EXECUTIVE SUMMARY

This document is composed of two main parts. In the first one (chapter I1), al the
equations solved in TELEMAC-2D are derived: different formulations of shalow water (or
Saint-Venant) equations, tracer equation, turbulence models, etc. Some basics on hydraulics are
also presented: hydraulic jumps, characteristic curves, Froude number. The source terms added to
the equations to deal with friction, wind, Coriolis force, and atmospheric pressure are also
detailed.

The latter part describes how to solve the equations. The finite element method, the
discretisation in space and time are briefly recalled. The variational formulation leading to the
final linear system is fully given. The numerical schemes used in TELEMAC-2D for solving the
advection equations are also explained.

The implementation of the techniques described is not given in this document.

SYNTHESE

Cette note se compose de deux grandes parties. La premie re (chapitre I1) Ztablit toutes
les Zquations rZsolues dans le code TELEMAC-2D : Zquations de Saint-Venant dans leurs
diverses formulations, Zquation d'un traceur passif, mode les de turbulence, etc. Des notions
d'hydraulique sont Zgalement fournies : ressauts, courbes caractZristiques, nombre de Froude.
Les divers termes sources gjoutZs aux Zquations de Saint-Venant et prenant en compte les
frottements, la contrainte due au vent, la force de Coriolis et la pression atmosphZrique sont
Zgaement dZtaillZs.

La deuxie me partie (chapitre 111) dZcrit la rZsolution des Zquations : quelques notions
sur les ZIZments finis, la discrZtisation en temps et en espace sont rappelZes. Tous les dZtails de
la formulation variationnelle menant au syst* me linZaire fina sont donnZs. Les diffZrents
schZmas numZriques utilisZs dans TELEMAC-2D pour la rZsolution des Zquations de transport
sont Zgalement expliquZs.

Par contre la mise en oeuvre informatique de ces techniques ne rele ve pas de ce
document.
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1. INTRODUCTION:

The TELEMAC system is a set of finite element programs designed for the open channel
flows which uses a string of common processes (digitization and graphics); it contains two and
three dimension modules for the study of currents, sedimentation, waves and water quality.

Forming the core of this system, TELEMAC-2D, the first module of this package, is a
program for the solution of the two dimensional Saint-Venant equations. The water depth and
the velocity averaged on the vertical are the main variables, but the transport of a passive tracer
as well as turbulence can be taken into consideration.

It uses triangular finite element discretization, it can also work with quadrilateral
elements. TELEMAC-2D can be used for numerous studies in fluvia and maritime hydraulics,
the test cases considered for the validation of the program give an idea of its fields of
application.

The present note describes the basic equations and the solution methods used, but does
not give the details of computer techniques. Another part of the literature on the program is
given with the validation document [1] and the user’s guide [2].

The first part is devoted to the equations with details of the elements that go into creating
a model: the conservative form, the existence of characteristic curves and hydraulic jumps, as
well as the hypotheses and approximations. To neglect or be unaware of the basis and principles
of Saint-Venant equations can lead to an improper statement of the problem or to unredlistic
boundary conditions, which would give wrong results. In the preliminary stages of the study the
validity of hypotheses and the ability of the code should be seriously evaluated with regard to
the stated problem.

This first part can be referred to to understand better the significance of the physical
parameters offered as options in TELEMAC-2D.

The second part expounds the algorithms for the solutions of equations set out earlier.
The genera lines of discretization and variational formulations are presented. The difficulties,
the theoritical limitations and the unresolved problems are also cited. This document forms the
basis for future improvements, and al contributions to this end will be welcome.

TELEMAC is built up according to the wishes of the users by successive addition of new
functions. As this could lead to an increasing complexity, a constant effort to ssimplify the
program was necessary. The release 3.0 includes changes made to limit its size and to preserve
the possibilities of further development in future:

-Withdrawal of the option celerity-velocity.
-Giving up of specific treatment for the quadrilateral method.
-New methods of working with Mercator projections.

The important new features include a new option for treating tidal flats (masking certain
elements) new advection schemes, and consideration of horizontal density gradient.
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. THE EQUATIONS:

1.1 INTRODUCTION

BarrZ de Saint-Venant equations (1871) are of the greatest importance in maritime and
fluvial hydraulics and govern shallow water open channel flows.These are derived from Navier-
Stokes equations by assuming certain simplifying hypotheses and are used in such wide areas as
environmental studies, the calculation of tides and storm surges, impact and stability of
structures, sedimentology and the study of floods.

One of the restrictive hypotheses of these equations is that the wavelength should be
large in relation to the depth, therefore the computation of waves is not in their domain of
validity.

Saint-Venant equations and their different formulations are presented here to bring out
the phenomena that are modelled and the precautions implied in the numerical analysis.

[1.2 SAINT-VENANT EQUATIONS
Saint-Venant equations are derived from Navier-Stokes equations by taking the vertical average
in which, however, the non linear terms necessitate certain assumptions and approximations.
These assumptions and approximations form the limits and are responsible for the restricted
domain of validity of the equations.

I1.2.1 Notations and basics of geometry

An orthogona Cartesien reference frame (x,y,z) is selected where the x and y axes form the
horizontal plane and gravity acts in the negative z direction.

z

A L’_/_’_’_/_—/_/_/_’_/_‘
A
h: water depth Z : free surface devation
Zf : devation of the
bottom
y X
-

Zf and Z are the elevations of the bottom and the free surface respectively.

The depth of the water h is equal to Z-Zf.
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The elevation of the bottom is given, the depth of the water is generally an unknown.
Thetime is denoted by t.

Normal to the bottom and to the free surface:

All points on the free surface are uniquely defined as a function of x, y and t, which precludes
breaking waves. The surface is defined by an equation of the form: z=Z(x,y,t) which may aso
be written as:

F (x,y,zt) = 0with F (x,y,zt) = Z(x,y,}) - z.
The normal to the free surface in the positive z direction (outward pointing norma for the

volume of water) can be expressed as the vector 11 = gr_aa(F). The components of this vector
are:

1Z

S
|

Note that the norm of 1 is not equal to 1.

The normal to the bottom can be expressed similarly by substituting Zf for Z and with a minus
sign to get an outward normal.The bottom is also a function of x and y. A vertical bottom can
only be represented by a steep slope.

F which describes the movement of any point on the free surface is dways O whereby the
derivative%—'; Is O (this is the Lagrangian approach, which in physical terms means that over a

period of time a particle of water on the free surface remains attached to the surface). By
denoting the velocity of a point on the surface by U® (composed of US, U5 et U3 ), the equation

. . . Z Z Z .
dF = 0 can be rewritten using Euler’s variables as: I, Uiﬂ— + ugﬂ— -U3 = 0, which
dt Tt % Ty

: Z -5 -
glvesﬂ— +U%.n=0
qt

. 7Zf = -

At the bottom we obtain similarly: — + U . n= 0. The hypotheses of the bottom constant
it

over time is not required.
This relation will be used in establishing the equations that describe the impermeability of the
bottom and the free surface.
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I1.2.2 Navier-Stokes equations for averaged Reynolds number
The fluid is assumed to be Newtonian.
The starting equations are the Navier-Stokes equations for variable density. The conservative

form of the equations is chosen which would result in the conservative form of Saint-Venant
eguations:

Continuity:

i(r Uy)
i

=0

Momentum :

LGRS (UL L) N N l(tij +Rj)+rFi+rg
qt X xi X

Theindicesi and j vary between 1 and 3. Einstein tensor notation is used hereunder. Repetition
of the indices imply a summation, for example:

fitr Uid)) represent

1

< fi(r UiUy) +ﬂ(rUiU2) +ﬂ(rUiU3)

ixq %2 X3

Fi represents forces applied in the volume of water, other than pressure and weight (see chapter
V)

gi represents gravity(qr = @2 = 0, i3 = - g)

p is the pressure (strictly speaking the spherical part of the constraint tensor).

U  TU; : .
. +L) corresponds to the viscous part of the constraint tensor. The molecular
% X

tij = nt
. . . n o
viscosity n, in m¢/s, isequal to = It should be noted that, if r is constant, the trace of the tensor

is 0 due to the continuity equation.

The stressest j; appear in the expression as i(tij ), that isto say l( n(&+M) ). Using
X X % X
. . L . T iU
the continuity equation, and if r is constant an equivalent formis ‘H_( mﬂ_ ) .
Xj Xj
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Rj = -r U; U; is the Reynolds tensor due to turbulence. Strictly, the above equations are
Reynolds equations where velocity and pressure are stochastic means devoid of turbulent
fluctuations. The bar indicates the stochastic mean (which supposes a hypothesis of ergodicity)
and the U; are the fluctuations of the velocity. If the fluid is incompressible, the Reynolds
average may be used else, for compressible fluids, other averaging procedures (such as Favre)
must be used. r is below the bar and may be moved out only if the density does not undergo
turbulent fluctuations.These additional terms which do not figure in Navier-Stokes equations
proper arise from non linear terms where turbulent fluctuations cannot cancelled out. In the
momentum equation following the stochastic process, we obtain (the x componant for example):

- rullﬂu_l -r '21-[U_1 - rUISﬂU_l
fix Ty iz

which is expressed as:

div(- ru0 )

In most of the turbulence models, the terms:

ll(tij + Rijj) are expressed as: ! ( (n+ny) [MJF&]

X 2 % I
nt varies with time and space and is obtained from the turbulence model. This formulation forms
the hypothesis of Boussinesq on the turbulent viscosity. Henceforth we will write ng = n 4 n;

(effective viscosity) and the diffusion terms as vzll—J (ne [‘”Ui + E] )

) where ny is the turbulent viscosity.

> X

We then suppose that the density is constant (variable density is studied in paragraph 11.2.10),
which finally leads to:

Continuity :

&:O

X
Momentum

&+ ﬂUIUJ = - l ﬂ
it X

©

+1 — (@t +R)+Fi+g

il
rﬂxj

_1
=]

Xj
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N.B.: The variables figuring in these equations are all mean values.
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[1.2.3 Hypotheses, approximations, and rules of calculations

Hydrostatic pressure:

We will assume henceforth that in the following momentum equation the vertical acceleration
caused by the pressure balances gravity. In this case, we say that the pressure is hydrostatic. This
islinked to conditions of small vertical movements.

In fact, if this hypothesis is not absolutely necessary to develop Saint-Venant equations, it most
certainly is to convert the pressure in terms of the water head.

Since the pressure, denoted by p (X, vy, 2), at a point of coordinates (X, Yy, z), is caused only by the
water head above that point:

_lﬂ_p_ g=0wherep (X,y,2) =-r gz+cste

r 1z
The constant is chosen such that p (X, y, Z) = 0, where Z is the level of the free surface. We

therefore assume that the atmospheric pressure is O (or is a constant amost equal to 0). (If it is
not, we will take it into account later in the paragraph 11.2.8.4). It follows then:

p(X,y,2)=r g(Z-2
at the bottom: p=r g (Z - Zf) =r g h, h being the water depth.

Negligible vertical velocities:

The vertical velocity will be neglected in the Saint-Venant equations and will not have an
equation. This approximation is linked to the hypothesis of hydrostaticity that requires the
vertical accelerations to be insignificant.

Impermeability of the surface and of the bottom:

We further assume that there will be no transfer of water either through the bottom or from the
surface, and that a particle of water located on one of these two interfaces will remain there.
Following on from the equations established in paragraph 11.2.1, we can write:

Z Z Z

Ui (X, y,2) ﬂ—+ Ua(X,y,2) ﬂ—+ﬂ—:U3(x,y,Z)
X Ty 1t

and

U1 (X, Y, Zf) E+ Uz (X, Y, Zf) E+E: U3z (X, Yy, Zf)
Tx fy 1t

Note:
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We will explore later the source terms due to the influx of water either from the surface or from
the bottom. In this case, impermeability will no longer exist.

Rule of Leibnitz:

The derivative of an integral with variable limits gives rise to a derivative inside the integral and
to the flux terms according to the formula:

z

j_ f Fdz = Edz + F(xy,2) E - F(xy,Zf) E

X x Ix x

Zf

_ 1
h

applying the preceding formula to derivatives with respect to X, y, and z:

z
If we substitute f ’ F dz, (f represents the average F over the vertical), we will get by
paj

z

grad(hf) = / grad(F) dz + F(xy,Z) Teutace - FAY.Zf) Tond

Zf

where Nguface @ Tiong @€, let us recall, non-unitary vectors.
Inasmilar way, if Fisavector:
Z

div(hf) = } dv(F) dz + F(xy,2) . Teuface - FOGY.ZF) . Tond

Zf

For aderivative in time, and keeping in mind that:

E+U.ﬁ:0 and ﬂ—Z1:+U.ﬁ’:0,weget:
qt It

F -~ > o2
% = 1‘|11_tdz - F(Xy,2) U .Nsuface + F(Xy,Zf) U .Nfond

Zf
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[1.2.4 The average of Navier-Stokes equations

11.2.4.1 Principle:

The Navier-Stokes equations (or Reynolds equations if we consider the turbulence) at constant
density and with hydrostatic pressure will be averaged over the vertical by integrating from the
bottom to the surface. Apart from the already defined water depth, two new variables appear:

h h

Zf

zZ Z
u—l’f Uidz and v= 1} U-odz
Zf

These averages over the vertical of the horizontal components of the velocity vector will
themselves be called velocity, or «components of the velocity vectors.

11.2.4.2 Average of the continuity equation:

The continuity equation becomes:

z

'ITU1+ U, N U3
™x Ty 9z

( )dz =0

zf

By using Lebnitz's rule, it follows:

z

(

ﬂUl+'"U2+Zu3)dz :1/ Uidz- Ul(xyZ)—Z+ U1 (x,y, Zf) et
> Ty 9z X Tx x

+-zﬂ—} Uodz-Uz (XY, 2) —Z+ U2 (X, Y, Zf) H
Y1, Ty Ty

+U3(2)-Uz(Zf)=0
And, considering the conditions of impermeability:

—(hu)+—(hv)+E- E—O

X Ty i 1

or finaly:

m+_(hu)+—(hv) 0 or E+ div (hd) =0

it 9ix iy fit

We remark straight away the analogy with the continuity equation of compressible fluids:
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I odvem=o0

It

in the Saint-Venant equations the depth plays the role of the density .

11.2.4.3 Average of the momentum eguation

We shall apply from the very beginning the hypothesis of hydrostatic pressure.

The equation of U, once developed, becomes:

U1 +'|TU% N 1U1U, N U1U3
qt x Ty iz

1 g2
X

+rl s (t11+R11) + al (t2+R12) + Al (t13*R13) | + Fx
ix Ty Tz

Let us detail the results from integrating each of these terms:

Time derivative:

z

Wiy =T oo iv @™

fit fit it 1t

Zf

advection terms:

z

2 VA
g, - l’f uiolz-ui(z)Ew%(Zf)E

fix ix 1, fix fix

Zf

z

Ul o, 1} UrUzdz -Us (2) U (2) 22+ Us (20) Up (2f) 120

Zf

The last two terms produce non-linearities. Let us develop for example the expression in UjU»:

1, Ui Uz dz 21} (U+Uz-u)(v+Uz-v)dz
1.[y Zf 1-[>/ Zf
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=l,( uvdz +1, u(Uz-v)+v(Ui-u)dz +l,( (Up-u)(Uz-v)dz
1-[y Zf 1-[y Zf 1-[y Zf

:l(huv)+1, (Uz-u)(Uz-v)dz

Ty Ty 1

Theterm 1, (U1-u)(U2-v)dz isnot nil when there are heterogeneities in the velocity
Ty )

over the vertical. These terms, called those of dispersion, are generaly interpreted as an
additional diffusion. In fact, they take into account the fluctuations around the mean (here,
spatial) and are analogous to Reynolds stress. In redlity, these are advection terms arising from
the fact that the movement of the water is due to areal current and not due to a current averaged
over the vertical. Depending on the depth, al particles of water are not carried at the same
velocity whereas in the Saint-Venant equations we choose an average current. We shall select
here an approach with diffusion, with a tensor that shall add naturaly to the Reynolds tensor.
Henceforth, ne shall include the molecular viscosity, the turbulence, and the dispersion.

z

flU1U3
Iz

dz = U1 (2) Uz (2) - U1 (Zf) U3 (Zf)

Zf

Pressure gradient:

z

-%1[rg(2-z)]dz = -hg 12 Thisistrue only if the density does not change over the
X x
Zf

horizontal. These variations will be taken into account in paragraph 11.2.10.

Diffusion terms:

+ i[l (t11+R11) + T (t12+R12) + 1 (t13+R13) | : let us examine, for example, viscous

.
ix Ty |4

friction, written in the form rldiv(t), where t is avector with components (t 11, t 12, t 13).

If we assume that the density does not vary over the vertical, it can be removed from within the
integral and the formula of Leibnitz gives:

z z
rl f d|V(t) dZ = ri d|V( f t dZ ) = I’l tsurfa;e -_ﬁsurfaoe + I'l tfond .ﬁfond
Zf

zf

The last two terms of the last equation represent surface and bottom constraints caused, for
example, by the wind or the friction at the bottom. These terms will be studied later along with
source terms (chapter 11.2.8).
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Remark on the way the term div( _t>) iswritten:

TUs |, Uy,
x 1x
. . , > . , U, U,

According to Boussinesg's model, t is a vector with these components. | my(—— +—=
fy I

(U2, Uz

1z 1x
where ng = r ne. Even though this is valid only when my is constant in space (which is not the
case with the turbulence model k-epsilon, and even less so when m, includes dispersion), we

m (

write div(?) as div(me gr_aa(U 1)). This approximation will avoid a coupling of the components of
the velocity in the final equations, and conserves, in spite of everything, a tensorial form of the
viscosity terms. Tests with other programmes preceding TELEMAC (notably ULY SSE) have
shown that this coupling of the velocity components could have been ignored. Knowing that the
effective viscosity includes the dispersion terms, we can say that we have chosen a model rather
than an approximation, the expression of t given by Boussinesq itself having been obtained from
an analogy with molecular viscosity.

Before arriving at afinal form of our diffusion terms, we shall have to make one more

z

approximation. We have to consider that } gr_a>d(U1) dz »h gr_aa(u),

zf
A

Theterm rldiv( / T dz ) isfinaly written : rldiv( hmgTa&(u) ).

zf

Assuming, in addition, that the density remains constant, the diffusion term is finally written as:
div(h ne grad(u) ).

In this expression, ne is traditionally called «turbulent diffusion». This is the key word
«VELOCITY DIFFUSIVITY ». We have to remember that in the Saint-Venant equations, this
term includes the dispersion. ne can then vary substantially, from less than 1 to more than 500
m2/s. This imposes a practical standardization on every application if the model of turbulenceis
not used.

Source terms and volumic forces:
Fx : h Fy (terms assumed constant over the vertical)
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Until we study them more precisely in chapter 11.2.8, we shall include in these volumic forces
the friction forces and the terms:

= %?&Jrf&e .ﬁwrface + rl_{fond .ﬁfond WhICh Sha” be now Omltted.

Recapitul ation:

The sum of these terms, many of which disappear in view of the impermeability of the bottom
and of the free surface, gives the following equation:

() +l(huu) + l(huv) =-hg ¥ hE +div(h ne grad(u))
it I Ty fix

The U, equation gives:

T T )+ L) =-hg T2 +h i, +divih negadi)
Tt X iy Ty

Since the vertical velocity is assumed as insignificant, the U3 equation is not retained (it was
already used in the hypothesis of hydrostaticity).

Along with the continuity equations, these equations form part of the bidimensional equations of
BarrZ de Saint-Venant in aform called «conservative.»
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I1.2.5 Different forms of equations

11.2.5.1 Conservative form

The equations obtained in the previous chapter are rewritten by taking: Qx = hu, Qy =hv. 6 IS
the vector with Qx and Qy as components. The discharge Q is in fact expressed here in mé/s.

Continuity:

Th, dv(®) = 0

It

Momentum :

T 4 v (TQ0) =-hg T2+ h Ry +div (h ne gradl u)
Tt

ix

T 4 div(TQ)=-hg Y 4h Fy +div(h negraiv)

it Ty
Source terms in the continuity equation:

In the case of an intake or outflow on the bottom, or if we consider sub-soil seepage, the right
side of the continuity equation is no longer O but is equal to a term that we shall call «Sce» for
«Source». Sce is expressed in m/s and is positive for an influx of water in the domain. The
relation between Sce and an inflow will only be clear when we do a variational formulation. In
fact, the discharge of a source Qe Of a point i, consdered positive for an influx into the
domain, will equal:

Qxe = Sce f j i dW that isto say, Sce multiplied by the «volume» of the test function at point
W

I

The continuity equation will then become:

T+ av(3) = see

It

In the same manner, we have to consider in the momentum equations the contribution of the
source, expressed by vector components Mt(x) and Mt(y) (where Mt stands for «Momentum»)
with dimensions n?/s2. These terms are equal, respectively, to Uge Sce and e Sce, where Usce
and Vg are the components of the velocity of the source. In the case of soil seepage, these terms
are assumed nil.
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11.2.5.2 Non-conservative form

In theory, only arigorous application of conservative equations will lead to a good grasp of the
problem considering the discontinuities that can arise in the solution (hydraulic jJumps). Other
reasons (stability of the model, use of the characteristics method) have led us to adopt a different
formulation with variables h and u, called the «depth-velocity» formulation. This formulation is
called «non-conservative». Let us hasten to add that this terminology does not preclude
construction of numerical models that preserve the water mass.

Using the conservative form of equations as a starting point, the derivatives of the products of
functions are developed in the equations of momentum and of continuity.

The continuity equation becomes:
Th . — :

—+ 4. grad(h) + hdiv( U) = Sce
qt

and the equation of u:

h h hv Z
hﬂ—u+ ﬂ ﬂ—u+h ﬂ_u+ ﬂ—+hvﬂ—u—-hg ﬂ—+hFx+d|v(h negradu) + Usce SCE

qt ‘ﬂt I X Ty Ty X

And, using the continuity equation:

hﬂ—u+h ﬂ—u+hvﬂ—u—-hgﬂ—+hFx+d|v(h negradu) - uSce + Usge Sce

1t X Ty X

We divide both sides of the equation by h. And, working in the same manner for v, we arrive at:

Z —
ﬂ—u+u‘"—u+v‘"—u—-g‘"—+FX+%div(h Nnegrad u) + %(uxe-u)

It > Ty X

ﬂ_v+uﬂ_v+ ﬂ_v_-gE+Fy+%div(h negrad v) + %(Vsce'v)

It x Ty Ty

The conservative and non-conservative forms of equations are not equivalent if discontinuities
are present.

Remark:

(Uspe - ) SCE 1 (Vane = V) SCE 66 b arided to

the right hand sides. These terms are nil if the velocity of the source is the same as that of the
current. We will henceforth include them in the expressions Fy and Fy and will not mention them
explicitly.

If there is a source at the bottom, the terms
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11.2.5.3 Wave celerity from the Saint-Venant eguations;

The two main phenomena modelled by Saint-Venant equations are advection (or the transport by
the current) and the propagation of long waves. The propagation is easily defined for waves of
small heights where linearised equations are valid; the advection terms are negligible and
ignored, and a flat bottom is assumed. This leads to, in dimension 1.

fu_ fh

_+g_:0
It X
E+hOE:O
ft x

hy is the average depth

The combination:

-hol(ﬂ—u+9m)+z(m+h0$)

Ix 1t ™ it 9t

gives:
h
ﬂz_ - gho ﬁ =0
||
And, similarly:
ﬂ - gho @ =0
) Tx2
These two equations show that u and h propagate at velocity ¢, where ¢2 = ghg. From Euler, we
2 2
_ . . TF 2TF . .
know indeed that the solution of an equation of the type — "¢ — Is!
it X

f(x,)=A (x-ct) +B (x + ct),

the form of functions A and B being determined by initial and boundary conditions.

In the absence of a current, the celerity of waves from the Saint-Venant equations is therefore:

c=1gh
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This shows the celerity of long waves of small amplitude in linear theory. For a depth of 2000
m, the celerity is therefore 500 km/h. This celerity has been actually observed in tidal waves and
in tsunami.

11.2.5.4 Celerity-velocity formulation

This formulation was the one used in the previous versions of TELEMAC-2D. It is still
presented here because it shows the analogy between the Saint-Venant and the Euler equations,
and because it is the most natural formulation to present characteristic curves.

2
This formulation is obtained by replacing depth h by (; in the equations. We get:

Continuity:

2cE+20uE+20vﬂ—+c2(—+ﬂ—v) 0

qt X Ty > Ty

And, after divison by 2c:

fie, E+v'ﬂc+%div(ﬁ)=o

> Ty

Momentum :

ﬂ—u+u‘"—u+v‘"—+2cE—Fx gE+1div(h ne grad U)
it x Ty X X

AT LAMRVR LAY (S gﬂ—Zf+%div(h Ne grad V)
Tt ™ Ty Ty iy

This form of the equations is often simpler to develop the exact solutions and has advantages for
numerical resolution.

11.2.5.5 Analogies with Euler’ s equations;

Euler’ s equations govern the flow of ideal compressible fluids at constant entropy. They are
written as:

E+uE fe - C[ﬂu ﬂv]ZO
mw x Ty
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gistheratio of heat masses at constant pressure and constant volume.

Here, ¢ isthe celerity of the wavesin afluid, equal to *\/ %—p , p being the pressure and r the
dengity.

There is a perfect analogy between the equations of Euler and of Saint-Venant (for the latter, g=
2; for air, g = 1.405).

This analogy underscores the fact that the Saint-Venant equations are formally for compressible
fluids, the water depth being the counterpart of the varying density in Euler's equation.
Nevertheless, the analogy stops at the left hand side of the equations; the source terms of the
Saint-Venant equations present specific difficulties that lead to a quick divergence of the two
approaches.
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I1.2.6 Characteristic curves

The method of characteristics arises from the geometric theory of quasi-linear differential
equations. It gives a physical interpretation to certain problems of fluid mechanics and
sometimes leads to an analytical solution. It also indicates the necessary number and nature of
boundary conditions and can detect ill-defined problems. The concept of characteristics and of
Riemann invariants in the Saint-Venant equations is therefore fundamental.

We shadll start at the celerity-velocity formulation, linearised, in dimension 1, without diffusion
nor source terms, and in a flat-bottomed channel:

fu fu 1(2c)

—+u—+c

qit ix X

=0

1(2), (), fu

=0
It X x

The sum of the two equationsis: 1(u+20) + (u+c)l(u+ 2c)=0
fit X

and the difference : 1(u-20)+(u-c)l(u-2c):0
It X

These equations are of the form:

A A .
ﬂ—+°|—Xﬂ—:0 o A=y on the curves of equation d—X:u+c ou u-c

g ot dt t

A equalsu + 2c or u -2c. We have thus:

%( u+2c) =0 on the curves C+ of equation %: u+c

and :

%(U'ZC):O on the curves C- of equation %: u-c

On the curves C+ the quantity u + 2c is invariant.
On the curves C. the quantity u - 2c isinvariant.

The curves C+ and C- are called the characteristics. The values u + 2c and u - 2c are called the

Riemann invariants. Existence of real characteristic curves places the Saint-Venant equationsin
the family of hyperbolic differential equations.
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The characteristics are represented in a diagram (X,t). Two cases are considered (see following
diagrams) according to the sign of u - ¢, u being chosen positive.
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domain of dependence

t Fluvial flow
u<c
C+
dx/dt=u+c domain of influence dxfdt=u-c
upstream boundary condition downstream boundary condition
A domain of dependence
t torrential
flow
u>c

dx/dt=u+c

C-
dx/dt=u-c

2 upstream boundary conditions

ifu<c: the flow is called fluvia or tranquil (also called streaming)
the waves travel faster than the current
the flow at any one point depends on conditions at upstream and
downstream boundaries.

ifu>c: the flow is called torrential (also called rapid or shooting)
the waves travel slower than the current
the flow at any one point depends only on the upstream boundary conditions;
it does not depend on downstream boundary conditions

ifu=c the flow is called critical
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The boundary conditions therefore change depending on the type of flow (tranquil, critical, or
torrential). This phenomenon is very important in numerical modeling and it leads to the failure
of many models.

The type of flow (tranquil or torrential) is given by Froude Number:

F:% indimension 1

F= VU2C+ V2 indimension 2
FI [0, + 1]
if F<1: the flow is tranquil
if F=1: the flow is critical
if F>1: the flow is torrentid
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[1.2.7 Concepts of hydraulic jumps

The Saint-Venant equations, by their compressible nature, permit discontinuous solutions called
hydraulic jumps.

11.2.7.1 Stationary hydraulic jumps, conjugate relations

Let us consider only dimension 1 and a steady flow in a channel of constant width and flat
bottom. In the absence of source terms, of diffusion, and of friction, the Saint-Venant equations
EXPress.

- The conservation of discharge per unit widthQ =hu

2
- The balance of the momentum, conservation of : h U’ + g h7

Let us assume the existence of a discontinuity, with values of hy and v upstream, and hp and w,
downstream. We have to verify:

hfuu=hu=0Q

h 2 h% h 2 h%
+ = +

1uUr+g > Uz +g >

An obvious solution is hy = hy and u; =w.

Replacing in the second equation: w by Q/hy and u by Q/hy, we get:
2
by (hy + 1) =2

This identity is the conjugate relation (or relation of the jJump) with the depths. It depends on the
discharge. It can aso be written as.

hyhy(hy+hy)=2hS

2
where h isthe critical depth, such that: hg = Qg

In an analogous way, the conjugate relation with velocities:

wu _gQ_ug

up+tu 2 2

Ue is the velocity of critical flow: u. = Vg h,
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The conjugate relation with Froude number is more interesting because it is independent of all
other parameters. In fact, starting from:

_Q _Q?
=5 andg hj = 2 the relation of the depths gives:
1 2

gh3

23 213 1 1 1
FLF2 =5 (5% —53)
2 Fils F§/3

or:

|:2_(1+W/1+8|:i)3

2
64 F;

F1 and F, play symmetrical roles in these formulas. When F; > 1, F, < 1 and vice versa: This

signifies that a stationary hydraulic jump is a transition point between tranquil flow and
torrential flow. The velocity and depth can be found from the preceding formula since:

=L o Ui=gQR3
gFs
The crossing of a hydraulic jump is characterised by a head loss. The expression for the head is

H=h+ g—g expressed in units of depth. Between the upstream and downstream points of a

hydraulic jump, the difference is:

2 2
u u,
DH:Hl-HZ:h1+2—;-h2-2—g
2 2
=h;+ 9 -hy- Q

29 hi 29 h%

With the help of the conjugate relation with the depths, we easily arrive at:

3
_(hy-hyp)
OH = ahoh,

This value is necessarily positive because it corresponds to a head loss. The upstream therefore
has to be a torrentia flow and the downstream a fluvial flow.
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i
h2
Lz
h1 SN
(TR
¥
Frred hydeulic joap
11.2.7.2 Moving hydraulic jump
A "
—.
—
L1
——
Fi 1 i u
Y

I oving hssdranlic jump

Assume that the hydraulic jJump moves at a velocity W. We can then consider a frame of
reference in trandation at velocity W that moves with the hydraulic jump. The flow in this frame
of reference is steady and the Saint-Venant equations still hold good.

Conservation of discharge and of the momentum on either side of the hydraulic jump are written
as:

hy(Up-W)=hy(uy-W)
2 2
2 h 2 h
hy (up-W) +971 =hy(uy- W) +9?2
From the first equation we can derive:

_hiug-hyu,
~ hy-h,
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This gives the velocity of the hydraulic jJump in terms of the characteristics of upstream and
downstream conditions.

Note: W does not necessarily have the same direction as u; and wp, for example in the case of a
tidal bore.
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11.2.8 Sour ce terms and volumic for ces

We will now cover in detail the terms called K, and K, so far, i.e., volumic forces other than
pressure and weight. Some of these forces, such as the influence of wind, are negligible in
dimension 3 but appear in the Saint-Venant equations as source terms applied to the entire water
mass. This is because the equations represent a vertical average.

We will cover the following:

- the bottom friction

- the Coriolis force

- the influence of the wind
- atmospheric pressure

- sources of momentum

11.2.8.1 Friction on the bottom

The key words concerning friction at the bottom are:

«LAW OF BOTTOM FRICTION»

«FRICTION COEFFICIENT»

When the coefficient varies, it is given by the subroutine STRCHE.
Before starting on the actual laws of friction, lets us recall the linear law.

Linear law:

This law is rarely applied because it does not represent redity: the friction is in redlity a
guadratic function of velocity. It can, however, be used to model other phenomena. Itsformis:

FX:-bU
Fx=-bv

Where b is the friction coefficient expressed in s1.

The true laws of friction:

In dimension 1, the constraint due to friction of aflow on aflat plane that is parallel to the flow
is expressed by the following formula:  t :% r Cf uz (units: kg nrls2).

where r density of the liquid (kg/m3)
Cf friction coefficient (dimensionless)
u velocity of the flow (m/s)

The constraint is in the direction of the current and in dimension 2 therefore becomes:

t=L1rcflyu
2r |uu
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The Cf coefficient israrely used and it is traditiqnally repl acved by other coefficients among
which the most common is the coefficient of ChZzy ( or ChZzy’ s factor), denoted by C. C and
Cf arelinked by the formula:

= 2—g its: ml2gl
C ”Cf (units : si)

The friction at the bottom in our case will equal - #_{ . Tiond- Keeping in mind that the normal

ZARGEEK v R .
vector at the bottom has the norm: 1+ (—) + (—) whichisthereciproca of the

fix fy
cosine of the steepest slope at a point that we shall call cosa), we arrive at ChZzy’s formula for
the friction force at the bottom (to be added to the momentum equation in the non-conservative
form):

=_ 1 g =
k= cos(a) hCZMU

The friction law of ChZzy was established for a uniform flow but is applied to al types of flow.
Itisfinally expressed thusin our equations:

ChZzy’'slaw :
.1 9 2 12
X cos(@) h c2 utus+v
C: Chezy’s coefficient
-1 g 2 12
Y Ty pee VY

The empirical law of Manning-Strickler defines the value of the coefficient of Chezy:

C=K Ra/e where K (m/3s1) isthe Strickler coefficient and Ry is the hydraulic radius. An

approximation here isthat Ry = h, which in principle is only true for very wide channels,

K = 20 to 40 for natural river beds
=50 to 90 for a concrete-lined channel

This leads to a new law, caled Strickler’s formula

Law of Strickler:

-__1 g V2 + V2
Fx cos(a)h4/3K2UU+V

K : Strickler’s coefficient.
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Fy=-—1 5y +\2

Y™ "cos(a) p4i3 K2

In view of the approximation of the value of the hydraulic radius, a comparison with the results
in dimension 1 istricky. A calibration done in dimension 1 will not always be valid for
dimension 2.

Manning’s formula used mainly in anglo-saxon countries is a simple variation of Strickler’s
formula, with a coefficient m that is the reciprocal of K. See reference [15] for advice on
choosing coefficients.

Manning's Law:

1 9™ yE+v2
X" cos(@a) p4/3

m : coefficient of Manning.

2
F=-—L1 9T yizr\2

Y™ cos(@) 43

Note: because of its use in anglo-saxon countries, the Manning coefficient is sometimes given in
imperial units.

Nikuradse's Law:

According to Nikuradse' s law, the coefficient of ChZzy is obtained from the formula:

C = 7.83Log(12 1)
Ks

where h is the depth and kg is grain size at the bottom.

Depending on the law finally selected, the coefficient of friction entered by the user will be: b,
C, K, m, orKs.

11.2.8.2 Coriolis force

The key words relating to the Coriolis force are:

«CORIOLIS»
«CORIOLIS COEFFICIENT»

The Coriolisforce is equal to:
-2w UG
where w is the rotation vector of the earth and U the veloci ty of the fluid.

At apoint of latitude| , we get:
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Fr= 2wvsan | =fv
Fy=-2wusdn!| = -fu

In small domains, the coefficient f =2 wsin | is considered a constant: it is the «<CORIOLIS
COEFFICIENT» asked of the user. In the Mercator projection, this parameter is variable in
space and it is calculated by the software (this process is activated by the key word
«SPHERICAL COORDINATES».

The angular velocity of the earth is: w = 7.292 x 105 rd/s

(There are p radiansin asidereal day, equal to 0.997270 days of 24 hours, that is, 86164 s).

For alatitude of 48;, we havethenf = 1.083 x 104 N nrls.

11.2.8.3 Influence of wind:

The key words concerning the influence of wind are:

«WIND»

«WIND VELOCITY ALONG X»

«WIND VELOCITY ALONGY »
«COEFFICIENT OF WIND INFLUENCE»

The METEO subroutine alows the programming of the acquisition of wind dataif it is variable
in time and space.

Anaogous to the analysis of friction at the bottom, the resistance of the wind takes the following
form (we neglect the slope of the free surface):

r .
Fx :l% avent Uvent m

h
r .
Fy = %% Avent Vvent v U\z/ent + V\Z/ent
where

avent ISawind-resistance coefficient and Uyent, Vyent the components of the wind velocity in m/s
(strictly speaking, it is the wind velocity with respect to the fluid).

r asir/r istheratio of the air and water densities.

The coefficient a,ent hides complex phenomena. In fact, the influence of the wind depends on

the smoothness (or, lack of it) of the free surface and the distance over which it acts (called the
«fetchy).

Vaue of a,ent can be obtained from many different formulas.
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Thisis the formula used by the Institute of Oceanographic Sciences (United Kingdom):
if [Uye| <5mi/s Ay = 0,565 103
it 5 < |Uyen| <1922M/s @y = (- 0,12+ 0,137 |Uyery| ) 103

it [Oven| >19,22ns Aoy = 2513103

| mportant note !

The parameter «COEFFICIENT OF WIND INFLUENCE» asked for by TELEMAC-2D is:
lar /T &yent and not ayent

I 4ir iSapproximately 1.023 kg/m3 and r is 1000 kg/ms.

11.2.8.4 Atmospheric pressure:

The key word to alow the inclusion of the effects of atmospheric pressureis:

«AlIR PRESSURE»

The METEO subroutine allows the programming of the acquisition of atmospheric pressure
data.

When we take into account the atmospheric pressure P, (unit: Pascal = kg ml s2), it simply
adds to the hydrostatic pressure. So we simply add: -rigr_aa(Pa) to the right hand side of the

momentum equation. The pressure term is sometimes added to the free surface that itself is
represented by its gradient. The gradient of atmospheric pressure should not be included in the
case of tidal flats where it will be a parasitic driving term.

11.2.8.5 Sources of momentum

The key words concerning the sources are:

«WATER DISCHARGE OF SOURCES»
«ABSCISSAE OF SOURCES»
«ORDINATES OF SOURCES»
«SOURCE VELOCITY ALONG X»
«SOURCE VELOCITY ALONG Y»

As already seen in paragraph 11.2.5.2, the discharge sources induce momentum sources equal to:

FX :% (u$e = U) SCQ
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U, V, Uge, Vsce, and Sce are expressed in m/s.

Important note:

When the source velocities are not provided by the user, these terms are not added to the
equations. We therefore implicitly assume that the velocity at the exit is that of the current. This
choice has been made to retain compatibility with earlier releases of TELEMAC-2D.
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[1.2.9 Saint-Venant equationsin Mercator projection:

The key words concerning the Mercator projection are:

«SPHERICAL COORDINATES»
«LATITUDE OF ORIGIN POINT»

The latitude calculations from the Mercator coordinates are done by the LATITU subroutine
which can be modified.

The calculations of storm surges are obtained by solving the Saint-Venant equations. The physics
of these phenomena effectively ensures that vertical acceleration can be ignored and that the flow
is quasi-horizontal. Nevertheless, to be able to model the phenomenon satisfactorily, the
calculation domain has to be sufficiently vast. The currents and water elevations of storm surges
are due to wind and atmospheric pressure action over large expanses of the ocean.

The large maritime regions are represented on maps using the Mercator projection of portions of
the earth. Since the region to be studied is a Mercator projection, we have to determine what
modifications to make to the Saint-Venant equations.

M ercator projection:

The Mercator projection belongs to the family of conforma mappings that conserves local
angles but not the distances. In other words, the scale of the map is not the same at every point
but at any given point, the scale is identical in all directions. The region to be represented is a flat
plane on the surface of a sphere whose points are represented by their latitudes! and their
longitudesj . In al that follows, we shall assume that the latitude and longitude are expressed in

radians, assumed positive respectively for the northern hemisphere and east of the Greenwich
meridian:

Greenwich

Starting from the sphere we arrive at a plane called the plane of Mercator with the help of a
projection that has a point M of the sphere associated with a point Mp of a cylinder tangent to the

earth at the equator (see sketch below).
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N L Cylinder tangent

to the earth
Xp / at the equator

~l

Thus the coordinates X, and Y, on this plane are derived from the geographic coordinates by:

X =R]
Yo =Rtgl|

However, the coordinates in this frame of reference do not correspond to a conformal mapping
because:

- for dx, an East-West displacement on the surface of the earth, we get a
displacement dx, in this frame such that: dx = cos| dx,.

- whereas for dy, a North-South displacement, we get a displacement dy,, such that:
dy =cos? | dyp.

The distortion in the North-South direction which is more important than in the East-West
direction makes it a mapping that is not conformal. We regain the status of a conformal mapping
by a smple change in scale in the y direction. The new ordinate Y derives fromy, , and from |,

by :

dY =cos| dy,= —R—dl
cos|

At the same time, we include the possibilty of the user changing the origin at a point ( ol ). | o
corresponds to the key word «LATITUDE OF ORIGIN POINT».

Considering the x-axis, we arrive immediately at:
X=R( -jo)

Considering the y-axis, we arrive by integration at:
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\
f

Y:RI:|n{tg(|§+%”-|n[tg('?0+%)

Since these X and Y coordinates are supplied to TELEMAC-2D, we should be able to express
the Saint-Venant equations in these coordinates. X and Y being functions of spherica
coordinates, it will be useful to begin by expressing our Saint-Venant equations in spherical
coordinates. To do so we make use of the expressions of divergence and gradient operators in
these coordinates.

du(F) = 1 W, 1 Tcosl A,
Rcosl| 1] R cos | q
grad(f) = —1 AL Lﬂ_f'é
Rcos | 1] R ql

Given the nature of our physical variables and of the projection, the scalar and vector values
(elevation, velocity) are preserved . For example, wehave Fj = F, et F = Fy .

The derivatives of the functions with respect toj and | are then replaced by the derivatives in X
and Y, the Mercator coordinates:

ﬂ_f = ﬂ_fﬁ + ﬂ_fﬂ =R ﬂ_f
] X 1] Y 1 ix

X, S g

1 1 1 1Y 1l cosl Y

We derive from these new expressions for the divergence and for the gradient:

Y J S ML S W70 LN B Y S B IS
cos| X cosl Y R cos? | X co? | Y
ﬂ_f
gai) = 1|
cos | i
T

With the Mercator coordinates, the continuity equation that has to be solved is, in non-
conservative form:

T, T @i + —hodv@ - Mgl = o
Tt cos | cosl| R
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Until release 2.3 of TELEMAC-2D, it was this form of the equation that was used (see [3]), with

the calculations of —U— and N considered linear functions. Unfortunately, this form does
cos| cos|
not allow the strict conservation of mass. For this, the function | (x,y) would have to be included

in the variational formulation and that is not possible since neither 1 hor tg | ae
cos|

polynomials.

The continuity equation can also be written in this form:

f(h cos?1 )
qt

+ div(cos | hu) = 0 wherethe divergence is the cartesian operator.

We then establish that the integration over the Mercator domain of this equation (see chapter
[1.4.3 on variationa formulation) will give the following terms:

1{ hcos?l dX dY and /div(cosl hu)dX dY = } hu.ncosl dC
ﬂt w W G

In these terms, each dimension dX or dY is multiplied by cos | , which restores a constant local
scale. The values obtained by calcutating volumes or fluxes are therefore real. In the same way,
the gradient terms give real values for the slopes. Since in al operations, the coordinates appear
multiplied by cos | , the idea is to do this multiplication once, before the beginning of the
calculations. This can be formalised by a choice of a latitude | constant for each element. The
advantage over the solution obtained from previous releases is that the equations to be solved are
strictly identical to cartesian equations (this is, of course, due to the local property of our
operators and is not a general property). This choice of a constant latitude for each element is, of

course, an approximation, as were the choice of linear functions —4— and h_ Butit permits
cos| cos|
us to retain a rigourous finite element formalism, since the approximation is, in some part,

transferred to the coordinates.

Henceforth, the solution adopted by TELEMAC-2D is asfollows:

Before any calculation, the coordinates of each point on the grid are multiplied by cos| .
The Mercator coordinates are also retained but will be used only for graphical outpui.

Once the coordinates are so modified, the Mercator projection is automatically taken into account
and no more modifications appear in the Saint-Venant equations. All the calculations of mass and
flux are consistent and provide real values.

This procedure differs dlightly from that of a choice of a constant latitude for each element, but is
of the same order of approximation. This approximation has, on the other hand, an advantage in
being able to be evaluated while trying to find the form the Saint-Venant equations will take with
coordinates X' and Y' such that:

X'=Xcosl and Y'=Y cosl .
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The difference at the continuous level between the equations leads to the appearance of neglected
terms of the order of 1/R that take into account the variations of latitude along the length of an
element.

| mportant note:

In the case of the TELEMAC-2D option «<SPHERICAL COORDINATES», the X and Y
coordinates supplied to TELEMAC-2D differ only by a constant scale coefficient K from the
coordinates x. and y, that are found on maritime charts:

X -Xo=K Xx¢
Y -Yo=Kyc
with:

(X0,Y0) : grid coordinates of the point of origin in the map.

The transition of a measured distance d on the ground to a distance D on the grid is obtained by a
simple change of scale. This change of scale depends only on the latitude since the mapping
being used is conformal. We therefore have:

p=-d_
cos|

Since each maritime chart provides the scale E at a given latitude | ;, we derive the transition
coefficient K to go from the chart to the grid:

K=—1
Ecosl .
Remarks :

- The <SPHERICAL COORDINATES» option of TELEMAC-2D that takes into account
the coordinates of Mercator is actually a misnomer. In fact, the actual Saint-Venant equationsin
spherical coordinates are obtained from the Navier-Stokes spherical equations that are averaged
over polar coordinates. Some supplementary terms, such as the centrifugal force, are obtained in
this manner.

- It would be possible with TELEMAC-2D to solve equations in a grid representing the
integrality of the terrestrial sphere. In fact, we only use the local coordinates of each element.
The consistency between the coordinates of different elements is not necessary (unless we use
the characteristics method). With this approach, only 2D software drawing packages would
encounter difficulties in outputting graphical results.
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[1.2.10 Spatial variations of density:

The key words for this option are:

«EFFECTS OF DENSITY »

«MEAN TEMPERATURE»

There are also the key words associated with the tracer because they also represent the salinity.

11.2.10.1 Momentum eguations:

Since the Saint-Venant equations have been derived with an average over the vertical,
they cannot represent the stratification resulting from the vertical variations of density, itself a
function of salinity or of the temperature. It is nevertheless possible to take into account the
horizontal variations in density. If we denote S as the salinity and ¢ the temperature, r is a
functionr (S,q), where S and g are functions of X, y, and t. These variations cause two effects:

- Dilatation of water.
- Differentia effects of gravity.

The dilatation of water is a secondary effect which will be ignored. The differentia effects of
gravity due to variations in salinity, on the other hand, are evident in estuaries and have
sometimes to be considered. To do this we use Boussinesq's hypothesis which consists of taking
into account the variations in salinity only in terms of gravity. In all the terms of the equations
we replace r by the reference r, except in the pressure term, which in the Navier-Stokes

equations (conservative with hydrostatic pressure), then becomes. - rL gﬁa[ rg(Z-2z ] When
0

we integrate this term between the bottom and the surface while considering the variations of r
over X andy, we get:

* A term rr_ gh grad (2) that becomes -rr—g grad (2) in the non-conservative Saint-
0 0

Venant equations (see paragraph 11.2.5.2) and replaces the term - g gr_aa 2.

- rr_ g gr_ad (2) is called «barotropic pressure gradient».
0

z
* A term ri ,{ (Z-2) gﬁa(r) dz = rg% gr_aa(r) that in non-conservative equations
0 0
Zf
becomes: _gh gr_aa(r ).
ro?2

- ri% gTafKr ) iscalled «baroclinic pressure gradient».
0
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11.2.10.2 Sdlinity eguation:

To calculate the density at each point of the domain at each instant, the salinity has to be
known and the density calculated from it. Therefore the tracer is considered the salinity S,
expressed in kg/m3, subject to the advection, to the diffusion, and the effects of boundary
conditions.

The variationsin r are then given by this formula (see reference [14]):
r = rref[1-(7(0-0ref)?2-750S) 106] for 0jC<q<40iC and 0g/l <S<42gll
The «\WATER DENSITY » parameter entered by the user isin this case recal cul ated.

Oref 1S the reference temperature of 4 jC and r (¢ the reference density at this temperature when
the sdinity isnil: r ;¢ = 999.972 kg/ms.,

As we are ignoring the variations in temperature, we have to select an average temperature g for
the calculations. The value of r g of the barotropic and baroclinic pressure gradients is then:

ro =rref[ 1-710°%0-0rer)?]
Wehavethenr = rg + 0.749979 S (r will then formally have the same discretisation as S).

The parameter that the user is asked to enter is average temperature g (key word «AVERAGE
TEMPERATURE» ). In TELEMAC-2D, the density effects are dealt with in the form of an
additional term in the momentum equation and equal to:

| (-1 o) gradi(2) + 2 grati(r -1 o)
0
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[1.2.11 Boundary conditions:

In the TELEMAC-2D code, a distinction is made between «physical» boundary
conditions and «technical» boundary conditions. The latter are algorithmic representation of the
former. The «physical» boundary conditions which we shall explore now, are those that are
provided by the user. The «technical» boundary conditions will be covered in chapter 111 because
they are closely linked to the model used.

Physically, we have first to distinguish between the two types of boundaries of the
domain of calculations: the liquid boundaries and the solid boundaries.

Solid boundaries:

With this sort of boundary, there exists an impermeabilty condition: no discharge can
take place across a solid boundary.

There is aso the friction. The friction coefficient is either provided by the user or
determined by the turbulence model. The coefficient «a» (aubor in the programme) is used to
impose the following conditions:

E =aU and ﬂ—V:aV

n fn

These two conditions are stronger than the condition of ordinary friction:

—

109
In

=aU.t

but are compatible with the form chosen for the diffusion terms.
We shall see in chapter |11 that the variational formulation in finite elements entails these

two conditions. impermeability and friction. In particular, no condition on the depth is imposed in
the case of a solid boundary.

Liquid boundaries:

This type of a boundary is trickier to deal with because it supposes the existence of fluid
domain that does not form part of the calculation domain but one that can nevertheless influence
it. This influence has to be trandated into boundary conditions.

Scrutiny of the Saint-Venant equations without a diffusion term and in dimension 1 using
the characteristics method (paragraph 11.2.6) leads to four distinct types of liquid boundaries:

* Entry with torrential flow
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* Entry with tranquil flow
* Exit with torrential flow

* Exit with tranquil flow

An inflow and an outflow are normally represented by the sign of the scalar product of the
velocity vector and the outward norma vector (Inflow: negative product, Outflow: positive
product). The contrary has been retained however for the key-words and the output listing, as the
users generaly think that a positive flux logically corresponds to an inflow.

The torrential and tranquil flows are distinguished by Froude's number:

F:L
Vgh

This number expresses the ratio between the speed of the current and the celerity ¢ of long waves.
If F>1, the flow istorrential, if F<1, it istranquil (see paragraph 11.2.6).
According to the theory of characteristics, the boundary conditions are (in dimension 1);

* data consisting of two pieces of information for a torrential inflow.

* data consisting of one piece of information for a tranquil inflow.

* no conditions for atorrential outflow.

* data consisting of one piece of information for a tranquil outflow.
Apart from the complications arising in dimension 2 due to the fact that the velocity is a vector,
this theory is difficult to follow rigouroudly. In fact, the separation during the solving of the
equations into two fractional steps introduces intermediate boundary conditions that do not
correspond to reality. Thus the advection step for a liquid boundary with an inflow requires the
data of all the advected variables at the inflow.

An additional difficulty is that the «inflow» or «outflow» characteristic of a liquid
boundary can vary with time (for example, in the case of a boundary in an open sea with tides).

The solution selected in TELEMAC is based on the study done with the characteristics
method. It is as follows:

We ask the user to indicate for each of the principal variables of the code (variables h, u,
and v) if it is prescribed or free. This has to be indicated for each point of aliquid boundary. This
permits us to arrange the different types of boundary conditions in a modular fashion adapted to
the four types of boundaries mentioned above:

* Velocity and depth prescribed (torrential inflow)
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* Velocity prescribed and free depth (fluvia inflow)
* Free velocity and depth (torrential outflow)

* Free velocitiy and depth prescribed (fluvia outflow)

Prescribed flowrate conditions;

Very often, for example in the case of ariver, the exact velocity profile over a section is
not known in advance. But it is nevertheless necessary for the upstream side of a domain of
calculations. The only data that is usually available is the general discharge. We then impose a
velocity profile (for example, a constant or a logarithmic profile). And by the smple use of the
rule of three, the exact numerical value of the prescribed velocities is obtained to get the required
flowrate. This process is applicable even in the case of different inflows at different points and
even if the prescribed flowrate is a function of the water depth. However, this latter case has
never yet been tested.

Incident-wave conditions;

This condition lets enter (and leave) a sinusoidal wave through open boundaries of a
domain. It is written, for awave of frequency w:

cii=gz"-g(1-kn)S
where:

c: celerity of waves.
1 unitary vector normal to the domain boundary pointing outward.

Z": elevation of the free surface obtained in the previous instant.
k: unitary wave vector of the incident signal, of norm %

S= A(M) cos(wt -] (M)) : incident sinusoidal signal homogenous at a depth.

This formula originates from the characteristics theory and the Riemann invariants. In fact, we
write that in tranquil flow, the Riemann invariant coming from the outside of the domain
corresponds to the characteristics of an incident wave. If there is no incident wave, this condition
means in dimension 1 that the invariant u + 2c equals 2 ¢y, where ¢y is the celerity on the outside

of the domain boundary.

This boundary condition minimizes the reflection of waves exiting the domain in a direction that
isnormal to the boundary. The result depends, in fact, on the orientation of the boundary.

On the other hand, when a sinusoedal wave enters a domain, its calculation requires the
correct knowledge of the incident signal (amplitude, phase, frequency, wave vector) which is not
the same as the measured signal since this latter includes the reflection of the waves.
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In cases where we do not have complete information about the wave, we prefer to work
with imposed values.
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1.3 Tracer Equation:

The tracer represents a temperature or other passive physical quantity that does not change
or modify the flow. This tracer can be used to study thermal dilution or contaminant flow. We
must however bear in mind that the numerical value of the tracer is an average over the vertical, a
fact that prevents the use of the tracer to represent thermal- or density-stratification. These
phenomena can only be studied with three-dimensiona codes such as TELEMAC-3D.

In redlity, the evolution of the tracer depends on:

* the current that carries it (advection),

* the diffusion and the dispersion. When atracer is concerned, the dispersion is modeled
better than when it involves the momentum.

* source and sink terms.
It is pointless to specify here the units the tracer is expressed in.
In dimension 3, before the averaging over the vertical, the tracer equation is:
ﬂ—'"t(rT) + div( r TU +6) = Fsource

where Fgource IS the level of creation and q is the flux caused by molecular diffusion or

turbulence, of theform § = -r nr grad(T).
nt is the coefficient of molecular or turbulent diffusion of the tracer.

The averaging over the vertical aready done to obtain the Saint-Venant equations gives us the
following tracer equation in conservative form in 2 dimension:

T + dW(HT T) - dvih nr Ga(T) = Tees Sce
It

Tsce is the value of the tracer at the source (key word «VALUES OF THE TRACER AT THE
SOURCES») and Sce the source of discharge, in m/s, linked to the source discharge Qsce
expressed in m3/s.

Here nt takes into account the dispersion. The index T indicates that the diffusion applies to the
tracer, it is no longer ne.

This equation can be processed directly in this form, a treatment that would be more practical in
assuring the conservation of the tracer. However, if suffers from the following drawbacks:
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- The interesting variable T can only be obtained by dividing by the depth. This creates a
problem of monotony of T, to say nothing of the case of tidal flats.

- If T is congtant over the entire domain, the situation is not stable since it does not
correspond to atrivial case of the equation: the variable hT is not constant if the depth varies.

For these reasons, we prefer the tracer equation in the non-conservative form, even if it too has its
defects. The way it is obtained is detailed below, a process that has its importance because it
should be possible to do the inverse operation a a discrete level if we would like to show the
conservation of the tracer.

As afirst step, the derivatives of the products are devel oped:

WL M) + Tl (h) + h T gral(T) + Tdiv(h T) - div(h nrgrad(T)) = Tee Sce
it f

h ~ . . .
Then, we notice the presence of terms T ( Th +div(h u)) that, by using the continuity equation,
t

wereplaceby + T Sce where Sceis the source term of the continuity equation.

The remaining equation is then divided by h and we get, finaly:

ALY LIS L Laiv(h nrgrad T) = (T2~ 1) S8

Tt X v h

The right hand side of the equation is nil if the tracer value of the source is equa to the tracer
value in the middle where the source arrives. This is not the genera case for an inflow into the
domain.

Let us recall that:
u and v are the components of the velocity field,
h is the water depth,
Ny isthe coefficient of diffusion (laminar or turbulent) associated with the tracer,

Sce is a source of flow expressed here in m/s.
The parameters that are asked of the user for each point where there is a source are:

Qsce : source flowrate in nd/s.
Tece : source value of the tracer, in units the tracer is expressed in.
Usce and Vigce  © cOmponents of the source velocity in m/s.

Boundary conditions:

The tracer boundary conditions are:
- prescribed value,

- free value (for an outflow, for example),
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- flux condition.

The flux condition takes the form:

E:aT+b

n
where aand b are provided by the user (under the names atbor and btbor in TELEMAC-2D).

For a condition of free outflow and if we use the characteristics method, we can prescribe
the result of the advection, ignoring in it the effect of the diffusion and source terms. In fact, the
diffusion stage demands the form of the flux condition which would be, in this case, an artificial
boundary condition. In particular, a nil flux condition is not equivalent to a condition of free
outflow.
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I1.4 Turbulence Modéelling:
I1.4.1 Equations of the k-epsilon model:

The presence of a turbulence model is related to finding the average of the Navier-Stokes
equations over time. This averaging introduces additional terms which form the Reynolds tensor,
due to the energy transfers between the average movement and the eddies caused by the
turbulence. The system of eguation obtained is not solvable because it is not closed. This
difficulty has therefore made it necessary to model the new terms more or less empirically and
has given rise to turbulence models called closure models.

The closed system of equation can be got either by expressing Reynolds tensor as a
function of the average values directly as agebraic relations ( O equation model) or by a
combination of algebraic relations and a transport equation expressing the turbulence level (1
equation model), or as done here, by solving directly the transport equations for the kinetic
energy and its rate of dissipation which constitutes the k-e model (2 equations mode!).

k and e are values averaged vertically which are formally defined as follows:

z
k = %,{ %mdz (sum for i=1to 3).
Zf

z ' '
e= %} %Mﬁdz (sum for i=1 to 3 and for j=1 to 3).
LR

where ui( represents temporal fluctuation of velocity and the horizontal bar corresponds to the

average over time. The closing is done by the hypothesis of Boussinesq which expresses
Reynolds tensor as a function of the velocity gradients:

? (VLT Zkdj ()T L2
11X i

where Rjj is the Reynolds tensor. The last term of this relation which contains k is neglected (in
Navier-Stokes equation this term is an integral part of pressure which is not possible here).
According to Kolmogorov, the turbulent viscosity is expressed finally as:

2
g

The turbulence model used in TELEMAC-2D is an extension of the classical model, put forward
by Rastogi and Rodi [13], to the Saint-Venant equations. The vertica integration of Reynolds
equations produces dissipation terms which do not exist in the classical model and which arise
due to the non uniformity of the vertical profile of velocity.
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The system to be solved is then of the form :

AL U.grad(k) = %div(h Sn—ligr_ad’(k)) +P-e + Py

Tt
T8 4 Ggai(e) = Ldv(h Storad (€) + £(CieP - C2e8) + Pey
it e

The first terms on the right hand side are diffusion terms, whereas the production terms (always
positive) are composed on one hand of horizontal gradient of velocity:

P = nt(ﬂUi +ﬂUj ) Ui
™ I 9x

()71 {123

and on the other hand of the terms of vertical shear :

3

P = U_* avec . __1
W= & - G Je

Uf . CZe‘\[Cm
Pe\/:CeF avec . Ce:36T

where Cs is the coefficient of friction u. the friction velocity at the bottom which, by defination,is
equal to J/t /r , wheret isthe stress on the bottom. The friction velocity is equal to :

U = +/ Ce(u2+v?2)

The constants of the k-e model are based on classical test cases. The free decrease of turbulence
enables finding a value of c,, from well documented experimental data. The constants c,, and

c,. aredetermined from the data for a turbulent flow near a solid wall. The constants s, and s

have been "optimised”, on the basis of the performance of the model in the two test cases.
Finally, the values of constants ¢, and c, are determined from the normal flow in the centre of a

straight channel. The set of constants retained for the k-e model, which is the same for al
configurations is given in the following table:

Crm Cie Coe Sk Se
0.09 1.44 1.92 1.0 1.3

Constants for the k-e mode

Finally, the friction coefficient G is deduced from the law of friction chosen with the key word
"LAW OF BOTTOM FRICTION".
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1: Linear formula (not an object here).

2 : ChZzy’sformula C =%
3: Strickler’sformula C = #
2
4 : Manning's formula C = i?s
6 h 5l -2
5 : Nikuradse's formula Cf = In(}ll 0—
8k ksof

where C is ChZzy’s coefficient, K is Strickler’s factor, m =1/ S is Manning's factor and k_ is the

grain size for the Nikuradse's formula, with von Karman's constant k = 0.41. The last formula is
valid only for rough bottoms and is based on a logarithmic vertical profile of velocity. The key
word «<FRICTION COEFFICIENT" represents any of the coefficients C, K, m and kg depending
on the choice of «xLAW OF BOTTOM FRICTION>.

I1.4.2 Boundary conditions of the k-epsilon modd!:

Solid boundary :

To define the boundary conditions, we consider that there exists a loca turbulence
equilibrium at the solid boundary such that: Production (by shear stress on the boundary and the
bottom) = Dissipation and the velocity profile is locally logarithmic. From these hypotheses, the
valueof e at adistance d (defined later) from the boundary and for a water depth h is given by:

w1 a3

kd " Jern

k = 0.41 is Karman's constant and U. the friction velocity, which is yet to be determined. Us is

the bottom friction velocity. The kinetic energy is supposed to be congtituted of two parts, one is
the contribution from the boundary and the other from the bottom friction. The following
expression is deduced:

€4 =

+ Coe ~2

ka = Jom  CeCy

with the constants defined above.

The distance from the boundary, d ,will now be determined. We suppose smply that the half
width of a transverse section D of any cana will be covered by at least one grid one point of
which, inside the domain, is situated at a distance D from the boundary. The choice of the
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distance from the boundary, d, is then fixed as the upper limit for the domain of validity of the
logarithmic profile. This profile extends up to at least d = 0.1 D. Consequently it is deduced that:

d=0.1D

The friction velocity on the boundary, U, is calculated according to the friction law chosen with
the key word «TURBULENCE MODEL FOR SOLID BOUNDARIES».

a. él aaudo u
1. — A—In 5 smooth boundar
l
a &1
2: ! —In 8620 +8. 5 (rough boundary)
u|d Sk ek o H
3: Lljl = f% (rough boundary, ChZzy’s formula)
d z
0. g _ ,
4: U_|d B RINE (rough boundary, Strickler’s formula)

For a smooth boundary the equation is solved by iteration, the initial value is so taken that
u.d/n=100, which amounts to a turbulence intensity of 6%. Generally 5 iterations are sufficient

to converge to a stable solution. Finally, the lower limit used is % > 30, which gives a

maximum turbulence intensity of 7.25%.

The key word «BOUNDARY ROUGHNESS» represents any of the factors ks, C and K as per
the choice for the key word «TURBULENCE MODEL FOR SOLID BOUNDARIES ».

The k-epsilon model provides a value for the friction coefficient at the boundary, which is
defined by the following relation:
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ﬂU tg
Ty

N =aUg" avec: Ug=vu" +"

Still based on the same hypothesis of equilibrium between production and dissipation, the
logarithmic relation between the friction velocity and G the velocity tangential to the boundary
Uig , provides the following relation :

U
—0_r g Ut = Ky
Ty ky
which enables the following expression for a:
iz
a=-
Utg

Liquid Boundary :

We choose homogeneous Neumann conditions for an exit:

ik _
n

fle _

0 ;
n

0

where the vector 11 is perpendicular to the boundary. As regards the entry conditions, we suppose
that there exists an equilibrium between the production of kinetic energy by the bottom friction
and its rate of dissipation. The equations of k and e give for open boundary conditions:

The values of k and e are also used within the domain to initialise the calculations.
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lll. SOLUTION ALGORITHMS:

[11.1 Brief description:

We will cover the methods used to give an idea of the set of solution schemes:

- The starting equations are the non conservative Saint-Venant equations in depth and velocity. If
the method of characteristics is chosen, these equations are treated in 2 steps using the method of
fractiona steps.

- In the first step the advection terms corresponding to transport of the physical variables h, u,
and v and in the alternative case k, e and T are treated. The hyperbolic character of the equations

justifies the use of the characteristics method.

- In the second stage the remaining equations are treated: propagation, diffusion, source terms,
and the advection terms when there is no recourse to the characteristics method. This stage is
solved by the finite element method; discretisation of time alows the elimination of non linearity
of the equations. Variational formulations and discretisation of space transform the continuous
equations into a linear discrete system where the vaues of h, u, v at the nodes are the unknown
variables. This system is solved by an iterative conjugate gradient method.

1.2 Fractional step method :
This method is applied only when we choose the characteristics method.

As with space time is discretised and the unknowns are located a multiples of the given
time step DT. Thus " = t0 + n DT and the derivative with respect to time of a function f is
discretised as:

T _ g1 _gn
E‘ DT

fi+l js the function f at time £*1 (new time step), ! the function f at time " (previous
time step).

This approximation is of the first order, unless we consider that the derivative is taken at
time tN+ DT/2; in which case we obtain the second order. We try therefore to discretise the other
terms of the equations at this same moment, which is not always possible especialy with
advection.

Note :this presentation of time derivatives is a finite difference approach. In Finite Elements,

i+l

. : : f .
fi+1 - fn can be interpreted as the result of an integration by parts of the term " dt resulting
1t

tn

from avariational formulation which includes the variable time.
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The general principles of solution are as follows:
Starting from an initial solution © at time t0, the solution ' is obtained by successive
iterations (time steps) by finding first f1 then f2, etc.

Within the time step, the method of fractional steps consists of finding *1. starting from

. and passing through intermediate steps which take only some of the terms of the equations
into account. To be precise, in our case, we shall solve the equation :

f-f 4 advectionterms = 0

then:

fl - f

5T + other terms = 0

wheref representsh, u, v,k ,eor T.

We get back the starting equations from the sum of these two equations, however the
approximation in time will be of order 1 because certain terms (advection) are not discretised at
time t" + DT/2.

This drawback of the order in time is compensated by the fact that each term may be
treated with the technique that is the most appropriate for it. Though nothing prevents the use of
second order approximation in the characteristic method, this possibility has not been explored in
the TELEMAC framework. In practice, in this method, order 2 in time implies that there are two
stages of convection (with two different time steps DT and 2 DT, and a modified advecting field

3¢l _oft 4 17

equal to 2T" - T™) yielding the results f* and 72 : the combination 2 o7 2 gives

the second order.
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[11.3 Advection step by the method of characteristics:

All or some of these equations can be solved (as per choice), between the time th and time th+1:

h-h" + G grad(h) = O

U-U" 4§ grad(u) = 0

V-V 4§ grad(v) = 0

IT-T" G aal(T) =
oT +u.gad(T) =0

T(J - kn —- —
5T +u.gadk) = 0
e-& L gaale =
oT +u.grad(e = 0
Each of these equations ssimply states that the total derivative of the functions h,u,v, €etc... is zero
along the trgjectory known as characteristic. The quantities transported are therefore constant
along these characteristics. The details of calculations of the characteristic curves are given later

in paragraph 111.9.1. The note on the treatment of the terms which normally figure on the right
hand side should in particular be referred to.

[11.4 Propagation - diffusion - source terms :
When the method of characteristics is not used, this stage solves the whole set of equations.
[11.4.1 Discretisation in time:

As explained in the fractional step method the time derivative of a function f is of the form :

M _ g1 _gn
it ~ DT

DT isthe key word «TIME STEP».

Solutions must be found for :

Case with prior advection:

h, U andV  arethe results of the advection of h, u and v.
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W™ -h 4 hdiv(T) = Sce

~ Z arac
un+1—_u :-gﬂ—+Fx+%diV(h negrmu)

DT x
V”;T-V =-g1—Z+Fy+%div(h ne grad v )
y

Strictly the terms to the right of the = sign should be obtained from an integration over
time along the characteristic curves (see the note of paragraph 111.9.1)

Case with no prior advection :

w +T. grad(h) + hdiv(T) = Sce

TLAEST AT, R ) :_gﬂ_+|:x+%d|v(h Ne grad u)
DT ix

LT G =g By + h v (n i)
y

We have a selection of the above cases according to the option made.

There exist in these equations the terms h, u, v which are not clearly defined as to whether they
correspond to time t or t+1. If we wish to consider the second order we could write h = ( H' +
hn*+1)/2 and similarly for u and v. This discretisation in time, called semi-implicitation, cannot be
strictly applied. Fourier analysis of the semi-implicit method would yield an amplification
coefficient equal to 1. Such methods though perfect in principle tend to diverge in practice. This
is because Fourier analysis does not take into account non-linearity or the boundary conditions. A
safety margin is provided by expressing afunction f as:

f=qf*l + (1-q) 1, with g > 0.5 while always remaining close to this value.

We retain the description «semi implicit» even if q is greater than 0.5.

Sub-iterations for non-linearity :

This semi-implicitation does not solve all problems. In fact the non-linear term hdiv( U) involves
the product of the unknown variables H+1 and u*1. We would obtain a non-linear system if no
adjustments were made. Therefore the following formulae are adopted:

hdiv(u) = Nprop div( QUUn_:l + (:I-'qu)aﬁ )
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where ¢, is the velocity implicitation coefficent (key word «IMPLICITATION FOR
VELOCITY ».

Morop is caculated by a sub-iteration, by successively solving for the same time step, by the
formula:

Morop = Gh W' M1+ (1-qn) M. h' "*lis an estimate of W*1 ; it is equal to B when no sub-
iterations are carried out else, with sub-iterations, it is equal to the value H*1 determined in the
previous sub-iteration. hyrop is called «propagation depth».

0 is the depth implicitation coefficient (key word "IMPLICITATION FOR DEPTH").

Similarly, when the advection terms are not treated by the characteristics method, U . gr_aa(f) will
be written as :

Georw - grad( g ™1 +(1-qy) ") where Teony is the advection velocity given by:

qul '™+ (1-q)u", where U'™?! itself is an approximation of U "™ obtained by sub-iteration.

Implicitation coefficients are in principle aways greater than 0.5 (generally 0.6 yields good
results).

Diffusion terms:

Though the diffusion terms were semi-implicit in TELEMAC 2D for a long time, a tota
implicitation, which is ssmpler and gives similar results, will henceforth be chosen. Therefore:

div( ngrad(u)) = div( n grad(unl))

Implicitation coefficient for diffusion still forms part of the data in TELEMAC but is not taken
into account.

Incremental formulation for depth:

The function Z (free surface) should be expressed in function of the elevation of the bottom and
the water depth. Considering the semi-implicitation of h, we write :

-ggrad(2) = -g grad( g ™ + (1-gp)h" + Zf )
And also :
-ggrad(2) = -g g grad( h™*1 -hn) - g grad( 2" ) where Z0 = D + Zf.

In view of this expression and the continuity equation it is more elegant to replace the unknown
h+1 by the increment hn*1- W, In the case of a till lake with irregular bottom, the term

-g gr_a>d( Z") will be zero and the increment H*+1 - " will also be zero. The conservation of the
state of rest with irregular bottom is assured, which is not the case in al numerical models.
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Consequently, the increment in h will be denoted by dh. It is certainly ssimple to later get back
hn+1,

By contrast it would be much more difficult to introduce the increments in u and v (the second
expression for continuity would then have greater rather than lesser terms).

The particular case of gradient of a free surface with tidal flats is discussed in more detail in
chapter 111.8.

Discretisation in time of friction terms;

The friction terms are not linear due to u Yu2+v2 and v Yu2+v2. In TELEMAC-2D these terms
are expressed as. U1/ (UMPHVM? and vl (UNY+v)?. We thus obtain a totally implicit

treatment of friction terms. This avoids a common defect of the explicit schemes: the inversion of
velocity for large values of friction or the time step.
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[11.4.2 Discretisation in space :

The functions will be evaluated only at the discretisation points by decomposing the functions
into bases such that:

n
f=e fiy;
i=1
n is the number of discrete points, f; isthe vaue of the function f at point i and y ; is the function
associated with that point.

Each of these bases is associated to a degree of freedom. This function evaluates to 1 at
this point and to O at all the other points.

Within an element the function is interpolated from the values at the nodes of
discretisation.

The interpolation functions are simple only within areference element of which each
real element is obtained from a geometrical transformation (there is one transformation for each
element).

Important Note:

In TELEMAC 2D version 3.0 the spatial discretisation is the same for the variables h,
u, and v. This could lead to parasitic solutions if Navier-Stokes equations were used instead of
Saint-Venant equations. This is linked to the condition known as «inf-sup» or LBB
(Ladyzenskaea, Brezzi, Babuska) which in principle does not exist in the case of equations for
compressible fluids, which are close to Saint-Venant equations. More information can be found
in[12].

Detailed study of the discretisation will now be taken up for a triangular element (In the
version 3.0 of TELEMAC-2D, quadrilateral elements are dealt with by dividing them into
triangles).

111.4.2.1 Linear discretisation in triangles :

This discretisation is called P1 or T3 by different authors.

The reference element is the triangle formed by the points (0,0), (1,0) and (0,1), with
the numbering of the nodes as shown in the following figure:
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The basis functions in this element are :
Piu(x,h) = ( 1- x- h)
Pa(x, h) = ( X )
P3(x, h) = ( h )

| soparametric transformation giving x and y as a function of x and h is of the form :

X (X,h) =x1+X (Xo-x1) + h (X3-X1)
y (X,h) =y1+x (y2-y1) +h (y3-y1)

The isoparametric transformation in triangles with linear interpolation can be easily inverted.
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I111.4.3 Variational Formulation:

A variationa formulation with the variables u and h was established in the thesis of
Nicole Goutal [7]. The depth and the velocity belong to Hy(W) and L2(W) respectively. LY(W) is
the set of functions whose square is integrable over the domain and HyX(W) is a subset of L2(W)

of functions whose derivative is in L2(W), and which are zero at the boundary of G. These
conditions serve in establishing the existence and uniqueness of the solutions.

The proof established in [7] will not be taken up here. It is assumed that Dirichlet type
boundary conditions for the velocity u are obtained; it remains to extend the results to other
boundary conditions such as to the case where the Dirichlet condition applies to h and to weak
impermeability.

In practice, the ariational formulation consists of choosing a set j j of functions, called

«test functions», and of associating each function with a discretisation point (degree of freedom
j), then of substituting an equation of the form:

E=0
with:

ijde:O

W

In this chapter and foreseeing future development of the computer program.the test
functions are assumed to be different from the basis functions, and that the discretisation of depth
may differ from that of velocity. Therefore :

yih Basis at point i for the expression of depth.
] ,h Test fonction at point i for the continuity equation.
yi Basis at point i for the expression of the components of velocity.

Test function at point i of the two momentum equations.

The number of bases for the depth is denoted by nph
The number of bases for the velocity is denoted by npu

npu and nph are not necessarily equal (case of a linear depth and of a quadratic velocity, for
example).

As the step of advection only deletes certain terms, the general case where the advection terms
appear is taken up for consideration. In order to simplify, these terms will be treated like the
others which would correspond to poor centred schemes. A more detailed explanation of the
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actual procedures when the method of characteristics is not implied is given in chapter 111.9. The
starting equations, after discretisation in time are:

Continuity :
B 4 T . Grati(h) + hgrop V(D) = Sce
Momentum :
TS S g = -an g fi(h™ -hn) g 74 Fe+Ldiv(h negrad u™1)
DT x x h
VMLV Geony - grad(V) = - gh g fith™ - g 1z, Fy + %div (h ne grad v*1)

DT Ty Ty

When h, u or v appear without a subscript n or n+1 for time, these denote semi-implicit values
which have not been developed here so as to be concise. Ugyny and hhrop are explained in chapter
1.4.1.

Starting from the above equations, we will proceed in 2 stages: integration over the domain with
multiplication by each test function, followed by decomposing the unknown functions into bases.

1) Integration over the domain and multiplication by each test function:

Multiplication by the test functions and integration over the domain give the following equation :

For all degree of freedom for depth i between 1 and nph :

/ (hn ! h”);, dW+’ Tconv -grad(h) jide+/ horop GIV(T) | " dW= f Sce j M aw

\ i \ W

For all degree of freedom for velocity i between 1 and npu :

{ WD) aws+ { Ueony -gradi(u) j {'dW =
+1

_lg GACEL DI BEr4s
X Ix

LW LW

dW+,( Fyj i”dw+’f %div(h negrad um1 ) j ¥ dw

w
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/ (VnE)l-l-w)l iudW"" Gconv-gr_a’j(v)j iudW =
n+l _pn n _
- ‘ g%%j HdW - ‘ g'lznij i“dW+,‘ Fyi }JdW+’f %div(h negrad v+l ) j *dw
y y w w

LW LW

In order to introduce the weak boundary conditions of impermeability, the term

/ horop div(U) j ,h dW of the continuity equation is integrated by parts resulting in :

W

/ hpropdiv(_lj)jide:’ hprop U. T j ' dG - / U. grad(hprop j ') dW

W C

With the Navier-Stokes equations or in the formulation of N. Goutal, it is the gradient of the free
surface (or its equivalent the pressure gradient) which is integrated, to obtain a term which
includes the depth (or the pressure).

Treatment of the term: / %div(h negrad un*1 ) j ¥ dw

W

In release 3.0 of TELEMAC-2D, thisterm is simplified and treated as :

/ div ( negrad un1 ) j Y dw

W

This term also must be integrated by parts as it contains second order derivatives which do not
comply with the space chosen for our functions. This results in the following terms:

/div( Negrad un1 ) j ¥ dw = /j U negrad (un*1) . T dG-/ ne grad (un1) . grad (j %) dW

W C W

These terms provide the boundary conditions for friction.

note :

A more rigorous treatment would be to express this term as: hi f div (h negr_a’d uml)j i dw
|
\
which would enable a demonstration of the conservation of momentum (refer chapter 111.7.2 for a
similar demonstration of tracer mass). This method has not yet been explored but would present
the problem of division by zero in the case of tidal flats.
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At this juncture, the equations are of the following form:

Continuity:

1 . — .
/ ) i“dW+f Uoony -grad(h) j ' dw

W

+f horop U.ﬁj{‘def U grad(horop | ih)dW:f Sce j ' dw

C w W

Momentum:

f (U”” oy :JdW+,( U.grad(u) j ' dw =

W

n+1 n n

- ’g T waw- gﬂ—J.dW+f Fyj {'dw
fix Tx .

+ ,j U e grad (un*1) . T dG - / ne grad (u1) . grad (j ) dW

f (V”*1 v .“dW+,( T.grad(v)j ! dw =

n+l _ phn Zn
Ty Tay w
; /j “ negradl (vi1) . i dG-/ ne gratl (ur*1) . grad ) o
¢ W

2) Decomposition of functions into the bases :

As mentioned earlier, we now have :

nph npu npu
h=e hy u= e Uy;, V== viy’ €c
i=1 i=1 i=1

After this decomposition, the equations become:

Continuity:
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h 1 h
o M b e el B oy i
( )Yl dw+ i Uconv -grad(y ) j i dW
=1 DT W =1 W

npu nph
+f horop U. 11 j | dG- Gj-/ y} grad(hprop j ') dW= e &qf yi' i aw
c =1 W =1 w

Momentum:

. urt-y u-udWJ,rlpu N oo .arad(yY)j Y dw =
( N Yili Ujj' Uconv -grad(y;)j i dW =
j=1 DT W j=1 W

nph . h n
) g0 vaw. gEH’de/ Fuj o
j: ﬂx ﬂx w

npu
+ ¢ ji negrad (U™1). N dG - e uj“”l/ ne grad (y§) . grad (j ) dW
c =1 W

npu ,n+l _ un npu
Vj Vj u: u U grad(yY) i Y
o G Df yiiaws e v T grad(y})i oW =
W

=1 DT =1 w
nph h
i zn .
-e (- | gankjvaw- | o1 i“dW+’ Fyji'dw
=1 Ty Ty w

JARY) Y

npu
+ ’j Y negrad (vi*1) .0 dG - an+1{ ne grad (y) . grad (j ) dW
c =1 W

Before converting these equations into a linear system (in paragraph 11.4.5), the boundary terms
will be described in greater detail.
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I11.4.4 Natural boundary conditions:

In the preceding equations the natural boundary conditions appear as an integral aong the
boundary.

Continuity :

In the continuity equation, the integrals along the boundary are:

{hpmp U.0jMdG = quf hpop U™ 11 dG + (1-q9{ horop U™ 1 j ' dC

G G

C
These terms are expression of the flux across the boundaries. Two possible cases are :

- If the boundary is solid, these are simply cancelled. Deleting the terms of flux across the
solid boundries is known as : "weak form of impermeability condition".

- If the boundary is liquid the integral aong the boundary must be caculated. There is
therefore difficulty with the term:

qu’j horop U™1. 1 j ' dC which contains the unknown ™2,
€]

The results from implicitation of the term where T is truly considered as an unknown have not
been conclusive (case of a free outflow where parasitic reflection is observed), U™ is therefore
explicited and replaced by C" except if the components of velocity at time ©+1 are known
(Dirichlet point for the velocity).

Momentum :

In each momentum equation there is only one boundary term :
/ji” negrad (u™1). A dC or } i Y negrad (vi*1) . A dC

or by definition:
ﬂvn+l

flun+t — ~
ad grad(v*l).n =
fin n

grad(u™).n =

Therefore the boundary conditions for friction are used to calculate the boundary terms in the
momentum equation:
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n+1 n+1
fu R o v
fn in

= avntl

The value of ais given by the user or obtained from the turbulence mode.

The boundary term in the momentum equation is finaly written as:

/ neal™!j!dG

G

Unlike what was done in the continuity equation, this term is treated implicitly and appears in the
matrix and not on the right hand side (see following paragraph).

Remark:

The variational formulation would aso undoubtedly help to treat the boundary conditions
of the following type :

u_p

n

where b is the given value. This law is the theoretical form obtained with the k-epsilon model. A
treatment of this form has not so far been tried in TELEMAC. The important points to be verified
for such a condition would be the stability and the possibility of an inversion of the velocities
along the boundary due to the explicit character of the right hand side.

HE-43/94/052/A TELEMAC-2D version 3.0 ao(t 20, 2001



71

[11.4.5 Matrix form of the equations obtained:
The equations obtained in paragraph 11.4.3 contain only linear combinations of the unknowns,
they constitute a linear system which can be written as:
AX=B
In this system, Dirichlet type points are formally considered as unknowns.

X is the vector representing the unknowns formed by 3 vectors of lengths nph, npu and npu,
respectively, and contains the values of dh, u and v, vectors denoted by dH, U and V :

v
B is the right hand side vector composed of three vectors called CV1, CV2 and CV3:
‘ CVl)

B = “CVZ
'CV3

A is the matrix composed of 9 square or rectangular matrices. Some of these 9 are null matrices
because the two components of velocity are not coupled. This is the consequence of weak form
of the conditions for impermeability of the boundary. A iswritten as:
AM1 BM1 BM2
A=ll-cM1IT AM2 0
-CM2T 0 AM3 '

The matrices bear the same name as the FORTRAN variables in the program. The -CM1T form

has been conserved for historical reasons. With the «celerity-velocity» formulation of equations,
we get BM1 = CM1 and BM2 = CM2.

Before going on to the expressions for the matrices composing A, we will define some of the
other matrices which appear in the linear system of paragraph 11.4.3.:

The mass matrices:

MN(ij) = fyjhji“dvn and  MYGj) = /yj“J  dw

W

The advection matrices:
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G ,j) = f Teon - grad(y[)j " and  TY(j) = f Uconv - grad(y})j | dw

The diffusion matrix:

DY) = f negrad (y ) . grad (j ) dw

The matrices of «gradient» or «divergence» type:

Continuity equation:

In fact the 2 following matrices are not the classical gradient matrices because of the presence of
the term hyrp in the integrals.

. 1 , . 1 .
BYN(i,j) = - ‘ y'— (Nprop ] 1) AW ad  BYGj) = - ! yI'— (horop i |') AW
x fly
Jow S
(Take care of thesigns- 1)
Momentum equation :
h h
i) = - | DLjfan ad G = - | 2 raw
fix Ty

Boundary matrix:

FU(ij) = ’neay,-”j i dG

Friction matrices;

With the chosen discretisation of time, the friction terms are (example of the component u and of
ChZzy's formula) :

- 1 9 un+i V(u”)2+(v”)2 i YdG
fm cos(p) h C2 :
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These terms are treated in the following ssmplified form :

cuwt—L1 9 Vmen?| jrdc
cos(pi) by C2 o

which has the advantage of leading to diagonal matrices. A rigorous treatment is not possible
because of factors such as the presence of sguare root for example. We could have, however,
kept the complete matrices but the trials with these have shown that there was no significant
difference in results. The equations in u and those in v, give the same matrices which will be
denoted by FU.

Blocks of matrices in the matrix A :

The matrices contained in A arethen :

AM1 = '\D/'—$ £ gy

Key word «MASS-LUMPING ON H» acts on the matrix Mh. Mass-lumping is the substitution of
amatrix A with coefficients Ajj by a diagonal matrix D whose elements O are equal to the sum

of the coefficients in the corresponding linein A :
r

Di = o Aj.
=1

In TELEMAC-2D, the mass-lumping may be partial. The key word «MASS-LUMPING ON H»
is aratio. A value of 1 corresponds to a total mass-lumping. The defaut value of O leaves the
matrix Mh unchanged. Mass-lumping reinforces the diagonal of AM1 thereby improving the
conditioning of the fina linear system. This results though in a reduced accuracy (we move
towards a formulation which approaches finite differences, while the properties of the mass
conservation remain unchanged). Mass-lumping is sometimes the basic procedure employed in
other Finite Element packages.

AM2 = AM3 = M2+ g Tus DU - GU+F

As with the depth, the key word «MASS-LUMPING ON VELOCITY» governs the mass
lumping on MY,

BM1 = q,B."

uh

BM2 = tuy
uh
CM1 = g, Cy
CM2 = ggn Gy’
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The matrices TN and TU do not figure in the charactaristics method.

Theright hand sides are :

CV1:

CV1 = (gn-1) T"H" + (1-qy) (B¥" U"+ By" V") + M"SCE + TB1
TB1 representing the term:

', hprop ﬁﬁj In dG

C

In the characteristics method, in the expression of Cv1
h ~
(gnr-1) T"H" must be replaced with % (H-H"

CV2:
CVv2 = |'\D/I_Tuun+ (qu_l) T U + C%h ZN+ MUF,

In the characteristics method, in the expression of CV2 :

DM_IL_’uM (qu-1) T" U must be replaced with g"—_;fU

CV3:

u
cv3 = Movn+ (qrl) TNV + G ZM+ MUF,

In the characteristics method, in the expression of CV3::

MY \n ny/n ith MY 7
DTV + (gy1) T"V" must be replaced with DTV

Note : most of the matrices of the system are dependent on time.

Once the matrices and the right hand side of the system have been constructed, it remains to take
the Dirichlet boundary conditions into account and solve the linear system.
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[11.4.6 Solution of thelinear system:
The solution of the linear system is taken over by the library BIEF; the solution involves four
stages:

- taking into account,Dirichlet type boundary conditions,

- preconditioning the system to be solved (key word «<PRECONDITIONING»),

- resolution by an iterative solver (key word <SOLVER»),

- getting back the unknown of the initial system (preconditioning generally
implies a substitution of variables).

111.4.6.1 Dirichlet conditions;

Dirichlet points (imposed values), unlike in the classical techniques using finite elements, are not
eliminated from the equations. These points are conserved in the linear system (thus avoiding
renumbering the unknowns) and are assigned a value : x = imposed value. In other words, for
Dirichlet points, the diagonal elements of matrix A described earlier are all made equal tol and
the non diagona elements are cancelled. This operation is not instant for the non-assembled
matrices and is described in the document [8].

111.4.6.2 Preconditioning :

Various preconditioning options are available, but for the system resulting from our propagation
step diagonal preconditioning is the most efficient :

Diagonal preconditioning (also called diagona scaling):

Let us suppose we have a system of the type AX=B.

The «diagonal-point» preconditioning, as the term suggests, is actually applied before solving the
system. We construct the diagonal matrix D such that:

N 1
D(,) = TAGT

A(i,i) should therefore be strictly positive, which will be obtained, if necessary, by changing the
sign of the equations. In the worst case the absolute value of A(i,i) is taken.

DADD-1x = DB
is then solved.

This resultsin:
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A new matrix: A' = DAD, whose diogonal elements are equal to 1.

A new unknown vector : X' = D-1X
A new right hand side: B' = DB

After solving A'X' = B' we get back X which isequal to DX'.

c-uU Preconditioning:

Another preconditioning, called c-u, is systematically applied to the propagation stage. This is
based on the observation that the system resulting from the old celerity-velocity option had an
excellent conditioning. We therefore try to get the same conditioning for the linear system; in the
celerity-velocity option the substitution of variable was effected for the continuous variables.
The general idea is to replace the unknown depth with the unknown wave celerity and to tend to
the symmetry of A.

In the first step the celerity ¢ at each point (denoted by c(i)) is calculated from the results of the
previous time step or from the initial conditions. In the case of tidal flats the value of ¢ may be
set a limit to avoid division by zero. The unknown h+1(i), at time 0*1, is then replaced by

h™L(i) 209 0 where g is the gravitational acceleration, in the entire linear system. Finally the
29

continuity equation is multiplied by o0

After solving the new system, it remains to simply find H*1(i) as a function of the solution to

the system which at each point is h™(j) 209 R

This operation is formally equivalent to a diagona preconditioning: the matrix A of the system
isreplaced by D1 A D2, where the matrices D1 and D2 are diagonal functions of ch.

111.4.6.3 lterative Solution :

Once preconditioned, the system is solved by a conjugate-gradient method with the solvers of
BIEF library. A description of the iterative methods for the solution of linear systems is given in

[9].
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1.5 Solving the equations of k-epsilon model:

[11.5.1 Advection step:

To solve the equations of the k-e model, the fractional step method is aso employed.
Consequently advection is treated separately and solved together with the hydrodynamic
quantities if the characteristics method is called for.

I11.5.2 Production, diffusion, sourceterms:

111.5.2.1 Discretisation in time ;

In a manner similar to the propagation step, with results of advection kK ande known, the
eguations:

kntl _K L e —= _ ]
DT div ( S grad(k)) =G+ Pxy - €

1.8 —
%-dlv(gt—egraj(e)) = cleEGG+ Pev-c%%

remain to be solved.

Linearisation is effected according to the principles of semi-implicitation already explained,
which leads to the system :

kI;frl - div ( Q_tk gr_éﬁ(knﬂ) )+ % K+l = % +GN+ P, "
& - div (D grai(eh) ) + oS &= Bt G + Py,
€

The implicitation of certain terms on the right hand side containing e may seem
surprising. This is however necessary for the numerical stability of the model.

111.5.2.2 Spatial discretisation:

The variational formulation, and discretisation in space are effected exactly as for the
hydrodynamic system, after integrating by parts the diffusion terms for the spatial discretisation.
The boundary terms obtained in the integration by parts are assumed to be 0, which is without
incidence at the entrance to the domain and at the walls since k and e are imposed there . This
conforms to a variational formulation where the space of the test functions are restrained to 0 in
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the parts of the border where the unknown is given (Dirichlet condition). For a liquid boundary,
this amounts to supposing that the gradients of k and e along the normal to the exit are 0.

Conserving the same notations as before for the basic matrices (mass, diffusion), the final system
can be written as :

o mlle=&

with :
_¢1 . & D
Al=(———+=2)M +=
(DT k”) Sk
=1 & D
A2= (DT + Czekn) M +Se
and

c1=|v|(§ + G+ Pp,)

C2=M (7 +cle%G“+ng)

The two equations being uncoupled, they can be solved separately using the solver of the
library BIEF.

A coupling of k and epsilon will shortly be tested to improve the stability of the model.
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I11.6 Tracer equation:

The tracer equation at the degree of freedom i is as follows:

DT hi

w w

n+1 - — — - - — - -
/ =T 5 aw+ f Ui.grad(T)j idw-i{ div(nT h gradl(TM1));j idW= hlf (Tece - T) Scej idWh
|
W W

In this equation :

Tece IS the value of the tracer at source.

Sisthe source of the quantity of tracer.

T=qr T"*1 + (1-q7r) T where g7 isthe implicitation coefficient of tracer (key word
«IMPLICITATION COEFFICIENT OF TRACER».

h is the water depth and should in theory be equal to (1-q7) H*1 + gt hn (refer 111.7.2).
h; is the depth at point i.

Sce (in m/s) is related to the discharge at the sources Qgge (in M3/s).

The treatment of the termsin 1/h is dictated by the considerations of the conservations of quantity
of tracer (refer 111.7.2).

It will be noted that the terms of diffusion are totally implicit.

The different operations performed for solving the equations of the tracer are the same
as described for the k-e model. The only difference arises from the boundary term resulting from
the integration of the diffusion term, which is conserved this time, but the treatment is similar to
the one described for corresponding factors in the hydrodynamic system. The boundary condition
at the boundary for the tracer is:

LIS aT+b

in
where aand b are real values given by the user.
For a free exit, the results of the advection step are imposed on the diffusion stage. The effects of
diffusion are neglected. This procedure is undoubtably preferable to artificially imposing a solid
boundary condition on a liquid boundary which would have to be done if a point belonging to a
liquid exit were to be treated as a degree of freedom in the diffusion stage.

The final linear system is solved by the solver of the BIEF library.

I11.7 Conservation of mass :
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TELEMAC-2D optionally provides a control for the conservation of mass. The principles
of such a control are described hereafter, to bring out, on the one hand, the theoretical limitations
and, on the other hand, the coherence required for such a control. The demonstrations of the
conservation of mass forms the guidelines and at the same time a challenge for the construction
of algorithms (see for example the treatment of the Mercator projection).

I111.7.1 Proof of the conservation of mass

We take up the case of the conservative continuity equation without source terms:

T Givind) = o

It

After discretisation in time, variational formulation, integration by parts and solving the fina
linear system, we have solved for each point i where the continuity equation is treated :

{%—.}N‘jidw+fjihﬁ.ﬁdG-}hU.gr_ad’(j )dw = 0

W

We suppose here that there are no source terms.

To show the global conservation of mass, the equations for al the points are summed.
Considering that:

® ji =1 whichleadsto e grad(j;)=0
i i

we get :

/ (™1 -hn) dw = -DT} hU.7 dC

\ (€]

This equation expresses that the change in the mass in the domain W is simply due to flux across
the boundary G. Therefore the mass is conserved.

This formula aso indicates the method to calculate the flux across boundaries, by strictly
following the formulation in finite elements.

The demonstration fails when:

- The continuity has not been solved for all the points. This unfortunately happens with
the conditions of imposed depths, moreover in this case the outflows are calculated at precisely
the points where the continuity equation has not been solved. This explains the remanence of a
residual error even when rigorously conservative schemes are employed.

and also when:

- The discretised equations cannot be brought to a conservative form. This happens when
we convect h with the method of characteristics, or when the discretisations of
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U.arad and of hdiv( T) in the non-conservative continuity equation are not compatible, i.e. they

cannot be transformed into a divergence operator. The incompatibility is in genera caused by the
discretisation in time and by the linearisation which eliminates the products of the unknown
functions. This is why the use of sub-iterations where the non-linear terms are updated restores

the conservation of mass.
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I11.7.2 Conservation of tracer

With respect to what has been said about the mass of water, things now become complicated to
the point that the conservation scheme for the non-conservative equations for tracer remains a
problem still partly unresolved.

The equation solved for the tracer is taken to be :

DT h

W

ntl _n —_— —
/ 0T jiaw+ ’f T.grad(m)j idw-l’ dv( nrh grad(T™)); W
n+1l n
:hlf Tscescej|dW-hl/ T[%"'dlv(hm]JldV\‘
i i

W W

Sisthe source of the quantity of tracer.

T=qr T*1 + (1-q7) T" where gt is the implicitation coefficient of the tracer.
his the water depth (1-g71) H*1 + g h" (vair 111.7.2).

hj is the depth h at point i.

The water discharged from the source Sce, which was on the right hand side of the continuity
equation, has here been replaced by the left hand side of that same equation. This form is, as we
shall see, indispensable for the scheme. Unfortunately, on one hand it must be supposed that the
continuity equation has been solved in this form which implies that a rigorously conservative
scheme has been employed and on the other hand that the discretisation in time of h was (1-qg7)
h+1 + g . If, for example, the scheme of advection number 5 is used (key word «TY PE OF
ADVECTIOND, refer to paragraph 111.9.5) for the depth, it must be supposed that gt is equa to
1.

n+l _p[n
In the absence of source of water, the term hl ,‘ T[ % +div(ht) ] j idW must therefore
1
W
be equal to 0. It is not possible to show the conservation of tracer if, because of approximationsin
the continuity equation, this term is not nil.

Strict compatibility between the continuity equation and the equation for the tracer must be
ensured.

This compatibility cannot be ensured if the tracer is treated at different time steps as is the case
with SUBIEF and TSEF. This is due to non-linear terms. a continuity equation solved in the
discretised form between th and t™1, and then from th+1 to t"+2, does not give the same result as a
single solution from t" to th+2,

Here then is the demonstration:

Each equation for the tracer at point i is multiplied by h, then all the equations are summed. By
using the expression for the decomposition of h with the test functions (which makes it therefore
necessary to assume that the test functions for the tracer are the basis functions of the depth), we
then get :
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(Tl -1 - — —
5T hdw+ { hu.grad(T)dwW- | div(nr h grad(T"1))dw

i W

_ ’ Toee SCE AW - / - (hm hn) +div(ht) ] dw

i W

. : . : (Tl ooy .
The terms arising from the time derivative combine to give : o7 , thisis the origin
of the condition h = (1-q7) H*1 +gr hn.

We get finally :

n+17M*1 _ pnn
(h TDT hT)dW+

’f div(hT T) dw- f div(nT h grad(T™2))dw = f Tece Sce dW

w w w
W

This equation clearly states that the variation in the quantity of the tracer in the domain is due to
the flux across the boundaries and to the rate of production. It shows further that the quantity of

tracer in the domain must be calculated as } hT dW, which may be interpreted as the scalar

product (MH,T) where M is the mass matrix and H and T are the vectors containing the values of
the depth and the tracer. The compatible form of the flux with the correct discretisation of h is
aso given.
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1.8 Treatment of tidal flats and dry zones:

TELEMAC-2D offers two radicaly different options for treating tidal flats (key word «OPTION
FOR THE TREATMENT OF TIDAL FLATS»). Thefirst consists of treating them integrally and
in the entire domain, by correcting the term which are rendered obvioudy false because of the
absence of water, as for example the gradient of the free surface. In an exposed area, this gradient
becomes the gradient of the bottom and creates parasitic driving terms as shown in the figure
below in 1 dimension:

Free surface as sum of the bottom and the depth

Free surface /
Nodes of the mesh
Bottom

The second option consists of removing from the calculations all the elements which are not
entirely wet.

I11.8.1 Correction of gradient of the free surface

Tretmentof tam:-g  grad(Z")

A specific treatment of thisterm is carried out in tidal areas, where 2 problems are encountered :

- Firstly we note that the semi wet elements are characterised by a discontinuity in this gradient

which passes from a value close to 0 where there is water to a value close to gr_a>d Z; where there
is none. Linear interpolation is then not suited (refer to the figure above).

- Then it is seen that for the dry elements the 2 terms likely to be non zero in the equation for the
conservation of momentum are this term and friction at the bottom.

We have taken care to limiting the importance of the gradient of the free surface with
respect to the others. We do not seek to perfectly model the ebb flow, particularly regarding the
velocity, but make sure at best that the flow is down slope. Velocity will be properly recalculated
where there is water and in the case of semi-wet elements, a sope of the free surface will be
taken which will be closer to that of the wet zone than to the slope of the dry zone.

All the considerations have led to a unique formulation for partialy or totally dry zones
which differs from the classical expression of the gradient used elsewhere but which forms a
smooth extension of the latter expression when the element tends towards total wetness.

Theideais as follows;
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- The elements which require a special calculation are those in which the elevation of the bottom
at one of the nodes, which we shall call «high», is greater than the elevation of the free surface at
another which we shall call «low».

- Only for this calculation the elevation of the free surface at the «high» node is reduced by the
difference between the e evation of the bottom at this node and the e evation of the free surface at
the «low» node.

[11.8.2 Masking of exposed elements

In this option we associate a mask of 1 with awet element and O for a dry element (even partialy
dry). The contributions of the elements are multiplied by the mask which, in effect amounts to
removing certain elements. The mask is relayed to the BIEF library which takes this into account
when assembling.
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111.9 Advection schemes :

The key-word : «TYPE OF ADVECTION» of TELEMAC-2D is a table of four values, each of
which applies to a variable which is advected ( in the order: velocity, depth, tracer, k-epsilon). It
allows various advection schemes:

Method of characteristics.

"Streamline Upwind Petrov-Galerkin" (S.U.P.G.) scheme with severa variants.
«Hybrid» scheme with several variants.

FCT (Flux-Corrected Transport)

Variants of S.U.P.G. applied to the continuity equation.

abhwNE

111.9.1 The method of characteristics.

This method applied to the trarsport terms consists of changing to lagrangian coordinates
and of taking the value of a function at time t*1 at the node M as equal to the value of the same

function at time t" and at point Q obtained by retracing backwards the trgjectory from point M by
going back in time by a period DT. Point Q is known as "foot" of the characteristic.

For each point M, the method of characteristics comprises of 2 steps :

- Finding foot of the characteristic (point Q) by determining the trajectory
which passes through M at time t+1,

- Interpolation within the element.

The order in time is a problem in the determination of the trgjectory. Velocity which is required
for the calculation of the trgjectory is:

-y o= ()
u) = un + —untl
® DT

Unfortunately convection field at time 1*+1 is not determined until the end of the time step. Two
options are offered in TELEMAC 2D :

The advecting field at time t" is chosen (hypothesis fixed field).

The advecting field at time (t"*1 + t")/2 is approached repeatedly recalculating the same
time step (key word: «<SUB-ITERATIONS FOR NON-LINEARITY »).

This option takes up greater computer time as it multiplies the execution time for an operation by
the number of sub-iterations. We will therefore now assume a fixed field. Moreover, in the
method of characteristics the order of time is complex because it depends on the calculation of
the characteristics.

In TELEMAC-2D the calculation of the characteristics (trgjectories) are performed by a
method of Runge-Kutta of order 1 and the interpolation at the foot of the characteristic conforms
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to the type of finite element chosen for the «propagation-diffusion-source terms» stage. Runge-
Kutta method of order 2 has been tested but does not provide any significant improvement; it is
also more expensive. Interpolation of a higher order would undoubtedly provide a greater
improvement than the Runge-Kutta method of a higher order.

Calculation of the trajectory :

Each time step DT is itself divided into sub-steps DDT during which the velocity is
considered to be constant. If XDEP and Y DEP are the coordinates of a point D of the trajectory
during calculation, the next point A of coordinates XARR,YARR is determined from the
following formula (the - sign is due to the fact that we are going backwards in time from t"+1 to
tn) :

XARR = XDEP - UDEP* DDT
YARR=YDEP -VDEP* DDT

Where UDEP and VDEP are the components of the velocity vector at point D. This point being
not necessarily a node in the domain, UDEP and VDEP are obtained by interpolation within the
element. The essentia problem with finite elements is to locate the point A, that is to determine
the element to which it belongs; knowing this point is indispensable for determining the velocity
at this point by interpolation. The point Q, at the foot of the characteristic, must also be located to
interpolate the convected variables.

During the calculation, two events may occur before reaching time th :

* A liquid boundary is encountered: in this case in theory the trajectory continues outside
the domain. As the information necessary for continuing the calculation of the trgectory is
lacking, the point Q is taken at the intersection of the boundary and the trajectory. Strictly the
interpolation should be done at the moment of exit which is between the time t" and 1. This
interpolation is not done at the time being in the subroutines of TELEMAC 2D for advection.

* A solid boundary is encountered: this event, though theoretically impossible, may
happen following the approximations made by the method of Runge-Kutta. The intersection
between the boundary and the trgectory replaces the point A which would itself lie outside the
domain. The velocity field is then projected on the boundary so as to avoid another exit from the
domain at the next sub-step.

The number of time sub-steps for the Runge-Kutta method is determined locally so that each
element is covered in three sub-steps.

Interpolation :

As mentioned earlier, the interpolation is compatible with the type of element selected in
the second stage of the calculation. If these interpolations were found too diffusive in certain
cases, higher order elements would have to be considered.

More informations about the method of charateristics may be found in [4] and [5]. The
programs for advection in TELEMAC 2D are derived from CARAC [5] but have been optimized
and partially vectorized.
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Important Note: this presentation is consistant with the concept of fractional step, but does not
provide any indication about the treatment of other terms normally figuring in the right hand side
of the equations. These could be included in the treatment by the method of characteristics. In
this case the variation of a function f along its characteristic between time t" and t"*1 is not zero,

i+l

but is equa to , (other terms) c dt . The notation ()¢ signifies that other terms apply to the
tn

particle transported by the current and are therefore taken on the characteristic curve. The

necessity for a semi implicitation of all the terms which do not figure in the lagrangian derivative

becomes more evident. The expression of these terms in time t*1 poses no problems however it

is seen that the explicit terms (at time t") should be taken at the foot of the characteristic.

111.9.2 Streamline Upwind Petrov Galerkin

The principle of the SUPG method perfected by T.J.R. HUGHES [10] is the use
of test functions bent in the direction of current. With the method called Petrov-Galerkin, these
test functions are obtained from quadratic functions; the difference in the SUPG method is the

use of linear but discontinuous functions. Thus the test function jih is replaced by :

h U == h
ji + k=.grad(j ;)
! | '

where T is the velocity at node i of the domain and k a coefficient which remains to be
specified. On a one dimensional grid, the pattern of the new test functionsis as follows:

A

SUPG test function Galerkin test function

In theory, these test functions must be applied to all the terms of an equation to conform
to the principles of finite elements. We had to modify the method on 3 counts because of the
specificity of the continuity equation:
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1) The «SUPG» test function cannot be applied to al the terms of the continuity
equation. In fact its application to the terms of propagation h div(U) seems to result in aberrant
terms. There is one problem which needs to be clarified.

2) The vector U; (equal to the nodal value of the velocity vector at point i) had to be
replaced ,either by a vector Uy constant over each element (which could be for example the
mean of the velocities at each node), or by the actual vector U at time th, which is itself a variable
in space. This minor change does not affect the analysis of stability but is necessary to obtain an
exact conservation of mass. Both the options U and Ug were programmed and U was finally
retained as it was found to be more elegant and less expensive. In the formulation of SUPG, U;
will therefore be replaced henceforth by U .

3) The choice of k: the one recommended by Hugues is a result of an analysis of the heat
equation which does not apply to our case. The choice of k will now be specified.

Choice of k :

It is well known that a upwind term of advection of second order approximation can be
obtained by adding an artificial diffusion % to a centered term.

Let us now examine the effect of the basis functions of SUPG in finite dements when
applied to advection terms (we take here the advection of h) :

/ Ucony-grad(h) j " dW becomes::
W

f Ueony-grad(h) (j M+ k4. grad(j M) aw
W

Id

it involves adding the term:

/ k U. U gr_aa(h) . gr_aa(j ih) dW, which modifies the matrices and the right hand sides because
W

Id

of the semi-implicitation of h.

This term is equa to, in one dimension, a diffusion of coefficient k u. It is thus seen that the
diffusion % (which transforms a centered advection term into an upwind one) is obtained for

k= % Henceforth k will be written as; k = d% where

d is the upwind coefficient.

The key word «SUPG OPTION» offers three options for d:

Option O : d = 0. We obtain anormal (and generally unstable !) centered scheme .
Option 1 : d = 1. We obtain an upwind scheme close to the classical SUPG. method.
Option 2 : d = Courant number.
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The additional term resulting from SUPG can be interpreted as an artificial diffusion
stabilising a centered scheme. In 2 dimension, by the effect of scalar product this diffusion
applies only in the direction of the current. The option 2 which was deduced from Fourier
analysis, gives the minimum diffusion to ensure the greatest stability of the scheme (voir [11]).
This option is the most stable when the Courant number exceeds 1.

Having made the various choices it is possible to show that the SUPG method does not
alter conservativity of our equation for continuity. Indeed the sum of the modified bases is equal
to 1:

lel lel
o N+ o dDX U g )—1+dDX

=1 = 2 [

E
gfad(' in=1

2 [

We can further state that each term of a conservative equation can be treated with a test
function of different type without altering the conservativity provided that the sum of the test
functions be equal to 1 (refer [12]). For the S.U.P.G. test functions, this last property is ensured
by the choice of a multiplicative coefficient d constant for an element, and by the choice of U in
place of T;.

111.9.3 Hybrid Scheme

Premilinary remarks:

If M isamass matrix and D adiagonal matrix obtained by summing the rows of M, a
conservative smoothing of a function f is obtained by calculating f' = % f.

This equdlity is written for each point i as:
n

. fijijde
=17y

/YidW

Summing for al pointsi, we obtain:

/f'dW=’1de\4

which proves the conservation of the quantity f modified in to f'.

fi= which is equa tof f'iyidW:} fyi dW
W W

Hybrid scheme :
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The idea of the hybrid scheme is to replace the result of the method of characteristics f by
f+ %(fCons -f), f being the function to be convected, and fcons peing the result of the

convection of Nf by a conservative scheme. The difference between fons and f is smoothened and
then added to f.

It can be easily shown that:

,fCO”S dw = ’f [f+ %(fcons-?)]dv\

W W

This equation shows that the hybrid scheme has the same properties of conservation of mass as
the conservative scheme selected for hybridization.

The stabilty of the scheme is discussed in [11]. In principle, this scheme is unstable if the
Courant number is greater than 0.32, but in practice the propagation terms of the continuity
equation make it stable.

| mportant note:

In the current version of TELEMAC-2D the conservative scheme chosen for hybridization is the
S.U.P.G method. All the variants of SUPG are offered as alternative choices. Therefore, the key
word " SUPG OPTION " is used even when the hybrid scheme is selected

Note:

The idea of hybridizing two advection schemes is aso found in "FCT" (Flux Corrected
Trangport) schemes. In the FCT methods, a low level but monotonous scheme is hybridized with
a high level scheme, and one or the other is chosen locally according to the criteria for the
monotony of the result. The hybrid scheme could in future evolve towards the FCT scheme (see

paragraph 111.9.4).

Variants of the hybrid scheme:

These variants can be selected by the keyword «<HYBRID SCHEME OPTION». The method
explained so far corresponds to the option 1, it conserves the integrals of the functions, but not
of their product, whereas for momentum equation, the product hu is to be conserved and not u.

Option 2 : The product hu can be conserved by the use of a matrix M' different from M for the
smoothing of the following form:

M'(i)) = ’hyijjdV\AWith «lumped mass» D'(i) = fhyi dw

The problem with this scheme which conserves momentum is that the components of D'
becomes zero in the dry areas. This scheme is not applicable to tida flats.
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Option 3 : In this case the result of the conservative scheme ONns js obtained with mass-lumping
or, if so preferred by a «finite difference» approach where we have an identity matrix and not a
matrix for the mass. In practice f€ons is multiplied by % before it is used.

For a given variable, the combination of the following options:

TYPE OF ADVECTION : 3 (hybrid scheme)
SUPG OPTION : 1 (SUPG with an upwindng of 1)
HYBRID SCHEME OPTION : 3 (choice of mass-lumping)

gives a conservative scheme where the Fourier analysis for Courant numbers between 0 and 1
gives the same result as obtained from the method of characteristics.

[11.9.4 FCT Method.

FCT means "Flux Corrected Transport”. The principle of this method is given in reference [16].
The idea is to associate two (conservative) schemes one of which is of low level and the other of
high level. The low level scheme is chosen for its monotony or quasi-monotony and the high
level scheme for its accuracy. We locally modulate the respective weights of the two schemes
according to possibilities of oscillation and break in monotony.

The release 3.0 of TELEMAC-2D offers, for the first time, a scheme based on this principle.
Both schemes are hybrid. The low level scheme corresponds to option 1 of SUPG with mass-
lumping (the scheme that is closest to the method of characteristics as just mentioned in the
previous paragraph). The higher level scheme correspond to an upwinding equal to 0.25 with the
SUPG method. This is the first attempt and many more combinations can be envisaged in future.

111.9.5 Conservative scheme for the continuity equation

This scheme is based on the following conservative form of the continuity equation:

Zh

20 4 div (he) = 3 * v [horop (Qu T2+ (1) T)] = 0

Zt

The S.U.P.G. test functions are employed only on the advection terms, so as to resolve:

7h. _ o I .
f M dw + qu/ div (hprop ™) j M dw + g ,‘ U™, grad(hyrop) k K- grad(j ') dw

=]
w Zt w w "q
= - (1-qu),‘ div (horop U™ j ' dW - (1-q) { . grad (Nprop) kﬁ.gﬁao M dw

This scheme is conservative without sub-iterations at the cost of stability. In all the tested
cases this scheme was found to be highly unstable for a Courant number greater than 1 506.

13
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NOTATION:

The notation used throughout the text is given here.

Latin alphabet:

a
Ayent

friction coefficient on the boundaries.
coefficient of wind drag.

coefficient of linear friction.

long wave celerity.

ChZzy coefficient.

time step.

source terms of the momentum equation in u.
source terms of the momentum equation in v.
gravitational acceleration.

water depth.

propagation depth.

turbulent kinetic energy.

Strickler coefficient.

grain size at the bottom.

Manning coefficient.

outward normal at the bottom (“fond" is bottom in french).
d normal at the surface.

pressure.

atmospheric pressure

Linear discharge in m?/s, equal to hu.

Linear discharge in m?/s, equal to hv.

source of outflow at the bottom in m3/s, specified for certain points
on the grid .

radius of the earth.

Reynolds tensor.

salinity.

source terms of the continuity equation, expressed in m/s, and
derived from Qsce.

time.

tracer in the Saint-Venant equations.

first component of the velocity in the Saint-Venant equations.
first component of the advecting field.

first component of the velocity of sources.

first component of the velocity of wind.

components of the velocity of Navier-Stokes equations.

second component of the velocity in the Saint-Venant equations
second component of the advecting field.

second component of the velocity of sources.

second component of the velocity of wind.

Mercator abscissa.
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Greek alphabet:

—_—— = ==
—cT'J O

S K<
—c—> O

Mercator ordinate.
elevation of the free surface.
elevation of the bottom.

slope angle of the bottom (by element).
turbulent dissipation.

longitude.

longitude of the origin.

test function at point i for the continuity equation.

test function at point i for the two equations for momentum.
Karman’'s constant equal to 0.41.

latitude.

latitude of the origin.

basis at point i for expressing the depth.

basis a point i for expressing the components of velocity.
molecular diffusivity in m2/s.

coefficient of turbulence diffusion in mé/s.

coefficient of diffusion in n?/s, which includes the dispersion and
the turbulence.

viscous part of the constraints tensor.

temperature.

coefficient of semi-implicitation of the depth.

coefficient of semi-implicitation of the velocity.

coefficient of semi-implicitation of the tracer.

density of water.

density of air.

vector representing the rotation of the earth.
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KEY WORDS OF TELEMAC-2D FIGURING IN THE TEXT

ABSCISSAE OF SOURCES 31

AIR PRESSURE 31

BOUNDARY ROUGHNESS 48

COEFFICIENT OF WIND INFLUENCE 30
CORIOLIS 29

CORIOLIS COEFFICIENT 29

EFFECTS OF DENSITY 37

FRICTION COEFFICIENT 27; 47

HYBRID SCHEME OPTION 84

IMPLICITATION COEFFICIENT OF TRACER 73
IMPLICITATION FOR DEPTH 54
IMPLICITATION FOR VELOCITY 53
LATITUDE OF ORIGIN POINT 32; 33

LAW OF BOTTOM FRICTION 27; 47
MASS-LUMPING ON H 67

MASS-LUMPING ON VELOCITY 67

MEAN TEMPERATURE 37

OPTION FOR THE TREATMENT OF TIDAL FLATS 77
ORDINATES OF SOURCES 31
PRECONDITIONING 69

SOLVER 69

SOURCE VELOCITY ALONG X 31

SOURCE VELOCITY ALONGY 31

SPHERICAL COORDINATES 29; 32; 35; 36
SUB-ITERATIONS FOR NON-LINEARITY 79
SUPG OPTION 82; 84

TIME STEP 52

TURBULENCE MODEL FOR SOLID BOUNDARIES 48
TYPE OF ADVECTION 75; 79; 84

VALUES OF THE TRACER AT THE SOURCES 42
VELOCITY DIFFUSIVITY 14

WATER DENSITY 38

WATER DISCHARGE OF SOURCES 31

WIND 30

WIND VELOCITY ALONG X 30

WIND VELOCITY ALONGY 30
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