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This article addresses the design of the spillwahe® 600 MW installed power hydroelectric dam iosRas,
Bolivia.

The design of the spillway was conditioned by sal&ctors: on the one hand there are the geomtogical
conditions of the canyon, with a relatively narrealley, steep slopes and a foundation of scaramtypetent
bedrock (soft sandstones), and on the other, tifedgsign flows that require a spillway of consatde proportions.

Moreover, the outflow discharge structure is rekdii close to the machinery room, which is why &sanecessary
to analyse the operation of both in conjunctioerisure that the spillway does not affect power gion even
during the most severe floods.

These conditioning factors required some uniquedulit solutions such as the use of three indepentieannels,
convergences in plan and the design of a singaitat at the same time efficient, hydraulic jump basi

3D numerical modelling using the Flow 3D applicatiwas employed to design the spillway and was ieerifising
a physical scale model.



This article describes the spillway, its designgess and an analysis of the aforesaid singulatatisns.

1. Background

The 600 MW installed power Rositas hydroelectrizwpostation is promoted by the public corporatiddFERESA
NACIONAL DE ELECTRICIDAD (ENDE) of Bolivia.

The dam is of the clay-core rockfill type with thenerating plant installed at the foot. Measuredfthe lowest
point of the foundation it is 171,0f high and retains a reservoir with a capacity®p94.5 Hm. The total volume
of materials used in the dam is 15.312.788,00 m

The dam rests on a barely competent rock mass nmdelightly cemented, deformable, erodible samadss. This
was a decisive aspect when selecting the typerof da

The following figure shows a general plan viewlué power station.

Fig. 1. General plan of the Rositas hydroelectiirp

The spillway is designed for a peak intake floweshen a 10,000-year return period calculated @719 ni/s
and a peak discharge flow equal to the probabléman flood (PMF), 15,794.7 its.

The main conditioning factors in the spillway desaye hydrological (the high design flow rates) and
geomorphological: the construction of a concretevigy dam was discarded due to the insufficient maeécal
capacity of the foundation and the steep slopeghypreclude execution of a spillway of sufficietinensions.



The feasibility studies performed compared posdimations on either slope and also the possitilitg tunnel
spillway. The latter was discarded because it isenexpensive than the open channel solution analsecthe
possibility of cavitation could not be ruled outdrclosed cross-section hydraulic structure witkvfspeeds, as
explained below, in excess of 50 m/s.

A front-feed spillway approach channel was selecfekhteral spillway intake approach channel watsfeasible
due to the existence of a trough just in fronthef lam crest that prevents the spillway from beixtgnded
upstream, a solution that would have provided ameeavay to achieve greater chute length. The éeedlitions
through this trough constituted one of the moréadlift problems to be solved. It was necessarynipley
floodgates to obtain the required high unit flowesaand consequently a total chute width that waoldentail an
unacceptable excavation volume.

With respect to the outflow discharge structurke,low mechanical capacity of the bedrock requiesstruction of
a stilling basin to return the flow to the origir@urse at speeds that avoid the risk of erosighefiverbed.

2. Description of the spillway design

The projected spillway is a front-feed, gate-retedaopen channel spillway located on the left bafnthe canyon.
A total of 9 10 x 11 m radial arm or Taintor floatgs is used. The fixed spillway crest elevatiosgig m while the
ordinary operating level of the dam is 595 m.

The spillway was designed taking the 10,000-yemrdlreturn period into account and was verified@apliant for
the PMF (probable maximum flood). The peak intaké autlet flows under these conditions are 14,87 arid
15,794.7 m3/s respectively with volumes of 15,2884m3 and 16,153.95 Hm3.

The peak intake and outlet flow rates during tH&s®ls, and therefore the key data for spillwayuakdtion, are
11,995.63 and 12,265.21 m3/s respectively. The maxi levels reached during the same are 600.04 GO.@%
m.a.s.l. The dam crest is at a height of 605 m.

Feed from the reservoir to the spillway approadnctel is produced by means of a basin, locatedbit bf the
approach channel, in which the flow speeds chairgetibn before proceeding to the control sectmrated in the
support escarpment of the aforesaid gates. Theitehector field set for this basin and variatioithe same
towards the control section was carefully studisithgl both numerical and physical models.

To do so, the spillway training walls are projectedisiderably in advance of the threshold andatsdiates in
order to produce an orthogonal flow to the congemdtion. The final section of the inner traininghvapens
progressively towards the reservoir in order toagme feeding and reduce the incidence of eddiesuandlence
due to the sudden change of direction of the flowhe area.

The calculations models show that the velocitiessaibstantially orthogonal to the direction of tieatrol section
and that the performance of the 9 spans is almo&irm. The capacity curve of the test spillwayrmdes with the
theoretical model, as explained below, despitectimeplex feed system.

The resulting unit flow rates during evacuatiorttaf aforesaid flood are 133.28 and 136.28m respectively.

As usual, the leading edge of the spillway crest designed on the basis of a Bradley type escaipwidna
parabola of 1.85 and a 14-m design load in accaalaith the US Army Corps of Engineers.

Downstream of the control section, the 9 spans@spillway merge to form three chutes by suddienishtion of
the training walls. Thus the spillway dischargeidagpnsists of three channels that are indepertutehtin plan



(since they are delimited by continuous trainindlsveiom the intake to the return flow structuresid elevation (the
slope profiles are different for each channel ideoito reduce the amount of clearing and excavatianwould be
required if they were uniform).

The attached drawing shows the three slope praffiéise floor slabs in each channel.
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Fig. 2. Slope profiles of the three spans that mgkéhe spillway

The use of three different profiles enables a a®raible reduction of the excavation volume. Thiofahg cross-
section shows the point where the three slopelpsofire at their maximum separation point.
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Fig. 3. Cross section by discharge channel.

In the lower flow speed zone, the training wallswerge in the plan view to achieve the same goakduce the
excavation volume and of works in general. The eogence ends and the training walls once agaipaualel just
before the chute slope increases and the flow spgeetkase considerably. In the first instance, tbinvergence was
calculated on the criteria of the US Bureau of Benation, which stipulates that the angle formedhigytraining

wall with the axis of the channel must be less timnfollowing:



Where F is the Froude number of the flow calculatesteady state. The numerical and physical modete also
used.

Total channel width is reduced from 118.50 m atltbginning of the convergence to 95 m at the erd av
longitudinal distance of 134.3 m. This producestaltconvergence of 10° between the training walisach end.
The initial width of each span passes from 37.5@ ia final width of 29.67 m. As already explaindtg
convergence reduces the channel width of eachgaaually and progressively, so that the centrahadkel is the
only one that retains its straight alignment aXise axes of the two lateral spans are slightlyrtiéce once at the
beginning and once at the end of the convergence.

Moreover, it should be noted that two groups dfiaidl aerators have been provided per span irflte slab to
reduce the risk of cavitation associated with snigh speeds. These aerators are placed in eaclaspan
beginning of the convex crests where the flow lgjestted to the floor slab with less pressure artbbo
emulsification is more effective.

Plan view of the spillway.
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Fig. 4. Plan view of the spillway.

From the beginning to the end of the convergendbédre areas the flow, calculated in a one-dimeasisteady
state, reaches speeds of approximately 20-25 mifsgdiile calculation base flood period.

Just downstream from the convergence the sectiamoderately inclined chute gives way to sectiorth wieeper
slopes. The convex crests are resolved, as ususédond-degree parabolas that preclude lift-off.

These high-speed sections accentuate the wavedisintbances caused in the previous sections (aitioin of
training walls, convergences and turns). It wadfieer that these disturbances are contained withénchannels and
do not affect hydraulic behaviour at the outflowatiarge structure.

In these sections of steeper slope the water reasgerds in excess of 50 m/s until it arrives efitial spillway
structure.

Each of the three channels reaches the outflovhdige structure floor slab grade in a different wiye inner or
left span, where the topographical elevation isdgws the first to arrive while the outer or rigiftan is the last. This
outflow discharge structure is a single hydraulimp basin for the three spans that make up théalige channel of
the spillway. The floor slab is placed at an elmrathat ensures the compatibility of the hydrajdimp with the
piezometric levels in the river at the design flows



The option of executing three independent basinsxbgnding the two intermediate walls of the disgkachannel
was considered. However, it was found that elinimabf these intermediate walls produces transvidoses, which
are beneficial in terms of energy dissipation,gsaned below, in addition to avoiding the needtfese walls in
the basin where they would need to be very highvemdd be subjected to asymmetric loads on eitiuer. s

This gives rise to a trapezoidal form in plan.

The basin floor slab is located at a height of @28n, around 14 m below the level of the channéR (@ m), while
the peripheral retaining walls that surround itcked70 m, the required height to contain the juirig total width of
the basin once the intermediate training walls Haeen eliminated is 95 m.

The piezometric levels in the channel downstreathebasin are 468.29 m for the 10,000-year floutl468.62 m
for the PMF during the peak flows at the aforegaildulation points. However, there is a level-gatiag weir on
the downstream side of the basin that will helgd¢aerate the levels required for formation of tirap regardless of
the level of the river and will also help to comt#iie hydraulic jump.

The length of the basin from the intersection wiite chute to the end of the training wall is aro@d® m. This
length is clearly less than the product of multiptythe conjugate intake depth from the chute kyAs$ explained
below, this high basin efficiency is due to thenfiation of transverse flows that produce additiaredrgy
dissipation.

Finally, it should be noted that the discharge elualiabs are bottom-drained to a collecting gallecgted in the
lower part of the right training wall and are atswhored at depth.

3. Hydraulic behaviour. The numerical and physicaimodels
3.1 Brief description of the numerical and physicamodels

The numerical model was generated using the coman&i@ application Flow 3D and developed by JESUS
GRANELL Ingenieros Consultores and EPTISA. Flow Siftware solves the Navier-Stokes equations usiag t
finite volume method and specialises in the resmhubf complex geometries and free surface calcudinge in
addition to the MVF approach it has two propridtyosithms for representation of solids and fredae tracking.
Two sub-models were used due to the enormous diorensf the spillway. The first models the feedanf and the
spillway intake and consists of a mesh of 5,261 @#ic cells measuring 0.50 m per side. The othetets the
discharge chute, the basin and the outflow diseéhtyghe original riverbed, with 12,230,799 of Hamne type of
element in the mesh. The following two figures sttbese sub-models.

Fig. 5. Numerical model sub-models.



The physical model was constructed and tested DE>E(Hydrographic Study Centre) in Madrid. The scial
1/100.

Fig. 6. Physical model. Centro de Estudios Hidréigos.

3.2 Spillway intake

As previously noted, proper operation of the sgjvintake depends on the feed from the reservdiiciwis
conducted through a trough. The flow must rotatenis trough to enable orthogonal approach to trrol section
of the spillway located approximately at the fixaést threshold. The following is a series of fggpf the
numerical model showing the flow-speed vector fielthe trough and its variation in the approackdi control
section.

Fig. 7. Numerical model. Speed fields and currergd in the feed and spillway intake. PMF

It can be seen that the inner span has a sligatidimtage compared to the others, but in generahibe seen that
the speeds and directions of all three are clesanhjlar.



Fig. 8. Physical model. Spillway intake. PMF

It is particularly evident that the flow is affedtby the contraction due to the inner training watich, as noted, is
extended beyond the crest further than the inteistedividers and also opens out towards the regeidowever,
the vortex is moderate and does not excessivelgition the operation of the inner span or the olvéradraulic
capacity.

The total hydraulic capacity of the spillway acdagito the theoretical formulation (curved wall Ispay with
Bradley profile, US Army Corps of Engineers), ttegpacity curve obtained for three reservoir levelthe numerical
model and the experimental capacity curve obtaingde physical model were plotted on a graph.
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Fig. 9. Comparison of hydraulic capacity curves

3.3 Discharge chute Disturbances produced by convgegnce and turns



The discharge chute has a number of singular fessuch as the sudden elimination of the wallstm three spans
of equal width, the 10° convergence between thetraming walls and the slight bend of the lategéns, all in a
context of high speeds ranging from 20 to almostés)

The following figure shows the discharge chute nigif?MF evacuation.

Fig. 10 General view of the discharge chute. Nucatrnodel. PMF.

The following sequence of cross sections of theldisge chute shows aforesaid disturbances frorapgkgeam and
downstream viewpoints.

Fig. 11 Sequence of cross sections. Numerical m&déF.

The central span operates symmetrically with respedts axis. The slight convexity of the centradlls, less
pronounced than that of the outer walls, hardlyseawany flow disturbances. In the plan view theridtspans show
greater convexity, and changes of direction. Therior span (right) is the most affected of all &nese it reaches

high speeds before the outer span. In these sgiensgbound effect of the intersecting waves carsdam although
the flow, even with the disturbances, is containédin the training walls.



The following is a general view of the dischargarhels during evacuation of the [x years] PMF.

Fig. 12 Physical model. PMF.

As noted above the interior span is the most aftetly the disturbances produced by convexitiestamt on the
plan view. In the physical model local overflowingcurs during PMF evacuation before the basin &lred.
Although this phenomenon was suspected it wasleatlg manifested in the numerical model. Oncedswletected
in the physical model the numerical model was mediby applying a finer mesh (smaller cell sizé)eTesult was
clearly closer to the physical model. The followerg comparative images.

Fig. 13 Overflow of right training wall. Comparisaiithe physical and numerical models. PMF

3.4 Mobile bed test

A mobile bed test was performed on the physicalehddwnstream of the basin to represent the avaikibe of
the breakwater at the site (60 cm). The erosiorn gewerated and measured after the test is appadeiyn2-3 m
deep. A photograph is provided:



Fig. 14. Mobile bed test. Physical model
3.5 Hydraulic jump basin

The sudden elimination of the channel training syatbupled with the fact that the different chaarative at
different plan view angles, gives rise to transedtsws that generate powerful turbulence in thérhylic jump
basin. This arrangement enables greater dissipatienergy than would occur in a conventional jumagin (with
two-dimensional operation) and makes it possibléesign a shorter basin than would otherwise beitred,

The following images show a series of horizontaksrsections of the basin at elevations 430, 480 ashd 460 m
of the numerical model. Where these transverseldloan be observed (they can be observed wheimglott
velocities along the y-axis perpendicular to thedaminant outlet flow of in the basin). Comparedhte
longitudinal velocities (x-axis), these flows redalrly high values and with changing directionscss the breadth
of the basin that generate three-dimensional flstudbances in addition to the usual two-dimenditudulences.



Fig. 15. Numerical model. Cross-sections at the 430, 450 and 460 m elevations. Transversal V##gcacross
the basin (m/s).



Fig. 16. Numerical model. Cross-sections at the 430, 450 and 460 m elevations. Transversal véscacross
the basin (m/s).

These images show a certain propagation of vedscitbove 10 m/s in the channel but at elevatiagtsehithan the
bed (approximately 432 m). This explains the loasére capacity at the exit of the basin even duRMJ- as
discussed below with reference to the moving bed te

The transverse flow phenomenon can also be seem plbiing total energy at each point. The usu#lgpa is a
substantially uniform variation on the z axis whtre cross-sections of the basin show uniform bieluavin the
following figure that shows a cross-section ondkis of each end span and transversally at theecehthe basin,
the behaviour is much less uniform. This fostersdkdimensional energy loss along the entire lenfithe basin.

Fig. 17. Numerical model. Cross-section of end spard transversal section through the centre. Eoiigy.

With respect to behaviour of the PMF, there isrammaéase in water depth and a certain a tendeneyceed the
basin, although it finally remains stable. Theduling image shows the longitudinal behaviour ofltlasin in both
the numerical and physical model.

Fig. 18. PMF: physical and numerical models. Vidvbasin operation.



The interaction of operation of the spillway wittat of the machinery room was studied in the playsitodel.
Likewise, the interaction of the spillway with thewer plant in full operation with a turbine outt#t161.6 n¥s and
the influence on this of the bottom drainage po{@&0 ni/s) was studied using IBER software developed by th
Hydrographic Study Centre (CEDEX). The conclusiomll cases is that the machinery room is not &éfitand the
flow speeds in its vicinity are much lower. Thisidze seen in the following images.

Fig. 19. Physical model and IBER bi-dimensional eucal model. Spillway PMF: drains at 906/m Turbine
outflow 161.66 r¥s.

4. CONCLUSIONS

The Rositas dam spillway design is conditionedheydifficult geomorphological conditions of theesénd the high
volume of the design flows. To produce a feasibtgget it was necessary to apply a series of sargigsign



features such as the complex feed and spillwakéntacilities, implementation of three spillway cmels with
different slope specifications, convex forms ireat®n of these channels and the design of an wectional but
extremely efficient hydraulic jump basin that hases the energy dissipation potential of transletseents.

A numerical model was developed to study theseusamigies using Flow 3D and a physical model at@es of
1/100 was constructed and tested. The hydrauliexietr of the spillway was analysed using theseriveadlels,
paying special attention to the aforesaid singtidei

These singularities, especially the convexity dredttirns in the channels, generate disturbancebsala been
analysed and characterised in this article.

The different intake conditions of the three chdsirethe hydraulic jump basin give rise to cureetiansverse to
the main direction of flow that results in extraeggy dissipation and greater efficiency of the ctite, enabling the
length of the basin to be shorter than the thezakthinimum.

The mobile bed tests downstream of the basin slfwgood flow restoration conditions in the oridirigerbed.
Finally, despite their proximity, the spillway doest interfere with the outlet from the machineopm.

References

1. Hydraulic design criteria. US Army Corps of Engineers

The Authors

Mario. Pereira.

Graduated as a Civil Engineer from Universidad Maje San Andres, La Paz-Bolivia 1972, M. Sc in iglaby from
Universidad de Naples-Italy 1974. Internationalifiireg in the development of Hydroelectric Proje@sjedish Commission for
Technical Cooperation, Stockholm — Sweden (1988ad-bf Hydrological Studies, Division of Applieddrglogy and Project
Department. Empresa Nacional de Electricidad, ENBolvia (1972 -1995), Project Manager, Empresa tiéz Corani S.A.
(1996-2000), Commercial Manager in Bolivia de Camstes e Camargo Correa y OAS from Brazil (200A-:320Chief
Powerhouses Execution (2013-2014), Empresa Eléd@iizani S.A., Supervision Coordinator Misicuni iyelectric Project,
ENDE (2015). Currently as a Consultant and Heace&4igor for the Rositas Hydroelectric Project, ENDBPORACION.
(National Power Company of Bolivia).

Juan Ortas

Is MSc. Civil Engineer from Polytechnic University Madrid, Spain (1991). Hydraulic Engineer at ERA (1991-1995). Team
Leader in Hydraulic Projects (Dams, water supply sanitation) at EPTISA (1995-1999); Director ofddgulic Infrastructures
Department at EPTISA (1999-2016). Project Direatanore than ten Dam and Hydropower Projects dutiedast 10 years.
Currently Project Director of Rositas Hydroelectfimject, EPTISA

Carlos Granell

Is MSc. Graduate in civil engineering from Polyteiz University of Madrid, Spain (2001). Generaliaer at JESUS
GRANELL Ingenieros Consultores. DAM TYPE SELECTI@OMMITTEE (SPANOLD), President of Dam Calculation
Committee of SPANCOLD, member of COMPUTATIONAL ASEES OF ANALYSIS AND DESIGN OF DAMS (Committee
A from ICOLD) and member DAM TYPE SELECTION COMMIEE (Committee W from ICOLD). Director of Moduleo#
the International University Master on Exploitatiand Safety of Dams: The dam as a structure, azgdrily SPANCOLD.

Alberto Duque

Is MSc. Graduate in civil engineering from PolyteithUniversity of Madrid, Spain (2007). Hydrauliogineer at JESUS
GRANELL Ingenieros Consultores (2008-2017)



J.J. Rebollo

Is MSc. Graduate in civil engineering from Univéysif Castilla - La Mancha, Spain (2007). Civile&nt at the High Technical
Scale of the Ministry of Public Works (2008). Pragr Director of the Hydraulic Laboratory of CEDEXsé 2008 and PhD
student of the Civil Engineer Doctorate progranyéfM (2014).

D. Lopez

PhD Graduate in civil engineering from Polytechditiversity of Madrid, Spain (2010). MSc. Graduateivil engineering from
Polytechnic University of Madrid, Spain (1996). C&ervant at the State Civil Engineer Corp. sité89 and Technical Advisor
of the Hydraulic Laboratory of CEDEX (2016). Tectwtieditor of IBERO-AMERICAN WATER MAGAZINE (RIBAGW)

and MAGAZINE OF WATER ENGINEERING (RIA) journals.

Begofia Arana Ferrandiz

Is MSc. Civil Engineer from Polytechnic University Madrid, Spain (2002). Hydraulic Engineer in erasupply and sanitation
projects; River Modeler Expert; Hydraulic and Daafedy Expert at EPTISA. Currently as a HydrauligiCstructures specialist
for the Rositas Hydroelectric Project, EPTISA

Isaac Bisus.

Graduated as a Civil Engineer from Universitatittohica de Catalunya (UPC) in 2010. M.Sc. Masté@eration and Safety
of Dams from Spanish Committee on Large Dams (SP@ANQ) and Universidad Politécnica de Madrid (UPMpa$ 2014.
Currently as a Hydraulic Engineer in EPTISA. Halso member of the Spanish Committee on Large 8MANCOLD).



