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Degassing of Air Bubbles in a Chamber Surge Tank, at the 2"¢ IAHR Europe Congress. TU
Miinchen: 27.06.2012, Munich

Physical model test of surge tank Atdorf (in German) Modellversuch Wasserschloss Atdorf,
at the Wasserbausymposium - Wasser - Energie - Global denken - lokal handeln: 12.09.2012,
Graz

Hybrid Modeling of a Large Surge Tank, at the 17" International Seminar on Hydropower
Plants, Laxenburg: 21.11.2012

Hydraulic Investigation of an orifice throttle with CFD simulations and PIV measurements
(in German) Hydraulische Untersuchung einer Disendrossel mit CFD-Simulationen und
PIV-Messungen, at the 13" JUWI meeting of young hydraulic researchers, Hannover on:
03.09.2011

3D-numerische  Strémungssimulation  von  hydraulischen  Rickstromdrosseln  in
Wasserschlgssern (in German), at the: 12" JUWI meeting of young hydraulic researchers,
Stuttgart on: 11.08.2010

1.4 Projects/Surveys and Investigations - Selection

Gouvaes, pumped storage hydropower, head race surge tank — physical model test

- Development of a Johnson differential surge tank
- Physical, 1D-numerical and 3D-numerical investigation of the hydraulic design
- Throttle design loss evaluation

Obervellach 11, Hydropower plant

- 1D-numerical simulation of the storage-tunnel
- Numerical simulation of the sand trap, and the surge damping reservoir

Imst-Haiming, Hydropower plant

- 1D-numerical investigation of hydraulic power waterway, surge tank, balancing
reservoir

Gouvaes, pumped storage hydropower, tailrace surge tank — physical model test

- Physical and numerical investigation of the hydraulic design

Obervermuntwerk 11, pumped storage hydropower, surge tank - physical model test

- Physical and numerical investigation of the hydraulic design of a differential
throttle

- Physical and numerical investigation of the overall surge tank design and hydraulic
check of final design

- Research regarding waterfall air intrusion depth
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Atdorf, pumped storage hydropower, surge tank — physical model test

Numerical investigation of the hydraulic design of an orifice

Physical and numerical investigation of the overall surge tank design and hydraulic
check of final design

Research for waterfall — air intrusion and de-aeration of the lower chamber

Reisseck 11, pumped storage hydropower, surge tank Burgstall — physical model test

Physical and numerical investigation of the hydraulic design of a differential

throttle
Physical and numerical investigation of the overall surge tank design and hydraulic

check of final design

Reports, Hydraulic investigations:

Several surge tank design concepts for projects

Water hammer simulations for high-head hydropower projects including reversible
pump turbines

Hydraulic design of a cavern storage system as a lower reservoir for a pumped

storage scheme
Run-of-River high-head hydropower scheme with long pressure tunnels,

1D-numerical investigation, applied research

Lectures (Tutor)

Hydraulic Engineering Basics (Bachelor)

Hydraulic Engineering
Supervision of Bachelor projects
Laboratory courses

Hydraulic Engineering Advanced (Master)

Hydraulic Engineering (High-head hydropower plants design)
Numerics in Hydraulics

Supervision of Master projects

Supervision of Master thesis
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1.5 Supervised Master Theses

Boehler C. (2019); Case study of an Underground Pumped Hydro Storage for the city of
Graz Supervisors: Knoblauch H., Richter W., Pikl F.G.

Mauko G. (2019); Water hammer simulation for Tonstad HPP upgrade
Supervisors: Knoblauch H., Richter W. (ongoing)

Brenter M. (2018); Historical developement of pressure tunnel design in Austrian (in
German) Historische Entwicklung des Druckstollenbaus in Osterreich
Supervisors: Zenz G., Richter W., Pikl F.G.

Forsthofer Ch. (2018); 3D-CFD Simulations of a channel that acts as a retention basin
between two hydropower plants (in German) Stromungsuntersuchungen eines als
Ausgleichsspeicher wirkenden Anschlusskanals zwischen zwei Wasserkraftwerken
Supervisors: Zenz G., Richter W.

Sterner L. (2018); 3D-CFD simulations for Tonstad surge tanks upgrade
Supervisors: Zenz G., Richter W.

Pikl F.G. (2017); Combination of the pumped storage hydropower technology with
thermal energy storage (in German) Kombination der Pumpspeichertechnologie mit
thermischer Energiespeicherung
Supervisors: Zenz G., Richter W.

Mlinar J. (2017); Pumped storage hydropower in Austria
Supervisors: Zenz G., Richter W.

Hatz K. (2017); Hydraulische Optimierung der Querausleitung der Ulmendrainagen des
Semmering-Basistunnel (in German)
Supervisors: Zenz G., Richter W.

Wagner A. (2017); Hydraulische Ausgestaltung eines Ein-/Auslaufbauwerks fir ein
Pumpspeicherkraftwerk (in German)
Supervisors: Lehmann B. (TU Darmstadt), Richter W.

Hambaumer K. (2017); Shifting and storing renewable energy by pumped-storage
hydropower plants for the power system in Germany (in German)
Supervisors: Knoblauch H., Richter W.

Kaiser A. (2017); Hydraulic investigation of a tailrace tunnel for a pumped-storage power
plant at the Danube
Supervisors: Zenz G., Richter W.

Fally S. (2017); DruckstoR in Rohrleitungen (in German)
Supervisors: Zenz G., Richter W.
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1.6 Invention Idea

The principle concept of combined electrical and heat storage concept by means of a closed
loop pumped storage plant containing water that can be heated up to 90°C. The aim is to
balance and shift electrical energy by pumped storage and additionally store summer heat in
the water reservoir for usage in winter to allow a sustainable combining and double
utilisation of two mature energy storing technologies. Presented 10.02.2016 at Energy
Innovation Congress, Graz. Title: Combined Pumped Hydropower and Heat Storage
(Pumpspeicherkraftwerk mit Warmespeicher — Konzeptstudie). Describing a case study for
the City of Graz. Initiation of the master thesis [2]) and the research for the dissertation of
Pikl [3] [4] . ICOLD Innovation Award 2018 by Pikl [5]. Thanks to the encouraging and
outstanding work of Franz Georg this issue could be followed up and is being seriously

discussed to take an important part for a sustainable energy system transformation.
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ABSTRACT

Surge tanks are structural components that allow safe and flexible operation of water conduits
with pressurized flows that contain significant water inertias for power generation in high-head
hydropower plants and pumped storage hydropower plants. Surge tanks allow safe and flexible
controllability of the hydraulic machines and reduce the impact of pressure surges.

The ongoing and demanded transition of the energy system towards a renewable energy system
requests for capable and sustainable renewable energy production and vast energy storage
systems, utilising minimal resources by maximising the economic output. Hydropower schemes
are built increasingly larger and more flexible in sense of power capacity. This aspect demands
for several issues for improved surge tank design.

Several specific surge tanks were tested by means of 1D and 3D-numerical simulations as well
as physical model tests. A specific large surge tank facility was investigated and compared with
prototype measurements. The focus of the investigations is the hydraulic design of surge tanks
with respect to the mass oscillation, discussing and stating a safety philosophy to provide robust
facilities. Special focus of the work are waterfalls in surge tanks, that occur due to water outflow
of upper chambers. These may intrude considerable amounts of air into the water, what needs
to be controlled. The development of a specific waterfall-damping device is investigated on the
basis of a physical model test and the realised prototype. Storage-tunnel surge tanks and semi-
air cushion surge tanks as further improvements for surge tank design are investigated.
Hydraulically optimized surge tanks show minimised excavation volumes and low coefficients
of inertia for water hammer reflections. They are very robust and constructed without moving
parts for operation, to allow safe and effective maintenance. To dampen the mass oscillation
for large surge tanks for flexible hydropower schemes, passive differential effects such as
hydraulic throttles and upper chamber effects show high effectiveness for safe and economic
designs.

KURZFASSUNG

Wasserschldsser sind hydraulische Bauteile, die einen sicheren und flexiblen Betrieb von Hoch-
druckwasserkraftwerken und Pumpspeicherkraftwerken mit Druckstollen bei signifikanten
Wassermengen ermdglichen. Effektive Wasserschldsser ermoglichen eine sichere Steuerung
der hydraulischen Maschinen und verringern die Amplituden von Druckstof3en.

Der Umbau des Energiesystems zu einem auf erneuerbare Energiequellen basierenden Systems
erfordert leistungsfdhige und nachhaltige Erzeugung erneuerbarer Energie, sowie die
Speicherung grolRer Energiemengen und leistungsfahiger Netzstabilisierung bei minimalen
Ressourcenverbrauch und maximaler 6konomischer Nutzbarkeit Giber eine lange Lebensdauer.
Wasserkraftwerke werden immer groRer und flexibler in Bezug auf Leistung- und
Energiespeicherkapazitat konzipiert.

Es wurden spezifische Wasserschlésser von groRen Wasserkraftanlagen mittels 1D- und 3D-
numerischer Simulationen sowie physikalischer Modellversuche untersucht. Ein spezifisches
Wasserschloss wurde mit Messungen im Prototyp verglichen und validiert. Der Schwerpunkt
der Untersuchungen liegt auf der hydraulischen Auslegung von Wasserschldssern im Hinblick
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auf die Massenschwingung und einer adaquaten DruckstoRreaktion. Es wird eine Sicherheits-
philosophie flr eine robuste Auslegung von Wasserschldssern diskutiert und vorgeschlagen.
Ein besonderer Schwerpunkt der Arbeit sind die Untersuchungen zur Beherrschung von
Wasserféllen in Wasserschlossern, die aus dem Abfluss von oberen Kammern in
Kammerwasserschldssern entstehen, und welche erhebliche Luftmengen in Wasserschlésser
einbringen konnen. Anhand physikalischer Modellversuche und des realisierten Prototyps wird
die Entwicklung eines spezifischen Wasserfallddmpfungselements untersucht und verifiziert.
Speicherstollen Wasserschldsser und Semi-Luftdruck Wasserschldsser werden als weitere
Verbesserungen als Wasserschlosskonstruktionen untersucht und vorgeschlagen. Hydraulisch
optimierte Wasserschldsser weisen ein minimiertes Volumen und niedrige Tragheits-
koeffizienten auf. Sie sind sehr robust und ohne bewegliche Teile fiir den Betrieb konstruiert,
und ermdoglichen eine sichere und effektive Wartung. Um die Massenschwingung in
Wasserschlossern fur grofle und flexible Wasserkraftanlagen zu démpfen, erweist sich die
Optimierung der Differentialeffekte durch hydraulische Drosseln und Oberkammereffekte als
besonders effektiv.

PROLOGUE

This present doctoral thesis represents the envelope and the distillate of applied surge tank
research and publications of the author between the years 2008 and 2019. It was chosen to use
the form of a monograph by presenting the work in terms of a handbook. Surge tanks are unique
structures and depend on specific boundary conditions, thus, this doctoral thesis approaches to
highlight the general and the specific design aspects of surge tank design. The goal is to discuss
and emphasise via a holistic approach the surge tank research that has been done. It contains
some essential outcomes from supervised Master theses, dealing with the research issue. The
suggestions and proposals in relation to the Master theses are distinguished in the text.

The aim of the present work is to highlight and collect the findings during the various physical
and numerical studies of surge tanks, three transient physical small-scale model tests of large
surge tanks for pumped storage projects and the investigations for a large Norwegian surge tank
are investigated and discussed as pilot cases in this work. Additionally, the goal is to underline
the outcome of relevant literature as well as the link to comprehensive publications associated
with the issue of surge tank design. The work aims to gap interdisciplinary questions and to lay
the basis for further research on presented surge tank proposals such as the semi-air cushion
surge tank and the storage-tunnel surge tank.
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Distance between the surge chamber roof and the water level in
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DEFINITIONS

a Distance between the surge chamber roof and the water level in
a surge chamber with vertical walls and a horizontal roof [m] [m]
f Friction factor equivalent to A [-]
m Mass [ka]
mwc Meter water column [m]
Ny, Unit speed factor [-]
Polytropic exponent [-]
pressure [Pa]
S second [s]
Ug Terminating velocity of a single bubble [m/s]
v Velocity [m/s]
Vro Velocity in Tunnel at reference discharge [m/s]
Vjet Jet velocity at water surface [m/s]
a Friction coefficient [s2/m?]
Qjet Opening angle of a waterfall jet dissipating in the water [°]
] Efficiency [-]
y Specific weight of water [N/m3]
A Friction coefficient [-]
p Density [kg/m3]
v Kinematic viscosity [m?/s]
o Surface tension [N/m]
ol Maximum principal rock stress [Pa]
o3 Minimum principal rock stress [Pa]
® Angular speed [s1

DEFINITIONS

This chapter defines crucial and new words for the present work:

Ancillary services Services to provide stable and secure grid operation beyond
generation and transmission such as frequency control, spinning
reserves or operating reserves.

Borda mouthpiece Thin cylindrical extension at an orifice throttle to enhance the
differential loss factor ratio.

CCD Charge-Coupled Device; sensor in the digital high-speed camera

Crown throttle Throttle device at the crown of a chamber for the purpose to trap
air and create an air cushion with delayed air release.

Hydraulic High- and low frequency oscillations in pipe systems. High
transients frequency transients are meant to be pressure pulse induced by
water hammer events. Low frequency transients are meant to be
mass oscillations also called surge tank oscillations or U-tube
oscillations. These secondary oscillations are triggered by the fact
of the free surface in the surge tank. The free surface is needed to
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Fixed speed PSH

Flexible PSH

Storage-tunnel
surge tank

Walch’s limit

Waterfall-
dampening device

Semi-closed surge
tank

respectively

Semi-air cushion
surge tank

counteract and mitigate the water hammer effects. For best
functionality, low inertia values of the surge tank are pursued.

Pumped storage hydropower plants with machine units that are
operating solely at a fixed rotational speed.

Flexible pumped storage hydropower defines schemes with
machine units that can be switched quickly and continuously
between pumping and turbine mode, such as schemes utilising
variable speed technology with a full size converter or schemes
with ternary machine units.

Novelty of this dissertation. A surge tank enabling a proper use of
pressurized water conveyance tunnels that act as storage facility
for a HPP. Development made during this dissertation and
discussed for application, (see chapter: 6.5).

The intersection of the crack water table and the internal pressure
along the pressure tunnel — defines the need of watertight lining.

Developed novelty of this dissertation by the author in cooperation
with lllwerke AG to dampen the air bubble intrusion for the surge
tank Krespa for Obervermuntwerk Il PSH, (see chapter: 6.8.7).

Novelty of this dissertation. A surge tank device using a crown
throttle and small deaeration pipe for the purpose of trapping air
for delayed de-aeration and filling of significant water volume of
the crown region of a lower expansion chamber to create a
differential effect for mass oscillation dampening, (see chapter: 6.5
and 6.5.1).
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INTRODUCTION

1. INTRODUCTION

1.1 Problem Outline — Hypothesis

Surge tanks are well proven structural facilities for hydropower plants with sometimes complex
hydraulic behaviour. New high-head schemes and especially new pumped storage schemes are
built with significantly increased demands regarding installed capacity and flexibility. Since
pumped storage schemes allow very long-life times and provide efficient electric storage as
well as grid stabilizing services these facilities are indispensable for the ongoing energy
transition towards higher shares of renewables. For providing safe operation conditions surge
tanks must be constructed in a different manner as they were in the past. Larger installed
capacities demand for higher discharges and thus show higher inertias in the pressure tunnels
that is directly affecting the surge tank design. Quick operational changes between  different
operation modes demand for safe and economic structures with innovative solutions. Surge tank
research for hydropower plants has been going on since the early days of hydroelectric
developments. Due to this long period some facts may become difficult to trace. The thesis of
the Svee stability criterion for tailrace tunnels was developed at the author’s institute but not
known. Other gquestions are such as:

e How to best integrate numerical simulation tools in the surge tank design process?
What makes sense, what are the limits and what can the future bring?

e How can the differential effects in the surge tank be efficiently utilised for further
improvements?

e What are the effects of a waterfall in a surge tank? How can the air bubble intrusion be
mitigated?

e What are the differences of turbine operation and pump operation in sense of demands
for the surge tank design?

e What are the aspects and state of the art regarding air cushion surge tanks and the
properties regarding flexible hydropower operation?

Energy systems and the electric system in specific is facing challenging times and a time of a
momentum giving the chance for investments in sustainable hydro infrastructure.

1.2 Goal and Objectives

The aspects of developing new and larger high-head hydropower schemes ask firstly for a
comprehensive literature review of various solutions and findings from the past and secondly
for new design solutions for specific hydraulic questions. The literature gives valuable
information about experience from existing plants and highlight issues to be considered for new
developments. The goal of this doctoral thesis is to combine relevant knowledge from literature
with new design aspects. The aim is to show new concepts to improve the surge tank operation
by minimizing construction efforts. The design of storage-tunnel surge tanks is discussed that
allow flexible operation for tunnel utilised as reservoirs.
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The technical novelties developed with major contribution by the author and described in the
present thesis are:

e The waterfall-dampening device investigated in the model test and approved in
the prototype pumped storage power plant

e The concept design of a storage-tunnel surge tank

e The proposal of principal layout of air cushion surge tanks for Alpine locations

e The proposal of a semi-closed surge tank design

Some aspects are indeed already known, however due to a lack of a general recent textbook
about surge tanks these facts are collected and outlined.

The present thesis also highlights general energy aspects in relation to the energy transition and
the important role of pumped storage hydropower.

In respect to the associated issues of surge tanks and pumped-storage hydropower schemes to
the energy transition a main chapter is dedicated to the aspects of the energy system and the
possible valuable contribution of pumped-storage hydropower. In the opinion of the author, it
is vital for each energy participant to derive and understand the raw numbers of the energy
system and to reflect the vital value of hydropower and pumped storage hydropower in specific.

Owed to a personal research cooperation of the author with NTNU, Trondheim the question of
what can be learned from different aspects of hydropower and surge tank design in Norway and
Austria is significantly influencing the present work and reflects the aspects of closed surge
tanks, unlined water conduits and the issues of surge tank upgrade.

1.3 Research Methodology

The investigations are done by means of physical model testing and numerical simulations.
Surge tanks are studied for recent new pumped storage schemes that are already in operation.
The physical small-scale tests are conducted in the hydraulic laboratory of Graz University of
Technology. 1D-numerical simulations are made to simulate and investigate mass oscillation
and pressure surges events to improve surge tank design developments. Free surge pipes
elements are used and tested to mix pressurized flow and free surface flow for surge tanks. 3D-
numerical simulations are conducted to investigate 3D flow behaviours such as for hydraulic
throttles and to outline its utilisation for investigating waterfall events and the specific filling
of surge tanks.

1.4 Outline of the Thesis

Chapter (2) gives an overview of the aspects related to the electrical energy system as well as
the electrical storage need as a major demand for the energy transition. Specifically, the value
of pumped storage schemes is discussed. In Chapter (3) the general aspects related to surge
tanks are described. Chapter (4) describes the surge tank case studies that are the basis for the
investigations. The methods are expressed in Chapter (5). The results and the discussions of the
investigations and the surge tank specific design aspects are described in Chapter (6).
The summary of the present work as well as the outlook for further research and developments
are given in Chapter (7).
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2. ENERGY ASPECTS

This chapter briefly describes the general aspects of the electrical energy situation, highlighting
the storage and flexibility options with the focus on pumped storage hydropower. The value of
flexible operation of hydropower plants is tightly bound to surge tank design since these
structures control flexible machine operation. The vast extension of electrical storage will play
a crucial role in the energy transition towards the increased utilisation of renewable electricity
sources since the new renewable energy sources such as wind and solar are fluctuating. Pumped
storage hydropower plants are very sustainable and high flexible facilities for high efficient and
vast electricity storage as well as for providing grid services.

2.1 Electrical Energy Situation in the Alpine Region

Electrical energy is among others one of the most important energy sources for modern
societies. The electrical energy system has grown massively over the last 130 years after many
inventions during the 19" and 20" century have made it possible to produce, supply and use
electrical energy in a vast manner. On the European continent, a comprehensive interconnected
and densely meshed electrical system has been constructed. Redundancies by hardware design
make this system one of the most reliable energy system in the world. The connection is both
its secret of success as well as the challenge for present and future operation. The grid design
results from the early days of the breakthrough of the AC current system after the successful
170 km long power transmission from a hydropower plant in Lauffen am Neckar to Frankfurt
am Main in Germany in 1891 and the exploitation of economic hydro sources [6]. Several large-
scale boundary conditions are current challenges that change the demands of the power
industry, such as the European market liberalisation process, the German Energiewende with
its vast transition from conventional energy production towards a renewable energy based
supply, other political aspects in association of European harmonisation processes.

It has to be recognized that the market design as well as the European power generating system
are in a constant changing process. The market design in the end only tries to match the physical
production with the consumers’ needs and is not designed to support any vast energy transition.
The transition to the goals of low carbon power production in the European Union is stated in
the EU Energy roadmap 2050 [7].

To understand the electrical system and its boundary condition the nine paradigms are listed in
the following from Stigler (2008) [8]:

1. Grid bounded
The highly meshed and interconnected power grid of very large areas reduces reserve
capacities and guarantees a high security of supply.

2. Wire-bounded
Such as natural gas and long-distance heating, the electrical energy needs a longitudinal
physical infrastructure to conduct the energy. To avoid multiple investments only one
electrical supply company is responsible for a certain zone and thus, it is a natural
monopoly.
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3. Total system-bounded
The overall electrical system consists of production — transmission — distribution —
consumption. Because of the ongoing liberalization process in Europe resulting in
efforts for decartelisation well-engineered regulation frameworks are required. A secure
operation of the grid requires that large zones are controlled by transmission system
operators (TSOs) that also have access to the production facility.

4. Marginally storable of electrical energy
The crucial characteristic of electrical energy is its lack of its direct storability. Since
this is not possible in an important manner, the production has to fulfil the needs at each
specific point in time. The capacities have to be designed to meet the requirement of
maximum demand. Appropriate reserve capacities have to be provided to guarantee
continuous power supply. This led already at the beginning of the electrification to the
establishment of international aggregations of power grid suppliers. In Europe: the
ENTSO-E. Especially the transmission grids can minimize the reserve capacity of a
single electricity entity. In combination with the high capital intensity the aim is to fulfil
best possible system usage.

5. Capital-intense
All technical parts of power production and distribution show a high capital-intensity.
In combination with the paradigm of long-living and the bondage to grid, wire and
system the energy related structures are only slowly adaptable compared to other
industries. Also the energy consumer with its multiple amount of installed power can
only adapt slowly to different boundary conditions. This simultaneity factor plays a
major role in the decentralisation process of the Energiewende when many producers,
formerly consumers, produce with a high grade of simultaneity at the end of the supply
system. The supply system was designed to fulfil the requirements regarding a low
simultaneity factor.

6. Long development time
Projects regarding the power industry show usually a long period of preliminary lead
time. The construction of power plants may take from first drawing to the completion
from 5 — 20 years. Power lines might take even longer due to increasing public
participation processes and extensive environment impact assessments.

7. Long-living
The power industry shows high values regarding long operation times of the facilities.

8. Consumer demands versus production constraints
For renewable energy sources (RES) such as Water, Solar and Wind a problem between
the supply offer (production) and the time of demand appears. Especially at run-of river
power plants, solar and wind power plants the energy is produced at times, at which the
source is available. This results in a need of additional requirements. In Austria the high-
head hydropower plants with reservoirs fulfil the demand of power peaking and shift
the production from the high run-of season to the low run-of season in winter. An
increasing level of RES production requires increasing measures to balance the
production and the need in terms of peaking and short term as well as long term shifting.
In addition, also an increased need to stabilise the grid is related to the intensified
production of fluctuating energy resources.
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9. Electrical energy can be produced from all primary energy sources
Electrical energy is a secondary energy source. Therefore, it can be produced and
derivated from all primary energy sources. This allows a high rate of diversification to
guarantee the supply. Because of the mechanical generation of electrical power primary
sources with direct mechanical energy offer high values of efficiency. Thermal and solar
energy production show significantly lower values of generating electrical energy.

Energy exchanges in Europe and in the world allow trading with electricity. Products and prices
differ from each market place, market environment and market design. Energy markets utilise
the coupling between the physical production and the physical demand and are constantly
adapted to changing environment of the production and the demand response in order to allow
secure energy supply. This adaption process is currently visible in the vast and accelerated
energy transition towards an increased renewable production, as well as in the wake of delayed
transmission line constructions such as in Germany that has finally led to the marked split
between Austria and Germany in 2018.

In the following examples from the Energy Exchange in Leipzig, Germany (EEX), in terms of
markets for dynamic demand [9] are given:

= Energy Markets
= EEX day-ahead (D-LU, F, A, CH)
= EEX spot intraday 1-hour (D-LU, F, A, CH)
= EEX spot intraday 15-minutes (D)
= PV for own consumption (D)

= Load Markets
= Primary control — activation and deactivation Time < 30 Seconds
= Secondary control — activation and deactivation Time < 5 Minutes
= Tertiary control — activation and deactivation Time < 15 Minutes
= (Capacity Markets)

In ENTSO-E Grid about 3000 MW are reserved for primary control. Each year its size is
evaluated. Germany has to provide about 700 MW for primary control [10]. In Germany each
generating unit with a nominal capacity > 100 MW has to be capable of supplying primary
control power for at least 2 % of the nominal power of the unit [11].
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Figure 2-1 shows the time margins of grid control activities. The electrical grid frequency in
Europe is 50 Hz. This frequency is constantly fluctuating. A frequency band of 0.2 Hz up to
50.2 Hz or down to 49.8 Hz is the desired range for the shared grid of the Continental Europe
Synchronous Area. In a range of 0.02 Hz no counteraction is taken. The goal frequency may
variate for different regions. Above this margin primary control is linearly activated up to the
maximum available primary control. It is activated within 30 seconds. The purpose of the
primary control is to stabilise the grid frequency. If the deviation of the target frequency persists
the secondary control is activated. This is achieved within a time range of 5 minutes. Primary
as well as secondary control are activated automatically by the TSO. The next higher stage of
control is the tertiary control of minute reserve. Tertiary control has to be activated in a time
range of up to 15 minutes. Spinning reserves in the grid related to inertia are very quickly
activated. This grid stability reserve is not yet a value that can be traded. The inertia reserves
are stabilising values of the generator based electric production by rotating masses. PSH
equipped with electronic converters can provide a multiple amount of its physical inertia by
providing virtual inertia [12].

Figure 2-1 indicates the areas of the advantage of the fast responding property of HPP or PSH.
By reason or utilisation of heavy mass generators inertia is provided. Depending on the design
of the HPP or PSH, it can provide highly valuable primary and secondary control. A highly
flexible PSH has the additional advantage to provide negative ranges of primary and secondary
control for pumping mode.
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Figure 2-1: Frequency control stages to stabilise the electrical grid, times to provide the pre-approved 100 % of
the power ( Richter, information from [9], [10])
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The value of highly flexible hydropower plants is the ability to deliver positive load (generating
mode) within very a short time. PSH can also retain electricity to store the energy for later use.
Current PSH reach up to 70 % to 80 % of cycle energy efficiency, whereas large PSH and
flexible PSH schemes reach higher values [13] [14]. Table 2-1 show the available dynamic
market options at EEX.

Table 2-1: Examples of dynamic market options at EEX [9]

Maximum
Direction Dail f . .
ectio allyuso Modulating Reaction rate call
of power plant duration
High (15s),
Plant must igh (155) 1 week
i 0s. & operate Continuous usually only
Primary pne.g pem‘:’anently possible when (hydro
Control : ' i plants 4 h)
throttled 24 h plant is a}lready
running
Plant must Fast launch
Secondary pos. & operate Discrete possible (30 sto 5 1210 60
Control neg. permanently, levels min) or system is hours
throttled 24 h already running
control pos. & operate Discrete Start in 15 4 hours
(Minute neg. permanently, levels minutes
ni hedul
Purchase Low, demand o ?:ri(;sedu N ;
Day- occurs on many no ’ Min. 1 hour
Ahead or sale pos. davs performance
4 within 15 minutes
Few hours to 45
Purchase Low, demand minutes before i
Intraday occurs on many no Min. 1 hour
hours or sale pos. davs performance
y scheduled
Two hours to 45
Low, demand . Min. 15
Intraday Purchase minutes before :
occurs on many no minutes
15-minute  Or sale pos. davs performance
4 scheduled
Two hours to 45 )
PV self- reqative | -OW: demand o minutes before Min 15
consumpti g occurs often performance minutes
on scheduled
Plant must be Low, several Day up to
Capacity i ;
positive shut down until no hours or days to weeks
market

it is called

service delivery

Ancillary services (see chapter definitions) need to be prequalified in order to be considered
[11], since the switching time is crucial, the surge tank has to be designed to fulfil the
requirements for the pre-qualification. High flexible PSH also can provide negative regulation
power thus; the switching times between generating-mode and pumping-mode are significantly
influencing the surge tank design.
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2.2 Storage Demands for High Shares of Renewable Power

Electrical energy storage is a vital need for a successful energy transition towards increasing
shares of fluctuating renewable sources. The economic benefit is driven by minimizing the
energetic and the material demands for constructing and operating storage facilities. To evaluate
the energetic cost of energy generation the EROI (energy return on invested) factor is used [15].
The EROI factor describes the ratio between the energy output of the facility over the lifetime
divided by the energy demand to construct the generation facility and the energy input for
maintenance. The higher the ratio the more energy is generated and thus describes the positive
impact on the economy and its resource efficiency. Hydropower has the highest EROI since it
is by far the technology with the longest lifetime compared even with nuclear or fossil energy
generation [16]. Atlason and Unnthorsson (2015) [17] describe the EROI numbers in case of
the large hydropower scheme Karahnjukar in Iceland by comparing the input energy of the
construction that was about 1.4 TWh with an annual output of 4.6 TWHh. In its target lifetime
the scheme will reach an EROI value significantly of over 100 [-] showing the energetic
advantage of hydropower compared with other generating technologies. The EROI value may
also be called Energy Payback Ratio (EPR), for hydropower the mean payback ratio is with
about 200 [-] by far the highest output compared to other renewable or fossil energy production
[18]. Figure 2-2 shows the evaluation of the EROI values for various energy resources,
obviously hydro power shows by far the highest values compared to other technologies [19].
This aspect is can also be concluded to improved prosperity and quality of life for various
regions utilising hydro power [20], also in association with the historical economic
development of the Alpine regions [6].
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EROI
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Coal N.Gas Nuclear Hydroelectric =~ Geothermal Wind Solar (PV)

Figure 2-2: “Mean EROI (and standard error) values for known published assessments of electric power
generation systems (Note: the ranges of the values are much greater than the standard error). Values
derived using known modern and historical published EROI and energy analysis assessments and
values published by Dale (2010) ” [21], (figure from Lambert et. al. [19])

In sense of energy storage, the same concept is applied with the ESOI value (energy stored on
invested) to compare the energy that is stored over lifetime needed divided by the energy needed
to build and aggregate the storage device including maintenance energy input. Especially a long
lifetime and high specific storage amounts are main aspect for high ESOI factors. Barhart and
Benson (2013) [22] describe the vital importance of reducing the energy demands for energy
storage systems. The studies carried out to compare the values of different energy storage
technologies and show the supremacy of the storage schemes in the underground (geologic)
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such as PSH and CAES. Figure 2-3 shows that all electro-chemical and possible hydrogen
storages show significant lower ESOI values than geologic storages compared with PSH. In
combination with the efficiency that is much higher for Li-lon batteries than for hydrogen, Li-
lon batteries have an economic advantage compared to fuel cells for mobile devices such as
cars despite their lower ESOI value as the authors conclude [22]. In sense of stationary storages,
it can be concluded that PSH storage facilities are sustainable and economic investments for

future energy systems.
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Figure 2-3: ESOI. ratios of energy storage in geologic, battery LIB (lithium-lon), NaS (sodium sulphur), VBR
(vanadium redox), ZnBr (zinc-bromine) flow batteries, (PbA (lead-acid) , and regenerative fuel cell
systems (figure from [23])

In the study of Hambaumer (2017) [24] a comprehensible approach was developed to
investigate the ideal storage demand for a German electricity system with high shares of
variable renewable electricity. Germany was found to be an ideal case since it shows already
high installed capacities of PV and wind generation that could be extrapolated with expansion
factors balancing wind and solar. The study concludes that even with high shares of renewables
in Germany and electricity storage option with pumped storage hydropower the overall costs
would only be slightly higher compared to the fossil fuel-based generation. Costs of CO> were
not taken into consideration, and also other simplifications were made. Indeed, it is known that
pumped storage hydropower demands for land use and this aspect is more and more difficult to
overcome.

Research from Pikl et. al. (2019) [25] shows that new and fully underground pumped storage
plants are very compatible with conventional pumped storage hydropower and thus it can be
concluded that the underground solutions are superior also taking other advantages next to the
topographic independence into account such as no sedimentation and ecological benefits.
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The approaches of Hambaumer [24] were used by the author to study the storage demands of
100 % renewable electricity generation in Germany for the six basis years from 2012 to 2017
wherein the domestic German electricity demand was extrapolated to 100 % renewable
generation including hydro, biomass, wind and solar. Wind and solar were extrapolated with
upgrading factors that would allow a best balance between pumping and generating mode, since
wind and solar show a very different production pattern. The other energy sources where kept
at the basis years’ level.

Figure 2-4 shows the result in terms of electrical storage demand with ideal efficiency and ideal
transmission. The artificially extrapolated years 2014 to 2017 show a comprehensive storage
demand fluctuation. The explicit domestic electric storage for Germany is difficult to predict
since the fluctuation is variable and stochastic. The light blue line represents the ideal storage
filling. This storage demand line is derived by the accumulated difference between the
renewable production and the demand to balance this via energy extraction (pumping mode)
and energy input (generating mode) concerning the energy demand of the grid. An ideal grid is
assumed. The factors given in Figure 2-4 describe a needed expansion of the renewable
production of wind and solar to reach 100% renewable electricity production related to the
concerning year.

The storage line can be shifted in order to adjust the balance. Each year is different and
economic storage and economic electricity supply will need energy trading. Thus, it can be
concluded, that a save and economic future electricity system demands for a high capacity grid
and increased efforts in interconnectors.

Such approaches seem to be very helpful to sustain in the energy storage discussion defining
the decisions for the transition and to show differentiated needs in sense of power supply in kW
and energy supply in kWh, both in positive (production) and negative (storage charging)
direction.
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Figure 2-4: I1deal electrical storage demand with PSH of extrapolated 100 % power production in Germany with

basis years 2012 to 2017 (Richter, data from: [26])
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Very clearly visible are the alternating peaks of storage charging and the peaks of storage
discharging in the winter season.

The major challenge for increase solar and wind energy harvesting is, that times with high wind
is generally followed by times with low wind production. Usually effect takes place at seasons
with lower sun radiation in the winter time. The high and low wind production times may occur
over several weeks. This effect is a major argument for the demand of large and high capacity
storage facilities. This stochastic but high capacity storage demand is crucial for the electrical
storage sizing evaluation. Figure 2-5 shows a detail of the storage demand extrapolating two
winter seasons based on the basis years 2015 to 2017. Between October of the extrapolated year
2015 external energy sources must balance the demand, before storage is filled, reaching
maximum filling in August to 32 TWh for the shown approach. From September to February,
the storage is fully emptied and demands external filling:

Analysis show, that a well-managed balance between wind and solar production may be key
for best efficient system and storage costs.
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Figure 2-5: Ideal electrical storage demand with PSH of extrapolated 100 % power production in Germany with
basis years 2016 to 2017, detail (Richter, data from: [26])

Figure 2-6 visualises the generation capacity demands for the extrapolated 100 % renewable
storage with idealised turbine generation and pumping mode for Germany. Obviously, a
misbalance between the demand of charging capacity and the demand of discharging capacity
for the extrapolated case is visible with significantly higher demand on specific charging
capacity (peak demand of pumping).

The relation to flexible surge tank design is given due to the aspect that pumped storage schemes
can provide high capacity and highly flexible energy storage for a vast energy transition.
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2.3 High-Head and Pumped Storage Hydropower

High-head hydropower can generate electricity from potential energy of water. Thus, with even
low discharges utilised at high-heads significant energy can be generated. High potential energy
is at the same time high internal pressures. These pressures need to be technically handled in
order to provide high material strength to confine the stresses or counterbalance the internal
pressure with stable rock-mass overburden. The latter option allows concrete lining or unlined
pressure tunnels. The significance of high-head hydropower plants (high-head HPP) is the
ability to provide electrical energy very quickly and in a large amount. In addition to generating
electric energy it can also store energy by pumping water up to the upper reservoir at a higher
altitude. High-head HPPs with installed pumps are pumped storage hydropower (pumped-
storage HPP). Other abbreviations such as PSP (pumped storage plants) or PSH (pumped
storage hydropower) are be used. In the present work the abbreviation PSH is used. Pumped
storage hydropower schemes are one of the most efficient opportunities to store electric energy.
At plants with an optimised hydraulic design about 20 % to 30 % of the initial energy will be
dissipated during a total cycle of pumping (energy consumption) and generating (energy
production), depending on hydraulic design of the plant, the machinery and especially the
length of the power water conduits. Other technologies such as power to gas and back to power
might lose about 70 % or even more of the initial energy [27].

Figure 2-7 shows the hydraulic electric storage capacity in Austria and an operation band for
maximum and minimum filling rates between the years 1998 and 2012. The maximum energy
that is stored in Austria is about 3200 GWh (without the storages of the Austrian federal
railway). This represents about 4.6 % of the annual demand of electricity. PSH can store about
1350 GWh of electrical energy in Austria, taking the upper reservoir content into account [28].
With additional inflow, the high-head HPPs produce about 9000 GWh in Austria [29]. This is
about 13 % of the annual electricity demand.
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Figure 2-7: Storage capacity in Austria [GWh] and filling level of the hydro storage [%], (from E-Control,
Austria)
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Economic aspects of energy storage may be compared by the specific investment costs. The
most used value to compare has been the specific value €/kW in official communication. Also
discussed in this chapter are investment costs related to specific costs of storage €/kWh. To
generally compare the cost of energy storage, the number; levelized cost of storage LCOS has
been established [30]. Several approaches for LCOS are being proposed. This number highly
depends on the full cycle between charging and discharging and considers the degradation and
the lifetime. Still variables for the different storage technologies are vague and may result in
questionable results. Figure 2-8 shows the specific investments in €/kW and the gross head for
recent pumped storage schemes (selection). Most schemes utilise existing reservoirs and
contain new structures such as hydraulic waterways, caverns, machinery etc. The construction
costs of the dams are included and are inflation-adjusted to the year 2018. By its prototype
nature the cost of PSHs vary in its specific aspects such as:

Site specifics, such as geology, accessibility, infrastructure availability

Grade of flexibility — machinery concept

Length of power waterways and surge tank demand

Accessibility

The construction of new reservoirs increases the cost of new schemes, but also significantly
increases the value due to new storage capacity, as well as new water diversions for new open
loop pumped hydropower schemes.

Boundary conditions of the plant in the associated figures (Figure 2-8 to Figure 2-9 ) below:

e PSH Kopswerk Il; Upper reservoir considered; ternary machine units

e PSH Baixo Sabor; lower reservoir considered - Upper has 1 bm3 Water storage

PSH Limberg II; half of the reservoir considered since sharing with Limberg I; fixed
speed pump turbines

e PSH Linthal: Upgrade of upper reservoir; variable speed units

e PSH Nante de Drance: Dam heightening; variable speed units

e PSH Atdorf: Cancelled project

e PSH Obervermuntwerk Il incl. dam costs Silvretta, Biel and Vermunt; ternary machine
units

e PSH Reisseck Il incl. dam costs GroRer Muhldorfer See, Goltkar fixed speed pump
turbines

e PSH Feldsee incl. dam Wurten fixed speed pump turbines

e PSH Gouvaes incl. dam and 65 % of Daivdes HPP costs (lower reservoir); fix speed
pump turbines

e PSH Tianhuangping Il - very short power waterway
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Figure 2-8 shows the relation between specific capital cost related to the installed capacity in

€/kW versus the head. No clear correlation can be identified since the schemes show very

specific aspects.
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Figure 2-8: Specific capacity investments [€/kW] and gross heads [m] for selection of recent pumped storage

schemes (P) project in planning, (figure and data collected by Richter)
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Figure 2-9 shows the specific investment on energy storage in €/ kWh versus the specific costs
of installed capacity in €/kW. Both values are specific capital expenditure (CAPEX) values,
expressing specific investment costs.

It is visible that recent li-ion battery parks in Australia with specific investment costs of about
600 €/kW for installed power are relatively cheap compared to pumped storage hydropower.
But with 450 €/kWh to over 700 $/kWh of storage investment costs, the li-ion battery parks
show very high expenses in comparison with pumped storage hydropower. Even with pumped
storage hydropower schemes requiring new dams and reservoirs li-ion storage demands for
multiple amounts of the specific investment costs for storage. The unit price of battery storage
in US$/kWh is projected to be around 200 [$/kwWh] in 2030 due to improved battery factories
and more lithium mines serving for the world market [31]. Other sources project a price of
about 150 US$/kWh for [32]. But even with this outlook pumped storage hydropower will need
much less investments to realise efficient electricity storage, even if new dams are constructed
or even if built fully underground as shown by Pikl et. al. [25]. Due to relatively low costs for
installed power capacity it is obvious that batteries have been increasingly used as short term
peaker for grid stabilisation in production direction (positive regulation) and energy withdrawal
(negative regulation). Thus, batteries may make sense to be used for providing auxiliary
services but only limited for specific energy storage.

The storage costs can be expressed by the Levelized Cost of Storage (LCOS), in contrast to the
specific CAPEX values above. This LCOS value is being developed in relation to the well-
established value of Levelized Cost of Electricity (LCOE) for new power generation units. It
reflects the final cost to store one kWh of electrical energy. Applying the LCOS values for
pumped storage hydropower it can be shown that it is the most cost-effective technology. Even
for li-Ton in 2030 the storage will cost in the range of 0.2 €/kWh while storage via pumped
hydro can be below 0.1 €/kWh [30].
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Figure 2-9: Specific investments €/kW versus €/kWh for selection of recent pumped storage schemes, (P)
projects in planning, (figure and data collected by Richter)

Generally, it is difficult to compare pumped storage hydropower schemes in detail by simple
numbers. The plants are unique in their design. Due to boundary conditions given by nature,
such as very site-specific aspects as different tunnel dimensions in various geological
surroundings, systems with no surge tank (Feldsee, Project Tauernmoos, Project Kuhtai 1) or
with one surge tank (Limberg 11, Obervermuntwerk Il), and schemes with headrace and tailrace
surge tanks (Reisseck Il, Project Snowy 2.0, Kopswerk I1).
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In addition, the flexibility provided by the plants for the electrical system supply is very
different and capital intensive that is implied in the specific costs. The figures show highly
flexible plants such as Kopswerk Il and Obervermuntwerk Il and schemes including the variable
speed technology [33] such as Nant de Drance and Linthal 2015 [34].

The significant cost drop of lithium-ion batteries has risen a lively discussion about how this
type of electro-chemical storage will affect the energy storage development.

Figure 2-8 and Figure 2-9 show the investment cost position of Li-lon batteries in 2019. It can
be concluded that installed power for grid regulation purposes is economic, but bulk energy
storage is expensive compared to pumped hydro. Li-ion battery lifetimes depend strongly on
temperature with best conditions at around 25°C [35]. For vehicles, battery application for
different models and manufacturers an average warranty time of 8 years or 100 000 miles with
70 % capacity degradation is given [35]. However, besides the price evolution of batteries, what
will very likely be decreasing in the next years, strategic and limiting aspects in association
with rare elements [36].

A lively discussion is proposing the power to gas (P2G) technology to convert power to
hydrogen H. and further to methane CHa as a way to store large amounts of energy. But one
has to consider that several conversion processes show significant amounts of efficiency losses
and thus lead to high costs while pumped hydro has high efficiency for very long periods of
time. P2G H; and P2G CHjs are significantly more expensive than pumped hydro in various
studies [37] [31] and the study from Agora Verkehrswende et.al. (2018) visualises the large
efficiency losses of P2G in comparison with electricity-based systems [27]. Table 2-2 compares
qualitatively the aspects of Li-ion batteries with pumped storage hydropower, advantages are
highlighted in green. The qualitative indication matrix clearly shows the advantage of pumped
storage hydropower. The aspects of pumped storage hydropower that may be challenging can
be solved by fully underground pumped storage hydropower eliminating the need of
topography and increasing the licensing procedure [25]. The underground pumped hydropower
storage is also comprehensively described by Pickard (2012) [38].

Table 2-2: Qualitative comparison matrix between Li-ion batteries and PSH
Li-ion batteries Pumped storage hydropower
7-10 years [39] 50-60 years of machinery

>100 years civil structures
Investment cost of storage - 256-500 €/kWh
future prognosis/prediction = AV S

) . upgrade existing reservoirs
= 150- 200 USSIAKWhIn | 55 1 €/cwh with new

lifetime

2030 battery packs :
reservoirs

Qualified for vast storage Short term storage Short-, mid- and long term
Qualified for multipurpose . May provide additional use
Use Only electric storage of the water
Cy_cl_mg Stab'“tyf Decreases Remains constant
efficiency over time
Topographic independent Yes Needs elevation
Pollution Toxic when burns Uses water
Critical resources Several rare earth metals .

needed Vastly available resources
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Flexible to grid Can be placed to existing .
. : May need new connections
infrastructure grid
Time of realisation 5-10 years — if long public
Verv auickl and environmental
yq y procedures are necessary -
20 years
Response time full power Very fast Fast
Power control in charging | /o,y fayible If flexible PSH
mode
Inertia service No inertia Rotating mass

Table 2-3 lists the advantages of pumped storage hydropower regarding grid stabilisation and
bulk energy storages after a report from Argonne National Laboratory [40].

Table 2-3: Advantages of pumped storage hydropower [40]

1 “Inertial response

2 Governor response, frequency response, or primary frequency control
3 Frequency regulation, regulation reserve, or secondary frequency control
4 Flexibility reserve

5 Contingency spinning reserve

6 Contingency non-spinning reserve

7 Replacement/supplemental reserve

8 Load following

9 Load levelling/energy arbitrage

10 Generating capacity

11 Reduced environmental emissions

12 Integration of variable energy resources (VERS)

13 Reduced cycling and ramping of thermal units

14 Other portfolio effects

15 Reduced transmission congestion

16 Transmission deferral

17 Voltage support

18 Improved dynamic stability

19 Black start capability

20 Energy security”

Especially the point of inertia is crucial for an electrical grid since it is instantaneous response
that does not need to be started up by a response controller. This is a major advantage in
comparison to batteries. Even though batteries may react in milliseconds the controller need to

react faster and this encounters challenges of the grid wide reaction in order to prevent

instabilities.
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2.4 Combined Pumped and Thermal Energy Storage

In order to meet the requirements of decarbonisation of the energy systems all sectors have to
gain efficiency. The thermal sector with heating and cooling requires significant amount of
energy. Far distance heating and cooling systems are found to be the most efficient and
sustainable systems to provide thermal resources to cities and urban areas. Approaches to
decarbonise this thermal sector efficiently need seasonal heat storages. Underground thermal
energy storages (UTES) may provide a resource efficient and environment friendly technology
[41]. Water physically provides a very high specific heat capacity of 4190 J kgK™. Thus, 1 m3
of water using a temperature spread of 90° allows to store heat energy of
377.1 MJ A 104.7 kWh. Subsequently large water volumes can store large volumes of thermal
energy. The combination of pumped storage and cavern thermal energy storage may combine
efficiently the storage of electricity and thermal energy since both energy storage systems use
large volumes of water. In order to overcome even the negative aspects in Table 2-2 the solution
may be the utilisation of fully underground pumped storage hydropower plants. Also, the direct
combination of seasonal thermal storage and efficient electricity allows to harvest the friction
as a significant energy input to increase the overall efficiency and the thermal charging. Friction
is usually not usable and a loss of energy by producing heat. If the medium water is additionally
a heat storage this heat loss can be utilised. The combination technology of electricity storage
and heat storage within fully underground pumped storage hydropower plants is described by
Pikl et. al. (2019) [25]. Additional heat pumps or secondary systems may be needed to fulfil
the demands of district heating functionality [25].
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2.5 Machinery Concepts

This chapter gives a brief introduction to machinery concepts used for high-head hydropower
plants and pumped storage hydropower in specific. Machinery concepts may have significant
impact on the demands for the surge tank design. Pumped storage hydropower plants utilise in
contrast to conventional hydropower plants a reverse flow direction by pump operation. If
pumps are somehow disconnected to the grid and suddenly loose the motor power, they are
tripped. Due to this, the flow may reverse in the pressure shaft very quickly, even much quicker
as guide vanes close, subsequently demanding quick acceleration to withdraw water out of the
headrace surge tank. The main surge tank aspect in this respect is to overcome the inertia of the
surge tank. An example of not sufficiently functioning surge tank inertia is studied by Nicolet
et. al. (2015) [42].

Ternary machine units may influence the surge tank design by the ability of the machinery of
very flexible operation as for the case study headrace surge tank Krespa for
Obervermuntwerk 11 PSH [43] [44] [45]. For high-head schemes equipped with Pelton turbines
surge tanks have the advantage that the closing of these machines can be slower due to the quick
reaction of deflectors. In general, the surge tank follows the possibilities and demands of the
machinery equipment. Details for Austrian pumped storage hydropower schemes are given in
the comprehensive book Pumped Storage Hydropower in Austria [28]

The high-head HPP generate power whereas PSH additionally draw electricity from the grid to
feed pumps and store electric energy as well as allow negative grid regulation if flexible PSH.
Different following types of turbines with pumps are available:

e Single stage pump turbine (up to about 700 m head), and double stage pump turbines
(higher than 700 m head) advantage: compact machine units, disadvantage:
compromises in flexibility

e Vertical ternary machines (Pelton turbine — motor generator — Pump)

o Tailwater of the turbine as atmospheric outlet (PSH Malta main stage, PSH
Rosshag, PSH Hausling.

Advantage: high flexibility possible and optimised hydraulic design of turbine
and pump.

Disadvantage: large vertical construction height, challenge with downstream
regulation height.

At the PSH Lunerseewerk from 1958 the construction size of the vertical ternary
units is very compact due to the placing of a booster basin to provide pre-
pressure for the pumps. At this specific plant the pre-pumps to provide filling of
the booster basin from outlet reservoir are directly run by Pelton turbines.

o Tailwater of the turbine under pressurized air (Kopswerk Il PSH)
Advantage: Head until drawdown level of tailwater reservoir utilisable, full
range of pump regulation due to hydraulic short circuit, compact vertical
construction size, very high flexibility.

Disadvantage: Higher investment cost and additional demands for air cushion
facility.
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e Horizontal ternary machines (Francis turbine — motor generator — pump)
(Obervermuntwerk Il PSH)
o Advantage: Very high flexibility, specific optimised hydraulic design of pump
and turbines.
Disadvantage: Large cavern size demand.
e Variable Speed pump turbines (PSH Nant de Drance, PSH Linthal 2015, Project PSH
Kihtai 1)
o With full size frequency converters (advantage; no dewatering necessary,
adaption to high variations in heads, increased flexibility in pumping and
generating mode).

A very comprehensive machine unit design is applied at the pumped storage scheme Ranna
from 1954 utilising the Danube river as lower reservoir with the serial combination of Francis
with Kaplan turbines that optimise the usable head variations in water levels of the Danube
[28].

The machinery concepts influence the surge tank design significantly since high flexible
machine units that allow quick changes between pumping and generating mode additionally
stress the power water ways and thus, demand for robust design of surge tanks. In addition, the
trend to more flexible operation increases the likability of extreme resonance cases that need to
be captured by the surge tank design.
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3. FUNDAMENTALS AND STATE OF THE ART

This chapter describes the general aspects in association with surge tanks and the historical
background and well as the general needs for the for the surge tank design.

3.1 General Aspects

The increasing installation of renewable energy sources (RES) such as wind and solar power is
a challenging task for the integration into the electrical grid since the energy production and the
energy demand does not occur at the same time. Since electric energy is not directly storable,
this shift in time and power is the challenge. A well-proven solution is given by the utilisation
of pumped storage hydropower plants (PSH). Thus, the demand for new PSH is growing since
it is the most efficient technology to provide a time shift of electrical energy [31]. Many PSH
projects consist of long conveyance tunnels due to topographic boundary conditions. In order
to guarantee an optimized operation of a PSH or a flexible high-head HPP surge tanks play a
crucial role in the operability.

Surge tanks are very site specific and usually unique structures are developed for a specific
hydropower scheme. An understanding of the tools to evaluate surge tanks as well as the
hydraulic behaviour have a significant importance for an optimized design.

The recent surge tank research by the author consists of the hybrid application of physical model
tests in combination with numerical simulations in order to capture various hydraulic
phenomena. New requirements due to increasingly flexible energy sources are changing the
design of HPPs and PSH. Especially for grid control it is vital to deliver or retain large amounts
of power very quickly. This steep gradient of power supply may be given by the sun rise and
sun set over a large region that produces vast amounts of electricity with grid scale solar power
infrastructure.

This present work bridges the interdisciplinary point of views of current boundary conditions
of modern hydropower plants. The surge tank facility is a linking element of civil, mechanical
and electrical engineering. It has to be designed to fulfil the requirements of all these technical
fields. The civil works’ aim is to build the surge tank and the total pipe system as economic as
possible by high construction quality to allow a long operation time. The mechanical
engineering is interested in an undisturbed, optimized and well-controllable operation without
hydraulic effects such as cavitation of the turbines, pumps and closing devices. The electrical
engineering sets margins for allowed frequency disturbance and requirements from the
electrical grid. Since the kinetic energy of the conveyance system is transferred to pressure
forces and pressure pulses at shifting or regulation operations the hydraulic transient behaviour
of the system has crucial importance. The surge tank placement allows for independent
distances between a reservoir and a power-producing unit.

3.2 Historic Aspects

Since the very beginning of the construction of water conveyance systems, surge tanks have
been used to distribute the water from the aqueducts to the main consumer units. The placing
at the end of the aqueducts was to mitigate the water hammer effects of the pressurized pipes
that were used after the surge tank to the consumer units. In the ancient city of Pergamon, a
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high-pressure pipe with an internal pressure of 17.5 bar was constructed to overcome a valley
in a pressurized pipe to supply water for a monastery. Before the water entered the pressurized
pipe after a long free surface conduit, a surge tank was constructed. It was built in 1200 B.C.
and was minimum in operation for 380 years [46].

The sophisticated Roman water transportation and distribution systems had surge tanks, the so
called; castellum dividicum as close as possible to the final consumers. The German word
Wasserschloss is directly associated to the Latin description. For modern hydropower systems
surge tanks were established linked to the vast electrification of industry and society, beginning
around the 1880s.

Modern surge tank research has been a constant task in hydropower development since the late
19" century and since surge tanks are key facilities for successful operation of hydropower
schemes dealing with significant pressurized inertias. The constant improvement and increase
in size of hydropower plants and pumped storage schemes demands for constant surge tank
improvements.

3.3 Purposes of the Surge Tank

Surge tanks were already built to enable hydraulic long pipeline systems in ancient civilizations
in the Middle East. They were placed at the end of aqueducts before the distributions pipes to
ensure a safe operation for a long period of time. For ancient surge tanks the used material were
heavy and well assembled stone blocks [47]. Modern material and construction technology
underground allow for even higher loadings as in ancient times to make modern high-head
hydropower systems possible [48]. Variations in flow velocity resulting by opening and closing
actions of valves or machine units are generating positive or negative pressure surges (water
hammer) according to the specific velocity gradient. Significant differences in transient flow
characteristics can occur depending on the type of the machine unit. Surge tanks are applied to
protect the tunnel system against excessive positive or negative pressures. Negative pressure is
limited by the atmospheric pressure but overstressing this limit may result in extreme water
hammer events due to the collapse of macro cavitation [49]. In addition to the hydraulic
constrains, the coupling of the high-pressure pipeline to the electricity grid via the electro-
magnetic field in the generator, with its condition of frequency-stable operation, has a feedback
effect on the hydraulic system. This must be considered with the requirements of machine
regulation to prevent resonance effects. In cases of electrically isolated operation such as for
grid rehabilitation the stability aspect is crucial. Also, if hydropower plants are providing energy
for large single consumers such as aluminium plants the stability aspects are crucial. This
condition leads to a required minimum cross-section (stability cross-section) of the riser shaft
in the surge tank [50].

A typical high-head hydropower plant water conveyance system consists of a long pressure
tunnel, a surge tank and a most direct possible steel lined pressure shaft (penstock) to the
machine units. The headrace tunnels of high-head schemes contain large quantities of water
under significant pressure. This inertia generates considerable kinetic energy in operation
controlling the volume demand for the surge tank. Due to control actions of the power plant,
the Kkinetic energy is either generated (starting/accelerating) or dissipated (closing/throttling).
Hydraulic communication in the power waterway creates pressure waves, which propagate
through the water with the speed of sound. Since this communication takes some seconds in the
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long pipe systems, regulation actions may cause unfavourable interference. The placing of a
surge tank allows a hydraulic separation of the power waterway into two pressurized systems
between free surface reservoirs. The pressure shaft system from the units to the surge tank
enables a rapid reaction in this water pipe and is accelerated or decelerated according to machine
demand. In the second pipe system between the surge tank and the reservoir, the water mass
oscillates with frequencies in a range of minutes. High-frequency pressure waves communicate
in the entire water conduit between the two free water surfaces (reservoir and surge tank) and
the units respectively closing facilities. The kinetic energy is expressed by pressure energy in
the pressure shaft according to the flow gradient. This generates the dynamic pressure surges
(water hammer) in the pressure shaft. Subsequently the surge tank reflects the pressure waves
at the free surface and counteracts with discharge to fulfil the demand of initial pressure wave.
The surge tank reacts to improve hydraulic reactions with a rise or fall of the water level by
charging or discharging water. Due to the separation of the pressurized pipes, the pressure
tunnel basically reacts to the given pressure in the surge tank. Theoretically, a linear pressure
behaviour between the pressure at the surge tank base and the water surface in the reservoir is
assumed. Since the pressure pulses divide at the branch to the surge tank equivalent to area (one
part enters the surge tank, the other continues to the reservoir), water hammer interference may
occur in pressure tunnels [51]. Taking the water hammer interference into account, it is crucial
to ensure that no section of the tunnel experiences a critical negative pressure that could lead to
cavitation with the danger of column separation [49]. During the mass oscillation, the kinetic
energy of the pressure tunnel is converted into potential energy by up-surge and down-surge in
the surge tank. The energy enabling the dampening is dissipated by hydraulic losses such as
friction and local losses (throttle loss). In particular, modern PSHs with high requirements for
flexible operation demand for more stringent requirements on the design of surge tanks and
pipe systems. Rapid loading and unloading ramping times increase the velocity gradient and
thus the pressure gradient in the pressure tunnel and other parts of the plant. Plants are much
more strained by flexible operation of increased starts and stops as it was the case before the
massive expansion of wind and solar generation by the energy transition. A common type of
machine unit is the pump turbine, which can be operated both as pump and turbine. Ternary
machine units can specially be optimized for each mode of operation and allow effective
hydraulic short circuits to fully control pump operation for a wide range (e.g. Kops 1l PSH and
Obervermuntwerk 1l PSH). This type of machine unit demands larger caverns as for pump
turbines. With compact pump turbines, the resistance of the magnetic field of the generator
vanishes suddenly in case of a load rejection. The turbine accelerates to the runaway speed.
Depending on the characteristics of the machine, this hydraulic behaviour leads to a short-term
reversal of the flow direction, which may occur a few seconds after the load rejection and
generates very high-pressure loadings. In case of generating mode, this leads to increasing
pressure on the headrace side and to decreasing pressure on the tailrace side. This must not lead
to separation of the water column (macro cavitation). In case of a sudden collapse of the cavity,
very large pressure surges can occur, even higher than the Joukovsky hammer that is normally
assumed as a maximum as reported by Bergant et. al. [49]. Pressure surge reflection in the surge
tank is considered as the collaboration of pressure surge generation in the turbines and other
devices as well as the water mass acceleration in the surge tanks. The water mass acceleration
in the surge tank itself is considered in the modelling of surge tanks with an additional inertia
term.
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Surge tanks become necessary for high-head HPPs with pressure tunnels, when a certain
acceleration time demand is exceeded. Regarding a rule of thumb this is about 1 km to 2 km in
plan view depending on the head. The surge tank provides an intermediate water reservoir with
free surface that enables the proper regulation of the power plant machinery [50]. Pressure
pulses are reflected at the free surface and decrease the design criteria of internal pressure of
the pressure tunnel. The kinetic energy in the pressure tunnel is transferred to potential energy
in the surge tank rather than to deformation energy, which would be generated by the water
hammer phenomenon. Surge tanks have to store the amount of water that is necessary to bridge
the inertia of the pressure tunnel when starting the turbines at the most unfavourable point in
time. This can for example be right after a previous shut down after the water has already filled
the surge tank and is reaching its point of highest kinetic energy of the backflow to the reservoir.
Surge tanks are designed not to overflow at any time and not to completely drain.

This ability to capture the mass flow demands a certain size of chambers and shafts of surge
tanks. The size of the surge tank is mainly governed by the amount of water and the friction
losses in the pressure tunnel. In order to enhance the dampening effect throttles can be placed
at the base of the surge tank or at the end of the lower chamber. The throttles additionally
dissipate hydraulic energy by creating backflow regions in the pipe. The aim is to optimise the
loss behaviour of the throttle without negatively influencing its behaviour regarding the water
hammer and machinery. No moving elements in the surge tank should be used during operation
to avoid any malfunction, especially if intended to establish or enhance a differential effect of
the surge tank itself. Since the surge tank is a major protecting device for the power plant this
aspect ensures a very robust behaviour and thus is an important aspect for the safety philosophy.
For air cushion surge tanks improvement, a closing device solution is proposed by @degaard
and Vereide (2018) [52] to place this in combination with the static throttle functionality. In this
case the element is used for inspection of the pressure tunnel only to avoid the release of
pressurized air from the air cushion. Such moving parts are possible in the same manner as for
closing devices if malfunction is prevented by redundant precaution measures.

Usually, a single flow direction might allow for a large loss. In this case asymmetric orifice
throttles might be used. Such devices show a ratio of about two to three between the losses
regarding the two flow directions.

Thoma (1910) [50] describes that the earlier discovered phenomenon of water hammer pulses,
that has caused some severe damages, was tried to be mitigated with several measures such as
flywheels or bypass structure to mitigate the water hammer pressure at a fast closing event.
Even small pressurized air cushions where used to reduce the water hammer effect introduced
by Michaud (1878) [53]. Pelton turbines provide deflectors that separate the runner from the
high velocity water jet, this allows any given closure law of the machine closing valve
mitigating water hammer and reducing maximum rotating speed of the generator. But according
to Thoma [50] some historic hydropower plants with tunnel systems could not ensure a proper
turbine regulation. This lack of speed regulation is related to the pressure communication of the
turbine and the reservoir. For a certain delay of time response, the regulation of the turbine may
get unstable. To ensure a functional self-regulation of turbines the surge tank with an open
surface was found to fulfil these requirements.

Figure 3-1 illustrates the dependencies and actions of the surge tank on the hydraulic system of
a power plant. The surge tank is a vital part of the hydraulic pressurized power waterway system
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to allow turbine and pump functionality and mitigates water hammer, but the surge tank creates
secondary hydraulic aspects such as the mass oscillation that defines the gross size of the surge
tank. The suggested stability criteria are shown depending on headrace system, tailrace system
or air cushion surge tank system.

Decreases the acceleration time of the
water mass in respond to the machinery

v v
Allow adequate regulation of Separates the hydraulics of the
the turbines pressure tunnel and the pressure shaft

to a low frequency section and a high
frequency section

Decreases the water hammer
load in the power water way

A 4
To be designed to provide sufficient
water in unfavorable load cases

Need of stability criterion
A

Throttles increase the dampening
and decrease the water volume
demand

Improve the behavior

v
Thoma (1910) * 1.5 [-]

Headrace schemes
Svee (1970)

Tailrace schemes
Svee (1972)

Air cushion chambers

Figure 3-1: Purposes and dependencies of surge tank design

Johnson (1908) [54] first describes the functionality and the design criteria of surge tanks as
well as a geometrical optimisation by introducing a differential effect with an internal small
riser pipe in the surge tank itself. The concept of the Johnson differential surge has been widely
implemented in hydropower and pumped storage plants in various forms. Examples can be
found at the HPP Prutz-Imst in Austria [55], in the positioning of the riser inside the main shaft
for large pumped storage schemes in the U.S. such as the Castaic pumped-storage plant in
California (1050 MW) [56], or the differential headrace surge tank for Gouvées pumped storage
plant in Portugal (880 MW).
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3.4 Design Criteria

This chapter briefly describes the needs of a surge tank and common approaches to derive the
design values.

3.4.1 Surge Tank Requirements

A main question is; when is a surge tank required for a high-head hydropower plant?
The simplest answer is; if a long pipe connects the reservoir and the power unit. To give more
precise information the water acceleration time constant is used (3-6).

The energy of the water is transferred from pure potential energy in the reservoir to partly of
kinetic energy and potential energy in the pipe. The utilised energy for high-head HPPs can be
expressed by power P [W], depending on the main factors discharge Q [m?3/s] and head h [m].
Each conveyance system is to be viewed as an energy balancing system.

Equation (3-1) describes the potential Energy (Ep). Equation (3-2) describes the kinetic Energy
(Ex) and the power equation (3-3) defines the main dependencies of how the capacity of the
hydropower plant is derived. The main values are the discharge Q [m?3/s] and the head H [m].
The head is already applied as the net head (gross head minus all local and continuous hydraulic
losses of the conveyance system) thus, the efficiency n [-] is only related to the machinery units.
One has to note that the machine efficiency is a function of various machine parameters
showing its optimum at certain boundary conditions.

E, =mgH [J] (3-1)
Ep =5 mv? [] (3-2)
P=pgQHn[W] (3-3)

According to the first law of thermodynamics - conservation of energy - the system always
tends to balance the internal energy. Regarding the fact that the conduit system containing water
and pipe elements is an elastic system, all increments misbalances in energies are
communicating. This communication is utilised via longitudinal pressure waves (incremental
water hammer pulse). These travel with the speed of sound. In a water conduit system
embedded by hard rock or steel pipes, the value can be approximated by 1000 m/s to 1200 m/s,
however the velocity may decrease significantly when using a more elastic material. In contrast
in free surface flow systems the energy information is traveling by free surface waves. The
velocity of this propagation can be assumed at about 10 m/s. If placing a surge tank to separate
a power conduit into two pressure pipe systems this factor of 100 [-] comes into action and
separates the power waterway into the high frequency part with the water hammer oscillation
and the low frequency part with the surge tank oscillation or mass oscillation (Figure 3-2). But
it has to be noted that also between the surge tank and the reservoir a pressure wave is traveling
with the speed of sound to communicate between the surge tank and the reservoir. This aspect
of pressure wave travelling time difference is a design challenge for storage-tunnel surge tanks
(see chapter:6.6). In the pipe part between the turbine and the surge tank the kinetic energy is
transferred to internal pressure and in the pipe section between the surge tank and the reservoir
mainly to potential energy related to the surge tank filling height. A complete transformation

Surge Tank Design for Flexible Hydropower 50



FUNDAMENTALS AND STATE OF THE ART

of kinetic energy to internal pressure leads to the equation of Joukovsky (3-4). The Joukovsky
equation is an important estimation to assume the maximum water hammer and also the
mitigated water hammer taking the closing time into account that is slower as the reflexion time
(3-5). Column separation or macro cavitation by creating full flow section cavitation must be
avoided. This may lead to even higher water hammers as the Joukovsky value [49]. Safe design
of surge tank device is the key facility avoiding this aspect.

. a
Joukovsky Equation: Ah = ié Av (3-4)

Ah~+= Av- (3-5)

RN
S

The surge tank divides the power waterway into two separate pressurized hydraulic sections.
For a usual design layout of high-head hydropower plants this interruption will be placed at the
transition of the slightly inclined long headrace tunnel with relatively low pressure and the
steeply inclined pressure shaft with the high-pressure section. This separation into two
pressurized flow sections by an intermediate free surface is the reason for the mass oscillation.
Figure 3-2 indicates the sections created by the surge tank placing.

Reservoir /.. .= c= T

Pressure tunnel
Pressure shaft

Power house

Water
Reservoir Surge tank oscillation hammer
oscillation
Small, Hiah
size Low frequent requent
q din o Pressure
epending mass oscillation pulse
oscillation Uise
oscillation

Figure 3-2:General layout of a high-head hydropower plant with headrace surge tank system, indicating the
oscillation regimes (Richter [57])
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Figure 3-3 shows a schematic longitudinal section of underground works for a pumped storage
scheme with a vertical shaft concrete lined [58]. The maximum and minimum pressure lines
visualise the effect of the surge tank. Due to a throttle at the headrace surge tank the maximum
pressure at the surge tank base may be above the free surface level (Figure 3-3) for most
unfavourable design case. As a rule of thumb, the pressure peak of the throttle loss is suggested
to the maximum water surface level in the surge tank.

Safety volume

.-
.-
-

Upper
reservoir

p—
A

Asymmetric throttle
Headrace Surge Tank

Lower
reservoir

A

® Closing device

Steel lining Safety volume

Tailrace surge tank

Figure 3-3: Longitudinal section of generic pumped-storage hydropower scheme with chamber surge tanks

Equation (3-6) gives the time constant of hydraulic inertia depending on the length of the power
waterway and the flow section area. This hydraulic inertia time constant influences together
with the inertia of the rotating mass (3-7) the demand of a surge tank.

n
Qo Z L
Ty = —— —|S 3-6
W= oH, i A, [s] (3-6)
Qo Reference flow rate at turbine
Ho Mean reference head at turbine
Li Length of pipe section
Ai Cross-sectional area of pipe section

Equation (3-7) leads to the inertia time constant for the rotational masses including all
associated masses on the shaft with the generator and the turbine [59] [60].

Ta=] 3-7
4 Pmax ( )
J Inertia of the rotating mass
® .. Angular speed
Pmax ... Full power output
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The inertia of the rotating masses act as dampening to the oscillation of the hydraulic system.
Thus, for stable operation and mitigated pressure fluctuations the rotational time constant
should be significantly larger as the water inertia time constant Equation (3-8) [61].

Ta

Tw >6 (3-8)
This aspect leads to the conclusion that either the mass of the generator is high or the water
mass in the penstock is low for best transient and stability behaviour. This factor can be
influenced by short and wide penstocks to minimize the water inertia constant. This aspect has
led to investigations of Mader (1990) [62] study an ideal control power plant applying a closed
surge tank. Thus, the minimized inertia of the penstock is an important argument of using closed
surge tanks or vertical shafts from the surge tank as direct as possible to the machine cavern.
The aspect of direct shafts is also discussed by Schleiss (2013) to improve economic aspects of
pumped storage projects [58].

Low values of hydraulic inertia subsequently correspond with low water hammer pressures and
thus improves the dynamic design of hydropower schemes.
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3.4.2 Maximum and Minimum Oscillation

For an estimation of the maximum up-surge and minimum down-surge of unthrottled surge
tanks the equations (3-9) and (3-10) are given in literature [63]. The amplitude is measured
from the idle state of the water level in the surge tank. However, these formulas do not replace
comprehensive numerical transient analyses.

Zmax — VT,0 g Agr — 0.6 hypo [m] (3'9)
_ ’AT Lt hyyo
Zmin = —VT,0 gAST ) [m] (3'10)
huo ... Head loss in the pressure tunnel at steady-state flow [m]
VI ... Velocity in the pressure tunnel at steady-state flow

3.4.3 Stability Criterions of Surge Tanks

To avoid instability in a surge tank separated water conduit system the stability criterion was
established [50]. This criterion was adapted to be multiplied by a safety factor of 1.5 to 1.8 [-]
according to empirical investigation of Jaeger [64]. The criterion of Thoma is used for surge
tanks in headrace systems such as shown in fig. (3-2).

Q5 Lt

— 2 _
T ™ 2g Ap hyp Ho ('] (3-11)

Amn ... Minimum cross-sectional area by the Thoma criterion [m?]
Ar Cross section area of the pressure tunnel [m?]

Lt Length of the pressure tunnel [m]

Ho Head at steady-state discharge with Qo [m]

Additionally, a headrace system stability criterion equation (3-12) was derived by Svee
including the velocity height in the pressure tunnel [65]. This formula can be applied for
headrace as well as for tailrace surge tank systems. The velocity head has a destabilizing effect
on surge tanks in headrace tunnels. This aspect represents analytically the empirical safety
factor of Jaeger.

A Lt At 1
sV = h 1 ’ A _
HL,0 9o " AN (3-12)
Z'g'(vz +2_g)'(HG_hHL,0) (1+T]o'Aq)
Asv ... Cross sectional area according to the Svee criterion in headrace systems [m?]
An/Aq ... Variation of turbine efficiency over discharge (if O: constant efficiency)
He Gross head [m]
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Example: Transient 1D-numerical stability simulation for high-head HPP:

Table 3-1: Data of example high-head HPP.

P= 91 MW
L Headrace = 12 300 m
Q4= 83mds

Shaft surge tank case depended

Cross section

1.0 x Thomaarea= 84.3 m?

1.5x Thomaarea= 126.5 m?

Dr= 51m

Kst= 85mY3/s

n= 09[]
Ho= 123.4m
H= 1447m

Figure 3-4 visualises the power start-up of the turbine within 1000 s by a given linear output
set point to 91 MW. The output power is then kept constant as it is the demand for unfavourable
stability boundary conditions. In relation to the surge tank shaft size with Thoma factor 1.0 [-]
respectively Thoma factor 1.5 [-] the machine discharge is plotted. The Thoma factor 1.0 [-]
leads to an oscillating discharge while a surge tank shaft size with Thoma factor 1.5 [-] is
leading to a constant machinery discharge. Accordingly, Figure 3-5 shows the oscillation
behaviour in the surge tanks itself for constant power output for unfavourable boundary
conditions.
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Figure 3-4: Turbine discharge for ST with Thoma 1.0
and 1.5 shaft size
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If the surge tank is equipped with an additional throttle, the stability behaviour can be improved,
as shown in Figure 3-6 in addition to Figure 3-5. This positive effect of throttling was also
shown by [66].
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----- Fluid level ST 84.32 m? - Thoma 1.0 throttled
Fluid level ST 126.5 m? - Thoma 1.5 not throttled
— - —Power set points [MW]

Figure 3-6: Turbine discharge for ST with Thoma 1.0 [-] not throttled and throttled and a not-throttled Thoma
1.5 [-] shaft size

Tailrace systems with surge tanks show a stabilising effect regarding the velocity height. The
stability criterion of surge tanks in tailrace systems is expressed regarding [65] and visualised
in Figure 3-7. It shows the deviation of Thoma criterion and Svee criterion adapted to a tailrace
pressure tunnel with open air shaft surge tank. One can notice that the shaft size demand
decreases the shorter the length of the tailrace tunnel. For tunnels with a length up to about
2 000 m significant reduction in demanded stability area can be reached by applying the Svee
criterion.
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Figure 3-7: Comparison of Svee stability area to Thoma stability area for tailrace conduit systems [65]

Equation (3-13) describes the stability criterion regarding air cushion chambers as firstly
defined by Svee [67]. The stiffness of the surge tank is defined by a necessary air volume. This
finding, published in 1972 allowed the construction of the first air cushion surge tank in Norway
1973 for Driva power plant that can be operated in islanded grid with an aluminium plant [68].
The main advantage was to overcome the steep rock formations with an economic design for
this particular case and was the basis for further air cushion surge tanks, mainly in Norway.

Apar = Asy * (1 + 1% e ) (3-13)
Y *3ap
n Polytropic exponent [-]
Pzo ... Pressure of air cushion, steady-state condition [N/m?]
Y Specific weight of water [N/m?3]
ao Distance between the surge chamber roof and the water level in a surge chamber

with vertical walls and a horizontal roof [m]

The polytropic coefficient defines the thermodynamic state between isotropic (n=0) and
adiabatic (n=1.4) behaviour. For isotropic state the thermal energy is fully transferred to the
surrounding rock, for adiabatic state it is kept within the compressed air cushion.

The thermodynamic behaviour of air cushion surge tanks is described by the polytropic
equation [69].

pV" = constant (3-14)
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p .. Pressure [Pa]
\Y% Volume [m?]
n Polytropic exponent [-]

Regarding the right choice of the polytropic exponent it was shown by Vereide [70] that for
quick transients appearing in surge tanks the adiabatic constant with n=1.4 [-] is feasible. These
quick transients appear for usual power plant operations that result in mass oscillations and
water hammer oscillations. For closed surge tanks in the range from 1000 m? to 120 000 m? of
volume (covers the range of Norwegian ACST) the thermodynamic behaviour is confirmed to
be adiabatic [70]. For slow transients in surge tanks, when heat exchange into the adjacent rock
can be anticipated, the Modified Rational Heat Transfer method (MRHT) was developed [71].
Such slow transients are encountered e.g. for changing reservoir level.

The effect of brook intakes on the mass oscillation and the surge tank stability are studied at
NTNU in Trondheim for Norwegian high-head schemes, that are usually consisting of
comprehensive water conduit systems [72]. Further investigations of the stability of closed
surge tanks can also be found in Chaudhry et.al. (1985) [73].
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3.5 Surge Tank Design in Austria

This chapter describes general designs of surge tanks in large Austrian high-head hydropower
plants and pumped storage schemes. Hydropower exploitation utilising high-head schemes has
a long tradition in Austria due to the location in the Alps with a favourable precipitation
situation and existing glaciers as additional historic water storage that amplify the production
during the melting season. The Austrian topography demands significant tunnel lengths and
differential chamber surge tanks were often used due to less outbreak volume than shaft surge
tanks. Figure 3-8 shows the development of large high-head schemes in Austria with its
installed capacity (P), the turbine (TU) and pump (PU) discharge and the internal diameter (D)
of the pressure tunnel. Also listed is the planned, but recently cancelled pump storage station
Atdorf in the German Black Forest. This specific surge tank was also part of the applied
hydraulic research at the hydraulic laboratory at Graz University of Technology conducted with
the engagement of the author. Figure 3-8 demonstrates the continuous trend to increase
capacities with the maintenance of existing facilities and the schemes currently under
construction.

After the first hydropower plants were constructed, along with the development of electrical
energy in the 1880s, Austria encountered several highs and lows of high-head and pumped
storage hydropower development. The historic development is crucial to recognise since the
power plants are mostly still in operation. The philosophical background of the hydropower
development ins tightly bound to the economic success of the Alpine countries and the success
of the electrical grid as proposed by Miller v. [6]. The structural and hydraulic robustness of
surge tank design is seen very much in association with the historic background.

Figure 3-8 indicates the first large high-head schemes constructed in the western mountainous
parts in the 1920s providing vast amounts of energy but exporting much of it to Germany [74].
General development plans to exploit the hydraulic resources were performed in the 1920s that
has paved the way for many constructions in the 20" century. During World War |1 several
constructions were continued following the technology established in the decades before.
Forced labour was significantly used at that time [75]. The timeline indicates the peak
construction from the mid-1960s to the 1980s correlating with peak oil prices after the oil price
shock in the 1970s [76]. Low oil prices in the 1990s [76] and the European liberalization of
electrical markets in the 1990s [77] as well as the low oil price during that period including the
millennium years may explain the stopped development of high-head schemes and pumped
storage plants in Austria. After the millennium, only large pumped storage plants were
constructed newly. Trend lines show the increased values of installed capacity along with
increased discharges and diameters. It can be expected that in the future the values of new
pumped storage schemes will increase even further as Figure 3-8 indicates with logarithmic
scaling. The further increase in design does not automatically mean that also the surge tank
design can be continued as known, this is the gap the present doctoral thesis is approaching to
bridge.
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Figure 3-8: Large high-head and pumped storage schemes in Austria, development of power (P), design discharge
scheme in Germany (Richter, data collection from [29])
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Table 3-2 gives an overview of surge tank types constructed in Austria in large high-head
schemes and additionally the specific surge tank of the Atdorf project in Germany. One
particular feature of the surge tanks in Austria is the frequent use of throttles and the significant
use of chamber surge tanks with mostly two chambers. Another surge tank application designed
in Austria is a complex arrangement of the tailwater system with two surge tanks: a compressed
air surge tank as Pelton turbine tailwater and an open-air shaft surge tank connected to the
pressurized tailwater tunnel, utilised at the highly flexible pumped storage hydropower scheme
Kopswerk I1.

Table 3-2: HPPs in Austria and the planned Atdorf PSH scheme in Germany with their schematic surge tank
concepts (selection), (Richter [57] (modified)

PSH Kihtai upper stage, HW
HPP Obervermuntwerk, HW

PSH Rodundwerk I, HW
No surge tank

PSH Rodundwerk 11, HW Because of direct reservoir connection by pressure shaft

PSH Innerfragant-
Oschenik, HW

PSH Feldsee, HW

Shaft surge tank with upper chamber throttled and non-throttled

PSH Koralpe, HW
HPP Strassen-Amlach
(throttled), HW

HPP AuRerfragant, HW Two chamber differential surge tank with and without construction to enhance
the differential effect, and different riser alignment

HPP Innerfragant Wurten,

HW

PSH Liinerseewerk, HW

HPP Walgauwerk, HW
HPP Achensee, HW
HPP Funsingau, HW
PSH Limberg I, HW
HPP Gerlos I, HW
HPP Kaprun, HW

HPP Vermuntwerk, HW
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HPP Prutz-Imst, HW

Two shaft differential surge tank (Johnson differential surge tank)

HPP Sellrain-Silz, HW
HPP Kopswerk I, HW
PSH Kopswerk 11, HW
PSH Reisseck I, TW

HPP Kaunertal, HW
rehabilitation (no aeration
shaft)

Asymmetric orifice throttled two chamber differential surge tank

HPP Mayrhofen, HW
PSH Hausling, HW

HPP Kaunertal, HW
(from 1964 — 2013)

PSH RoRhag TW & HW
HPP Gerlos 1I, HW
PSH Malta Main Stage, HW

Two chamber differential surge tank with vortex throttle and aeration shaft

PSH Kopswerk Il, TW

Air cushion chamber and shaft surge tank with small upper chamber

DWS / Air
cushion

Hydraulic shortcut
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PSH Limberg II, HW PSH Reisseck 11, HW

1

Throttled two-chamber surge
tank with lower chamber
integrated in the locally
widened pressure tunnel. PSH
Reisseck 1l is the more recent
concept.

Four chamber differential surge tank in eight-loop shape with central riser
and double connection to the pressure tunnel

PSH Atdorf, TW (cancelled
project in the black Forest,
Germany)

Schematic
isometric view

PSH Obervermuntwerk I, HW

Throttled chamber differential
surge tank with deep pressure

tunnel connection, three attached
lower chambers, one long upper
chamber and waterfall damping
device
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The driving inertia of the mass oscillation is represented by the water mass in the pressure
tunnels that may reach 100,000 t of water and significantly more (Figure 3-9 ). With over
600,000 t water mass the Atdorf project utilises a huge amount of water, representing a
significant inertia that needs to be controlled by the surge tank. Thus, the surge tank of this
particular project utilises these large chambers to provide the necessary amount of balance
water for the oscillation.
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Figure 3-9: Internal water volume of pressure tunnels in selected Austrian and the planned PSH Atdorf in Germany
schemes, chronological from left to right (Richter, data from [29])
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3.6 Surge Tank Prototype Development for Large Schemes

Surge tank design is crucially influencing operation and construction of hydropower and
pumped storage schemes. Surge tanks need an access to open air if not designed as closed surge
tanks (air cushion surge tanks). Access tunnels help to decouple construction processes and
allow additional accesses to penstock and pressure tunnel. For decoupling of the construction
process the shaft surge tanks may be connected by an additional horizontal connection tunnel
providing also space for throttle placement [44].

For large unique high-head schemes or pumped storage plants the surge tank design may not
be possible applying “off the shelf” design guidelines or “copy paste” from other projects.
Unique schemes may demand for unique solutions. As an example, the highly flexible pumped
storage power plant Kopswerk Il (525 MWy, 450 MW5y) is discussed: Commissioned in 2008,
it is still the world’s most flexible pumped storage scheme due to hydraulic shortcut, ternary
machine concept and the special surge tank design. A two-chamber differentially throttled
headrace surge tank and a combined air cushion and shaft surge tank in the tailrace system were
developed. The air cushion chamber also provides the tailrace free surface chamber for the
Pelton turbines allowing to operate and utilise the water between the capacity level and the
draw-down level of the lower reservoir [78] [79] [80]. One of the main hydraulic and machinery
designers Mader has made his dissertation about the mass oscillation of closed surge tank of a
grid controlling high-head power plant in 1990 [62]. The closed air cushion surge tank was
additionally placed directly in front of the machines to maximise the hydraulic response of the
system. In his thesis Fortran routines were developed and merged to a 1D code utilised to
develop several complex schemes such as PSH Obervermuntwerk 1l and PSH Rellswerk at
Illwerke AG. In 1996 a dam heightening at a Swiss power plant with Pelton turbines was
reported to be solved by utilising a compressed air free surface outflow [81]. In 2004 the
construction for PSH Kopswerk Il started and which was finished in 2008. This developing
background visualises that comprehensive and well-functioning schemes may take several
years to be developed by variant iteration processes. Also, the hydraulic design for PSH
Obervermuntwerk 11, a highly flexible pumped storage scheme was started about 7 years before
construction began in 2014 and the first unit was in operation in June 2018. The aim of this
discussion is to visualise the need and the value of long-term design processes. This approach
can be seen at many comprehensive high-head schemes in Austria constructed in the 20%"
century. Between the idea, the design and the construction sometimes even decades were
needed. Due to unique opportunities of the water resource exploitation, complex schemes
needed to be developed to best use the given head and inflow. This approach results in reliable
energy infrastructure serving for many decades.

Surge Tank Design for Flexible Hydropower 65



FUNDAMENTALS AND STATE OF THE ART

An optimised surge tank solution influences the whole power plant functionality and also
improves the construction process since the surge tank is an access point if connected to the
surface. Thus, a multi-problem issue has to be solved. The goals of a well-integrated design can
be defined with the aspects of:

e Hydraulic stability — can be found in terms of discrete application of formula or 1D
stability simulations
e Best hydraulic performance — in combination with constructability
o Differential effect
Minimised reaction time of surge tank system
Resonance load-cases at most unfavourable condition
No air in the pressure tunnel system
Minimised volume demand
Sufficient water hammer protection against cavitation
o Best dampening of water hammer reflection by ideal inertia coefficient
e Constructability and best integration in the construction process — in combination with
the whole system
o Access of the surge tank
o Decoupling of construction processes
o Combination of how to improve construction of pressure shaft, pressure tunnel
e Minimised maximum pressure for system load — in combination with best hydraulic
performance
e Maximised minimum pressure for system operation — in combination with best
hydraulic performance and danger of cavitation
e Additional improvements of the whole system by combining issues such as the closing
devices

o O O O O

For increasingly large hydropower schemes with large pipe diameters and lengths additional
aspects are relevant for the surge tank design such as:

e The Attachment of multiple chambers to a main shaft

e Complex aeration and de-aeration of the chambers

e Waterfall aspects

e Aspects of inertia for water hammer mitigation, especially for pumped storage plants

These large-scale power plants are the main focus of the present thesis. The requirements of
new flexible and large schemes may demand improved design approaches. It is a nonlinear,
multi-variable optimisation problem — thus it demands for an iteration process, that takes some
time but influences significantly cost and performance of a power plant.
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3.7 Hydraulic Safety Design Philosophy

Surge tanks must not harm structures and lives; thus, they should not overflow and should not
completely drain for any possible operational load-case event. Surge tanks need to provide
stable operation of the powerplant. The surge tank has to be designed and checked for the most
unfavourable water hammer event in order to prevent column separation in the water conduit
and to mitigate high-pressure fluctuations and amplitudes.

For the construction of the hydropower plant Kaunertal in 1964 load-cases with loading,
unloading and reloading were established and are since then standard design cases for surge
tank layouts in Austria [82]. This means that the hydraulic machines are loaded and unloaded
in succession at the most unfavourable time points in the simulations of the power plant. Later
it was proven by Heigerth [83] that it cannot be amplified to infinity. For shaft surge tanks 1%
load = unload, 2" load = unload and a 3" load = emergency shut down is sufficient to cover
the infinity of succeeding loading events if the set-points are chosen at a most unfavourable
time step regarding to the discharge of the water in the tunnel. The set-point finding is still
suggested to be done manually with a 1D-numerical simulation software. Figure 3-10 shows a
reloading in resonance after unloading for a generic case with conservative assumptions, the
amplified tunnel discharge is clearly indicated. Figure 3-11 shows a load-case with three times
loading in resonance with a following emergency shut-down for a generic shaft surge tank
system. Additional amplification after the first reloading is very low and will asymptotically
lead to no more additional amplification. If security facts are considered for the simulation, a
sufficient and desirable design load-case is given for a 2" loading followed by an emergency
shut down. This load-case has to be considered as an important water hammer load-case [83].

Multiple loading cases are carried out at maximum and min. reservoir levels to define maximum
filling and minimum emptying level of the surge tank as well as maximum and minimum
pressure at the surge tank base.

Figure 3-10 visualises the principle of a multiple loading event for loading, unloading and
reloading at unfavourable time points regarding mass oscillation.
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Figure 3-10: Reloading after start-up and unloading, idealised 1D-numerical simulation of a generic system
with rigid column simulation, without water hammer capturing (Richter [55])
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If the units are unloaded and reloaded for more than two times the additional amplification is
limited and thus, it is sufficient to consider one reloading event at the most unfavourable time
after previous unloading [83]. For chamber surge tanks with an upper chamber differential
effect additional loading loops even show a decreased amplification.
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Figure 3-11: Resonance load-case — multiple loading cases, idealized 1D-numerical simulation of a generic
system representing with rigid column simulation, without water hammer capturing (Richter [55])

The lack of these considerations may have led to failures in the past such as reported by
Dahlbéack 2015 [84] on a flooding of a machine cavern by overflow of the tailrace surge tank.
While the resonance case may led to considerably larger surge tanks it allows for safe operation
and long term functuality that may even cover margins for future operational expensions. The
safety concept also includes a conservative choice of the pressure tunnel friction loss factor.

Unfavourable differences in proposed design friction values to observed ones were reported
e.g. for HPP Kéarahnjukar, Iceland [85] or the Lesotho Highlands Water Project [86]. For both
cases the friction was less as predicted, wich is fortunate for the aspects of energy loss but also
have the consequence of higher kinetic energy in the water coneyance system that need to be
safely under control by surge mitigating structures. These specific cases also highlight the
importance of research on friction related issues.

For resonance or multiple loading and unloading load-cases a rather smooth pipe friction leads
to most unfavourable oscillation results. Thus the friction factor has to be assumend sufficiently
smooth for the surge tank simulations (see chapter 3.8).
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3.8 Roughness Considerations

For a single turbine mode full shut down a low friction factor generates the highest up-surge in
the headrace surge tank and thus represents the most unfavourable load-case. For single turbine
mode start-up a high friction factor generates a deep down-surge in the headrace surge tank.
For a resonance load-case with multiple loading and reloading events a low friction factor is
key for a conservative aproach regarding the surge tank design. This accounts for headrace
surge tanks as well as for tailrace surge tanks. Friction values found by measurements of
existing pressures tunnels depend significantly on lining concepts such as in-situ concrete
lining, segmental lining or unlined pressure tunnels. Friction factors may be differently
implemented in 1D-numerical simulations, either a non-dimensional friction factor [f] or
equivalent sand grain roughness [Ks]. Measurements at pressure tunnel may also be available
in terms of the Strickler value [Kst]. Thus, value conversions may be nesessary The Strickler
value Kst is equivalent to 1/Manning number 1/Kwm.

L
*= ks (3-15)
KéT A2 . R?—Iyd
a Friction coefficient [s3/m°]
Kst ...  Strickler friction factor [m¥%/s]
Ruyd ... Hydraulic radius [m]
hHL = - QZ (3'16)
hv Local hydraulic loss [m]
Q . Discharge [m?/s]
1
Ksr = Koy (3-17)
Kv ... Manning friction factor [s/m*?]

Equation (3-18) describes the Darcy-Weisbach friction formula for friction loss in pipe flow
the friction factor A [-] derived by the Colebrook-White formula (3-19).

., L v?
hHL =A- ﬁl 2—g (3-18)
A Friction coefficient [-]
! 2-1 <2’51 LS ) (3-19)
=20 ]
i S\R.va  3,71D;
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Figure 3-12 shows the approach of a table to convert Strickler friction factor to Darcy friction
factor and equivalent sand grain roughness by applying goal seek function to match the friction
losses for both equation (3-15) and (3-19) . There is no analogue equation to convert the
roughness factors for this purpose. Table 3-3 shows an example of applying the table approach
for a friction factor variation for a pressure tunnel with smooth concrete liner (cast in-situ with
steel framework), using the Strickler values as basis. The conversion may be necessary to apply
available friction values to the 1D numerical software, that usually request either friction value
A [-] or equivalent sand grain roughness Ks [mm].

(M
| v
Kgy value | [m]""s’sj Darcy WeisbachJ Strickler
Q [m¥s]| L [m] | D; [m]| A [m?] |Ks [mm] T [C°] v [m/s]| E kin | v [m?¥s] Re[-] [C-W-1|C-W-] A hg; [m] alpha  hg [m]
L
3) (O N R R N
goal seek goal seek
to be equal to be equal

Figure 3-12: Table approach to convert Strickler friction into Darcy friction factor and sand grain roughness

Table 3-3 shows the table approach to compare friction values of tunnel section with different
friction factors to compare the boundary conditions.

Table 3-3: Friction value conversion Strickler (Kst [m*3/s])— Darcy Weisbach (f or A [-]) — equivalent sand grain
roughness (Ks[mm]) after Colebrook-White

conservative value for design with additional distinguished local losses in layout

Kgr value 100 [m"3s) Darcy Weisbach Strickler
Q[ms]] L [m] | D; [m] | A [m?] [Ks [mm][ T [C°] |v [mis][ Ekin [ vim#s] | Re[] [cw-1fc-w-1] & [hy[m] alpha [ hy [m]
160 | 5000 | 7.3 [41.85] 0.015 [ 20 [ 3.82 [ 0.74 [1.00E-06]27 850 918]12.479[12.479]0.00642] 3.276 | [0.0001] 3.276

conservative value for design if no distinguished local loss are used

Kgr value 90 [m*s] Darcy Weisbach Strickler
Qms]] L [m] [ ;s [m] | A [m?] [Ks [mm][ T [C°] |v [mis]] Ekin | vm#s] | Re[] [cw-1]c-w-1] o [hg[m]] | alpha | hg [m]
160 | 5000 | 7.3 [41.85] 0.065 | 20 | 3.82 [ 0.74 |1.00E-06]27 850 918]11.231[11.231[0.00793] 4.044 | [0.0002 | 4.045

realistic value - in-situ concrete lining steel forms

Kgr value 85 [m"s] Darcy Weisbach Strickler
Q[ms]] L [m] | D; [m] | A [m?] [Ks [mm][ T [C°] |v [mis][ Ekin | vim#s] | Re[] [cw-1fc-w-1] &  [hy[m] alpha [ hy [m]
160 | 5000 | 7.3 [41.85] 0.134 | 20 | 3.82 [ 0.74 |1.00E-06]27 850 918]10.607]10.607]0.00889] 4.535 | [0.0002 | 4535

realistic value of prefabricated segmental lining
Kgr value 78 [m™s] Darcy Weisbach Strickler
Q[ms]] L [m] | D; [m] | A [m?] [Ks [mm][ T [C°] |v [mis][ Ekin | vim#s] | Re[] [cw-1fc-w-1] & [hy[m] alpha [ hy [m]

160 [ 5000 | 7.3 [41.85] 0.367 | 20 | 3.82 | 0.74 [1.00E-06]27 850 918] 9.733 | 9.734 [0.01056] 5.385 | [0.0002] 5.385

For large diameter pipes and high Reynolds numbers there is evidence that friction values might
be about 5 %-10 % even below those obtained by the Moody / Prandtl / White / Colebrook /
Nikuradse smooth pipe law. The reason is that slight swirl flow is present over long flow
distances [87].
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Jaeger (1977) [88] recommends for cast in situ concrete lining to use smooth friction
(Kst = 85 to 95 [m3/s]) values for opening load-cases and rough values for closing events
(Kst = 70 to 75 [m*?/s]). As a recommendation of this present thesis and an analysis of
literature, it can be concluded to use the smooth friction numbers for resonance load-cases
simulations. For cast in situ concrete lined tunnels it is recommended to apply the smooth line
approach for the simulations as given in the empirically derived formula (3-20) and (3-21)
recommended by Jaeger (1949) [89] based on various comprehensive measurements on water
conduit tunnels [90]. Jaeger (1949) reccomends to reduce the obtained kst* value by 2 %-7 %
to get a realistic fricition loss. However, two contrast consequences of friction loss predictions
may be considered by applying a safety approach:

1) An increased tunnel friction assumption for energy production prediction
2) A reduced tunnel friction for resonance surge tank oscillation simulations

A*=0.0032+0.221Re 2% (3_20)
1 8g
Ko *= -
ST Rhydl/e \/0,0032 +0,221Re 27 (3-21)

Measurements at the prototype and recalculations of Obervermuntwerk Il have also revealed
that very smooth conditions in the pressure tunnel are present [45] and that the safetey
philosophy worked out well. The results also lead to the discussion that the usual approach to
sum local hydraulic losses of bends, restrictions and diversions is imperfect since the given
numbers in the literature are taken into account the full developing length that may not be given
in a prototype power plant when the local losses are discrete and summed up consequently.
Instead, the real superposition shows a hydraulic influence that may lead to possibly lower
friction losses that need to be reflected in the safety approach. The Obervermuntwerk II
hydraulic design applies an overall conservative and very successfully applied design philosphy
described by Dich and Barwart (2017) [91]. It can be concluded and reccomended that for surge
tank resonance oscillation simulations the hydraulics of the whole power waterway is to be
calculated including all local losses and friction losses separately. The local losses are
determined regarding empiric or best practice values following literature such as Idel chik
(1994) [92] or Miller (1990) [93] or other specific publications. The friction losses need then
to follow the very smooth approach following Jaeger 1949 [89]. Local losses might interfere
each other and even interfere with friction losses, especially for high Reynolds numbers and
large tunnel diameters. Thus, an excact pre-evaluation of the final friction is always a guess and
should be chosen carefully applying specific safety values to lower the losses for resonance
mass oscillation simulations.
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Figure 3-13 shows the friction value range of various tunnel lining materials in Strickler value
Kst [mY3s] [94]. A significant difference is given for precast segmental concrete liners with or
without filling gaps and various holes. If using a filler material, it is important to consider traps
to catch particles that are likely to fall off during operation period. Unlined tunnels show a very
wide range of friction, depending on the excavation method. From very rough for drill and blast
to very smooth for hard rock TBM boring. The unlined tunnel values in the figure were adapted
by the authors project experience. Various design approaches for unlined tunnels are given in
literature such as [95]. The unlined pressure tunnel design is extensively applied in Norway
[96]. Sediment traps are placed usually after the surge tank or even at and before the surge tank,
to trap grains transported to the machines [97] [98]. Unlined tunnels with gravel on the invert
may also be paved with asphalt to improve the friction behaviour [99]. This gravel put on the
invert was used as road during the construction and for the reasons of significant time
consumption for the cleaning it was not removed to allow quicker commissioning. The unlined
tunnels were thus designed with low flow velocities and sand traps. Higher friction can be easily
encountered by larger diameters of the pressure tunnel in the design phase [100].

Hydraulic friction coefficients according Strickler Kst [m'3s1]
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Figure 3-13: Typical friction coefficients for tunnel and shaft liners in Strickler value kst [m*3s™] (source:
lecture script A. Vigl 2018, modified)
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3.9 Complex Surge Tank Concepts

Simple surge tanks such as unthrottled shaft surge tanks may be a first approach for designing
a surge tank concept. For large hydropower or pumped storage hydropower schemes simple
shaft surge tanks may show significant drawbacks due to high demand of volume that is
associated with the demands for optimised minimum and maximum level. For highly flexible
high-head schemes a size factor of 2-3 [-] needs to be considered to capture multiple switching
events generating resonance effects as a result of investigated high head schemes for the present
thesis. The idea of differentiating between a quick riser directly connected to the pressure tunnel
and a main riser that is in throttled connection to the pressure tunnel was developed in the early
stages of the 20" century by Johnson [101]. In the literature, these surge tanks are still often
referred to as Johnson surge tanks. Johnson proposed a differential surge design to improve the
dynamics of the surge response on the mass oscillation. Figure 3-16 shows a generic Johnson
differential surge tank. This type of surge tank provides a quick pressure response in the surge
tank after machine or valve action, which leads to a fast acceleration or deceleration of the water
mass in the pressure tunnel. The simple principle is: The quicker the response of the surge tank,
the smaller the volume needed in the surge tank. The stability criterion is considered by ensuring
that the sum of the section area of all risers is sufficiently large. An impressive Johnson surge
tank was constructed in Austria for the Prutz-Imst run-of river high-head scheme, in operation
since 1956 (Figure 3-17).

In addition, other throttled surge tank types function as differential surge tanks such as:

e Throttled shaft surge tanks
e Throttled chamber surge tanks

Figure 3-14 visualises a generic and general layout of a shaft surge tank with connection
structure that can be throttled or unthrottled.

— Main riser

Pressure Tunnel

Pressure Shaft

Connection (throttled
or unthrottled)

Figure 3-14: Generic shaft surge-tank design
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Throttled chamber surge tanks additionally increase the differential effect by flow separation at
the outflow of the upper chamber. This has been often enhanced by installing weir structures
with higher outlet restriction at backflow. The flow through lower chamber design allows
sufficient deaeration of the water that is intruded by a waterfall. Usually throttles are placed at
the transition from the lower chamber to the main riser (Figure 3-15).

L Upper chamber

— Main riser
Possible throttle
Pressure Tunnel placement
N Lower chamber

Pressure Shaft

Connection shaft

Figure 3-15: Generic chamber surge tank design

Higher discharges and higher heads may demand for new hydraulic and structural challenges
for the surge tank. Flexible pumped storage and high-head schemes with discharges of more
than 150 m3/s and long pressure tunnel systems may face additional demands. In these cases,
the principle of differential surge tanks offers major advantages for design and operation. The
main benefits can be summed as:

e Reduced excavation volume

e The lower and upper chamber can be used to adjust the operational range, maximum
head for pumping, minimum head for generating mode

e Quick response during water hammer events

e Robust throttle design

e Placing of the gate inside the surge tank

e Mitigating air intrusion caused by waterfall events in the surge tank
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The Johnson surge tank shown in Figure 3-16 consists of:

¢ Riser shaft with high-head gate for emergency closing of pressure tunnel or maintenance
e Aeration shaft to allow emergency closing of the gate and for maintenance access

o Differential riser to provide water storage

e Hydraulically asymmetric orifice throttle

e Upper basin that is connected open to air

e Weir structure to maximise head in gate shaft and to prevent backflow with waterfall

e Lower chamber to control the maximum down-surge in the riser shaft

Weir structure overflow

Upper basin

Aeration shaft
Differential shaft/
Storage riser

Differential effect

Headrace Pressyre tunne]

Lower Chamber

Figure 3-16: Generic Johnson differential surge tank design (Richter [102])

Figure 3-17 shows the sophisticated Johnson surge tank for the HPP Prutz-Imst in Austria with
integrated gate in the main riser and aeration shaft as well as the differential shaft and the weir
structure in the upper chamber that prevents backflow into the main riser and thus air intrusion.

Welir structure

Upper Chamber

Differential | e Aeration shaft

shaft

Main riser /
Gate shaft

Lower Chamber

Pressure shaft

Figure 3-17: Johnson differential surge tank at Prutz-Imst HPP in Austria (Richter [102])

Surge Tank Design for Flexible Hydropower 75



SURGE TANK CASE STUDIES

4. SURGE TANK CASE STUDIES

This chapter describes the hydraulic investigations for the surge tanks performed during this
dissertation time as applied research projects. Relevant outcomes and developments are
described in various chapters. The surge tank studies are listed in chronical order as investigated
at the hydraulic laboratory at Graz University of Technology:

e The tailrace surge tank of Atdorf PSH 1400 MW in southern Germany (suspended
project), located in the Black Forest, Germany.

e The tailrace surge tank Burgstall of the Reisseck Il PSH with 430 MW, in operation
since 2016, located in Carinthia, Austria.

e The headrace surge tank Krespa of Obervermuntwerk Il PSH with 360 MW,
commissioned in 2018, located in Vorarlberg, Austria.

e The headrace surge tank for Tonstad HPP with 960 MW in Norway.

The investigated surge tanks are part of new pumped storage hydropower plants except the
Tonstad surge tank, that is part of an existing, high capacity and highly productive high-head
hydropower plant.

1D- and 3D-numerical simulations were conducted for the listed case studies. For the surge
tanks Atdorf, Burgstall and Krespa Froude scaled physical model tests in the hydraulic
laboratory were conducted. For the surge tank Krespa, prototype measurements conclude the
validation of the hydraulic investigations. Each project shows its specific demands and
purposes. All mentioned surge tanks demand for best possible flexibility of the associated
power plant or energy storing facility. The surge tanks Burgstall and Krespa were equipped
with differential throttles to improve the hydraulic behaviour of the mass oscillation. The surge
tank Atdorf utilises unique 8-loop shape chambers. The long upper chamber behaviour was
studied for the surge tanks Atdorf, Burgstall and Krespa. Significant waterfall cases were
investigated for the surge tanks Atdorf and Krespa, for the surge tank Krespa a specific
waterfall-dampening device was developed to mitigate air intrusion. 3D-numerical multiphase
simulations were conducted for the surge tanks Atdorf and Krespa to evaluate the air bubble
behaviour. The surge tank Tonstad utilises very specific pressurised sand traps, that are not
specifically part of the thesis. This surge tank is a mainly unlined construction and was
investigated for a potential upgrade of power and discharge. This upgrade was researched to be
utilised by semi-air cushion surge tanks as a new concept for surge tank design, in order to
improve the overall behaviour and the differential effect for optimised volume use. All the
beauty of the investigated surge tanks is finally hidden underground as part of sustainable
energy infrastructures.
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4.1 Atdorf — Tailrace Surge Tank

A physical model test and 3D-numerical as well as 1D-numerical simulations were performed
to study the hydraulic behaviour of the tailrace surge tank of the project Atdorf pumped storage
scheme in Germany [103]. The whole project was finally cancelled in 2017. However, this
surge tank pilot case was intensively studied and is an important basis for this present thesis,
highlighting the issues of waterfall prevention and the aspects of large water volumes in
chambers. The significance in this pilot case (Figure 4-1) are the:

e 8-Loop shape, both for lower and upper chamber design

e Double connections to the pressure tunnel

e Large dimensions of the pressure tunnel

e High volume demand of the surge tank

¢ Significant differential effect of the upper chamber

e Large waterfall event

e Air-water investigations

e Water hammer reflection — as driving parameter for placing [104]

Figure 4-1 shows the schematic longitudinal section of the Atdorf pumped storage
hydropower plant, indicating the long tailrace tunnel and the placing of the tailrace surge
tank. The pressure tunnel is inclined outwards to the lower reservoir, allowing an economic
emptying by bypassing the lower reservoir into the Rhine River.

Upper reservoir
9 Mill. m?

Surge tank

=

Lower reservoir
9 Mill. m?

Pressure

Pressure tunnel
shaft

Power cavern
| ~9km |

1€ 2l
Figure 4-1: Schematic section of the Atdorf pumped storage hydropower plant, not to scale (Richter
[105])
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Table 4-1: Key numbers of Atdorf PSH

Installed capacity pumps and turbines

1400 MW

Head

~600 m

Machine concept

6 pump turbines with asynchronous motor
generator

Energy content

13 GWh

Pressure tunnel: length, diameter

7800m,Dj=9.8to11m

Design discharge

Qru =267 m3/s, Qpy = 204 m3/s

Physical model test Froude scale factor

1:40

Figure 4-2 and Figure 4-3 show the principle design of the 8-loop shape tailrace surge tank. The
design of the 8-loop shape was developed by the planers of the project and has went through
several steps of development. The model test was carried out in two stages since the initial
design with a single connected main riser demanded an improvement because a massive
waterfall was intruding significant amount of air, creating unfavourable free surface flow in the
pressure tunnel. The suggested solution was, that the lower chamber was linked by two
connection shafts to the pressure tunnel that allows a sufficient degassing length of air bubbles

in the lower chamber.

Upper chambers

Upper chamber

Lower chamber

4 To reservoir

Connection
shaft 2

Connection Pressure tunnel

shaft 1

Figure 4-2: Perspective view of surge tank Atdorf
PSH, 8-loop shape upper and lower chamber
(Richter [106])

Figure 4-3: Front view of investigated surge tank Atdorf
PSH, two connection shafts to tailrace pressure tunnel
(Richter [106])
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Figure 4-4 indicates the total net volume demand of the structure of 132 400 m3 and the

symmetric volume demand of the lower chambers and upper chambers. The spiral inclination
(helix) of the four separate chambers as it was the outcome of the design process of the project
planners. An earlier design concept showed three unconnected branches with dead ends [104].

Hydraulically the inclination is needed both for the de-aeration of the crown of the lower

chamber and for the emptying of the upper chamber. Figure 4-5 shows the plan view of the 8-

loop shape surge tank.

Volume : 27 600 m*

Volume: 27 600 m*

Volume: 26 000 m* —ﬂ‘

Height: 98,5 m
O:13m

Volume: 25 600 m*

Entire internal volume:
2:132400 m?

Figure 4-4: Perspective view of the final Atdorf surge tank design with internal volume (Richter [106])

Direction:
Machine cavern

Connection 1

Upper chamber

direction:
lower reservoir

Figure 4-5: Top view of the final Atdorf surge tank design, indicating orientation and connection shafts

Surge Tank Design for Flexible Hydropower

79



SURGE TANK CASE STUDIES

4.2 Burgstall — Tailrace Surge Tank

Physical model tests for the tailrace surge tank Burgstall of the pumped storage hydropower
plant Reisseck Il of the Verbund Hydropower company were conducted to check the overall
hydraulic behaviour and to test the hydraulic differential throttle [107]. Figure 4-6 shows the
surge tank Burgstall within the hydraulic scheme of the power plant schemes Reisseck Il and
Malta Main Stage, explaining also the capacity levels (C.L.) and drawdown levels (D.L.) of the
reservoirs. Figure 4-7 visualises the geometry of the tailrace surge tank in specific.

Reisseck Il PSH

Upper reservoir Surge Tank Schoberboden

C.L.2319mas.l.
D.L.2255ma.s.l.

Level:

Surge Tank Burgstall
1585 ma.s.l.

Level: 1741 m a.s.l.
Level: 1620 m a.s.1.

Open loop PSH scheme
Malta Main Stage

‘ Surge Tank Hattelberg

C.L.1704 m a.s.l.
D.L. 1680 ma.s.l.

Headrace tunnel Malta Main Stage

Figure 4-6: Systematic position of the Burgstall tailrace surge tank in the Reisseck Il scheme (Richter [107],
modified)
Upper chamber

Main shaft

Shaft enlargement

\ Aeration shaft
Lower chamber

Figure 4-7: 3D geometry of the Burgstall tailrace surge tank (Richter [107])
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Table 4-2: Key numbers of Reisseck 11 PSH [28]

Installed capacity pumps and turbines

430 MW

Head variation

551 m—-639m

Machine concept

Two pump turbines

Pressure tunnel tailrace: length, diameter

L=9765m,Di=44-49m

Design discharge in turbine and pump
mode

Q1u =80 m3/s, Qpy = 70 m3/s

Physical model test Froude scale factor

1:25

A differential throttle is placed at the bottom of the main riser to improve the mass oscillation
in the chamber surge tank Burgstall. The up-surge is gradually restricted, while the down-surge
is restricted very abruptly creating a higher flow contraction by a Borda mouthpiece. This part
of the throttle at highest contraction is additionally equipped with an outside chamfer to improve

the creation of a down-surge contraction jet for dissipation.

Figure 4-8 shows the connection detail of the main riser with the lower chamber and the throttle.

The aeration shaft is attached by a conical widening into the lower chamber. This aeration shaft

IS integrated into the circular main riser excavation profile.

Throttle ' _‘

Lower chamber

Back out of
main shaft for
aeration shaft

Aeration shaft

Figure 4-8: Main shaft connection detail of the differential orifice throttle of Burgstall tailrace surge tank (Richter

[107])
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4.3 Krespa - Headrace Surge Tank

The surge tank Krespa of the Obervermuntwerk 1l pumped storage hydropower scheme (Figure
4-9) was hydraulically checked in terms of physical model tests for the overall behaviour and
the differential throttle properties. Numerical studies were conducted to generate boundary
conditions for the transient small-scale tests and to identify associated hydraulic behaviour.

Table 4-3: Key numbers of Obervermuntwerk 11 PSH [28]

Installed capacity pumps and turbines 360 MW

Head variation 240.7m—-308.7m

Machine concept Two ternary machine units
horizontally aligned pump, Francis
turbine and torque converter

Pressure tunnel: length, diameter L=2552m,Dij=6.8m

Design discharge in turbine and pump | Qtu = 150 m?/s, Qpy = 100 m3/s
mode

Physical model test Froude scale factor 1:30

~

Pressure Tunnel

Ve
4 N 2
.
)
Y
P 7

oF; Surge tank adit
' tunnel - aeration

g Pressure Tunnel OVW [

Figure 4-9: Visualisation of pumped storage scheme of the PSH Obervermuntwerk 1l [45] (modified)
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The surge tank Krespa, visualised in Figure 4-10 consists of a high connection shaft, a
Di = 17 m main shaft, three attached lower chambers and a long upper chamber. The main riser
is in direct hydraulic connection to the vertical shaft to provide minimum inertia values for
water hammer reflection. Subsequently, the upper chamber causes waterfall issues that are
addressed in the hydraulic research for this specific facility. A waterfall-dampening device was
designed and developed to mitigate the air bubble intrusion into the main shaft to avoid air
bubble migration into the pressure tunnel.

Retention cavern Di= 20.3m
(calotte as roof cover):

Upper chamber D; =7.0 m
Length ~ 320 m
Inclination = 1.5%

. Waterfall dampening

ﬁ;ﬂ - device
N : A

_ Mamriser Di=17.0m

Height 78.0 m

3 x Lower chamber length 70 m
Di = 7.0m (vertically widened to

9 m height) Diffusor Di= 6.3 m -

D:=17.0m
Height=15.0m H+282m

I;

Vertical shaft 7
Height=185m

Differential throttle

Connection tunnel
Length ~50 m

Surge tank base point
Headrace tunnel

Figure 4-10: Visualisation of the Krespa surge tank (Richter [44], modified)
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Preliminary studies of the surge tank were elaborated at Illwerke AG, investigating a closed
surge tank or a surge tank with conventionally attached lower chamber with main shaft at its
end; both studies were not followed for the final design, described by Meusburger and Gokler
2014 [108]. Figure 4-11 and Figure 4-12 show the different water hammer reflection behaviour
in comparison to the various lower chamber respectively main riser attachment. A flow-through
attached lower would negatively affect the water hammer reflection and water mass reaction on
flow changes due to the longer distance and the higher inertia of the lower chamber to be
accelerated (Figure 4-11). These aspects would result in higher water hammer loads and
fluctuations onto the conduits and the machines. In addition, the controllability of the units may
suffer. Thus, a directly attached main riser, as utilised for Krespa PSH improves the surge tank
reaction for water mass acceleration demands and the controllability of the units (Figure 4-12).
This aspect leads to the research question of how the waterfall from the upper chamber
influences the air bubble intrusion into the pressurized system, which led to the development
of a waterfall-dampening device. The final design of this feature constructed and successfully
tested in 2018 at prototype.

¢ Pressure

pyna!

Flow-through lower chamber

Figure 4-11: Water hammer reflection if flow- Figure 4-12: Water hammer reflection with direct
through lower chamber — initial variant shaft — final solution
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4.4 Tonstad - Headrace Surge Tank

The Tonstad HPP is the power plant with the highest electricity production in Norway with
about 3.8 TWh/a. It is part of the Sira-Kvina scheme located in the south-west of the country.
Tonstad power plant utilises the watershed of the Sira and Kvina river and operates as a
controllable high-head run-of river power plant. Due to long and complex headrace tunnel
system and high water discharge a large surge tank structure is operated. The headrace tunnels
are unlined with a gravel invert from the construction. The sediments from the tunnel and other
sources are trapped in a pressurized sand trap directly after the surge tank shafts. The surge
tanks are a key facility to handle the large water inertias of the system in order to allow
acceleration and deceleration. The original layout was not specifically considered resonance
load-cases; thus, the lower chambers are quite small and designed as start-up chambers.
Increased demand for flexible operation for grid balancing is challenging the power water way
and especially the surge tanks. Issues of the flexible operations are reported by Vereide et. al.
(2015) [109].

The Tonstad surge tank was studied and discussed herein regarding its upgrade possibilities.
The upgrade of this surge tank in specific would allow more discharge and higher flexibility
for the scheme. Additionally, the pressurized sand traps were investigated for improved
operation [98]. This aspect is not described in the present work.

Such upgrade options may be the case for other surge tanks designed for operation cases that
would follow the demands physical demands before the vast integration of solar and wind
sources into the power grid. Figure 4-13 visualises the complex power waterway with brook
intakes and the two main reservoirs Ousdalsvann and Homstglvann.

TJJRHOMVANN

B E OUSDALSVANN

Two main reservoirs

for Tonstad HPP

DAM/OVERL@P
HOMST@LVANN

Machine 5 Machines 1-4

Figure 4-13: General layout of Tonstad HPP scheme in southern Norway [98], (source: Sira-Kvina)
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Table 4-4 shows the key numbers of the Tonstad high-head hydropower plant.
Table 4-4: Key numbers of Tonstad HPP (source: Sira-Kvina)

Installed capacity 960 MW

Head variation 430.3m—-450.1m

Machine concept Five Francis turbines

Main headrace tunnels length and L =16000 m, Aj = 66 m?

flow section area L =7500 m, Aj =57 m?
L =6000 m, Ai = 100 m?

Design discharge Qru =240 m3/s

Figure 4-14 shows the geometry of the three surge tank structures of Tonstad HPP, except the
gate section, that are concrete lined all other parts of the surge tank are unlined. The pressure
shaft is steel lined.

Main riser and gate shafts

Connection gallery

Start-up chambers

Access tunnel

Rakes

M1 & M2
Access tunnels

M3 & M4

M5

Figure 4-14: Tonstad surge tank, perspective view (Richter, 3D model by Sterner [110])
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5. INVESTIGATION METHODS

This chapter describes the approaches for investigating the transient and multiphase phenomena
of surge tanks for hydropower schemes conducted within this thesis. The methods are listed
such as:

e Physical small-scale model tests in the hydraulic laboratory:
o Throttle model test — small-scale partial surge tank representation
o Surge tank model — small-scale full surge tank representation
o PIV-measurements
o Small-scale model with water hammer
e Numerical simulations:
o 1D-numerical simulations
= Mass oscillation
= Water hammer
= Stability simulations
= Surge tank inertia aspects
o 3D-numerical simulations
= Throttle loss evaluations
= Swirl flow evaluations
= Waterfall evaluations
= Surge wave investigation in upper chamber
e Hybrid modelling applying numerical and physical approaches
e Prototype measurements

Figure 5-1 visualises the multi modelling approach for interacting numerical simulations with
physical small-scale model tests to optimise and develop new parts of hydraulic systems such
as the waterfall-dampening device.

1D-Numerics < 3D-Numerics < Physical model test

.« waterfall

[ 3

K disch
= . ischarge "
< | I
) “ B — —
=] | —_
8 \ B,
= ‘ 2

Time [s]

+ Fast transient simulation * 3D-Flow evaluation . Overall check — performance
+ Surge tank size * Variants investigation - Transient behaviour
* Throttle concept *  Multiphase flow « Throttle proof
*  Water hammer reflection simulations « Additional measurements
* Check of stability criterion ¢ Throttle investigations « Visualisation

Figure 5-1: Investigation evolution of hybrid modelling for waterfall aspect (1D-numerical simulation Wanda,
3D-CFD Ansys CFX)
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5.1 Physical Model Tests

Physical model tests are an important tool for hydraulic research and were conducted in the
hydraulic laboratory, to check:

e The overall flow behaviour in a surge tank facility and
e The detail design structure such as a hydraulic throttle design
o Efficient variant studies to optimise structural details considering transient hydraulic

Physical model tests have the advantage to fully resolve hydraulic phenomena in a scaled
geometry and to visualise transient events, such as they appear in surge tanks. A challenge for
multiphase observations is, that only one explicit hydraulic value is scaled in respect to the
chosen scaling law [111]. The chosen approach for the investigated full model surge tanks of
this work was the Froude law of similitude to resolve the free surface flow phenomena [111].
Special multiphase challenges such as air bubble behaviours in surge tanks were investigated
additionally and needed special attention due to the effects of the Froude scale model tests. Air
bubbles terminate faster in the model as supposed to, regarding the scaled velocity. Therefore,
3D-numrical simulations and theoretical approaches were chosen to highlight these multiphase
aspects. Comprehensive model law descriptions for comparison are given e.g. by Kobus (1984)
[111]. Table 5-1 shows the relevant dimensionless numbers for hydraulic models in association
with surge tanks. The approach of applying the similarity laws are, to generate the same
dimensionless numbers for the prototype scale and for the model test scale. To achieve this by
a given length scaling factor, the other physical boundary values are modified, such as the
velocity or the fluid itself. Throttle model test may also be conducted with air as fluid to obtain
a loss factor, as done for the differential surge tank orifice throttle for Sellrain-Silz HPP [112].

Table 5-1: Dimensionless numbers for hydraulic model tests

Dimensionless Numbers Forces ratio Expression

Froude number Inertia / Gravity

Euler number Pressure / Inertia
pv?
Reynolds number Viscous / Inertia E
\Y%
Weber number Inertia / Surface tension pv?L
(0}

Characteristic length, typically pipe diameter [m]
Density of the fluid [kg/m?]

Pressure or pressure drop respectively head loss [Pa]
Velocity [m/s]

Kinematic viscosity of the fluid [m?#/s]

Surface tension [N/m] — of water (0.072 N/m)

Q < < 't ©
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5.1.1 Froude Similarity Law

For free surface flows, gravity is the most significant force that influences the flow. The
hydraulic model test investigations for chamber surge tanks are therefore operated according to
Froude's similarity law. This similarity means that the ratio of inertial and gravitational forces
is the same in the prototype and in the model, allowing a geometrically similar replication of
the water level. The ratio of inertial and gravitational forces is described by the Froude number.
This equilibrium between model scale and prototype scale is the most important similarity law

for modelling of free surface flows.

Fp

Frp = — = 1
I'r FM

Index [R] Relation [P/M]
Index [P] Prototype
Index [M] Model

Fr =—

N

v

(5-1)

(5-2)

Defining the scale number Lr with the ratio of the lengths in prototype to the lengths in the
model (Lr = Lp / L), the other relevant hydraulic transfer functions result according to the

following relationships:

Length: Lg = —

Lp
Lm

. _Ap _ 12
Area: Ag v Li

Velocity: vy = =& = L/?

VM

. t
Time: tg = t—P = }{2
M

. . Qp 5/2
Discharge: ===1
g QR QM R

(5-3)

(5-4)

(5-5)

(5-6)

(5-7)
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5.1.2 Euler Similarity Law

For flows that are predominated by pressure and inertia forces, the viscosity and the
gravitational terms can be neglected. Thus, the Euler number describes the relation between the
pressure or pressure drop versus the inertial forces.

Pm _ Pp (5'8)

2 2
PMVMm PpVp

5.1.3 Reynolds Similarity Law

The Reynolds number is one of the most important numbers in fluid dynamics describing the
ratio of viscous forces to inertia forces. For flows with low Reynolds numbers the viscous forces
are predominant while they can be neglected for flows with high Reynolds numbers. In pipe
flows the viscous influence is crucial in the near wall region thus the Reynolds number is
important for the friction loss aspects comparing model test with prototype testing.

Equation (5-9) defines the similarity law regarding the Reynolds number.

vm Lm_ v Lp (5-9)
VM Vp

L Characteristic length such as the pipe diameter [m]

Length: Ly = E—; (5-10)
. _Ap _ 12
Area: AR = rwiai Li (5-11)
Velocity: vg = ;’—P = L3 (5-12)
M

Time: tg = 3—2 =12 (5-13)
Discharge: Qg = vg * Agr = Lg (5-14)

Since the model diameters are smaller by the model scale factor, the model test velocity needs
to be higher by the scaling factor to obtain the same Reynolds number. For the hydraulic model
tests of the pilot case studies this was not possible. It would have demanded very velocities and
thus pressures to be provided by the pumps. To overcome this issue, an approach of
extrapolating the model test Reynolds number up to the prototype Reynolds number is utilised.
Therefore, the testing procedure is to run the model test for several discharges and measure the
loss factor in relation to the Reynolds number. These measurements are interpolated by a
quadratic polynomial that is extrapolated to the desired Reynolds number. This procedure is
described by Klasinc et.al. [113].
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5.1.4 Weber Similarity Law

For hydraulic phenomena that are influenced by surface tension effects, the similarity law after
Weber is important to be applied. For hydraulic model tests utilising water as fluid, the surface
tension is the same for prototype and model test. Surface tension forces can be neglected in
prototype size since they are very small. But model tests are significantly scaled, thus the
surface tension may have an important effect, this can be for example regarding the formation
of air core swirling flows. Those may occur at inlet structures to pipelines or turbines that may
transport unwanted air into the pressurized system. To fully represent this phenomenon, the
Weber number must be equal in the prototype and model test by modifying any of the variables
(equation (5-15). Such swirling flows may occur at inlets with frees surfaces whereas the inlet
represents a restriction in the flow such as orifices of surge tanks connecting to pressure tunnels.

PV Ly _ Pre Ve Lp (5-15)
oM Op

5.1.5 Physical Throttle Model

The physical model tests regarding the throttle loss evaluation are conducted at a specific test
rig with controllable water discharge to generate the highest possible Reynolds numbers. A full
Reynolds number equality between the model and the prototype scale was not possible to be
created for the investigated surge tanks. In this chapter the throttle model test with the scale
factor 1:30 for the Krespa surge tank is described. The test rig for throttle evaluations was
adapted to the specific demands including the attached pipes and shafts. The throttle loss is
influenced by the complete geometry in the vicinity of the flow restriction that creates the flow
dissipation. Figure 5-2 shows the model test setup to evaluate the Krespa differential throttle
within a closed water circle.
" U-su e ) r “ P
. Ay dirr)ectiogn ‘ |I !
= ' \ -

Down-surge [
direction i e

lA L Y V3N §:

Differential [F=5% Test rig pipes
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Headrace tunnel Pressure shaft

Figure 5-2: Model test rig for differential throttle evaluation of Krespa surge tank (Richter [45], modified)
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Figure 5-3 shows the detail of the throttle placement in the connection tunnel for the Krespa
throttle model test.

Reference section for
pressure sensors in up-
surge direction

Pump direction
Connection tunnel flow

Figure 5-3: Pressurized model test setup for differential throttle evaluation of Krespa surge tank (Richter [114],
modified)

To extract the singular loss of the throttle, the friction loss of the pipe has to be subtracted from
the continuous friction loss observed in the model test. Figure 5-4 shows the different losses
associated with the measurement of the pressure drop caused by the flow. All singular losses
such as the conical bend, the differential throttle and the T-junction are combined in the throttle
loss. All continuous losses such as the friction losses in all associated pipes have to be
subtracted. The friction losses are depending on the Reynolds number. The local losses are
independent of the Reynolds numbers above a certain value of Re=10* [-] to Re=10° [-] in the
outflow pipe [115], [92]. In a study by Koch it was found that Re=10° [-] are recommended to
be used to achieve Reynolds number independent local losses [116]. This aspect is very helpful
for scaled throttle tests because it is possible to achieve this Reynolds numbers range, while it
is not possible to achieve the prototype Reynolds numbers in pressure tunnels that may be even
above Re=10" [-].

The approach that is applied for this thesis is the determination of the friction losses based on
the material friction subtracted from the measured difference head loss by extrapolating the
model test discharge to mitigate the Reynolds dependency of the friction loss, as described by
Klasinc et. al. [113].

The throttle loss is generated by hydraulic dissipation after the flow contraction by internal
friction. The length of the dissipation zone is crucial to generate the local loss. The used
approach is the length of 15 times the pipe diameter (15 D). This value was found to give a
reasonable development to reach a most fully developed turbulent flow pattern. This is crucial
to convert between 1D approach after a 3D flow effect such as a hydraulic throttle.
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Friction loss shaft

Conical bend — :

Differential throttle

Friction loss tunnel

T-junction

Figure 5-4: Hydraulic losses in surge tank connection with differential throttle (Richter [114], modified)

Figure 5-5 visualises the connection tunnel detail with the throttle and the T-junction, the arrows
indicate physical boundary conditions for 3D-numerical simulations.

Figure 5-5: Detail of the connection tunnel with the T-junction, the differential throttle, the conical bend

To evaluate the differential loss factors both the up-surge discharge and the down-surge
discharge were measured in the most dominant direction (Figure 5-6 and Figure 5-7 for the
Krespa surge tank). Since the mass oscillation happens between the free surface in the surge
tank and the reservoir, this is the reference flow direction to be dampened by the throttle.

Surge tank Surge tank

Reservoir Differential

throttle

Reservoir Differential

throttle

Figure 5-6: Up-surge loss discharge (Richter Figure 5-7: Down-surge loss discharge (Richter
[114], modified) [114], modified)
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Figure 5-8 visualises the concept of the dissipation creation after the obstacle that is assumed
to demand for 15 D. Full recovering of the flow pattern may demand even longer distances, but
this is assumed to be but is suggested to be considered by conservative safety concepts. Figure
5-8 shows a principle of the 1D flow approach. For real pipe systems, local losses of bends,
diameter changes or valves are considered discretely but may interact in the prototype. These
effects need to be covered in the safety concept of assuming smoother pipe conditions for the
surge tank oscillation.

1D Flow Approach | 3D Flow Zone 1D Flow Approach
Fully Developed ik 15 D Suggestion i Fully Developed
Turbulent flow Profile Turbulent flow Profile
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-
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- e I
Pressure Line -
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r Orifice throttle

Dissipation Zone
Flow Direction

N AN\

Figure 5-8: Local loss visualisation, 3D-flow zone, 1D approach flow zone (Richter after [115])

Figure 5-9 shows the measurement sections for the throttle measurement pilot case of the
Krespa surge tank. The up-surge loss factor was measured by the differential pressure between
measuring sections PT 1 to ST 2. This allows most developed turbulent flow pattern at the
measure section PT 1 before the complex 3D-flow section with the throttle and a redeveloped
flow pattern at the measuring section ST 2 after the dissipation zone. The down-surge loss was
measured by pressure difference between section ST 1 to PT 2, with the opposite flow and
opposite location of the dissipation zone. Also, the disturbed inflow of the test rig pipes was
considered and tranquilised by flow straighteners. The tests were evaluated by measuring the
differential pressure both by direct pressure sensors and differential pressure transducers. It was
found that the latter measuring technique is suggested for measuring local losses such as for
hydraulic throttles, since one single value is computed. Additionally, the differential pressure
transducers were calibrated by a calibration facility (90 cm water column) before each run.
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ST 2

Dissipation zone
upswing ~ 15D

Differential
throttle

Dissipation Zone,
down-surge ~15 p

Figure 5-9: Measurement sections and dissipation zone, PT (pressure tunnel), ST (surge tank), (Richter [114],
modified)

The throttle may be constructed in one piece using stainless steel (Figure 5-10 and Figure 5-11)
or out of acrylic glass with a steel designed Borda mouthpiece. Acrylic glass has the advantage
of easier adaption possibility of the geometry to adjust the diameter during the physical test
phase. Figure 5-10 shows the assembling of the detail model investigating a differential throttle.
The main riser was modelled as a pipe that is connected to the throttle in the figure. Figure 5-11
shows the section cut through the differential throttle, indicating the down-surge direction and
the up-surge direction. The Borda mouthpiece is an important detail to enhance the down-surge
loss value. The thinner this is constructed the higher the local loss due to the contraction.

~~~~~

S,
N,

® Outside chamfer
Borda mouthpiece

Flange

Measurement ring

Expansion part

-t -

Elbow connection

Lower Chamber

Figure 5-10: Differential orifice throttle small-scale model, Figure 5-11: Section cut of asymmetric
(picture: Richter) throttle for physical test (figure and picture
by Richter, [107] modified)
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5.1.6 Physical Full Model

Surge tanks are very site-specific structures with individual hydraulic demands, thus 3D-flow
visualisation provide valuable information of the functionality. For specifically large surge tank
developments, it may be indispensable to carry out small-scaled physical model tests. During
the compilation of the present work, physical model tests were conducted for several pumped
storage power plants, such as:

Reisseck 11 PSH, tailrace differential chamber surge tank Burgstall, scale 1:25
o Full model in acrylic glass
o Detail model for throttle evaluation in stainless steel, scale 1:25
e Atdorf PSH, tailrace chamber surge tank, scale 1:40,
e Obervermuntwerk Il PSH, headrace differential chamber surge tank Krespa, scale 1:30
o Full model in acrylic glass
o Detail model for throttle evaluation in stainless steel, scale 1:30
e Gouvées PSH, tailrace differential chamber surge tank, scale 1:25 (not part of this
thesis)
e Gouvaes PSH, headrace differential shaft surge tank, scale 1:25 (not part of this thesis)

The full model physical tests were constructed in acrylic glass and operated in Froude scale
similitude law. The detail throttle model tests were operated with higher pressure to achieve
higher Reynolds numbers to capture the local loss of the throttle (see chapter 5.1.5). Figure 5-12
visualises the procedure of how the physical model test was cut out of the entire hydraulic
system. A transient 1D-numerical simulation was performed of the entire hydropower system.
This included the specific characteristics respectively a Q(t) approach of the machine units. The
latter approach is less precise in terms of water hammer, but provides sufficient accuracy for
mass oscillation representation as a result of the present case studies. The most important
aspects are the ramping times of both in the generating and the pumping mode. The pressure
tunnel representation was applied in the physical model tests by the 1D-numerical simulations.
The transient inflow and outflow parameters to the surge tank were exported from the 1D-
numerical simulation results and were converted to the scaled discharge to be governed by the
PID for transient flow.

Upper reservoir of the PSH

Boundary of 1D-numerical
Boundary of physical calculation of mass oscillation

model test of surge tank

Lower reservoir of the PSH

Pressure shaft
of the PSH

. : Pressure tunnel

Power cavern

of the PSH ¥ \, (A R |
: * D J— Results of 1D-numerics as input for physical

model test

.......

Figure 5-12: Scheme of a PSH design, boundary of 1D-numerical simulation, boundary of physical model test
simulation for the Atdorf surge tank, (Richter [106])
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Figure 5-13 shows the plan view of the model test arrangement of the Atdorf surge tank in the
hydraulic laboratory. The model test flow was fed from two sides, directly representing the
transient flow of the machines as well as the transient behaviour in the tailrace pressure tunnel.
The control valves are governed by the PID controller. The model pump, equipped with a
frequency converter, is specifically added to the test rig to ensure quick reaction of the outflow.
The frequency is adjustable to especially calibrate the peak outflows in case of pump trip events.

Direction power cavern

IFM :
Control valve inlet .
-0 2 “e\
Inlet generalrig : e
mode i & —o

Outlet pumping mode

Model pump Lower chamber

Control valve outlet

Model pump

|
Outlet generating r“__\ Control ‘Q
Lt .\-' D

mode ‘|'|‘" valve &Y B

@‘, Gutlet N,
Pt =7

Upper chamber

I I —

IFM

T Control valve inlet
Inlet pumping mode Direction lower reservoir

# Supply pipes with control valves, IFMs, model pumps

Surge tank model in acrylic glass

Figure 5-13: Ground view of model test setting of PSH Atdorf surge tank investigation, (drawing by Lazar
[105], modified)
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Figure 5-14 visualises the result of a prototype 1D-numerical simulation with discharge into
and out of the surge tank. Figure 5-15 visualises the transformation of the prototype discharge
to the model test scale 1:25. The peak at 600 s in the prototype, respectively 125 s in the model
valve represents the specific discharge peak due to a full turbine load rejection.
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Figure 5-14: Prototype discharge at surge tank base Figure 5-15: Model test discharge at surge tank base

Figure 5-16 shows the comparison of input target discharge and measured discharge of the IDM
in model test scale in the control software of the test rig (LabVIEW). In the particular case the
violet line represents the outflow of the surge tank as target values for the outflow valve, the
yellow line represents the target input for the inflow valve to the surge tank. The white line is
the measured discharge of the IDM. One may recognize a constant time shift between the white
line and the input parameters. This aspect is related to the control loop time delay between
measured discharge, PID process and valve reaction. Thus, this delay only shifts the starting
time. It can be concluded that the system may become more dynamic and more difficult to
adjust when more than a single valve per flow direction is placed. The adjusting parameters are
given by the PID governor itself and the tuning of the laboratory pumps and the outflow pump
of the surge tank test rig.
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Figure 5-16: Input discharge target compared with measured discharge at surge tank base at specific model test
scale factor 1:25
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The physical small-scale model tests were applied by Froude similitude law, substituting the
pressure tunnel by transient 1D-numerical input as described above. This allows relatively
highly scaled models. The Atdorf surge tank with scale factor 1:40 was accurately resolved.
Vereide (2016) [70] utilised a small-scale model with the pressure tunnel representation to
investigate the behaviour of air cushion surge tank. Additionally, the scaling effect of the
pressurized air was utilised by placing the surge tank at a high point to adjust the scaling effects
of the mass oscillation and the air representation [117]. For modelling the closed surge tank for
the Kopswerk Il pumped storage hydropower plant, Larcher et. al. (2006) utilised a separate
enlarged air tank to model the transient air cushion behaviour in association with the mass
oscillation [118]. For stability analysis of a tailrace surge tank with physical small-scale model
tests, Svee (1970) [65] fully applied the pressurized tailrace tunnel in the physical hydraulic
modelling approach.

5.1.7 PIV Measurements

Particle image velocimetry (PIV) measurements were used to investigate the details of a surge
tank facility such as the flow patterns in a throttle or specific pipe arrangements. PIV
measurements were applied in combination with physical model tests. The advantage of the
PIV approach is that flow velocities and specific flow patterns are made visible and can be used
to calibrate and validate 3D-numercial simulations. Figure 5-16 briefly describes the PIV
principle: A pulsed laser spans a light sheet to define the investigated flow section.
Perpendicular to this section a high-speed camera is located (e.g. with CCD chip). The high-
speed camera shoots triggered pictures coupled to the laser pulse. The flow to be investigated
may be additionally fed with seeding particles such as polyamide that can follow the flow, also
in acceleration zones. Dobler (2012) [119] investigated the use of natural seedings for. Two
images with a defined time delay plot the tracked seeding as lighted dots. Via a correlation
algorithm the particles define the velocity vectors for the full section area. A particular throttle
flow, investigated with PIV is described in chapter 6.7.7.
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5.1.8 Small-Scale Model for Water Hammer

The small-scale surge tank model is used to simulate the mass oscillation, as well as to measure
the water hammer pressure. Figure 5-18 shows the small-scale test facility in the laboratory.
The system consists of a reservoir with a diameter of 0.5 m, a sharp-edged inlet, a connection
pipe, a pressure tunnel pipe (Di = 0.0209 m), T-piece, a pressure shaft pipe (Di = 0.03 m) and a
closing valve. The upper end of the T-piece is connected to the surge tank. Via a valve the surge
tank connection can be adjusted in its diameter and also totally closed.

Reservoir

Flow Meter

Figure 5-18: Small-scale surge tank model with reservoir, pressure tunnel, pressure shaft, surge tank and outlet
valve (Richter)

The facility is compact and thus, capable to visualise the mass oscillation directly as well as the
water hammer phenomena (overpressure and sub-atmosphere) by high frequency measurement
equipment. The visualisations are used for teaching purposes. Pressure surges can be up to over
10 bar in the small facility with 0.5 I/s discharge generating a Joukovsky hammer directly in
front of the valve representing the turbines. Manual valve closings at the outlet of the reservoir
are used to visualise the effects of macro cavitation and the associated pressure surges.
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5.2 1D-Numerical Simulations

The development of computers, comprehensive numerical schemes and software utilising the
codes for transient hydraulic simulations have made it possible to simulate complex hydraulic
schemes in an appropriate manner. Before establishing the first transient simulations software
in Austria in the 1970s, stepwise derivations for low frequency mass oscillations needed to be
made by hand. Several graphical approaches were developed by Prasil (1908) [120],
Schoklitsch (1923) [121], Gardel (1957) [122] and others.

For the high frequency water hammer problem graphical methods were developed by Schnyder
[123] and Bergeron [124] and very widely used as Schnyder-Bergeron method. Other than this,
an analytical method by Jaeger (1933) [125] was proposed among other techniques before
inventing numerical methods in combination with increasing computational capacities.

The mass oscillation problem for shaft surge tanks can also be modelled quite simple in Excel.
Due to its transient character, every time step needs to be calculated stepwise. Especially for
resonances load-cases this was very time consuming in former times and needed the support of
good preliminary approaches. Modern 1D-numerical water hammer software allows to compute
complex hydraulic schemes in reasonable time. Still, the surge tank development demands
experience and numerous simulations of variants to capture all possible unfavourable
oscillation and water hammer issues in a finally combined simulation taking the elastic water
column and the machinery specifics into account. 1D-numerical simulations require most
accurate transformation of the 3D-flow into a 1D-numerical model applying the available
empiric approaches of local and longitudinal losses and channel flows.

1D-numerical simulations herein were conducted mostly with the software WANDA [126] and
SIMSEN [127]. The reasons to use these packages are described as following:

WANDA uses the method of characteristics (MOC) for water hammer evaluation [69]. It
provides several modules to simulate liquid flows with transient pump representation, gas
flows, it allows to add control elements and to simulate heat distributing systems. WANDA
provides robust elements and various tools to model complex surge tank designs and
arrangements. Especially, the free surface flow pipe elements allow comprehensive modelling
of the flow transitions of pressurized flows and free surface flows in surge tanks. The free
surface flow conduit element is capable of slow filling and draining processes. It also can be
used to directly predict wave heights or wave reflection on walls. The element treats the air
above the free surface in a way that it can leave or enter freely without causing pressure surges.
But, the air is not freely leaving in prototype surge chambers. It might be trapped at the crown.
One may notice that this aspect is more conservative in the simulation of lower chambers. Thus,
the prototype is modelled on the safe side.

For a long upper chamber modelling as described below, the best inclination was evaluated
accurately with the 1D approach and was confirmed by the physical model test. The optimised
inclination allows in that case to minimise the gross volume of the chamber.

This is crucial to model flow separations at upper chambers influencing the differential effect
of the upper chamber and the economic design of large chamber surge tanks.
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SIMSEN uses the hydroacoustic impedance method [128]. With this approach also electrical
systems with the flow of electricity and elements associated with this can be simulated the same
way as hydraulic pipe systems. Thus, this approach allows for a combination with electric
system simulations in the same model. SIMSEN provides various methods of programmable
control elements and supports all major hydraulic turbines and wind turbines or tidal turbines
to be modelled. The comprehensive representation of hydro turbines and pumps as well as pump
turbines with their four-quadrant characteristics field is vital to accurately predict water hammer
behaviours in power waterway systems (see chapter 5.2.2). Surge tank elements in SIMSEN
provide inertia factors that are crucial for water hammer reflection and comprehensive
differential surge tank elements. Since the version 3.2.2 of this software it also provides free
surface flow conduits.

The placing of a surge tank divides the power waterway into two pressurized hydraulic sections
interrupted by the free surface of the surge tank. The part of the high-pressure section from the
machine units to the surge tank is water hammer predominant and the section from the surge
tank to the reservoir is dominated by the mass oscillation. The aim of the interruption by the
surge tank is the splitting of the inertia. The smaller inertia supposed to be in the section directly
attached to the machine units to improve their controllability. Still significant water hammer
pulses may be recognised in the pressure tunnel, depending on the surge tank inertia. High
inertia of surge tanks to be accelerated are increasing the amplitudes of water hammer in the
pressure tunnel. No macro cavitation is allowed to occur, since this would create a severe
secondary pressure surge by a sudden collapse [49].

Steps to develop the surge tank as done for the present work:

1) 1D-numerical simulations by means of rigid column approach for detailed check of
mass oscillations. The advantage of rigid column simulations is the reduced time
demand, which is crucial for efficient variant checks and the manual setting of most
unfavourable time points for loading and unloading in terms of amplifying the system.

2) Combined simulations of water hammer and mass oscillation, as well as the check of
most unfavourable machine emergency closings and pump trips, causing maximum and
minimum pressures in the power waterway systems.

5.2.1 Mass Oscillation

The mass oscillation behaviour is the predominant flow phenomena, defining the needed size
of the surge tank. It is driven by the water mass in the pressure tunnel in its reaction to the needs
of the units. Thus, the surge tank volume is a function of the pressure tunnel dimensions and
significantly influenced by the friction parameters of the tunnel. For resonance load-cases the
lower limit of the friction value is the most unfavourable to be applied [1]. For quick simulation
results, some software allow to apply the rigid column method for mass oscillation simulation.
A mass oscillation simulation approach is comprehensively described by Giesecke et. al. [63].
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Figure 5-19 visualises the 1D-numerical representation of the Krespa surge tank case study
including the modelling approach of the waterfall-dampening device. The upper chamber is
modelled with Di = 7.0 m and 311 m long free surface pipe element. This modelling type allows
the representation of flow separation due to outflow characteristics of the upper chamber. Thus,
it is possible to investigate the mass oscillation events to detect waterfall intensity and the most
unfavourable boundary conditions of the waterfall (Figure 6-74). The important aspect of the
free surface flow behaviour modelling is to capture the retardation effect of the upper chamber
regarding the mass oscillation of the entire power waterway. For large surge tank designs with
long chambers this has a significant impact on the economical surge tank design. Since the
chamber is filled by a surge wave this kinetic energy needs to be dampened evenly to utilise the
given volume as best as possible. A simplified chamber simulation with area/height modelling
underestimates the impact of waves. The size of the surge tank should be large enough including
safety, but not significantly too large in order to be economic.
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Figure 5-19: 1D-numerical model of Krespa surge tank with waterfall-dampening device in WANDA, (Richter
[114])
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Figure 5-20 shows the typical representation of a chamber in a surge element with height-
dependent area. Chambers for surge tanks are usually recommended to be inclined to allow
both de-aeration on the ceiling and sufficient water outflow on the invert. Only horizontal
section cuts of the 3D geometry can generate accurate input parameters for the 1D-numerical
representation. Figure 5-21 depicts the horizontal section cuts of the lower chamber tunnel for
2 % inclined crown and 1 % inclined invert. This lower chamber has a very compact geometry
with a L/Aave ratio of 1.48 [-].
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Figure 5-20: 1D representation (area/height) of compact lower chamber in Wanda (Richter [114])

Figure 5-21: 3D geometry with horizontal section cuts of a lower chamber (Richter [114])
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5.2.2 Water Hammer

Transient water hammer simulations may utilise either the impedance method or the method of
characteristics (MOC) [69] within a numerical software. The simulations are applied in an
explicit numerical scheme. Crucial boundary conditions for surge tank behaviour are the
hydraulic behaviour of the machines in case of load rejections in generating mode or pump trips
in pumping mode. Both force the water mass to a quick counter reaction. Since pump turbines
are represented by four-quadrant characteristics based on complex hydraulic effects [129] the
implementation of hydraulic machines has to satisfy this request. A well confirmed approach
can be utilised with SIMSEN [128].

The four-quadrant characteristics field describes the behaviour of a pump turbine for all flow
condition between pump operation and turbine operation. Additionally, the brake operation and
a reverse pump effect may occur. Figure 5-22 shows a typical four-quadrant field of a pump
turbine by Jese et. al. (2019) [130]. The typical important instability zone marked as turbine
brake, this shows the characteristic S-shape instability. The challenge is, that this region is not
clearly defined in this representation. A vertical line may have tree intersection points, that is
not straightforward to an appropriate value reading. Thus, an adequate transformation of the
region is indispensable, that can be found at for example at Nicolet (2007) [128].
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Figure 5-22: Typical Four-quadrant field characteristics with marked zones of instability, Jese et. al. (2019) [130]
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Figure 5-23 from Zuo et. al. (2016) [131] visualises the two cases at which the instability zone
in turbine mode plays a role; the synchronisation at start-up and the load rejection. The blue
line is indicating the load rejection that shows the direct flow path to no-flow and even into the
quadrant “Reverse Pump” with a reverse flow. This behaviour can be defined as self-blocking
of the flow and even pushing some water back up, as if it would be in pump mode. These
instabilities are linked to complex 3D flow vortices in the runner blade as investigated by
Guggenberger et. al. [129]. However, the quick flow blocking at load rejection may define the
design water hammer for the hydraulic system in the headwater and the tailwater, and requires
an appropriate guide vane closing.
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Figure 5-23: Effect of the S-shape zone for start-up and load rejection Zuo et.al. (2016) [131]
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5.2.3 Stability Simulation

1D-numerical simulations allow a check of the surge tank stability criterion. The above-
mentioned software packages allow different approaches of the stability check application. The
Norwegian software LVTrans [132] is designed for stability checks in islanded grids. SIMSEN
and Wanda allow stability checks utilising control elements for applying different approaches
to check the requirements of a grid standard or an implementation of the energy equation (5-16).
This approach allows a power governed loading and unloading as well as constant operation at
full load utilising the minimal possible head for the design case. The equation governs the
discharge via a PID controller element while the head is directly computed in the simulation
and reflects the head variation of the surge tank oscillation. If the surge tank oscillation is
dampened for this case the system is hydraulically stable.

P =p-g-Q-H n=const (5-16)
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5.2.4 Surge Tank Inertia

The consideration of the water inertia in the simulation of surge tanks may not be included in
standard elements in 1D-numerical simulation software. For the mass oscillations, the inertia
does not play a significant role. But for the water hammer reflection it may play a significant
role for certain surge tank design or load-cases. Especially for cases when long and slightly
inclined surge tank elements have to be suddenly accelerated.

Sudden events are usually given at emergency shutdowns or load rejection when high gradient
water hammer pressure waves have to be mitigated quickly and the water in the surge pipe is
either in no motion or needs to reverse for the flow direction. The effect is worsened by long
connection tunnels, small diameter and long lower chambers. In addition, orifices have a
negative impact, but not as significant as small horizontal pipes. A comparison from Nicolet,
et. al. (2015) [42] of an incident at the Avce pumped storage hydropower plant by 1D simulation
has proven this fact. This has shown the importance of considering the inertia in the surge tank.
The paper of Nicolet also states that a calibration of additional 30 % increase of the inertia was
necessary to fit with measurements.

The surge tank Avce is interesting since not only the inertia was obviously not considered, but
also no physical test of the surge tank was conducted. It resulted in a dangerous situation in a
case of pump trip and insufficient water volume [133]. After the construction and the findings
of the transient issues two model test solutions were investigated. A small aeration pipe was
found to improve the system and was adapted to the construction [133]. A more reliable solution
with an extra shaft and sufficiently low inertia and additional volume was not considered due
to higher costs [134].
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5.3 3D-Numerical Simulations

3D-numerical simulations, also noted as 3D-CFD simulations for computational fluid
dynamics, may improve significantly the design of surge tanks due to the possibility to identify
potential problems that have to be studied with physical model tests. For surge tanks it is
possible to perform 1D simulations or 3D-numerical simulations. Following aspects were
studied with 3D-numerical simulations within this thesis:

e Local losses of throttles and connections including the entire geometry

e Chamber behaviour

e Overall hydraulic behaviour of a surge tank

e Degassing behaviour of a bubble regime by performing multiphase simulation
e Visualisation of flow behaviour in surge tanks with multiphase simulations

3D-numerical simulations herein were conducted by applying the RANS (Reynolds-Averaged
Navier-Stokes Equations) turbulence modelling approach [135]. The basis of this concept was
first proposed in 1895 by O. Reynolds [136]. In 1897 Boussinesq introduced the concept of
eddy viscosity [137]. The first turbulence model was developed by Prandtl in 1925 introducing
the turbulent mixing length. Further developments of Prandtl (1945) established the first one-
equation turbulence model proposing a transport equation for the turbulent kinetic energy as a
basis for modern RANS modelling concepts [138].

More than 120 years of development of the representation and simulation methods of turbulent
flows have led to apply comprehensive approaches for solving various problems of flows.
Indeed, the development is strongly coupled with the developments of computer technologies
in order to increase the complexity and accuracy by finer resolution, decreasing the modelling
demand and increasing the direct part of the flow simulation. This evolution is not at its end
and will be continued for many more decades since the nature of turbulence is highly stochastic
and takes place at the molecular level of the flow medium.

The software used in this thesis is ANSYS CFX in various versions to analyse 3D flow behaviour
and local loss evaluation. The simulations were conducted mainly utilising the shear stress
turbulence model (SST) [139] [140]. In case of significant rotational flows such as at outflows
of throttles, that are attached in a significant angle to circular shaped tunnels, a curvature
correction factor is applied [141]. The character of a restricted jet flow into a circular pipe
geometry usually introduces complex rotational flows that may be difficult to be captured by
two-equation turbulence models.

The comparison of 3D-numerical simulations to physical model tests are found to sufficiently
solve the surge tank design demands. A limit of 3D-numerical simulations is the accurate
prediction of air bubble production by intruding jets. Thus, multiphase simulations are needed
to be interpreted carefully, especially the transition zone of free surface flow and air intruding
waterfalls.
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Transient 3D-numerical simulations can reveal the complex, time dependent shapes and
behaviour of jets generated by throttles. Figure 5-24 and Figure 5-25 show different time steps
of a transient jet through an orifice throttle, visualised by the specific 15 m/s flow velocity
envelope in a RANS simulation. The restricted jet flow is finally a diffuser flow problem and
thus unstable. This instability leads to a fluctuating jet and a slightly fluctuating throttle loss.
An oscillating jet may also touch the pipe wall with higher flow velocities as for power plant
operation. The material resistance has to be determined in an interdisciplinary approach and
influences the lining decision (see chapter 6.2).
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Figure 5-24: Transient 3D-CFD Simulation throttle jet, time point 1
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Figure 5-25: Transient 3D-CFD Simulation throttle jet, time point 2
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5.4 Hybrid Modelling — Physical Model Test and 3D-CFD

Hybrid modelling is the extension of the physical modelling with numerical methods. In case
of surge tanks, 3D-CFD simulations are referred here. Physical full model tests are usually
limited to the Froude similitude representing gravity forces. In case of surge tanks, this is
straightforward to represent the surface waves in the chambers. An advantage of 3D-CFD
simulations of the full surge tank structure or parts of it is the fact that they can be done in
prototype scale 1:1, which reveals additional hydraulic aspects such as:

e Vortex formation with proper Weber number [142]

e Air bubble behaviour may be simulated in terms of 3D-CFD applying multiphase
approaches [106], [143]

o Waterfall behaviour [43]

Currently it is not possible to directly model the air intrusion capturing all physical phenomena
generated by a water jet by means of 3D-numerical simulations within an engineering approach.
However, multiphase models are available to describe the behaviour of air bubbles in a water
flow [141]. Figure 5-26 shows the options for hybrid modelling of a surge tank in case of the
Atdorf surge tank. With 3D-numerical simulations, extensions of the physical model test
investigation are possible. Swirl flows are scaled usually by similitude of the Weber number.
Air bubble degassing with two-phase simulation is applied by a design bubble de-aeration, or
the jet impact of the waterfall. The described aspects can be investigated in a partial model
applying the results from 1D-numerical simulations as boundary conditions.

Hydraulic model — Froude similarity law
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Figure 5-26: Hybrid modelling options in addition to a physical model test of a surge tank, modified from (Richter
[142])
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Figure 5-27 shows the superficial water flow in the 3D-numerical simulation of the Atdorf surge
tank. The simulation visualises the situation with free surface in the lower chamber while water
discharges from the upper chamber as a waterfall. This waterfall represents the differential
effect of the upper chamber. The simulation, as additional investigation tool to the physical
model test (Figure 5-28) significantly improves the evaluation of variant studies of details as
well as for variants of general concepts in order to improve the design or pre-check the
functionality.

Water.Superficial Velocity
Vector 1

15.00

Figure 5-27: 3D-numerical simulation of the surge tank  Figure 5-28: Physical model of the surge tank Atdorf in the
Atdorf, (Richter [106]) hydraulic laboratory, (Richter [106])

In case of the Atdorf surge tank investigations of an air core vortex was observed for the most
unfavourable outflow from the lower chamber into the pressure tunnel (Figure 5-29). Since the
model test was operated in Froude similitude the air-filled core can be expected worse if scaled
up to prototype, since the influence of the surface tension of the water tends to close an air-
filled core in the scaled model test. Applying the Weber similitude law this effect can be studied
more in detail. By applying a 1:1 scaled 3D-CFD simulation this challenge in the physical
model test can be gapped. For the specific problem several variants with guide walls were
tested, a wall that equally divides the flow into the shaft was found to be the best solution
(Figure 5-30).

Figure 5-29: Lower chamber with vortex core at high  Figure 5-30: Wall in lower chamber dividing the flow
discharge from lower chamber to pressure tunnel, from both sides of the chamber and avoiding the vortex
(Richter [106]) (Richter [106])
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Figure 5-31 shows the discharge through the vertical connection into the pressure tunnel with
the air-filled vortex at maximum discharge event and the vortex suppressing wall in the physical
model test. Figure 5-32 shows the guiding wall in the small-scale test that divides the flow from
the two branches of the lower chamber without creating an air-filled vortex. The small
firefighter is in 1:40 scale showing the size of a human, the scale in Figure 5-32 shows the
altitude of the structure in m a.s.l.

Figure 5-31: Vortex flow in connection shaft Figure 5-32: Avoided vortex flow for maximum transient
at maximum discharge due to resonance load- design flow, wall that divides the flow from both lower
case, (Richter [106]) chamber sides within the loop branch, (Richter [106])

The investigated example highlights the benefit of hybrid modelling the flow vectors and
transient flow behaviours with 3D-numerical simulations. The simulations can be done
independently from hydraulic scale factors and thus allow to overcome similitude law
restrictions, such as the influence of the water surface tension or also the air bubble degassing
in combination with the complex water flow (see chapter 6.8.6).

5.5 Prototype Measurements

During the commissioning of the pumped storage plant Obervermuntwerk 11 measurements in
the surge tank were undertaken by Illwerke AG. Those were compared with the results of the
numerical and physical modelling [45], see chapter 6.9.
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6. RESULTS AND DISCUSSION

This chapter describes the approaches and the results of the hydraulically investigated surge
tanks. Derived design tools as well as the boundary conditions for hydraulic surge tank design
approaches such as relevant load-case scenarios are described, as well as structural aspects such
as surge tank lining, air cushion surge tanks and its proposed application in Alpine regions. The
chapter surge tank upgrade discusses the issues of efficiently upgrading existing surge tanks.
New developments for surge tanks are presented such as semi-air cushion surge tanks and
storage tunnel surge tanks. Surge tank details are described to underline the design of structural
features that improve the hydraulic behaviour. The chapter about waterfalls investigates this
specific phenomenon and its mitigation by a developed waterfall-dampening device. The final
sub-chapter presents the validation of the investigated surge tank Krespa by prototype
measurements.

6.1 Load-case Scenarios

Load-case scenarios for transient hydraulic events are developed, both for water hammer events
and mass oscillation cases. Within this thesis, the focus is especially on the latter aspect to
define the loadings for the surge tank design. The water hammer design load is bound to the
mass oscillation aspects, since it focuses on the interaction of the transient behaviour of the
machine and the water mass in the penstock, in combination with the acceleration reaction of
the surge tank. The mass oscillation is characterised by low frequency amplitudes; the water
hammer transients are defined with high frequent oscillation demanding high time resolution in
numerical simulations. It is finally necessary to combine the surge tank design with low and
high frequency pressure transients. However, the first steps in surge tank design may be
assumed by applying linear machine loading and unloading boundary conditions and lower time
step resolution to investigate the filling and emptying processes of surge tank structures. For
final design, combined simulations with capturing the low and the high frequency pressure
pulses are indispensable.

The aims of comprehensive 1D-numerical simulations for the surge tank design are to:

A) Find the maximum water level in the surge tank shaft respectively the most severe surge
in an upper chamber at the aeration structure.

B) Find the minimum water level in the surge tank shaft respectively the lowest transient
water level in the surge tank due to outflow.

C) Evaluate the maximum pressure at the surge tank base.

D) Evaluate the minimum pressure at the surge tank base: The crown of the pressure tunnel
is the level that should not be allowed to show atmospheric sub-pressure in order to
securely avoid macro cavitation that may be triggered by a severe transient event in the
machines, and thus cause a secondary pressure surge with very high-pressure pulses.

E) Check the stability criterion for the most unfavourable conditions with the lowest head
at the maximum constant power output. Grid code requirements for pre-qualification of
control services may be considered for this check.

For the transient design, high-head hydropower schemes and pumped storage hydropower
plants that involve pump units show different demands for the surge tanks. Significant
differences are found between the demands of tailrace surge tanks and headrace surge tanks.
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Depending on the length of the associated pressure tunnel as well as the influences of the
machines demand for different aspects such as a pump trip or a load rejection in generating
mode. Those two phenomena have the opposite flow acceleration demands between headrace
surge tank and tailrace surge tank. A major effect on the hydraulic surge tank and power
waterway designs are caused by the machinery concept. Pelton turbines have the advantage that
defined closings are possible even for severe load rejection events due to the function of
deflectors. Francis turbines cannot be disconnected to the flow as quickly as Pelton turbines,
therefore demands for the surge tank design might be higher for such machines regarding
particular aspects in case of turbine load rejections or unloading events that may be controlled
more specifically by utilising Pelton turbines. Reversible Francis pump turbines may react due
to hydraulic self-blocking of the runner in case of load rejection and rotational acceleration
much quicker (see chapter 5.2.2). This effect is triggered by the so-called S-shape instability.
The ability of changing the flow from turbine mode to pumping mode influences the required
reaction of the surge tank. For pump turbines this time is accounted around several minutes.
Ternary machine units with separate pumps and turbines allow immediate or even overlapping
operating change between pumping mode and generating mode. Fast changes between turbine
mode and pump mode is also given by variable speed pump turbines that utilise frequency
converters. The most unfavourable time point for loading or unloading is found shortly before
the peak discharge in the pressure tunnel. The larger the section area of the main shaft the more
the unfavourable point of load change differs from the time of peak discharge. For the
simulations done for the current thesis the switching events were defined manually. In the
design phases of a surge tank, the manual selection has the advantage of direct interpretation of
the transient behaviour. The load-case input parameters may follow the accorded design safety
philosophy (see chapter 3.7).

6.1.1 Headrace Surge Tanks

For headrace surge tanks the maximum up-surge is generated by an emergency shut down after
load rejection in resonance of the mass oscillation or by cyclic loading between turbine mode
and pump mode. At the same time, it needs to be distinguished to evaluate the maximum
pressure at the surge tank base that most likely corresponds with the load-case at highest up-
surge. The resonance case depends on the machinery concept, e.qg. if a transition between pump
and turbine operation is achievable in a short time or even overlapping. The minimum water
level is generated by a full reloading of the machines in turbine generation at most unfavourable
back flow situation from the surge tank to the upper reservoir. Load-cases with cyclic shifting
between pump mode and turbine mode may also lead to the minimum water level in the surge
tank.
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The following load-cases for headrace surge tank design are suggested to be checked for high-
head schemes and pumped storage schemes with pump turbines:

1) Maximum up-surge and maximum pressure at the surge tank base,
load-case at capacity level in upper reservoir:
a) For HPPs
Resonance case in turbine mode at capacity level in the upper reservoir, with:
Loading, unloading, reloading and an emergency shutdown (ESD) at most
unfavourable time point.
b) For flexible PSH
Resonance case with cyclic switching between turbine and pump mode at
capacity level in the upper reservoir, considering:
Loading and unloading of the turbines, subsequent loading of the pumps,
unloading of the pumps, reloading of the turbines with subsequent full loading
of the pumps at most unfavourable time point.
c) For fixed speed PSH
Depending on the time demand to switch between pump and turbine mode, it has
to be distinguished between case (a) respectively (b) above.
2) Minimum level in surge tank and minimum pressure at surge tank base,
load-case at draw down level in upper reservoir:
a) For HPPs
Resonance case; turbine mode with loading, unloading, reloading at the most
unfavourable time point.
b) For fixed speed PSH
Synchronous pump start-up with synchronous full trip; at the most unfavourable
time point before the peak discharge to the reservoir after acceleration of
pressure tunnel flow or full pump trip at steady-state pump flow.
c) For flexible PSH
Loading and unloading of the pumps; subsequent loading of the turbines,
unloading of the turbines, reloading of the pumps with subsequent full loading
of the turbines at most unfavourable time point.
For minimum pressure at the surge tank base and the connected tunnel section
to the pressure shaft a comparison with a full pump trip load-case is advisable.
3) Water hammer interference load-case.
At reservoir capacity level; turbines are synchronously unloaded to no load operation
and subsequently reloaded followed by an ESD that causes a pressure pulse in addition
to the previous unloading.
4) Load-case of unexpected closing of inlet/outlet gate at reservoir;
Such events may happen and are suggested to be investigated and prevented. Measures
of structural damage mitigation is suggested to be considered that a surge is guided back
into the reservoir. A structural example is realised at the high-head scheme Sellrain-Silz
[144].
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6.1.2 Tailrace Surge Tanks

Flow interruptions by ESDs or sudden load rejections in tailrace surge tanks lead to quick
discharge fluctuation and may trigger negative pressures and severe water hammer events
[145]. The tailrace surge tank shows opposite effects between pump mode operation and turbine
mode operation in comparison to headrace surge tank in sense of filling (up-surge) and
emptying (down-surge). In general, tailrace surge tanks need a lower free surface cross-section
area to achieve the stability criterion due to stabilising effect of the tailrace discharge. This
criterion is more significant for short tailrace tunnels as described by Svee (1970) [65]. Due to
generally lower counter pressure on the tailrace side of a power cavern the tailrace surge tank
needs to be located in significant closer distance to the units as the headrace surge tank.

The following load-cases for tailrace surge tank design are proposed to be checked for high-
head and pumped storage schemes with pump turbines:

1) Maximum up-surge and pressure at surge tank base,
load-case at capacity level in lower reservoir:

a) For HPP
Resonance load-cases of full turbine loading followed by full unloading at the
most unfavourable time to no load operation, followed by full reloading at most
unfavourable point, to achieve the highest up-surge in resonance mode;
assuming low friction with safety margin.

b) For flexible PSH
Resonance case cyclic switching between turbine and pump mode at capacity
level in the lower reservoir, with: Loading and unloading of the turbines,
subsequent loading of the pumps, unloading of the pumps, reloading of the
turbines with subsequent full loading of the pumps at most unfavourable time
point and subsequent full pump trip, that reverses the flow to suddenly fill the
surge tank.

c) For fixed speed PSH
Depending on the time demand to switch between pump and turbine mode, it
has to be distinguished between (a) or (b) above.

2) Minimum water level and pressure at surge tank base,
load-cases at draw down level in lower reservoir:

a) For HPP:
Resonance load-cases of full loading followed by full unloading at most
unfavourable time to no load operation followed by full reloading at most
unfavourable point. Subsequently followed by an emergency shutdown of all
units synchronously to achieve the lowest down-surge level of the surge tank and
minimum pressure events in the tailrace pipe and tunnel system, assuming low
friction with safety margin.

b) For fixed speed and flexible PSH:
Synchronous load rejection at full load turbine operation assuming that at least
one unit encounter blocked guide vanes that may lead to severe low-pressure
events to be captured by structural design of the tailrace system and the surge
tank [146].
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c) For fixed speed and flexible PSH with uneven length of draft tube pipes between
the units and the surge tank:
Load rejection with delayed time between the units as an asynchronous event
[145]. 1D-numerical software such as SIMSEN allow for automated input to
check various delayed load rejection cases that lead to water hammer
interference. This aspect plays a role at any tailrace manifolds with asymmetric
distances after Francis or pump turbine units and can be skipped by designing
symmetrical distances from each unit to the surge mitigating device such as
foreseen at the Gouvaes tailrace surge tank [147]. Safety margins are suggested
since exact water hammer velocities are difficult to estimate.

3) Load-case of unexpected closing of inlet/outlet gate at reservoir. Measures of structural
damage mitigation is suggested to be considered that a surge is guided back into the
reservoir.
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6.2 Surge Tank Lining

This chapter briefly discusses the aspects of lining for pressure tunnels and for surge tanks in
specific.

Surge tanks must be watertight and structurally stable. Thus, lining of surge tanks may be
necessary in many cases. Depending on the ratio of overburden and internal water pressure,
rock quality and demands on water tightness, surge tanks are unlined, concrete lined (with or
without reinforcement), lined with pre-stressed concrete lining or a steel lining. Pre-stressed
lining may be passively pre-stressed such as utilising grouting injections or actively pre-stressed
concrete lining utilising pre-stressing cables. Surge tank shafts or chambers need to be steel-
lined if the overburden is not sufficiently bearing the maximum internal pressures. In particular,
the minimum rock stress (o3) needs to be above the maximum internal pressure to be unlined.
The minimum rock stresses need to be measured in-situ. FEM simulations may be utilised to
study the stressed based on the local topography. The topography may have a major impact on
the stress situation as describe by Broch (1984) [148].

In Alpine rock situations such as in Austria the rule of thumb to choose steel liners in pressure
tunnels is a ratio of 1:1 (overburden: maximum internal pressure) [94]. This ratio considers that
the rock-mass has a higher density than water but also may have weakness zones and non-active
topography to act with sufficient counter pressure. Thus, the higher density of rock is the safety
value. In Norway the rule of thumb allows even lower overburden versus maximum internal
pressure as in Alpine region due to (i): high rock-mass quality and (ii): horizontal pre-stressing
from the glacial period. Descriptions can be found by Palmstrém and Broch (2017) [96] and
cited literature therein. Also, some pressure tunnels may be constructed without steel liner, even
though the dynamic pressure is above the overburden. High horizontal pressures generate high
minimum rock stress values as for e.g. the pressure tunnel at the HPP Langenegg, in Austria
[149]. This is the advantage of placing pressure tunnels with high overburden. To keep the
water tightness at such pressure tunnels with sufficient minimum stresses but internal pressure
above the Walch’s limit a plastic foil is used [150]. Another example that utilises plastic foil is
the pressure shaft and pressure tunnel of the pumped storage scheme Kiihtai, a high-head
facility without surge tank [100]. This foil is placed as outside layer behind the concrete lining
that bears the compression forces by the pre-stressing due to grouting. The plastic foil can gap
concrete crack widths of the foils thickness [94]. Owing to the high rock-mass quality, pressure
tunnels and surge tanks are usually unlined in Norway and allow to utilise the rock as
confinement material, resulting in very economic constructions. In combination with high-
heads and significant precipitation Norway can produce vast amounts of energy from economic
hydropower. This economic hydropower is defined by very high ratios of EROI that is the ration
between the output energy of operation time and the invested energy to construct the production
unit (see chapter: 2.2). One may notice that unlined pressure tunnels always carry the risk of
rock falls or partial collapse, and even the best rock-mass has faults and weaker zones. Rock
falls may be triggered by too fast water emptying that is associated with steep gradients of pore
pressures. An overview of major failures in Norwegian unlined Pressure shafts and tunnels is
given by Panthi and Basnet (2016) [151].

Pre-stressing methods were already used by grouting measures at the Catskill water supply
pressure tunnel for New York City [152]. Muhlhofer [153] describes in 1921 the positive action
of groundwater table and grouting injection found at the Catskill pressure tunnel. The pre-
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stressing was further improved by Kieser 1943 [154]. The state-of-the-art method in Austria is
the TIWAG grout injection pre-stressing method developed by Lauffer and Seeber during the
construction of the Kaunertal high-head scheme (commissioned in 1964) [155]. The applied
investigation methods have been further improved by modern materials and techniques. In
addition to this method the TIWAG radial press as in-situ rock properties measuring method
was used to develop an in-situ dimensioning concept for pressure tunnels together with the
graphical method; the Seeber-diagram [156], [157], [100], [158], [159].

The lining demand of surge tanks corresponds with the concerns regarding the positioning of
this structure. Figure 6-1 shows the example of the original surge tank of the Kaunertal HPP,
that was in operation between 1964-2016. The lower chamber is exposed to less overburden as
maximum internal pressure due to relatively flat mountain gradient. Usually, the need is to place
the surge tank as close as possible to the pressure shaft. Thus, the lower chamber may have no
sufficient overburden to act as a counter rock-mass abutment. This demands for reinforced
concrete lining or steel lining. Whereas the disadvantage of reinforced concrete is that the
reinforcement needs cracks to be activated that is in contrast to the tightness demand. The cracks
can be distributed by comprehensive reinforcement. Actively pre-stressed reinforcement was
used for the Linerseewerk surge tank shaft [154].
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Figure 6-1: Chamber surge tank HPP Kaunertal (surge tank in operation from 1964 - 2016) [82]

At the Hattelberg surge tank for the Malta Main Stage high-head and pumped storage scheme
the positioning demand was found to encounter insufficient rock properties, that could not be
solved with grouting and demanded steel lining placing after first plant commissioning [160].
It can be noted that the positioning of surge tanks is mainly defined by other demands of the
power waterway and the hydroelectric scheme itself. Applying free surface surge tanks at the
transition of the headrace pressure tunnel and pressure shaft respectively pressure pipe penstock
may likely show challenging geological situations that need to be handled. On the one hand
surge tanks need to be close to the penstock to allow sufficient reaction time, but on the other
hand this position is also close to the surface that has a higher likelihood of:

e Altered rock

e Less rock confinement

e Lower mountain water table
e Low minimum stress (c3)

Surge Tank Design for Flexible Hydropower 119



RESULTS AND DISCUSSION

Tailwater surge tanks may have less of these positioning linked issues owing to usually higher
overburden and thus higher stresses at these locations. The solution of an air cushion surge tank
has the advantage of higher overburden and more freedom in choosing the best position, as
proven in Norway. The advantage of the Norwegian approach is to analyse the rock quality by
in-situ radial hydro jacking tests during the construction to choose the best cavern and surge
tank position [161]. In contrast to that, the Austrian method utilises the radial-press to determine
the in-situ rock stresses developed by Seeber [159]. Another method is the uniaxial plate jacking
test [162]. Additionally, the Norwegian method requires flexible construction contracts to
specifically decide onsite were to finally place the surge tank. This is a vital structural advantage
of the unlined design approach [70], [148], [163], [164]. The unlined rock design concept in
Norway also requires sand traps, that are placed after the surge tank before the transition to the
pressure shaft. Thus, these sediment trapping devices are not affected by the amplified mass
oscillation discharges. The sand traps are pressurized and thus, more complex than usual free
surface flow sand traps [98]. Norwegian sand traps are usually designed to capture about 1 — 2
mm grains [97]. In case of the Tonstad high-head scheme and other schemes in Norway the
unlined tunnels were excavated by drill and blast method, keeping parts of the material on the
tunnel invert to allow having roads for construction works. This material was not removed, in
order to enable quick commissioning. The tunnels were hydraulically designed to allow the
grains to remain on the ground by sufficient low flow velocities. With an increased flexible
operation demand these sediments are more likely to be transported [109].

Lining efforts may also be a need in association with air cushion chambers. For PSH
Obervermuntwerk Il a variant of an air cushion surge tank was studied, but not realised due to
high expected lining efforts and concerns about air management for long filling times in case
of maintenance [108]. For new large high-head and pumped storage schemes the large surge
tanks are also increasingly demanding comprehensive lining or positioning strategies.

Due to high flow velocities and the static demands of Borda mouth-piece equipped throttles,
those need be made of steel. High flow velocities on walls may result from restricted jet flow.
For clean water Momber and Kovacevic (1993) [165] show that flow velocities have to be
significantly above 100 m/s to damage a C20/25 concrete probe by erosion. This reference
shows that for sufficiently clean water no abrasion on concrete walls can take place. The
evaluation of fine sediment contents in high velocity throttle jets acting on concrete walls may
demand for further research. In contrast to abrasion and erosion Tzanakis et. al. [166] quantify
the cavitation problem that induces local peak velocities of up to 1000 m/s and local peak
pressures of 1000 MPa due to micro jets created by the collapsing cavity.
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6.3 Air Cushion Surge Tanks

Air cushion surge tanks respectively closed surge tanks are often utilised for water hammer
protection in water transportation pipelines and water distribution systems, in combination with
pumps [167]. Hydropower schemes demand for a specific stability criterion to safely apply air
cushion surge tanks. Steel lined pressurized air chambers were used to mitigate water hammer
effects in pipe systems and power waterways already in the early days of hydroelectric plants
but insufficient stability properties caused problems. The stability aspect for closed surge tanks
and a specific open-air surge tank case that has caused oscillation issues was the reason for the
dissertation of Thoma (1910). Thoma derived the stability criterion for open air surge tanks.
This work combined the pressure mitigation and stability aspect in one structure: The surge
tank. The solution of the stability criterion of pressurized air chambers for hydropower plants
was described by Svee (1972) [67]. The advantage of ACST systems are listed in the following:

e Possibility of a direct connection between the power cavern and the reservoir by
reducing the excavation volumes of tunnelling

e Minimising the hydraulic losses due to minimised pressure tunnel length

e Economic benefits by minimised penstock length that mitigates the need for steel liner

e Due to lower kinetic energy in a short penstock the water hammer pressure can be
reduced, or a higher flexibility can be obtained

e The short distance allows very fast response times of pressure waves, this increases the
stability of the system

e No extra access to the surge tank for excavation and aeration is necessary

e No sudden penstock breaches due to breakage can occur, because the pressure shaft is
significantly deeper covered in the mountain as conventional pressure shafts

The crucial demands for ACST design are:

e The ratio of maximum internal pressure to minimal rock-mass stress (o3) to avoid
hydraulic fracturing
e Providing low permeability of the rock-mass to minimise air loss

Additional facilities demanded in order to provide proper operation of ACST:

e Airsupply pipes and air release pipes

e Compressor station

e A small pump that slightly increases the pressure of headrace water to establish a water
curtain for protection against air losses, if necessary [168]

e Possibly a valve to separate the ACST to the pressure tunnel to allow short interval
inspection of the pressure tunnel [52]

In Norway ten air cushion chambers were built up to now, nine are successfully in operation,
as shown in Table 6-1, also the latest air cushion chambers in China and Vietnam are listed.
The Surge tank at Tafjord K5 air cushion surge tank failed by rock overstress after the head was
increased by heighteing the water surface level of the upper reservoir. Until this system change
the air cushion surge tank with very high internal pressure and water curtain was successfully
in operation [169].
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Table 6-1: Air cushion chambers in Norway [164], China [170] and Vietnam [171]

Rock Total Water Air Ratio head/
HPP year tvoe Volume Surface pressure | overburden Experience
P m] | Area[m? | [MPa] *)
Driva Banded .
197 . , 111 4.2 . N leak
(NOR) 973 gneiss 6,600 0.5 0 air leakage
Jukla Granitic .
(NOR) 1974 gneiss 6,200 129 2.4 0.7 No air leakage
Oksla Granitic Air leakage
(NOR) 1980 gneiss 18,100 235 4.4 1 <5 Nm¥h
Sima Granitic Air leakage
1 . 10, 17 4, 1.1
(NOR) 980 gneiss 0.500 3 8 <2 Nmé/h
Gneissic Intensive
Osa (NOR) 1981 granite 12,000 176 19 13 injections
. Miamati .
Kvilldal 1981 | 9MAC 120,000 | 260-370 | 4,1 0.8 Pressurized
(NOR) gneiss water curtain
Tafjord *) Banded Pressurized
1981 . 2, 1 7. 1. )
(NOR) %8 gneiss 000 30 8 8 water curtain
Brattset . Air leakage
(NOR) 1982 | Phyllite 9,000 89 25 1.6 11 Nmé/h
1985 | M 4800 92 2.8 1.1 | Noair leakage
Ulset (NOR) gneiss ’ ' ' g
Torpa Meta Pressurized
1 . 14, 4.4 2 .
(NOR) 989 siltstone 000 % water curtain
Dagangou .
2 4 7 8-4.2 -l
(CHN) 000 ,396 8 3.8 Steel-lined
Ziyili 2004 11,927 90 3.8-43 Water curtain
(CHN) ' ' '
Xiaotiandu 3.35 - .
(CHN) 2006 22,540 138 435 Water curtain
Upper Kon -
201 14 1 .67-5. Il
Tum (VNM) 018 ,900 000 5.67-5.9 Steel lining
*) Ratio of maximum head in the ACST compared to overburden *) ACST failed by a hydraulic fracturing
due to storage level upgrade

Nm?3/h

Standard cubic meter per hour (under atmospheric pressure)
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The first functioning large air cushion chamber in a rock cavern was built 1973 for the Driva
high-head hydropower plant. The power plant is located in a Norwegian valley with very steep
topography. A classical solution would have had the drawbacks of a road to an open-air surge
tank and high efforts for a slightly inclined tunnel construction. A direct pressure tunnel from
the power cavern to the reservoir with an open-air surge tank would have needed an uneconomic
large shaft with 900 m height, showing also issues with the stability demands [172]. Thus, it
was found that an unlined rock chamber with 5000 m3 of compressed air was the most
economical solution [68].

The installation of pressurized water curtains was found to be an appropriate technique to
minimise air leakage. This technology is described by Kjarholt and Broch (1992) [168]. For
the utilisation boreholes are drilled above the ACST and operated with pressurized water. The
water is controlled by a pump and measurement facilities to allow a constant water pressure in
the boreholes that is approximately 20 m w.c. above of the static pressure inside the ACST
[169]. The water in the boreholes creates a counter pressure to leaking air, and instead of air
leakage small amounts of water leak into the ACST. Well realised grout curtains may be
installed before the water curtain. The technology has been successfully utilised in locations
with unsatisfied high permeability of rock at the hydro power plants Torpa and Kvilldal. The
ACST Brattset constructed in Phyllite rock has a sufficient low hydraulic conductivity of
9,8 *10°° [m/s] [164]. This shows that ACST not necessarily have to be constructed in highest
quality granite only. Steel lined ACST can also provide high resistance regarding air loss but
higher costs have to be considered as if unlined.

The benefit for dimensioning the size of closed-surge tanks via the Svee stability criterion is
the definition of the polytropic coefficient. This can be either 1.0 [-] for isothermal or 1.4 [-]
for adiabatic behaviour. Vereide et.al. 2015 [71] describe measurements at power plants in
Norway to capture the polytropic coefficient. From that work it can be concluded, that for slow
reaction of the closed surge tank a sufficient thermal energy exchange with the rock is observed
and thus shows an isotropic behaviour. In case of quick loading of the pressurized air and
heating process an adiabatic behaviour is measured and can be applied in the simulations. The
mass oscillations can be seen as a quick loading event that produces heat due to compression
but insufficient heat exchange keeps it to behave as an adiabatic system. The findings of Vereide
et.al. show, that for quick compression of air cushion chambers, as it happens in hydropower
plants in case of mass oscillation and water hammer protection the polytropic coefficient of
1.4 [-] is sufficient. For slow compression, if two separate hydraulic reservoirs are connected
by valve opening an isothermal behaviour has to be applied [71]. For closed surge tanks,
protecting pumping stations for fresh water systems no stability criterion has to be provided.
An extensive study of the polytropic behaviour in closed surge tanks and potential optimisations
in sizing is provided by Van der Zwan et.al. (2015) [173].
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6.3.1 Existing Air Cushion Chambers for Alpine Adaptions

In the Alpine region no air cushion chamber exists yet in the high-pressure part of the power
plant. Two exist in tailrace systems at Kopswerk Il PSH and at the Albulawerk, HPP. Both
power stations are equipped with a Pelton turbine. At the Albulawerk in Sils, Switzerland a
heightening of the tailrace reservoir would have submerged the Pelton turbine. This was
prevented by applying pressurized air into the open-air outflow system of the Pelton turbine
[81]. Also, at Tafjord power plant in Norway air cushions are utilised to operate Pelton turbines
independently from the tailwater level and even below [174]. This feature allows to place Pelton
turbines as deep as possible to use the full head. Thus, an up-surge in the tailrace surge tank is
possible by pressure increase above the axis of the Pelton wheel without interrupting the
operation capability.

At the pumped storage power plant Kopswerk I1 a tailrace ACST was installed to allow a deeper
positioning of the Pelton turbine in order to use the additional head when the lower reservoir is
at drawdown level. The production equipment consists of a vertical ternary machinery
arrangement with a Pelton turbine, a motor generator and a pump. The pressurized system also
allows a compact and short vertical distance between turbine and pump. This arrangement
enables a hydraulic short circuit and thus a completely free regulation of the pumping mode
operations, in order to provide negative regulation for the grid. The shifting time between 100 %
turbine mode to 100 % pump mode is only 20 s [118]. Since the commissioning of this power
plant, the high flexibility of the machines was proven due to their advantageous ability to
balance the grid volatility [175]. The pressurized air cushion in the tailrace tunnels of the Pelton
wheels are equipped with steel liners in the air exposed parts of the tunnel shape (wall and
crown).

At the upgraded power plant DieRbach, Austria several industrial pumps were placed to
possibly pump water up to an existing reservoir. To capture the transients in case of pump trip
closed-surge tanks are used [28].

6.3.2 Proposed Possible Arrangement of Alpine ACST

This paragraph discusses how a possible use of alpine ACST may look like. Alpine geology
differs in some important points from Norwegian mountain boundary conditions. Norwegian
rock-mass consists mainly of high-quality gneisses and granites. This fact enables a very
economic tunnelling excavation progress. Additionally, very bad quality rock may appear in
fault zones and shear zones in-between good rock sections. A major advantage in Norway is
the glacial pre-stressing that increases significantly the available horizontal stress in many
regions. Especially the position of ACST’s and unlined high-pressure tunnels and shafts take
advantage of this fact, because the facilities can be placed closer towards the mountain surface.
This favourable positioning is possible due to tectonically horizontal pre-stresses of the
Caledonian mountain range [176]. Due to a general lack of pre-stressing in Alpine regions it is
necessary to place the facilities deeper underground. Following this, the access tunnels to the
power caverns are longer. Sophisticated rock evaluation regarding stress analysis and jacking
tests are crucial investigations.
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Figure 6-2 shows the comparison between a classical Alpine high-head pressurized water
conveyance system to a Norwegian pressurized system with an air cushion chamber and the
potential advantage of a shorter connection.
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Figure 6-2: General comparison of longitudinal section of pressurized water conveyance system for a classic
Alpine solution with and open-air surge tank and a Norwegian solution with an air cushion surge tank

Figure 6-3 shows the comparison between a classic Alpine high-head pressurized water
conveyance system to an adapted Alpine system with an air cushion surge tank. In difference
to Figure 6-2 the air cushion chamber has to be situated to locations that offer a sufficient
overburden compared to maximum head inside the pressurized air chamber. Alpine regions do
not show such favourable horizontal pre-stresses as the Caledonian mountain range.
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Figure 6-3: General comparison of longitudinal section of pressurized water conveyance system regarding a
classical Alpine solution and an adapted solution with an air cushion chamber for Alpine regions
(Richter [177], modified)
For the Obervermuntwerk 1l PSH an ACST was initially investigated to serve as surge tank on
the headrace side. The quick response of ACST to the hydraulic system would have been
beneficial (starting and stopping both machines simultaneously within 30 seconds), but high
costs of sealing with steel and also high time efforts regarding filling of the chamber with
pressurized air were found to have higher negative impact on costs and maintenance
interruption [108].
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6.3.3 Challenges with Air Cushion Surge Tanks

The application of air cushion chambers may be well evaluated and be applied to utilise the
advantages of low water inertia and construction benefits. But one has to consider the aspects
to be handled such as:

Filling times of pressurized air for very large air cushion chambers such as the one in
Kvilldal with about 80,000 m? at about 40 bar

Careful emptying of pressurized air

Additional installations for air management to counterbalance air losses

Measures for air leakage protection

Risk of blow-outs

The air is under high pressure and must be kept inside, in case of maintenance a quick release
and refilling should be possible. However, until now this may be very time-consuming.
Improvements, such as placing a closing device to allow inspections of the pressure shaft
without emptying the ACST and high-pressure pre-grouting in early excavation stage are
proposed by @degaard and Vereide (2018) [52]. Rathe, (1975) describes the practical design
and reasons of the first ACST at Driva HPP in Norway [68]. Goodall (1988) describes 20 years
of experience with air cushion chambers in Norway [178].
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6.4 Surge Tank Upgrade

Hydropower plants provide renewable primary energy and are constructed to operate for a very
long period of time. They utilise a natural monopoly; no second plant can use the same energy
potential in the same catchment. During the lifetime, power plants may face changed demands
that may affect several boundary conditions for their operation. Such changes may have
hydrological, economic or operational reasons. Operational adaptions are linked to changing
demands of the power market. In Austria the concession of water rights is usually given for 90
years. For re-commissioning, power plants usually receive a comprehensive rehabilitation. In
many cases power plants are requested to allow higher discharges for the operation, either
machines need to be upgraded, higher inflow need to be possible or the power marked requests
for more flexible operation. For high-head schemes or pumped storage power plants the
challenges are to adapt the upgrades in a proper manner, especially when long power waterways
are affected. Pressure tunnels demand for high efforts if rehabilitated or upgraded. Due to high
costs and time efforts such demands lead to new tunnels. However, surge tanks may be
upgraded more efficiently as if tunnels are expanded, since construction works can be done
separately. This results in a shorter interruption of the operation that is needed to construct the
connection from an expanded surge tank to the power waterway.

Further examples of upgrades of existing power plants by adapting the surge tank are realised
in the power plant FMHL+, the upgrade of a high-head scheme to a flexible pumped storage
scheme in Switzerland [179]. Also, the refurbishment of the hydropower scheme Gondo in
Switzerland was improved by surge tank upgrade and elaborated throttle design studies [180].

6.4.1 Case Study of Surge Tank Upgrade

As an example of an ongoing surge tank upgrade investigation at Tonstad HPP the research
project Flexible Sand Traps (FlekS) is conducted with the contribution of the author [98], [109],
[181] . Tonstad HPP is a 960 MW high-head scheme in the south of Norway producing around
3.8 TWh/a. The first operational stage was commissioned in 1968 (320 MW), the second in
1971 (in total 640 MW) and the third in 1982 (in total 960 MW). The power plant has a nominal
discharge of 250 m3/s and a nominal head of 430 m. It consists of 5 turbines, three parallel
penstocks, three parallel surge tanks and three parallel sand traps after the surge tanks. The
original headrace tunnel was kept in the original design. The upgrade in 1982 was successful
regarding the increase of the power output for the power plant. Due to higher friction losses in
the tunnel the minimum drawn down level in the upper reservoirs was increased. Within the
five decades of operation also the power markets have changed. The increase of power
interconnections in the vicinity of the Tonstad HPP and the Norwegian electricity grid in
general to the continental European grid allow significant trade of electricity, and offers
flexibility options as well as flexibility demands. The grid frequency has worsened by the
associated increased connection to fluctuating renewable sources and the shutdown of thermal
units. Thus, increasing flexibility of power and frequency regulation is needed for the Nordic
grid in order to restore the grid frequency to 50 Hz [182]. Especially the integration of vast
amounts of renewable sources have changed the demands and boundary conditions of the
electrical system from a submission oriented to a yield-oriented market situation since
renewable sources are not projectable. In general, it has increased the demand of flexible
operation of hydropower plants. In contrast to Austrian surge tanks most surge tanks in the
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world, also in Norway were not designed for resonance load-cases of the mass oscillation as
discussed in chapter 3.7. Therefore, the lower chambers were originally designed as start-up
chambers but not as chambers to capture unfavourable reloading after unloading events. Even
though resonance load-cases may occur very seldom, any damage or even potential damage is
not desirable. Due to the change of operation and an increased flexibility unfavourable
resonance events may become more likely. At Tonstad power plant, free surface flow events in
the pressure tunnel were documented with undesirable consequences [109]. A countermeasure
that is in the meantime installed, is a digital twin with control feedback loop of the power plant
scheme [183]. Due to the unlined power waterway and the gravel left on the invert, sand traps
were constructed right after the surge tank shafts. Theses sand traps are an important principle
of the Norwegian hydropower plant design. In combination with the installation of new turbine
governors the power plant has been operated more flexible, but resulted in some problems due
to higher transients and amplified mass oscillations in the surge tanks. Gravel was reported to
be flushed to the turbines. In addition, high pressure on the downstream side of the reservoir
intake gates was observed and caused uncertainties regarding the structural safety of the gates.
These problems have resulted in restrictions on operation and economical loss due to repair and
reduced power production revenue [109]. To minimize the danger of free surface flow in the
sand traps a predictive control system was installed in 2014. This included a real-time
simulation of the transients of the power plant with the software LVTrans [132]. The simulation
predicts new correct set-points for the governor and other adjustments that are necessary to stay
within given limits of water levels in the surge tank [182]. Figure 6-4 shows the overview of
the surge tank situation and geometry. The open-air chamber surge tanks were constructed fully
unlined except the gate section. The sand traps are integrated in the power waterway after the
surge tanks. The sand traps are operated fully pressurized. The flow section of one sand trap
has a standard cross-section of about 100 m?, to settle sand and gravel particles by decreased
flow velocity. Sand trap no. 1 and no. 2 were investigated by comprehensive hydraulic model
tests in Trondheim in 1967 [184]. However, sand trap no. 3 was attached without additional
model testing. Basic principles of the original sand traps were applied, but not all in detail. The
lower chamber no. 3 was directly included in the power waterway and also the access tunnel
was attached some 30 m apart from the rack. Sand trap no. 3 was 3D laser scanned. These
results are included in Figure 6-4 and show the unlined rock pattern [185].
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Figure 6-4: Layout of the Tonstad surge tank (figure from [186], modified)
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The following measures have been undertaken by interdisciplinary approaches to investigate
the surge tank no. 3 and to apply the aspects for research activities (selection by the awareness
of the author):

A) Control devices improvements

e Installing brook intake measurements

¢ Installing new governors with set point improvements [182]

e Applying a digital twin system to allow predictive control and improve operational
aspects [183]

B) Hydraulic investigations

e Ph.D. thesis and several master theses for investigating the flow behaviour of the
particular sand trap [186], [187]

e 3D-laser scan of the sand trap no. 3 [185]

e Master thesis at NTNU to investigate surge tank devices such as throttles [188]

e Investigating and improving the sand grain trapping with 3D-numerical particle tracking
simulation and introducing flow calming devices in the diffuser [98]

e Upgrade investigations of the surge tank by an additional lower chamber [110]

e Construction of a physical model at NTNU to test diffuser variants and improve sand
trap functionality (ongoing research)

6.4.2 Attached Additional Chamber

The challenge of upgrading a surge tank of a power plant during operation is that operational
interruptions are the most expensive cost factor. Thus, it is very beneficial to construct new
chambers and connect those in a short power production interruption. In case of the Tonstad
surge tank system three chambers are available that can be separately closed by a gate device
at the main riser. The proposed variant by the author is to attach a single large lower chamber
that provides water for all machines and all separate surge tanks. Figure 6-5 shows a possible
constructive solution studied and drawn by Sterner (2018) [110] to upgrade the complex surge
tank system by adding a single additional lower chamber that serves also for the other surge
tanks that are hydraulically connected. The curved design of the attached chamber is associated
with the need for sufficient overburden that are given at the proposed location.
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Upper
chambers

Figure 6-5: Tonstad surge tank with proposed attached additional lower chamber, ground view (Sterner [110],
modified)

For the upgrade investigation, no additional upper chamber is needed, since the existing ones
can capture the proposed upgrade of 25 % discharge for the emergency shut-down. Figure 6-6
depicts the front view of the proposed principal solution with the attached lower chamber on
the left and the three existing surge tanks on the right. An aeration shaft of the lower chamber
is necessary; it connects the crown of the extension with a small chamber near the access gallery
to the upper chamber.
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Additional lower chamber
M5 M3 &M4 MI&M2

Figure 6-6: Layout of Tonstad surge tank with proposed attached additional lower chamber, front view (Sterner
[110], modified)

The investigation of Sterner (2018) [110] show the operability of the proposal by the author of

semi-closed surge tanks as a possibility for upgrade of surge tanks and as an additional feature

for new large chamber surge tanks to minimise the volume demand (see chapter 6.5).
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6.5 Semi-Air Cushion Surge Tank Proposal

The author proposes to utilise semi-air cushion respectively semi-closed surge tanks by
introducing crown throttles in lower chambers. This construction traps air by a controlled
manner at the crown and delays the filling by a small air pipe. This pressure rise by the air
compression at the crown can be noted as an additional feature to improve the differential effect.
The construction is semi-closed since the air is released and not fully trapped and compressed.

The investigations for the Tonstad surge tank upgrade [110] have revealed in principal the
possibility of a semi-closed surge tank as a new type of surge tank.

Surge tanks with slightly inclined chambers face the situation of entrapped air in the lower
chamber at the filling process during a mass oscillation event due to delayed air escape. Figure
6-7 visualises this aspect in a 3D two-phase simulation (air and water) for the 8-loop chamber
surge tank of the Atdorf PSH. Since the air requires volume, the water level in the main shaft
rises earlier. Thus, the associated pressure at the surge tank base at this point is higher than
generated in a 1D-numerical simulation. For the prototype this behaviour is beneficial since it
increases the hydraulic safety of the surge tank design. However, this correlation exemplarily
visualises the idea behind the semi-air cushion surge tank. In contrast to the observed air
compression at the Atdorf surge tank, semi-air cushion surge tanks release the air more
controlled and can trap significantly more air to amplify the effect.

\ J Differential
o~y } effect by delayed

air release

Uncontrolled air release

Entrapped air at the crown

Figure 6-7: 3D-numerical study of up-surge in 8-loop shape surge tank for the Atdorf PSH project

Nicolet et. al. (2018) [189] report and measure the fluctuating behaviour of air release in
chambers. This effect indeed leads to local pressure peaks, but is not measured at the surge tank
base. Thus, it can be concluded that the local pressure surges are dissipated.
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Figure 6-8 shows a schematic longitudinal section of the proposal for a semi-air cushion surge
tank. A crown throttle is introduced,; it separates a significant amount of volume at the crown
section of the chamber. In case of an up-surge the trapped air behind the throttle compresses
and is forced through a small pipe that acts as a throttle and prevents the fast filling of the crown
section with water. In the meantime, the shaft fills with water and represents the pressure
increase on the system. The volume behind the crown throttle is slowly replaced by air. The
compressed air is forced out through the de-aeration pipe. Thus, the compressed air section acts
as it would be an upper chamber due to the increased pressure equivalent to the water level in
the upper chamber of the surge tank.

Connection to Upper chamber with minimized
Popcn air volume due to air cushion effect
_in the lower chamber

De-aeration pipe for semi-air
cushion — small diameter — high
air velocities with throttling
effect

Main riser

Semi-air cushion — adiabatic +
works as ,,upper chamber*
volume due to internal pressure

J Crown-throttle

Connection to the pressure tunnel
Figure 6-8: Layout of the semi-closed surge tank design with crown throttle

Figure 6-9 shows the suggested principle of a surge tank extension for Tonstad power plant
with a minimised shaft and the absence of an upper chamber for the surge tank extension, since
the stability criterion and the demanded water volume in case of emergency shut-down are
given by the existing surge tank system.

Connection to

open air
De-aeration pipe for semi-air
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Main riser effect
Semi-air cushion — adiabatic +
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,/ Crown-throttle Volume due to internal pressure

Figure 6-9: Layout of a proposed Tonstad surge tank expansion with proposed attached additional lower chamber
and suggested development of semi-air cushion, schematic longitudinal section
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Figure 6-10 shows the principle of the semi-closed surge tank system in which the lower
chamber is throttled by a hydraulic throttle at the bottom and an air throttle at the crown that
restricts the air discharge by a small diameter. The surge tank is in principle a differential surge
tank with a quick riser and a storage shaft. Waterfalls only occur from the upper chamber into
the storage shaft. The quick riser provides sufficiently low water inertia for water hammer
reflection. The additional value of the semi-air cushion is that in the filling phase the lower
chamber is pressurizing at an early stage. This creates an early counter pressure to dampen the
mass oscillation, but also provides water to replace the released air. This effect mitigates the
upper chamber volume demand. A secondary effect is that also a lower pressure level at down-
surge event is possible. This mitigates the lower chamber volume demand due to the throttled
differential riser.

Semi-closed surge tanks are proposed for upgrades of existing systems as explained in 6.4.2 as
well as for new schemes with the need of fast water hammer reaction as demanded for pump
turbines at full pump trip events and full load rejections.

Steady operation Minimal Water

Upper chamber Differential

" Air Air
r . . Shaft Y
L . Main riser N
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Mass oscillation

Hammer
N reflection
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Figure 6-10: Layout of the semi-closed surge tank design for steady operation and at state of minimal water
level

Sterner (2018) [110] investigated with the supervision of the author the behaviour of the semi-
air cushion on a proposed extension of the Tonstad surge tank. The investigations were done to
find a possible aeration and de-aeration structure in combination with a crown throttle. Figure
6-11 shows the Tonstad surge tank with expansion chamber at the time point of down-surge of
the surge tank with extended semi-closed surge tank. The water level in the lower chamber is
shown for the region in front of the crown throttle (unthrottled air pipe) and behind the crown
throttle (throttled air pipe). The significant water volume behind the throttle is the benefit of the
differential effect of the compressed air section. The small de-aeration pipe provides a throttling
effect during the filling process with increased counter pressure acting on the whole headrace
system. This effect increases the effectiveness of the chamber surge tank in terms of efficient
volume utilisation.
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Figure 6-11: Layout of Tonstad surge tank with proposed attached additional lower chamber and suggested
development of semi-air cushion at time point of down-surge — no separate air pipe (Sterner [110],
modified).

Figure 6-12 shows the time point of up-surge in the proposed surge tank extension with a semi-

closed chamber. The pressurized air is released in mixture with water of the aeration shaft. The

simulations showed that separate aeration pipes of the pressurized section and the atmospheric
section were needed. In the case of the pilot study with the extension, no additional upper
chamber was required, since a discharge upgrade can be captured by existing upper chambers
in combination with the semi-air cushion section that also acts as an upper chamber. The high
velocities in the aeration shaft indicate rough air release conditions and this is not desired.
Therefore, a separate air release pipe is proposed for the general layout.
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Figure 6-12: Layout of Tonstad surge tank with proposed attached additional lower chamber and proposed
development of semi-air cushion at time point of up-surge, water-air mixture - Separate air shaft
suggested (Sterner [110], modified)
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Figure 6-13 visualises the semi-air cushion with separate water shaft and air release shaft. In
contrast to Figure 6-12 it was found that a much smoother water rise is possible in a small pipe
while the pressurized air is released in a separate pipe that also acts as the throttling device.
Figure 6-13 shows the utilisation of the lower chamber in the functionality of the upper chamber
due to the pressurized air cushion that is replaced by the filling water. The pressurized air creates
a head difference that can be tuned by the pipe diameter design.
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Figure 6-13: Layout of Tonstad surge tank with proposed attached additional lower chamber and suggested
development of semi-air cushion at time point of up-surge with a separate air pipe (Sterner [110],
modified)
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6.5.1 General Proposal of Semi-Closed Surge Tanks

This chapter describes a general approach of utilising semi-closed surge tanks. Figure 6-14 to
Figure 6-27 visualise schematically the proposed functionality of the semi-closed surge tank
from steady operation followed by unloading and reloading events in resonance and subsequent
emergency shut-down.

Sequence (1) to (4) show the surge tank behaviour from steady operation to back flow situation
after unloading.

1) Steady-state operation 2) Stop of the machine discharge =
Up-surge in small riser

—I» Air
:
< Level Reservoir

Steady operation Closed
Figure 6-14: Steady-state operation as starting Figure 6-15: Unloading event of the turbines
condition, with water level in the surge tank indicated as closed pressure shaft
below the reservoir level
3) Highest water level for 15t up-surge 4) Utilising of additional AH to already
= Start of backswing — discharge = 0 significant differential effect before
at the time increment reaching lower chamber

-

Air VI’» Air

iAH differential effect
AH +

Figure 6-16: Up-surge due to water mass Figure 6-17: Subsequent backflow triggered by
oscillation —> inflow surge tank previous up-surge —> outflow surge tank
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Sequence (5) to (8) visualise the reloading at unfavourable back flow to subsequent unloading.

5) Reloading - Start of discharge 6) Reaching low level in lower chamber

lower chamber air inflow
VT’ Air VT‘ Air

Figure 6-18: Amplified down-surge related to reloading  Figure 6-19: Outflow of surge tank allows
of machines —> lower chamber feeds the discharge, acceleration of the pressure tunnel

aeration shaft prevents cavitation and allows efficient

outflow of the lower chamber, throttled outflow of the

differential riser acts as decoupled reservoir for efficient

surge tank behaviour to accelerate the water mass in the

pressure tunnel

7) Unloading in resonance = up-surge 8) Up-surge in small riser
Start compressing of the semi-air cushion

High speed

air release ’—" Air =, Air
3 r| r

Figure 6-20: Starting of backflow after minimum Figure 6-21: Unloading of turbines with
water level in surge tank activation of air cushion in lower chamber
by throttled air release in small pipe
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Sequence (9) to (12) visualise the up-surge due to unloading in resonance and subsequent
reloading.

9) Start of overflow in the 10) Maximum filling for this generic load
upper chamber case, time point of no discharge =
water fall and air intrusion

Air Alr

Reduced volume -4 B 1 N

demand in upper Air bubbles
chamber

Figure 6-22: Up-surge and overflow event of the  Figure 6-23: Filling of the surge tank facility
small riser, effect of delayed air release in lower reaching high filling and providing sufficient

chamber comparable to upper chamber filling safety volume
11) Reloading in resonance - 12) Start of emptying lower chamber —
two direction outflow of the surge tank de aeration of bubbles — sufficient water

in the storage riser

7 1V«—’ Air | 4‘];‘» Air

Figure 6-24: Reloading of the machines in Figure 6-25: Quick creation of air pockets in the
generation mode, quick reaction of the small riser  lower chamber from both sides
mitigating water hammer and supplying water
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Sequence (13) to (14) show the most unfavourable lowest water level in the lower chamber
after resonance event and the subsequent refilling with creation of the partial air cushion in the
surge tank.

13) Lowest level in surge tank for resonance 14) Emergency shutdown—=> up-surge

case
Quick speed air release

<> Alr «}» Air Very short
] r| reflection
‘ distance

and inertia
values for
water
hammer

- 15) Upswing and filling as in 8) with not higher
expected water filling level

Figure 6-26: Lowest level in lower chamber with  Figure 6-27: Backflow and subsequent up-surge
safety volume and minimum free surface flowto  at emergency shut down in mass oscillation
avoid hydraulic jump and air intrusion resonance

For prototype applications, semi-closed surge tanks request further investigations. The air
ventilation system needs to be proven for thermodynamic states to avoid freezing due to high-
pressure gradients. A high potential for application may be upgrades of existing surge tanks by
implementing a crown throttle and a throttled aeration shaft to improve the capability for
resonance load-cases. Also, large surge tanks with large chambers may be significantly
improved by implementing crown throttles to create a semi-closed surge tank behaviour.

6.5.2 Design Process of Semi-Closed Surge Tanks

The following points express the proposed path to evaluate the possibility of implementing
semi-air cushion chambers for specific sites:

A) Preliminary design; 1D-numerical simulations.

B) Detailed design of 3D flow behaviour; two-phase 3D-numerical simulations to evaluate
the water and the air behaviour. The compression of air leads to significant temperature
gradients that need to be studied.

C) Final physical hydraulic check; physical small-scale model test with two factors scaling
(Froude and compressed air); such scaling can be done with an extra air volume tank as
utilised for Kopswerk Il PSH physical modelling as described by Larcher et.al. (2006)
[118].

Required for 1D-simulations are special semi-air cushion modules in addition to existing 1D
air cushion representations, that allow the aeration and de-aeration through a throttled pipeline
including thermodynamic effects. More tests and evaluations are needed to study the behaviour
of this new surge tank approach.
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6.5.3 Thermodynamic Effect

Two-phase flow 3D-CFD simulations with temperature terms were carried out to study the
effect of the transient compressing of the air cushion that has a throttled outflow. It was found
by Vereide et. al. (2015) [71] that a fully adiabatic behaviour can be assumed for short term
pressuring as it occurs in air cushion chambers. This aspect can also be applied on the semi-
closed surge tank approach with the pressurized chamber sections, since it is just for short time.
Thus, it is not relevant for heat flux into the rock-mass or the lining. An important issue is the
sudden expansion of air at the end of the de-aeration pipe that leads to significant cooling of the
air temperature. This effect may freeze some portion of saturated water in the air and further
specific test and careful design is required for final practical use. This demands carefully
rounded pipe inlet respectively outlet designs.
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6.6 Storage-Tunnel Surge Tank

This chapter describes the aspects of surge tanks that allow tunnels to operate both for free
surface flows as well as in pressurized flows to optimise the hydraulic performance and
multifunction of hydro power and hydraulic energy storing schemes. The aspects are also
relevant for large storage cavern array systems in combination with underground pumped
hydropower plants to optimise the volume use.

In specific cases, upstream reservoirs may be usefully enlarged by the storage volumes of the
tunnel systems. Such multipurpose conveyance systems may be applied at storage hydropower
plants, run-of-river power plants or pumped storage hydropower plants. For small or mid-sized
hydropower plants, the storage-tunnel can improve the performance regarding the production
and grid regulation operations. Also, hydropeaking surges in rivers may be at least partially
transferred to the storage-tunnel. Additionally, to headrace tunnels, tailrace tunnels may be
adapted. For pumped storage hydropower plants with long tunnel infrastructure, storage-tunnels
can be utilised for volume optimisation. For sufficient power production at free surface flow,
storage-tunnels have to offer adequate heads on the turbines. To achieve this, the inclination
should be as small as possible. This inclination can be determined specifically for each site and
may be between 0.1 % to 0.2 % [190]. The topic was presented and published at 19%
International Seminar on Hydropower Plants, Vienna 2016 [191]. Based on the studies of
Wechtitsch (2014) [190] a 1D-numerical model in Wanda was applied to capture storage-tunnel
flow behaviour. The model utilises free surface pipe elements that neglect air effects. A realised
project in Austria by Widmann et.al. (2015) [192] utilises the benefits of the storage-tunnel
design with increased flexibility operation options for mid-sized hydropower schemes. Berg
et.al. (2019) [193] describes a storage-tunnel concept for a power plant in Norway including
typical Norwegian brook intakes into the design.

Since 2014 the mid-sized hydropower plant with storage-tunnel project Stanzertal is
successfully in operation in Austria [192]. Usually, conveyance tunnels provide an insignificant
amount of water compared to the reservoir sizes, thus a clear defined one-phase system with
water has been usually the goal of the power waterway design. The main concerns regarding
changing conditions between free surface flow and pressurized flow are addressed as the:

1. Behaviour of intruded air bubbles or accumulated air,

o Sudden release in upstream intakes

o Air behaviour at transition from tunnel to pressure shafts
2. Water hammer reflection
3. Prevention of column separation

Regarding the above-mentioned aspects, following solutions are proposed:

e Air must not be released by a blow-out upstream and not be transported to the turbines
respectively pumps.

e A de-aeration shaft installed directly after the main inlet prevents sudden air releases
[192]. The protection against air bubbles or air core swirl flows into the pressure shaft
avoids air problems in the machines.
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e Airintrusion can be avoided if no waterfalls or hydraulic jumps occur at the transition
from the pressure tunnel into the pressure shaft. Sufficient precautions and an adequate
surge tank design fulfils these requirements.

e Regarding water hammer reflection, the free surface or captured air is seen to be
positive, because it reflects water hammer pulses. The danger of column separation can
be avoided by providing an appropriate surge tank construction.

A main advantage of a storage-tunnel concept may be utilised by integrating this at run-of river
power plant sites with long conveyance tunnels and high discharges and low or medium heads.
Such systems demand for large diameters to keep the mass oscillation stability criterion. By
designing a storage-tunnel concept this may lead to beneficial use of the surge tank as storage
and utilising the tunnel both as a free-flow and a pressurized conveyance system.

Storage-tunnels can be integrated in water conduit systems of a hydropower plant to support
flexible peak production in combination with compensating the size of basins if required, in
respect to the environmental demands regarding surge mitigation.

6.6.1 Storage-Tunnel Surge Tank Operation

For turbine start-up the storage-tunnel surge tank has to provide sufficient water in the lower
chamber at a very deep level. For a shut-down event the chambers need to capture the water
volume and dissipate the kinetic energy of the water in pressure tunnel by generating a counter
head. The dissipation can be provided by a hydraulic throttle and the corresponding up-surge.
For all possible start-up times, column separation or macro-cavitation must not appear at the
transition of the pressure tunnel to the pressure shaft. To allow sufficient safety regarding this
aspect the pressure tunnel is widened in the pressure tunnel section before the transition.
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Figure 6-28 shows the schematic sketch of the storage-tunnel surge tank design concept. In
respect of a deep position of the lower chamber, the water level is designed to allow various
free surface levels in the conveyance tunnel respectively pressure tunnel. The hydraulic system
IS to be designed to allow resonance load-cases for mass oscillation. For run-of river schemes
an unfavourable unloading-reloading in resonance may be sufficient. This means no further
need to investigate resonance load-cases such as suggested for pumped storage schemes.
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Figure 6-28: Schematic layout of a run-of river power plant with storage-tunnel and storage-tunnel surge tank,
direct water intake design (Richter [194])

In case of shut-off events the differential design of the surge tank dissipates the kinetic energy
of the water in pressure tunnel by overflow from the main shaft into the differential shaft
controlled by the throttle loss. The combined effect of the throttle and the overflow height
defines the maximum pressure at the surge tank base regarding the mass oscillation. The upper
chamber is directly connected to the lower chamber via the differential throttle. The two
chambers are constructed as inclined tunnels. The tunnel sizes are defined by the needs of the
mass oscillation for the design load-cases and the stability criterion. The chambers can be
constructed from the same access. The upper chamber significantly reduces the backflow of the
water from the surge tank to the reservoir due to its low position above the maximum level in
the reservoir. The throttle is necessary to dampen the discharge into the upper chamber through
the lower chamber. Thus, the throttle is recommended to be a differential throttle with higher
resistance for the inflow respectively the up-surge direction. The throttle needs to be designed
for an optimised diameter that allows sufficient volume in the upper chamber in case of a sudden
shut-off, in order to avoid a filling of the differential shaft. The throttle itself has an insignificant
impact to the water hammer design [195]. To allow the escape of air, the throttle has an air pipe,
that is placed at the crown of the tunnel section at the throttle’s position as it is shown in Figure
6-30.
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Figure 6-29 explains an adaption of the explained design above with an additionally syphon
that bridges a valley or other obstacles between the inlet and the storage-tunnel itself. The
syphon is always pressurized. The air flow for the storage-tunnel is provided by the deaeration
shaft at the beginning of the storage-tunnel.
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Figure 6-29: Schematic layout of a run-of river power plant with storage-tunnel and storage-tunnel surge tank,
siphon water intake design (Richter [191])

The water hammer will be mainly reflected in the main shaft of the surge tank. The main shaft
is designed without a throttle and is located very close to the pressure shaft.

Since it is possible that the flow conditions in the storage-tunnel change from free surface flow
to pressurized flow, it is very likely that air is trapped at the top of the tunnel. This air has on
the one hand a positive effect regarding dampening of pressure pulses but on the other hand
tends to move, according to the local hydraulic situations. Therefore, a shaft is placed to provide
de-aeration close to the inlet structure at the reservoir to avoid blow outs at the inlet construction
or racks.
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Figure 6-30 shows the horizontally arranged differential throttle in the pumped storage
hydropower scheme Obervermuntwerk I1. This throttle design is principally comparable for a
suggested throttle design to be applied for storage-tunnel surge tanks. The asymmetric design
in this specific case provides a hydraulic loss factor of about 2.8 [-] with a significant down-
surge loss in relation to the up-surge direction. The pipes are installed at the crown to provide
de-aeration of the hydraulic system and at the invert to allow de-watering of the surge tank in
case of maintenance.
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Figure 6-30: Example of a differential throttle with a de-aeration and a de-watering pipe in horizontal

arrangement for the pumped storage power plant Obervermuntwerk Il [44] (Lazer, (modified),
picture: courtesy of lllwerke AG)
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6.6.2 Stability Criterion for Storage-Tunnel Surge Tanks

Hydropower plants with small or medium heads, large discharges as well as long tunnels
demand for large horizontal surge tank section areas to fulfil the stability criterion. This may
appear at run-of river power plants with long power waterway tunnels. The water levels of such
power plants do not vary significantly. A slightly inclined storage-tunnel allows high power
output at free surface flow in the storage-tunnel. The chambers of the storage-tunnel surge tank
are designed for the stability criterion. Therefore, a free surface flow has to be provided for all
operational cases in the chamber areas especially in the connection tunnel between the two
surge chambers. But also, the lower and the upper chamber can be accounted for the stability
purpose, integrated to all other design load-cases.

6.6.3 Case Study Simulation for a Storage-Tunnel Surge Tank

This chapter briefly describes the simulation and design study of a storage-tunnel surge tank
facility. The remaining hydropower potential in regions with already high shares of hydropower
exploitation may demand solutions to optimise the value of such hydroelectric facilities. Places
with the necessity of long tunnel infrastructures may be constructed with storage-tunnel surge
tanks as the example below is desired to indicate.

6.6.3.1 Stability Criterion

The 1D-numerical simulations were conducted with V4.3 to investigate a generic scheme,
demonstrating the practical applicability. A most unfavourable load-case of machine start-up is
simulated by utilising 3D-numerical simulations.

The experiences by the author of applied research of small-scale physical model tests with
hybrid modelling of surge tanks were used to calibrate the 1D-numerical simulations of the
generic case. Especially in the lower surge tank chamber, transitions between pressurized and
free surface flow regimes appear to be complex, since air is suddenly released. The experiences
from filling lower chambers in Austrian surge tanks show a robust behaviour. The layout
criteria are applied to the storage-tunnel surge tank design.

The pilot case simulation is conducted to compare load-cases for start-up and shut-off events
as well as stability events. As roughness parameter the Strickler coefficient Kst [mY%/s] is
applied as a basic value for the simulations. The following power plant dimensions are generic
and defined for case simulation:

Gross head: 60 m

Design discharge: 140 m?/s

Length of storage-tunnel: 15 000 m, D = 8.0 m, Kst = variable
Gross storage volume: 754 000 m3

Power capacity: 67 MW

Pressure shaft: L =80 m, D =6 m, Kst = 110 m*®/s
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Tunnel alternative A): tunnel —without concrete lining Kst=55 m¥3/s (TBM drilled, lined
with shotcrete)

e Needed stability area regarding the Thoma criterion:
with factor 1.0 [-]: 325 m?,
with factor 1.5 [-] (usually adapted): 488 m?
¢ Needed stability area regarding the Svee criterion [65]: 433 m?2

Tunnel alternative B): tunnel — with concrete lining Kst = 85 m3/s

The roughness of a concrete lined tunnel is defined by the Strickler coefficient of Kst =
85 m¥/s. This comparison assumes the same diameter for the concrete lined tunnel as well as
the unlined tunnel. The following stability areas are demanded:

e Needed stability area regarding the Thoma criterion:
with factor 1.0 [-]: 777 m?,
with factor 1.5 [-]: 1166 m?
e Needed stability area regarding the Svee criterion [65]: 833 m?2

The comparison of both tunnel configurations shows, that the stability criterion regarding the
Svee criterion requires smaller surge tank areas than utilising the Thoma stability criterion with
the suggested empiric safety factor of 1.5 [-] by Jaeger [64]. The efficiency of the hydraulic
machines is assumed to be constant. Due to the slight inclination and the free surface flow in
storage-tunnels, especially for run-of river power plants the internal pressures are very small.
For storage-tunnel surge tanks with differential effects for a short period of time, higher
pressures are generated. For specific tunnel situations with sufficient geological conditions, an
unlined tunnel can provide several advantages such as:

e Additional storage volume,
e A smaller stability criterion as well as
e Construction and economic advantages.

Since a storage-tunnel surge tank offers a complex geometry with variable horizontal sections
a comprehensive 1D-numerical stability analysis with free surface pipe elements is demanded.

6.6.3.2 Simulation of the Storage-Tunnel Surge Tank

A generic case study is conducted regarding the operation of a storage-tunnel surge tank. A
storage-tunnel is defined with an internal diameter of Di= 7.0 m, Length L=14.5 km with an
inclination of 0.11% and a design turbine discharge Qa = 140 md/s. This example should
highlight a case where a run of river power plant is diverted in a quite large long tunnel utilising
a relatively small head. By applying a storage-tunnel surge tank several advantageous aspects
compared to conventional design can be addressed:

e Active utilisation of surge tank volume to meet stability criterion,
e Utilisation of significant volume of the tunnel for flexible operation,
e Storage reserve for surge mitigation.
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Figure 6-31 shows the specific time frame at 300 s of the 1D-numerical simulation with a
graphical visualisation of the surge tank. It shows the outflow of the surge tank separated by an
asymmetric throttle between lower chamber and upper chamber. The 1D-numerical simulation
utilises free surface pipe elements to model the headrace tunnel and the surge tank. This throttle
was tuned to allow best possible balance between the water capturing of the lower chamber and
the water flow retardation due to the energy dissipation at the throttle with a higher up-surge
loss compared to the down-surge local loss. The challenge was to balance the discharge through
the throttle and the discharge over the surge shaft with the overflow. This way the upper
chamber is filled from two sides. The headrace tunnel faces partial emptying starting from the
surge tank and surface waves in filling process when the surge tank fills.
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Figure 6-31: (a) 1D-numerical simulation screen shot with the arrangement of the storage-tunnel design using free
surface pipe elements in the software Wanda V4.3; (b) system scheme indicating the part represented

in the 1D-numerical simulation in (a) (Richter [191], modified)
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Figure 6-32 shows the screenshot of the 1D simulation with a total time of 8000 s, the start-up
in 60 s to conduct 140 m3/s through the pressure shaft. 95 m3/s are withdrawn from the inlet;
the difference is utilised by the storage-tunnel reservoir. After the shutdown of the units at
4500 s, the discharge from the inlet refills the storage-tunnel. The timeframe of 300 s links to
Figure 6-31.
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Figure 6-32: Load-case of operation start in the pressure shaft with 140 m3/s in 60s (Richter [191], modified)

Using 1D-numerical simulations, the behaviour of the storage-tunnel surge tank including the
capturing of the free surface flow can be studied and the size of the surge tank can be designed
for the relevant load-cases. The system is started linearly to the design discharge Qawithin 60 s.
The throttle at the end of the lower chamber generates a differential effect due to a 1:3 ratio
between down-surge and up-surge loss factor. The lower chamber is connected at the same
elevation as the storage-tunnel. This allows a start-up with free surface flow in the tunnel system
without column separation. A de-aeration of the lower chamber through the throttle is necessary
and simulated in a simplified manner in the 1D simulation. This de-aeration is applied by a pipe
at the crown of tunnel through the throttle section. Further comparison such as multiphase 3D-
numerical simulations and physical model tests are important for specific cases. An increased
diameter of the tunnel before the transition to the power shaft as visualised in Figure 6-33 is
necessary to avoid flow separation and a waterfall at the transition to the pressure shaft. The
transition at this location shows a free surface in the tunnel and a pressurized flow in the shaft.
The conventional tunnel diameter design is not sufficient since the acceleration of the water
mass at the time of creating the free surface is changing due to the significant difference by a
factor of 100 [-] due to the difference of the pressure wave information (~1000 m/s) and free
surface wave information (~10 m/s). At closing or shut-off, air is captured in the pressure tunnel
system and needs to escape by the aeration shaft after the inlet to avoid blow outs. Waiting
times for re-opening may be considered specifically.

Hybrid modelling for specific design is demanded. The benefits of such storage-tunnel systems
can be the utilisation of water mass of surge mitigation from an ecological point of view and
increased flexibility for economic point of view. Both aspects are in close relation to improve
resource efficient hydropower applications.
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Figure 6-33 shows the result from a 3D-numerical simulation of the pilot case storage-tunnel
surge tank with a geometry as shown in Figure 6-34 and Figure 6-35. The turbines were started-
up within 60 seconds.
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Figure 6-33: CFD Simulation for start-up of pilot case system — free surface flow in tunnel and surge tank —
widened tunnel section before the drop into the pressure shaft (Richter [191])
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Figure 6-34: Asymmetric throttle with de- Figure 6-35: Front view of the storage-tunnel surge tank
aeration pipe, detail (Richter [191]) (Richter [191])

Regarding the hydraulic dimensioning of the storage-tunnel surge tank the following parts were
designed by 1D and 3D-numerical transient simulations:

e Lower chamber for the most unfavourable opening load-case without column separation
in the storage-tunnel and a sufficient emptying of the upper chamber regarding the
throttle diameter

e The pressure tunnel diameter before the pressure shaft is recommended to be enlarged
to avoid column separation at free surface flow situations

e Upper chamber for the most unfavourable shut-down load-case in adjustment with the
throttle dimensioning

e Horizontal water surface area in the surge tank chamber regarding the stability criterion
relating to the maximum pressure at the surge tank base
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6.7 Surge Tank Details

This chapter discusses the specific technical details for surge tanks that were investigated both
numerically and in physical model tests:

1) The differential throttle as a mass oscillation damping device.

2) A novel device to mitigate the effects of waterfalls in a specific surge tank shaft such as
air intrusion depth; the waterfall-dampening device.

3) Behaviour of long upper chambers.

6.7.1 Throttle Design

A hydraulic throttle (respectively orifice respectively diaphragm) can significantly improve the
mass oscillation behaviour of a surge tank. This includes a decreased volume demand for the
surge tank as well as improved machine operability that increases the flexibility of the power
plant. The throttle is designed for a specific surge tank in order to improve its distinct hydraulic
behaviour. The connection pipe and all bends account with additional losses that influence the
mass oscillation and may be added to the specific throttle loss in terms of the 1D-numerical
simulation. Hydraulic losses of throttles are always a combination of the geometry before and
after the particular device itself. The actual loss is created mainly by a Borda-Carnot local loss
type, that is created downstream of the throttle. This illustrates that even symmetric orifice
throttles may generate asymmetric losses. Throttles increase the pressure head at the surge tank
base in case of up-surge (for CSTs as soon as the lower chamber is filled, Figure 6-37). At
down-surge the hydraulic loss created by the restricted flow through the throttle decreases the
head acting on the pressurized flow in the hydraulic system. This differential effect of the
throttle dampens the mass flow in the tunnel system, mitigates the volume demand of the surge
tank and decreases the excavation expenses of this construction. Throttles are a simple and
effective way to generate a beneficial differential effect. The throttles need to be designed
specifically for each hydraulic system. Throttled surge tanks have to be checked for:

e Acceleration of the water mass in the surge tank

e Capturing of the water hammer

e Avoiding macro cavitation in the adjacent pipe system
o Need of aeration shaft for cavitation prevention

¢ Need of deaeration pipe for the filling case

e Maximum water jet velocity hitting concrete walls

e Simple geometry for construction

e Need of dewatering pipes

e Prevention of vortex flow

e Resultant forces on abutment

Hydraulically a throttle is designed for specific:

e Up-surge loss coefficient
e Down-surge loss coefficient

Surge Tank Design for Flexible Hydropower 151



RESULTS AND DISCUSSION

Throttles create a jet by the flow restriction. The jet dissipates in the water of the subsequent
pipe. This can be hydraulically seen as a sharp diffuser and thus a hydraulic unsteady effect by
a fluctuating jet. It may result also in a hydraulic loss that shows a fluctuating value. Strong
flow restrictions in combination with high velocity differences between the involved pipes and
structures may result in higher relative loss fluctuations. In absolute values these fluctuations
are small. The fluctuations are also related to the stochastic nature of diffusor flows.

Exact steady local losses are not able to be guaranteed and will always show a certain range.
Thus, it is recommended to design surge tank throttles with some loss margin in order to meet
with the safety design philosophy.

Figure 6-36 and Figure 6-37 show the principal positions of throttles in surge tanks. Throttles
may be placed in the connection shaft or tunnel to the surge tank (Figure 6-36) or in the bottom
of the main riser for chamber surge tanks (Figure 6-37).
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Figure 6-36: Throttle position at transition from Figure 6-37: Throttle position at transition from
pressure tunnel to surge tank (symmetric orifice lower chamber to main shaft (symmetric orifice
throttle, shaft surge tank) throttle, chamber surge tank)

Hydraulic throttles may improve the governor stability of the surge tank [196]. Li & Brekke
[66] conclude that throttled surge tanks may allow smaller safety factors regarding the stability
criterion. Additionally, crown throttles may be utilised to enable semi air cushion surge tanks
as described in chapter 6.5.

6.7.2 Orifice Throttle

Orifice throttles represent simple geometric designs that consist of symmetrical structural flow
contraction. The local loss is basically generated by Borda-Carnot type head loss. If
symmetrical flow restrictions are placed in a straight pipe with fully developed straight flow,
then the head loss is symmetrical in both flow directions. Usually in surge tanks fully
symmetrical hydraulic losses are hardly possible since structural boundary conditions such as
bends or different pipe diameters are present. Especially the pressure tunnel diameter differs
from the pressure shaft diameter and this utilises a different Borda-Carnot loss coefficient.
Further studies of orifice throttles were investigated by Gabl [197] and Adam [198].
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6.7.3 Differential Orifice Throttle

Differential orifice throttles feature significant hydraulic asymmetrical loss coefficients
between up-surge and down-surge. This allows primarily to minimise the net volume demand.
Essential for the differential throttling effect is the Borda mouthpiece introducing an amplified
local loss in the associated flow direction (Figure 6-38).
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Figure 6-39 visualises the complex down-surge flow regime at the Burgstall surge tank throttle.
The flow is efficiently restricted by the throttle and enters an enlarged pipe combined with a
90° elbow. Due to the fluctuating jet the down-surge loss factor shows a slight transient
variation. For 3D-numerical simulations it was found that the average value of a transient
simulation gave the best approximation [116]. Figure 6-39 shows that the riser has a smaller
diameter than the lower chamber and thus this diameter ratio additionally influences the local
loss ratio between the up-surge and the down-surge. Regarding this aspect, no general
maximum loss ration value for differential orifice throttles can be given.
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Figure 6-39: Down-surge situation at certain time step at complex asymmetric orifice throttle
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The loss ratio region is between: 1.0 — 4.0 [-]. It is influenced by:

Diameter ratio of the pipes before and after the throttle
Dimensions of the Borda mouthpiece

Steel thickness of the throttle

Chamfer detail of the throttle entrance

Approach flow

Length of the pipes before and after the throttle
Position of the throttle (at centre or off-centre)

Table 6-2 visualises the approach of the investigation procedure for a differential throttle
design. First, 1D-numerical simulations of the mass oscillation are undertaken, possibly with
rigid column approach, to check the restricting head loss. This can be either limited by up-surge
(maximum pressure) or down-surge (cavitation). Then, a reasonable assumption for the head
loss ratio is applied. The defined local losses are defining the geometry of the throttle for down-
surge and up-surge. These are checked and fine-tuned by 3D-numerical simulations of the
losses. The numerically designed throttle is proven by a physical small-scale model test. By
adapting an appropriate safety factor, the physical small-scale model test may be spared. For
3D-numerical throttle design only, the author suggests a value of about 20 % loss variation in

both

direction towards the more unfavourable and thus, safe side.

Table 6-2: Throttle development procedure

Rough geometry variation

iter

ation process

1. 1D-numerical simulations <+
2. Geometry variation
3. 3D-numerical simulations

) Iteration loo
head loss evaluation P

4. Result: Principal shape of the throttle <

Fine-tuning of throttle geometry

5. 3D-CFD -> head loss up-surge and 7
down-surge
6. 3D Geometry diameter variation Iteration loop
7. Physical small-scale model test for
hydraulic proving
<«

8. Result: final throttle geometry

Surge

Tank Design for Flexible Hydropower

154



RESULTS AND DISCUSSION

6.7.4 Differential Vortex Throttle

The highest possible differential loss factor can be achieved by differential vortex throttles.
Vortex throttles were introduced by Thoma (1930) [199]. The first vortex throttle for a
hydropower scheme was constructed at the HPP Kaunertal in Austria commissioned in 1964
(replaced 2016). Figure 6-40 visualises the 3D geometry of the differential vortex throttle. A
ratio of 1:50 was possible between up-surge and down-surge loss [82] [200]. This specific
vortex throttle was the first of its kind in such dimensions. It was originally designed for and
still popular used for water piping systems [201]. The differential vortex throttles for high-head
hydropower schemes were improved by Heigerth [83], against cavitation issues and equipped
with a lower loss ratio of 1:20. This is still very high compared to differential orifice throttles.
Such high ratio throttles are in operation in several high-head schemes is Austria such as HPP
Gerlos Il, HPP Mayrhofen, PSH Rosshag, PSH Malta-Mainstage [202].
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Figure 6-40: Differential vortex throttle geometry, HPP Kaunertal (Richter [1])
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Figure 6-41 visualises the down-surge with high loss factor due to the vortex flow. In contrast
to a Francis turbine spiral case the vortex throttle consists of a torus with constant flow section
and without any guide vanes. The “draft tube” at the vortex throttle is applied in the centre of
the torus. This design leads to self-blocking of the outflow from the shaft creating the high loss
but also to heavy pressure transients [117]. For very sharp hydraulic design as for the original
HPP Kaunertal high pressure fluctuations and flow internal micro cavitation effects were
observed. The aeration shaft into the centre of the spiral was effectively dampening the induced
noise and forces. In 2016 the surge tank of HPP Kaunertal was replaced by a new surge tank
utilising a differential orifice throttle [203].

Due to the pressure fluctuations, the high construction effort and the limit of scalability to larger
constructions of vortex throttles it is advisable to prefer best valuated orifice throttles for a surge
tank design allowing flexible hydropower operation.
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Figure 6-41: Down-surge of the Kaunertal vortex throttle of 15 m?/s, transient 3D-numerical simulation, snapshot
at specific time point (Richter [1])

6.7.5 Aeration Shaft

In order to avoid cavitation, especially macro cavitation (column separation), chamber surge
tanks with strong throttles in down-surge directions may be equipped with aeration pipes. For
the Kaunertal vortex throttle (1964) a complex aeration pipe system was installed (Figure 6-42).
In this case, the pipes mitigated cavitation effects as well as provided air directly into the spiral
case that was dampening the pressure fluctuations. The pipe that was aerating the lower
chamber was later filled with cement and found not to be necessary. Tests with filling the
throttle aeration pipe have resulted in unacceptable pressure pulsations and thus stated that this
aeration pipe is absolutely needed [204].
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Figure 6-42: Aeration shaft system for Kaunertal HPP vortex throttled chamber surge tank (Seeber, 1970 [82]

modified)

Figure 6-43 shows the placing of an aeration shaft in a chamber surge tank to avoid macro
caviation. The aeration pipe length is driven by the arising local pressure drop (velocity head)
of the throttle at outflow and the corresponding water level in the riser (pressure). In view of
this fact the aeration pipe length does not necessarily enter the upper chamber. Certain pipe

diameters are reccomended to allow proper maintanance work (Di >1.2 m).
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Figure 6-43: Aeration shaft for chamber surge tank
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6.7.6 Flow Direction Aspects for Throttle Losses

To further improve the local loss ratio of differential orifice throttles an angle at the connection
to the pressure tunnel may be applied. The angle with more direct flow to the turbines and sharp
edge for backflow situation generates a lower loss at the outflow to the units and a higher loss
for backflow situations of the mass oscillation. Figure 6-44 and Figure 6-45 show a generic
surge tank arrangement of 30° attached connection tunnel in plan view. Figure 6-44 shows the
outflow of the surge tank towards the units, this direction creates less dissipation as for the
back-flow situation in Figure 6-45 with a higher head loss of 23 % due to this arrangement. The
lower loss to the units may also be an advantage for pump trip load-cases, whereas a quick
outflow of the surge tank to the pressure shaft is in favour to mitigate low pressure situations

The simulations were conducted at a numerical scale model of 1:30 and discharges realising
Reynolds numbers of about 10° [-] in the outflow pipe.
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Figure 6-44: Throttle alignment with lower loss factor in turbine flow direction as for backflow to the reservoir,
numerical simulation in scale 1:30, plan view (Richter [117])
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units, numerical simulation in scale 1:30, plan view (Richter [117])
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6.7.7 PIV Measurements of a Throttle

This chapter describes the PIV investigations of a vertically aligned asymmetrical orifice
throttle in a two-chamber differential surge tank for up-surge direction. The work described in
this chapter was partly published Richter et. al. (2012) in [205]. Figure 6-46 shows the geometry
of the investigated surge tank with the position of the throttle and the 3D geometry. The PIV
measurements were compared with 3D-numerical simulations.

For modelling the turbulence in the 3D-numerical comparison, Reynolds averaged Navier
Stokes equation (RANS) implementations were applied with SST and k-e models. Aside from
the calculations of the loss coefficients, the prediction of velocity profiles at parts of the
particular surge tank was an important aspect. The reason for the investigations were a variant
study of the throttle placing and the distance of the throttle to the wall of the main riser. Velocity
concentrations were considered to touch the main riser lining. In the case study, a concrete wall
after the throttle up-surge direction is close to the main jet of the throttle and thus, created high
flow velocities. Figure 6-46 shows the throttle alignment in the surge tank.
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Main shaft
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Aeration shaft
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throttle
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Figure 6-46: Two chamber tailrace surge tank for PIV investigations (Richter [205])

To investigate the effect of the up-surging jet on the lining of the main shaft and in particular
for the integrated aeration shaft, parts of the surge tank were constructed in acrylic glass at a
scale factor 1:25. The throttle and lower chamber were constructed in stainless steel. For
practical reasons the surge tank was positioned horizontally. Gravitational forces were found to
be negligible for the throttle investigations. To avoid distortions (astigmatism) of the laser light
by the curvature of the circular shaft a small basin was attached to the shaft and filled with
water to provide a plane surface. This basin had rectangular walls whose surface was parallel
to the velocity plane investigated with the PIV. This accounts for almost the same refraction
indices for acrylic glass and for water to capture a non-distorted image [119]. For the purpose
of the seedings to be reflected in the laser sheet the natural turbidity of water of the hydraulic
laboratory in Graz was utilised, as described by Dobler (2012) [119]. The reflected seeding on
the laser sheet was captured with a high-speed camera.
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Figure 6-47 illustrates the positions of plane 1 and plane 2 to measure the velocity field by the
means of the PIV. Figure 6-48 sketches the section of the main shaft where the flow is reduced
by the aeration shaft. The analysis was applied to determine the influence of the high flow
velocities onto the affected parts of the construction. Figure 6-49 visualises the experimental
equipment of the PIV-device. The laser sheet covers plane 1 and plane 2 measurements in the
flow section. The size of the planes was restricted due to the opening angle of the laser sheet.
The high-speed camera is positioned orthogonally to the laser sheet. To compare the flow
velocities in this plane, 3D-numerical simulations were conducted.

g High speed camera

Plane water surface to eliminate distortion

\ Blocli out of the aeration shaft
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A Plane of flow >E|
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Contour of the throttle

z Contour of the shaft

L.

Figure 6-47: Measurement planes of the PIV  Figure 6-48: Section A-A of the main shaft and plan view
investigations (Dobler [205], modified) of the throttle (Dobler [205], modified)

Surge Tank Design for Flexible Hydropower 160



RESULTS AND DISCUSSION

Figure 6-49 visualises the PIV setup within the PIV housing. Since the used laser represents
class 4 intensity the investigated section was housed by this safety housing.
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Figure 6-49: PIV setup surrounded by the P1V box for safety reasons (Richter) [205]

Figure 6-50 shows the detail of the green laser sheet after the throttle outlet with the water basin
placed on top of the circular pipe to allow a horizontal water surface for a perpendicular flow
field visualisation to avoid distortion due to the curvature of the circular pipe geometry.

Figure 6-50: PIV laser sheet at throttle outlet (Richter)

Figure 6-51 and Figure 6-52 represent the mean velocities for one data set each (10.000
pictures). The investigated load-case refers to an up-surge situation. The time step between two
pictures is 500 us, respectively 0.5 ms.
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Flow Flow

direction direction -

Figure 6-51: Average flow velocity over 5 Figure 6-52: Average flow velocity over 5
seconds (model scale), plane 2 of PIV seconds (model scale), plane 1 of PIV measurement
measurement (Dobler [205]) (Dobler [205])

Figure 6-53 visualises the flow of the 3D-numerical simulation in model scale as investigated
with PIV with the steady-state solver of Ansys CFX. In direct comparison to that, the results of
the transient flow simulation with Ansys CFX of the prototype scale is shown in Figure 6-54.
In general, a comparability can be stated. But significant flow pattern differences are visible
especially the higher rate of disturbances near the edge. Diffusor jets such as in throttles are
never stable and thus need to be simulated with a transient approach as also stated above in this

thesis. Subsequently also throttle losses are always varying slightly by some percentage of loss
factor amplitude.
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Figure 6-53: Average flow velocity in steady- Figure 6-54: Average flow velocity in transient
state CFD calculation of the model test regarding ~ CFD calculation of the prototype regarding

the same boundary conditions as for the PIV the same boundary conditions as in the model test
measurements (Richter [205]) (Dobler [205])
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Figure 6-55: PIV result: Distribution of the up-surge flow  Figure 6-56: Schematic description of the
at time step 1.5 s (Dobler [205]) measurement planes 1 and 2 (Dobler [205])

Figure 6-57: PIV result: Distribution of the up-surge flow  Figure 6-58: PIV result: Distribution of the up-
at time step 2.0 s (Dobler [205]) surge flow at time step 2.5 s (Dobler [205])
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Figure 6-55, Figure 6-57, Figure 6-58 and Figure 6-59 show the transient flow behaviour of the
throttle outflow dissipation zone at different time steps after the 90° bend. The laser sheet is
placed in two sections (Figure 6-56). Figure 6-59 and Figure 6-60 show the PIV measurements
in comparison to the transient 3D-numerical simulation. The figures show that the tip of the jet

is highly fluctuating and. The transient 3D-numerical simulations show a comparable result
representing the jet dissipation.
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Figure 6-59: PIV result: Distribution of the up-surge  Figure 6-60: 3D-CFD transient simulation
flow at time step 3.85 s (Dobler [205]) model scale equal boundary conditions as PIV
model test measurement (Dobler [205])
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6.7.8 Long Upper Chambers - Hydraulic Behaviour

This chapter describes the transient flow behaviour studied for the long upper chamber of the
Krespa surge tank and the looped upper chamber of the Atdorf surge tank.

Upper chambers are slightly inclined free surface flow tunnels. In contrast to lower chambers
the occurrence of pressurized flow has to be avoided. The filling and emptying process is mainly
driven by the inclination and the length of the tunnel. Since a higher inclination influences the
gravity centre of the upper chamber it effects the mass oscillation and thus the volume demand
of the surge tank. The steeper, the more volume is needed. At the end wall of the surge tank
respectively at the aeration structure, a reflection of free surface waves takes place. The aeration
structure has to prevent any overflow out of the surge tank system. Upper chambers in Austria
are designed with sufficient reserve volume, even for extreme resonance load-cases [55]. The
emptying process of the upper chamber will basically be accompanied by a waterfall at a
specific time step. In superposition with the reflected wave, the waterfall will have a specific
maximum impact. The wave reflection can be minimised by structural precautions such as steps
or beams [206]. Moreover, an optimised inclination improves this behaviour. In case of the
Krespa surge tank an inclination of 1.5 % was found to improve the surge wave behaviour with
minimum reflection intensity and no flow blocking of the tunnel (Figure 6-61) [43]. This
specific upper chamber has a length of 311 meters and an internal diameter of 7.0 m for a
circular profile. It is filled with about 210 m3/s at peak inflow. An ideal inclination (variant B
in Figure 6-61) could be evaluated by 1D- and 3D-numerical simulations. The inclination was
confirmed by physical model tests. Additional deflectors were investigated (variant C). In case
of the pilot study the deflectors were not found to be necessary. But for other chambers with
significant surge effects deflectors may improve the transient filling. The demand for deflectors
is to dissipate differentially by utilising higher losses at inflow and lower losses at outflow.
Thus, the deflectors hydraulically perform best if constructed as segmental structures at the
walls as “ears”, to keep undisturbed outflow for low water levels. A proposed deflector design
is visualised in Figure 6-62.
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Figure 6-61: Filling of specific long upper chamber with surge reflection at aeration building with slope
inclination of 1.0 %, 1.5 % and 1.5 % plus additional deflectors at the side walls (Richter [207])
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Figure 6-62 shows the filling and emptying improved by dissipators that are attached on the
sidewalls. The dissipators only dissipate the flow above a certain level, allowing undisturbed
and non-delayed outflow of the long chamber for low water levels. The dissipator design allows
vehicles to drive through. The obstacles allow an equal water surface in transient filling. This
feature was numerically tested in simulation prototype scale. It clearly shows the demands of
dissipation and undisturbed emptying at low water levels in the upper chamber to avoid
accumulating effects in case of resonance upper chamber load-cases. The dissipators are not
attached in the front part of the upper chamber, in order to not create a flow blocking.

Emptying

Figure 6-62: Long chamber filling and emptying improved by sidewall dissipators (Richter [117])

Some very large hydraulic power waterways may demand for very large surge tanks such as
the investigated case study of the Atdorf PSH tailrace surge tank. This provides a gross surge
tank volume of over 130,000 m3. The net water demand depends significantly on the design
approach and may be much lower, since an upper chamber must not overflow and thus air
volume has to be included as specifically defined. Lower chambers may additionally contain
the demanded water at their invert to provide sufficiently low water velocity to avoid hydraulic
jumps with undesirable air intrusion in case of outflow. A common longitudinal inclination of
the invert is about 1.0 %. This is usually sufficient for the outflow. Especially, if a lower
chamber is very long and large amounts of water have to be provided to the system a
comprehensive design with adjusted inclination improves the hydraulic behaviour. Thus, a
minimum water level is demanded to allow for sufficient flow capacity and can be quantified
as dead water in sense of not active water volume for the mass oscillation. Especially for slightly
inclined chambers with outflow at small water depths high velocities and unfavourable
hydraulic jumps may occur. Such effects would intrude air into the system, which is unwanted.

The case study of surge tank Krespa shows an example of a very compact lower chamber design
with three attached branches and large diameters of 3x D; = 7.0 m, that are vertically enlarged
to 9.0 m and conical decreasing at the connection to the main riser. This inclination at the crown
and the invert allows both a deaeration in case of up-surge event and a dewatering in case of
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unfavourable design down-surge. The chamber length is 70 m. Due to the large cross section
the water level rises and falls very slowly allowing a high outflow capacity and avoiding any
hydraulic jump. Thus, it is possible to design the chambers for complete emptying and avoiding
dead water volumes. In this particular case the long connection shaft to the pressure tunnel
serves as hydraulic safety volume. New surge tanks for large hydro schemes that contain
significant water inertia to overcome in the power waterways may need to be designed uniquely
for optimised volume demand. Surge tanks facilities are applied according to the needs of the
specific demands of the power plants.

Figure 6-63 shows a detail of the upper chamber connection to the main riser of the Atdorf surge
tank with flow retardation structure to improve the differential effect, a toy person in scale is
visualizing the prototype size.

Weir structure

Figure 6-63: Chamber connection to the main riser for Atdorf surge tank model (scale factore1:40), scaled human
(Richter [106]))
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In case of the PSH Atdorf surge tank, a four-chamber arrangement, 8-loop shaped, both upper
and lower chamber were tested. The two 8-loop shape chambers have four overflows into the
main shaft. The entrance level of a single loop is lower as the exit level due to the helix
geometry. Consequently, no filling surge is reflected at a structure but two confronting surge
waves. This allows a moderate outflow of the upper chamber with a free surface flow and
without large reflection waves [142]. Waterfalls intrude a massive amount of air into the main
shaft. If the surge tank is designed with a moderate length flow-through lower chamber (about
half of the chamber length) air bubbles can escape to the crown of the lower chamber.

Figure 6-64 shows the 3D-numerical simulation of the filling of the 8-loop upper chamber from
two sides. The filling leads to an effective dissipation of the free surface flow to generate an
equal filling without significant free surface waves of the long chamber. The observations from
the 3D-numerical simulations were validated by the physical model test.

Water Superficial Velocity
Vector 1

15.00 P 5
13.50 ! 3 o
I \ -
12.00 |
\\ - g »
;

10.50
9.00
750 — Dissipation
6.00 splash

......

450
3.00
1.50

0.00
[m sA-1]

Dissipation
splash

@ Time LT8 =460 s ]

Figure 6-64: 3D-numerical simulation of the surge tank PSH Atdorf, upper chamber filling (Richter [142])

Long chambers may generate complex surface waves that must not lead to overflow or spilling
at the aeration construction, thus a deflection plate is an effective structure to guide the waves
back into the chamber (Figure 6-65). Figure 6-66 a) to d) visualises the functionality of the
deflection plate at a transient filling of a curved long upper chamber. The surge wave is
amplified by its flow into the chamber and splashes on the confining wall creating a significant
vertical up-surge that is redirected by the plate into the chamber as a spill protection. The toy
person, placed directly on the deflection plate, indicates the scale of the physical model test, in
the particular case 1:25.
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e ﬁ Deflection plate
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— Filling surge

Figure 6-65: Long chamber spill protection by deflection plate
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Deflection plate

Surge wave

a) Long chamber spill protection by deflection plate, advancing surge wave

Deflection plate

Surge wave

b) Long chamber spill protection by deflection plate, advancing surge wave

Deflection plate

Surge wave

c) Long chamber spill protection by deflection plate, advancing surge wave, up-surge at wall

Deflection plate

Surge wave reflection

Figure 6-66: d) Long chamber spill protection by deflection plate, surge deflection by the plate (Richter)
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6.8 Waterfalls in Surge Tanks

Waterfalls in surge tanks occur at upper chambers designed as slightly inclined free surface
flow tunnels. These chamber constructions are filled at up-surge events. At the subsequent
emptying of the chamber, the free surface discharge capacity will not fulfil the flow demand
regarding the mass oscillation at a certain point. At this point of time, the flow separates at the
transition from the shaft to the upper chamber and causes a waterfall. Concerning the mass
oscillation, the separation functions as a dampening due to the retention of water in the upper
chamber. Therefore, this is beneficial for the surge tank design. The dampening reduces the
volume demand of the surge tank. Usually, the volume reduction will be more significant for
the design lower chamber load-cases. Because of reduced time with full head in the surge tank
after the filling event.

The challenge of a waterfall is the air intrusion into the water in the shaft. Air bubbles should
not accumulate in the pressure tunnel or reach the machines. Figure 6-67 shows the situation of
flow separation in the surge tank with waterfall and air intrusion. Figure 6-67 shows the
principle of the de-aeration in the lower chamber if it is a flow through design. Air accumulates
at the crown of the lower chamber and can then escape back into the riser. Model test
investigations show, that a crown inclination of 2.0 % leads to a good behaviour for de-aeration.
In comparison to that, Figure 6-68 visualises a surge tank with improved outflow of the upper
chamber. The waterfall will still appear but less intensive. The head of the surge tank is AH
higher than for the surge tank with separation. This AH additionally accelerates the backswing
from the surge tank to the upper reservoir. Subsequently the outflow of the surge tank will be
higher as the damped one with the waterfall. This will result in a higher volume demand and
more complex geometry. If in resonance load-cases at drawdown level the upper chamber partly
fills, the separation can significantly improve the dampening of the mass oscillation. In case of
large surge tanks, this effect is very important to be utilised. Figure 6-68 visualises a smoother
transition of the upper chamber into the main shaft. This may mitigate the waterfall appearance
but cannot completely avoid it.

Separation of flow in the upper chamber No separation of flow in the upper

\ chamber

< Air < Air

Stability
Area ~ 2% inclined crown

Air intrusion

Pressure tunnel

Mass oscillation

Figure 6-67: Chamber surge tank with flow Figure 6-68: Chamber surge tank with mitigated flow
separation and waterfall intruding air into the water separation due to outflow optimization (scheme). Less
cushion  (scheme). Positive regarding mass separation is negative regarding mass oscillation
oscillation dampening. dampening.
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For any kind of upper chambers made as tunnels, a flow separation may appear. Chambers
would need to be very steep to avoid waterfalls and thus would lose the upper chamber effect
and would need more excavation volume. A compact upper basin with steeply inclined inverts
may allow emptying without waterfall, such as visualised in Figure 6-69 and Figure 6-70.
However, such an upper basin also requires more volume as a well-designed upper chamber
allowing a waterfall. The advantage of design in Figure 6-70 compared to Figure 6-69 is the
direct water hammer reflection in the shaft.
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Figure 6-69: Compact upper chamber to avoid Figure 6-70: Compact upper chamber to avoid
waterfall occurrence, with lower chamber inertia waterfall occurrence, without lower chamber inertia
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6.8.1 Air Bubble Entrainment

In case of the Krespa surge tank the air bubble behaviour was intensively studied to predict the
impact of the design waterfall case. These studies, in addition to the conclusions made by the
physical model test of the Atdorf surge tank were the basis for the development of the waterfall-
dampening device described in section 6.8.7. In the following, the creation of air entrainment
is briefly discussed. Two ways of possibilities to entrain air by a plunging jet into a water body
are described by Danciu [208]:

1. Between the rough wavy boundary of the jet and the waves at the surface of the water
body air pockets are trapped (Figure 6-71)

2. At jet submergence into the water small air pockets are created that collapse with high
frequency and are dragged down into the water (Figure 6-72)

The buoyancy force and the drag forces act on the air bubbles. The bubbles are also deformed
such as compressed or expanded, thus the forces on single bubbles are varying very
significantly. For the air intrusion depth, it is not possible and not meaningful to evaluate a
single bubble. Essentially the maximum intrusion depth is investigated. Studies for the surge
tank behaviour are made by utilising literature and via 3D-numercial simulations. In addition,
coalescence (confluence of colloidal particles) causes the merging of small single bubbles into
larger bubbles. This reduces the surface area, causing larger bubbles to rise faster. On the one
hand, the lower surface generates less friction loss, and on the other hand, a larger volume
creates a larger buoyancy component. However, this positive effect is neglected in the
consideration of the degassing studies for surge tanks.
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Figure 6-71: Air entrainment mechanism (1), inclusion of air packets by contact of wave peaks of the water
cushion and the jet (figure from Danciu [208])
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Figure 6-72: Air entrainment mechanism (2), inclusion of air packets due to surface tension effects (figure from
Danciu [208])

Surge Tank Design for Flexible Hydropower 172



RESULTS AND DISCUSSION

The goal of the surge tank design is to find robust solutions for a complex issue such as air
bubble behaviour. The following list explains the most important processes of air intrusion by
waterfalls in surge tanks and the de-aeration mechanisms. It identifies also aspects that are not
considered for the surge tank design, for reasons of providing a conservative engineering
approach.

e Vertical impulse of the jet; most important negative component

e Vertical terminating velocity of the single bubble; most important positive component

e Single-bubble compression; negative because of decreased terminating velocity
component; not considered in simplified approach; covered by safety factors

e Solution of air in the water; positive; not considered

e Coalescence; positive; not considered

¢ Rotational flows; negative; can be very complex and therefore difficult to calculate. At
Kopswerk 11 a flow calming rack was designed to mitigate the rotation flow for this
aspect [209]

e Deformation of the single bubble; negative in principle; not considered, because
hardly detectable

e Separation of the jet and formation of water packages; positive, not considered for
design cases because the falling height is too small for the separation of the entire
waterfall. However, this effect provides security in load-cases with a low water level in
the riser shaft with high falling heights of the waterfall.

The waterfall in a surge tank will be an aerated jet at a certain falling height, depending on the
discharge and on the Rayleigh-Taylor instability [210]. The jet will disperse into large and small
packages of water that hit the water surface like bullets. It is assumed that the air intrusion
mechanism (2) is formed by dragged cavities that enclose air and are being pushed into the
water body (Figure 6-73) [208].

Water packages create voids in the water cushion which quickly close, but producing air
pockets forming the bubbles. Considering the more unfavorable air intrusion depth by a
demolished jet means to start from a lower penetration depth than a continuous jet. Rather large
flows at relatively small drop height tend to be the worst case for the air intrusion depth. This
aspect is the reason for the design waterfall case used for the specific waterfall-dampening
device for the Krespa surge tank (Chapter: 6.8.7).
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Figure 6-73: Air bubble intrusion mechanism of a single jet (Danciu [208])
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6.8.2 Numerical Simulation of Waterfalls

This chapter describes the waterfall simulation approach for the pilot surge tank Krespa. To
find the design waterfall load-case for the mass oscillation events, different reservoir heights
were investigated regarding resonance flow in the pressure tunnel. A crucial influence for the
waterfall for long single chambers is the reflected surge wave at the rear wall of the chamber.
The design value is the reflected surge wave back to the edge entering the main shaft. A major
question was, if either low drops with high waterfall discharge or high drops with low waterfall
discharges are more unfavourable regarding the air intrusion depth. By the investigations, it
was finally concluded that low drops with high discharge are representing the suggested design
approach. Low dropping heights are associated with higher discharges, since the chamber is
still quite full, and thus higher values of water-air interaction boundary size. This leads to higher
quantities of relative air transported by the impulse of water jet and jet velocity compared to
the situation with high dropping heights and less water quantity. Therefore, a design drop height
between 3.0 to 5.0 m was defined for the specific waterfall load-case. This event was further-
more investigated both in physical small-scale model tests and 3D-numerical simulations.
Figure 6-74 shows the 1D-numerical simulation of the surge tank with long upper chamber in
the case of a reflected surge wave at the upper chamber. At the peak discharge of the upper
chamber a waterfall of about 84 m3/s occurs and drops into the shaft. By accounting for smooth
tunnel friction, implemented in the mass oscillation simulation, this value contains a sufficient
amount of safety. The free surface flow was simulated with free surface pipe elements in a 1D-
numerical simulation approach and was confirmed by the physical model test.
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Figure 6-74: 1D-numerical simulation of the upper chamber behaviour for the waterfall occurrence at the
Krespa surge tank (Richter [43])
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The 3D-numerical simulations were done to investigate the maximum air intrusion depth, since
the air bubble behaviour is not represented by Froude similitude physical model tests. In
addition, the physics of the air entrainment itself cannot yet be modelled directly with the help
of 3D-numerical simulations utilising the RANS approach for an engineering approach. The
aim of the calculations was both the representation of the transient flow as well as the hydraulic
behaviour of the waterfall dropping into the shaft. To find the maximum air intrusion depth, the
velocities of the dissipating jet in the water are compared with literature values of the
terminating velocity of air bubbles. Design assumption: As design air bubble terminating
velocity a value of 0.2 m/s was chosen. It can be assumed that the maximum intrusion depth of
the waterfall is in balance of the terminating velocity of the bubbles versus the degrading
waterfall jet, also reaching the same value of 0.2 [m/s] [211]. The jet degradation in the air and
the effects of the density impact of the bubble flow are neglected for this specific 3D-numerical
investigation, since this was technically not possible to simulate this with the given
computational power and resolution. The method can therefore be seen as an engineering
approach. The results of the simulations were compared with the data of the air intrusion depths
for water jets given by Ervine and Falvey and Falvey [212]. To investigate the further
behaviour of the air bubbles after these are pushed downwards by the water jet at the maximum
depth a kinetic coupling of the flow properties of the mass oscillation process in the surge tank
was applied by a 1D approach. Therefore, the terminating velocity of the air bubbles and the
downward velocity in the main shaft were compared to find the maximum possible downward
drag of air bubbles. The waterfall discharge was modelled by transient 3D-numerical
simulations. Figure 6-75 shows a particular timestep with the intruding water fall of 63 md/s
and a falling height of 15 m and a measuring plane 62 m below the water surface. The boundary
conditions were given by the results of the 1D numerical simulation, imposed as free surface
flow in the upper chamber and the outflow of the main riser.
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Figure 6-75: 3D-numerical waterfall investigations without dampening device (Richter [43])

The jet intrusion depth was visualised by the flow velocity fields in the symmetry layer of the
main shaft. Figure 6-75 indicates the velocities of the waterfall that has reached 19.34 m/s when
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entering the water surface at the certain simulation time. The horizontal layer in the shaft shows
an increased vertical down-warded velocity of 3.97 m/s, indicating the intruding water fall and
due to high local velocities also an intrusion of air bubbles. The 3D-numerical simulation
(Figure 6-77) visualises the outflow of the upper chamber creating the plunging jet by column
separation. The 3D-numerical simulation in Figure 6-77 shows the waterfall with the not-to-
scale air bubble representation. This behaviour may lead to a significant underestimation of an
air intrusion depth in Froude similitude model tests. Figure 6-78 shows the 1D-numerical time
plot of the water level in the surge tank (red line) and the steadily degrading water level at the
upper chamber crest (green line).

Figure 6-76: Waterfall in physical model test without dampening device (Richter [43])
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Figure 6-77: 3D-numerical simulation, Figure 6-78: 1D-numerics including the separation of columns and
visualising the waterfall occurrence with  waterfall discharge into shaft, water level surge tank (red line) and
flow separation at upper chamber (Dobler water level at upper chamber crest (green line), (Richter [106])
[106])
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6.8.3 Criterion of Similitude of Air Intrusion

Air bubbles are not directly scaled in the physical Froude scaled model test, the bubbles are
represented too large in terms of the model scale factor. A higher buoyancy of the individual
bubble is the reason of quicker terminating velocity. In principle, it can be assumed that air
bubbles are pushed into the water body by the water jet down to the water depth where the
balance between the terminating velocity of the bubble and the penetration speed of the jet is
given [211]. From this comparison, it can be concluded that the air penetration depth of a
vertical water jet in the Froude scaled model test is too small. The factor of discrepancy can be
quantified by the Froude velocity factor. For the surge tank Krespa, this results in an air
penetration ratio of v/30 = 5.48 [-] between model test and prototype. With this factor, the
penetration depth of air bubbles in the prototype can be estimated from the model experiment
with a vertical waterfall.

6.8.4 Terminating Velocity of Air Bubbles

For the air terminating velocity, a design bubble diameter of 6.0 mm diameter was used in the
presented investigations. It refers to a local minimum of air bubble terminating velocity (Figure
6-79). The 6.0 mm bubble refers to a terminating velocity of 0.2 m/s. This is more conservative
as the 0.25 m/s suggested by Ervine and Falvey [212].

Figure 6-79 shows the air terminating velocity of single bubbles in distilled and contaminated
water. It can be seen that air bubbles rise faster in distilled water than in contaminated water. It
can be assumed that the water conditions for the pilot case surge tank are somewhere between
the two lines. It can also be seen that air bubbles up to 1.0 to 2.0 mm diameter are also captured
with the terminating velocity of 0.2 m/s. Thus, the value of 0.2 m/s contains a safety aspect.

The local minimum for air bubbles in the order of 6.0 mm results from the deformability of
their shape and the resulting reduced terminating velocity. Images of the high-speed camera on
the physical surge tank model show that air bubbles in this size range are very deformable.
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Figure 6-79: Terminating velocity of a single air bubble (figure from [213])
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6.8.5 Methods for Determining the Air Penetration Depth
This chapter describes how to assess the air intrusion depth for a waterfall in a surge tank.

For the determination of the penetration depths of circular water jets, which are determined
under laboratory conditions, many publications are available, such as Clanet and Lasheras
(1997) [211]. For their investigations, which were carried out under laboratory conditions, the
extrapolated value for waterfalls with considerably larger jet diameters is discussed.

Related investigations are presented by Ervine and Falvey [212]. In this case, both the
behaviour of the jet in the air and its dissipation in the water are considered. Important for the
determination of the air penetration depth is a diagram with data from Vigander [212], which
were compared in the following with the results of Clanet and Lasheras [211].

Until now, it was not possible to use 3D-numerical methods to model the physical process of
entraining air by a plunging jet penetrating free water surface. Therefore, the findings from the
literature study were used to obtain information about an air penetration depth directly from a
3D-numerical flow simulation that calculates the water jet velocity decay in the water. Two-
phase simulations were performed, with the waterfall forming the jet accelerated by gravity,
falling into a sinking water level in the surge tank due to transient mass oscillation (see chapter:
6.8.2).

6.8.5.1 Equation of Clanet and Lasheras

The determination approach developed by Clanet and Lasheras [211] describes a relationship
between the jet diameter, the jet velocity, a 12.5 © aperture angle of the penetrating jet, and the
design bubble size. The equations are proposed for the average penetration depth and a
maximum penetration depth, considering fluctuations.

e e (6-1)
Djet  2tanajer up
Hp 1+ tan aje; Viet 6.2)

Djet 2tan e  Up

Equation (6-1) describes the mean or standard air bubble penetration depth and equation (6-2)
the air penetration depth considering fluctuations.

Hs Air bubble penetration depth

Djet ... Jet diameter entering the water cushion

Otjet Opening angle of a waterfall jet dissipating in the water
Viet ... Jet velocity at water surface

us Terminating velocity of a single bubble

The investigations of Arch (2008) [143] show an average terminating velocity of about
0.19 m/s, that was determined in tailwater canals of Pelton turbines. This corresponds well to
the 6.0 mm bubble diameter approach of 0.2 m/s.
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It should be noted that the terminating velocity may be significantly influenced by turbulence
or rotational flow. Under such boundary conditions the problem becomes more complex. For
investigations on a shaft of a surge tank with a large shaft cross section (Dshaft / Dwaterfan < 10)
these influences are neglected.

6.8.5.2 Experimental Air Intrusion Depth by Ervine and Falvey

The determination of air intrusion depth developed by Ervine and Falvey (1987) [212] describes
the influence of the degree of turbulence of the ruptured jet in free fall and the theoretical angle
of the dissipating jet in the water. The design of the final air penetration depth of a jet or a
waterfall can be determined using the diagram in Figure 6-80. On the x-axis, the ratio of the
velocity of the penetrating jet and the air terminating velocity is given. By intersecting with an
upper measured value, the ratio of the air penetration depth to the jet diameter can be
determined. If the jet or waterfall diameter is known, this results in the penetration depth of the
air bubbles. The jet diameter can be estimated by the continuity condition.
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Figure 6-80: Air intrusion depth in an unconfined pool with bubble terminating velocity of
0.25 m/s, key figure of the Ervine and Falvey publication, (figure from [212])
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6.8.5.3 3D-Numerical Simulation of Waterfalls

Up to now, it has not been possible to directly model the air bubble intrusion process utilising
a multiphase 3D-numerical simulation. However, single-phase 3D-numerical simulations are
able to predict the intrusion depth for vertical jets. The relevant information from the 3D
simulations is the decay of the jet velocity in the water by dissipation. The intrusion depth is
given at the balance of the terminating velocity of the design bubble and the associated velocity
of the jet.

Clanet and Lasheras [211] describe the balance of the terminating velocity of the single bubble
and the downward velocity of the jet in the water. The air bubbles are injected as deep as the
velocity of the penetrating jet has decreased due to the dissipation in the water to that of the
bubble terminating velocity. This criterion was used to compare the air intrusion depth with the
results of the 3D-numerical simulations. The acceleration of the waterfall is described via the
Toricelli equation:

Vo = +/2gH (6-3)

H Falling height [m]

g .. Gravity [m/s?]

After only a few meters of falling height, the waterfall is considerably accelerated. In
combination with the jet diameter and the relationships (6-1) respectively (6-2) the air
penetration depth can be calculated. The disadvantage is that the falling water, due to its
physical properties, tends to concentrate in a compact jet. This behaviour and the dissipating jet
in the water cushion are evaluated using two-phase 3D-numerical simulation.

The calculations are performed with Ansys CFX. Utilising a two-phase model with water and
air temperature of 25 °C, the SST turbulence model, unstructured tetrahedral mesh, time step
of 0.2 s, considering gravitation, standard free surface model, surface tension of 0.073 [N/m],
Laplace Volume Fraction Smoothing (Figure 6-75).

6.8.5.4 Hydraulic Froude Scale Model

In the hydraulic model with Froude scaling, the flow velocity of the fluid is slower by the square
root of the model scale factor. Air bubbles, which are formed through an intruding water jet,
have a similar size as in the prototype with a diameter of about 5-6 mm. Thus, the same
terminating velocity of the prototype is created in the hydraulic model test and is therefore
relatively too fast. This is clearly on the unsafe side and has to be considered by appropriate
assumptions.
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Figure 6-81 shows the comparison between the 1D-numerical simulation of the mass oscillation
case that causes a waterfall into the main shaft of the surge tank Krespa. The first peak at around
90 seconds represents the maximum up-surge by starting the pumps; the second peak at around
325 seconds refers to the resonance load-case of shifting pumps and turbines at a specific time
in order to maximize the acceleration of the flow in the pressure tunnel.

Due to a large diameter and high amounts of water at the waterfall a significant intrusion depth
was found in the 3D-numerical evaluations as well as the waterfall calculations comparing with
the literature [212]. The coupling of the intrusion depth with the velocities from the mass
oscillation in the surge tank showed that structural precautions need to be taken into
consideration in order to avoid air bubbles in the pressure tunnel. It was found that the influence
from the lower chambers on the degassing behaviour of the shaft can be neglected.

2060 - Upper edge of upper chamber at main shaft
Lower edge
~ . .

Height [m a.s.l.]

Figure 6-81: Comparison of the 1D-simulations and the physical model test of the waterfall design load-
case (Richter [43])
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Figure 6-82 visualises the comparison of the evaluations of Clanet and Lasheras [211], Ervine
and Falvey [212] and the results from the 3D-CFD simulations regarding the waterfall. The
investigations of Clanet took place in laboratory size and show a linear relation between jet
dimension and intrusion depth while the prototype scale measurement data from Ervine and
Falvey [212] show a decrease of the intrusion depth with increasing jet velocities. The
evaluated data from the 3D-numerical simulations for high velocity jets confirm the results in
the range of the data according to Ervine and Falvey [212].
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Figure 6-82: Evaluation of Air intrusion depth by water jet, Results from Clanet and Laheras, Ervine
and Falvey and CFD simulations (Richter [43])
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6.8.5.5 PIV Measurements of Air Intrusion Depth

PIV measurements were carried out to measure the bubble intrusion and terminating velocity
in the Froude scale model to evaluate the theory and the air intrusion depth by utilising the
hydraulic small-scale model of the surge tank Krespa. The investigations were done with and
without the waterfall-dampening device by the Master theses of Ruetz (2014) [214] and Urach
(2015) [215]. Ruetz did the investigations at a low drop height. Urach at a high drop height. For
both investigations a rectangular, water filled PIV box was installed to compensate the
refraction of the curved main shaft of the surge tank. The investigations of the waterfall into the
surge tank were done at steady-state flow conditions. A main question was to evaluate the worst
case that can appear in the specific prototype an in general surge tank waterfall situations. The
two maximum cases of waterfall conditions were defined as described in section 6.8.7.

In contrast to the most unfavourable resonance load-cases defining the upper- and lower
chamber design volume, these waterfall load-cases were in-between. Thus, the design level had
to be found manually. PIV measurements were done in Froude scale physical model test
investigation to evaluate the mitigated air intrusion depth by the waterfall-dampening device
[214] and [215]. The plunging single jet creates a heavily disturbed water surface intruding
significant amount of (Figure 6-83). Figure 6-84 visualises the results from PIV for the situation
visible in Figure 6-83. It shows and confirms the instantaneous velocities for the up-warded
flow and thus indicates the bubble terminating velocity and its reverse at about -0.2 m/s.
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Figure 6-83: Air intruding plunging jet at Figure 6-84: Terminal air bubble PIV velocity
physical model without dampening device measurement at Krespa surge tank without dampening
(Urach [215], modified) device (Urach [215], modified)
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Figure 6-85 visualises the result from the PIV measurements in the jet plane without the
dampening device, representing the concentrated waterfall event. Figure 6-86 shows the air
intrusion depth at the main shaft by utilised waterfall-dampening device that significantly
mitigates the air intrusion depth by dividing a single concentrated jet into several defined small
jets similar to a showerhead outflow.
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Figure 6-85: Air intruding plunging jet at Figure 6-86: Terminal air bubble PIV velocity
physical model test with utilisation of the measurement at surge tank with dampening device, (Urach
dampening device, (Urach [215], modified) [215], modified)
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Figure 6-87 shows the PIV box with laser sheet in case of low drop water jets and the result of
the PIV measurements at the maximum bubble intrusion depth for the particular case indicating
the terminating velocities of the bubbles and the flow field in the section cut.

-0.5 044 -0.38 -0.32 -0.26 -0.2 ; -0.08 -0.02 0.04 0.1 0.16

W
=2

P

Figure 6-87: Terminal air bubble velocity at Krespa surge tank with the dampening device (Ruetz [214])
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6.8.6 Air Detrainment in 3D-numerical Multi-phase Simulation Approach

This chapter briefly describes the approach of modelling the air bubble behaviour in terms of
3D-numerical simulations the Atdorf surge tank. Figure 6-88 shows the implementation of the
terminating velocity of air bubbles in Ansys CFX compared to the measured terminating air
bubble velocity from literature. Due to the non-spherical bubble shape of air bubbles for the
size range between about 1.0 mm to about 10 mm the terminating velocity is decreasing. The
Grace Correlation [216] accounts for this aspect in the software. A design bubble diameter of
6.0 mm was used and shows to be a useful design approach in a 3D-numerical simulation, since
the terminating velocity of this bubble size has a local minimum and thus is conservative.
Additionally, the drag force influences the bubble behaviour in the water. The approach applied
is the Schiller-Naumann drag behaviour [217].
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Figure 6-88: Terminating air bubble velocity, implementation in Ansys CFX, (figure from [216])

Since no direct air bubble production was found possible, the air bubble fraction is defined for
the specific approaches in terms of the void fraction factor. For the surge tank Atdorf the air
bubble fraction was defined for the investigations as 10 % in combination with the transient
discharge in the shaft as a result from the 1D-numerical simulation for the design load-case
with the maximum discharge through the lower chambers (Figure 6-89).

Inlet condition:

Transient Flow with 10 % air
fraction

6 mm Bubbles

P ..
/V / Outlet condition

Pressure = 0 [Pa]

Figure 6-89: Boundary conditions for the numerical model, (Richter [106])
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3D-numerical simulation in comparison with model test

Figure 6-90 shows the lower chamber connection point with the main shaft at time of significant
air bubble production by the waterfall from the upper chamber. The air bubbles behave
significantly more beneficial in the model test scale, compared to the prototype scale. The
bubbles itself are not scaled in size and thus show the unscaled terminating velocity. The
comparison with the degassing process in the model test made this behaviour visible by the 3D-
numerical simulations in the same amount and quality.

Figure 6-90: Degassing in lower chamber Atdorf tailrace surge tank, physical model test scale 1:40 (Richter [218])

Figure 6-91 shows the instantaneous time associated to the model test in Figure 6-90. The
multiphase 3D-CFD simulation was calculated with the 6 mm diameter design air bubbles,
terminating in the 8-loop shape lower chamber. The free surface of the water in the lower
chamber was not possible to be reproduced in a stable multiphase numerical simulation. The
accumulation of air by terminating bubbles is indicated by the air volume fraction value of
1.0 [-]. The air bubbles are dragged by the turbulent flow. An amplifier for long travel distances
of air bubbles are rotational flows. Thus, flow calming or flow orientation devices improve the
deaeration behaviour. For the chamber de-aeration such a construction was not needed.

Void fraction [-]

' 1.00

0.75

Time model size = 1.2 [s]

Figure 6-91: Degassing in lower chamber of the Atdorf surge tank, model test 1:40 in 3D-numerical two-phase
simulation at model time 1.2 s, (Richter [218], modified)

Investigations regarding air bubble detrainment in Pelton turbine tailwater channels including
prototype measurements and 3D-CFD simulations were carried out by Arch (2008) [143].
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6.8.7 Waterfall-Dampening Device

For the Krespa surge tank a waterfall-dampening device was hydraulically developed by the
author to mitigate the intrusion depth of air bubbles induced by a waterfall. In principle, the
waterfall-dampening device forces the water flow from the upper chamber into sufficiently
small vertical water jets that are in sum able to capture discharge of the design waterfall. The
device transforms a large jet into numerous small water jets, comparable to a showerhead. This
spreads the impact on a larger section of the shaft. The data developed waterfall-dampening
device for surge tank Krespa:

e 368 vertical holes Dj = 180 mm

e 64 horizontal holes D; = 180 mm

e Mitigation of intrusion depth by 2/3, from about 75 m to about 24 m for worst expected
event

In surge tanks with long chambers, several transient effects were investigated such as:

e Transient oscillation of the shaft

e Transient free surface wave behaviour of the chamber

e Large falling heights of the waterfall with low amount of water directly after flow
separation in the upper chamber

e Low falling height of the waterfall with high amount of water

For certain surge tank layouts, a direct connection of the pressure tunnel with the upper chamber
is the indicator for the necessity of waterfall investigations. In such cases the design load-case
due to the maximum waterfall needs to be specified [43]. This load-case may differ from the
upper chamber design load-case at resonance mass oscillation. The most unfavourable
hydraulic situation for air intrusion can be detected by 1D-numerical simulations capturing the
free surface flow behaviour in the upper chamber. The filling wave is reflected at the aeration
structure at the end of the upper chamber. Following, two contrary resonance load-cases for the
waterfall were basically investigated in the physical model test of the particular case after the
pre-evaluation by 1D-numerical simulations:

a) Water levels much below the capacity level in the upper reservoir - small waterfall
discharges at high drops

b) Water level slightly below the capacity level in upper reservoir - large waterfall
discharges at low drops

At load-case (a) the surge wave will deeply fall into the main shaft due to time delay in the
upper chamber free surface reflection. At load-case (b) the reflected flush will drop from low
height onto the water surface of the main shaft. Investigations have shown that case (b) is the
relevant situation for the evaluation of a design waterfall load-case. The reason for this is the
mainly undisturbed water jet, thus the intrusion of air has the highest quantity. In addition, it
occurs at the beginning of the down-surge period. To prevent a deep intrusion of air a waterfall-
damping device (Figure 6-92 and Figure 6-93) was proposed and tested for the headrace surge
tank Krespa of PSH Obervermuntwerk 11 [43]. The device avoids the re-joining of the small
waterfalls to larger jet formations and allows an appropriate air intrusion depth calculation
depending on the design air bubble [212]. The dampening-device is situated in a cavern on top
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of the main shaft. The waterfall occurrence comes along with a differential effect affecting the
pressure at the surge tank base. Thus, the separation of the flow in the upper chamber has a
positive damping effect on the mass oscillation. The length of the upper chamber is limited by
the demand of a complete draining before a subsequent oscillation fills the chamber again. In
the case of the surge tank Krespa the widening of the main shaft at the transition to the upper
chamber also improves the filling of the single chamber.

Figure 6-93: Waterfall damping device for Krespa
surge tank, transformation of a large waterfall to
defined smaller water jets (Richter)

Figure 6-92: Waterfall damping device for Krespa surge
tank, time at water column separation (Richter)

The top widening of the main shaft, the retention gallery, houses the waterfall-dampening
device (Figure 6-94). The device consists of a ring wall with circular holes and a bottom plate
with circular holes. The air intrusion depth by the waterfall was significantly decreased.

Figure 6-94: Waterfall-dampening device in the main shaft of Krespa surge tank (Richter [43])
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Figure 6-95 and Figure 6-96 show the geometry of the dampening device in plan view and

section cut (plan drawing Lazar [114]).
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Figure 6-96: Waterfall-dampening device, plan view (Richter adapted from Lazar [114])
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Additionally, Figure 6-95 and Figure 6-96 indicate dissipation baffles that break the horizontal
water flow coming from the upper chamber to equalise the discharge through the holes of the
waterfall-dampening device. The prototype holes in the concrete of the dampening device for
the Krespa surge tank are shown in Figure 6-97. The reinforced console bears the ring wall and
the perforated cantilever plate. The perforations were finally constructed in manual construction
work via blind formwork with mouth-widening to ensure the fixation (Figure 6-98).

Figure 6-97: Waterfall-dampening device, Figure 6-98: Reinforcement and blind formwork of the
prototype of surge tank Krespa (courtesy of perforation in the cantilever plate (footage of construction:
Illwerke AG) youtube.com: Obervermuntwerk 11 - viertes Baujahr 2017 [219]

Surge Tank Design for Flexible Hydropower 191


https://www.youtube.com/watch?v=UdTHVcs9WdM

RESULTS AND DISCUSSION

6.9 Surge Tank Commissioning

In the phase of a power plant commissioning the surge tank concept is directly tested within the
operability of the whole system in combination with the transient behaviour of the machinery.
Real-time simulations of a power plant, parallel to the operational tests in sense of a digital twin
may reveal the full overview of the surge tank behaviour in comparison with the design
parameters and the real physics of the power plant. Online simulation receives the information
of guide vane operation and the measurements provided from crucial power plant sections
[179].

Thus, real-time simulation tools may not only be used to improve commissioning but may also
allow valuable conclusions for surge tank design, machinery impact on transients and the
roughness values of the power water conduits. Additionally, hydraulic altering and the detection
of anomalies such as described by Hachem and Schleiss (2012) [220] may be detected.

The technology of digital twins, such as the Hydro Clone [189] shows high values to increase
the economic and long-term operability of hydropower schemes to balance the wear off and
allow best flexible operation modes in sense of predicted maintenance and predicted control.
However, in the opinion of the author these applications do not substitute the advantages of
hydropower layouts with robust surge tanks designed to capture resonance load-cases.
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6.10 Prototype Measurements at Krespa Surge Tank

This chapter describes the results from the prototype measurement for a design load-case,
conducted by Illwerke AG at the Krespa surge tank of the Obervermuntwerk 11 PSH compared
with the 1D-numerical simulations. Further descriptions are discussed in Wachter et.al. (2018)
[45]. The measurements confirm the hydraulic design of the surge tank and also the hydraulic
function of the waterfall-dampening device within the mass oscillation response and the outflow
behavior. Also, the upper chamber filling and emptying behavior was confirmed.
Figure 6-99 depicts the placed measurement equipment in the Krespa surge tank by Illwerke
AG to observe the relevant pressures and the water level in the surge tank. Redundant measuring
devices are utilising different techniques. Several pressure transducers are placed in the surge
tank bottom and the lower chambers. A radar sensor is placed above the main shaft as well as
two video cameras with light installations, observing the waterfall-dampening device and the

rear part of the upper chamber.
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Figure 6-99: Measurement equipment for operational survey in the Krespa surge tank, installed by Illwerke AG
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Figure 6-100 shows the results for a one-unit operation in terms of the transient free surface
level in the surge tank. The measurement data were compared with 1D-numerical simulation.
The load-case contains the expected tunnel friction of Kst = 84 [mY?/s] and the measured
throttle loss from the physical model test

The thin dotted line shows the 1D-numerical simulated mass oscillation in good agreement with
the prototype measurement (a). The thicker dotted line shows the 1D- numerical simulation
with the equal machine discharge as the prototype case with reduced throttle loss.
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Figure 6-100: Comparison: 1D-numerical simulation and measurement of water level for 1-machine unit

operation PSH Obervermuntwerk Il, Headrace Di 6.8 m Surge Tank Di 17.0 Lines: Load-case
prototype measurement versus simulation with expected and model test measured throttle losses
(Richter [45])
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Figure 6-101 shows the prototype measurement with the included safety margins regarding the
design discharge and the reduced hydraulic loss factors of 10 % for the local throttle loss based
on the physical model test and the headrace tunnel friction factors. The green line shows the
ideal linear 1D approach with 80 m?/s turbine discharge with loading and unloading in 30 s with
the corresponding mass oscillation in the surge tank and reduced throttle loss. For this case the
safety margin in the surge tank is visualised with additional 4 m for down-surge and 3.5 m for
up-surge. Due to the large surface area in the main shaft of 227 m?, a significant volume is

provided.
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Figure 6-101: Comparison: 1D-numerical simulation and measurement of water level for 1-machine unit
operation PSH Obervermuntwerk 11, Headrace Di 6.8 m Surge Tank Di 17.0 Lines: Load-case
prototype measurement versus simulation with expected headrace loss and 10 % reduced throttle
loss; Load-case prototype ideal with 80 md/s simulation with expected headrace loss and 10 %
reduced throttle loss - design case, (Richter [45])
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Figure 6-102 shows a design load case event for two machine operation near the capacity level
with a full pump mode start-up, followed by a switch to full turbine mode operation in 60 s
back to 100 % pump mode within 60 s covering a full spread of 720 MW for this specific
pumped storage plant for unfavourable hydraulic boundary conditions, in order to amplify the
mass oscillation. Figure 6-102 shows the discharge of the units and the various measurement
techniques in the surge tank; a pressure sensor in the connection tunnel, a pressure sensor in the
lower chamber and the radar sensor above the main shaft. The radar sensor indicates the outflow
and vanishes due to the water spray of the dissolving jets by the waterfall-dampening device.
The load-case proofs the functionality of the surge tank and also the hydraulic design of the
waterfall-dampening device for a design outflow with surface waves from the upper chamber
reflection.

The figure also shows the importance of different measuring techniques and the installation of
various sensors, due for calibration and to apply a safety against sensor failures.
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Figure 6-102: Resonance load-case event for 2-machine operation near capacity level of the upper reservoir,
measurement of the surge tank Krespa, (Richter [45], modified)
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Figure 6-103 visualises the comparison of the 1D-numerical simulation with the prototype
measurements for the design load-case as shown in Figure 6-102. Two lines from the 1D-
numerical mass oscillation simulations with WANDA are compared with the measurements
showing the pressure at the surge tank base and the water level. The difference describes the
hydraulic effect of the differential throttle. The simulations show a very good comparability
with the measurements of this design load-case.

A very smooth concrete lining friction was recalculated to a Strickler value of
Kst 100 [mY3sY]. The reason for this very smooth friction behaviour is believed first of course
due to the good construction quality of the in-situ concrete tunnel lining, but also to the
hydraulic design whereas all local losses and friction losses of the tunnel are summed and
ideally superposed. Due to the overlapping of hydraulic losses by the demanded dissipation
length after a restriction such as a bend or a diameter change or closing device, this
superposition approach might over-estimate hydraulic losses. Thus, the conservative hydraulic
design applying reduced friction values (smoother walls) in the tunnel has proven its purpose.
In addition, the gained results of these measurements are a proof of the above discussed
hydraulic design philosophy, suggesting conservative hydraulic design values (chapter 3.7).

The prototype measurements underline the importance of safety margins in surge tank design.
For the specific plant, the safety margins in combination with the smooth lining finally show
an economic design that is able to capture extraordinary load-cases improving the flexible
opportunities of the scheme.
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Figure 6-103: Comparison of the resonance load-case measurement of the surge tank Krespa and 1D-numerical
simulation (Richter [45], modified)
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Surge Tanks are key hydraulic structures for hydropower facilities that utilise pressure tunnel
systems above a certain threshold of water inertia acting on the hydraulic machinery. Flexible
hydropower schemes and pumped storage plants are key infrastructures for a renewable energy
system. Surge tanks for new schemes are being constructed in increasingly larger sizes,
demanding for more detailed investigations on hydraulic aspects such as differential effects and
multiphase flow behaviour. The focus of the surge tank design is to provide safe and robust
structures to control the mass oscillation of the pressurized water conduit systems. The mass
oscillation is a consequence of the introduction of a free water surface in the surge tank that
provides controllability to the hydraulic machine units and allows a significant pressure surge
mitigation.

The approaches towards increasing shares of renewables, that are fluctuating energy sources by
their nature and demands for flexible storage capacity in grid scale size, demand for capable
storage facilities. Pumped storage hydropower schemes are proposed as the most beneficial and
only mature large-scale electrical storage technology available today. Specific costs of pumped
storage hydropower compared with other storage technologies show that pumped storage
hydropower have very low specific energy related investment costs.

Surge tank case studies were investigated by means of physical scale model tests and numerical
simulations. The investigated surge tanks are part of recent large pumped storage projects such
as PSH Atdorf, PSH Reisseck Il (surge tank Burgstall) and PSH Obervermuntwerk Il (surge
tank Krespa), as well as for the large high head scheme Tonstad. The two surge tanks Krespa
and Burgstall were commissioned in the meantime and are successfully in operation. Prototype
measurements of a design resonance load-case were investigated for the surge tank of the highly
flexible electric energy storage scheme Obervermuntwerk Il. These measurements were
compared with the simulation results and could confirm the hydraulic design. Hydraulic safety
approaches for the surge tank design is proposed and discussed for such applications in high-
head hydropower schemes and pumped storage plants. Safety approaches are necessary, since
transient hydraulic systems show deviations by their physical nature and possible imperfections
as well as the demand to prevent extreme events such as water overflows of the system or
complete emptying.

Waterfalls from upper chambers into surge tank shafts were studied for the surge tanks Atdorf
and Krespa. Their consequences of air intrusion into the surge tank system as well as the
prevention of air bubble transportation into the pressure tunnel system show their importance
for the layout of large and flexible hydropower schemes. In surge tanks, waterfalls are created
by flow separation in the upper chamber at a certain time at outflow. In a flow through lower
chamber design, the air bubbles can rise to the crown and de-aerate back into the riser. But,
flow-through lower chamber may also show unfavourably high inertia values. However,
significant waterfalls also indicate efficient differential effects and thus, may be valuable for
economic surge tank layouts. For surge tanks with long upper chambers and direct connected
shafts to the pressure tunnels it is proposed to study the air bubble behaviour. In collaboration
with Illwerke AG a comprehensive waterfall-dampening device was developed for the surge
tank Krespa to mitigate the impact of a single large waterfall jet by dividing this into multiple
vertical small jets with defined diameter. The mitigation of the waterfall significantly reduces
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the air bubble intrusion depth by about 2/3 of the possible intrusion depth without a device.
Such devices may be applied also for other types of shafts to significantly mitigate air intrusion.
The waterfall-dampening device was successfully tested and proofed by prototype
measurements during an unfavourable resonance design load case.

Air cushion surge tanks are discussed and summarised with their benefits and challenges. A
new proposal of both surge tank upgrade and surge tank design is introduced: The semi-air
cushion surge tank. It is derived and inspired by trapped air in the crown section of chamber
surge tanks. Two-phase 3D-numerical simulations can visualise the positive effects for the mass
oscillation of the semi-air cushion surge tanks. These facilities are constructed by adapting
lower chambers by placing crown throttles, that are basically beams, trapping air in combination
with small aeration pipes that control the air flow. The upgrade of the surge tank of the Tonstad
hydropower plant was investigated by proposing an additional lower chamber that may also
utilise a semi-closed surge tank by introducing a crown throttle providing hydraulic benefits for
the design.

With respect to the transient behaviour of the throttle flow as a hydraulic diffuser, 3D-numerical
simulations of the transient flow should be conducted with a transient loss coefficient that can
be interpreted as an average factor with a constant value as input for 1D-numerical simulations.
Imperfections of the structure and hydraulic deviations in the prototype-scale surge tank are
recommended to be considered by a robust hydraulic safety philosophy. For final throttle design
evaluation, a loss deviation of 10 % to 20 % may be considered at the design stage. For the
throttle design 1D-numerical variant studies to find the most unfavourable load combination
are straightforward. Surge tanks are strictly proposed without any moveable parts for the
operation of the powerplant to ensure robustness. For hydraulic throttle design, based on 3D-
numerical simulation only, an unfavourable loss deviation of 20 % is suggested.

A robust hydraulic safety philosophy is proposed, since no standard is yet available for surge
tank design. It is advisable to conduct physical model tests additionally to 1D and 3D transient
numerical simulations in order to capture the complex hydraulic behaviour and to avoid harmful
load-cases in terms of economic design, as well as to provide a visual check. For the surge tank
design for flexible hydropower schemes, hybrid approaches applying 1D-numerical and 3D-
numerical as well as physical model tests are recommended.

A multiphase 3D-numerical approach was applied for de-aeration simulation and for a waterfall
simulation for specific case studies. For this approaches several assumptions are necessary to
be considered, since the physical behaviour of air intrusion by a plunging jet is not yet
reproducible in a reliable way by 3D-numerical simulations. The comparison of the 3D-
numerical simulations of the water fall with the physical small-scale test and design approaches
from literature has shown meaningful results.
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Suggestions for future work:

Several aspects for further research opportunities and an outlook for emerging aspects are listed

below:

Semi-air cushion surge tanks; for specific application comprehensive evaluation is
necessary in terms of hybrid modelling and the development of a model implementation
in a 1D-numerical code.

Storage-tunnel surge tanks in combination with storage-tunnel applications; the thesis
shows a design approach with key needs for optimised design. For specific applications,
comprehensive investigations are suggested.

The effect of fine sediment loaded high velocity throttle jets on concrete walls is an
aspect that is suggested to be investigated further.

Machine learning of surge tank design and high-head hydropower prospection.
Implementation of digital twins to high-head schemes to tap the potential of monitoring
of hydro power plants and to improve flexibility options. This technology may
significantly improve the flexible operation and control of hydropower plants as well as
the commissioning procedure, but should not replace the proven robust design
philosophy.

Ternary modelling in sense of expanding the hybrid modelling of numerical simulations
and physical tests in combination with meta models. Meta models include vast
simulation and modelling data to predict operational and maintenance demands of hydro
power plants.

Solutions for an integrative decarbonised energy system transformation may lead to the
conclusion that inefficient and carbon emitting combustion processes need to be substituted by
an efficient, renewable, electricity powered economy. Such systems demand for highly
efficient, economic electrical storages as well as for powerful grid control systems such as
pumped storage hydropower. New or upgraded pumped storage schemes need comprehensive
surge tanks to allow flexible and safe operation to achieve long-lifetimes.
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