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Abstract. This paper presents a combined approach, inclgdifFD numerical and scale
physical modelling, to address the hydraulic bebawf the spillway of a dam.

The spillway studied is an open channel flow whichsses the right abutment of the
dam, it runs in that part of the hillside and it hahree separate spans controlled by
Taintor Gates of 9.5 x 6.8 m. The design flow @& $pillway is 1,648.5 ffs and the
verification flow is 1,885.4 ¥s.

Choosing and setting the spillway different formsych as feeding, piers, gates
positioning, curve at the beginning of the chutearss convergence, height of the walls
and bucket type, was performed after analyzing maogeoptions and through numerical

methods in fluid computational hydraulics. The wafte used was FLOW 3D, it solves
Navier Stokes equations by finite differences. different options are now being verified

on a physical scale model in the Laboratério Naeibde Engenharia Civil (LNEC).

The use of numerical methods in fluid computatidnalraulics is very useful when used
by the designer in combination with the physicadelbng. It allows analysing different
options until getting hydraulically optimal solutis which can be tested in a laboratory.
This method provides undisputed advantages indblenical field as well as on the use of
time and resources.

In this presentation there are a variety of appribes created by fluid computational
hydraulics in relation to the spillway dam. It imaysed the hydraulic behaviour of the
different options and the results of numeric mael compared with the obtained in tests
carried out in the physical scale model.
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1 INTRODUCTION

Traditionally, studies of complex flows in hydraulstructures have been performed
through physical modeling. In those type of struesy the flow patterns is characterized
by high turbulence intensity and complex velociglds frequently imposed by geometry
of the intakes, diversion channels or tunnels anthi® energy dissipaters.

Recent advances in computational and hardware otdopy allow employing
numerical solution for the analysis of flow througidraulic structures. For this reason,
the dam engineering community started recently &kenuse of CFD models, namely in
spillways and water intakes ([1]; [2]; [3]; [4]; P

However, although physical models can translatectiraplexity of flows in hydraulic
structures, they are more expensive and time-comsunthan numerical models.
Furthermore, the latter are not exempt of errore d mathematical and numerical
approximations. In a society where the resourcessaarce, the combination of these
tools through an integrated approach may mitigatatsomings of both.

The primary objective of this paper is to preserbabined approach, including CFD
numerical and scale physical modelling, to addthesbehavior of the spillway of a large
dam, to be constructed in the Mondego river, asad pf the Portuguese National
Program for Dams with High Hydroelectric Poten(l@NBEPH).

Eptisa and JESUS GRANELL Ing. Consultores develdpedconstruction project and
conducted the CFD spillway modelling for the compaBndesa Generacion. The
National Laboratory of Civil Engineering (LNEC) permed the study in the physical
scale model.

The general characteristics of the dam are pregemtgection 2 and the physical model is
described in section 3. The characteristics ofGR® numerical model and the main results
are presented in sections 4 and 5. Finally, coraigsare drawn in section 6.

2.-GENERAL CHARACTERISTICS OF THE PROJECT

The spillway designed passes through the rightraénot of the arch dam of 106 m high.
The magnitude of the flow rates, their positionssiag the abutment and their orientation
determine the project solution described herealttés.a chute type spillway consisting of an
entrance channel, a control structure, a dischang@nel and a terminal structure, bucket
type (Figure 1).

The spillway for the standard project flood wasigiesd for a return period of 10,000
years assuming that the duration of rainfall is shene of the time of concentration of the
basin, generating a design flow of the spillwaylg648.5 ni/s (design flow). For a return
period of 10,000 years with a rainfall durationdsvthe time of concentration of the basin
the design flood of the spillway would be of 1,88%5°/s (extreme flood). Both of them
generate unitary elevated flow rates in the corgesition of the spillway: 57.84%s/m and
of 66.15 mi/s/m.

The abutment holds the strengths of the arch arsinits them to the foundation, with
allowable stresses. Furthermore, the orientatiothefabutment, tangent to the guideline of
the vault at the start of the arches, predetermihesdirection of the discharge channel
(perpendicular to the abutment) making the wated fieom the reservoir more difficult.

Since a spillway controlled by gates is necesghg/designed solution is a spillway with
frontal feeding, although the water section over #butment rotates (using a curve) with
respect to the discharge channel in order to lentad to the reservoir.
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The weir comprises 3 separate spans of 9.5 m widittre there are 3 Taintor gates of
9.5 x 6.8 m. The concrete lip of the spillway iaqedd at 294.00 m and the gates have their
crowns at 300.00 m.

Immediately after the gates there is a transitiorve which guides the discharge to bring
it into the abutment perpendicular, there is alsmaowing of the spans, from 9.5 m, in the
mouth, to 6.5 m, along the abutment.

The three spans cross the abutment by means dfatine number of recesses. These
recesses have trunk shape: rectangular at thenbatith 6.5 m width and domed in their
upper side (half ellipse).

The three spans that form the spillway remain iedeent from each other and are
separated by two continuous piles of 1 m width. #h@s reason their slopes are different as
they have to be adapted to the hillside, helpingtiuce excavations and concrete fillings.

In elevation, the slopes start in escarpmentsnddfby Bradley profiles (parabola grade
1.85) for design nappe of 8 m, to which almost irdrately follows a hollow in the shape of
a circle in each span, up to the flat slope withclwithe channels cross the abutment, with an
approximate slope of 4%. Downstream the flat sldgscribed, there is a crest shaped as a
second degree parabola till the next straight atigmt, with an approximate slope of 66%.

In plan, downstream of the abutment, the bucketthefsides are convergent, for this
reason, the overall channel width in the beginrohghis section is 23.50 m (three spans of
6.50 m, plus 4 piers of 1 m each one); near th&dduthe total width is 15.69 m. The three
vans distribute their width equitably all the way.

Regarding the bucket, there have been differentigimations that allow to compute the
best location of the flow impact in the riverbedian the best trajectory of the jet. At present,
the last configuration is being tested in the ptgismodel to be evaluated: it is the "horsetail
throwing" which generates a vertical expansionhef jet, an increase of air emulsion and a
reduction of the impact pressures.

3 PHYSICAL MODEL

The study was performed based in a 1:60 scaledgathysodel. The model represents the
right half of the dam and the chute spillway in riight abutment (Figure 2). The model
includes 200 m of the reservoir, upstream of thestcdam, and a 500 m long river reach
downstream ([6]; [7]).
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C) :
Figure 2: Physical model. a) general downstreanwyl® view of the entrance channel; c) view of the
chute and terminal structure

Flow, pressures and water levels are measuredeirs¢hled physical model with the
following equipments:

* gauge limnimeters, which errors are considerecetmferior to £0.2 mm, to measure
the reservoir water surface elevations and tailialvations;

» electromagnetic flowmeters, which measuring unagstas less than 1%, to measure
discharges;

* piezometers to measure average pressures.

4 NUMERICAL MODEL

FLOW-3D® is CFD (Computational Fluid Dynamics) sedire was originally developed
by the Los Alamos National Laboratory in New Mexiaod further developed, for over 30
years, by FlowScience Inc.

To solve the Navier - Stokes equations, the mosles$ the Finite Volume Method (FVM).
This software is especially useful in complex getiiee and water free surface calculations
since, besides the FVM, it has two algorithms [FAY® and TruVOF®] that represent the
elements and the free surface, respectively.

4
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By integrating geometry into conservation equatidghe FAVOR® algorithm (Fractional
Areas/Volumes Obstacle Representation) models thiessinside each control volume.
Through the design of a structured mesh, the atcweometry of the solids is obtained,
without having to localize the mesh nodes on theiface.

The TruVOF® (Volume of Fluid) algorithm is usedrepresent the interface between two
fluids, when this interface is present in the chttans. Thanks to this algorithm, the
software is able to correctly localize and indicthite direction of the free surface and follow
its movement precisely. Besides, what is more ity the algorithm allows to impose the
boundary conditions on the free surface, avoidiath lzalculations in the air phase and the
diffusion of the interface.

In the particular case of the spillway studied, ¢benplete spillway has been modelled as
also part of the reservoir and of the river dowesstn of the dam (Figure 3). The general
cube-shaped net used in the spillway area was (ahdrwas increasing its size towards the
edges until 2 m. Simulations have been carried@study certain areas as the curve in the
beginning of the rapid, starting by nearly steaghynetting till 0.125 m to restart. This action
provided models of between 2 and 21 million of\atells.

Maintaining the level in the reservoir which matshéth the flow rate to be tested and the
river level for that flow rate were the boundarydaions defined for the outline.

Figure 3. Spillway CFD moI
5 COMPARISON OF FLOW IN NUMERICAL AND PHYSICAL MODE LS

5.1 Entrance

Solution 1 of the entrance

In the first solution studied there was speciala@n in avoiding high speed in the
flow on the curve in order to avoid superelevatioiitis fact, as evidenced in the
numerical and physical models, led to a misdevelapnof the rapidness in the initial
part of the rapid and therefore the control sectias not been adequately fixed in the
spillway crest. The flows obtained were below expgons.
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Figure 4. Solution number one of the entrance. Hyiit capacity.

In the left side of Figure 4, the computed Froudenbers in the entrance of the spillway
are presented (in red Froug#, in blue Froude <1) from the numerical modelcdn be
seen that in the beginning of the rapid and alnugsto the curve the regimen is slow. In
the right side of Figure 4 the experimental and adoal rating curves are presented; it
can be seen that the spillway discharges (companedested) are lower than expected.

Solution 2 of the entrance

In order to increase the hydraulic capacity uph® mecessary values, the initial chute
slope was modified as follows (Figure 5):
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Figure 5. Solution number 1 and number 2.

The result was the expected one, an increase ofspilevay hydraulic capacity,
reflected in the results of both the numerical ahd physical model. However, the
increase of the speeds in the curve caused vauadssirable effects for the extreme
flows like the flow super-elevation in the abutmesmtea (commented hereinafter).
Therefore, the axis of the gate of the exteriornspat wet, occasionally for the design
flood, and, almost permanently, for the extremedl¢Figure 6).

b w 'f%:ﬁi. |

Figre 6. Solution number 2 of the entrance
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Solution 3 of the entrance

The new solution, is still pending for evaluatioh tbe physical model, and differs
from the one above as following (Figure 7):
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Figure 7. Solution number 2 and number 3.
As shown in Figure 7, the threshold position anel glate are advanced, the radius of
the gate is increased, the position of the axis esoupward up to 1.7 m and the
supporting structure of the axis stays out of theve.

Figure 8. Solution number 3. Entrance
According to the numerical model results, the gates remains out of reach of water,

even for the extreme scenario. The effects of fbe fpassing through the curve are
analyzed in the next section.

5.2 Abutment dam passage

Solution 1 passing through the abutment
Figure 9 presents the flow aspect both in the nwwakand physical models.

— ¥

Figure 9. Solution number 1. Pass through the aputnSuper-elevations of the nappe
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The behaviour is reasonably adequate. Flow sumadbns due to the curve are not
relevant due to the moderate velocity (order of ). However this solution was
invalidated since it did not provide the necesdaygraulic capacity.

Solution 2 passing through the abutment

Velocities in the curve passage increase subswgtwith respect to solution 1. In this
case, the velocities are of around 13 m/s, leatbran increase of flow super-elevation in
the curve passage and to a rebound effect in thkeseetion which is transmitted to part
of the chute discharge (Figure 10). The interiosga@e of the abutment suffer the
superelevation caused by the curve passage anfirsheebound. In both cases, for the
extreme flood, there is a risk of turning over tfappe inside of the abutment.

—

Figure 10. Solution number 2. Pass through thenadot Super-elevationsnd rebound effets of a

Solution 3 passing through the abutment
This solution reduces substantially the velocityhwiespect to solution 2. In this case,
flow velocities are of the order of 11 m/s, redugithe super-elevation in the curve
passage and the other problems associated todbleadge (Figure 11).

Figure 11. Solution number 3. Pass through th Super—elevation and rebound ef%ects of dppa

5.3 Chute

Solution 1 of the chute

The behaviour is adequate given that the hydrguablems associated to the curve
have been reduced. The effects of the convergemecad substantial and do not produce
crossed waves when arriving the bucket (Figure 12).
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s

Figure 12. Chute. Solution number 1

Solution 2 of the chute

The rebound effect of the super-elevation in theveypassage spreads to the rapid
discharge area, downstream curves zone. Eviderm&sshn the numeric model as well
as in the physical tests, that the channels waftte are properly designed (Figure 13).
In this respect, note that in the extreme scen@rj885.4 ni/s) the channel walls are, in
some spots, sometimes overtopped.

g R

Figure 13. C ute. Solution number 2.oue§fextended.

Solution 3 of the chute

The effects mentioned in the previous solutionrargegated in this new configuration
as it can be seen in the numeric model results.

Considering the entrance and the discharge capaaityin the absence of the physical
model tests, the current solution is reasonablalse it provides the necessary hydraulic
capacity according to the regulations. Furthermdne, effects of the curve at the initial
part of chute are also reduced. This solution @lges not affect the gate axis, avoiding
the risk of turning over the nappe in the abutment and cover tunnel) and limiting the
propagation of the effects of flow super-elevatiorthe chute (Figure 14).
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velocity magnitude

Figure14. Chute. Solution number 3. Hydraulic T improved respect solution 2.

5.4 Bucket

Solution 1 of the bucket

The first solution was a bucket, which as well Beowing, turns over the nappe in
order to line up the flow with the riverbed. Thenmeric and the physical models one
demonstrated that this solution was not appropria¢eause the jet impacts too close to
the hillside (Figure 15).

INITIAL DESIGN
velocity magnitude

Figure 15. Solution 1 of the bucket

Solution 2 of the bucket

As a second solution, a cylinder bucket was studigth angles of 10° (in the left and
middle chute) and 12.5° (in the right chute).

Figure 16 presents the jet both in the numericalusation as well as in the physical
test.

10
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Figure 16. Solution 2 of the bucket

As seen in the pictures, the jet trajectory is adeg, taking into account that the
impact occurs in the middle of the riverbed. Howeube jet is compact so it does not
help to air emulsion and, subsequently, this dagshelp to reduce flow velocity. These
facts can be translated in a higher pressure imgamt this reason a"Bsolution was
studied.

Solution 3 of the bucket ("horsetail").

The 3% solution, which does not have physical model tests consists in a abrupt
narrowing in each span, in order to promote a waltiexpansion of the nappe (in
horsetail) and therefore a bigger air emulsion.

Figure 17 presents aspects of the numerical meadeilts.

Figure 17. Solution 3 of the bucket

11
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6 CONCLUSIONS

The studied spillway is characterized by the o@nre of elevated unitary flow rates,
presenting various challenges to its design. Bggu§lomputational Fluid Dynamics (CFD)
and physical models, it has been possible to adpmse project solutions in different issues,
namely:
» the flow conditions in the entrance zone, partidylan the curved zone of the
channels after the weir crests;
* the free surface development along the side wéliseochutes;

» the jets from the buckets.
The different solutions have been improving sudeess both at numerical and physical
models, the hydraulic behaviour of the spillwayeThysical model of the last solution is
being studied at the moment, however the numerideinghows the following conclusions:

* The hydraulic capacity of the spillway is adequate.

* The layout of the gates is proper.

* The transition curve does not generate unaccepsaipierelevations, even for the

extreme flood.

* The convergence of the buckets in the chute doegroduce adverse effects.

* A centered and "horsetail" bucket produces a sigamt air emulsion.
In conclusion, the use of CFD models was attractisi@ce, comparing to physical
models, it allowed to obtain results in a minoripdrof time and at a reduced cost.
However, results are subject to error due to mattimal and numerical approximations.
For this reason, the CFD models was validated &mhespillway design solution. In this
regard, the proximity between experimental and micae data for the dam spillway
chute contributed to the validation of the numdrioadel.
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