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Introduction
This article addresses the design of the spillway of the 600 MW installed power hydroelectric dam in Rositas,
Bolivia.
The design of the spillway was conditioned by several factors: on the one hand there are the geomorphological
conditions of the canyon, with a relatively narrow valley, steep slopes and a foundation of scarcely competent
bedrock (soft sandstones), and on the other, the high design flows that require a spillway of considerable proportions.
Moreover, the outflow discharge structure is relatively close to the machinery room, which is why it was necessary
to analyse the operation of both in conjunction to ensure that the spillway does not affect power generation even
during the most severe floods.
These conditioning factors required some unique hydraulic solutions such as the use of three independent channels,
convergences in plan and the design of a singular, and at the same time efficient, hydraulic jump basin.
3D numerical modelling using the Flow 3D application was employed to design the spillway and was verified using
a physical scale model.

This article describes the spillway, its design process and an analysis of the aforesaid singular constructions.

1. Background
The 600 MW installed power Rositas hydroelectric power station is promoted by the public corporation EMPRESA
NACIONAL DE ELECTRICIDAD (ENDE) of Bolivia.
The dam is of the clay-core rockfill type with the generating plant installed at the foot. Measured from the lowest
point of the foundation it is 171,00 m high and retains a reservoir with a capacity of 19,094.5 Hm3. The total volume
of materials used in the dam is 15.312.788,00 m3.
The dam rests on a barely competent rock mass made up of lightly cemented, deformable, erodible sandstones. This
was a decisive aspect when selecting the type of dam.
The following figure shows a general plan view of the power station.

Fig. 1. General plan of the Rositas hydroelectric plant

The spillway is designed for a peak intake flow based on a 10,000-year return period calculated at 14,873.19 m3/s
and a peak discharge flow equal to the probable maximum flood (PMF), 15,794.7 m3/s.
The main conditioning factors in the spillway design are hydrological (the high design flow rates) and
geomorphological: the construction of a concrete gravity dam was discarded due to the insufficient mechanical
capacity of the foundation and the steep slopes, which preclude execution of a spillway of sufficient dimensions.

The feasibility studies performed compared possible locations on either slope and also the possibility of a tunnel
spillway. The latter was discarded because it is more expensive than the open channel solution and because the
possibility of cavitation could not be ruled out in a closed cross-section hydraulic structure with flow speeds, as
explained below, in excess of 50 m/s.
A front-feed spillway approach channel was selected. A lateral spillway intake approach channel was not feasible
due to the existence of a trough just in front of the dam crest that prevents the spillway from being extended
upstream, a solution that would have provided an easier way to achieve greater chute length. The feed conditions
through this trough constituted one of the more difficult problems to be solved. It was necessary to employ
floodgates to obtain the required high unit flow rates and consequently a total chute width that would not entail an
unacceptable excavation volume.
With respect to the outflow discharge structures, the low mechanical capacity of the bedrock requires construction of
a stilling basin to return the flow to the original course at speeds that avoid the risk of erosion of the riverbed.

2. Description of the spillway design
The projected spillway is a front-feed, gate-regulated, open channel spillway located on the left bank of the canyon.
A total of 9 10 x 11 m radial arm or Taintor floodgates is used. The fixed spillway crest elevation is 584 m while the
ordinary operating level of the dam is 595 m.
The spillway was designed taking the 10,000-year flood return period into account and was verified as compliant for
the PMF (probable maximum flood). The peak intake and outlet flows under these conditions are 14,873.19 and
15,794.7 m3/s respectively with volumes of 15,238.76 Hm3 and 16,153.95 Hm3.
The peak intake and outlet flow rates during these floods, and therefore the key data for spillway calculation, are
11,995.63 and 12,265.21 m3/s respectively. The maximum levels reached during the same are 600.04 and 600.28
m.a.s.l. The dam crest is at a height of 605 m.
Feed from the reservoir to the spillway approach channel is produced by means of a basin, located in front of the
approach channel, in which the flow speeds change direction before proceeding to the control section located in the
support escarpment of the aforesaid gates. The velocity vector field set for this basin and variation of the same
towards the control section was carefully studied using both numerical and physical models.
To do so, the spillway training walls are projected considerably in advance of the threshold and its floodgates in
order to produce an orthogonal flow to the control section. The final section of the inner training wall opens
progressively towards the reservoir in order to enhance feeding and reduce the incidence of eddies and turbulence
due to the sudden change of direction of the flow in the area.
The calculations models show that the velocities are substantially orthogonal to the direction of the control section
and that the performance of the 9 spans is almost uniform. The capacity curve of the test spillway coincides with the
theoretical model, as explained below, despite the complex feed system.
The resulting unit flow rates during evacuation of the aforesaid flood are 133.28 and 136.28 m3/s/m respectively.
As usual, the leading edge of the spillway crest was designed on the basis of a Bradley type escarpment with a
parabola of 1.85 and a 14-m design load in accordance with the US Army Corps of Engineers.
Downstream of the control section, the 9 spans of the spillway merge to form three chutes by sudden elimination of
the training walls. Thus the spillway discharge rapid consists of three channels that are independent both in plan

(since they are delimited by continuous training walls from the intake to the return flow structures) and elevation (the
slope profiles are different for each channel in order to reduce the amount of clearing and excavation that would be
required if they were uniform).
The attached drawing shows the three slope profiles of the floor slabs in each channel.

Fig. 2. Slope profiles of the three spans that make up the spillway
The use of three different profiles enables a considerable reduction of the excavation volume. The following crosssection shows the point where the three slope profiles are at their maximum separation point.

Fig. 3. Cross section by discharge channel.
In the lower flow speed zone, the training walls converge in the plan view to achieve the same goal: to reduce the
excavation volume and of works in general. The convergence ends and the training walls once again run parallel just
before the chute slope increases and the flow speeds increase considerably. In the first instance, this convergence was
calculated on the criteria of the US Bureau of Reclamation, which stipulates that the angle formed by the training
wall with the axis of the channel must be less than the following:

ߙ ≤ ܣ݊ܽݐ

1
3ܨ

Where F is the Froude number of the flow calculated in steady state. The numerical and physical models were also
used.
Total channel width is reduced from 118.50 m at the beginning of the convergence to 95 m at the end over a
longitudinal distance of 134.3 m. This produces a total convergence of 10º between the training walls at each end.
The initial width of each span passes from 37.50 m to a final width of 29.67 m. As already explained, the
convergence reduces the channel width of each span gradually and progressively, so that the central channel is the
only one that retains its straight alignment axis. The axes of the two lateral spans are slightly diverted, once at the
beginning and once at the end of the convergence.
Moreover, it should be noted that two groups of artificial aerators have been provided per span in the floor slab to
reduce the risk of cavitation associated with such high speeds. These aerators are placed in each span at the
beginning of the convex crests where the flow is subjected to the floor slab with less pressure and bottom
emulsification is more effective.
Plan view of the spillway.

Fig. 4. Plan view of the spillway.
From the beginning to the end of the convergence in these areas the flow, calculated in a one-dimensional steady
state, reaches speeds of approximately 20-25 m/s during the calculation base flood period.
Just downstream from the convergence the section of moderately inclined chute gives way to sections with steeper
slopes. The convex crests are resolved, as usual, by second-degree parabolas that preclude lift-off.
These high-speed sections accentuate the waves and disturbances caused in the previous sections (elimination of
training walls, convergences and turns). It was verified that these disturbances are contained within the channels and
do not affect hydraulic behaviour at the outflow discharge structure.
In these sections of steeper slope the water reaches speeds in excess of 50 m/s until it arrives at the final spillway
structure.
Each of the three channels reaches the outflow discharge structure floor slab grade in a different way. The inner or
left span, where the topographical elevation is lower, is the first to arrive while the outer or right span is the last. This
outflow discharge structure is a single hydraulic jump basin for the three spans that make up the discharge channel of
the spillway. The floor slab is placed at an elevation that ensures the compatibility of the hydraulic jump with the
piezometric levels in the river at the design flows.

The option of executing three independent basins by extending the two intermediate walls of the discharge channel
was considered. However, it was found that elimination of these intermediate walls produces transverse flows, which
are beneficial in terms of energy dissipation, as explained below, in addition to avoiding the need for these walls in
the basin where they would need to be very high and would be subjected to asymmetric loads on either side.
This gives rise to a trapezoidal form in plan.
The basin floor slab is located at a height of 428.00 m, around 14 m below the level of the channel (442.0 m), while
the peripheral retaining walls that surround it reach 470 m, the required height to contain the jump. The total width of
the basin once the intermediate training walls have been eliminated is 95 m.
The piezometric levels in the channel downstream of the basin are 468.29 m for the 10,000-year flood and 468.62 m
for the PMF during the peak flows at the aforesaid calculation points. However, there is a level-generating weir on
the downstream side of the basin that will help to generate the levels required for formation of the jump regardless of
the level of the river and will also help to contain the hydraulic jump.
The length of the basin from the intersection with the chute to the end of the training wall is around 110 m. This
length is clearly less than the product of multiplying the conjugate intake depth from the chute by six. As explained
below, this high basin efficiency is due to the formation of transverse flows that produce additional energy
dissipation.
Finally, it should be noted that the discharge chute slabs are bottom-drained to a collecting gallery located in the
lower part of the right training wall and are also anchored at depth.

3. Hydraulic behaviour. The numerical and physical models
3.1 Brief description of the numerical and physical models
The numerical model was generated using the commercial 3D application Flow 3D and developed by JESÚS
GRANELL Ingenieros Consultores and EPTISA. Flow 3D software solves the Navier-Stokes equations using the
finite volume method and specialises in the resolution of complex geometries and free surface calculus, since in
addition to the MVF approach it has two propriety algorithms for representation of solids and free surface tracking.
Two sub-models were used due to the enormous dimensions of the spillway. The first models the feed inflow and the
spillway intake and consists of a mesh of 5,261,821 cubic cells measuring 0.50 m per side. The other models the
discharge chute, the basin and the outflow discharge to the original riverbed, with 12,230,799 of the same type of
element in the mesh. The following two figures show these sub-models.

Fig. 5. Numerical model sub-models.

The physical model was constructed and tested in CEDEX (Hydrographic Study Centre) in Madrid. The scale is
1/100.

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

3.2 Spillway intake
As previously noted, proper operation of the spillway intake depends on the feed from the reservoir, which is
conducted through a trough. The flow must rotate in this trough to enable orthogonal approach to the control section
of the spillway located approximately at the fixed crest threshold. The following is a series of figures of the
numerical model showing the flow-speed vector field in the trough and its variation in the approach to said control
section.

Fig. 7. Numerical model. Speed fields and current lines in the feed and spillway intake. PMF
It can be seen that the inner span has a slight disadvantage compared to the others, but in general it can be seen that
the speeds and directions of all three are clearly similar.

Fig. 8. Physical model. Spillway intake. PMF
It is particularly evident that the flow is affected by the contraction due to the inner training wall which, as noted, is
extended beyond the crest further than the intermediate dividers and also opens out towards the reservoir. However,
the vortex is moderate and does not excessively condition the operation of the inner span or the overall hydraulic
capacity.
The total hydraulic capacity of the spillway according to the theoretical formulation (curved wall spillway with
Bradley profile, US Army Corps of Engineers), the capacity curve obtained for three reservoir levels in the numerical
model and the experimental capacity curve obtained in the 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 convergence and turns
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The discharge chute has a number of singular features such as the sudden elimination of the walls to form three spans
of equal width, the 10º convergence between the end training walls and the slight bend of the lateral spans, all in a
context of high speeds ranging from 20 to almost 60 m/s.
The following figure shows the discharge chute during PMF evacuation.

Fig. 10 General view of the discharge chute. Numerical model. PMF.
The following sequence of cross sections of the discharge chute shows aforesaid disturbances from the upstream and
downstream viewpoints.

Fig. 11 Sequence of cross sections. Numerical model. PMF.
The central span operates symmetrically with respect to its axis. The slight convexity of the central walls, less
pronounced than that of the outer walls, hardly causes any flow disturbances. In the plan view the lateral spans show
greater convexity, and changes of direction. The interior span (right) is the most affected of all because it reaches
high speeds before the outer span. In these spans, the rebound effect of the intersecting waves can be seen although
the flow, even with the disturbances, is contained within the training walls.

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

Fig. 12 Physical model. PMF.
As noted above the interior span is the most affected by the disturbances produced by convexities and turns on the
plan view. In the physical model local overflowing occurs during PMF evacuation before the basin is reached.
Although this phenomenon was suspected it was not clearly manifested in the numerical model. Once it was detected
in the physical model the numerical model was modified by applying a finer mesh (smaller cell size). The result was
clearly closer to the physical model. The following are comparative images.

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

3.4 Mobile bed test
A mobile bed test was performed on the physical model downstream of the basin to represent the available size of
the breakwater at the site (60 cm). The erosion pool generated and measured after the test is approximately 2-3 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 walls, coupled with the fact that the different channels arrive at
different plan view angles, gives rise to transverse flows that generate powerful turbulence in the hydraulic jump
basin. This arrangement enables greater dissipation of energy than would occur in a conventional jump basin (with
two-dimensional operation) and makes it possible to design a shorter basin than would otherwise be required.
The following images show a series of horizontal cross-sections of the basin at elevations 430, 440, 450 and 460 m
of the numerical model. Where these transversal flows can be observed (they can be observed when plotting
velocities along the y-axis perpendicular to the predominant outlet flow of in the basin). Compared to the
longitudinal velocities (x-axis), these flows reach fairly high values and with changing directions across the breadth
of the basin that generate three-dimensional flow disturbances in addition to the usual two-dimensional turbulences.

Fig. 15. Numerical model. Cross-sections at the 430, 440, 450 and 460 m elevations. Transversal velocities across
the basin (m/s).

Fig. 16. Numerical model. Cross-sections at the 430, 440, 450 and 460 m elevations. Transversal velocities across
the basin (m/s).
These images show a certain propagation of velocities above 10 m/s in the channel but at elevations higher than the
bed (approximately 432 m). This explains the low erosive capacity at the exit of the basin even during PMF as
discussed below with reference to the moving bed test.
The transverse flow phenomenon can also be seen when plotting total energy at each point. The usual pattern is a
substantially uniform variation on the z axis where the cross-sections of the basin show uniform behaviour. In the
following figure that shows a cross-section on the axis of each end span and transversally at the centre of the basin,
the behaviour is much less uniform. This fosters three-dimensional energy loss along the entire length of the basin.

Fig. 17. Numerical model. Cross-section of end spans and transversal section through the centre. Total energy.
With respect to behaviour of the PMF, there is an increase in water depth and a certain a tendency to exceed the
basin, although it finally remains stable. The following image shows the longitudinal behaviour of the basin in both
the numerical and physical model.
Fig. 18. PMF: physical and numerical models. View of basin operation.

The interaction of operation of the spillway with that of the machinery room was studied in the physical model.
Likewise, the interaction of the spillway with the power plant in full operation with a turbine outlet of 161.6 m3/s and
the influence on this of the bottom drainage points (900 m3/s) was studied using IBER software developed by the
Hydrographic Study Centre (CEDEX). The conclusion in all cases is that the machinery room is not affected and the
flow speeds in its vicinity are much lower. This can be seen in the following images.

Fig. 19. Physical model and IBER bi-dimensional numerical model. Spillway PMF: drains at 900 m3/s. Turbine
outflow 161.66 m3/s.

4. CONCLUSIONS
The Rositas dam spillway design is conditioned by the difficult geomorphological conditions of the site and the high
volume of the design flows. To produce a feasible project it was necessary to apply a series of singular design

features such as the complex feed and spillway intake facilities, implementation of three spillway channels with
different slope specifications, convex forms in a section of these channels and the design of an unconventional but
extremely efficient hydraulic jump basin that harnesses the energy dissipation potential of transversal currents.
A numerical model was developed to study these singularities using Flow 3D and a physical model at a scale of
1/100 was constructed and tested. The hydraulic behaviour of the spillway was analysed using these two models,
paying special attention to the aforesaid singularities.
These singularities, especially the convexity and the turns in the channels, generate disturbances that have been
analysed and characterised in this article.
The different intake conditions of the three channels in the hydraulic jump basin give rise to currents transverse to
the main direction of flow that results in extra energy dissipation and greater efficiency of the structure, enabling the
length of the basin to be shorter than the theoretical minimum.
The mobile bed tests downstream of the basin show very good flow restoration conditions in the original riverbed.
Finally, despite their proximity, the spillway does not interfere with the outlet from the machinery room.
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