ng = —(/———— ( Vayll ) )
V1 [ Va2 -1 V14 Ve,nP? 1

where V., corresponds to the projection of V on the horizontal plane i.e.
T
2 2
Vaoy = (67’ Fy) :



At the bottom we prescribe a friction condition given e.g. by a Navier law
(ZT.nb).tf, = —K [Jb.té7 (6)

with £ = k(h,up) > 0 a Navier coefficient and tj, i = 1,2 are two tangential
vectors (np.t) = 0).
On the free surface, we impose the condition

z3T~ns = —pa(t,l‘,y)l’ls +Tw(t,1‘7y)ts, (7)

where p*(t,x,y), Tw(t, x,y) are two given quantities, p® (resp. 7,,) mimicks the
effects of the atmospheric pressure (resp. the wind blowing at the free surface),
t, a tangential vector satisfying ns.t; = 0. The boundary conditions associated
with Eq. are given by

po Vol ns = F2, (8)
and

1o V|, mp = Fy. (9)

where F¢ (rest. Fb¢7 ) are the flux of tracer ¢ at the surface (resp. the bottom).

Remark 1 The system —@D has to be completed with initial and boundary
conditions on lateral boundary (inflow, outflow or wall type) that are not detailed
here.

2.2 The Euler system

The Euler system consists in considering an idealized fluid for which the stress
tensor Y reduces to the pressure part. It writes

V.U =0, (10)
ou 1

— (UeU)+ —Vp= 11
5 TV(UeU)+ Vp=g (1)

and it is completed with the two kinematic boundary conditions ,. The
dynamic boundary condition at the free surface reduces to
Ds :p(tvxvy777) :pa(t7xay)' (12)

The tracer ¢ remains governed by Eq. with possibly pg = 0.

2.3 Hydrostatic models

Hydrostatic models consist in neglecting the vertical acceleration of the fluid
ie.

ow n ow ow n ow

— +4u

ot ox dy 0z
These models are very often used for the study of geophysical flows, see [2] [8]
13| 3] for justifications of such models.



The hydrostatic version of the Navier-Stokes system — writes

V.U =0, (13)
U 1 1_ -

= 4+V.(UoU)+ —Vp=g+ —V.5, 14
Y ( ) o VP =8t (14)

with U = (u,v,0), & = (2, ¥,,0) and it is completed with the boundary con-
ditions (4))-(7). The hydrostatic Euler system consists in neglecting the viscous
terms in 1D and is given by

V.U =0, (15)
oU 1

— = 1
at+vamﬂn+mvp g, (16)

completed with the boundary conditions . 15),(12).
In the hydrostatlc Nav1er Stokes system (13)-(14) but also in the hydro-
static Euler model (15 , the tracer ¢ remains governed by Eq. (3)) with the
s |

boundary condltlon

2.4 The hydrostatic Euler system with variable density

When the fluid density is a function of the tracer concentration ¢ i.e. p = p(¢),
p(@) being a given function then the hydrostatic Euler system with variable
density writes

V.U =0, (17)
o

;+V( U) =0, (18)
2pU -

4@*+V@U®UHW@=p& (19)

with U = u v,0) and the system (| . is completed with the boundary

conditions . .

2.5 The linearized Euler system

Assuming the velocities u and w are buch that u = u® + O(e), v = v + O(e),
= 0(e) with e < 1 and u® = cst,w" = est the approximation in O(g?) of the

Euler system ((10] . gives

V.U =0, (20)
ou \Y
2 ivueu)+ 2= ¢ (21)
ot £0

with U% = (u%,0°,0)7. And the system — is completed with the bound-
ary conditions ,,. It is important to notice that whereas in most cases



the linearized Euler system does not admit any energy balance, when the quan-
tity
L _IUEoy  |UE
k 2 0t 2
can be written under the conservative form

U 2
U vy — %Ub.wb,

€sb = V‘nyas,b»

with o = a(h, U% U,) then the linearized Euler system admits an energy bal-
ance under the form

0 g 0
% / (E+p®) dz+ V. {/ (UoE +U(p+ g2))dz + ai} =h (‘;)t (22)
2
with E defined by
2 2
p="1 J;w + gz.

It is worth noticing that whereas the linearized Euler system . 21)) completed
with (4] . . . ) contains only terms up to &, the energy balance (22)) necessarily
contains terms in O(e?).

3 Analytical solutions

In this section, we give the analytical solutions for the Navier-Stokes and Euler
systems, hydrostatic or not, with constant and variable density.

3.1 Draining of a tank: non-hydrostatic case

Considering the Navier-Stokes system (|1| . 3) completed with the boundary con-
ditions (@)-(9) in a tank such that (z,y) € [-L/2, L/2]*. The following propo-
sition holds

Proposition 1 For some « € Ry, tg € R, t; € R, ¢g € R, 6 € [0, 2n]/{7} let
us consider the functions h,u,v,w,p, ¢ defined for t >ty by

h(t,l‘,y) = Oéf( )
u(t,x,y,z) = f(t) (x cos(d) + ysin(0)),

o(t,z,y,2) = tan< > x cos(0) + ysin(0)) ,
)

w(t, @y, 2) = f(t) (2 — 2),
pt,x,y,2) = p°(t) = 2uf (t) + g(h — (2 = 2)) + (h* = (2 — 2)*) ()%,

d(t,x,y,z) = %(m cos(#) + ysin(0)) z ;OZb,

where f(t) = 1/(t — to + t1) and with a flat bottom zp(x,y) = zpo = cst,
ho = h(to,z,y) = a/t; and p*°(t) a given function.



t=0.0s
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t=1.0s
t=1.5s
t=20s

Figure 2: Draining of a tank: free surface every 0.5s from initial time, for
parameters set to # =0, a =5, t; =1, p* =0, 2, = 0 and L = 10.

Then h,u,v,w,p, ¢ as defined previously satisfy the 3d Navier-Stokes sys-
tem — completed with the boundary conditions —@[) where K =0 in @,
Tw = 0 in and F$ = —F = pgoo(x cos(8) +ysin())/(Lho) in Egs. ©)-(©)-
The appropriate boundary conditions for v € {—L/2,L/2} ory e {—L/2,L/2}
are also determined by the expressions of h,u,v,w,p, ¢ given above.

Choosing the viscosity p = 0, the variables h,u,v,w,p,®» become analytical
solutions of the 3d Fuler system 1} completed with the boundary condi-
tions , and the tracer equation ith —@,

Remark 2 The analytical solution depicted in prop. |1l can be written in the
2d case (x,z) when 0 = 0. With obvious notations, the functions h,u,w,p, ¢
defined for t >ty by

h(t, x) = af(t),

w(t,z,z) = (2 — 2) f(t),

plt, @, 2) = p(t,x) = 2uf(t) + g(h — (z — 2)) + (h* — (2 — 2)*) f(1)*,

T z— 2z

t = o=
¢( y Ly Z) ¢0 L hO )
with p*(t,x) = p*°(t), hg = h(to,x) = a/ty and F$ = —F; = psox/(Lho)
m -@[) are solutions of the 2d incompressible Navier-Stokes system with free
surface for any v € [-L/2,L/2], a € Ry, t1 €RY, Lo €R, ¢pg €R and k = 0.

proof 3.1 (Proof of prop. The proof of prop. |1| relies on very simple com-
putations since is enough to verify that these solutions are well solutions of the
equations of Euler or Navier Stokes given in paragraph[2.3 It is the same thing
for all the solutions which will be presented in these articles, we shall not detail
the calculations.
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Figure 3: Draining of a tank (non-hydrostatic case): velocity norm and stream-
lines at t = 0,0.5,1.0s, in (z,y = 0, 2) slice plane for parameters set to 8 = 0,
a=>51t=1p*"=0, 2, =0and L =10.

Velocity norm Velocity norm
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Figure 4: Draining of a tank (non-hydrostatic case): velocity norm and vectors
at initial time in (z,y,z = ho/2) slice plane with a = 5,¢; =1, p* =0, 2, =0
and L = 10.



3.2 Draining of a tank: hydrostatic case

Considering the hydrostatic Navier-Stokes and Fuler systems given in para-
graph in a tank such that (z,y) € [-L/2,L/2]?. The two following propo-
sitions hold.

Proposition 2 For some ty € R, t; € RY, ¢g € R, (a,8) € Ri such that
af > L, let us consider the functions h,u,v,w,p, ¢ defined fort >ty by

h(t, z,y) = Oéf(t),

ult,z,y,2) = 8 ((= = 2) = SFO) + F(t) @ cos’(6) + ysin*(9)),
o(t,2,y,2) ( 2= %) = SF(0) + F(B) @ cos?(6) + ysin® (6),
wit,z,y,2) = £(t)(z — 2),

plt.w,y.2) = *(t.2.9) = 200 (1) + g(h = (= = )

5¢OO<Z
2L 7’

Olt,,,2) = %(m cos?(6) + 2y sin’(9) — Ba)h(t. ) +

where f(t) = 1/(t — to + t1) and with a flat bottom zp(x,y) = 20 = cst and
p(t, x,y) = p@i(t), where p*1(t) a given function.

Then h,u,v,w,p,gb as deﬁned previously satisfy the 3d hydrostatic Navier-
Stokes system — completed with the kinematic boundary conditions (4))-
and K = CTEDICTE Q(M%Q(e)_s_yme(e))] mn @ Tw = pf/2 with ts = 7(1 1)t
m , F? = Ff = g—zqﬁoaﬁ in Fgs. —@D. The appropriate boundary con-
ditions for x € {—L/2,L/2} ory € {—L/2,L/2} are also determined by the
expressions of h,v,u,w, ¢ given above.

Choosing the wviscosity p = 0, the wvariables h,u,v,w p,d) become analyti-
cal solutions of the 3d hydrostatzc Euler system (15| completed with the
boundary conditions , and the tracer equation 1.) wzth . @

Remark 3 Asin remark[3, the analytical solutions given in prop.[q are solution
of the 2d hydrostatic Navier-Stokes and Euler systems when 6 = 0.

Remark 4 Choosing 3 = 0 in prop.[3 gives analytical solutions with a velocity
field that does not depend on the variable z. It is easy to see that it corresponds
to analytical solutions for the classical viscous Saint-Venant system [7].

proof 3.2 (Proof of prop. See proof of prop. @

3.3 Radially-symmetrical parabolic bowl

The Thacker’ analytical solution [16], corresponds to a periodic oscillation in a
parabolic bowl. This analytical solution for the 2d Saint-Venant system is also
an analytical solution for the 3d incompressible and hydrostatic Euler system.
We propose an extension of the Thacker’ radially-symmetrical solution to the
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Figure 5: Draining of a tank: pressure in non-hydrostatic case (left, z < 0)
and hydrostatic case (right = > 0), at ¢t = 0,0.5,1.0s, in (x,y=0,z) plane with
parameters set to u =0,60=0,a=5,t1 =1, p*=0, z, =0 and L = 10.
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situation where the velocity field depends on the vertical coordinate. This means
the proposed solution is analytical for the 3d incompressible hydrostatic Euler
system but does not correspond to a shallow water flows.

Proposition 3 For someto € R, (a, 8,7) € R3., such thaty < 1 let us consider
the functions h,w,v,w,p defined for t > ty by

h(t,z,y) = max { (WCOS(ZJt ) }

ut,z,y,2) == ( <Z AT 1milzobsu(2t))>

wy sin(wt)

t = - - a5 (1 — ~mal )
v(t,,y,2) =y (ﬁ <Z Zb 2) + 2(1 — 7cos(wt))> ’
o [* o [*

U}( ,Z‘,y,Z) ox 2 uaz 3y 2 ves

p(t,l‘7y72) = g(h + Zp — Z),

with w = V4ag, r = /22 + y2 and with a bottom topography defined by
2

Zb(x7y) = a%a
and the function f given by
4g
f)=—55 + *\/49 +ez+ flag(y? —1)22

c being a negative constant such that ¢ < 4g2/(y — 1).

Then h,u,v,w,p as defined previously satisfy the 3d hydrostatic Euler sys-
tem — completed with the boundary conditions ,. The appropriate
boundary conditions in lateral boundary are also determined by the expressions
of h,u,v,w given above.

Remark 5 If we note R the mazximum of r(x,y) in order to have f positive,
a simple computation of the zeros of the function f for t = m/w gives R =

c/(B2ag(y — 1)) with ¢ <0

Remark 6 Integrating u and v along z, the vertical velocity component w is
obtained

2
where Ozh = 2eF (t,x,y) and Oyh = 2yF(t,x,y) with

= (5)+ ()

w7y sin(wt)
2A

2
w(t, z,y,z) = —ﬂ(z—zb)2+<,8h — 2T — Bar? + B ( gh + g;l)) (z—zb)—%(ﬁh—ﬂ“)

and
A=~cos(wt)—1, T=-—

11
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Figure 6: 3D Axisymmetrical parabolic bowl: free surface at ¢ = 0 (red), t = T'/4
(dark grey), t = T/2 (blue), with the period T' defined by T" = 27/w and for

parameters set to hg =1, a=2,=1,y=03,c=—-1, L=1.
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Figure 7: 3D Axisymmetrical parabolic bowl: velocity norm and vectors at
t=0,7/6,2T7/6,T/2, in (x,y = 0, z) slice plane with the period T defined by
T = 27 /w and for parameters set to hg = 1, a =2, 5 =1, v = 0.3, c = —1,
L=1.
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Remark 7 The analytical solution depicted in prop. 3 can be written in the
2d case. With obvious notations, we choose v < 2g/(fw) and ¢ > 0, and we
consider the functions h,u,w,p defined for t > ty by

h(t,x) = max {0, f (x — gsin(wt))} )

u(t,x,z) = <z —zp — Z) + 7 cos(wt),

w(t,z,z) = —%/ udz,
2

p(t,l’,Z) = g(h + 2 — Z)7

with a bottom topography defined by zy(x) = 2ax?, a function f given by

fl2) =2+ f¢4g - 2¢6% - fAuPz?;

Then h,u,w,p as defined previously satisfy the 2d hydrostatic Euler system
completed with the boundary conditions ,. The appropriate boundary con-
ditions in lateral boundary are also determined by the expressions of h,u,w given
above.

Remark 8 If we note R the mazimum of x in order to have f positive, a simple
computation of the zeros of the function f fort = 7/2w gives R = 1T¥V—2¢ Vw_zc with
c<0.

proof 3.3 (Proof of prop. See proof of prop. .

3.4 Planar surface in parabolic bowl with variable density

In this second Thacker’ solution, we consider the case of a planar surface rotating
in a parabolic bowl. For the hydrostatic Euler with variable density —,
the following proposition holds.

Proposition 4 For any nonnegative function s — p(s) and for some (a,a,n, hg) €
R3xR ., let us consider the functions h,u,v,w, p, ¢ defined for (x,y) € [-L/2, L/2]?,
t Z to by

(& — neos(wt)’® + (y — nsin(wt))’ }

h(t,x,y) —max{O,ho -« 5

u(t,x,y, z) = —nw sin(wt),
w(t,x,y,2) = —anw (x sin(wt) — y cos(wt)) ,

h+zp
plt, 2., 2) = p°(t) + / p(8(t, 2.y, 21))d,

z

14
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Figure 8: 3D Planar surface in parabolic bowl: free surface at ¢ = 0 (red),
t = T/4 (dark grey), t = T'/2 (blue), with the period T" defined by T = 27 /w
and for parameters set ton =0.1, hg=0.1,a=1,a=1, L =4.

with w = \/ag and with a bottom topography defined by

z? +y?
Zb(xay) =« 2 )

Then h,u,v,w,p, ¢ as defined previously satisfy the 3d hydrostatic Fuler system
with variable density — completed with the kinematic boundary condi-

tions -,

Remark 9 Even if the functions given in the prop.[{] are solutions of the Euler
equations with varying density, it is possible that they are unstable. It can be
the case in particular when we take an increasing density from the bottom to the

surface.

Remark 10 The analytical solution depicted in prop. |4 can be written in the
2d case. With obvious notations, the functions h,u,w,p, ¢ defined for t >ty by

(z — n cos(wt))? }

h(t,z) = max {O, ho — « 5

u(t,x, z) = —nw sin(wt),

w(t,z,z) = —axrnw sin(wt),

h+zyp
plt,x,2) = p*(t) + / p(B(t, 2, 21))d,

otz z) =a(h+2 - 2),

15
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Figure 9: 3D Planar surface in parabolic bowl: free surface, velocity vectors and
tracer for t = 0,7/6,27/6,7/2, in (z,y = 0, 2) slice plane with the period T
defined by T' = 27 /w and for parameters set to n = 0.1, hp =0.1,a =1, a = 1,
L=4.
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with a bottom topography defined by z,(x) = ax?/2 and with the kinematic
boundary conditions - satisfy the 2d hydrostatic Fuler system with variable
density for any (a,a,n, hg) € R3 x R,

proof 3.4 (Proof of prop. See proof of prop. .
3.5 Planar surface in parabolic bowl with time variable
topography

If the topography is a function of time, the non-penetration condition at the
bottom must be replaced by

3251) (92’1) 8zb o
E+ub87x+vb87y —U)b—o. (23)

We have then the following proposition

Proposition 5 For some ty € R, (ho,n, o, ) € RY, let us consider the func-
tions h,u,v,w,p defined for t >ty by

h(t,z,y) = max {O7 ho — % (ncos(wt) — nsin(wt) — x + y)2} ,

u(taxa:%Z) = 6 (Z — 2y — ;L) — nw SiH(UJt)a

h
o(t,z,y,2) = (z — 2y — ) + nw cos(wt),

2
w(t,x,y,z):%f% udzf(%/ vdz,

p(taxay,z) = g(h+zb - Z)7

with w = \/ag and with a bottom topography defined by

@0 L O, con(et) + sinfet).

Zb(x7y7t) =« 4 2

Then h,u,v,w,p as defined previously satisfy the 3d hydrostatic Fuler sys-
tem - completed with the boundary conditions ,,.

proof 3.5 (Proof of prop. See proof of prop. .
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Figure 10: 3D Planar surface in parabolic bowl: free surface, velocity vectors
and norm at t = 0,7/6,27/6,T/2, in (z,y = 0, 2) slice plane with the period T
defined by T = 27 /w and for parameters set to n = 0.1, hg = 0.1, a =1, S =1,
L=4.
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Figure 11: Evolution of the topography and free surface for the parabolic
bowl with variable density (a) and with variable topography (b) at ¢ =
0,7/6,7/4,27/6,T/2, in (xz,y = 0,z) slice plane with the period T defined
by T = 27/w and for parameters set to n =0.1, hg = 0.1, a =1, =1, L = 4.
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3.6 Wave propagation

In this section we look for solutions of the Euler and linearized Euler system.
The analytical solutions we propose mainly concerns propagating waves and but
some results concerning standing waves are also given. Since we consider planar
waves, the analytical solutions are given in 2d in the (z,z) domain i.e. with
v =0.

The water wave problem described by the Euler equations with a free surface
has been widely studied in the literature see e.g. [0} 14,12, [9, [10]. The analytical
solutions we propose have connections with recent works of W. Strauss, see [4]
15 and references therein.

3.6.1 The LambertW function

In the following paragraphs, we will use the LambertW functions [5]. The
LambertW functions have many applications in pure and applied mathematics
but also in physics. It is a set of functions, namely the branches of the inverse
relation of the function f(z) = ze* where z is any complex number. In other
words, the LambertW function satisfies

LambertW (z)elambertW(z) — 4

As the equation
ze® =z, (24)

has an infinite number of solutions z for each non-zero value of z, LambertW has
an infinite number of branches. Exactly one of these branches is analytic at 0.
In the following, this branch is referred to as the principal branch of LambertW,
and is denoted by LambertW (x). The other branches all have a branch point at
0, and these branches are often denoted in the litterature by LambertW (k, x),
where k is any non-zero integer. The results presented hereafter are valid for
all the branches but for the sake of simplicity, we focus on the principal branch
i.e. LambertW(0, x) = LambertW(z).

Notice that Eq. admits an unique real solution for z > —1/e. For
x < —1/e, all the solutions of Eq. are complex.

3.6.2 Propagating waves for the linearized Euler system

We consider the linearized Euler system — completed by the boundary
conditions , and . Then we have the following result.

Proposition 6 Let (a,b, ho, k,n) € R? x R} such that |a| < 1/e and hok/n >
LambertW(—|a|). Let f the function defined by

n x
fix— —ELambertW(a cos(ﬁ + b)), (25)

Let p®(t) be any given function.
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Up to terms in O(e_y), the functions h, u, w and p defined by

h(t,z) = ho + f(kx — wt), (26)

u(t, 2, 2) = ~ 22 eEe0) cos (B ), (27)
k

w(taxaz) = *%%7 (28)

kx — wt
plt,2,2) = p"(t) + glho — 2) = T2eR T cos(2 4b), (29)

are analytical solutions of the linearized Euler system — completed by the
boundary conditions , and iff the dispersion relation

— /& (30)

holds.

proof 3.6 (Proof of prop. @ First, Eq. is obtained using an integration
along the vertical axis of the divergence free condition and neglecting the

term in 0(6_#) corresponding to the vertical velocity at the bottom. Then the
proof relies on very simple computations by inserting the expressions -

in Fgs. —,, and .

Remark 11 The solutions proposed in prop. [¢ for the linearized Fuler sys-
tem are mot exactly analytical solutions in the sense that additional terms in

O(e_h%k) appear. But it is important to notice that when hok < 1, considering
e.g. ho=100 mk=0.2 m™! andn =1 gives e "2 2 1079 < 1.

Remark 12 The solutions proposed in prop. @ satisfy the energy balance
with )
nQLambertW(a cos(% + b))

Tk k2 cos( 4—b)2

z
n

3.6.3 Propagating waves for the Euler system

We consider the Euler system — completed by the boundary condi-
tions , and . Then we have the following result.

Proposition 7 Let (a,b, ho, k,n) € R? x R} such that |a| < 1/e and hok/n >
LambertW(—|a|). Let f the function defined by

f(z) = f%LambertW(a cos(% + b))
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Up to terms in O(e="%"), the functions h, u, w and p defined by
h(t,z) = ho + f(kz — wt),

kx — wt
u(t,z,z) = %e%(z—ho)cos(u N b)7
n n
n du
kOox’
p(t,x,z) = g(ho —z

w(t,z,z) = —
2 2
IR A Cho IR Kt (’“c— S ib) gt
T HAEETS
are analytzcal solutions of the Euler system 111)) completed by the boundary
conditions and . 5) iff the dispersion relatzon 1 i holds. At the free surface,
the pressure p is such that ps = p(t,z, h(t, x) t,x) with

POt z) = ggk” (1 _ o Z(hta)- ho>> (31)

proof 3.7 (Proof of prop. The proof is similar to the one given in prop. @
and is not detailed here.

Remark 13 When the parameter a is small, surface elevation is close to a
sinusoidal function. When |a| is near to 1/e, the top of the wave is narrower
than its bottom. This property is presented in figure (the same structure
appear in cnoidal waves). For |a| = 1/e, the function f are not differentiable in
(2m 4+ 1)w, Vm € Z.

Remark 14 In [1], C. J. Amick proved that for any irrotational wave, the angle
of inclination with respect to the horizontal must be less than 31.15 °. In these
analytical solutions, the flow is irrotational and the angle of inclination is less or
equal to 45 °. But we have here an additional source term given by the pressure
at the surface|31] that can justify this inclination.

3.7 Standing waves

Now we consider the situation of standing waves. Such a situation can occur
when two progressive waves of same amplitude travel in opposite direction.
Namely, assuming the free surface can be written under the form

kr — wt k t
h(t,z) = acos(u) + acos(ﬂ) + 0(a?),
n n
we have a standing wave given by
2k 2
h(t,z) = 2acos<—x) cos ( wi ) + O(a?).
n n

The results depicted in this paragraph are based on the following remark:
for small values of the parameter a, one has the Taylor expansion

LambertW(a cos(@)) = acos(@) —a? 0052(@) +0(a®).

22



0.8

0.6

0.4

02+

-024

Figure 12: Free surface given by the function f : x — —LambertW(a cos(z)) for
three value of the parameter a : 0.10 (dot line), 0.30 (dash-dot line), 1/e (dash
line), and comparison with function —1/ecos(z) (solid line).

Proposition 8 Let f the function defined by
n x
flz) = —ELambertW(a cos(ﬁ)),

where a, k > 0 and n > 0 are constants.
_ hgk

Up to terms in (9(6 T,aQ), the functions h, u, w and p defined by

h(t,xz) = ho + f(kx — wt) + f(kz + wt), (32)
u(t,x,z) = %e%(z_h(t’l)) (f(kx —wt) + fkx + wt)), (33)
w(t,z,z) = —%%, (34)

h(t,x)
pt, 2, 2) = p(t) + g(h — 2) + / Q. (35)

. ot
are analytical solutions of the linearized Euler system - completed by the

boundary conditions , and (12)) iff the dispersion relation holds.
Since a Taylor expansion of Eq. (32) gives

2
h(t,x) = ho — 2?” COS(%) cos(%t) + O(%),

the proposed solution corresponds, up to terms in (’)(%), to a standing wave.

Corollary 1 Considering a slightly modified version of the solution proposed in
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prop. @ where — is replaced by

2
h(t, ) = ho + f(kx — wt) + f(kz +wt) + 2% cos?(2),
n

2
) _ N o2k
u(t,z, z) = e (f(km wt) + fkx + wt) + 2 5 cos <n )),
w(t,z,z) = _ndu
) ) - kax’

h(t,z) b
p(t, . 2) = p*(t) + g(h — ) + / Y,

4 ot
up to terms in (’)(e’y,cﬁ), the functions h, u, w and p are analytical solu-

tions of the linearized Fuler system — completed by the boundary condi-
tions , and iff the dispersion relation holds.

proof 3.8 (Proof of prop. The proof relies on very simple computations
similar to those performed in the proof of props.[6[7}

Proposition [§] and corollary [I] valid for the linearized Euler system, can be
easily extend to the Euler system — completed by the boundary condi-

tions , and .
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