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ABSTRACT

FMHL (Forces Motrices Hongrin-Léman SA) is the OwoEVeytaux power plant which belongs to the shalders

Romande Energie SA, Alpiq Suisse SA, Groupe E 8/CHy of Lausanne. The FMHL power plant is a 240/M
pumped-storage power plant in Canton Vaud, Swipek| which installed capacity is under extensiod80 MW with

maximal output power set to 420 MW including 60 \feserve. This project, named FMHL+ consistsamefioping

a new power house Veytaux Il to be operated in lfEr the existing Veytaux | power house and emted to the
same waterways. Increasing the output and inputgpafan existing hydroelectric scheme from 24@26 MW using

existing head race tunnel and pressure shaft wilimum gross head of 878 mWC is a challenging éadlar as the
hydraulic transients are concerned. This was maakesiple in FMHL+ project by modifying the existingrge tank.

Such modification was performed by extensive teamissimulations of the FMHL+ pumped-storage pow&mp

considering normal, exceptional and accidental lozabses in turbine, pump and hydraulic short circoibde of

operation.
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RESUME

FMHL (Forces Motrices Hongrin-Léman SA) appartientx actionnaires Romande Energie SA, Alpiq Suigse S
Groupe E SA et la Commune de Lausanne. L'aménagémperoélectrique de Hongin-Léman est un aménageden
pompage-turbinage d’'une puissance de 240 MW situgs de Canton de Vaud, en Suisse, faisant I'objenel
augmentation de la puissance installée a 480 MW 66rMW de réserve. Ce projet, nommé FMHL+ comprend
réalisation d’'une nouvelle centrale de pompage-inage Veytaux Il de 240 MW connectée sur la méndeicibn
hydraulique. L'augmentation d’'un aménagement hyiéiciéque de 240 a 420 MW en réutilisant la mémiergs, et la
méme conduite forcée sous une chute de 878 mCE&segie un défi technique important du point de dase
transitoires hydrauliques. Cette augmentation a #adue possible grace a une modification impodade la
cheminée d’équilibre qui consiste a ajouter un reaw puits vertical de 170 m de haut et 7.2 m dmétee connectée
a la galerie d'amenée. Ces modifications ont néteskimportantes études de transitoires hydraudigiconsidérant
des cas de charge normaux, exceptionnels et adeidgrour les modes de fonctionnement de pompadpnage et de
court-circuit hydraulique.

MOTS-CLEFS

Coup de bélier, transitoires hydrauliques, augntemtale puissance, pompage-turbinage, groupesitesna
modification de cheminée d’équilibre.




Congrés SHF : knhancing Hydropower plants», Grenoble 9-10 avril 2014- Nicolet, Taulan, Barn
Bourrilhon, Micoulet, Jaccard — Transients of FMHard new surge tank design

1. INTRODUCTION

The increasing amount of new renewable energy ssufmainly solar and wind energy) in energy
production in Europe requires also higher amouhtdarage capacity and flexibility of the network3ne of
the most efficient and cost effective methods @ gegulation and energy storage is still the Usgumped-
storage plants. In order to be prepared for theréutasks, Forces Motrices Hongrin Léman SA (FMHL),
belonging to the shareholders Romande Energie g ASuisse SA, Groupe E SA and city of Lausanne,
decided to extend the capacity of the existing Himrgéman pumped-storage scheme.

Alpig Suisse SA (Alpiq), which acts as the Owneelgresentative, is in charge of the supervisiothef
study and the implementation of the extension ptojéhe existing power plant is operated by HYDRO
Exploitation SA. FMHL selected the GIHLEM consortiu constituted by Stucky, EDF-CIH and Emch-
Berger engineering companies, to design the projpotpare the tender documents including the
specifications and bidding procedure and moreokerexecution design and the supervising of the fina
commissioning of the new power plant. The transiemalysis was performed by GIHLEM consortium
together with Power Vision Engineering Sarl, aseekfor the owner’s representative.

The existing FMHL pumped-storage scheme, locatedvéstern Switzerland and commissioned in
1971, exploits a maximum head of 878 m betweenitipeer Hongrin Reservoir (52 Mio’mat 1255 m a.s.l.)
and Léman Lake (89’000 Miohat 372 m a.s.l.) at the Veytaux | underground pbwese. Figure 1 shows
the general layout of the hydraulic system anddhbation of the production site at the Léman Lakarrthe
city of Montreux.
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Figure 1: Location of thMHL pumped-sage plant (riggntd general layout (left) (red: new power station)

The objective of the FMHL+ enhancement projedbidouble today’s plant capacity by building a new
underground cavern adjacent to the existing on¥egtaux I. The new plant enables the production of
regulation energy both in turbine and in pumpingdm@perating in hydraulic “short circuit” mode. Two
additional vertical ternary units of 120 MW eacHhlwe installed. The total power capacity will b@4AMW,
with 420 MW as normal operating mode, and 60 MV asserve. The increased flexibility, generatingkpe
electricity, will allow the plant to play a key mIn supplying electricity to western Switzerlandianeeting
the growing demand for balancing energy.

Increasing the output and input power of an existiydroelectric scheme from 240 to 420 MW using
the existing headrace tunnel and the pressure witafa maximum gross head of 878 mWC is a chalteng
task as far as the hydraulic transients are corderhhis was made possible in FMHL+ project, flogt
choosing ternary units with Pelton turbine and matdge pumps (with 5 impellers per unit), leadiodpétter
transient results than the solution of double stagelated reversible pump-turbines, then by madifythe
existing surge tank, which is the subject of thiscke. Such modification was performed by exteasiv
transient simulations of the FMHL+ pumped-storagevgr plant considering normal, exceptional and
accidental load cases in turbine, pump and hydratlort circuit mode of operation.
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This article presents the different steps of thadient analysis performed for the FMHL+ projentl a
new surge tank design including: (i) simulation mlodalidation of the existing 240 MW FMHL power
plant, (ii) identification of critical load case$ the 420 MW FMHL+ power plant, (iii) variant studgr the
surge tank modification, (iv) design of the newgsutank, (v) transient analysis for the final sutgek
design validation. The paper is focusing on prolagenlike low pressure risk in headrace tunnel smde
tank overflow or emptying risk,

2. DESCRIPTION OF THE HONGRIN-LEMAN POWER PLANT

Figure 2 presents the profile of the FMHL pumpeataje power plant, comprising the Hongrin doubtdnar
dam leading to the Hongrin reservoir with maximutev level of 1255 masl, a 8 km long headrace tunne
with a maximum diameter of 4 m, the surge tank ohchaux featuring upper and lower expansion
chambers, a 1.2 km long pressure shaft, the Veytamnderground power house with installed capaafty
240 MW connected downstream to the Léman Lake withimum water level of 371 masl. The new
Veytaux Il underground power house is to be locaiext to the existing one with an installed capaoit
240 MW, see Figure 3, and will be connected to d@Risting pressure shaft. The two power house are
equipped with ternary units with Pelton turbinggychronous motor-generators, and multistage punitis w
respectively horizontal and vertical orientation mftational axis. The main characteristics of the
electromechanical equipment are summarised in Thlded the cross section views of the existingraand
units are presented in Figure 4 and Figure 5 ré¢ispdc Detailed description of the FMHL+ extension
project and ongoing works can be found in ref gjd a detailed description of the new electromechin
equipment is provided in ref [3]. The new multistggumps of Veytaux Il are provided by VOITH Hydro,
see ref [4], while the new synchronous motor-geioerand the new Pelton turbines are provided by
ANDRITZ Hydro. The valves are provided by the catisan ANDRITZ Hydro / D2FC.

Surge Tank of Sonchaux

Hongrin Lake
max elev. 1'267m

Elevation max: 1255m

Gallery 8'011m

Hongrin Dam

Léman Lake
Elevation: max 373m
min: 37Tm

Penstock 1'224.8m

Veytaux | Power Plant 240 MW
(4x60MW pumping-generation)

Veytaux II: 240MW

Figure 2: Layout of the FMHL power plant with existing Veytal power house with 240 MW total capacity and the
Veytaux Il power house with additional 240 MW.
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Figure 3: Top view of the existing (gray) and new (colouyfpbwer houses Veytaux | and Veytaux II, [3].

Table 1 Characteristics of the electromechanical equipmeh¥eytaux | and Veytaux Il power house.
Veytaux | Veytaux Il
Generation | Generation |
Total rated capacity 240 MW 240 MW
Number of units 4 2

Pumping Pumping

Axis orientation

Horizontal

Vertical

Rotational speed

600 rpm

500 rpm

Nominal discharge

32.5m%/s

24 m3/s

32 m3/s

24.6 m*/s

Maximum gross head

878mWC

884mWC

879mWC

884mWC

Number of runners /
Impellers per unit

2

5

1

5

Number of injectors per
runner

Feeding pump

- Yes

- No

Coupling of the pump

Mechanical coupling with Pelton
runner for synchronization in air

Mechanical coupling at standstill
(space reserved for hydraulic
torque converter for a possible
future integration)

Figure 4: Top view of one Unit arrangement (left) and crosstien view of the turbine (middle) and of the pump

N
Y N\

(right) of Veytaux | Power House, source FMHL.




Congrés SHF : knhancing Hydropower plants», Grenoble 9-10 avril 2014- Nicolet, Taulan, Barn
Bourrilhon, Micoulet, Jaccard — Transients of FMHard new surge tank design

——— Alternateur / Moteur

+— Hongrin

'—;,:ill

Turbine Pelton
st

. ma}

Coupleur

Figure 5: Cross section view of the ternary Unit of Veytau®ower House, [3].

3. HYDRAULIC TRANSIENT CHALLENGES IN FMHL+ PUMPED-S TORAGE
EXTENSION

The total installed capacity of the FMHL+ powermila of 480 MW, but only 420 MW will be used for
generating and pumping operation, with 60 MW resefhe increase of capacity from 240 to 420 MWrof a
existing hydroelectric power plant is a challengiagk with respect to the hydraulic transients phemna
induced by both generating and pumping mode ofaijmers. The generating and pumping discharge are
respectively increased from 32 to 57/snand from 24 to 431ifs. The key problematic related to this
considerable discharge increase to be addressied) dine transient analysis are the followings:

- increase of pressure shaft over pressure in géngmode during emergency shutdown;

- possible increase of pressure shaft over pregsymemping mode in case of power failure;

- increase of surge tank maximum water level iregating mode during emergency shutdown;

- decrease of surge tank minimum water level ininghmode in case of power failure;

- decrease of surge tank minimum water level iregaimg mode during start-up;

- increase of surge tank maximum water level in jpimgy mode during start-up;

- decrease of the minimum pressure in the headucel and at the penstock top in pumping mode in

case of power failure;

- complex transient phenomena resulting from hyliraghort circuit operation of the units of

Veytaux Il and also between the two power housdt, all possible combinations of operating mode

and mode changes (or transition mode);

- validation of existing units operation in upgrddeonfiguration, and adaption of existing units

operating laws if necessary.

In order to maximize the lifetime of the aging eixig equipments and pressure shaft, it was decided,
restrict the maximum allowable pressure in the ques shaft, to the maximum overpressure which may
result from normal operation of Veytaux | power keun the existing configuration. The normal operat
comprises also emergency shutdown in pumping amérgéng mode of operation. Thus, the maximum
allowable pressure in the pressure shaft considinedFMHL+ project was significantly lower than the
design pressure of the original power plant.

To achieve this goal, a detailed transient analysis undertaken at very early stage of the prdjgct
EDF in collaboration with Power Vision Engineeriag owner’s expert. After the electromechanical lot
awards, extensive transient analysis was perforoyeithe pump manufacturer, i.e. VOITH Hydro, see Ref
[4], once the new multistage pump characteristiesavobtained from reduced scale model testing.

In this study, 32 operating load cases have bemulaied and documented, covering the different
operating possibilities given by 5 groups and thoperating modes taking into account: pumping mode,
turbine mode and hydraulic short-circuit operatibhese cases have been classified in three types :
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 Normal cases: resulting from normal operation sashunit loading, normal stop, emergency
shutdowns and power failures from steady stateabioer;

» Exceptional cases: all cases including worst casesbination such as unit loading followed by
emergency shutdowns at worst moment with respetitécsurge tank water level oscillations, or
resulting from the worst tripping sequence of salvanits;

» Accidental cases: all cases resulting from dys4ioning such as distributor or valve non closing
during a load rejection case, or pipe burst bub allb cases with power network large frequency
deviation.

The maximum permissible value of pressure shaft puessure or minimum permissible values of pressur
in headrace tunnel are more severe for normal acep¢ional cases than for accidental load cases.

4. MODELLING AND VALIDATIONS

In case of extension of the capacity of existingv@oplants, it is important to dispose of a valkdht
model of the existing power plant, in order to miide the uncertainties of the transient analysistlie
power extension. Indeed, the computation should tato account safety margins as well as error imarg
Error margins are calculated as a percentage afue wariation during the studied operation, they wsed
to cover uncertainties on input data and error ltiegufrom numerical modeling. Safety margins are
additional margins to respect between the perniessidlue and the result of the simulation correactetth
the error margin, in order to account for unforesadditional load cases.

For new power plants, it is possible to minimize&eniainties using a step by step validation promedu
of the input data and hypothesis based on modétgesnd CFD computations. In addition, extendiafgty
margin is always possible by basic layout modifaad in new project. In existing power plants, gasing
safety margin results either in a reduction of ¢éixpected operating range and thus of the relatejgqir
viability or in complex layout modifications. In didion, error margin can become significant asait de
difficult to make available all electromechanicaatal and identify all power plant and equipment
modifications over 40 to 50 years of operation. réfare, the validation of the simulation model bét
existing power plant of FMHL was addressed withcggdecare, and both generating and pumping mode hav
been subject to validations.

The main difficulties were found for validating theodel in pumping mode, due to multiple sources of
uncertainties related to the spherical valve charistic, to pump characteristics and to total tiaer
uncertainties. A thorough search at owner’s archiged at the pump manufacturer archives, i.e. Bulze
Pumps, enabled to remove the main sources of dampt@chieve satisfactory validations of the Veythu
configuration. The validations are illustrated iigWe 6 and Figure 7 by the comparisons between
simulations results and on-site measurements auta@spectively for turbine mode and pumping mode.
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Figure 6: Comparison of measurements and simulation resélpestock bottom pressure (left) and of surge tank
water level (right) in case of 4 units emergenaytdbwn in turbine mode.
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Figure 7: Comparison of measurements and simulation restifisrstock bottom pressure in case of 1 unit enmenge
shutdown in pumping mode.

5. SURGE TANK MODIFICATIONS
5.1 Gallery low pressure risk problematic

Among the expected risks listed in section 3 r@sylfrom capacity increase, for FMHL, the most
problematic case was found to be related to thepppower failure at 420 MW, without any surge tank
modification, and related risk of low pressurehie headrace tunnel. The problem was even idenfifted
the first computation performed in pumping modd2® MW for the maximum Hongrin water level, which
results are presented in Figure 8. Indeed, the&ser of discharge in pumping lead to a very fagtmiavel
drop in the surge tank in case of pump power failioreover, this fast water level drop comes alwith a
fast drop of pressure in the headrace tunnel, lemti¢adrace profile presents a slope discontiadi¢y a flat
zone at around 80% of its length, that increasesc#tvitation problem. As it could be noticed in ¥ 8,
this fast drop of pressure at one end of the galieduces pressure oscillations in the headraceetun
characterised by the first and second hydroacoustigral frequency of the tunnel. As a consequetiee,
minimum and maximum pressure envelope found irhtredrace tunnel differs considerably from a sttaigh
line which would results from the mass oscillatadane.

These results show that the dynamic behaviouhefdalleries may play a considerable role in the
minimum pressure calculated in the gallery itsEtfe contribution of the headrace tunnel naturajdesncies
to the minimum pressure obtained in the tunnelesgmts here about 10 mWC, i.e. approximately tfetysa
margin usually considered for this type of caldolag. Often, the headrace tunnels are modelled rigtti
column model in order to reduce computation time.these calculations, the tunnel was modelled
considering elastic model of the tunnel, enabliagatcount for pressure fluctuations resulting frira
tunnel free oscillation response.

The results obtained here at maximum Hongrin wiatexl show a low pressure region in small part of
the headrace tunnel featuring a slope change, wielsame computation performed for the minimunmewat
level lead to the identification of cavitation zoeetending over more than 30% of the tunnel whghat
acceptable. Besides low pressure risk in the gallbve surge tank modification was also necessatly w
respect to the maximum water level.
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Figure 8: Simulation results of the time evolution of pregsat different location along the headrace tuntegd)(and
the related pressure envelopes along the headnagel (bottom) resulting from pump power failure4@0 MW for the
maximum water level of the upper reservoir.

5.2 New surge tank configuration investigations

The resolution of the headrace low pressure probigemtified in pumping mode requires either a
considerable limitation of the pumping power aschion of the upper reservoir water level, or a
modification of the surge tank. As the first sabtutiwould have jeopardize the project profitabilitie
second solution was addressed taking into accoemibgic, execution, outage and planning constraimts
order to find the most cost-effective solution, sefg1], [7], [8], [9].

Figure 9 presents the volumetric representatiothefsolution considered for simulations of FMHL+
power plant with surge tank modifications. Amodigtlaese solution, the most hydraulic effectiveusialn
was the solution of a new vertical surge tank cotetkin the lower part directly to the headracen&nThis
solution also offers the advantage of being effectit any upper reservoir water level. The othelstion
offered obvious constructive advantages, but aad to strongly non-linear behaviour which consaqas
become very difficult to evaluate with respectite humerous possible operating sequences offeredSy
units pumped-storage power plant with ternary unith possible hydraulic short circuit.
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Figure 9: Variant study for surge tank modifications (in tabe existing expansion chambers, colourful schiema
view of the variants).

5.3 Final solution of surge tank modifications

Figure 10 presents the surge tank in final con&igian, which consists of a new vertical surge sbhit.2 m

of diameter and a height of 170 m, connected dyrect its lower part to the headrace tunnel via a
connecting pipe where a diaphragm has been indtalée Figure 11, while the existing inclined suslge
was modified by by-passing the upper expansion tlearto connect directly to the new vertical surigafs

at the top. Special care has been paid to optithisediaphragm head losses for the pumping mode of
operation to mitigate the low pressure in the haeaelitunnel. The optimisation was performed usirg th
SIMSEN simulation model of Figure 12 taking intaacnt Veytaux | and Il power plants and the nevgsur
tank configuration, and simulating two differentatb cases: 1) the emergency shutdown at 420 MW in
pumping mode at lowest Hongrin water level, anth2)same case assuming that the pump discharge valv
of one the new pumps fails to close. The load dasss found to be the most restrictive accordingso
normal nature requiring higher safety margin thamlbad case 2 featuring an accidental natureyaltpa
reduction of the safety margin.

Figure 10: New surge tank cross section view.
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Figure 13 presents the simulation results obtaivigd the new surge tank in case of emergency shwrtd

420 MW for both turbine mode of operation at maximupper reservoir water level, and for pumping mode
at minimum upper reservoir water level. The timeletion of the water level in the surge tanks adl a®

the pressure in the headrace tunnel show a stabdlsraooth transient behaviour. The representatigheo
minimum pressure envelops obtained along the headtanel for the load cases 1 and 2, see Figure 14
confirms the effectiveness of the new surge tank, @vidences that pressure oscillations in theduah
natural frequencies does not occur anymore.

Once the diaphragm head losses were optimisedtfierhydraulic point of view, physical model testshe
surge tank have been carried at the EPFL LaboratoHydraulic Constructions to determine the geaynet
of the diaphragm, see [2], and to determine thetedlhead losses for various flow configurations.

The increase of the maximum water level in thiggewhaft induced by the power increase has also bee
considered to design the surge shaft. It was fabatithe worst load case with respect to maximurtewa
level in the surge tank is obtained for hydrauhiors circuit operation, when all pumps are in ofiera and
input power is modulated by the two Pelton turbifresn Veytaux Il and assuming that all injectorg ar
closing and that a pump power failure occurs atbiest moment, see [4].

Surge shaft 3k
Headrace Connection g 7*. Surge 1
shaft

/tunnel unnel N
X \ Headrace Connection

7 \, | tunnel tunnel \ (
\\// \'s =
Access | | AT * :

tunnel ~1 |
(a) (b)
Figure 11: The new surge shaft and the connection and heatlraoels; (a) Plan view; (b) Longitudinal
section. The diaphragm inside the connection tuisralso shown, [2].
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Figure 13: Simulation results in turbine mode (top) and purgpmode (bottom) in case of emergency
shutdown at approx. 420 MW at respectively maximama minimum upper reservoir water level; time
history of penstock bottom pressure and dischdefg and surge tanks (existing and new one) watezls
and gallery pressures (right).
FMHL+
Minimum pressure along the headrace tunnel in case of pump emergency shutdown at
420MW and 1210masl for optmial diaphragm head loss
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Figure 14: Minimum pressures along the headrace tunnel in giemergency shutdown in pumping mode
at minimum upstream water level, at 420 MW (loaslech) and at 420 MW with one of the pump discharge
valve of Veytaux Il not closing (load case 2) ob&al with the optimal diaphragm head losses.

7. CONCLUSIONS

Increasing the total capacity of the FMHL pumpeatage power plant from 240 to 420 MW requested a
detailed transient analysis at early stage of tiogept. Among the different problematic addressedhis
analysis, the low pressure risk in the headracediuoccurring in case of pump power failure at lagpper
reservoir appeared to be the most critical cas€NftilL power plant.



Congrés SHF : knhancing Hydropower plants», Grenoble 9-10 avril 2014- Nicolet, Taulan, Barn
Bourrilhon, Micoulet, Jaccard — Transients of FMHard new surge tank design

This problem was solved by modifying the surge tawtk the introduction of a new vertical surge shveith
optimised head losses achieved by a diaphragm.

Several aspects have been found to be decisiveiidéntification and resolution of the problemiated to
transient phenomena, and can be summarised aw$ollo

- pay a particular attention to validate the modeltlué existing power plant in generating and
pumping mode in order to minimize uncertaintieoasged with existing equipments;

- use appropriate models for the headrace tunneigakio account the elastic behaviour of the tunnel
which appear to play a significant role with reggedhe low pressure risk in the tunnel;

- have several independent transient computatiorfierpgd in parallel, here performed with different
software by EDF and Power Vision Engineering;

- minimize uncertainties by confirming step by stap, much as possible input data of the model,
based on hydraulic machine model testing, surgk pdnysical modelling, or maybe even CFD
computation if needed,;

- have a good collaboration between the Owner, trgnEer, the experts and the electromechanical
equipment suppliers.

8. ACKNOWLEDGMENTS
The authors would like to thank gratefully ALPIQi&e SA, for the authorization to publish theseltes

9. REFERENCES

[1] Alligne, S., Nicolet, C., Arpe, J., Rodic, PMlacnik, J., 2012. Determination of Surge Tank Diegggm Head
Losses by CFD Simulations. Proceedings of SHF SINMR®Y2012 Conference, Sophia Antipolis - Nice, France
September 12-14, 2012, paper 79.

[2] Hachem, F., Nicolet, C., Duarte, R., De Ces&eg,Micoulet, G., Hydraulic design of the diaphrag
orifice at the entrance of the surge shaft of FMpilmped-storage power plant, Proceedings of 2013
IAHR Congress, Tsinghua University Press, Beijing.

[3] Herbivo.S, Laurier.P, Micoulet.G, Thackray.P y#tomechanical equipment of the FMFMHL+
extension project of the Hongrin-Léman powerpl&utjtzerland”, Hydro 2013 Innsbruck, Session 20B :
hydro plants rehabilitation and refurbishment

[4] Lippold, F., Hellstern, N., 2012. Hongrin-Lémadydroelectric pumped-storage Plant, Veytaux Il
powerhouse, Developing a new generation of mugjeststorage pumps. Proceedings of HYDRO 2012,
October 29-31, 2012, in Bilbao, Spain.

[5] Micoulet, G., Burnier, J.-M., Herbivo, S., "FMH extension project of the existing FMHL power mia
- on going works and interaction challenges”, Skdterational conference, Enhancing hydropower
plant facilities, April 9-10, 2014, Grenoble, Franc

[6] Nicolet, C., 2007. Hydroacoustic Modelling amdumerical Simulation of Unsteady Operation of
Hydroelectric Systems, PhD Thesis, EPFL n°3751shane, (http://library.epfl.ch/theses/?nr=3751).

[7] Richter, W., Dobler, W., Knoblauch, H., 2012ydtaulic and Numerical Modelling of an Asymmetric
Orifice Within a Surge Tank. 4th IAHR Interrnatidn8ymposium on Hydraulic Structures, Porto,
Portugal.

[8] Steyrer, P., 1999. Economic Surge Tank Desigrsbphisticated Hydraulic Throttling. Proceedinds o
the 28th IAHR congress, Graz, Austria.

[9] Stucky, A., 1958. Chambres d'équilibres. Coudtaménagement des chutes d'eau, Sciences et
Technique, EPFL.



