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Abstract

A wide range of hydrodynamic fields is concerned with the common problem of shocks, and a
reliable resolution by a global understanding of suitable numerical modifications to introduce
leads to very large prospects of applications, especially in the scope of water resources
management.

Without considering the great range of the flow values, the paper presents a gradual
approach in order to handle this fundamental question. A chronological analysis of most
hydrologic cycle flows is proposed in several specific stages of modelization.

_ Successful results in quasi two- and three-dimensional simulations in real conditions are

tained by a global approach in the theoretical and numerical study of the physics of the

steady free surface flows. Applications including shocks properly reproduced point out the

fits in considering first common physical features of the flows, then in discerning
ical shortcomings as well as cautions aimed to ensure the best numerical efficiency.

NTRODUCTION

presents for Man such a fundamental concern for his life and his well-being that it
¢ to crealive talents in accordance with science and technology knowledge of each age.
traces of know-how in the field of hydraulic engineering inspire respect and prove the
m developed right from the start to approach most of the hydraulic problems we face

'rio;i;y qims for the management of hydraulic plants are changing with the technical
volution of our industrial societies, and other influences have to be considered.

e increasing water supply, arisen from the technical and social evolution, calls
nagement of the available resources. In the same way, the optimisation of all

day have to handle the effects on water resources of land-u
day ha -use chan
strial activity on the whole, *

aim of this paper is to develop a global approach for setting up hydraulic
fficient resolutions, They must be able to predict the inputs and

ally managed; in other words, to model the impact of normal or

the vicinity of a plant, from the very low water level situations up to
opagations.
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2. HYDROLOGICAL PHYSICALLY BASED MODEL

In the analysis of the hydrologic cycle flows, the first fundamental stage to consider in the open

air water course consists of the transformation processes arising after the fall of the raindrop on

the ground up to the flows it induces at the outlet of the catchment.

Recently, the modelling of catchment hydrology has experienced a renewal of interest,
particularly in searching direct modelization of the thin water layer flowing on the ground. With
the physical interpretation of the parameters, the impact of any change of catchment features can
be predicted with confidence by modifying their value. Sensitivity tests can be performed with

iation i listic limits to quantify the corresponding error scope of the output

data variation 1n rea
hydrographs. Besides, physically based distributed models easily handle every topographic

characteristics and soil types.

From the theoretical point of view, we will show on a simple example that these models
are confined to work on ‘equivalent” catchment elements of simple shape, instead of the
original quasi-tridimensional topography, if the presence of potential discontinuities is
neglected. Modifying the classical formulation, we will propose a robust finite element
approach to handle the kinematic hypothesis applied to overland flow processes on a general

digital terrain model.

2.1. Theoretical model

We focus here on the thin water layer propagating on natural ridimensional slopes in order to
compute the lateral discharge for each element river. This additional inflow that propagates in
the main drainage path is then computed in a final stage with the specific software further

described.

S

It is generally assumed that a dynamic equilibrium exists between friction and gravity
components in the diréction of flow. Resulting from the scale difference between the
characteristic spatial dimension and water layer thickness, biunivoque relations can be assumed
between the speed components and the water depth. Therefore, the continuity equation,

expressed in terms of water layer thickness, reduces to the following fully non-linear quasi-
tridimensional system :

ah 3 ( aihm+])
—t
at o,

i

+B(h)=0 {on the domain D) ey

with the following notations :

h(xj,t) : the water depth
B(h) : the general function including the infiltration speed into the soil, the intensity
of rainfalls'and other effects of exchanges and losses _

the parameters including topographical data, surface and flow characteristics

a

This equation has been entitled kinematic wave approximation and was proposed for the
first time in the hydrology field by Woolhizer and Ligett. They assessed the conditions of
validity referring to two adimensional numbers (Froude number and kinematic wave numbgr)
and proved that overland flows conform to the fit range of these adimensional values.

Besides, several experiments confirmed that laminar and turbulent flows arise for each
covering, depending on soil properties, fluctuations in depth and roughness and raindrop
impact. A reasonable agreement can be assumed with the biunique relation between depth and
discharge proposed by Manning (m = 2/3). ‘
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2.2, Kinematic jumps in overland flows

Upstream boundary condition resulting
from the naturg] catchment
h

G

Fig 1. - Symbolic description of the studied catchment
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2.3. Numerical resolution

From the numerical point of view, the physical relevance of those kinematic shocks suggests
the unique formulation of a weak solution of the problem to be resolved. Nevertheless, the
classical Galerkin formulation used with the finite element method is unsuitable for predicting
and tracking shocks that occuf in the correct solution. It induces multi-peaked solutions 1
hightighted by significant errors in the global volume balance.

The proposed shock capturing approach is obtained by introducing discontinuous
weighting functions in order to selectively dissipate the parasitic waves. The application.of the
Petrov-Galerkin technique to the basic equations, along with the use of polynominal functions :
to represent the unknowns, consists of an orthogonal projection of the residual error due to (
discretization approximation to a set of linearly independent complete functions included in a |
vector P. The specific context of application suggests the following test function components

forP:
oN, oN.
Pi=Ni+°"ux'5x‘l+°"uy—‘ @
with
n : the number of discretization points
h=NT H : with H the approximate unknowns vector
NT = < Ny, Na,..., Ny > : with Nj the classical interpolation functions
PT = <Py, P3,..., Pp > : with P; the original shape functions
O'yx » O'uy : the parameters setting the degree of dissipation

The numerical simulation of the previously described example shows the complete
agreement of the numerical solution with the theoretical approach (fig. 2). It reveals the highly
dissipative character of the method along with the way to ensure continuity through any
kinematic jump.

The proposed non-linear package works on a genéral digital terrain model, and handles
spatial and temporal variations of rainfall and soil properties. Partially dried elements deal with
the effects of infiltration, acting as a withdrawal for the open air flows. This approach is
actually comforted by comparison with experimental data on natural watersheds.

Natural soil properties : Catchment boundary

Permeable covering
PManning ={)-5

el
Planned modification
with a bituminous

covering :

Impervious soil
"Manning ® 0,02

Lake supplied by the studied
' catchment

Fig 3. - Discretisation of the studied geometry
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The physical meaning of each parameter of the modelization and the much more realistic
mathematical approach in terms of understanding the physics of overland flow processes allow
to reflect easily the impact of any change of catchment features, as highlighted by the following
example on a small 34-ha natural catchment of submitfed to a constant rainfall of 15.10-6 m/s
during 1200 s.
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volume balance.
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Fig 4. - Flood hydrographs poured in the lake before and after soil covering changes
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hus can be followed and explained the whole story of a flood formation, from
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u, q, qL the average speed in the section, the flow and the lateral inflow
9, q ge Sp
yA the elevation of free surface

v : the kinematic viscosity

Po the parameter of unequal distribution of the axial speed in the section

The coexistence of several flow rates with shocks and bores in ramified nets of variable
cross section arms requires the development of suitable capturing methods. They have to
simulate sharp transitions without excessive smearing on several meshes or excessive growing 1

of dissipative processes. |

Gaining from the whole experience of the hydrological package, a deep knowledge of !
factors affecting the intrinsic behaviours of the discretizations was at the root of an original !

finite element method approach.

Modifying the Galerkin method, the earlier formulation is first generalized to the complete
quasi-bidimensional set of equations (3). Numerical experimentations including shocks reveal
an uneven improvement depending more particularly of the Froude number. This stage
suggests that the dissipation has to take the flow conditions themselves into account.

The following formulation, based on dissymetric continuous test functions P is therefore
proposed, which, in simplified conditions, reproduces schemes well known for their shock

capturing capabilities :
[@qT=NT.Y @)
PT = N'T + oy ATWT &)

with
ON+1 : a parameter to optimize, setting the degree of dissipation.
the matrix including one-dimensional functions with degree (N+1), b

reference to the classic interpolation functions expressed in N' ‘

3.1. Computation of recent floods on the river Meuse

The following simulation is inspired from the confluence of the Meuse and the Ourthe rivers,
the Meuse derivation and the King Albert canal in Litge, Belgium. This network lies between
the dams of Ivoz-Ramet, Chénée and Monsin and the locks of Monsin. Figure 5 illustrates the

studied geometry.

King Albert
Canal

¢

Meuse Derivation

Movable dam
of Monsin

CONSTANT
WATER DEPTH

A Qurthe river

Movable dam
of Yvoz-Ramet

Fig 5. - Discretisation of the studied geometry
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lissymetric continuous test functions P is therefore
for the illustrated imposed discharge curves

reproduces schemes well known for their shock

___ The sections are nearly trapezoidal with an approximate average width of 120 m for the

_river Meuse, 60 m for the Meuse Derivation (by-pass canal). The simulation handles the real
oss-sections while the Chezy coefficients are issued from preliminary fitting computations for
1 discharges. With suitable limit conditions and initial data corresponding to the situation at
ginning of January 1995, we intend to find the magnitude of the flood that occured during
s along with the peak curve 9 days after the beginning.

@
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igure 6 shows: the proposed daily flow curve. The excellent fit between the
ng water depth curve in the arm I, 5300 m downstream the movable dam of Ivoz-
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displacement of jumps, with sharp transitions up to 20 m on a sole 50 m long discretization
mesh, without any numerical noise.
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Fig 6. - Temporal evolution of the surface profile after a dam-breaking, for ho/hy =20

This kind of modelization gave valuable data for the working out of height and delay
flooding maps, source of emergency plans for the downstream populations in danger.

4. CONCLUSIONS

The global approach in the theoretical and numerical study of the physics of the unsteady free
surface flows passes beyond the characteristic scale differences. This paper points out the
benefits of this point of view in considering first common physical features of the flows, then
in discerning numerical shortcomings also as cautions aimed to-ensure the best numeri
efficiency. '

Seen in this light, a promising scope of research points to success for the setting up
uniformity in theoretical and numericat coupled models based on a mutual experience sustainet
by a clear understanding of the factors affecting the accuracy. It suggests an extensive use
reliable software covering a wide range of applications, for the working out of an opti
management of hydraulic resources, in a technological manner.
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