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Abstract: Free surface vortices at hydropower intakes dgnifecantly reduce turbine efficiency
and cause premature mechanical failure; in siplpdlways the vorticity and the air entrainment to
the pressure circuit can reduce the spillway digghaapacity. Therefore preventing the occurrence
of vortices is very important in the design of waistakes.Due to the complexity of the
phenomena, physical models are a valuable help apdit from the scale effects, vortices
observations on physical models can give valuabtilts that aid in the design of hydraulic
structures where vortices might appear.

In this paper, the formation of free surface vasién two types of submerged hydraulic structures
and several solutions to prevent vortices formaaom presented. The experimental studies were
performed in two scaled physical models which adldwesting several solutions for anti-vortex
devices that proved to be generally efficient aan lse easily incorporated in the final geometry of
water intakes.
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INTRODUCTION

The occurrence of free surface vortices represemi®blem in different cases of submerged water
intakes, namely at hydropower intakes and at sugpedespillways entrances, as for example in
siphon spillways. Large free surface vortices canmmwte the introduction of floating material and
entrained air into the intake, which might be hannibr the intake and its subsequent hydraulic
circuit.

In particular, free surface vortices in hydropowetakes can significantly reduce turbine
performance and cause premature mechanical failnresjphon spillways the vorticity and air
entrainment in the discharge circuit can reducesgribway discharge capacity and also can cause
structural damage on the circuit. Therefore praemgnithe occurrence of vortices is a priority when
designing water intakes.



The water motion tendency when approaching the nmatake is unpredictable and strongly
dependent on the intake geometry and its corregparaperating rules. Vortices formation is also
strongly dependent on the site morphology of theewantakes. Thus, water intakes located at
different places may require very distinct antitimty solutions.

The current engineering practice is to develop jghysnodels based on the preliminary design of
submerged water intakes and to perform a set ¢ t@gh the operation conditions in order to
understand if vortices will appear in the testeldittan. The results of the physical model studyl wil
allow introducing alterations in the preliminarysign project that will ascertain that no strong
vortices will occur under the expected operatingditions.

The formation of free surface vortices were studiretivo types of submerged hydraulic structures:
i) the spillway intake of Undurraga Dam (studied at20 hydraulic scale model), correspondent to
a siphon spillway, and) the water intake of Bemposta repowering schemadigd at a 1:52.5
hydraulic scale model). Solutions to prevent vediformation, namely vortex-suppressing devices,
such as vertical and horizontal grids were developd the tested anti-vortex devices belong to the
set of corrective measures to suppress vortictgmamended in Knauss, 1987.

THEORETICAL CONSIDERATIONS

Vortex formation is due to the presence of rotaldlow in the fluid mass (Clancy, 1975). Usually,
vortices can occur in sites where velocity gradiebétween two adjacent water layers occur,
causing part of the mass fluid to move faster ttien other part and resulting in a spiral water
motion. According to Durgin and Hecker (1978), thare three fundamental causes to flow vortex
formation:i) flow direction changeii) velocity gradient andi) obstructions. Generally, vortices
appear where transitions from open channel flowptessure flow exist. Therefore, hydraulic
structures with submerged orifices are extremelpppious to the vortices formation.
This flow tendency, even though dependent on supemee, is also strongly influenced by added
circulation from other rotational sources. Therefaan asymmetry in the topography surrounding
the submerged water intake or in the channel apprgaometry, resulting in non-uniform flow-
approach conditions or creating motionless water

zones, is also propitious to vortices formation. L e \/
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Accordingly to Magalh&des and Martins (1981), praideand deficiencies in hydraulic water intakes
due to vortices formation includ®: head losses increase; flow efficiency and water discharge
coefficients decreasdij) floating material transport and eventual cloggaigentrances or debris
concentration in motionless zonag) debris entrainment into pressure pipes and gedigand

V) air entrainment into pressure pipes causing vtmmatavitation and pneumatic phenomena.

The three most common methods used to eliminatécesrare:1) improve the “lay-out” of the
submerged water entranc®);, increase the water entrance submergence3aidplement vortex-
suppressing devices.

The first and second methods may imply importandliffcations to the water intake geometry and,
therefore, the use of vortex-suppressing devicestitate a current common practice in the final
design solution. According to Viseu et al. (200@wkstraightening devices can be divided into two
different types:i) devices contributing to eliminate the zones whewder is motionless and
i) devices to intersect the swirling motion of thewfl The second type (anti-vortex devices) may
be classified according to its general appearanberizontals beamsor verticals walls-

or according to its localizationsuperficialor deep-. The choice between them is determined by the
type of vorticity to eliminate (surface swirl orlff@ir core to intake) as well as by the water leve
variation in the reservoir. The most currently udestices includei) vertical or horizontal gridsi)

the backwall-attached splitteri) flow deflectors andv) baffle plates (Tullis (1979), Sweeney et
al. (1982), Melville et al. (1994) and Bauer et(aP97)).

PHYSICAL MODELS

Models Scales

A mechanical phenomenon can be studied in scaleismedhere all lengths, times and masses are
scaled dowri, At andiy times, respectively. When constructing a physscale model, complete
similarity between the prototype and its model rezgifulfilment of three similarity criteria:
geometri¢kinemati¢c anddynamic

The channel flow in the approach to water intalegsn average, a stationary non-uniform flow,
accordingly the vortices that might appear at wattakes are completely determined by (Yalin
1971):(a) the nature of the fluidu(andp); (b) the absolute size of the flow (which, for examglen

be given by the hydraulic radius correspondinght® ¢ross-section of the intake entrance,y R
(c) the water intake roughness (Kt) the kinematic state of motion (which can be gilgnthe
average velocity - U); (e) by the absolute valuéhefacceleration due to gravity (g);

Any mechanical quantity related to these flow typas be expressed as a function of the last six
parameterst = fr (u, p, Ro, k, U, Q).

The parameterp, R, and U are independent and they can be selectbdsas quantities which

allow to obtain the dimensionless equivalenttwhich isII = or (X1; X2. X3); where X X, and
X3 are: % = p'Ry'U'n™t — X1 = URW/v (Reynolds numbigr X, = p°R,*U%* — X, = k/Ry, (relative
roughnesyand % = p’Ry,*U%g™ — X3 = UY/gR;, (Froude numbek

According to the previous analysis the predominantes in these flow types are the inertial,

gravitational and viscous forces. The physical nedd the Unduarraga dam spillways and of
Bemposta repowering scheme were built with scdl@$2® and 1/52.50, respectively.



These scales were achieved so thatRbgnolds numbewas sufficiently high in both models to
guarantee that the flow regime is turbulent (Re*»Hhd consequently, that the viscous forces
effects on the experimental results, namely inbleavior of swirling flow envisaged to occur, can
be ignored. For Re >#pthe predominant forces in these flow types aee ittertial ones and,
therefore, both physical models were designed dougpto Froude similarity.

Despite the above, it is well known that physicahidation of surface vortices does not meet
Froude criterion meaning that vortices on Frouded@® are significantly weaker (Gorbachev,
2007). Accordingly, in the vorticity domain, Froudedels are against safety (Martins, 1983) and it
is expected that the vortices in the models aedeseloped than in the prototypes. These las fact
were taken into consideration in respect to vdsticonclusions in both studies.

Undurraga dam spillway
Undurraga dam is located in the Arratia River (8paind its main use is the water supply to the
metropolitan region of Bilbao city. It is a 36 mghi rockfill dam, with a 1.85 hingross storage
capacity. It has a main spillway, and a seconday was envisaged to increase the dam flood
discharge capacity (Fig. 2). This second spillwayfarmed by four siphons followed by steel
conduits with 2.30 m wide and 1.60 m high. The estsddischarge into two open channels, 5.00 m
wide, followed by buckets.

B e S

Fig. 2 - Physical model of Undurraga dam and spijlsv a) upstream view, b) downstream view
Water intake of Bemposta repowering scheme

Bemposta dam, built in 1964 on the internationalrse of Douro River, is a curved hollowed
gravity dam, with a maximum height of 87 m. Theethwater intakes of the existent hydraulic
circuit, are located on the right bank of the ri¢€ig. 3 - Left). In 2006 it was decided to repower
the Bemposta hydroelectric scheme with a new hydraircuit. The water intake of this new
hydraulic circuit was envisaged to be also builttbe right bank of the river, upstream from the
existent intake (Fig. 3 - Right). Bemposta repongrscheme has been operating since November
2011.
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Fig. 3 - Bemposta dam. Approach channels and watizkes of the two power stations, old one at
left (prototype) and new one for the reinforcemantight (physical model).



EXPERIMENTAL STUDIES

Undarraga siphon

The hydraulic behaviour of a siphon spillway is @ex. According to Khatsuria (2005) it can be
divided into three phases, Fig. ®:weir flow, before the priming of the siphon, where dischasge

governed by the normal relationship Q = R?H2) air regulated flowwhen the rising level seals

the entrance and air starts to be entrained antiated by the siphon, it is a two-phase flow amd th
discharge increases for a practically constant mtatel in the reservoir3) blackwater flowwhen

all the air has been removed and discharge is geddsy closed conduit relationship Q = KH
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Fig. 4 - Undurraga dam siphon spillway. Left - thamye curve of the air regulated siphon;
Right - Aspect of vortices occurrence during theghen priming phase.

The Undurraga siphon spillway studied in physicaldel was an unusual and non conventional
design, particularly due to its atypical implantaticircumstances. As a result, an approximation of
the theoretical discharge curve of the siphon watsined by the spillway design under a set of
considerations, namely that:i) the siphon primes for the flow of 6%s;

i) the losses in the mouth are about 30% of the meeraeight and velocity; and tha} the losses

at the elbow, exit transition and caused by frictare equivalent to 60% of the exit height and
velocity. With these considerations, the theorétitiecharge curve for the siphon was obtained by
the expression (1) (AGH, 2006):

Q=6.504548/19.62(N-196.866) (1)

Considering the above, the main reason for themiffce between the theoretical and experimental
curves presented in Fig. 4 is that the first ons waresult of a some simplified considerations,

namely in what concerns losses estimations, teatpafirmed by the experimental results, were not
verified in practice.

Bemposta water intakes

Two situations of vortices occurrence on the psgetwere reproduced in the physical model in
order to understand if the physical model was #hist in what concerns the vortices
reproducibility, Fig. 5.



Fig. 5 — Vortice near the water intake of the obavpr circuit. a) physical model of Bemposta dam;
b) and c) prototype

Both situations were reproduced reasonably wetha physical model, and quasi permanent and
relatively strong vortices of 0.8 to 1.0 m diameteere observed in the experimental tests
corresponding to those observed in the dam’s Aiteording to the tests results it was concluded
that the vortices observed in physical model gigmad idea of the vortices that might occur in the
water intake of the repowering scheme (Amarahlet 2010). In the physical tests it was also
observed that the intermittent vortices that apgdaear the new water intake were weaker than the
vortices that exist in the frequent operation @f éxistent water intake.

PREVENTING VORTEX FORMATION

Main modifications tested in Undurraga dam siphon pillway

Three main modifications in the spillway entranesédn been tested, Fig. 6. The first one consisted
in increasing the inlet lengtin order to increase the submergence of the waitdrance.
This modification did not improve the siphon’s beisair and the physical tests showed that
vortices still occur at the entrance, essentialhyemw the siphon primes, leading to a substantial
increase in water discharge, and consequentlyfad e the upstream level, which pilots the water
surface to approach the inlet ceiling (Fig. 6 = &f)e second modification consisted in a floating
horizontal grid formed by horizontal and transvetsgans This floating anti-vortex device, which

is cable-stayed to the inlet ceiling, has the athga of being an economical solution to prevent the
vortex formation and is independent from the resierwater level. Its main disadvantage is the
deterioration during long time-period of functiogjni.e., it is a device that could pose some
maintenance problems (Fig. 6 — b)). The third dewvisted consisted in_a vertical grid directly
constructed in the inlet ceilinghis solution has the advantage of being a fidedice. Physical
model tests showed that the vertical and horizdrmgahs intersect the swirling flow, eliminating the
vortices. As a direct consequence, the water flowihe entrance is extremely quiet, even for the
higher discharges and lower water levels at therves (Fig. 6 — c)). This was the adopted solution
to eliminate vortices in the water entrance of Unalga dam spillway (Fig. 6 — d)).
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Fig. 6 — Tested devices to prevent vortices atsnlpdalon spillway
entrance of Undurraga dam: a) increased inlet kenlgj floating
horizontal grid; and c) fixed vertical grid; d) &ign operation through
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Alternatives for vortices prevention tested at Bempsta water intakes

Three different alternatives were tested in thesml®y model to prevent the vortices appearance:
1) a triangular beam, placed over the entire forehehdhe water intake, with a size of
3 x 1.5 x 20 m (height x base width x lengt®);two small trapezoidal walls, placed on the axis of
each water intake bay, both with a size of 5 x25«x 0.5 m (height x base width x top width x
thickness); an®) two large trapezoidal walls on the axis of theheaater intake bay, both with a
size of 7 x 3 x 6.5 x 0.5 m (height x base widtiop width x thickness), Fig. 7.

The tests conducted with these three differentadsviead to the conclusion that device 1 does
reduce the vortices appearance, when the repoweiingit is operating alone, but when both
intakes (existent and new) are operating togetheryortex that appears near the new water intake
IS greater than the one that is formed when noceesiinstalled.

In this case study, it was decided not to recomnikadnstallation of the anti-vortex devices based
on the fact that the studied devices did not addigh improvement on the hydraulic conditions of
the new intake. Also, an important factor to susttis decision was the fact that the physical
model showed that the vortices occurring near #he imtake, were smaller than the existent ones
observed, in the physical model and in the prowtyp the old intake, which have not caused

deterioration during the fifty years period of og@wn of the old circuit.
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Fig. 7 — Three alternatives to prevent vorticestfe new intake of Bemposta dam. a) triangular
beam placed over the entire forehead of the watake; b) two small trapezoidal walls placed on
the axis of each water entry of the intake; c) targe trapezoidal walls on the axis of each water
entry of the intake



CONCLUSIONS

The occurrence of vortices near submerged watekest as is the case of both physical models
presented in this paper, is originated by the gégmef the structure and by the surrounding
topography. Physical models are very importantstdolanalyze the characteristics of the vortices,
namely, size, intensity, frequency and persisteBcale effects, which occur essentially for small
models, must be carefully assessed. If vorticeslaeened to introduce major disadvantages for the
operation of the hydraulic structures, anti-vordexices can be efficiently tested in physical msdel
in order to provide guidelines for the hydraulicsture design and construction.

In this paper, several solutions to prevent vostitermation in two case studies are presented:
combined elements materialized vrtical and horizontal grid®r single elements dwrizontals
beamsor vertical walls,located in the top water level or deeply, in lowmeater levels. All these
anti-vortex devices, which can be easily incorpettain the final geometry of the water intake,
proved to be generally efficient, being recommendezhe of the case studies presented.
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