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La modélisation 1D des écoulements en riviere @stérplement insatisfaisante quand des débordements
apparaissent dans la mesure ou les transferts algtitgude mouvement entre les lits mineur et mageunt
négligés. Les approches 2D nécessitent un maiflagdu lit mineur pour correctement prendre en cterlp
topographie ce qui augmente le temps de calculmad®les 1D-2D existants négligent également tassferts

de quantité de mouvement entre lits. Une nouveéithodologie 1D-2D permet de réduire le nombre dilesa

en comparaison avec un maillage 2D classique dénant chaque cellule 1D dans une unique cellule 2D
représentative de la plaine d’'inondation. Cela ptrégalement une réduction du temps de calculecealtul

des flux entre mailles 1D et 2D (qui imposent gal@ment un faible pas de temps pour garantir kilgéade

la solution) n’est plus nécessaire. Les équations r€solues avec une approche aux volumes finisanauit a

un probléme de Riemann a l'interface entre deubulesl 1D (ou 2D) qui est résolu grace au solveut GL
Plusieurs hypothéses permettent de déterminerdtégdh de masse et de quantité de mouvement entre les
cellules 1D et 2D. Un cas test compare SW12D aappeoche 2D sur la base de données expérimentales.
capacité de SW12D a reproduire les résultats d’adéaie 2D est validée sur une topographie réellesDaus

les cas, SW12D offre une précision de résultatsa@ins égale a celle de I'approche classique aveemps de
calcul réduit.

MOTS CLEFS : modélisation 1D-2D, équations de Saint-Venant, Si/lidteraction lit mineur — lit
majeur

Coupling of 1D and 2D models for river flow moddadji

1D river flow modelling approaches are generallgfficient when overbank flow occurs as the momentum
transfers between the main channel and the overd@nkeglected. 2D approaches require a preciskimgesf

the river bed to correctly take the topography iatzount, leading to high computational time. TRisteng
implementations of the coupling 1D and 2D approadh&e only mass transfer into account, while mdman
transfers are neglected. A new 1D-2D methodolodggwal for a drastic reduction in the number of cells
compared to a classical 2D mesh by including eabkcdll within a single 2D-cell that represents the
floodplain. This also reduces the calculation tiagethe computation of the fluxes between 1D- anet@lls
(that generally requires a small time step to emsofution stability) is not necessary. The equetiare solved
using a finite volume approach that leads to a Remproblem at the interface between two 1D- (or) 2Blls
that is solved using the HLLC solver. Instead ompating the flux between a 1D- and a 2D-cell, saler
hypotheses are used to determine the mass and momerchange. A numerical test case compares SW12D
to a classical 2D approach on the basis of expatahealues. A real world test case is also usechexk the
ability of SW12D to reproduce results produced bglassical 2D approach. In both cases, SW12D issmor
efficient and allows for a significant reductiontb& computational duration.

KEY WORDS: 1D-2D methodology, shallow water equations, SW128in channel-overbank transfer

I  INTRODUCTION

Nowadays, river flow modelling is frequently usedpecially in flood risk management and engineering
The one-dimensional approaches prove to be effieietong as overbank flow can be neglected, lay do
not take into account the momentum transfer thassential to a correct representation of phenorseda
as meander shortcuts [1]. When these approximatiansot be made, 1D cell-based or 2D models should
be used. In 2D river flow modelling, a precise nieghof the river bed is required to correctly take
topography into account. The mesh close to ther ribexl is therefore composed of small cells and the
computational time step must be reduced to ensabdiy of the numerical solution.



An alternative approach consists in coupling 1D abdmodels. Generally, existing 1D-2D models take
only mass transfer into account in the couplingcpss, while momentum transfer is neglected [2[435].
Therefore, the modelling of configurations involgiphenomena such as meandering shortcuts or hesad lo
due to river bends may produce incorrect resultsiesv coupling approach, that takes the momentum
transfer into account, is proposed and allows fardaction of the computational time. This methodglis
implanted in a software called SW12D (Shallow Water2D).

The description of the proposed model is preseint&kction 2. The numerical method used in SW12D is
then developed in the third section. The last pegsents computational examples that have beentased
highlight the performance of SW12D and the propasedel.

Il MODEL DESCRIPTION

The proposed 1D-2D model has been built to achienes= main goals:
- take the momentum transfer into account in the axgh between the 1D and the 2D models,
- reproduce the precision obtained with a classiBairibdel,
- reduce the computational time compared to a clals22 model.

1.1  Modd hypothesis
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Figure 1: Proposed model for the flow in a 2D-eeltl its included 1D-cell. Left: definition of thelts and
the coupling zone; right: flow hypotheses — unifaistribution of the velocity over the verticalgidtical
transverse velocity components in the 1D- and 2D4oean of the transversal velocity in the bottohthe
main channel equal O due to the vertical swirl fimchation of horizontal swirls due to velocity shedong
the 1D/2D interface.

The proposed model involves 1D-cells to represantlized flow (such as main river channels or tiree
in urban area) within a classical unstructured 2&slmas in Sobek-1D2D [3]. On the 1D-cells, the fisw
considered follow the direction of the main channel

To achieve these proposed goals, several hypothasesbeen made on the geometry (see Figure 1):
- (i) each 1D-cell is included in a 2D-cell,
- (i) the bottom elevation is the same on each sfdbe main channel,
on the flow:
- (iii) the water elevation is the same on a 2D-aell its included 1D-cell,
- (iv) the velocity component in the longitudinal @ttion is uniform over a vertical line,
- (v) the transversal velocity component is consitatite 2D and the coupling zone;
and on the flow behaviour:

- (vi) the velocity shear between the 1D and the g leads to the apparition of swirls and thus to
a momentum transfer that can be estimated usingrBauand Bertrand’s formulation,



- (vii) the velocity shear between 1D and couplingezteads to a vertical swirl that can be taken into
account via head losses coefficient.

1.2 Governing equations

The governing equations are established using & rmaad momentum balance over a control volume
containing both a 1D- and 2D-flow. The parts of tilebal equations corresponding to each domain are

separated, thus yielding an exchange térmOn both the 1D- and the 2D-control volumes, tlifeckntial
equations can be written as:
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where U is the vector of the conserved varialfeand G are the flux functionsS the source termg the
gravitational acceleratior; the water depthg (resp.r) the unit-discharge in the (resp.y) direction,
Sox (resp.Syy) the bottom slope in the (resp.y ) direction, S¢ , (resp.Ss ) the friction slope in thex
(resp.y) direction. In 2D, the terng stands for the porosity [6], [7] and representsféct that the whole
2D-cell is not available for 2D-flow (since one p&r used for the 1D-flow). In 1D¢g corresponds to the
channel width.

By hypothesis, when the 1D equations are writtethenreferential associated to the channel the x
axis is in the same direction than the 1D-chantied) flux functionG , the bottom slope, , and the partial

derivative of the widthdg/ay are nil.

11 2. NUMERICAL METHOD

When the equations that have to be solved invobeece terms, the time splitting method is generally
used. This method proposes to solve the whole enololver each time step as several simpler subgmabl
which are solved using the most appropriate nuraktéchnique [8]. The source and transfer termssplie
into four physical and two equilibrium terms:
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Equation (2) is solved using the following algonith
- solve the conservative part of the equations withdource terms corresponding to the topography
(i.e. the bottom slopes, and the porosity or channel width variatisp),
- take the friction terms, into account,
- take into account the longitudinal momentum trarigfe

These three steps correspond to the solution gbhlgsical part of the model. To guarantee thantloeel
hypotheses are verified, two balancing steps arfenpeed:

- mass balance between the 2D- and its associatecellErrough the transfer term,, to respect
hypothesis (jii),
- transversal momentum balance between the cellaghmo.

After each step of the algorithm, an intermediat@lug of the conserved variable is
estimatedu™®,u™" U™, U™andu™ . The following subsections detail each of thespst



I11.1  Conservation part of the equations

The conservative part of the equations including geometrical source terms is solved using a finite
volume approach. The equations are discretizedliasvt

or=u-E R (S| @

where the subscripisdenotes either a 1D- or a 2D-cell d@pdhe interface between the cellandj (being
respectively on the left- and right-hand side @ ihterface);At is the computational time step, the plan

view area of the cell N(i) the set of the neighbouring cells of the cell; the width of the interfaci, U

the average value af over the celi at the timen, Fij”+y2 the average value of the flux at the interfjazver
the time stem,n+1, P, the matrix that transforms the variable in thebglacoordinate system into the local

coordinate system attached to the interface (:Bjd%) is the contribution of the source terms to the icel

computed fromU between the celisand;.

In the proposed software, the computation of bbth Ft,”% and (S,T%) terms is performed using the

HLLC solver [9], allowing to estimate after the first stept™*.

[11.2  Integration of thefriction term

The friction termS is computed by solving the following ordinary @iféntial equation in each direction of

space:
dg g +r? dr _ ygP+r? @)

—=—g T
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whereK, andR,, are the Strickler coefficient and the hydraulidius in thex direction (respectivelK,
andR,, inthe y direction). Over each 2D-cell and in the transakdsrection of the 1D-cell, the hydraulic

radius is approximated with the water depth. Inrtken direction of the 1D-cell, the full expressiohthe
hydraulic radius is taken into account. The methagipused to calculate the hydraulic radius isifiest in

[10]. The intermediate stateé™" involves an intermediate value of the componehte®unit-discharge that
are calculated by solving the equations (4):
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[11.3 Longitudinal momentum transfer

After the solution of the conservative part of gguations and the integration of the source temestd
geometry and friction, the longitudinal momentumnsfer is performed. The hypothesis (vi) of the elod
states that the shear due to the difference ofitiadigal velocity between the 2D- and the 1D-calhgrates
horizontal swirls. The average mass exchanged ghrthe interfaces between the 2D-cell and its dateat
1D-cell is nil. However, the exchanged yields a matam transfer. The formulation proposed by Bedran
[11] and Bousmar [12] is used. The unit dischaggegenerated by the swirls is estimated by:

ot =4 hy  (6)
where B is the angle between the main channel directiehthe interface (that is, between the 2D-cell and
its associated 1D-celly is the water depth within the 2D-cell at the efidhe friction step,u)y is the

longitudinal component of the velocity at the eridhe friction step on the 1D-cell (respectivaly on the
2D-cell) andy is a proportional factor. Bousmar has conductgeeements that show that thg factor is
not influenced by the geometry and is thereforenagéqgual to 0.016.

(ul”[’,f - ujd )cos,B




As the unit-discharge generated by the swirls carcdlculated, it is possible to determine the water
volume that is exchange between the 1D- and 2B3-@&ltl therefore to transfer the momentum contained

within this volume, leading to the estimard .

I11.4 Massbalance

At the end of the previous step, the value of thieserved variableJ™ may not respect the hypothesis
used to build the model. Therefore a mass balaperformed to insure that the water surface amvas
the same in the 2D-cell and its associated 1D{esdtept if the water surface elevation in the 1D-ise
below the bottom elevation in the correspondingc2l}. It can be shown that the water surface diena
after the mass balance step should be equal tmélae of the water surface elevation in both celphted
by the plan view area of each cell:

Zn,m = AiDz:[]D| + AZnglil) (7)
Ap tAp
The momentum contained in the volume transferreohfone cell to the other is also transferred tones
that the momentum balance on each cell is respéactée estimate af after the mass balance step™.

[11.5 Transversal momentum equilibrium

By construction, the transverse component of tHecity is the same on the 1D- and the 2D-cells. The
transversal component of the velocity should treeebe equal to:

nt — Ap b Vio + Ao Voo (8)
Aphi" + Ay g
The flow in the transverse direction being knowme tvater volumes exchanged across the interface
between the 2D- and its associated 1D-cell are:

V=L hgd

\'

v At

(9)

Vg = Lghytv™|At

where L, is the length of the interface between the 2D- isdssociated 1D-cell corresponding to the left
bank (respectively., for the right bank). The momentum contained inrtress volumes that flow through
the interfaces are also transferred to insuredbpact of the momentum balance over each cell.

The vertical swirls generated by the over flowhe tD-cell are responsible for a headloss. Howefer,
headloss coefficient law that may depend on boghgtometry and the flow have not yet been estimated
Therefore, the current version of proposed softh& 2D does not take this headloss into account.

IV 3. COMPUTATIONAL EXAMPLES

The proposed 1D-2D model aims to reproduce theltsesbtained with a classical 2D software with a
reduced computation time. Also, the proposed metelld be able to correctly represent the phenomena
that involve momentum transfer between the maimeéh(represented by the 1D-cells) and the overbank
(corresponding to the 2D-cells). To highlight therfprmance of the proposed model, a comparisomef t
results produced by various numerical softwares 13Wand SW2D) with experimental data has been
carried out. A comparison has also been perfornmea real-world test case corresponding to an ergimg
study.

IV.1 Sinuousexperiment

The sinuous experiment consists in a topographly feiir 90° bends (Figure 2). The bottom elevatibn o
the floodplain is 0.1 m higher than the main chandpstream, a permanent discharge is imposedtp |
At the downstream end, the water depth is impos#&ugla wear such as keeping the flow only in thenma
channel (“Inbank experiment”) or having overflowFl6od experiment”). In the two experiments, both th
water depth and the flow velocity have been measure
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Figure 2: Plan view of the configuration used fog sinuous experiment. Dimensions in mm. The bottom
elevation is nil in the main channel and equal.fiorfl in the main channel.

For the “Inbank experiment”, the measured watettttepre compared to the numerical results produced
by both SW12D and SW2D (see Figure 3a). In the SWh2sh’s cross-section, there is only one 1D-cell t
represent the main channel included in a 2D-cell tepresents the overbank. For SW2D, rectangelis c
(about 1 crf) are used. The water depths produced by SWi12DOnaselequation with the experimental
values whereas SW2D does not manage to reprodacexgreriment, even with a fine mesh. However, the
location of the headloss due to bends are welltdocay both softwares. The overestimation of théewa
depth by SW2D has been explored and is probablyaltiee downstream boundary condition. Since the ai
of the current article is to present the SW12D @iagpmethodology, no further investigation on SWaave
been carried out. Moreover, the computation time9@6 s with SW2D and only 46 s with SW12D,
corresponding to a time reduction by factor 19r/fiore accurate results.
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Figure 3a : Water depth for the “Inbank Experiment” rigyre 3b : Velocity ratio for the “Flood experinién
Figure 3: Comparison of the surface elevation aidoity ratio measured and calculated by SW12D3W2D.

For the “Flood experiment”, the measured water lilepte correctly reproduced by both models. Thie rat
of the velocity in the main channel to the velodgitythe overbank flow is compared between the eyt
and the numerical data (see Figure 3Db). In thie,c88/12D better reproduces the velocity ratio caegbio
SW2D. This may be explained by the hypothesis enrépartition of the experimental discharge between
the main channel and the overbank that should teen made for the determination of the upstream
condition. However, this cannot be verified withdutther experiment. For this experiment, the use o
SW12D instead of SW2D allows a time reduction by 81

1V.2 Real world test case

A real world configuration has also been used tomare SW12D and SW2D. The topography has been
provided by Ginger Environment and Infrastructuaed corresponds to a small portion of a real emging
study area. The modelled area presents three icadlesd (from north to south): the North river, thiéddle
river and the South river (Figure 4).

The computed water depth and velocity obtained thightwo softwares are compared in Figure 5.
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Figure 4: Real world test case topography.
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Figure 5b: Maximum water depth - SW2D
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Figure 5: Comparison of the maximum water depthaidcity computed by SW12D and SW2D.
The overall hydrodynamic comportment remains tmeeswith both models. However, SW2D identify:

- a flow from the Middle river to the downstream b&tNorth river with both a small discharge and
depth (that appears on Figure 5b and 5d due teealtold effect)

- a flow from the middle of the South river to thendistream of the Middle river. Locally, this flow
leads to two different hydrodynamical comportmeitewever, both comportments are physically
coherent. It is impossible to state if one is meq@resentative of the real world flow.

It is difficult to compare in detail the resultstaimed with both softwares principally because o t
complexity of any real world configuration. Howeyémte results obtained are very similar with a it
of the computation time by 16 using SW12D inste8W2D.

V CONCLUSION

A new 1D-2D coupling methodology has been develdpethke into account the mass and momentum
exchanges between the 1D- and the 2D-model. Thiesents a significant improvement as the momentum



transfer is generally neglected in the existing 2ZID-models. Accounting for momentum transfer in the
governing equation allows for a correct representaif the phenomena such as meander shortcuts.

The validation of the proposed methodology, impdnin the SW12D software, has been realized on
numerous numerical test cases. The comparisoredWi12D results with the classical 2D software SW2D
highlights a significant improvement of the modajliof momentum transfer between the main chanrel an
the overbank linked phenomena. Similar comparisdh the 1D software HEC-RAS (not presented here)
leads to the same conclusion [10, [13]. Moreoves,use of SW12D allows for a substantial reduatibthe
computation time in comparison with a classicalm&hsional software.
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