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As it’s well known, the Spanish company Iberdrola is constructing the Hydropower System Tamega at present, in the
mainland northern region of Alto Tamega, in Portugal. In July 2008 Iberdrola won an international tender launched
by the Portuguese Government to construct and operate a cascade scheme of four hydropower plants (Padroselos,
Alto Tamega, Daivoes and Gouvaes), that finally came to three plants, as Padroselos was suspended for
environmental reasons. The total installed capacity of the whole project will be 1158 MW with an expected annual
production of 1766 GWh, 1468 GWh corresponding to Gouvaes.

The Gouvaes pumped-storage plant, between the Torno and Tamega rivers, is an underground scheme that involves
the construction of a 7.50 km-long power circuit (6.70 km underground), a powerhouse cavern to be equipped with
four reversible Francis pump-turbines and several other large excavation works such as the upstream and
downstream surge tanks and transformers caverns. The construction of this ambitious project began in 2015, and
completion is scheduled for 2022. The four reversible Francis pump-turbines are designed with nominal power of
220 MW and a gross head of 660 m and rotational speed of 600 rpm, the total discharge in turbine mode is 160 m*/s
and in pumping mode 128 m*/s. The grid balancing and energy storing power plant utilizes the upper reservoir
Gouvdes at the Torno river, and the lower reservoir Daivoes at the Tamega river, right tributary of the Douro river.

As it has been mentioned before, upstream and downstream surge tanks are among the critical points of the project,
not only for their excavation volumes, but also for their design complexity and their implications in the plant safety.
This paper tries to describe the process of design of the tailrace surge tank of Gouvaes Pumped Storage Hydropower
Plant.

1 General layout of Gouvaes
The layout is standard for this type of pumped-storage plant, with the following main features:
- A headrace concrete lined tunnel of about 4.7 km with 7.3 m inner diameter

- A cylindrical upstream surge tank, designed as a concentric Johnson differential surge tank, with a large
shaft of 21 m diameter, an inside gate shaft of 8 m diameter and 71.8 m high, connected to the headrace
tunnel with an asymmetric diaphragm of 2.5 m diameter.

- A steel lined penstock of 2.2 km with variable diameter between 6 m and 1.6 m in the four final feeders
close to the turbines.

- The Powerhouse in the main underground cavern, where all the units and associated equipment are located,
at a depth of approximately 300 m.

- The tailrace surge tank, connected to the four draft tubes from the turbines,

- And finally a tailrace concrete lined tunnel of 7,3 m diameter and about 700 m long, where all four draft
tubes (3,8 m diameter) converge with a transition manifold.
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Fig. 1 General view of PSP Gouvées layout

2 First design of the tailrace surge tank

Due to the length of the tailrace tunnel, a surge tank is required to enable the controllability of the machine units, to
reduce the overpressures and to prevent the system from macro cavitation. The size of the surge tank is derived by
the effects of the water mass oscillation in the tunnel, when this water is accelerated and decelerated by opening,
closing or uncontrollable events such as load rejection or pump trip during operation.

The design of the lower surge tank had to take into consideration the difficulties of constructing a conventional shaft
solution completely underground, in addition to the hydraulic criteria. The total volume calculated for this surge tank
was about 11000 m’ so it would have required the excavation of a huge cavern, with high costs and very long
construction time. Therefore, it was decided to build two chambers of around 70 m long at the extreme elevations,
and a connecting gallery between them. This approach places the biggest horizontal areas where is more necessary,
at the lower and upper levels. That reduces the vertical speed of the water before the limits and reduces the necessary
excavation volume, giving a quicker response to pressure mass oscillation. The two chambers were displaced
horizontally in order to let them being connected by a riser gallery with a reasonable slope and a length of 115 m
long. This solution made it possible to excavate the surge tank based on a conventional tunnel strategy, reducing
construction time and costs.
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Fig 2 General 3D layout of the underground powerhouse with tailrace surge tank indicated

The excavation was initiated from the main access tunnel. This fact creates a connection between the upper chamber
of the surge tank and the powerhouse, which must be kept open due to the aeration of the surge tank. The potential
danger to eliminate is that no water reaches the powerhouse in case of a surge tank overflow. This makes an



exhaustive verification of the surge tank design necessary, in order to avoid any spilling in worst case scenario since
the water would lead directly into the transformer and power house caverns. Such a surge tank spilling was reported
by Dahlbéck due to insufficient surge tank volume for resonance load cases [5].

The tailrace surge tank is located as close as possible to the machine cavern. The lower chamber connects with four
shafts into each draft tube pipe. This approach has specific advantages for very quick water hammer response and
mitigates asymmetric and thus unfavourable water hammer interferences at delayed load rejection events. This
design significantly reduces the risk of water column separation in the pump-turbine’s draft tubes, inherent to low
specific speed pump-turbine featuring very pronounced S-Shape characteristics, see [8]. This also is an advantage for
predicting the worst case in the simulation. The positioning of the four shaft connections mitigates the influence of
the water inertia acting between the units and the surge tank itself [2].

3 Hydraulic investigations

3.1 Numerical modelling for Transient Analysis

In the preliminary engineering of the project, Iberdrola defined the layout described above performing numerical
simulation of the transient behaviour of the power plant, designing the upstream and downstream surge tanks and
checking the minimum and maximum pressures in the hydraulic circuit, using a simplified model of the pump-
turbines.

In 2016, Power Vision Engineering (PVE) performed the first optimization of the surge tanks. Simulations of
hydraulic transient behaviours of the Gouvaes Pumped Storage power plant were performed with the SIMSEN
software, developed by the EPFL (Ecole Polytechnique Fédérale de Lausanne) [6].
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Fig 3 SIMSEN model of the Gouvaes pumped storage power plant.

Overflow and dewatering for the upstream and downstream surge tanks for normal load cases induced an increase of
the loading and unloading time of the units. The vertical elevation of the chambers was increased 4 m, and the
section of the chambers was modified, maintaining the volume, but getting narrower. These were important changes
for achieving the necessary safety margin.

After this first optimization, physical model testing of the downstream surge tank was performed at the Institute of
Hydraulic Engineering and Water Resources Management of Graz University of Technology (TUG) in 2017, which
led to significative improvements. The comprehensive mass oscillation simulations were carried out in redundancy
with Wanda V4.5 considering the reversible pump-turbine discharge time evolution based on the manufacturers
diagrams of the machine transients. The results of these mass oscillation simulations were the transient physical
model test inputs. Furthermore, two-phase flow 3D-CFD pre-investigations were undertaken (by different parties



involved in the project) to identify challenges in specific 3D flow occurrence. These simulations revealed that the
upper chamber was filled with a significant wave that asked for further improvements. The local losses in every
connection of the surge tank where calculated via 3D CFD model in order to increase the accuracy of the 1D
transient analysis.

Moreover, the stability criterion was checked via the approach of Svee (1970) [9] and was found that the main riser
section could be reduced.

3.2  Physical model test

A physical reduced-scale model test was constructed and elaborated at Graz University of Technology for the
downstream surge tank. The hydraulic model test was operated in Froude similitude law and a geometric scale factor
of 1:25. The chambers, the main raiser, the four shafts and the manifold substitution were constructed. The procedure
of the hydraulic transient model test is the following: The results of the 1D transient mass oscillation simulations
with Wanda software were first converted to Froude scaled discharges and then imposed as surge tank
inflow/outflow boundary condition. The transient flow behaviour was controlled via air pressure valves that are
governed via a calibrated PID governor, valves (1) and (2) in Fig 4. The discharge is then checked by an IDM and it
returns the information to a PID governing control software. Basically all discharges (pump/turbines and mass
oscillation) in the tailrace tunnel are operated via these two valves. The mass flow in the pressure tunnel is the most
important flow and drives the excitation of the water level in the surge tank.
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Fig 4 Physical model test

The advantage is in particular that only one controlled valve at the same time is responsible to govern the full
transient flow. This avoids interference from operating more controlled valves at the same time and allows high
accuracy regarding the discharge at specific time points.

Fig 5 shows the direct comparison of the defined transient discharge with the measured discharge of the model test
operation. The y-axis is the discharge in I/s and the x-axis the time. Figure also shows the comparison of the target
inflow/outflow and measured inflow/outflow for the most severe pump trip case. At point of interest, only a
deviation of 0% - 5% was established. This 5% were over inflow and thus on the save side.

The figure describes the start-up of the pumps with an outflow of the surge tank due to down surge and acceleration
of the water mass in the tunnel. After the peak acceleration of the flow in the pressure tunnel, the flow to the surge
tank reverses and starts filling it. At the time point of the peak acceleration in the tail race tunnel, all pumps face a



full trip and the flow direction of the pumps reverse very quickly and leads to the peak discharge of 68 1/s (220 m?/s
in prototype) into the surge tank creating the massive design surge in the upper chamber.
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Fig 5 Comparison 1D transient analysis outflow/inflow and physical model test discharge

Video analysis was used to study and check the behaviour of the mass oscillation in the model test, and eight
pressures sensors were placed in the model test to measure both the water level and the occurring pressures.

3.3  Design load cases

Simulations of several load cases of mass oscillation and water hammer were done by different teams, such as the
machine supplier, PVE and TUG, during the hybrid modelling for the surge tank investigations. The surge tank is
designed for the normal use and for the most severe load cases both in turbine and pumping direction, allowing safe
and quick power regulation and avoiding any dangerous water hammer over- and under pressure peaks:

a. Normal load cases:

Start-up, loading, unloading and normal shutdown;
- Emergency shutdown (ESD);
- Delayed load rejection;
- Any combination of normal load cases;

b. Exceptional load cases involving failure of components
- ESD with 1 guide vane failing to close;
- ESD with 1 main inlet valve (MIV) failing to close;
- ESD with GVO closing on the security diaphragm;

Exceptional load cases also include resonance and unlikely events nowadays, as simultaneous loading of the 4
pumps that have resulted to be the most unfavourable cases. That prepares the installation for the operational
challenges of the future, with faster cycles of turbine and pumping.

4 Physical model test improvements

This chapter describes the main technical structures that were recommended for the final geometry of the lower surge
tank in order to improve the hydraulic behaviour after the physical model test.



4.1  Baffles in upper chamber

Exceptional synchronous pump trips in resonance with mass oscillation in tailrace tunnel can lead to massive filling
of the upper chamber. In such a case the water would spill out of the aeration construction and would cause severe
damages without measures to dissipate the surge. In order to prevent overflow and sloshing in the chamber, the
energy of the surge must be efficiently dampened by large and horizontally inclined baffles, a steeper inclined
bottom and a stepped ramp at the rear of the chamber, as shown in Fig 6 (a)

Fig 6 Physical model test improvements

4.2  Weir in upper chamber

Air should not be intruded into the pressure tunnel system. Additionally, the Froude scaled physical model test does
underestimate the air intrusion so it decided to fully avoid air bubbles in the physical model to be intruded into the
connection shafts. Therefore, first the system was intensively studied to understand the intrusion phenomena and
then numerous measures were tested to find the proper solution.

Basically air is intruded into the water body when a jet from the upper chamber mixes air under the water surface.
This air then needs to rise and leave the water body. In nature the vertical terminating velocity of the chosen design
bubble of 6 mm diameter can be found between 0.2 m/s and 0.25 m/s [10].

In numerical models the bottom of the lower chamber is not reached as the outflow is reaching its maximum after
full load rejection in superposition of mass oscillation. This simulations do not account for the free surface wave
behaviour and the air intrusion. The aim of the physical investigations for this case is to check 3D flow behaviours
and water-air interaction:

- the outflow into the four shafts to avoid air core swirls;
- prevention of air bubble in the pressure tunnel system;
- free surface wave behaviour in the lower chamber;

- de-aeration of the lower chamber without blow outs;

- behaviour of the upper chamber in this case.

Fig 6 (b lower) shows how the jet of the upper chamber outflowing intrudes large amount of air into the water body
with free surface flow in the lower chamber, if no structural measures are taken to mitigate the unwanted air
intrusion. This behaviour is typical for chamber surge tank systems with upper chamber [7]. In the case of the present
geometry the intruding jet is double unfavourable because of:



- the curved riser geometry, that concentrates the jet
- the very close situation of the first vertical connection shaft

After testing several structural measures in the lower chamber to prevent air intrusion, a weir structure in the upper
chamber was found to efficiently trap the surge that would otherwise create a heavy discharge into the water cushion
of the lower chamber in a subsequent down surge. It was also found that the lower chamber hydraulically works best
without direct structural measures. Also swirls flows can be best mitigated with the natural free surface wave
behaviour in the lower chamber itself Fig 6 (b upper). The outlet of 1 m by 1m size creates a defined outflow that is
dissipated by some small deflectors in the main riser floor Fig 6 (b lower)..

4.3 Smooth transition from lower chamber to main riser

It was found that the transition from the lower chamber to the main riser needs to be smoothened. Thus, a conical
section is designed to connect the lower chamber with the riser gallery.

5 Conclusions

The selected option for the tailrace surge tank design, with two long chambers connected by an inclined riser gallery,
is suitable both from the hydraulic and the economical point of view, because:

- it’s possible to be excavated based on a conventional tunnel strategy
- the design reduces the excavation volume
- it avoids the excavation of a large cavern

On the contrary, the necessary aeration creates a direct connection with the power house, and in case of overflow,
staff and installation could be in danger. This made it necessary to compressively check and design the surge tank for
the most unfavorable load case to eliminate the risk of overflow.

In terms of numerical modelling the design volumes were optimized first, separating vertically the chambers and
reducing their width, in order to reach an adequate safety margin without cost increase. Nevertheless, 1D numerical
modelling doesn’t reflect waves or air intrusion. The 3D CFD, revealed that with exceptional synchronous pump trip
in resonance after start-up, a wave could overflow the upper chamber. But only with the physical model all these
adverse effects were made visible, as the wave in the upper chamber, or air bubble intrusion into the pressure tunnel
with cyclic operation in resonance with subsequent full load rejection, and then adequate structural solutions could
be investigated. Variant tests to improve the hydraulic behaviour of the physical model test can be made very quickly
and effectively, just as quickly as in the 3D CFD, and it has led to the correction of serious safety faults in the design.

The present paper concludes that hybrid modelling, both a global transient 1D model and a local 3D CFD model, as
well as physical investigations were essential for reaching a cost-optimized, safe and flexible tailrace surge tank
design, that allows the Gouvaes pumped storage power plant to provide ancillary services and fast response to grid
demands next to the efficient energy shift utilizing the large energy content of 19 GWh of storage .
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