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ANALYTICAL SOLUTIONS FOR THE FREE SURFACE
HYDROSTATIC EULER EQUATIONS

A.-C. BOULANGER *, M.-O. BRISTEAU f, AND J. SAINTE-MARIE ¥

Abstract. In this paper we propose a large set of analytical solutions (FRESH-ASSESS) for the
hydrostatic incompressible Euler system in 2d and 3d. These solutions mainly concern free surface
flows but partially free surface flows are also considered. These analytical solutions can be especially
useful for the validation of numerical schemes.
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1. Introduction

Models arising in fluid dynamics often based on the Navier-Stokes equations are
generally difficult to analyze both at the mathematical or numerical level. As a
consequence the derivation of efficient numerical schemes and their validations are
complex. A way to circumvent this difficulty is to have access to analytical solutions
of the considered problem and to confront the simulated solutions with them. Even
if this approach is not a complete validation of the numerical schemes, it enables to
have a good knowledge of the behavior of the discrete schemes in front of typical
and complex situations particularly when the family of analytical solutions is large
enough. Moreover it makes possible the study of the convergence order of a simulated
solution towards the reference one.

Starting from the incompressible Navier-Stokes equations, much work has been
done in the derivation of relatively simple mathematical models for shallow water
flows and long non-linear water waves. For these models, analytical solutions are often
available. Thus the Saint-Venant system [3] that is well suited for the modeling of
river hydraulics has been widely studied by a lot of authors. In a chronological order,
the most famous contributions are: analytical solutions for the dam break situation
by Ritter [17], the nonlinear wave propagation in Shallow water open channels by
Stoker [18], solutions of the Saint-Venant system for a flow respectively over a ridge
and in parabolic bowl by Houghton [9] and Thacker [19]. MacDonald et al. [14, 15]
have proposed a wide family of analytical solutions with bottom friction, hydraulic
jumps and various open-channel cross-sections. Likewise for the Korteweg-de Vries
equations [10] and related systems — generally corresponding to potential flows [13] —
such as the Boussinesq system [5], the Green-Naghdi model [7], various analytical
solutions of soliton type are available [11, 12, 4].

Unfortunately, the previously mentioned models correspond to averaged — along a
spatial coordinate — or irrotational approximations of the Navier-Stokes equations. In
this paper we propose various analytical solutions for the incompressible hydrostatic
Euler equations in the following situations: stationary flows, transient flows, free (or
partially free) surface, external forcing, simplified viscosity terms. These solutions are
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2 Analytical solutions for the Euler equations

denoted hereafter by the acronym FRESH-ASSESS corresponding to FREE Surface
Hydrodynamics Analytical SolutionS for Euler SystemS. The analytical solutions are
available in 2d and 3d for a large class of bottom geometry. Some of these solutions
admit entropic shocks that are characterized.

The main concern of the authors is to exhibit reference solutions that can be
used for the validation of numerical codes. In the case of a regular flow, the solution
is analytic. For non smooth solutions e.g. with shocks, the solution is obtained via
the resolution of a simple ODE. If the proposed analytical solutions correspond to
physical phenomena, they do not correspond to useful situations for practical use of
the models. The analytical solutions are obtained as in MacDonald et al. [14, 15],
starting from a given water depth and an admissible velocity field, we derive the
corresponding topography profile.

The paper is organized as follows. Starting from the incompressible and hydro-
static Euler equations (Sec. 2), we present in Sec. 3 the 2d FRESH-ASSESS solutions
in various configurations. The 3d extension of these solutions is given in Sec. 4. In
Sec. 5, the various analytical solutions are illustrated in typical situations.

2. The Euler equations
We start from the 3d hydrostatic and incompressible free surface Euler equations
[6, 8] with gravity

ou Ov Ow

—+—+——=0 2.1
3x+8y+3z ’ (2.1)
8u—ku@—ﬂj@—i—w@—k@:0, (2.2)

ot ox oy 0z O
ov v v ov Op

op

where the z axis represents the vertical direction. We consider this system for
t>0, (z,9)€Q, z(z,y) <z<n(z,y,1),

where €2 is a bounded domain of R?, n(x,y,t) represents the free surface elevation,
u=(u,v,w)” the velocity vector. The gravity acceleration is denoted g and p is
the fluid pressure. The bottom geometry is z, so the water depth is H =7 —z, see
Fig. 2.1. Equation (2.1) represents the incompressibility (mass conservation equation)
and Egs. (2.2),(2.3) are respectively the momentum equilibria of forces along axis
and y. Because of the hydrostatic assumption, the momentum equilibrium of forces
along the vertical axis reduces to (2.4).
The system (2.1)-(2.4) is completed with boundary conditions. Classically at the
free surface we have the kinematic boundary condition
%Jrus%Jrvsg—szs:O, (2.5)
where the subscript s denotes the value of the considered quantity at the free surface.
The dynamical condition at the free surface takes into account the equilibrium with
the atmospheric pressure and we have

ps:pa(‘r7y=t)7 (26)
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F1G. 2.1. Notations: water height H(z,y,t), free surface n(x,y,t) and bottom zp(x,y).

where p® =p?(x,y,t) is a given function corresponding to the atmospheric pressure.
At the bottom, the kinematic boundary condition corresponds to a no-penetration
condition

ub—+vb7—wb=0, (2.7)

where the subscript b denotes the value of the considered quantity at the bottom.
The boundary condition (2.6) coupled with (2.4) gives

p=p"+g(n—=z),

so the hydrostatic Euler system (2.1)-(2.4) can be written under the form

%{j*i/j” d”a% Z:v dz=0, (2.8)
w:—% Z:u dz—(% Z:v dz, (2.9)
%+u%+v%+w%+9%=—%p;’ (2.10)
%+u%+vg—;+w%+gg—2=—%§. (2.11)

Equation (2.8) results from an integration of the divergence free condition (2.1) along
z from z, to n coupled with the kinematic relation (2.5). Similarly Eq. (2.9) results
from an integration of the divergence free condition from z; to z where the boundary
condition (2.7) is used. Notice that (2.8) and (2.9) are equivalent to (2.1), (2.5) and
(2.7).

For smooth solutions, the hydrostatic Euler system (2.1)-(2.7) — or equivalently
(2.8)-(2.11) — is completed with an energy equality namely,

o [ o [
—/ (E+p*) dz+—— | u(E+g(n—=z)+gz) dz
ot J,, or /,, (2.12)

o [7 op®
+ay/Zbu(E+g(77—z)+gz) dz=H TR
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with

u? 02

E= 5 + 5 +gz. (2.13)

3. 2d analytical solutions

For the sake of simplicity, we first restrict our presentation to 2d analytical so-
lutions. The considered horizontal domain is Q=[0,L,]. The 3d extension of the
proposed solutions is given in Sec. 4.

In this section, we first propose stationary solutions for the system (2.1)-(2.4).
The regularity of the solutions is examined in paragraphs 3.3 and 3.4. Then we
exhibit analytical solutions for the Euler system in the following situations : external
forcing, viscosity terms, reactive tracer, transient solutions, a partially free surface.

3.1. Main idea
We first consider the system (2.8)-(2.11) where all the variables are independent
of y. Stationary solutions of this system have to fulfill

9 [
= dz=0, 3.1
ox /Zb waz (3.1)
a z
w:—ax/Zbudz, (3.2)
ou Ou  on  Op°
Except in paragraphs 3.7.1 and 3.8.1, we assume in this section p® = C'st.
From (3.3), it comes that
ou Ju
— — 4
us- +waz, (3.4)

has to be independent of z and this is the most difficult requirement to satisfy. The
underlying idea for the derivation of the analytical solutions is the following. To
satisfy (3.1), we seek for u under the form

_ -2
u= o) (3.5)

with ¢(0) =0, a=Cst. Then from (3.2), w is given by

0 o(z—2)

o) 0

w=

and replacing the previous expressions for u and w in (3.3) implies (3.4) is independant
of z when

1

(¢' (2= 2))* = p(z = 2) " (2 — ) = Cst,

that is ensured for

©(z) =sin(z2). (3.7
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EY,;:J(H>

Ca,ﬁ,lim

Fa‘ﬁ‘e

Wl [

0 H,

F1G. 3.1. Function H— Fo g(H).

3.2. General continuous stationary solutions

The following proposition gives smooth analytical solutions for the system (3.1)-
(3.3).
ProposITION 3.1. If o, 8 and Zy, are three real constants and Hy a non negative real
CH(Q) function such that sin(BHo(x))#0 for all x € then u=14 5, W=1w4 5 and z
respectively given by

a2/32

% Ho— 3.8
Zb=2Z%bp 0 Qgsin2 (BHO) ) ( )
afB
Uq,8 = sin(BHy) cos(B(z —zp)), (3.9)
B 0z cos(B(z—2)) | OHog sin(B(z —zp)) cos(BHo)
'I.Ua,ﬁ *aﬂ < 61‘ Sin(ﬁHo) + 83;‘ Sin2(ﬁH> ) (310)
satisfy the 2d stationary Euler equations (3.1)-(3.3) with n= Hy+ 2.
Proof. Following (3.5),(3.7), we propose to choose u under the form
o
u—uaﬁ—mcos(ﬁ(z—zb)), (3.11)
and from (3.6), w is given by
B B 0zp cos(B(z—2)) | OH sin(B(z —2p)) cos(BH)
W=Weq,=0f ( 9z sin(BH) + I S (BH) ) (3.12)
then Eq. (3.3) reduces to
] a252
— | ———— H =0 3.13
ox (QSinz(ﬂH) 9l +Zb)) ’ ( )

and the definition (3.8) for z;, with H = Hy completes the proof. O

The previous proposition is only valid for smooth solutions. The regularity and
uniqueness of the solutions and their derivation are discussed in the two following
paragraphs.
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3.3. Continuity of the solutions

Here we adopt a slightly different strategy considering we have a given topography
zp(z), 2€Q =10, L,], given values for a >0 and 3 and a boundary value for H namely,
Hiyym=H(0) or Hyjym=H(L,). H(z) will be given by the solution of a simple ODE.
We assume u satisfies (3.11), w satisfies (3.12) and it remains to solve (3.13) to obtain
H.

We introduce the function

04252

Foglx):z—gr+ ——5—0,
0.5 () g 2sin?(Bz)

and we point out that F,, g is not one-to-one (see Fig. 3.1). When considering smooth
solutions — and with the notations of Fig. 3.1 — the resolution of (3.13) is equivalent
to find for all €€ a solution to

Fop(H(x))+g920(x) = Fo 3(Hiim) + 920 1im- (3.14)

If the bottom profile is enough regular, Eq. (3.13) can be written under the form
SR D E
(g op sin®(BH) ) Oz oz

This previous equation remains well defined until the quantity
3 o cos(BH)
-, 3.15
(g P sin3(BH ) ( )
vanishes to zero and the critical water depth H,. satisfies

H.
sii?(é Hj) _ afﬁz. (3.16)

In other words, if (3.14) admits a solution in H,. then it admits a solution for all x € Q.
So, we have now to study the function

cos(fx)
- sin®(Bx)

that is defined over R — {nn/S},n € Z, periodic with period /8. It is a non increasing
function over each intervall Ig , =|nw/8,(n+1)7/B[. We can then conclude that for
each intervall Ig,,, there exists only one solution for Eq. (3.16). Moreover, since the
roots of f are easily defined as (n+1/2)m/3, we can conclude from the fact that iz
is positive that the solution of Eq. (3.16) is in the intervall |nn/8,(n+1/2)r/8[. In
the following we will consider n=0.

Using the notations of Fig. 3.1, we easily find that H. solution of Eq. (3.16)
satisfies

2 2432

HZW and Fop3.=gH.+ O‘Qﬁ (3.17)

where 72 is the unique real solution of the polynomial equation

P(X)=¢*X*+a*8°X —a*p° =0, (3.18)
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with

2
YT2a1p2 —V12a432 + (f/gg-l— 12a4ﬁ6+8192>

Gy {99+ /120755 1 8142

Since we have P(0) <0 and P(1) >0, we remark that 0<r.<1.
The previous results allow to write the following proposition
PROPOSITION 3.2. If for any x €2, the problem

Fop(H(2))=Fu s(Hiim)+ 9(2b,1im — 26(2)) = Ca,g,1im — 926(z) >0, (3.19)

has a solution H(x)>0 then (H,uq, g,Wa,g) are solutions of (3.1)-(8.8). This result
can also be expressed in the following way: if the problem (3.19) admits a solution H,
in x=1x. or equivalently if

Fa,ﬂ,c S Ca,ﬂ,lim;

then it admits a solution for all x € Q. And it is easy to prove that if z, € C*(Q), k>0
then (H,uq g) € CH(Q) and wa, g€ CHF1(Q).

Let . be the subset of 2 containing the points x for which the problem (3.19)
has no solution. We are now interested in situations where Q. # 0.

3.4. Discontinuous solutions

Let us consider now discontinuous solutions. We define the operator [A]=A1 —
A~ , where the superscripts ™ and ~ define the variables right after and before the
discontinuity.

Stationary shocks of the system (2.12), (3.1) and (3.3) are characterized by

[

that reduce to

g a?p2H a?B cos(BH) B
{QHQ * 2sin(BH)? ' 2 sin(BH)] =0 (3.20)
043ﬂ2
|:281n2(6f1) +ga(H+zb)} =D, (321)

since u=1uq,g and with D <0.
If Q. =9, the parameters «, 8 and the boundary condition H;;,, are not compat-
ible so we assume Q. #Q. Without loss of generality we assume Hy;,, = H(L;) and

a>0. We also suppose here z, € C*(Q) with a unique z. € éz]O,Lz[ such that

2he = r;lgéczb(m), (3.22)

8zb

Ze
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If Q.#0 then the problem (3.19) has no solution at least for z=z,€, and the
solution will be discontinuous. From (3.23), for x =z, the solution H of

B a?p3cos(BH) oH _0
sin(BH)? or
and the condition

or
ox

T=T.

would give that a continuous solution exists over 2 that is contradictory with the
assumption z. € Q.. So H.= H(x.) necessarily satisfies (3.16) that is equivalent to
(3.18) and is given by (3.17). Over the interval [0,2.], the solution will be continuous
and hence

a? 32 r=xc
————+ga(H+2 =0.
|:2Sln2(ﬁH) I ( b) =0
Over the interval [x.,L,], we have
QBBQ T=Tec
————tga(H+=z =a(Fogct92bc—Fo.s(Hiim) — 92b 1im )5
|:2Sin2(5H) g ( b):| s ( a,B,c T GZb, a,,@( lv,m) g b,lzm)

and by construction Fy, g+ g2p,c < Ca, g 1im 50 we have D<0 in (3.21).
If a shock occurs, its abscissa x5 and the associated water depth are characterized
by (3.20)-(3.21) that correspond to

22 2 Hs
ey S e P T, (3.4
2 2sin (BH) 2 Sln(ﬁH) H.,
a252 a2ﬂ2
_ H, )=——— H, s)s 3.25
2sin®(BH,) +9(Het ) 2sin®(BH, ) a1t 2) (3:25)
042ﬁ2 Ck2ﬁ2
P W — Hzm im)— Hs r s)s 3.26
2502 (8 Huum) + 9(Hiim + 2b,1im) 25in2(BHS7T) +9(Hsr+20.) ( )

where zp s is the bottom topography at the abscissa of the shock and H,;, Hs , are
the water depth at the left and right of the shock. If the solutions of the system
(3.24)-(3.26) are continuous, this means the outflow boundary condition can not be
satisfied. In this case, the torrential regime takes place from x ==z, to xt=L,.

In practice, the solution H(x) is obtained as follows. Starting from the value Hy;y,
at abscissa zy;,, we calculate the solution of the algebraic equation (3.14) or equiv-
alently the ODE (3.15). If no singularity appears, the problem is solved. If for one
abscissa, Eq. (3.20) can not be solved then z. has to be determined by (3.22),(3.23).
Then (3.24)-(3.26) allow to build the whole solution over €.

An illustration of the analytical solutions obtained in the situations with and
without shocks is given in paragraphs 5.1 and 5.2.

3.5. Solutions with external forcing
We consider the same hydrostatic Euler system with free surface as previously
but we add an external forcing and a viscosity term (in the vertical direction). The
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governing equations of the considered system are

8 n

% N udz= 0, (327)

ou Ow

5o, =0 (3.28)
ou ou  On 0%u

where f, is a volumetric source term and the atmospheric pressure p® is supposed to
be constant. The following proposition holds

ProrosiTION 3.3. If we choose f,=pvu and f>0 — that corresponds to an energy
supply for the system — then for any bottom profile zy of the form (8.8), the quantities
U=Uq g, W=Wq,g given by (3.9) and (3.10) with H=H, are solutions of (3.27)-
(3.29).

Even if the situations encountered in this paragraph — with an equilibrium between
the external forcing and the viscosity — are different from those of the preceding
paragraph, the resulting water depth and velocity fields are similar and we do not
present any illustration for this situation.

3.6. Coupling with a reactive tracer

We consider in this paragraph the stationary hydrostatic Euler system governed
by (3.1)-(3.2) with p* =C'st and coupled with an advection-reaction type equation of
the form

oT or To—-T
ox tw 0z T
The equation (3.30) models for example the transport and the reaction of a tracer.

In order to build solutions for the system (3.1)-(3.2) and (3.30) we use the analyt-
ical solutions proposed in paragraph 3.2. Thus, since the only remaining constraint
for the choice of functions T', Ty and 7 is to satisfy (3.30), there exists a lot of solution
for this problem. We present hereafter two distinct choices.

Let +— Hy(x) be a continuous, non negative function defined on €2 and we choose
the bottom topography z, under the form defined by (3.8).

3.6.1. First choice
Suppose To=Tp(x) and 7=7(z) are defined by

sin(8Ho(x))?

- aB?cos(bHy(x) 68]? ’

u (3.30)

G 2(@)

Tp=ap L2 _20\8))
and  To sin(bHo(x))’

with y=~(x)= m. Then the velocity fields uqa, g, wa,p defined by (3.9)
and (3.10) for H=Hy and T defined by

T(z,2)=—7(z—2zp(x))ua,g(x,2),
are solutions of (3.1)-(3.2) coupled with (3.30).

3.6.2. Second choice
Similarly, the velocity fields uy g, wa g defined by (3.9) and (3.10) for H = H,
and T defined by

T(z,2) = e~ (H@=(=2)
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with TO =0 and

170& cos(B(z—=)) (, tan(B(z—z))\ OH
T sin(BH) <1 >

T tan(8H) Oz’
are solutions of (3.1)-(3.2) coupled with (3.30).

3.7. Transient analytical solutions

The stationary solutions presented in the preceding paragraphs allow to validate
spatial discretization techniques for the considered equations. In order to evaluate
the accuracy of time schemes, transient solutions are necessary. In this paragraph we
give two examples of time dependent analytical solutions.

3.7.1. First situation
We now consider the hydrostatic Navier-Stokes system defined by

9 [
%/ u dz=0, (3.31)

8 z
w——a—x/ u dz, (3.32)

@+u%+w@+ @*fapaJrl/@
ot Yor Yoz Yo oz Vo2

Zb

Zb

(3.33)

where p=p® is the atmospheric pressure at the free surface. We assume the velocity
fields uw,w can vary w.r.t. time ¢ whereas the water depth H = H(z) only depends on
the spatial coordinate .

As in paragraph 3.2, let 2 — Hy(x) be a continuous, non negative function defined
on ), we choose the bottom topography z, under the form (3.8) and the external
pressure p? is given by

pa:—iazﬂz (17671’5215)
) .
2sin“(BHy)
Then the velocity fields

o= g 0SB =)

~ aﬂefuﬁzt

ol = G2 (BHo (2))

cos(3(a—e)) S sin (30 (2)

(smw(z—zbm)))cos(ﬂﬂo(m))(ia}f

and the water depth Hj satisfy the equations (3.31)-(3.33).

This situation is very similar to what has been proposed in paragraph 3.2, the
contribution of the horizontal and vertical velocities decreasing exponentially is re-
placed by the effects of the external pressure p®. These analytical solutions are not
illustrated.

The system (3.31)-(3.33) can admit discontinuous solutions but this would imply
a discontinuous atmospheric pressure p® that has no physical meaning.
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3.7.2. Analytical solution with a travelling wave

In this paragraph, we consider that the bottom topography z, = zy(x,t) can vary
with respect to time and p*=C'st. Let us consider the system

5 /udz- (3.34)

w:f% . u dz, (3.35)
ou ou ou  On

with f, given by

0zp Ou

fe==% oz

The energy balance associated with this system is

a (" o [ C10m 5
at/ZbEdz—l—ax/Zbu(E—i—g(n—z)—&—gz) dz= —55( S—ub),

with = "72 +gz.
If Ho(x) is a non negative quantity such that the bottom topography is given
by (3.8) then H(x,t)=Hy(x —cot), uq,p(z,2,t) given by

ua,ﬁ(xvzvt) CO+ COS(ﬁ(Z—Zb)),

af
in(BH)
and w obtained from (3.10) are solutions of (3.34)-(3.36).

3.8. Interactions with structures
We are not only interested in situations of free surface flows, so we consider now
situations without free surface or where only a part of the water surface is free.

3.8.1. 2d analytical solutions with partially free surface

Such a situation can be obtained when the atmospheric pressure term p® depends
on the flow characteristics H,u,w. This corresponds to the case where the flow inter-
acts with a lid. In such a situation, the closure of the system is ensured with a lid
displacement law of the form

‘ Vi ‘/% (3.37)

JF

with n=H + zp, 1y =nm(z) a given function and K(.) a real nonnegative function.
Such an expression for p* mimics the interaction between a deformable lid and the free
surface. For more informations about the origins and the mechanical justifications of
formula (3.37), the reader can refer to [16].

Thus, if the water depth H satisfies the ODE

0z
1H+2b2nm) = fga—;, (3.38)

a ( o*p? nm
oz <2$1n (ﬁH)JrgH K(z)




12 Analytical solutions for the Euler equations

then H and uq,5,wa, s given by (3.9) and (3.10) are solutions of the considered prob-
lem. In particular, if Hy(x) is any non-negative function then H =7 — z, with z; given
by (3.8) and

K(z)(Ho+2)
29
a2B2
(m +g(H0+zb)+K)

ﬁ:

satisfies (3.38).

3.8.2. Analytical solutions in cylindrical coordinates

We now consider the cylindrical representation of the incompressible Euler equa-
tions for an axisymmetric flow with the assumption of no tangential velocity. The
gravity is also neglected. We denote u, and u, the velocities along the x axis and
radial coordinate respectively. The continuity equation reads

190ru, Ouy
St

r Or Ox =0, (3.39)

and the momentum equations reduces to

ou Ou, Op

op
Lo, (3.41)

Suppose the flow takes place in a deformable pipe parallel to the x axis and of radius
R(z). The kinematic boundary condition at = R(z) ensuring the fluid does not leave
the pipe is given by

OR OR
E—i_% Uz, —p = tr|,_p=0. (3.42)

Equation (3.41) gives p=p(x) and as in paragraph 3.8.1, the system (3.39)-(3.42) is
closed with a wall displacement law of the form

where K(.) and R,,(.) are two non negative given functions and + is a positive con-
stant.
Using (3.39) and (3.42), the mass conservation in the pipe reads

R(z)
/ rugdr=Cst, (3.43)
0
and the radial velocity u, is given by

1 T
uT:f/ rugdr. (3.44)
TJo

Let us consider the velocity field u, given by

" —a cosh(Br?)
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then all the solutions R(x) of

D (AP e m ) =
3x(2sinh2(ﬁR(x)2)+K()(R() Rm<>>> 0, (3.45)

are solutions of the system (3.39)-(3.44). In particular if Ro(z) is any non-negative
function then R(x) defined by

04252

R(@)= <2K(a¢)sinh2(BR0(a:)2)

o))

is solution. It has to be noticed that whatever the choices for the positive functions
K(z) and R,,(z), all the solutions of (3.45) are necessarily continuous and no shock
can occur.

An illustration of the situations proposed here is given in paragraph 5.3.1.

4. Analytical solutions in 3d

In this paragraph, we propose a 3d extension of the analytical solutions obtained
in paragraph 3.2.

From (2.8)-(2.11), stationary solutions of the 3d Euler system with free surface
have to fulfill

o [ o [
8gj/Zbudz—l—&y/%vdz-O, (4.1)
ou  Ou ou 0On Op°

u%+va—y+w$+g%= o (4.2)

w:—(,% Z:u dz—% z:v dz, (4.4)
where we have considered p® =0. Let us introduce the velocity fields

o 9= gy A=), (45)

sy = 7 SO 1), (1.6

then we clearly have
n n
/ Uoy,B dz=oy, and / Vasy,p dz= .
Zp Zb

Using (4.4), we obtain

wa17a276 =

<sin(ﬂ(z —2))cos(BH) (Oq%l;f Jm%};r)

8zb (921,

+cos(B(z — z))sin(BH) <a18x +a28y)> : (4.7)

sin?(BH)
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and the momentum equations along x and y (4.2)-(4.3) reduce to

an

on_ acosBH) (L OH oY _

99: P g amy \“ar Ty ) =0

on 3cos(ﬂH)( 0H 8H>

el AP el V=0

I oy a2f sin®(BH) Mgy T Jy 7

or equivalently

0 a?pB? 0 aanf3? Oz
I (ggy—2 ), 9 ( @wr ) 9% 138
ax<9 +2sinQ(BH)>+8y<QSin2(ﬂH)> 9 (4.8)
0 aqasf? ) 8( a2 ) 0z
Gy (G L 5 A )P . Lo AL 1.9
oz (2sin2(5H) oy W T e emy) T oy (4.9)

where H is the unknown. Therefore a necessary condition for the system (4.8)-(4.9)
to admit a solution, is the water depth H being of the form

H(z,y)=Ho(ar1z+azy), or H(x,y)=Ho(azr—a1y).

Only the second choice leads to non trivial solutions and thus for any non negative
function Hy(x), the bottom topography given by

(af +0a3)5?
2¢sin? (BHo(arx+ ay)) ’

2 (x,y) =Zp — Ho(onz +opy) — (4.10)

and the velocity fields u, v and w respectively given by (4.5), (4.6) and (4.7) are
solutions of (4.1)-(4.4). These 3d analytical solutions are illustrated in paragraph 5.4.

5. Illustrative examples

For some of the models investigated above, illustrations of the exhibited analytical
solutions are given. In the following except for paragraphs 5.3.2 and 5.4, we always
consider the situation of a L, =20 meter-long basin with constant width and vertical
shores. Since the initial and boundary conditions do not depend on the variable y
and the bottom geometry satisfies z, =z (), it is a 2d (x —z) problem.

5.1. Stationary continuous solutions

In this paragraph we present typical analytical solutions for the problem examined
in paragraph 3.2. Let us consider the bottom geometry z,(x) is defined by (3.8) where
Hy(z) is given by

1 = o _ N L, SN (p—-3 )2
Ho(x):§+§+ﬁtan 1<Lx(x—3)>_e L2 4L,_.),

with N =50, a=3.5 and S8=1. The flow is fixed at inflow (left boundary) with ¢;, =«
and the water height is prescribed at outflow (right boundary) with H,,: = Ho(Ly).
Following the results of paragraph 3.2, the water depth H = Hy and the velocity fields
u,w given by (3.9),(3.10) are solutions of the considered problem. This situation
where no shock occurs, is illustrated by Fig. 5.1.
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—=—= A\ P e

Velocity u (m/s) Velocity w (m/s)
- 15 35 ]
(a)
Veloci’ry? Magnitude (m/s) , Veloclty Magritude (m/s)
2 4
[ ‘ IR \
(c) (d)

Fic. 5.1. Surface level of the continuous solution and (a) horizontal velocity, (b) vertical
velocity, (c¢) velocity norm, (d) velocity field (arrow).

5.2. Stationary solutions with a shock
Now we consider the situation decribed in paragraph 3.4. The bottom geometry
is given by
2

2(2) =0.2¢70-5@=8)" _ () g¢=0-5(z—12) (5.1)

With this geometry and a=0.65, 3=2.5 and H(L,)=0.6, the solution is discontin-
uous (cf. (3.19)) and governed by (3.20)-(3.21). The shock is characterized by (3.24)-
(3.26) and the vertical velocity w is obtained from(3.10). The obtained solution is
depicted in Fig. 5.2.

5.3. Interactions with structures

5.3.1. Analytical solutions with partially free surface

The analytical solutions proposed in paragraph 3.8.1 are illustrated here in
Fig. 5.3.

We use the topography given by (5.1). As for Fig. 5.2, we choose «=0.65 and
B=2.5. The external pressure p® is given by (3.37) with K(x)=100x and n,,(z)=
min(1.2,0.2+0.04(z — 14)?).

5.3.2. Analytical solutions in cylindrical coordinates

The figure 5.4 depicts the analytical solution proposed in paragraph 3.8.2. It
corresponds to a flow in a deformable cylinder of length L, =10 m with the parameters
a=2.5, =0.35, y=1 and the functions

, . L,\?
Ro(x):1+2e*(z7%)2—f-e*(z*%)i and K(x)zl—O.Gsin(ZW—O(x—?) >
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Velocity u (m/s) Velocity w (m/s)

0 1 2 2 0 2 4
i e’ M
(a) (b)

Velocity Magnitude (m/s)

' | 2 \I\I\‘A | ‘ 2 HIH?
(c) (d)

Velocity Magnitude (m/s)

F1G. 5.2. Surface level of the solution with shock and (a) horizontal velocity, (b) vertical velocity
and (c) velocity norm, (d) velocity field (arrow).

5.4. Analytical solutions in 3d

In this paragraph we give an example of the 3d analytic solutions obtained in
Section 4.

In this 3d situation, the water depth is given by

H(x,y)=Ho(a12+ azy) =1+0.3sin(B(arz + asy)), (5.2)

with oy =1,00=2 and f=1. The bottom geometry is given by (4.10). The bottom
profile with 3090 vertices and 5978 triangles is depicted in Fig. 5.5. The corresponding
surface level and velocity fields u, v and w have been calculated from (4.5)-(4.7) and
are presented in Fig. (5.6).

6. Conclusion

We have proposed analytical solutions for the 2d and 3d incompressible and hy-
drostatic Euler system. The FRESH-ASSESS solutions have been obtained in various
situations: free surface, partially free surface, shocks, transient regime,. ..and can be
derived for a large class of geometrical domains.

The main interest of these analytical solutions is to allow the validation of nu-
merical schemes. The authors have already checked that the numerical schemes they
have proposed [1, 2] for the resolution of the incompressible and hydrostatic Euler
system with free surface are able to recover the analytical solutions proposed here.

Acknowledgement. The authors want to thank Emmanuel Audusse and Benoit
Perthame for helpful discussions that have allowed to greatly improve the paper.
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Velocity u (m/s) Velocity w (m/s)
2
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F1c. 5.3. Surface level of the solution with partially free surface (a) horizontal velocity u, (b)
vertical velocity w and (c) velocity norm (with arrows).

Velocity u_x (m/s)
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1
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Fic. 5.4. Deformation of the cylinder and the velocity field (a) velocity norm, (b) slice along z
with the velocity ug .

Fic. 5.5. 3d bottom geometry.
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Velocity u (m/s) Velocity v (m/s)
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Fic. 5.6. Surface level of the 8d solution and (a) and (b) horizontal velocities u and v and (c)
vertical velocity w.

[1] E. Audusse, M.-O. Bristeau, M. Pelanti, and J. Sainte-Marie, Approzimation of the hydrostatic
Navier-Stokes system for density stratified flows by a multilayer model. Kinetic interpre-
tation and numerical validation., J. Comp. Phys. 230 (2011), 3453-3478.
[2] E. Audusse, M.-O. Bristeau, B. Perthame, and J. Sainte-Marie, A multilayer Saint- Venant sys-
tem with mass exchanges for Shallow Water flows. Derivation and numerical validation.,
ESAIM: M2AN 45 (2011), 169-200.
[3] A.-J.-C. Barré de Saint-Venant, Théorie du mouvement non permanent des eauzr avec applica-
tions auzx crues des riwiéres et a lintroduction des marées dans leur lit, C. R. Acad. Sci.
Paris 73 (1871), 147-154.
[4] P. Bonneton, E. Barthelemy, F. Chazel, R. Cienfuegos, D. Lannes, F. Marche, and M. Tissier,
Recent advances in Serre-Green Naghdi modelling for wave transformation, breaking and
runup processes, European Journal of Mechanics - B/Fluids 30 (2011), no. 6, 589 — 597,
Special Issue: Nearshore Hydrodynamics.
[5] J.-V. Boussinesq, Théorie de l’intumescence liquide appelée onde solitaire ou de translation se
propageant dans un canal rectangulaire, C. R. Acad. Sci. Paris 72 (1871), 755-759.
[6] Y. Brenier, Homogeneous hydrostatic flows with convez velocity profiles, Nonlinearity 12 (1999),
no. 3, 495-512.
[7] A.E. Green and P.M. Naghdi, A derivation of equations for wave propagation in water of
variable depth., J. Fluid Mech. 78 (1976), 237-246.
[8] E. Grenier, On the derivation of homogeneous hydrostatic equations, ESAIM: M2AN 33 (1999),
no. 5, 965-970.
[9] D. D. Houghton and A. Kasahara, Nonlinear shallow fluid flow over an isolated ridge, Com-
munications on Pure and Applied Mathematics 21 (1968), no. 1, 1-23.
[10] D.J. Korteweg and G. de Vries, On the change of form of long waves advancing in a rectangular
canal, and on a new type of long stationary waves, Philosophical Magazine 39 (1895), 422—
443.
[11] Martin D. Kruskal and Norman J. Zabusky, Ezact invariants for a class of nonlinear wave
equations, J. Mathematical Phys. 7 (1966), 1256-1267. MR 0203259 (34 #3112)
[12] P.D. Lax, Integrals of nonlinear equations of evolution and solitary waves, Communications on
Pure and Applied Mathematics 21 (1968), no. 5, 467—-490.



Anne-Céline Boulanger 19

[13] T. Levi-Civita, Détermination rigoureuse des ondes permanentes d’ampleur finie, Math. Ann.
93 (1925), no. 1, 264-314. MR 1512238

[14] I. MacDonald, M.J. Baines, N.K. Nichols, and P.G. Samuels, Comparisons of some
steady state Saint-Venant solvers for some test problems with analytic solu-
tions., Tech. Report 3/95, Dept of Mathematics, University of Reading, 1995,
http://www.reading.ac.uk/maths/research/maths-numanalrpts.aspx#1995.

s Steady open channel test problems with analytic solutions.,  Tech.
Report  2/95, Dept of  Mathematics, University of  Reading, 1995,
http://www.reading.ac.uk/maths/research/maths-numanalrpts.aspx#1995.

[16] A.J. Pullan, N.P. Smith, and P.J. Hunter, An anatomically based model of transient coronary
blood flow in the heart, SIAM Journal on Applied Mathematics 62 (2002), no. 3, 990-1018.

[17] A. Ritter, Die fortpflanzung der wasserwellen, Vereine Deutscher Ingenieure Zeitswchrift (in
German) 36 (1892), no. 33, 947-954.

[18] J. J. Stoker, The formation of breakers and bores the theory of nonlinear wave propagation in
shallow water and open channels, Communications on Pure and Applied Mathematics 1
(1948), no. 1, 1-87.

[19] W. C. Thacker, Some ezact solutions to the non-linear shallow- water wave equations, J. Fluid
Mech. 107 (1981), 499-508.

(15]




