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Abstract

In order to satisfy the increased demand for electric power in the Republic of Croatia, the construction of hydro power plant (HPP) Ombla is being planned. The specific feature of the  hydro-power plant design is that dam, storage reservoir, evacuation units and turbine hall are placed in the rock, that is below land surface. As a consequence of such plant disposition some technical solutions not typical in engineering practice have occurred. On the upstream side of the dam forming a storage reservoir is a collector on top of which a spillway with capacity of Q = 120 m3/s needed for evacuating high waters, is anticipated. From the collector water is spilling over the weir in the spillway ending with a vortex chamber. In order to conceive the flow of water for the adopted form and dimensions of particular spillway elements a hydraulic scale model was constructed. On the model, the water level on weir, velocity and depth in spillway and vortex chamber capacity was measured. Special attention was made on measurements in spillway and vortex chamber aimed at achieving even spiral introduction of water into vertical pit with the existence of air nucleus and satisfying the set condition of flow rate. In the paper, the laboratory studies of the spillway and the vortex chamber were described. 
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1. Introduction

Model experiments were conducted to investigate the performance of a vortex drop shaft structure that is to be built within the structure of HPP Ombla (Croatia).  The project anticipates construction of subterranean dam near the spring of the Ombla river, forming a storage reservoir. The accumulated water will be used for electric power production and for water supply. 

In the periods of high water the water surplus will pass from the subterranean accumulation through spillway into the vortex drop with vertical shaft ending in spring cave where the water level equals sea level.

In the Fig. 1 layout of the vertical shaft, rapid flow and vortex are shown (dimension  are in meters).
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Fig 1. Layout of shaft, spillway and vortex drop shaft
Vortex shafts  are frequently used for high water evacuation. Development of vortex shafts  started in studies of Italian engineers M. Viparelli and C. Drioli in the nineteen forties and fifties, and continued in France, former USSSR, USA and other countries [1][2]. 
Whirling in entrance structures is generally considered undesirable as it causes flow  reduction, vibrations, it carries air bubbles that are especially inappropriate in hydraulic machines. However, entrance structures generating controlled whirlpool are very efficient without undesirable consequences. Such entrance structures are often used when it is necessary to convey significant amount of water from higher to lower elevation through vertical tube. 

Advantages of vortex shafts are [3]:

- stabile operation at all flows,

- significant dissipation of energy due to friction with the vortex walls

- pressure on the shaft walls that minimizes risk of cavitation

- existence of stabile air core
- sediment has a free passage through the system which makes vortex shafts  appropriate for waste water flow and evacuation of flood water.

The water enters the chamber tangentially by the entrance building, forming vortex flow to the vertical shaft. Such geometry causes circular water motion and whirling stream with air nucleus in the axis of vertical shaft forming a contraction. As the water moves through the vertical shaft, vertical velocity component is increasing, whirling diminishing, and the stream becomes practically vertical. The flow velocity through the vertical tube after some time reaches its final value so, theoretically, there is no limit of the spillway height. In practice, the friction occurs along the periphery of the vertical shaft and reduces circulation so that with the spillways having long vertical tube flow becomes a fine (spray-like) mixture of water and air, especially in case of significant roughness.

In the literature two types of vortex shafts [4] are usually mentioned. The vortex with horizontal bottom is designed when the supply canal is horizontal or the spillway is placed in the structure from which the water is being evacuated. If the supply canal is inclined than it is common to design bottom of the vortex at the same slope.

Typical vortex is presented in the Fig 2.
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Fig. 2 Typical vortex shaft
2. Hydraulic model of the HPP Ombla spillway

Dominant forces that occur at open flows are gravity, viscosity and surface tension. The model of the vortex shaft was made based on satisfying Froud's similarity, which is common with open flow modelling [5] [6] [7]. 

If the flow on site and on the model is in turbulent rough regime, which is being the case in the investigated rapid flow and spillway, changes in value of Reynolds number do not cause significant change of losses coefficient value. Therefore, although Reynolds number on the model and on the prototype is not the same, losses coefficient has approximately same values.

One of the restrictions when using physical model is the influence of surface tensions. As in most hydraulic problems Weber's number (ratio between inertia forces and forces caused by surface tension) in this model is also large enough so that the influence of surface tensions could be neglected.

The model was made at the scale 1:30. Hydraulic scheme of the model is shown in the Fig. 3. The pump dipped into the canal presses the water to the measuring section where an electromagnetic flow meter and a valve regulating water flow through the model have been installed. After the measuring track the water enters into the vertical tube that serves for modelling collector. Above the extended collector a square vertical shaft chamber was installed with one lateral wall on the elevation of 130 m a.s.l. serving as a weir.  
The spillway was made as a flat plate inclined 25%, while lateral walls are variables fixed by console support at the angle of 90º to the contour line of the rapid flow base (Fig. 4). At the end of the spillway is a vortex shaft.

The vortex shaft (base and vertical spillway tunnel) are made of transparent acrylic glass (Fig. 4) so that circulation could be monitored, i.e. existence of aerated nucleus controlled. The base of the vortex is inclined 25%. The water from the vortex flows into the vertical shaft. 

Two vortex shafts are constructed - on one inner diameter of the vertical tunnel was 300 cm (100 mm on the model), on another 450 cm (150 mm on the model).
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Fig. 3 Hydraulic scheme of the constructed model
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Fig. 4 Spilway with lateral walls and vortex base

3. Testings on the hydraulic model

Within the scope of the testing of HPP Ombla evacuation organs it was necessary to establish consumption characteristics of the vortex. The experiments were carried out for two diameters of vertical shafts and the flow ranging from 15 to 120 m³/s.

The experiments with comparatively low flow have showed that in the vortex spiral circulation was formed significant topping of water surface on the opposite side of water entering the spiral. In order to render impossible water spilling over the outer spiral edge, on the elevation of 126.50 m a.s.l. a flat plate (spillway ceiling) was set, preventing spilling of water from the spillway as a consequence of a centrifugal force (Fig. 5).
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Fig. 5 Lid of the vortex which prevents water spilling due to centrifugal force

Installation of vortex lid has enabled normal spillway operation up to the capacity of 80 m³/s. At flows up to 80 m³/s spiral circulation with air nucleus was formed (Fig. 6).
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Fig. 6 Forming of air nucleus in vortex at flow of 45 m3/s

If the flow increases above the limit of 80 m3/s the vortex becomes blocked. The air nucleus is

waning occasionally, negative pressure is formed in the vertical shaft as well as pulsations causing unsteady flow regime. The imposed flow cannot pass the vortex shaft, water level is raised above the ceiling forming a hydraulic jump, the air nucleus disappears (Fig.7).
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Fig. 7 Vortex blocking

Based on the executed experiments one may conclude that the calculated 100-year water having the flow rate of Qmax= 120 m3/s cannot pass through the designed vortex (if satisfying the air nucleus forming and maximum water level conditions). Therefore a new vortex drop shaft with larger shaft radius has been designed.

According to the literature [3] it is necessary to select a tube diameter that would enable air nucleus amounting 25% of core surface in case of maximum flow. Accordingly the following equation for minimum vertical shaft diameter is proposed:
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As per the stated equation minimum diameter of vertical tube for the flow Qmax = 120 m3/s is  Dmin = 4.3 m, so in another option a vertical tunnel with diameter D = 4.5 m was accepted. Based on the newly adopted vertical shaft diameter, another variant of vortex shaft was designed (Fig. 8) and on it flow ranging from 15 to 120 m3/s was tested. 

At the flow of Q = 120 m3/s in this variant, owing to the centrifugal force, spilling over the outer edge occurs (Fig. 8), so it leads to the conclusion that it is necessary to enlarge vortex ceiling.
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Fig. 8 Flow Q=90 m3/s, rapid flow and vortex of 4.5 m diameter
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Fig.9 Flow Q =120 m3/s, vortex drop shaft, circulation

In this variant, at flow of 120 m3/s an air nucleus occurs and at the entrance into the vertical shaft the stream is stick to the shaft wall (Fig. 9). 

3.1 Air nucleus form alignment

During measurements carried out on the hydraulic model it was noticed that air nucleus does not have standard (round) form. As in the literature the angle that is formed by the inner vortex wall is not defined precisely, four additional series of measurements were carried out. The dependence between the air nucleus form and the degree of inner vortex wall opening was noticed. In the Fig. 10 the angle up to which the inner vortex wall is extended has been shown.

In order to optimize stream form in vortex, its inner wall was being modified, i.e. closure angles enlarged from 180˚ to 200˚, 220˚, 240˚ and 260˚.  The task was to reach the round form of the air core and thus accelerate aeration at the same time avoiding flow unevenness as it enters the vortex drop shaft.


[image: image8.wmf]Fig.10 Openness of the vortex

It has been shown that with extension of the inner wall air nucleus form becomes less elliptical. However, it is blocked in case the closure angle is too large, so optimum closure degree would be 220˚.

4. Conclusions

The HPP Ombla as anticipated by the project is a specific electric-power plant that will utilize water from underground storage reservoir and for which all structures would be built under the ground surface. When designing apparatus for water evacuation a hydraulic model of vortex drop shaft was made.

The vortex shaft is built on the end of spillway, so the velocities at its entrance amount to ca. 14 m/s. Based on the hydrological calculation the necessary vortex shaft capacity of 120 m3/s was adopted. On the model the flow was tested in two similar vortexes one of which had a vertical shaft of 3 m diameter, the other of 4.5 m.

Tests on the hydraulic model have shown significant water elevation along the outer vortex wall  because of high incoming velocities. Therefore it is necessary to install a lid in order to prevent spilling of water from the vortex.

The vortex with diameter of vertical shaft amounting to 3 m was able to let through maximum flow of 80 m3/s. When flows exceeded 80 m3/s the vortex was blocked, free air nucleus vanished and pressure pulsation appeared forming significant forces on the walls of the structure. If the vertical shaft diameter was enlarged to 4.5 the vortex capacity was raised to more than 120 m3/s.

During the tests it was noticed that the shape of air nucleus is not regular (round), and it depends significantly on the closure of the inner vortex wall. If the inner wall was extended the shape of air nucleus was less elliptical, but if closure was larger, the blockage occurred. The measurements have shown that optimum closure is 220˚.
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