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Abstract: This paper describes the methodology of hydraulic
transient studies conducted at early project stages of several
pumped storage schemes in Scotland, especially in pumping
mode, to determine a robust waterway layout. The critical
hydraulic transient load cases are presented and their impact on
the civil design is discussed in general as well as in detail for the
Earba pumped storage hydro scheme. Results are presented for
various waterway layouts and the options were subsequently
improved as part of the design process.

1 Introduction

When developing pumped storage schemes various technical, economical and socio-
economical parameters must be considered, even though only the overall project costs
will determine the final viability of scheme. The biggest cost drivers, especially for
large pumped-storage schemes, are the civil works, e.g. waterways, dams and
powerhouse, etc., and hence, it is not surprising that cost-driven optimisation of these
structures often takes precedence over other design aspects from an early stage
onwards. Amongst the technical parameters often undervalued, the hydraulic transient
behaviour of the pump-turbine determines the safety of plant and personnel during
operation and should also be considered as a design parameter early on. Several
papers already consider the importance of hydraulic transients, especially the
characteristic S-shape of a pump-turbine in generating mode and its impact on
pressure in the spiral case and/or draft tube, e.g. by Weber et al. [1] or Zeng et al. [2].
However, it is the transient behaviour in pump mode that should be considered first
and foremost, when determining the waterway layout for pumped storage schemes [3].

These days modern, sophisticated simulation software allow designers and developers
alike to quickly evaluate the hydraulic transient behaviour and determine critical spots
in the system, for example negative pressures in waterways (see Karney [4]). The
ever-growing importance of hydraulic transients has also resulted in a design guideline
currently under preparation by the International Electro-Technical Commission (IEC),
to be published by the end of 2024 [5].

Nevertheless, the impact of hydraulic transients on scheme design is often still
underestimated, especially during early stages, when the civil design could still be
adjusted to eliminate undesirable hydraulic transient behaviour.

Early-stage consideration of hydraulic transients may not yield attractive, cost-effective
solutions at first sight but produce robust scheme layouts safeguarding against
construction and implementation uncertainties resulting in higher and unplanned
project costs at later stages, where the risks may only be overcome by imposing
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restrictions or limitations to the pump-turbine’s operational performance, something
that could be avoided by carefully studying the early-stage hydraulic transients.

2 Earba Pumped Storage Hydropower Scheme

This paper discusses the methodology of early-stage hydraulic transients conducted
at various hydropower schemes in the United Kingdom. The Earba Pumped Storage
Hydropower (PSH) scheme has been selected as an example to highlight the practical
applicability as well as the benefits of this approach.

The Earba PSH scheme is located near Loch Laggan in the central Highlands of
Scotland. The site plan of the project is shown below in figure 1.

The upper storage reservoir is provided by Loch a’ Bhealaich Leamhain with Lochan
na h-Earba being the lower reservoir. Both reservoirs present the physical boundaries
of the project without any significant in- or outflow of the reservoirs.

Initially the scheme was planned with four pump-turbines, each delivering between
150 MW and up to 225 MW, split into two independent waterways. The total station
capacity of between 600 MW (‘Option A’) and up to 900 MW (‘Option B’) was evaluated
during the initial design stages and hydraulic transients were used to assess the
feasibility of each option.

At a later design stage a third headrace tunnel with a further two machines was added
and unit capacity increased to 300 MW, hence considering a total station output of

1,800 MW (‘Option C’).
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Fig. 1. Location Plan - Earba PSH scheme, latest layout
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The key features of the Earba PSH scheme as well as the data for three options

(Option A, B and C) are summarised below in table 1.

Description Value Unit
Upper Reservoir Name Loch a’'Bhealaich

min. / max. Level 640 / 710 mAOD
Lower Reservoir Name Loch na h-Earba

min. / max. Level 355 / 376 mAOD

Option A | B|] C
Headrace Tunnel No. 2 | 2] 3

Length 2760 2450 |m

Diameter 6.7 179 ] 95 m

Inclination 13 %
Penstock No. 2 1 2] 3

Length 40| 40 | 300 m

Diameter 43 |53 ] 6.0 m
Tailrace No. 2 |1 2] 6

Length 60 | 60 |110 m

Diameter 6.7] 7.9 | 8.0 m
Units No. 4 | 4| 6

Power (at Motor-Generator) 150 | 225|300 MW

Head (rated) 267 m

Discharge (rated) 52 | 77 1103 m3/s

Speed (rated) 375[300] 273 rpm

min. Submergence -35 |-35 | -35 m

Nominal Closing Time 20 S

Table 1: Key data for early-stage transients at Earba PSH scheme
3 Development of best waterway layout

Conducting a comprehensive hydraulic transient analysis at an early stage will aide a
robust scheme design that exceeds the basic calculations to determine critical spiral
case and draft tube pressures. This extended analysis is of importance when
designing pumped storage hydropower schemes as the interaction between pumping
and generating as well pumping operation itself already places a strain on the
waterways not seen at traditional hydropower plants with generating capabilities only.

The evaluation of the hydraulic transient behaviour has been carried out using the
commercial software package SIMSEN [6], which is based on the electrical analogy
between hydraulic and electric circuits. An example longitudinal section of the Earba
PSH scheme as well as a screenshot of the graphical user interface of SIMSEN showing
the hydraulic transient simulation model in is given in figure 2.
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Fig. 2. Longitudinal Section (top) and SIMSEN layout - Option B/ C

3.1 Minimum Pressure in Waterways - 15t check

Unacceptable negative pressures in the waterways upstream of the spiral case can
occur during a sudden trip of all machines whilst operating in pump mode under
minimum head conditions, i.e. station emergency shutdown from pumping (ESD-p), or
in case of a full unloading of the plant (normal shutdown, NSD-p). These load cases
can result in a reversal of flow direction as the energy provided to the water from the
pump-turbine is gradually reduced (NSD-p) or instantaneously removed (ESD-p). This
puts the water column in the system under enormous strain and the minimum
pressures typically occur at bends or around the midpoint between free water surface

and power unit as shown in figure 3 below.
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Fig. 3. Simulated pressure in upstream waterways during ESD-p / NSD-p, Option A

The piezometric pressure lines shown in the figure above indicate a depression of the
water column in the tunnel in case of an ESD-p as well as unrealistic negative
pressures during an NSD-p. To overcome these risks, the following possible mitigation
measures may be considered:
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e Re-alignment of the waterways: A vertical shaft from the intake down to the
centerline elevation (length ~350m) followed by a horizontal section to the
powerhouse would overcome the pressure deficiencies in the system.

e Implementation of air release valves: These valves open due to sub-
atmospheric pressures in the pipeline and allow air to enter the tunnel to avoid
the risk of a water column separation [4].

e Placement of a surge facility: A surge facility can be added to the scheme.
Ideally, the surge facility is placed at or near the location of lowest relative
pressure in the waterways.

e Mitigation measures that may limit the performance of the power unit, e.g.
slower closing times.

Realignment of the waterways, air release valves or performance-limiting mitigation
measures were not considered at this stage of the project, and a surge facility was
proposed. The location and size of the proposed surge shaft as well as its impact and
benefits on the hydraulic transient behaviour were subsequently investigated.

3.2 Location / Design of Surge Shaft - 2" check

The minimum pressure in the waterways shown in figure 3 occurs between the intake
and approx. 2,000 m downstream of the intake (NSD-p). As a surge shaft decouples
the waterways, it is best placed at the end of the section with negative pressure to
separate these critical parts of the waterways. In figure 3 a location at chainage
2,000 m would therefore significantly improve the hydraulic transient behaviour of the
scheme.

However, based on topography a surge facility was initially planned further down-
stream at chainage 2,300m from the intake as indicated in figure 4 below.

In a first estimate the surge shaft diameter was assumed to be 20% larger than the
headrace tunnel to satisfy simple stability criteria [7]. The results of the hydraulic

transient simulation are given in figure 4.
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Fig. 4. Simulated pressure in upstream waterways with surge facility, Option A
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The results show that the risks of negative pressures have been mitigated for all
section (for ESD-p) and most sections (for NSD-p) of the waterways. At the location
of the surge shaft the minimum pressure has increased by approx. 150 mWC.
However, negative pressure in the upper section of the waterways close to the inlet
still persists in case of a NSD-p as the surge shaft is too far downstream of these critical
sections to provide sufficient pressure. Additional means of mitigation are:

¢ Increase in tunnel diameter: this measure would lead to a reduction in hydraulic
inertia.

e Using the gate shaft as an additional surge facility. Whilst an additional surge
facility close to the location of low pressure points would certainly mitigate the
remaining risk, a second surge shaft in the system will also result in
communicating shafts and an oscillating water column between surge and gate
shaft. Additional investigations would have to be carried out to check water
levels in the gate shaft and maximum pressure downstream of the intake gate.

e Re-alignment of waterways: As the minimum pressure is now only 15 m below
the soffit of current tunnel alignment, a minor realignment, e.g. increasing the
inclination from approx. 13% to 15% or a short pressure shaft at the inlet with a
length of approx. 50 m would be sufficient to achieve a fully pressurized tunnel
for all operating conditions.

e Additional unit performance limiting measures as mentioned earlier.

Prior to further optimising the waterway layout checks should be carried out on the
adequacy of the proposed surge facility and the expected up- and downsurge. The
highest surge shaft levels are usually achieved during an emergency shutdown of the
plant in generating (turbine) mode (ESD-t). During an ESD-t water is pushed into the
shaft as the guide vanes are rapidly closed and this load case is commonly assessed
to size a surge facility in a headrace tunnel.

However, a more extreme maneuver would be the ramping up of the unit from no-load
followed by a station ESD-t at the worst possible time. The worst possible time is the
instance when the pressure wave of the trip overlaps with the peak discharge of the
rising water column in the shaft caused by the initial load of the pump-turbine [5]. This
load case also yields a higher surge shaft level for the Earba PSH scheme as shown
in figure 5 .

For the Earba PSH scheme the difference was approx. 20 m and, as indicated in
figure 5 below, this would have resulted in a substantial overtopping of the surge shaft.
Subsequently, the waterways were re-routed to the north, where an improved topology
allowed one to shift the surge shaft upstream, also resulting in an increase in shaft
height to accommodate higher surge levels. As these measurements proved not
sufficient to contain the upsurge, the surge shaft diameter was also increased. A
similar analysis was carried out for draining the surge shaft, and as a result the location
of the orifice between riser and main surge shaft chamber was lowered (see also
figure 8).

Of course, further repetition of the above-described loading and unloading cycles will
lead to more extreme surge shaft values, but the likelihood of such maneuvers needs
to be assessed separately and is not considered as part of this paper.
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Fig. 5. Extreme water levels in surge facility, Option B,

3.3 Influence of 4-Quadrant Characteristics - 3™ check

Another critical input parameter for any hydraulic transient evaluation is the
4 - quadrant characteristics of the pump-turbine as this determines the hydraulic
behaviour of the unit with regard to changes in discharge, pressure, speed and torque,
and allows one to simulate the inherent discharge throttling of the unit itself in case of
an ESD-p or ESD-t.

Its impact on the transient behaviour has been studied extensively, e.g. Giljen et al [8]
amongst others. However, accurate 4-quadrant characteristics are intellectual
property of manufacturers and hence normally not available at early project stages.

It is, therefore, important to understand the impact of approximated characteristics on
the transient behaviour. Figure 6 shows the transient trajectories of a low and high
specific speed unit through the respective 4-quadrant characteristics, where the
specific speed nq has been calculated as

Ja

Mq = Mrated * ;075

The vastly different behaviour can also be noticed when comparing pressure rise
immediately upstream of the unit as shown in figure 7. The pressure drop for the low-
specific speed pump-turbine is significantly higher compared to the high-specific speed
characteristics, even though nominal closing time of the guide vanes is identical.

Figure 7 also shows the pressure development in case the pump-turbine is replaced
by a valve. In this case no pressure drop is noticed at all, as the linear closing of the
valve does not include the additional throttling effect as unit speed approaches or
traverses through zero-speed.
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Fig. 6. Estimated transient trajectory during ESD-p through 4-quadrant characteristics for low (left)
and high (right) specific-speed

Had a modelling approach using a valve instead of a 4-unit characteristic been selected
to evaluate the hydraulic transient behaviour of Earba PSH scheme, the low or even
negative pressure in the high-pressure waterways could have been misjudged
resulting in problems at later project stages.

500 r=—=—w———— 1.0
‘\ Pressure low_nq

450 Pressure high_nq 0.9
—Pressure valve =
R - 2
400 Guide Vane Position 08 %
=
2
350 0.7 §
[
2
300 06 S
) )
Ezso 0.5 2
=
H =
3 200 04 3
I \ £
\ Q
150 \ 03 §
\ >
\ @
k=]
100 > 02 =S
o

\
\
50 \ 0.1
\
\
0 Ve - 0.0
0 5 10 15 20 25 30 35 40 45 50

Time [s]

Fig. 7. Comparison of pressure development for different transient trajectories

4 Current Status

Based on the methodology and results presented in the previous sections the current
status of the Earba PSH scheme is given as Option C in table 1 above. Starting from
the initial layout for Option A, tunnel diameter as well as surge shaft location and
geometry have been adjusted based on the results of early-stage hydraulic transients.

The implemented changes with regard to the civil design of the waterways are
summarised below in table 2 and selected transient results are provided in figure 8.
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Parameter Initial Value | Current Value |Result

Tunnel velocity 3.5m/s 2.9 m/s reduced hydraulic inertia
Tunnel alignment | ‘- moved north Improyed topography with higher
elevations

Surge shatt 1.2 * otumnel | 1.25 * orunnel | iNncreased storage volume

diameter
Surge shaft ~2,300m ~1,900m from | closer to critical low pressure in
location from intake |intake system

Table 2: Uncertainty margin for different options of Earba PSH scheme

The results highlight that using early-stage hydraulic transient analysis the civil design
of the waterways has been adapted to provide a more robust layout for the subsequent
development phases.

The indicated margins suggest a potential for further optimisation once four-quadrant
characteristics are available from the OEM.
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Fig. 8. Simulated pressure in upstream waterway (left) as well as in surge shaft (right), Option C

5 Conclusion

This paper has highlighted the importance of early-stage hydraulic transients to identify
best scheme layouts for pumped storage schemes. The emphasis on such analysis
during early stages should be to determine a robust, yet cost-effective civil design that
can be optimised at later stages but avoids potential pitfalls, such as critical low or even
negative pressure in the waterways or insufficiently sized surge facilities. Such
deficiencies uncovered during later stages will most likely lead to increased costs due
to late design changes, restrictions in the pump-turbine performance, limited
contribution to secondary ancillary services and/or sub-optimal energy yields.

For the Earba PSH scheme the initial unit layout showed low pressures during pump
emergency and normal shutdown simulations. Implementation of a surge shaft
managed to mitigate the risk of low pressure during an ESD-p, however, problems
during a normal shutdown remained. Furthermore, the addition of the surge shaft
indicated a risk of spillage at the initially proposed location.

As a result, the revised layout incorporated a larger tunnel diameter to further reduce
the hydraulic inertia as well as different routing. This allowed the developers to place
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the surge shaft in a location, where spill during operation can be safely avoided with
only a marginal increase in surge shaft diameter.

The proposed layout therefore satisfies the main hydraulic transient requirement with
sufficient margin, so that continuous value engineering is possible as the uncertainty
surrounding the hydraulic machine is reduced.

It should be noted that the methodology described in this paper only looked at the civil
design from a transient perspective. Other aspects that will also influence the final
scheme design, such as power and energy generation, unit efficiency, construction
costs & duration, etc., are not considered in this paper.
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