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Preface
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and Technology(NTNU) in Trondheim. The project was funded by Stat-
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Abstract

Hydraulic turbomachines, such as Francis turbines, have been utilized for
more than a century to generate renewable energy. Research and deve-
lopment has led to an outstanding level of efficiency and reliability, with
the Francis turbine at the top end with almost 96% efficiency. To achieve
such levels of efficiency, the turbine has to be design for a specific operating
point. The development of a continental transmission grid and introduction
of intermittent renewables such as wind and solar has led to a fundamental
change in the energy market. The hydraulic turbomachines in hydro power
has now become one of the stabilizing force of an energy market demanding
flexibility. Amongst other reasons, this has led to operation of hydraulic
turbines outside the design point.

Operating turbines outside the design point may lead to heavy vibrations
and potentially mechanical failure. In addition, modern design is focused
on increasing efficiency, possibly at the expense of the runner characteristics
outside the design load. The vibrations are a consequence of the turbine,
which generates pressure pulsations. The pressure pulsations propagates
into the water conduit. In case of resonance, the pressure pulsations will
increase in amplitude and induce further vibrations. However, they can be
reduced.

The main objective of this thesis has been to investigate and possibly redu-
ced the pressure pulsations occurring at part load operation. An experimen-
tal investigation of different methods to reduce pressure pulsation in Francis
turbines has been carried out. Air injection was investigated at La Higuera
Hydro Power Plant (HPP) in Chile. A free rotating runner cone extension
(FRUCE) was developed and investigated at the Waterpower Laboratory
and in Leirfossene HPP.

The air injection through the runner cone and draft tube wall was tested
in La Higuera HPP. Both options gave a significant dampening of pressure
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pulsations at part load by reducing the maximum value of the peak-to-peak
values by 60%. However, an increase in the vortex rope frequency was
observed when air was injected.

At the Waterpower Laboratory, the free rotating runner cone extension was
tested with different lengths. The developed FRUCE is an extension of the
runner cone where the outer shell is mounted on bearings allowing it to
rotate independently from the turbine. It was concluded that the FRUCE
had some dampening effect, but that the diameter was too small to achieve
a significant dampening effect of the pressure pulsations.

Three FRUCEs with different length and diameter were designed and tested
at Leirfossene HPP. A dampening in pressure pulsations was achieved at
part load operation. However, different FRUCEs worked best at different
loads. The FRUCE also reduced pressure pulsations at full load, but the
drawback is reduced efficiency at full load. An adjustment of the FRUCE
length and diameter is necessary to achieve the maximum dampening.

The FRUCE had development potential and may be possible solution to
reduce pressure pulsations in Francis turbines. However, it will require nu-
meric simulations, further prototype testing and possibly implementation of
technology to actively control the FRUCE length and possibly the rotational
speed.
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Chapter 1

Introduction

1.1 Structure of thesis

1.2 Background

Hydro power has been used for more than a century and is today a well-
known technology with high efficiency, high reliability and a good regu-
lating capacity, which has made it a superior renewable energy resource.
These factors combined with reversible pump turbine technology and large
storage capacity gives hydro power an important position, particularly for
the European energy marked in the coming years. This is because Europe
is expanding investments in intermittent renewable energy resources, such
as wind and solar, which requires flexible energy resources to balance the
power supply.

Hydropower is an energy resource well suited for balancing intermittent
resources. In Norway, the storage capacity is 86 TWh in combination with
29 600 MW available power [66], where Francis turbines above 10 MW
stands for approximately 60% of the available power. In addition, hydro
power turbines have a wide operating range, i.e. 40%-120% of the nominal
power output. However, the market requires more start and stops, large load
variations and more operation time outside best efficiency point. In reaction
turbines with a wide operating range, such as Francis and Kaplan, the load
variations cause significant changes in the flow regime in the draft tube.
For Kaplan turbines, which has runners with adjustable runner blades, the
flow regime can be controlled to a certain extent. While fixed blade runners,
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4 CHAPTER 1. INTRODUCTION

e.g. Francis turbines, pressure pulsation problems and related problems may
occur. In Norway, several Francis runners have suffered failure due to fatigue
loads, with material cracks in Francis runners [56][18]. As a consequence of
the increased demand for flexibility, more runners may suffer failure due to
fatigue.

1.3 Motivation

The vortex breakdown occurring in the draft tube is considered to be the
main cause of severe flow instabilities and pressure pulsations. The conse-
quences are heavy vibrations and noise, which may cause high fatigue load
and ultimately lead to mechanical failure [22]. Mitigation of pressure pul-
sations is considered an imported task since it will increase the life time of
the turbine.

Leirfossene Hydro Power Plant (HPP) experienced heavy vibrations during
part load operation after the start-up in 2008. Norway’s leading hydro power
company, Statkraft, initiated a project to investigate methods to reduce the
vibrations. Norwegian University of Science and Technology (NTNU) was
contacted and became a research partner. This opened an opportunity
to do prototype measurements with different methods to mitigate pressure
pulsations.

1.4 Objectives and scope

The overall objective of the work presented in this thesis is to reduce pres-
sure pulsations in Francis turbines at part load in order to improve part
load operation and increase the turbine lifetime. Leirfossene HPP and La
Higuera HPP have been used as prototype cases. To approach this objective
two secondary objectives have been defined. First, to develop an understan-
ding of the Rotating Vortex Rope (RVR) and pressure pulsations at part
load operation. The second part of the work is to propose an efficient way
to manipulate the flow in the draft tube to reduce the pressure pulsation
amplitudes.

The first secondary objective includes an investigation different methods
to mitigate pressure pulsations, focusing on the influence of a runner cone
extension and air injection. The second part includes design and test a
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runner cone extension on a model Francis runner and to design and test a
runner cone extension in the prototype runner at Leirfossene HPP.

1.5 Contributions

There have been carried out a series of prototype measurements which are
included in this thesis. Two sets of measurements was carried out at La
Higuera Hydro Power Plant (HPP) in Chile as a part of the recommissio-
ning. Tinguiririca Energia is the owner the La Higuera HPP and allowed
the Waterpower Laboratory to design and test two different air injection
options for the power plant. First, pressure measurements of two different
air injection options was carried out together with Ole Gunnar Dahlhaug.
The second set also included efficiency measurements and was carried out
with Ole Gunnar Dahlhaug and Jim Abregu from SN Power Peru.

The opportunity to do measurements at Statkraft’s Øvre Leirfoss HPP and
Nedre Leirfoss HPP came as a part of a course in head loss in tunnels. The
pressure measurements was carried out as a separate part outside the course
with help from Chirag Trivedi.

As a direct part of the project, measurements were carried out in Leirfossene
HPP. The first set of efficiency and pressure measurements was carried out
together with master student Stian Solvik. The second set of measurements
with free rotating runner cone extension (FRUCE) was carried out by the
author. Great help provided by Statkraft and NTNU for installation of the
FRUCE.

1.6 Publication of work

Paper 1

Gogstad PJ, Dahlhaug OG. Evaluation of runner cone extension to dampen
pressure pulsations in a Francis model turbine. IOP Conference Series:
Earth and Environmental Science 2016, (1), 082019
Relevance to this thesis: Experiments on a model Francis runner with
a fixed runner cone extension and a free rotating runner cone extension
(FRUCE) was carried out. In this paper the results are presented. The
experiments gave the base for the design of the FRUCE tested at Leirfossene
Hydro Power Plant.

5
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My contribution: I prepared and carried out the experiments at the
Waterpower Laboratory as well as the post-processing of the data.

Paper 2

Trivedi C, Gogstad PJ, Dahlhaug OG. Investigation of the Unsteady Pres-
sure Pulsations in the Francis Turbine Prototypes-Part 1: Steady State Ope-
rating Conditions. Submitted to Mechanical Systems and Signal Processing
2016
Relevance to this thesis: The pressure measurements was carried out to
investigate pressure pulsations at low head Francis prototypes. The measu-
rements gave an understanding of pressure pulsations in low head Francis
turbine operating at steady state operation.
My contribution: I was in charge of the measurements at the power plant.
I contributed in the analysis and editing the paper. I also contributed to
the discussion and conclusion.

Paper 3

Trivedi C, Gogstad PJ, Dahlhaug OG. Investigation of the Unsteady Pres-
sure Pulsations in the Francis Turbine Prototypes-Part 2: Transient Ope-
rating Conditions. Submitted to Mechanical Systems and Signal Processing
2016
Relevance to this thesis: The pressure measurements was carried out to
investigate pressure pulsations at low head Francis prototypes. The measu-
rements gave an understanding of transient pressure pulsations in low head
Francis turbine.
My contribution: I was in charge of the measurements at the power plant.
I contributed in the analysis and editing the paper. I also contributed to
the discussion and conclusion.

Paper 4

Gogstad PJ, Dahlhaug OG. Experimental investigation of air injection in
high head Francis turbine. Submitted to Hydropower and dams 2017
Relevance to this thesis: The measurements was carried out to inves-
tigate the dampening effect of different air injection options for a Francis
turbine.
My contribution: I prepared and carried out the pressure measurements
at the La Higuera Hydro Power Plant as well as the post-processing of the
data.
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1.7 Previous work at NTNU

The velocity profile in the draft tube is assumed to have an impact on the
pressure pulsations. In 1997, Dahlhaug [11] published his study on swirl
flow in draft tube. Dahlhaug investigated different draft tube shapes expe-
rimentally and numerically. Measurements were carried out with pitot and
Laser Doppler Velocimetry (LDV) to chart how the flow developed through
a conical diffusor and bend. Further tests were carried out on model and
prototype turbines. The vortex rope was observed and visually measured
at different sections. The results show a decreasing vortex diameter as the
swirl number increases. The diameter also increased as it moved through
the conical diffusor. Observations with a bend showed that the vortex rope
collapsed in the bend.

Kobro [35] focused his work on pressure pulsations with onboard measu-
rements on a model Francis runner. Pressure sensors and strain gauges
where flush mounted on the suction side and pressure side of the runner
blade. In addition pressure sensors where mounted on the vaneless space
and draft tube cone. The analysis show that the wake leaving the guide
vane is the most severe source of dynamic pressure in the runner, both for
prototype and model runner. In the model runner, the draft tube vortex
rope pulsations propagates upstream into the runner, almost undampened.
The strain amplitudes measured associated with the vortex rope pulsations
are only at a moderate level. Due to the relatively low number of cycles and
moderate amplitudes, Kobro [35] suggests that the vortex rope frequency
itself should not be a threat regarding fatigue. However, if in resonance
with other system frequencies, large system fluctuations and power swings
may occur.

Runner cone extensions in a Francis model runner was investigated by Vekve
[74] in 2004. The medium head Francis runner was tested with extensions
of different lengths and diameters. Pressure measurements were performed
in two planes in the draft tube cone in addition to LDV measurements.
The runner cone extension with the largest diameter, 0.41D2, where D2

is the runner outlet diameter, resulted in the largest reduction in pressure
pulsation amplitude. The results also showed that the runner cone exten-
sion could have a positive effect on the efficiency. Prototype measurements
were also carried out at Litjfossen Hydro Power Plant and Oksla Hydro
Power Plant. The measurements revealed that the runner cone diameter is
important to achieve damping of the pressure pulsations.
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Chapter 2

Theoretical background

Francis runners are known to cause swirling flow in the draft tube at off-
design operation [22]. Swirling flows are natural flows observed in pheno-
mena such as tornadoes and typhoons and have many technical applications
in different fields. However, the presence of a swirl flow in a Francis turbine
draft tube is often the cause of separations and pressure fluctuations. At
best efficiency point (BEP), a minimum of swirl is entering the draft tube
and no flow separation occurs. At off-design operation, both part load and
high load, a significant swirling component is present in the draft tube flow.
The concept of swirling flow is closely linked to phenomena such as boundary
layers, flow separation, vorticity and vortex breakdown. The occurrence of
one phenomenon may often be the result of an other.

This chapter further describes the physical mechanisms that influences the
pressure fluctuations in the draft tube. Their occurrence and impact is
dependent on the flow rate, local pressure, velocity field, runner design,
draft tube shape and the system dynamic response [13]. Some parameters
can be modified and controlled to a certain extent, while others, such as
runner design is often out of reach for an independent researcher. The focus
of the second part is on different methods of reducing pressure pulsations
in the draft tube. The methods can be divided into active methods such as
water injection, and passive methods, such as fins.

9



10 CHAPTER 2. THEORETICAL BACKGROUND

2.1 Swirling flow concepts and vortex breakdown

The flow regime in the draft tube of a Francis runner is generally described
by two velocity components: axial and tangential. The tangential velocity
component changes depending on the turbine operation point as visualized
in the runner outlet velocity diagrams in Figure 2.1. The swirl number S is
a non-dimensional ratio between swirl momentum and axial momentum of
the flow [13].

S =

Ri∫
0

cmcur
2dr

Ri
Ri∫
0

c2
mrdr

(2.1)

Ri represent the pipe radius, cm and cu are the axial and tangential velocity
components, respectively.

cm

u

w

cu

c

(a) Part load

c = cm

u

w

cu = 0

(b) Zero swirl

cm

u

w

cu

c

(c) High load

Figure 2.1: Runner outlet velocity triangles. The velocity components cm
and cu are the axial and tangential component of c which is the absolute
velocity, while w is the relative velocity and u is the peripheral velocity.

The swirl number ranges from 0, where 0 is no swirl, and 1 equals zero axial
velocity in the draft tube center. There is usually always a small tangential
velocity component present which will cause axial circulation around the
flow axis. At low swirl number (S<0.6), there may be high radial pres-
sure gradients, but this will not increase the longitudinal pressure gradient
enough to cause longitudinal circulation along the flow axis. Meaning there
is a pressure difference along the axis is not strong enough to create a cir-
culation zone along the axis. As the driving pressure is not strong enough,
the coupling between the axial and tangential velocity components is not
established [43].

10



2.2. EARLY RESEARCH 11

With an increasing swirl number, a strong coupling between axial and tan-
gential velocity components is established [43]. At a certain point the pres-
sure along the axis becomes unfavourable. The kinetic energy of the fluid
flowing in the axial direction cannot overcome the unfavourable pressure
gradient and the central part of the flow will then start a longitudal circu-
lation. The fluid transport will now occur in the outer region of the pipe
and a stagnation zone may develop in the center region [9][13]. If the swirl
increases, reverse flow may occur in central stalled region as shown in Figure
2.2a.
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Figure 2.2: Theoretical velocity profiles in a turbine draft tube

The tangential velocity profile is generally assumed to be a combination of a
forced and free vortex known as a Rankine vortex, as shown in Figure 2.2b
[32][15]. For swirl numbers larger than 0.10, a Rankine vortex is present
[11][62].

2.2 Early research

One of the first major works on dynamic instabilities, presented in 1940,
was ’Power swings in hydroelectric plants’ by Rheingans [55]. Rheingans
concluded that power swings are caused by draft tube surges. A draft tube
surge is defined as a violent pressure fluctuation having a quasi-synchronous
nature caused by resonance [49]. The draft tube surges are often approxi-
mately periodic in the frequency order of 1 Hz and may therefore produce

11



12 CHAPTER 2. THEORETICAL BACKGROUND

significant eletrical power swings [13].

Initially, Squire [63] has presented an analytical study of swirl flow and vor-
tex breakdown. Both Squire [63] and Benjamin [4] developed independent
theories for an axisymmetric, inviscid and steady vortex. Both used the
terms subcritical and supercritical flow states and a critical state with se-
parated the two flow states. Subcritical flow allows for propagation both
upstream and downstream while the supercritical only support downstream
propagation. Benjamin [4] defined vortex breakdown as the point when the
swirl number equals one (i.e., S=1), and noted that it can often be the
cause of reverse flow in the draft tube. Harvey [26] worked with aerodyna-
mics and performed experiments to determine under what conditions vortex
breakdown occurred in a straight tube. His observations confirmed Squire’s
analytical work. Both Harvey and Benjamin agreed that vortex breakdown
is a transition between conjugate flow states. Benjamin’s definition furt-
her implied that vortex breakdown is a wave, and he proposed that the
transition is analogous to the hydraulic jump in open channel flow.

Several authors have suggested a similar definition of vortex breakdown.
Leibovich [41] also compared the vortex breakdown with a hydraulic jump
and describes it as a change in structure of a vortex initiated by a variation
in the characteristic ratio of tangential to axial velocity components known
as the swirl number. Faler and Leibovich [17] defined the vortex breakdown
as the abrupt occurrence of an internal stagnation point on the axis of a
concentrated vortex with an axial flow. Sarpkaya [59][60] argued that a
vortex breakdown is an abrupt change in the structure of the core of a
swirling flow.

Leibovich [40] related the vortex breakdown to the instability of axisymme-
tric waves on the vortex core due to the influence of an adverse pressure
gradient. The adverse pressure gradient have been highlighted by several
authors [40][39][61]. For an expanding axisymmetric tube, such as a draft
tube, the resulting adverse pressure affects the position of the vortex bre-
akdown [61]. Sarpkaya [61] argued that the adverse pressure gradient in-
fluenced the position where vortex breakdown would occur. An increase in
the adverse pressure gradient would shift the vortex breakdown position up-
stream, the same way increased swirl also would move the vortex breakdown
point upstream.

Cassidy and Falvey [9] related the work of Squire and Harvey to flow in
draft tubes. They used a stationary swirl generating apparatus to inves-
tigate frequency and amplitudes at different flow rates and with different

12



2.3. VORTEX BREAKDOWN AND VORTEX ROPE 13

geometries. Experiments showed that the frequencies and amplitudes were
dependent on geometry and flow rate, but independent of viscosity for high
Reynolds numbers (Re > 80,000). Further, it was found that the central
stalled region would not develop before the swirl number reached a rather
low threshold. A stagnation point would then form at the draft tube exit
and a separated flow core would form downstream. With increased swirl
number, the stagnation point moved upstream and eventually merged with
the runner hub. The stagnation point is also the starting point of the he-
lical vortex rope forming downstream of the vortex breakdown. Cassidy
and Falvey [9] argued that draft tube surges are an unsteady form of flow
occurring after vortex breakdowns.

2.3 Vortex breakdown and vortex rope

Vortex breakdown has been classified in the literature in terms of four main
topologies: bubble, spiral, double helix and later also conical [17, 59]. Faler
and Leibovich [16] showed that vortex breakdown can occur in six different
forms, primarly dependent on the Reynolds number. In most cases the dif-
ferent forms can be considered either bubble or spiral form. For a given
runner, the occurrence of the different topologies is dependent on the tur-
bine’s operating point. Sarpkaya [59] carried out experiments with various
swirl numbers and Reynolds numbers. With increasing Reynolds number
and swirl number, he found that the vortex breakdown shape changed from
helical shapes into an axisymmetric or conical shape [59, 60].

A Francis turbine at part load is prone to make a relatively strong swirling
flow in the draft tube. The flow contains a number of travelling vortices or
vortex filaments, which may orignate from flow separation at the leading
or trailing edges of the blades. The vortex filament within swirl flow was
described analytically by Hardin [24] and Alekseenko and Kuibin [1]. If the
swirl is sufficiently strong, the vortex filaments may easily roll up into a
single vortex core [50]. This type of filament is also found in draft tubes,
where it is observed as a helix or spiral rotating around the draft tube center
[13, 50] as shown in Figure 2.3. In the field of hydro power, the spiral vortex
filament is known as a rotating vortex rope (RVR) [31] as it rotates about
the axis of the draft tube. If the static pressure drops to reach the vapor
pressure of the fluid, the RVR is visible. The size of the vortex rope is
dependent on the submergence. Less submergence will result in a larger
RVR.

13
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(a) (b)

Figure 2.3: Vortex breakdown in a model turbine. A full load vortex bre-
akdown(a), and part load rotating vortex rope (b) in a model runner in the
Waterpower Laboratory. Photo: Bjørn Winther Solemslie
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Visual observations by Alekseenko and Kuibin [1] show that the vortex
rope is formed in the area where the axial flow changes direction. Nishi
and Liu [50] later showed that the vortex rope is located in the shear layer
between the central stalled region and the swirling main-flow with a low
pressure zone in the center of the vortex rope. Particle Image Velocimetry
(PIV) measurements performed by Ciocan and Iliescu [10] demonstrated
the movement of the rotating vortex rope. The movement of the vortex
rope was also documented with Laser Doppler Vibrometer (LDV) by Vekve
[74].

A visible vortex rope is caused by development of vapor- or gas-filled cavities
which leads to a change in the vibration behavior and flow stability. The
collapse of bubbles creates noise and can be seen in a wide band of frequen-
cies power spectrum. The amplitude will of course be a lot smaller than of
the vortex rope. The dynamic transmission behavior of the fluid conduit
is affected by the occurrence of vapor as it is compressible, in addition the
collapse of the vapor bubbles will typically reduce the natural frequency.
Hydraulic instability may occur due to the collapse of large cavities and the
resulting strong pressure shocks [13].

2.4 Pressure pulsations

The swirling flow in the draft tube often cause vortex breakdown which
is recognized as the primary cause of severe flow instabilities and pressure
pulsations [3]. Pressure pulsations are an area of great interest because
they may produce heavy vibration, power swings and other undesirable
effects [23, 12], which may cause high fatigue loads and ultimately lead
to mechanical failure. Mitigation of pressure pulsations is considered an
important task because it increases the lifetime of the turbine.

The main focus of pressure pulsations have been the draft tube pressure pul-
sations (DTPP), and in particular the pressure pulsations occurring at part
load. The rotating vortex rope pulsation is composed of two different com-
ponents with the same frequency, an asynchronous and a synchronous com-
ponent [48]. The pressure pulsations are usually measured at the draft tube
wall. To understand the distribution and phase measured, it is necessary
to decompose the pressure pulsation into a synchronous and asynchronous
component.

The synchronous component has equal phase and amplitude for all locations
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in same cross section of the draft tube. It may be seen as an axisymetric
pressure wave propagating through the draft tube. The asynchronous com-
ponent is also known as the rotating component as this refers to a pressure
pattern rotating around the axis of the draft tube. Each natural frequency
an object produces, has its own vibration mode. The lowest resonant fre-
quency of a vibrating object is called the fundamental frequency. Most
vibrating objects have more than one resonant frequency which are know as
harmonics. A harmonic is defined as an integer multiple of the fundamental
frequency. Harmonics may be significant, but the fundamental component
is the most important as this will have the highest amplitude. Both com-
ponents are a consequence of the rotating vortex rope and the frequency is
the same as the precession frequency of the vortex rope. The distinction
between the two components are interesting as their mechanical effects are
different [12].

The rotation of the flow makes the low pressure zone move around in the
draft tube. Pressure measurements have shown that under certain loads
and under the influence of flow controlling methods (e.g., the injection of
water and air), the pressure pulsation can become synchronous. A synchro-
nous vortex rope pressure pulsation is known as a synchronous or plunging
component [31].

The synchronous and asynchronous component of the pressure pulsations
with a single rotating vortex rope can be found using equations 2.2 and 2.3,
where DT1 and DT2 are at 180 degree circumferentially apart from each
other [12, 7]

psync =
DT1 +DT2

2
(2.2)

pasyn =
DT1 −DT2

2
(2.3)

Where DT1 and DT2 are pressure signals from the same plane, but opposite
side of the draft tube.
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2.5 Methods to mitigate draft tube pressure pul-
sations

Various methods have been used to mitigate pressure pulsations. Active
methods include the techniques of air and water injection. Passive methods
such as fins, shaft extension and grooves have also been explored.

2.5.1 Overview of Active methods

Air injection

A Central air injection into draft tube center (usually through the upper
cover and runner cone)

B Peripheral air injection through the draft tube wall

C Distributed air injection from the trailing edge of the runner blade

D Upstream air injection between the runner and guide vanes

The different alternatives for air injection are illustrated in Figure 2.4.

Water injection

• Axial injection into the draft tube

• Tangential injection into the draft tube

2.5.2 Overview of Passive methods

• Fins

• Shaft extension

• J-grooves

17
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C

B

DA

Figure 2.4: Methods of air injection: A - Central, B - Peripheral, C -
Distributed and D - Upstream

2.6 Active methods

2.6.1 Air injection

Different methods exist to achieve air injection and air admission. The
methods can be beneficial by potentially dampening the high frequency
components of noise and vibration [13]. In cases where the average pressure
in the draft tube is lower than the atmospheric pressure, the air does not
need to be compressed into the draft tube. The most conventional air
injection method, the injection of air through the shaft into the draft tube
center, is referred to as central air injection and is shown as method A in
Figure 2.4. Peripheral air injection through the draft tube wall downstream
of the runner, shown as method B in Figure 2.4, is another well-known
method. Further distributed air injection from the trailing edge of the
runner blade (Method C) and upstream air injection, i.e., admitting air in
behind the guide vanes upstream of the runner, Method D), have also been
studied. Depending on design, other methods may be used, but these are
often intrusive and not further discussed.

Papillon et al. [52] investigated a low head model runner with specific speed
of 0.235. Different runner cone shapes for air injection through a discharge
ring at the draft tube, shown as method B in Figure 2.4 was tested. The
runner cone was modified to increase the airflow by baffles or by a step, as
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(a) Baffles (b) Step

Figure 2.5: Modified runner cones

shown in Figure 2.5. The modifications of the runner cone for enhancing air
flow rate decreased the efficiency by up to 0.5% for the best efficiency point
(BEP) when no air was admitted. For partial load operation, the efficiency
decreased in average by 0.3%. For small flow rates of air, a significant in-
crease in efficiency was observed at the best efficiency point. Further, the
modified runner cones showed a positive effect on operation at 1.15QBEP
and higher. Air injection through the discharge ring at the draft tube had
a negligible effect on the turbine efficiency. Air admission through the dis-
charge ring created better distributed and smaller bubbles, favouring oxygen
transfer. Thus, an even air admission through the runner cone resulted in
better air admission capacity at almost every operational point.

The Norris project [44] was a low head prototype runner installed with the
following three different air admission options to increase the dissolved oxy-
gen (DO) level in the water for environmental reasons: central air injection
through the runner cone, peripheral air injection into the draft tube and
distributed air injection through the trailing edge of the runner blades. Ty-
pical efficiency losses for the Norris configuration ranged from 0.2% - 4%.
Central air injection resulted in the greatest loss, whereas distributed air
injection led to negligible losses. Peripheral air injection exhibited smal-
ler values than central air injection, up to 1.2% at 3% relative air content.
Typical effects on turbine efficiency from air flows were reported by Foust
et al. [21] and indicated significant loss for central air injection, whereas dis-
tributed air injection led to negligible losses for relative air content < 3%.
Peripheral air injection resulted in similar losses to those reported in the
Norris project. The trend was similar for operational points from 0.8QBEP
to 1.2QBEP .

Muntean et al. [45] investigated a low head Francis prototype with central
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air injection. The investigation included six partial load operation points
and measurements from five pressure sensors at the draft tube wall. The
frequency spectra highlighted the dominating frequency corresponding to
flow instabilities (e.g., vortex rope). Further, air injection had a minor
influence on operating points with discharge greater than 0.81QBEP . For
air injection at a discharge of 0.69QBEP , the dynamic behaviour, i.e. a
larger reduction in pressure amplitudes was measured. However, for lower
discharge of 0.53-0.29QBEP the dynamic behaviour deteriorated when air
was injected. The frequency spectra revealed that the highest amplitudes
were found at the pressure taps farthest from the runner in the cases without
air injection. This finding contradicts results presented by Baya et al. [3], in
which the highest value was observed closest to the runner at partial load
operation with discharge less than 0.8QBEP . Muntean et al. [45] also noted
that the highest amplitudes can in some cases be found farther upstream in
the draft tube when air is injected.

Casanova Garćıa and Mantilla Viveros [8] performed an experimental ana-
lysis of vibrations in a Francis prototype with air injection from a single
point in front of the runner blades. Air was injected from a pressurized
tank with a constant volume. As a result, the flow rate decreased over time.
The results indicated a significant decrease in pressure pulsation amplitu-
des and wall stress at a volume airflow of 0.34% (at 93 kPa) of the water
discharge when operating at 60% load. Measurements of the pressure pul-
sations indicated that the amplitudes were reduced to almost a third when
air was injected at a part load operating condition. The measurements also
indicated that the highest amplitudes were found at the lower part of the
draft tube. Casanova Garćıa and Mantilla Viveros [8] also used strain gages
along three different directions, vertical, horizontal and 45◦-angle. At the
wall of the upper cone, stresses were reduced from 2.95 MPa to 0.95 MPa
when air was injected at 60% load.

Nakanishi and Ueda [47] investigated peripheral air injection at both models
and prototypes. They observed that air injected into the draft tube would
create a foam in the low pressure zone in the draft tube center, breaking
down the forced vortex core. A small amount of air would not stabilize the
center cone or decrease draft tube surging. The center cone may become
more unstable and pressure pulsation amplitudes may increase. When re-
aching the threshold of air supply, the center cone will abruptly become
larger and stable, while the draft tube surging sharply decreases. The cri-
tical air flow was found to be from 1.5% - 2.5% of the turbine discharge for
the different model turbines.

20



2.6. ACTIVE METHODS 21

β

Figure 2.6: Tangential water injection. The water is injected in the opposite
direction of the tangential velocity

2.6.2 Water injection

Until recently, experiments were performed with air (rather than water)
both as a working fluid and an injection fluid [13, 51]. Currently, simplified
models use water as a working fluid. Every turbine has a unique geometry
that influences the draft tube flow. Due to lack of prototype geometries,
simplified models such as swirl generators, as shown in Figure 2.7 , are
used to investigate specific flow phenomena. However, swirl apparatuses
can produce sufficient swirl, but the radial distribution of velocity differs
from an actual turbine [13]. Therefore, model turbines are preferred.

Tangential water injection

How to use tangential water injection to widen the operating range of a
turbine was investigated by Francke [22]. Tangential water injection can
increase the operating range to counteract the swirl component and thereby
decrease pressure pulsation amplitudes. Water was injected tangentially,
in the opposite direction of the swirl component, through 5 - 7 nozzles
mounted on the draft tube wall, as shown in Figure 2.6. The injection
angle, represented by β in Figure 2.6, was adjustable, as was the horizontal
angle. The nozzles were connected to the high pressure side of the turbine
to provide pressurized water. This required some of the water to bypass the
turbine, which was considered a leakage loss.

Francke [22] carried out model tests on a high head Francis turbine. When
water was injected, the tangential velocities and the standard deviation of
pressure were reduced. Improved hydraulic efficiency was measured for the
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model tests. However, when the loss arising from the leakage loss related to
the nozzles was incorporated, the total efficiency was reduced for part load
operational points. The measured overall efficiency was reduced by 3.4% for
operation at approximately 30% of QBEP , but only by 0.4 - 0.9% at 40% of
QBEP .

Two measurements at prototypes were also carried out. Measurements at
the Skarsfjord HPP indicated a decrease in tangential and axial velocity.
When water was injected, the standard deviation of the pressure was signi-
ficantly reduced at operation between 35% and 50% of nominal load. This
indicates a reduction in the amplitude of the pressure pulsations. Frequency
analysis showed that the Rheingans frequency amplitude was reduced but
not completely removed, indicating that the vortex rope was still rotating
inside the draft tube. For operation above 50% load, the amplitude of the
pressure pulsations increased with the number of operating nozzles, whereas
the mean pressure decreased with increasing load. At partial load operation,
an increase in the turbine hydraulic efficiency was measured with increasing
nozzle flow rate. However, the efficiency increase of the turbine only com-
pensate for the increased leakage losses so the total efficiency remains more
or less constant.

The second prototype measurements were carried out at the Skibotn HPP.
The results indicated increased pressure fluctuations with an increasing
number of nozzles in use. However, frequency analysis showed a signifi-
cant decrease in amplitude of the Rheingans frequency for 1 - 3 operating
nozzles. The mean pressure was reduced for up to three operating nozzles,
but the use of additional nozzles increased the mean pressure. This result
is somewhat contradictory to the results from the Skarsfjord HPP. It is ex-
pected that increasing velocity will decrease the mean pressure. Francke
suggested that the increase in mean pressure is related to overpressure in
the draft tube.

Axial water injection into draft tube center

Another method for injection of water is axial injection. Water is injected
through the runner cone into the draft tube center, as shown in Figure 2.7.
This is similar to air injection method A shown in Figure 2.4. For water
injection, the method is referred to as axial water injection. The experiments
performed using a swirl rig do not have a specific operating point. They are
used to investigate specific flow phenomena such as the vortex rope. The
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Figure 2.7: Axial water injection in a swirl rig. Source: [6]

experiments presented in this section investigate the visible vortex rope and
correspond to a partial load operating point for the turbine. The precise
load depends on the turbine design.

Susan-Resiga et al. [68] numerically investigated axial water injection into
the draft tube of a low head Francis turbine from the FLINDT project
[2]. The study included a variety of different jet diameters and flow rates
from 1 - 28% of the turbine discharge. The axially injected water, hereafter
referred to as the jet discharge, was supplied from the spiral casing and was
therefore considered a leakage loss, as this flow was not available for power
generation. The simulations indicated a significant reduction in pressure
fluctuations at the draft tube wall. Susan-Resiga et al. [68] concluded that
axial water injection changed both the amplitude and the frequency of the
pressure fluctuations, though no further quantification was reported. The
reduction of pressure fluctuations corresponded to an efficiency increase.
At partial load, the water injection improved both the draft tube flow and
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runner flow and the overall efficiency losses were only in the order of 0.2%.
However, the conditions used to obtain these results were not reported.

This axial water injection method addresses directly the main cause of the
flow instability. Susan-Resiga et al. [68] concluded that the jet effectively
removes the vortex breakdown at partial load, with minimum effect on over-
all turbine efficiency. Further, it can be adjusted to the operating point and
does not change the runner geometry. Susan-Resiga et al. [67] presented
numerical simulations of the swirl rig with conical expansion of approxima-
tely 17.2◦ and an inlet diameter of 100 mm and outlet diameter of 160 mm.
The simulations showed that the jet discharge must be as high as 10% of
the turbine discharge to efficiently mitigate the vortex breakdown at partial
load. This is an impractically large fraction of the turbine discharge. Water
from the spiral casing can be used to supply a high velocity jet, but when
the jet discharge reaches 10% of the turbine discharge, the losses are no
longer acceptable.

The method was further investigated numerically and experimentally by
Ruprecht et al. [58]. The experimental study was carried out with a swirl
generator similar to the one shown in Figure 2.7. The actual cone had an
inlet diameter of 80 mm and outlet diameter of 130 mm giving a conical
expansion of 17.2◦. The results from PIV measurements showed that the
vortex rope was removed when the jet discharge was only 4% of the turbine
discharge. A frequency analysis showed that water injection removed the
dominant vortex rope frequency when only 2% of the turbine discharge was
injected. Further, the amplitudes of the low frequency pressure pulsations
were significantly reduced. The numerical results were similar to the expe-
rimental results. The vortex rope was not observed in the numerical results
for jet discharge values above 5.6% of the turbine discharge. A compari-
son of the pressure pulsations showed that in both the experimental and
numerical cases, the amplitudes decreased towards zero with increasing jet
discharge and reached zero when an amount between 4.8% and 5.6% of the
turbine discharge was injected. However, there were significant differences
between the amplitudes of the pressure pulsations for the experimental and
numerical parts. At the draft tube inlet, the amplitudes were 50% higher in
the experimental results. At the draft tube outlet, the different turbulence
models produced different results. The SST model exhibited higher ampli-
tudes, up to three times the experimental values, whereas the k-e-model
undershot at approximately 50%. Further, Ruprecht et al. [58] concluded
that the optimal value for water injection is highly dependent on the ope-
rating point. Results by Ruprecht et al. [58] show a significant lower jet
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discharge is needed than found by Susan-Resiga et al. [67]. The difference
in test rig size and the introduced swirl of the swirl rig may explain the
different results.

Muntean et al. [46] tested axial injection of water into the draft tube and do-
cumented how the frequency spectra changed with increasing jet discharge.
The swirl rig is shown in Figure 2.7. The swirl rig had conical expansion
of approximately 17.2◦ and an inlet diameter of 100 mm and outlet diame-
ter of 160 mm which is the same as numerical simulations by Susan-Resiga
et al. [67]. The frequency analysis indicated no significant improvement
for jet discharge amounts less than 5% of the turbine discharge. At 7%
jet discharge, the frequency analysis indicated a significant increase in low
frequency amplitudes. When the jet discharge was larger than 8.5% of the
turbine discharge, all of the pressure fluctuations were mitigated. The am-
plitudes of two dominant frequencies at 6 and 20 Hz were effectively reduced
with approximately 70% and 60%, respectively. Further, Muntean et al. [46]
concluded that a 10% jet discharge is required to operate without pressure
fluctuations and with maximum pressure recovery.

Kirschner et al. [33] performed experiments with axial water injection in a
model pump turbine with different nozzle diameters and flow rates up to
13.6% of the turbine discharge. Two partial load operational points were
investigated; 0.72QBEP and 0.43QBEP . At 0.72QBEP the vortex rope was
observed. Only a small reduction of pressure fluctuations was measured
for a nozzle diameter of 38 mm and jet discharge at 8.0% of the turbine
discharge. However, the vortex rope frequency amplitude was decreased by
20% when water was injected. A decrease in nozzle diameter to 30 mm and
a jet discharge of 7.4% led to a larger decrease in pressure fluctuations and
reduced the amplitude of the vortex rope frequency by 65%. The last test
presented for 0.72QBEP combined water and air injection. The jet discharge
was reduced to 2.8% of the volume discharge, whereas the mass flow rate
of air was 0.023% of the turbine discharge. A slightly larger decrease in
pressure fluctuations was observed compared to the nozzle with the smaller
diameter, and the vortex rope frequency amplitude was reduced by 60%.
In all three tests, the vortex rope frequency was shifted towards a lower
frequency.

The results using the second operating point at 0.43QBEP were similar to
the two water injection tests [33]. However, the dominating frequency was
no longer the vortex rope frequency, but the runner frequency. For the last
test, which combined a jet discharge of 4.8% and an air mass flow rate of
0.040% of the turbine discharge, the pressure fluctuations were reduced to
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approximately 80%. The frequency analysis showed that only one frequency,
at approximately 0.2 of the runner frequency, was detectable. This finding
may indicate that water injection is more efficient at partial load operational
points at which a vortex rope frequency is dominant. At lower partial load,
air injection performs better.

Bosioc et al. [6] used the swirl rig shown in Figure 2.7 to further investigate
the vortex rope. They presented similar results as Ruprecht et al. [58] in
terms of the ability of water injection to reduce vortex rope related frequen-
cies. The vortex rope generated was similar to that of a Francis turbine
operating at 70% of QBEP [6]. Bosioc et al. [6] injected water at rates of up
to 14% of the turbine discharge. The results indicated a steady decrease in
pressure pulsation amplitudes until the jet discharge reached 11.5% of the
turbine discharge. At this point, the pressure pulsation amplitudes were
reduced by 50% compared to the slightly lower jet discharge. A further
increase in jet discharge up to 14% of the turbine discharge did not signifi-
cantly change the amplitudes. Bosioc et al. [6] therefore referred to 11.5%
jet discharge as a threshold. An investigation of the pressure pulsations sho-
wed that the rotating component of the pressure pulsation dominated until
the jet discharge threshold was reached. After the threshold, the amplitu-
des dropped and the plunging component became the dominating factor.
Bosioc et al. [6] concluded that the water jet injection removed the vortex
rope and that the swirling flow became axisymmetric as a result.

Investigation of the axial water injection revealed that it is more effective
to use a low velocity but high discharge jet than a higher velocity and low
discharge jet [67]. For best results, the jet velocity should be on the same
order of magnitude as the average axial velocity. Susan-Resiga et al. [67]
therefore proposed the flow-feedback method (FFM), which supplies the jet
with water from the draft tube instead of the spiral casing. This method
thereby effectively removes the losses related to bypassing the turbine and
consequently is expected to improve efficiency because losses are reduced in
the draft tube. The water is collected at the end of the diffusor cone and is
directed to the jet. This system takes advantage of the pressure difference
between the jet in the draft tube center and the supply from the draft tube
wall.

Tanasa et al. [69] and Tănasă et al. [71] further investigated the proposed
FFM by Susan-Resiga et al. [67] experimentally with a swirl rig with coni-
cal diffusor by comparing it to the original design with water provided from
the spiral casing. They measured the pressure fluctuations at four levels
below the swirl rig. The results showed that axial water injection effecti-
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vely reduced the amplitude of the dominant frequency by 20-32% in the
three levels closest to the jet discharge. There was no significant difference
between the FFM and water supplied from the spiral casing. At the level
farthest from the turbine, an amplitude increase of approximately 60% was
measured. In addition, the dominant frequency changed from 15 Hz when
no water was injected to 10.7 Hz and 10.5 Hz for injection from the spiral
casing and FFM, respectively. Further, they concluded that the FFM has
the potential to mitigate pressure pulsations generated by the vortex rope
without any additional energy consumption.

Tănasă et al. [72] further investigated the FFM. As a result of losses in pipes
feeding the water back, the actual discharge was lower than first estimated.
Therefore, an improved method was tested that used an ejector pump to
increase the jet discharge. This is hereafter referred to as the FFM+. Whe-
reas the jet discharge is 10% of the turbine discharge for the FFM, the
FFM+ increases it to 12% of the turbine discharge. This allows for the wa-
ter injection to cross the threshold found by Bosioc et al. [6]. Only a small
increase in draft tube pressure was measured, corresponding to the small
increase in jet discharge. However, a significant reduction in pressure pul-
sation amplitudes was measured. By crossing the threshold, the amplitudes
of the pressure pulsation were reduced by more than 50% compared with
the FFM. In addition, the rotating component of dominating frequency was
reduced, and the plunging component became dominant. Tănasă et al. [72]
thus achieved the same result as Bosioc et al. [7] without a volumetric loss.

Swirl rig experiments have demonstrated promising results for mitigating
pressure pulsations. The swirl rig used by Bosioc et al. [6], Tănasă et al. [72]
and Susan-Resiga et al. [67] have a straight draft tube, with no bend causing
reflections, possibly reducing the pressure pulsation amplitude measured.

2.7 Passive methods

Different passive installations in model turbines have been investigated by
several authors [54][74][38][37][36][70]. The general strategy of passive in-
stallations is to change the flow in the draft tube center by physical instal-
lations at the runner cone or draft tube wall.
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(a) Turbine with fins attached to the
wall

(b) Turbine with fins attached to the runner
cone

Figure 2.8: Different types of fins

2.7.1 Fins

Thicke [70] reviewed some practical solutions for improving draft tube flow
stability. The investigation of different runner cones showed that the run-
ner cone shape plays an important role in controlling the draft tube velocity
distribution, which greatly affects the characteristics of the draft tube rope
formation and pressure pulsations. The design of the runner cone is extre-
mely important in controlling the velocity profile and pressure in the draft
tube [70][5][57]. This is because the shape of the runner cone may change the
dominant frequency in the draft tube and influence the vortex rope [54][70].
Thicke [70] recommended that the velocity at the draft tube throat should
not exceed 3.5 m/s. Testing and observation of a prototype showed that
the partial load pressure pulsations could be reduced with a runner cone
extension [70]. A conical extension with a length of approximately 30% of
the draft tube inlet diameter reduced power swings of 3-5 MW (i.e., 4-8%
of the turbine’s nominal load). A reduction in pressure below the runner
from 90 kPa to 50 kPa also improved the air injection in this case. Thicke
[70] further concluded that for good air injection, the runner cone must ex-
tend at least to the bottom of the runner. Model tests indicated that the
longest and largest runner cone extensions were most effective in reducing
pressure pulsations. The pressure and velocity in the draft tube center were
increased by the runner cone. Additionally, Thicke [70] evaluated various
stabilizing fins attached to the draft tube wall. The fins were beneficial in
mitigating draft tube swirl and reduce pressure pulsations amplitudes in the
draft tube. The reduction of pressure pulsation amplitudes are found in the
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synchronous component which is related to draft tube resonance and power
swings [13]. The fins have less influence on the asynchronous component
and is usually ineffective at high load [13]. However, efficiency losses were
observed for low- and medium-head units. The fin geometry and configura-
tion have been designed on a trial-and-error basis to minimize the efficiency
loss [68].

Nishi et al. [49] further investigated the ability of fins to reduce draft tube
surges by analysing wall pressure pulsations at the draft tube wall. Draft
tube surges are caused by resonance occurring when the rotating frequency
of the cavitating vortex rope at the elbow section coincides with the natural
frequency of the draft tube vibration. The trigger is attributed to the oscil-
lation of pressure recovery in the bend downstream the diffusor having the
same frequency as the rotating vortex rope. The extensive testing of fins by
Nishi et al. [49] enabled the important conclusion that the natural frequency
cannot always be changed by installing fins. Fins can also introduce severe
resonance in the turbine as a result of the additional cavity volume behind
the fins at low cavitation number. This may also lead to increased pressure
pulsation amplitudes. However, installation of fins is useful to broaden the
partial load operating range. The frequency of the rotating vortex rope
increases with increasing fin height.

2.7.2 Runner cone extension

Different runner cone extensions on a medium head Francis model runner
were investigated by Vekve [74]. An example of a runner cone extension is
shown in Figure 2.9. Pressure measurements were performed in two pla-
nes in the draft tube cone in addition to LDV measurements. The runner
cone extension with the largest diameter, 0.41D2, where D2 is the run-
ner outlet diameter, resulted in the largest reduction in pressure pulsation
amplitude. The runner cone extension with 0.41D2 was tested with two
lengths: 0.81D2 and 2.95D2. The longest runner cone extensions resulted
in the best performance in regards to pressure pulsations. Only minor dif-
ferences in amplitude were measured at low load (i.e., 0.58QBEP ), while
as soon as the flow was increased to 0.71QBEP , the pressure pulsation am-
plitudes in the upper plane dropped to the same level as at the BEP. For
the lower measuring plane, this did not happen before 0.835QBEP . The
shorter runner cone extension performed worse, but better than the runner
without extension. The model tests showed an improvement of efficiency
for 0.58QBEP of approximately 1.5 - 1.8% for the largest runner cones. For
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Figure 2.9: Francis runner with runner cone extension

the other operational points, the largest runner cone extension had no or
minor positive effect on the efficiency.

Vekve [74] also performed prototype measurements at the Litjfossen HPP.
These prototype measurements confirmed that the shaft extension has to
be sufficiently large, in this case a diameter 21% of the runner outlet dia-
meter, to properly dampen the pressure fluctuations. A test at 75% load
showed dampening in the pressure fluctuations, whereas at 45% load the
shaft extension was too small to have a significant effect. At 75% load, the
amplitude of the rotating component of the vortex rope pressure pulsation
was reduced to approximately 35%. Prototype measurements at Oksla with
a runner cone extension showed no significant improvement. The runner
cone extension in this case had a diameter 16% of the runner outlet dia-
meter. Vekve concluded that the shaft extension moves the initiation point
of the vortex rope further downstream and can reduce the strength of the
vortex rope (i.e., the amplitude of the RVR). The further downstream the
vortex breakdown occurs, the shorter the distance the RVR has available
for longitudinal development.

Qian et al. [54] carried out tests of four different runner cone shapes in a high
head runner model. The original shape and the three modified shapes are
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Figure 2.10: Different runner cone extensions. Source: [54]
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shown in Figure 2.10. Compared with the work by Vekves [74], these runner
cones were smaller and shorter. The pressure was measured at 30 points in
the spiral casing and draft tube. Measurements from three locations in the
draft tube with different distances from the runner were presented. Five
different guide vane openings were tested. With a 16◦ guide vane opening,
the amplitude of the dominating frequency was doubled for cases b and c,
whereas the last case did not change the amplitude significantly. At 17◦

guide vane opening, the dominating frequency was changed from 7.58 Hz
to 4.55 Hz and the amplitude almost doubled for all the modified runner
cones. With an 18◦ guide vane opening, the dominating frequency was
shifted from 5.24 Hz to 5.13 Hz for cases b and c. However, the amplitude
changed by 10 - 20% in the positive and negative directions depending on the
distance from runner to the pressure measurement location. Similar results
were found for a 19◦ guide vane opening. With a 20◦ guide vane opening,
the dominating frequency increased the farther away from the runner cone
the measurements were taken. The extreme case was runner cone b, which
increased the frequency consecutively from 1.7 Hz – 5.49 Hz – 13.74 Hz. The
use of runner cone b also resulted in significantly lower amplitudes, reduced
by approximately 70% and 40% from original case, in the two measuring
levels farthest downstream the runner. A higher dominant frequency was
also measured compared to the other cases. It is also worth noting that for
16◦ and 19◦ guide vane openings, the pressure pulsation amplitude increased
with the distance from the runner, whereas at 18◦ the highest amplitude
was found at the second level downstream of the runner. With a 17◦ guide
vane opening, the amplitudes remained almost constant for the modified
runner cones at all levels, whereas the original runner cone exhibited an
increased amplitude. The amplitude increased from 20% of the modified
runner cone amplitude closest to the runner, to 70% of the modified runner
cone amplitude. In general, their conclusion was that the modified runners
had a positive effect on the vortex rope induced frequencies.

2.7.3 J-grooves

Kurokawa et al. [37] and Kurokawa [36] turned fins into shallow grooves cal-
led J-grooves. By placing shallow grooves in the axial direction downstream
a swirl generator, Kurokawa et al. [37] measured velocity profiles and pres-
sure pulsations in a diverging channel. The results showed that the deepest
groove at 4 mm, which was diverging from 11.3 - 26.9 mm, significantly
decreased the tangential velocity of the water. In the largest swirl case, the
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groove reduced the maximum tangential velocity by nearly 60% and signifi-
cantly reduced the pressure pulsation amplitudes. In contrast to the results
report by Thicke [70], Kurokawa et al. [37] reported the hydraulic losses
to be negligible. However, the grooves increased reverse flow in the draft
tube center and a reverse flow occurred in the latter part of the grooves.
Consequently, a higher maximum axial velocity was achieved compared to
the configuration without grooves. According to experimental findings and
theoretical considerations by Kurokawa et al. [37] and Kurokawa et al. [38],
the groove effect is explained by two mechanisms:

• a decrease in tangential velocity at the diffusor inlet leading to incre-
ased mixing of the flow

• increase in radial velocity arising from reverse flow in the groove
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Chapter 3

Free Rotating Runner Cone
Extension

Vekve [74] found that a runner cone extension could move the initiation
point of the vortex rope downstream. The runner cone extension will also
remove the centre volume beneath the runner and thereby the central stal-
led region. As a physical object is introduced, the cross section area is
also reduced. This would increase the average axial velocity of the flow
and thereby reduce the swirl number. Due to friction, the swirl decreases
downstream in the draft tube. Thereby the rotating component becomes
less dominant. With an ordinary runner cone extension the rotation of the
runner cone will be equal to the runner rotation. As this reaches further
down in the draft tube, swirl will increase in the center region.

A free rotating runner cone extension (FRUCE) is a runner cone extension
connected to the hub with bearings. The bearings allows the outer part
of the extension to rotate freely and independent of the runner rotation.
The FRUCE will then only be driven by the viscous forces in the water.
Essentially, the free vortex in the draft tube will extend all the way from
the draft tube wall to the FRUCE surface as the forced vortex is removed as
shown in Figure 3.1. When moving downstream in the draft tube, friction
will reduce the swirl. As the swirl is reduced, the velocity of the FRUCE is
also reduced. This means a reduction in tangential velocity and thereby a
reduction in pressure pulsation amplitudes.

Figure 3.2 displays a cross section of one of the FRUCEs tested in the Wa-
terpower Laboratory at NTNU. The rotating part is shown in red beneath
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(a) Axial view (b) Cross section

Figure 3.1: FRUCE influence on the tangential velocity. The grey area
represents the FRUCE. The inner part of the vortex is removed by the
FRUCE.

the runner cone. Two sets bearings for axial and radial forces was used to
keep the outer part in place. A cylindrical design was chosen because other
results with similar shapes where available for comparison.
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FRUCE

Runner cone

Figure 3.2: Cross section of the FRUCE. The red part is the rotating part
of the FRUCE. Inside the outer part are two sets of bearings to keep the
outer part in place.
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Chapter 4

Experimental setup

This chapter describes the experiments and measurements performed on
prototypes and in the laboratory. Prototype measurements were conducted
at four different sites. Pressure pulsation measurements were carried out at
La Higuera, Leirfossene, Øvre Leirfoss and Nedre Leirfoss. At La Higuera
two different air injection methods were investigated along with efficiency
measurments. At Øvre Leirfossen and Nedre Leirfossene pressure pulsa-
tion measurements were carried out. Leirfossene was the main focus for the
FRUCE experiments. Both pressure measurements and efficiency measure-
ments were carried out with and without FRUCE. The FRUCE was first
tested in the laboratory before a FRUCE was designed for the prototype in
Leirfossene.

4.1 Efficiency measurements

Efficiency measurements were carried out in parallel with the pressure mea-
surements at Øvre Leirfoss and Nedre Leirfoss, but these measurements are
not considered part of this thesis. However, the efficiency measurements
are used to accurately establish the operating conditions for the pressure
measurements. For both La Higuera and Leirfossene the thermodynamic
efficiency method was used to measure the efficiency.

The thermodynamic measurement method utilizes the first law of thermo-
dynamics, the principle of conservation of energy, for the energy transfer
between the water and the turbine. The specific mechanical energy at the
runner is determined by measuring the performance variables; pressure,
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temperature, velocity and water levels. In addition the thermodynamic
properties of water must be included.

The discharge is challenging to measure in prototype. This is omitted by
using the specific mechanical energy together with the specific hydraulic
energy. The specific hydraulic energy of the turbine is the difference between
the specific energy of water before and after the turbine also known as the
known as specific energy head [34].

The efficiency is calculated as the ratio between specific mechanical energy
and hydraulic energy. The equations to determine efficiency and uncertainty
can be found in the IEC 60041 standard for field acceptance tests [64]

4.2 Prototype measurements

4.2.1 La Higuera HPP

La Higuera HPP is a hydro power plant located in the Andes, south of
Chiles capital Santiago. It consist of two units of 77 MW, both equipped
with a vertical axis Francis turbine. Power plant data is given in table 4.1.

Table 4.1: Data per unit at La Higuera HPP

La Higuera Hydropower plant

Number of turbines 2
Nominal net head 375 m
Rated generator output 77 MW
Nominal volume flow 22.7 m/s3

Nominal speed 600 rpm
Outlet diameter 1.57 m

The power station has suffered from strong vibrations since the start up in
2010. The strong vibrations was one of the causes of the shut down in 2011.
The power plant was refurbished and an air injection system was installed.
During the recommissioning in 2013 two different methods of air injection,
as shown in Figure 4.1, was tested to help reduce the vibrations.

Option A: Air injection through upper cover. This option was installed
by the turbine manufacturer. It allows air to pass through the upper cover
and enter into the draft tube from the runner cone as shown in Figure 4.1a.
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(a) Option A (b) Option B

Figure 4.1: Air injection methods for La Higuera

Option B: Air injection through the draft tube wall which was installed
at a later stage. With option B air is injected through four nozzles fitted
approximately 250 mm downstream the runner outlet as shown in Figure
4.1b.

Pressure measurements

The pressure measurements were carried out in two set. The first set tested
two different setups of air injection (Option A and B) with different amount
of air injected at unit 1. The second set was carried out together with
efficiency measurements at both units. For the second set of measurements
air injection through the draft tube wall (Option B) was used.

Pressure pulsation measurements were performed at La Higuera Power Plant.
Two pressure sensor were mounted at the draft tube wall approximately
0.19D2 (300 mm) downstream the runner and one pressure sensor was moun-
ted upstream the runner (as shown in figure 4.2). The pressure sensor up-
stream the runner was mounted upstream the guide vanes, but downstream
the main inlet valve. Both pressure sensors in the draft tube were mounted
in the same plane with 90◦ between each other as shown in Figure 4.4. A
logging frequency of 2500 Hz and a logging time of 200 s was used. Further
pressure sensor data is found in table 4.3. The pressure pulsations were me-
asured in normal operation without air injection, with air injection through
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the upper cover (Option A) and air injection through the draft tube wall
(Option B).

Table 4.2 shows the measured points and the maximum airflow achieved
with the different options. As the best results were found with the highest
airflows, the smaller airflows are not included or further discussed.

Table 4.2: Operational points included

Option A Option B

Load Air injected % of water Load Air injected % of water
[%] [l/s] flow rate [%] [l/s] flow rate

28.1 138 1.48 29.2 202 2.17
39.3 264 2.27 41.0 214 1.84
49.7 254 1.78 49.7 243 1.70
59.0 198 1.25 59.2 239 1.51
70.8 211 1.23 68.4 248 1.45
77.9 253 1.27 79.6 218 1.09
106.6 0.0 0.00

For the second set of measurements carried out at unit 2, the pressure
sensors were mounted approximately 2 m downstream the runner as seen
in Figure 4.3b, due to unfavourable conditions which caused cavitation on
the sensor in the original position. These air injection measurements where
therefore carried out later alongside the efficiency measurements described
in the next section.

Table 4.3: Data per unit at La Higuera HPP

Pressure sensor Location Range Logging frequency

PTX1400 Inlet 0-100 bar a 2500 Hz
PTX1400 Sensor 1 0-10 bar g 2500 Hz
PTX610 Sensor 2 0-10 bar a 2500 Hz

Efficiency measurements La Higuera

The thermodynamic efficiency measurements were carried out at both tur-
bines with and without air injection. The measurements were carried out
in accordance with the IEC 60041 [64]. The location of temperature and
pressure sensors are shown in Figure 4.5.
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Figure 4.2: Pressure sensor locations at La Higuera HPP

The inlet temperature measurement was done with a probe, as shown in
Figure 4.6, inserted in to the main flow upstream the spiral casing. A
Seabird SB38 temperature sensor was used to measure the temperature
at the inlet with an accuracy of ±0.001◦C. The temperature sensor was
thoroughly insulated to eliminate external influence.

The temperature measurements at the outlet were carried out by using a
frame and one temperature sensor. The frame, as shown in Figure 4.7,
guided water from 31 different locations to the temperature probe. The
temperature sensor was the same type, Seabird SB38, as for the inlet.

The pressure measurements were carried out with Digiquarts 9000 series
pressure sensors. This was used to measure the inlet pressure, outlet pres-
sure and the atmospheric pressure inside the power plant.

The leakage water was lead into the draft tube. Therefore no measurement
of leakage water was carried out.

In total nine measurement points were carried out for unit 1. At unit 2, 17
measurement points was carried out whereof seven were with air injection.
An overview can be found in Table 4.4. The operational points measured
with air injection along the efficiency measurements are found in Table 4.5.
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(a) Pressure sensor at unit 1 (b) Pressure sensor at unit 2

Figure 4.3: Pressure sensor mounted at La Higuera HPP. The pressure
sensor at unit 1 was mounted 0.19D2 downstream the runner outlet, while
an unfavourable location at unit 2 lead to remounting 1.3D2 downstream
the runner outlet

Table 4.4: Operational points included without air injection

Unit 1 Unit 2

Load [%] MW Load [%] MW

40.3 31.0 48.8 37.6
49.4 38.0 59.7 46.0
58.4 45.0 42.5 32.7
58.6 45.1 69.7 53.7
68.4 52.7 81.8 63.0
80.5 62.0 90.6 69.8
91.8 70.7 99.1 76.3
100.1 77.1 99.7 76.8
101.7 78.3
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Sensor 1

Sensor 2

Figure 4.4: Pressure sensor location in the draft tube of La Higuera seen
from above

Figure 4.5: Measurement setup at La Higuera
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Figure 4.6: Pressure sensor locations

Figure 4.7: Draft tube frame from La Higuera

Table 4.5: Operational points with air injection for Unit 2 at La Higuera
HPP

Unit 2

Load [%] MW Air injected [l/s] % of water flow

42.5 32.7 225 1.87
49.0 37.7 222 1.68
59.7 46.0 212 1.37
69.9 53.8 208 1.18
81.0 62.4 209 1.08
91.2 70.2 212 0.98
98.7 76.0 309 1.32
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4.2.2 Øvre Leirfoss and Nedre Leirfoss

Pressure measurements were conducted on the two low head Francis turbines
located at Øvre and Nedre Leirfoss Hydro Power Plant. Both hydro power
plants are located in Nidelva in Trondheim, Norway. Nedre Leirfoss HPP
contains a vertical axis type Francis turbine with a nominal output of 2.5
MW. Øvre Leirfoss HPP is located 2 km further upstream and contains
horizontal axis Francis turbine with 3.5 MW nominal output. Further data
about the power plants is given in Table 4.6.

Table 4.6: Data per unit at Øvre Leirfoss and Nedre Leirfoss HPP

Øvre Leirfossen Nedre Leirfossen

Number of turbines 1 1
Nominal net head 32.6 m 25.7 m
Rated generator output 3.5 MW 2.5 MW
Nominal volume flow 10.5 m/s3 10 m/s3

Nominal speed 375 rpm 333 rpm
Outlet diameter 1.33 m 1.39 m

The pressure measurements were carried out alongside efficiency measure-
ments of the turbines. For both turbines, five operating points were inves-
tigated; 50%, 70%, 90%, 100% (BEP) and 110% load. The pressure sensors
were mounted evenly spaced in one plane located 0.27D2 downstream the
the runner outlet as shown in Figure 4.8. The data were sampled at five
different sampling rates of 100 Hz, 500 Hz, 1kHz, 1.5 kHz and 2.5 kHz to
investigate the sampling rate influence on the sampled signal. Each measu-
rement series were 500 seconds. Pressure sensor data can be found in Table
4.7.

Table 4.7: Pressure sensors at Øvre and Nedre Leirfoss HPP

Pressure sensor Location Range

PTX610 Sensor 1 0-2.5 bar a
PTX610 Sensor 2 0-2.5 bar a
PTX610 Sensor 3 0-2.5 bar a
PTX610 Sensor 4 0-2.5 bar a
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Figure 4.8: Pressure sensor locations at Øvre Leirfoss HPP
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4.2.3 Leirfossene hydropower plant

Leirfossene HPP is located by Nidelva in Trondheim. It contains two vertical
axis Francis units, both with air injection. The air injection system was
installed to reduce the pressure pulsations. The system has been optimized
for part load and is controlled by the guide vane opening. The smallest unit,
turbine 2, was used for measurements in this thesis. The first measurement
series without FRUCE was carried out in May 2016, while the three last
series with FRUCE were carried out in the beginning of September 2016.
Data for Unit 2 is given in Table 4.8.

Table 4.8: Data for Unit 2 at Leirfossene HPP

Leirfossene HPP

Nominal net head 58 m
Rated generator output 16 MW
Nominal volume flow 30 m/s3

Nominal speed 333 rpm
Outlet diameter 1.88 m
Runner blades Unit 2 11
Guide vanes Unit 2 24

Pressure measurements

The pressure measurements were performed with eight pressure sensors
mounted at the draft tube . The sensors were mounted in pairs 180◦ apart
in four planes as shown in Figure 4.9 and 4.10. DT 1 was mounted in the
inner section of the bend as shown in Figure 4.9. DT 3, DT 5 and DT 7 was
mounted directly below DT 1 as shown in Figure 4.10. DT 1, DT 3, DT 5
and DT 7 is referred to as the odd side off the draft tube. While the other
side containing DT 2, DT 4, DT 6 and DT 8 is referred to as the even side
as shown in Figure 4.10. The even numbered sensors were mounted closer
to the outer section of the bend as shown in Figure 4.9. Pressure sensor
data can be found in Table 4.9.

The pressure signals were obtained with a logging card which included a
antialiasing filter which gave an alias free bandwidth up to 0.453fs, where
fs is the sampling rate.

The pressure sensors were connected to a separate logging system from the
efficiency measurements. Two separate logging series of 300 seconds each
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Draft tube axis

60◦ Penstock direction

DT 1

DT 2

A

A

Figure 4.9: Cross section of the draft tube from Leirfossene seen from above.

were obtained for each operational point with a logging frequency of 2 kHz.

Efficiency measurements

Leirfossene has a head of only 58 m, as mentioned in Table 4.8. This is less
than 100 m head which IEC 60041 recommend as a lower limit for use of
the thermodynamic measuring method. However, under highly favourable
conditions, the range can be extended to cover lower heads.

The inlet temperature measurement was done with a probe inserted in to
the main flow upstream the spiral casing. A Seabird SB38 temperature sen-
sor was used to measure the temperature at the inlet with an accuracy of
±0.001◦C. The temperature sensor was thoroughly insulated to eliminate
external influence. It was only possibly to insert the probe approximately
230 mm into the main flow due to the position of the butterfly valve up-
stream.

The temperature measurement at the outlet was carried out with a frame
and three temperature sensors located as shown in Figure 4.11. Each level
of the frame guided water from 10 different positions in the horizontal plane
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DT 2

DT 4

DT 8

500 mm

860 mm

860 mm

860 mm

110 mm

DT 6

DT 1

DT 3

DT 5

DT 7

Figure 4.10: Vertical cross section of the draft tube in Leirfossene HPP.
The cross section is marked as A-A in Figrue 4.9. DT 1-8 marks the eight
pressure sensors located in the draft tube.
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Table 4.9: Pressure sensors at Leirfossene HPP

Pressure sensor Location Range Logging frequency

PTX1830 DT1 0-5 bar a 2000 Hz
PTX1830 DT2 0-5 bar a 2000 Hz
PTX1830 DT3 0-5 bar a 2000 Hz
PTX1830 DT4 0-5 bar a 2000 Hz
PTX1830 DT5 0-5 bar a 2000 Hz
PTX1830 DT6 0-5 bar a 2000 Hz
PTX1830 DT7 0-5 bar a 2000 Hz
PTX1830 DT8 0-5 bar a 2000 Hz

to the temperature sensors. The temperature sensors were all Seabird SB38.

T2b

T2a

T2c

T1

P1

z3

PDT

Figure 4.11: Location of temperature sensors at Leirfossene HPP

The inlet pressure were measured with a PTX610 0-10 bar absolute sensor
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located in the same cross section as the temperature sensor. The atmos-
pheric pressure was measured with a PTX610 0-2.5 bar absolute sensor.
Sensor data can be found in Table 4.10.

The leakage water was lead into the draft tube, so no measurement of leakage
water was carried out.

Table 4.10: Sensors at Leirfossene HPP

Sensor Location Range Logging frequency

Seabird SB38 Inlet -5 - +35 ◦C 0.3 Hz
Seabird SB38 Outlet 1 -5 - +35 ◦C 0.3 Hz
Seabird SB38 Outlet 2 -5 - +35 ◦C 0.3 Hz
Seabird SB38 Outlet 3 -5 - +35 ◦C 0.3 Hz
PTX610 Inlet 0 - 10 bar a 2000 Hz
PTX610 Temp. probe 0 - 10 bar a 2000 Hz
PTX610 Atm 0 - 2.5 bar a 2000 Hz

In total nine operational points was investigated, where 13 MW (81% of
nominal load) was a repetition point. An overview of the operational points
is given in 4.11. Measurements with air injection was also carried out for
the two lowest loads. Pressure and temperature was logged for 15 minutes
minimum for the efficiency measurements.

Table 4.11: Operational points for Leirfossene HPP

Nominal load [%] Load [MW] Air injection

47 7.5 on
56 9.0 on
66 10.5 off
75 12.0 off
81 13.0 off
91 14.5 off
100 16.0 off
106 17.0 off
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Figure 4.12: Overview of the Waterpower Laboratory. The closed loop used
for the measurements is marked in red.

4.3 Laboratory measurements

The Waterpower Laboratory is located in Trondheim at the Norwegian Uni-
versity of Science and Technology (NTNU). It has been a research facility for
hydraulic machinery since it was built in 1917. The laboratory was refurbis-
hed in 2001 to further meet the increasing demand in turbine performance
improvement research. The Francis test rig certified to IEC 60193 Hydraulic
turbines, storage pumps and pump-turbines - Model acceptance testes [65],
enabling performance guarantee tests of Francis and pump turbines.

The measurements at the Waterpower Laboratory were carried out in a
closed loop configuration as shown in red in Figure 4.12. The water is
supplied by one of the two 287 kW variable speed pumps located in the
basement. The water flows through the pressure tank and the flow meter
before entering the turbine. Downstream the draft tube, the draft tube tank
is used to regulate the submergence of the runner. From there the water is
returned to the pumps.

The runner cone extension was designed for the Francis model runner at the
Waterpower Laboratory. Pressure measurements were performed with and
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without runner cone extension to investigate the impact on the flow. The
Francis-99 model runner, which is a high head Francis runner, was used for
the experiments. This turbine is also the model runner used as a reference
in Francis-99 workshops [19]. Turbine data can be found in Table 4.12. The
test was carried out with constant head of 12 m and constant rotational
speed of 333 rpm.

Table 4.12: Turbine data for Francis model runner

Francis model runner

Operating Head 12 m
Runner blades 15 + 15 (splitter blades)
Guide vanes 28
Speed number 0.27 [-]
Inlet diameter 0.63 m
Outlet diameter 0.349 m
Runner inlet height 0.06 m

In total five different test series were carried out including the original de-
sign, three FRUCEs and a locked runner cone extension. The FRUCEs are
hereafter referred to as mFRUCE. The different FRUCEs are shown in Fi-
gure 4.13, where the free rotating part is shown in red. The lengths of FRU-
CEs were; mFRUCE S = 0.62D2, mFRUCE M = 0.86D2 and mFRUCE L
= 1.20D2, where D2 is the outlet diameter. The locked runner cone exten-
sion had the same length as mFRUCE L; 1.20D2. NI Labview was used to
acquire the data. The different operating points are shown in Table 4.13.

Pressure measurements were carried out with four Kistler 701A dynamic
pressure sensors, flush mounted as shown in Figure 4.15. Two sensors were
mounted in each plane, directly opposite to each other. Additional pressure
sensors were mounted at inlet and downstream the runner cone. The pres-
sure data was amplified and acquired with a logging frequency of 2777.8 Hz
with NI 9239 logging card. The logging card provide an alias free bandwidth
up to 0.453fs.

The efficiency was calculated from the measured pressure, torque, rotational
speed and volume flow. Temperature of the water was also measured to
calculate the correct density of water.
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(a) FRUCE 1 (b) FRUCE 2 (c) FRUCE 3

Figure 4.13: Free rotating runner cone extension tested at the Waterpo-
wer Laboratory. The length of the FRUCEs are; mFRUCE S = 0.62D2,
mFRUCE M = 0.86D2 and mFRUCE L = 1.20D2. The FRUCE diameter
is 0.21D2. The rotating part is shown in red. The measurements in the
drawings are given in millimetres.
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Table 4.13: Operational points for laboratory measurements

Operational
points

Guide vane opening
[degrees]

Volume flow
[m3/s]

Relative Volume
flow Q/QBEP [-]

1 4.00 0.086 0.43
2 5.01 0.106 0.53
3 6.02 0.127 0.63
4 7.03 0.147 0.73
5 8.13 0.169 0.84

6 (BEP) 9.89 0.202 1.00
7 11.03 0.223 1.11
8 12.00 0.241 1.20
9 13.05 0.256 1.29

Draft tube axis
Penstock direction

56◦
P1

P2

Figure 4.14: Axial position of pressure sensors in the draft tube in the
Waterpower Laboratory. Sensor P1 and P3 was located closest to the inlet,
while P2 and P4 are located on the opposite side of the draft tube.
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Figure 4.15: Pressure sensor locations at the Waterpower Laboratory. The
dimension in the drawing is given in millimeters
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(a) Modified runner cone for FRUCE (b) FRUCE

Figure 4.16: Pictures from the model test at the Waterpower Laboratory.
The modified runner cone can be seen to the left, while mFRUCE S mounted
to the runner cone can be seen to the right
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Chapter 5

Analysis methods

5.1 Pressure measurement analysis

To analyse the pressure fluctuations in the draft tube, several methods have
been applied. First an investigation of the average pressure in the different
sections of the draft tube has been evaluated. The peak-to-peak values have
been obtained using a 99% confidence interval to investigate the magnitude
of the pressure fluctuations in the draft tube. Further, the pressure signals
have been decomposed to analyse the different frequency components. This
was done by obtaining frequency spectra with the Welch method [27, 25, 53].

The pressure fluctuation caused by the rotating vortex rope can again be
decomposed into a rotating and a plunging component also known as an
asynchronous and synchronous component.

5.2 Amplitude analysis

When investigating the amplitude of a random signal a statistical method
is needed to obtain unambiguous results. In general, two methods are used;
rms or peak-to-peak values. In this thesis the a peak-to-peak method is
chosen to evaluate the amplitudes of the signals. The peak-to-peak values
give an impression of the pressure pulsation amplitudes independent of the
frequencies occurring in the system.

The IEC 60193 [65] suggests to define the amplitude as the variation which
contains a certain percentage of the sample. A Probability Density Function
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Figure 5.1: Probability density function curve for a time series is shown in
red and actual values from the time series is seen in purple. 99% confidence
interval is shown between the dashed lines.

(PDF) was therefore applied to find the peak-to-peak values of the pressure
signal [14]. The peak-to-peak values will depend on the percentage level
chosen. Figure 5.1 show the PDF with a 99% confidence interval which was
chosen [14]. The IEC 60193 suggests 97% in a footnote, but is rather non-
committal. A comparison of different percentage level is shown by Dörfler
et al. [13]. As for the laboratory results, the signal was filtered and the
effective confidence interval will therefore be less than 99%.

5.3 The Welch Method

The Welch method was chosen because it is known to give a good approx-
imation of the frequency amplitudes [25]. The method is well described in
Heinzel et al. [27], Harris [25] and Proakis and Manolakis [53]. The Welch
method returns the periodogram spectrum density (PSD) which is a statis-
tical estimate of the power in different frequencies of a signal. The method
divides the sampled data into overlapping sections. A process called win-
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dowing is then applied to the sections before computing their Fast Fourier
Transform. Windowing reduces spectral leakage in the transformation. The
result is averaged over the sections and returned as PSD.

5.4 Discrete Fourier Transform

The fast Fourier transform is an algorithm which computes the discrete
Fourier transform (DFT) of a sequence or its inverse. The method is named
after M. Fourier and his work on heat propagation [20]. Applying the FFT to
a time domain signal, f(t), the signal is converted into the frequency domain
F (ω). The method allows to identify the different frequency components
of a time signal, which otherwise would be impossible to distinguish. The
Fourier transform is defined in equation 5.1 [27, 25] .

F (ω) =

+∞∫

−∞

f(t)e−jωtdt (5.1)

When applied the signal is discrete with a sampling frequency of 1/T . A
finite approximation must therefore be used as shown in equation 5.2, where
nT is the sample time and N is even [25].

F (ω) =

+N/2∑

−N/2
f(nT )e−jωnT (5.2)

5.4.1 Windowing

The FFT implicitly assumes that the signal is periodical with a whole os-
cillation period or multiples of it coinciding with the measurement period
[27]. This assumption is rarely true and the data needs to be preconditio-
ned. This is done by a window function which is multiplied with the signal.
The window function starts near zero and rises to maximum at the the cen-
ter of the time series before it decreases towards zero again. Overlapping
the windows would seem to be using the same data twice, but the spectral
leakage is reduced significantly when windowing is applied. The technique
is well described by several authors [27, 25, 28].
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Different windows can be applied depending on the nature of the dataset.
The Hann window is a well suited for handling trigonometric functions.
It weighs the centre values of the sinusoidal rather than the extremities
[29]. The extremities creates non continuity when periodic extension of the
sequence are made. Reducing the non continuity will reduce the spectral
leakage, and in turn the loss in amplitude. The disadvantage is the slightly
reduced frequency resolution [27, 28] .

5.4.2 Sampling rate, Nyquist frequency and aliasing

The sampling rate defines how many samples per second which are acquired.
This implies that any digital sampling will be discontinuous. The resolu-
tion is highly dependent on sampling rate. The Nyquist sampling theorem
explains relationship between the minimum sample rate and the frequency
of the measured signal as shown in equation 5.3. The sample rate must be
twice the highest frequency of interest [27]. This frequency is often referred
to as the Nyquist frequency, fN

fs > 2 · fN (5.3)

Aliasing occurs if the analog signal is sampled with a too low sampling rate
relative to the highest frequency in the system. A digital signal will not have
an upper frequency component, which means that the aliasing effect will
always be present [30]. Oversampling and filtering can be used to reduce the
effect of aliasing. Oversampling means sampling with a frequency multiple
times the Nyquist frequency. Oversampling is often done to increase the
frequency resolution, reduce the effect of aliasing, phase distortion and noise
in the measurements. It also reduces the need for filtering.

5.5 Missing data problem

The FFT requires uniform sampling, i.e. constant ∆t, to correctly transform
the data. In the La Higuera measurement, a logging error occurred. The
logging program wrote a file once a second, which led to a small time gaps
between each measuring block. Due to the pauses in the logging program, a
missing data point problem occurred in the spectral analysis. The constant
time step requirement of the FFT was not longer fulfilled.
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The increased ∆t which occurred every second can be considered as loss of
data points. The loss of data points is a loss of information of the physical
process. A truncation of the time series before applying the FFT algorithm
would cause non-physical and spurious distortion which is seen in the low
frequency band. If not all frequencies are known, the spurious errors can
not be identified.

A FFT of each measuring block with constant time step could be an option
to study higher frequencies. Due to the short length of each block, this will
give a far from satisfactory frequency resolution. The relative uncertainty
caused by white noise would also increase by this method.

The missing data point problem is well known within geophysics from satel-
lite transmissions. The received satellite signal transmitted is often disrup-
ted by the satellite passing through a transmission shadow. To compensate
for the lost data, the least-square spectral analysis was developed [42], com-
monly known as Lomb normalized periodogram. Instead of weighting data
’per time interval’ basis as in FFT, the method weights data on ’per point’
basis. This allows for a non-uniform time steps in the time series and avoi-
ding truncation, zero insertion and extrapolation [73]. The drawback of
the method is that the computational costs are significantly increased, from
less than a second to more than an hour. Another aspect to be aware of
is that the Nyquist frequency is not respected by the Lomb normalized pe-
riodogram [42, 73]. Hence, frequencies higher than the Nyquist frequency
appearing in are disregarded.
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Chapter 6

Results and discussion

6.1 La Higuera

Measurements from La Higuera showed a dampening in pressure fluctua-
tions when air was injected. However, the pressure pulsation amplitudes
related to rotating vortex rope was not dampened. A small increase in am-
plitude could be found when air was injected independent of air injection
method.
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Figure 6.1: Peak-to-peak values at La Higuera. The peak-to-peak values
are given in % of ρE where ρE = 3 677 kPa.

The peak-to-peak values with 99% confidence interval for the two different
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air injection options are shown in Figure 6.1. The peak-to-peak values are
significantly reduced in both cases. The variation in peak-to-peak amplitu-
des without air injection is most likely related to difference in operational
points and water condition as the measurements were done at separate days.

The highest amplitudes were found at deep part load and this also were
the reduction in peak-to-peak values is largest. The maximum amplitudes
can be seen for the 50% load for the both with and without air injection.
There is a significant change in peak-to-peak amplitudes from 50% to 60%
load and the dampening effect of air injection is relatively small. This is
normally an operational range where the rotating vortex rope is present.

(a) Sensor 1 (b) Sensor 2

Figure 6.2: Frequency spectrum for Option A

(a) Sensor 1 (b) Sensor 2

Figure 6.3: Frequency spectrum for Option B
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As seen in Figure 6.2 and 6.3 the dominant frequency at part load (60-80%
P/Pn) was found at 1.2-1.4 Hz, confirming the presence of a vortex rope.
These amplitudes of the vortex rope frequency are significantly increased
at Sensor 2 when air is injected, while at Sensor 1, minor changes can be
observed. The vortex rope frequency is also slightly shifted towards a higher
frequency when air is injected.

The frequency spectra clearly show the presence of a vortex rope at high part
load (60-80% P/Pn). The air injection is increasing the amplitude of the
vortex rope significantly at sensor 2. However, for the same operating range,
the peak-to-peak values are reduced with air injection. The air injection
does not have a dampening effect on the vortex rope frequency in this case.

For the deep part load range (30-40% P/Pn) the vortex rope frequency is
not present, but a significant peak-to-peak value reduction is found. This
again can be related to dampening of the high frequency range of noise. The
vortex rope frequency can be found at 50% P/Pn which can be seen in the
test of option B. At this operational point, the amplitude of the vortex rope
frequency is reduced by approximately 25% for Option B and not found
with air injection for Option A. At 50% P/Pn the air injection seem to have
dampening effect also on the vortex rope frequency.

There may be two reasons for not achieving a dampening of amplitudes at
the rotating vortex rope (RVR) frequency. The first reason can be that the
amount of air injected was to small to dampen the RVR frequency. Previous
investigations of air injection shows that the air flow should be about 1.5-
2.5% of the turbine discharge [47]. The maximum airflow reached was 2.27%
of the water flow rate, but in most cases it was less than 1.8% of the flow
rate. Second, the air injection may not work on dampening large slow
pulsations as the RVR frequency. The results showed a dampening of the
frequencies of higher amplitude, reduced noise, and reduced peak-to-peak
values. Different means might be needed to reduce the RVR amplitudes.

6.1.1 Efficiency measurements

The efficiency measurements were carried out at later stage than the pres-
sure pulsation measurements. The pressure measurements were carried out
at Unit 1 in the first measurement series and therefore only two measure-
ment points with air injection at Unit 1 were carried out as seen in Figure
6.4.
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Figure 6.4: Efficiency of Unit 1 La Higuera HPP. The two points in red are
with air injection.
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Figure 6.5: Efficiency of Unit 2 La Higuera HPP. The measured operating
points without air injection are shown in black with uncertainty
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The efficiency measurement at Unit 2 were carried out with and without
air injection as shown in Figure 6.5. The efficiency with air injection is
well within the uncertainty of the measurements done without air injection
except for the lowest measured load. No significant reduction in efficiency
was found when air was injected. As the amount of air injected is very small
in comparison to the turbine discharge, the energy used to compress the air
is also small. This energy would be considered as a loss in efficiency.

6.2 Nedre Leirfoss and Øvre Leirfoss

Draft tube pressure pulsation measurements was carried out for both Øvre
and Nedre Leirfoss. A summary of the results are presented here, while the
details can be found he attached papers in chapter II.

6.2.1 Nedre Leirfossen

Figure 6.6: Average draft tube pressure at Nedre Leirfoss

The pressure measurements were carried out at 50%, 70%, 90%, 100% and
110% load at steady state conditions. The average pressure was highest at
50% and 70% load as seen in Figure 6.6, while it decreased with increasing
load for the other operational points. The fluctuations in pressure was
largest at 50% and 70% load where the standard deviation was 4.2 kPa
and 5.4 kPa respectively. Further investigation showed that the full scale
pressure pulsations were around 5.5% of ρE at 50% and 70% load, where
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ρE = 247.27 kPa. For 100% and 110% load, the pressure pulsations was
around 1% of ρE.

A signal-to-noise-ratio (SNR) was performed to distinguish pressure pulsa-
tions related to flow phenomena from random noise. The estimated SNR for
70% load was found positive, indicating the vortex rope frequency amplitude
was greater than the noise, i.e. significant vortex rope effects.

The frequency spectra in Figure 6.7 show a significant amplitude for the
vortex rope frequency at 70% load. The normalized frequency was found
to be 0.24 (f=1.35 Hz) with magnitude approximately 2% of ρE. At 50%
load the vortex rope frequency is also dominant, but the magnitude is less
than 0.3% of ρE. The dominant frequency at other loads was the runner
frequency with amplitude less than 0.006% of ρE.

The synchronous and asynchronous component at 70% load was further
investigated by using S1 and S3, which are sensors mounted on opposite
sides of the draft tube. The spectral analysis of the sensors are shown in
Figure 6.8. The asynchronous component was found dominating for the
frequency at 0.24 of the runner frequency, while the harmonic at 0.48 of the
runner frequency was dominated by the synchronous component.

6.2.2 Øvre Leirfoss

The pressure measurements were carried out at 50%, 70%, 90%, 100% and
110% load at steady state conditions. The highest average pressure was
found at 70% load as shown in Figure 6.9. The pressure difference between
the different loads are in order of 1-2 kPa, except for the average pressure
110% load which is 6 kPa lower than 100%. The average pressure also signi-
ficantly lower at S3 and S4. This is because the turbine is a horizontal axis
turbine and these sensors are mounted above the horizontal plane passing
through the turbine as shown in Figure 4.8.

The maximum standard deviation was in this case found at 50% load (6.7
kPa), followed by 70% load (5.1 kPa). The standard deviation was found
to be higher at S1 and S2, indicating higher pressure pulsations at these
locations. The spectral analysis is shown in Figure 6.10 for the different
loads. The frequencies are normalized by the runner speed (6.25 Hz) and
amplitudes are normalized by reference pressure at BEP, ρE = 319.9 kPa.
At 50% load the dominating frequency is 0.16 with an amplitude of 0.1 of ρE.
This may be related to the vortex rope frequency, but it has lower frequency
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Figure 6.7: Spectral analysis of the time-series at the location S1 for the
measured loads. The runner frequency, n, is 5.55 Hz. Note the different
scale on the y-axis.
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Figure 6.8: Synchronous and asynchronous component at 70% load
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Figure 6.9: Average draft tube pressure at Øvre Leirfoss where S1, S2, S3
and S4 are the different pressure sensors. S3 and S4 are mounted above the
horizontal plane as seen in Figure 4.8

than usually seen for the vortex rope. At 70% load the dominant frequency
was found at 0.27, which corresponds to the vortex rope frequency. The
amplitude is observed to be 0.3% of ρE, which was the highest amplitude
found at Øvre Leirfossen. Prominent frequencies at 0.25 and 0.28 was also
observed at 90% and 110% respectively, but both loads has an amplitude
less than 0.04% of ρE.

The asynchronous and synchronous component were further investigated at
70% load as shown in Figure 6.11. The frequency at 0.27 corresponds to the
vortex rope frequency at 1.68 Hz. In this case the synchronous component
was found as the dominating with amplitude at 0.3 of ρE. The asynchronous
component was only 0.15 of ρE.
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Figure 6.10: Spectral analysis of the time-series at the location S1 for the
measured loads. The runner frequency, n, is 6.25 Hz. Note the different
scale on the y-axis.
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Figure 6.11: Synchronous and asynchronous component at 70% load at Øvre
Leirfoss
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Both Øvre Leirfoss and Nedre Leirfoss have a low head Francis turbine,
but pressure pulsation amplitudes are significantly higher in Nedre Leir-
foss compared to Øvre Leirfoss. Both turbines has the same manufactu-
rer, but still they perform differently. The results show the synchronous
component is stronger in the horizontal axis turbine, indicating this
component has a larger influence on the horizontal axis turbine than the
vertical axis turbine. The small asynchronous component is indicating
the vortex rope is closer to the draft tube centre. There is also a pres-
sure difference from the upper to the lower side of the draft tube due
to the fact that the draft tube starts out in a horizontal direction. This
may also be influencing the pressure pulsations together with gravity.
As for Nedre Leirfoss which has a vertical axis, the peak-to-peak values
reaches over 5% of ρE

6.3 Laboratory results

6.3.1 Efficiency

The calculated relative efficiency for the different tests performed in the
Waterpower is shown in Figure 6.12. The uncertainty of the efficiency me-
asurements are in the area of ± 0.2-0.3%, so the deviation in efficiency are
not very large, but some trends can still be found. The original design has
the best efficiency at full load, while the FRUCE L increases the efficiency at
part load. mFRUCE S and M have lower efficiency than the original design
in most cases, but the difference is insignificant at part load. It seems that
the FRUCE length is important for the efficiency as the FRUCE has the
highest efficiency at part load. Overall, the longer the FRUCE, the better
the efficiency. Another interesting observation is that mFRUCE L and the
locked extension has the same efficiency at BEP and full load.
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Figure 6.12: Relative efficiency for the different test cases carried out at
the Waterpower Laboratory. The efficiency for the original design is 0, so
a positive bar indicates increased efficiency and a negative bar indicates
reduced efficiency.
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The differences in efficiencies are not large, but on the border of the un-
certainty within the measurements. The results indicates that the ef-
ficiency at high load may be reduced as a consequence of the FRUCE,
while at part load it may increase. The increased friction due to the
FRUCE can explain the reduced efficiency calculated at high load.
The mFRUCE L should than have the lowest efficiency, but the shor-
ter FRUCEs was found to decrease the efficiency more. However, Vekve
[74] also found efficiency increases with a locked runner cone extension
and longest extension had the highest increase. The increased efficien-
cies a part load may be a consequence of reduction of reverse flow in the
draft tube center and suppression of the RVR.

6.3.2 Velocity measurements

The rotational speed of the FRUCE was measured optically as shown in
Figure 6.13. The rotational speed of the FRUCE is given by nc, while nt is
the rotational speed of the turbine. The rotational speed is in the negative
direction for flows higher than QBEP , meaning the FRUCE is rotating in the
opposite direction of the runner. The velocity of the FRUCEs seem to fol-
low a linear relationship between 0.84-1.29Q/QBEP . The highest negative
velocity, at -1.08 (360 rpm), is found at the largest volume flow. The longest
FRUCEs reaches a higher negative velocity than the shortest FRUCE. This
indicates that full load swirl has a higher rotational speed further down-
stream in the draft tube. The FRUCE velocity at BEP is approximately
0, indicating there is almost no swirl in the discharge from the runner. At
0.76Q/QBEP all the mFRUCEs rotates with the same velocity as the run-
ner. When moving towards part load, the volume flow is reduced, and so is
the rotational velocity of the FRUCEs. The velocity of mFRUCE S is 9%
lower than the runner at lowest load, while mFRUCE L is rotating with 50%
lower velocity than the runner. The reduced velocity of the longer FRUCEs
indicates that the tangential velocity is reduced further downstream in the
draft tube, thereby reducing the velocity of the FRUCEs.

6.3.3 Pressure pulsations

The pressure-time signal was filtered with a zero phase distortion bandpass
filter from 0.09-2.16fn. This was done to remove some rig specific reflection
frequencies around 2.5fn.
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Figure 6.14: Peak-to-peak values for the Francis model runner without
FRUCE. A 99% confidence interval has been applied to find the peak-to-
peak values for the upper and lower plane.
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As seen from 6.14 the highest peak-to-peak values are found at deep part
load for the original design. The lowest peak-to-peak values are as expected
around BEP, while they increases towards high load. The peak-to-peak
values are somewhat higher in the in the lower plane than in the upper
plane.

At 0.43Q/QBEP the peak-to-peak values are increasing with length in both
plane for the FRUCEs. In the upper plane the peak-to-peak values are
reduced 3-10% compared to the original. In the lower plane the differences
are smaller. At 0.53Q/QBEP the peak-to-peak values are decreasing with
the length of the FRUCE. Though the peak-to-peak values are all higher in
the upper plane compared to the original, there is significant reduction in
the lower plane for mFRUCE M and L.

At loads above BEP, mFRUCE M is in general the best with significantly lo-
wer peak-to-peak values than the original. The locked extension has similar
peak-to-peak values at high load.

The FRUCEs only reduce the peak-to-peak values at some operational
points. They seem to have minor or negative effect on the peak-to-peak
values at the lowest load. This may be because of the swirl number is
too high or the FRUCE diameter is too small. At high load, the peak-
to-peak values seem to be very sensitive to the FRUCE length.

Based on the peak-to-peak values, mFRUCE L gives the most promising
results at part load for volume flows of 0.73Q/QBEP or less. For high
load, mFRUCE M has the lowest peak-to-peak values. The FRUCE
length seem to be of high importance at high load operation. To reduce
the peak-to-peak values, the FRUCE length should be reduced at high
load. However, the locked extension has approximately the same peak-
to-peak values as mFRUCE M. So an alternative is to lock the FRUCE
for higher loads than BEP. However, at high loads the efficiency is redu-
ced with FRUCE. If hydraulic efficiency is a priority, the FRUCE should
be removed at high load.

Figure 6.16, 6.17 and 6.18 show the spectral analysis from the three lo-
west loads investigated. The dominant frequency of FRUCEs, 031-0.42fn,
is most likely related to vortex rope. The original design also has a promi-
nent frequency in the same frequency range. For the locked extension at
0.43Q/QBEP and 0.53Q/QBEP , the dominant frequency is very close to the
runner frequency. While at 0.63Q/QBEP the dominant frequency for the
locked extension is just slightly higher than for the FRUCEs.
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Figure 6.15: Peak-to-peak value differences for the Francis model runner.
The peak-to-peak value differences are shown in kPa for the upper (top)
and lower (bottom) measuring plane. A 99% confidence interval has been
applied to find the peak-to-peak values.
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Figure 6.16: Spectral analysis of the time series at sensor P1 at
0.43Q/QBEP .
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Figure 6.17: Spectral analysis of the time series at sensor P1 at
0.53Q/QBEP .
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Figure 6.18: Spectral analysis of the time series at sensor P1 at
0.63Q/QBEP .
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The dominant frequency for the FRUCEs move towards a higher fre-
quency when the FRUCE length increases. The measurements of the
rotational speed of the FRUCEs show that the longer FRUCEs rotate
slower at part load. A slower rotation of the FRUCEs should indicate
a shift towards a lower vortex frequency rather than a shift towards
a higher frequency. However, this may be related to energy transfer
through the FRUCE from the upper section of the draft tube to the lo-
wer section. For turbine discharge of 0.73Q/QBEP and higher, the vor-
tex rope related frequency does not shift.
For the locked runner cone extension, the dominant frequency is shif-
ted almost to the runner frequency. This is most likely because the loc-
ked extension increases the swirl in the draft tube as it rotates with the
same speed as the runner. However, at 0.63Q/QBEP the dominant fre-
quency shifts back to the same frequency range as the FRUCEs. At this
point, the discharge may have increased so the axial velocity of the flow
is dominant the tangential flow, so the influence of the rotational speed
of the locked extension is reduced compared to lower loads.

6.3.4 Synchronous and asynchronous component

The asynchronous component is as expected the dominant component at
part load for the FRUCEs, as displayed for 0.43Q/QBEP in Figure 6.19.
The magnitude in the upper plane is larger for the asynchronous com-
ponent, while the synchronous component remains almost constant. The
synchronous component is clearly dominant for the locked extension.

At 0.53Q/QBEP the asynchronous component is increased in amplitude
compared to 0.43Q/QBEP . The FRUCEs has a significantly asynchro-
nous component than without FRUCE in both planes as can be seen in
Figure 6.20. The synchronous component are all in the same order of mag-
nitude for the original design and the FRUCEs, while the locked extension
has a significantly higher synchronous component. The synchronous com-
ponent is still dominant for the locked extension. The asynchronous compo-
nent is reduced from the upper to the lower plane and for the original design
it is reduced to the point that the synchronous component becomes domi-
nant. The synchronous components are more or less in the same order of
magnitude for both planes for both the original design and the mFRUCEs.

At 0.63Q/QBEP , the asynchronous component has become even more domi-
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Figure 6.19: Synchronous and asynchronous component at 0.43Q/QBEP .
The synchronous component is shown in the negative direction and the
asynchronous component is shown in the positive direction
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Figure 6.20: Synchronous and asynchronous component at 0.53Q/QBEP .
The synchronous component is shown in the negative direction and the
asynchronous component is shown in the positive direction
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Figure 6.21: Synchronous and asynchronous component at 0.63Q/QBEP .
The synchronous component is shown in the negative direction and the
asynchronous component is shown in the positive direction

nant, also for the locked extension. The dominant frequency for the locked
extension has now shifted from close to the runner frequency to the RVR
frequency as seen in the previous section. In the upper plane mFRUCE L
and the locked extension have the smallest asynchronous component. The
shorter mFRUCEs have a larger asynchronous component, while the original
design has the largest synchronous component.

In the lower plane, the original design has the largest synchronous compo-
nent, but the asynchronous component has decreased and is know signifi-
cantly smaller than all the mFRUCEs. The locked extension and mFRUCE
L still have the a smaller synchronous component than the other mFRU-
CEs. It is also worth noting that the asynchronous components at this load
is increasing from the upper to the lower plane compared to the two lower
loads.
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At the loads presented in this section, the original design has a smal-
ler asynchronous component than the mFRUCEs. This indicates that
the FRUCEs do not reduce the tangential velocity in the draft tube or
thereby not the frequency amplitude of the vortex rope as seen in the
previous section.
The locked extension has a large synchronous component at
0.43Q/QBEP and 0.53Q/QBEP which indicates that the extension is
increasing the tangential velocity of the draft tube flow. When the
flow is increased to 0.63Q/QBEP , this phenomena is suppressed. At
0.63Q/QBEP , the RVR seem develop more in the flow direction and the
asynchronous components are increasing in the lower plane. However,
the asynchronous component of the original design does not increase in
the lower plane. It is therefore likely that the mFRUCEs change the be-
haviour of the RVR and increases its amplitude.

6.4 Leirfossene

6.4.1 Efficiency

The efficiency measured with the thermodynamic method is well within the
uncertainty band of the efficiency measured with pressure-time method by
a consultant company in 2009, shortly after commissioning. At part load
the curve fit has a higher efficiency for the thermodynamic measurement
and the difference between measured points increases. The efficiency curve
fit in this section is done with a third order equation.

The uncertainty in the thermodynamic measurements are also smaller than
for the pressure-time method. The thermodynamic methods uncertainty
decreases with decreasing flow as the temperature difference increases. The
pressure-time method increases in uncertainty as the flow is reduced due to
a decrease in pressure difference.

A comparison of the efficiencies with and without FRUCE is shown in Figure
6.23. For all the FRUCEs, a drop in efficiency at full load can be observed.
As seen in Figure 6.24 the actual measured points at the two highest loads
are outside the uncertainty band of the original design. This is a significant
drop of up to 2.5% in the worst case for FRUCE 3. The maximum efficiency
is somewhat lower for FRUCE 1 and 3. The measured points for the original
design and FRUCE 2 are approximately 0.5% higher. There are minor
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Figure 6.22: Efficiency for Unit 2 at Leirfossene HPP. The efficiency me-
asurements carried out with the thermodynamic measurements by NTNU
(2016) compared to previous measurements carried out with the pressure-
time method in 2009.

differences in efficiency at part load. However, the efficiency of FRUCE 2
decreases more towards the lowest load and is almost outside the uncertainty
band of the original design.

6.4.2 Pressure pulsations

There are eight pressure sensors in the draft tube, which are placed in pairs
in four horizontal planes. These planes are referred to as Plane 1 to 4, where
Plane 1 is the upper plane with sensors DT1 and DT2. DT 3,5 and 7 are
located directly downstream DT 1 and is referred to as the odd side. On the
opposite side, DT 4, 6 and 8 are located directly downstream DT 2 and is
referred to as the even side. The nominal load referred to is the load given
by the turbine manufacturer. This is however not the best efficiency point.

The highest average pressure is observed to be 182 kPa at the lowest load,
47%. The highest pressure is found at DT8, i.e. furthest downstream. In
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Figure 6.23: Efficiency comparison for the different FRUCEs. The dashed
line and errorbars represent the original design without FRUCE
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Figure 6.24: Efficiency difference for the different FRUCEs. The uncertainty
band for the original design is given with dashed horizontal lines. The
vertical dashed lines indicates the lowest and highest load measured with
the original design.
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Figure 6.25: Average pressure in the draft tube at different loads without
FRUCE

the two top planes, the average pressure values are close to constant for the
whole load area. The standard deviation for 47% load is in the order of 11
kPa (2% of the head). In the two lower planes, the average pressure is higher
in the outer section of the draft tube than towards the inner side of the draft
tube. The pressure difference is 1-6 kPa for Plane 4 and 3-5 kPa for Plane
3. A pressure difference is visible in the lowest plane in the draft tube, it
may be a consequence of an asymmetric flow pattern. A higher velocity in
the outer section of the draft tube due to the bend may be the cause. Also,
the standard deviation is significantly greater than the measured pressure
difference between the two side of the draft tube. The pressure difference
between the different sides of the draft tube may not be significant. The
same pressure difference can be seen also with the FRUCEs.

The static pressure difference between each plane is increasing with the flow,
except between 56% and 66% load. The pressure jump between 56% and
66% load is obvious in the second plane from the top (DT3 and DT4), but
can also be seen in the planes below. The pressure jump cannot be seen
with FRUCE, which makes it likely to be flow related. It also dampens out
in the lower part of the draft tube, which may relate it to the swirl.

Figure 6.26 to 6.31 displays the peak-to-peak amplitudes of the pressure
signal, ∆Ppp, at different levels of the draft tube for different loads. DT 7
and 8 are the furthest downstream the draft tube. The peak-to-peak values
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(a) DT 7 (b) DT 8

Figure 6.26: Peak-to-peak values for Plane 4 with different FRUCEs

on each side of the draft tube differs significantly in size. Peak-to-peak values
at DT 8 are between 30-40% of ρE, which is suspiciously high. A frequency
analysis of each pressure signal showed that a wide band of frequencies from
600-800 Hz was present at DT 8 at 47% load. This band of frequencies had
typically no dominant peak. The range shifted with operational point from
150-250 Hz and up to 800-950 Hz. It was also only found at part load from
47%-66% load. Typical frequencies which occur in the range of 150-950 Hz
are blade passage and harmonics, von Kármán vortex street, flow turbulence
and cavitation noise [13]. The band of frequencies only occurred at some of
the sensors, DT 1, DT 2, DT 4, DT 5 and DT 8, and it was not necessarily
in the same frequency range occurring at alThis indicates that the FRUCEs
do not reduce the tangential velocity in the draft tube or thereby not the
frequency amplitude of the vortex rope as seen in the previous section.”
This indicates that the FRUCEs do not reduce the tangential velocity in
the draft tube and therefore not the frequency amplitude of the vortex rope
as seen in the previous section l the sensors at the same operating point.
The occurrence of the high frequency band shifts from operational point
and differs from each sensor, it is therefore most likely a local phenomenon
related to sensor position.
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(a) raw signal (b) Filtered signal

Figure 6.27: Acquired and filtered pressure data for DT 8 at 47% load

The blade passage frequency is typically one peak, which in this case
was 61.5 Hz, and its harmonics will be multiple this frequency. The
blade passing frequency not therefore likely to be the cause this fre-
quency band. As the frequency band only occur at part load it is likely
it is related to flow turbulence and cavitation. The location of the pres-
sure sensors may also cause local cavitation at the sensor, inducing in-
creased amplitudes in a wide frequency range.

Local cavitation is the most likely explanation as this also was seen at
La Higuera. In La Higuera two sensor was damaged due to cavitation
on pressure sensor membrane.

The signal was therefore filtered with a low pass filter with zero phase
distortion with cut-off frequency at 9fn (50 Hz). The unfiltered and filtered
signal is shown in Figure 6.27.

As seen in Figure 6.28 the maximum peak-to-peak values are 10-11% of
ρE at 47% load. For 47% and 56% load one or more of the FRUCEs
reduces the peak-to-peak values. At 66% load, the original design has the
lowest peak-to-peak values at DT 1. At full load, all the FRUCEs increase
the peak-to-peak values. In Plane 2, all the FRUCE peak-to-peak values
are significantly lower than the original design. The FRUCE peak-to-peak
values are also lower than in Plane 1. The same trend as in Plane 1 can
be seen. Peak-to-peak values for the FRUCEs are lower at 47% and 56%
and the peak-to-peak value of the original design drops significantly at 76%
load.

As seen in Figure 6.30 and 6.31 for every operational point at part load,
one of the FRUCEs reduce the peak-to-peak value compared to the original.
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(a) DT 1 - odd side (b) DT 2 - even side

Figure 6.28: Peak-to-peak values for Plane 1 with different FRUCEs

(a) DT 3 (b) DT 4

Figure 6.29: Peak-to-peak values for Plane 2 with different FRUCEs

The original has consequently the lowest peak-to-peak value at full load.
The FRUCEs has dampening effect on the peak-to-peak values in the lower
frequency range at part load. From 80-92% load the peak-to-peak values are
the smallest and the difference between FRUCE and the original design is
minor. At 100% load the peak-to-peak value of the original design increase
before it drops when full load is reached. The peak-to-peak values of the
FRUCEs does not increase before full and have about 50% lower peak-to-
peak values than the original design at 100% load.
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(a) DT 5 (b) DT 6

Figure 6.30: Peak-to-peak values for Plane 3 with different FRUCEs

(a) DT 7 (b) DT 8

Figure 6.31: Peak-to-peak values for Plane 4 with different FRUCEs

6.4.3 Frequency analysis

The part load investigation includes four operational points at 47%, 56%,
66% and 75% load. The results for the low frequency range from 1-15 Hz is
presented. As expected, the dominant frequency in this range is the RVR
frequency. The dashed lines seen in the following figures at f/fn = 1 and
f/fn = 2 are the marking the position of the runner frequency and the
harmonic. The figures are also normalized with regards to the maximum
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amplitude with the original design at the given load.
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Figure 6.32: Frequency spectrum for original design at 47%. The maximum
amplitude is 2.25% ρE found at DT 2.

The highest peak-to-peak values were found at 47% load, and this is also
where the RVR frequency reached the highest amplitude. The highest am-
plitude can be found at DT2 for all cases and the second highest peak is
found at DT1. These are the two sensors closest to the runner, so this is not
unexpected. From DT2 and downstream at the even side of the draft tube,
the RVR frequency becomes weaker. At the opposite side, there is also an
amplitude reduction downstream, but a small increase can be noticed from
DT6 to DT7. Due to the difference in RVR frequency amplitude, the vortex
rope is not axissymetric. The RVR frequency amplitude is found to be lo-
west without FRUCE at 2.25% of ρE. The FRUCEs increases the maximum
amplitude with 14-24%, where FRUCE 2 had the smallest increase.

56% load

At 56% load the frequency amplitudes indicates the FRUCEs have a dam-
pening effect with regards to the RVR frequency. The highest amplitude for
the original design was found at DT 2, with 2.5% of ρE. This is an increase
compared to 47% load. FRUCE 1, shown in Figure 6.35, has a maximum
amplitude of 2.09% ρE, which is a 16% reduction. The maximum ampli-
tude has also moved downstream to DT 4. FRUCE 2 and 3 also show a
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Figure 6.33: Frequency spectrum for FRUCE 3 at 47% load. The maximum
amplitude is 2.69% ρE found at DT 2.
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Figure 6.34: Frequency spectrum for the original design at 56% load. The
maximum amplitude is 2.50% ρE found at DT 2.
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Figure 6.35: Frequency spectrum for FRUCE 1 at 56% load. The maximum
amplitude is 2.09% ρE found at DT 4.

reduction in RVR frequency with about 10%, but the highest amplitude is
found at DT 2.

66% load

The dominant frequency at 66% load is still the RVR frequency. At this
point, there are some notable differences. The maximum amplitude is sig-
nificantly reduced from the lower loads and is know 1.33% of ρE for the
original design. The maximum amplitude is also found further downstream
at DT 4 for FRUCE 1 and 3, while for FRUCE 2 it is found at DT 7. The
maximum amplitudes for the FRUCE 1 and 3 are 15% and 21% higher, re-
spectively, than without FRUCE. Without FRUCE a similar result is found
as for FRUCE 1 and 3. However, it is worth noting that the RVR frequency
amplitude is significantly higher at DT2 without FRUCE. For FRUCE 2
the highest amplitude are found at DT7, while DT6 shows the second hig-
hest. There is a significant reduction in the amplitude at DT2, DT4 and
DT5 compared to without FRUCE. The results indicate that the FRUCE
is forcing the initiation point of the vortex rope further downstream in the
draft tube.

75% load

At 75% load the highest RVR frequency amplitude is found at DT8 for
FRUCE 1 and without FRUCE. The two other FRUCEs show a completely
different result, where the dominant frequency is 11.1 Hz at DT1 and DT2.
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Figure 6.36: Frequency spectrum for the original design at 66% load. The
maximum amplitude is 1.33% ρE found at DT 4.
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Figure 6.37: Frequency spectrum for FRUCE 1 at 66% load. The maximum
amplitude is 1.53% ρE found at DT 4.

102



6.4. LEIRFOSSENE 103

D
T
1

D
T
2

D
T
3

D
T
4

D
T
5

D
T
6

0.5 1.0 1.5 2 2.5

Frequency f/fn [-]

D
T
7

0.5 1.0 1.5 2 2.5

Frequency f/fn [-]
D
T
8

Figure 6.38: Frequency spectrum for FRUCE 2 at 66% load. The maximum
amplitude is 1.31% ρE found at DT 7.

D
T
1

D
T
2

D
T
3

D
T
4

D
T
5

D
T
6

0.5 1.0 1.5 2 2.5

Frequency f/fn [-]

D
T
7

0.5 1.0 1.5 2 2.5

Frequency f/fn [-]

D
T
8

Figure 6.39: Frequency spectrum for FRUCE 3 at 66% load. The maximum
amplitude is 1.62% ρE found at DT 4.
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Figure 6.40: Frequency spectrum without FRUCE at 75% load
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Figure 6.41: Frequency spectrum for FRUCE 2 at 75% load
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This matches the second harmonic of the runner frequency. The maximum
amplitude is reduced with more than 50%.

81% load BEP

At best efficiency point (BEP) the results for the different options are simi-
lar. The runner frequency at 5.55 Hz and its harmonic at 11.1 Hz is clearly
visible in the top measurement plane. The second harmonic of the runner
frequency is the dominant frequency. The maximum amplitude difference
is less than 2% between the different options. For the FRUCEs, two fre-
quencies are visible for all the sensors at around 0.9fn and 1.2 fn. This are
suggested to be reflection frequencies from the free surface at the outlet and
the split in outlet channel.

91% load

The results from 0.91% load are not significantly different from BEP. The
same frequencies are found and the maximum amplitude is increased by
10%.

100% load

The dominant frequency at 100% load is still the second harmonic of the
runner frequency and its amplitude is increased with 35%. The increase
in maximum amplitude is probably the cause for the reflection frequencies
discussed for BEP to be less prominent. However, a prominent frequency
at 4.3 Hz and at 5 Hz are found at operation without FRUCE. The 5 Hz
frequency is likely to be the reflection frequency from the free surface at the
outlet. The 4.3 Hz frequency may be the beginning of the full load vortex
rope.

106% load

The full load vortex rope is now present at operation without FRUCE with
a frequency of 0.49fn. The second harmony of the runner frequency is still
present and the dominant frequency for FRUCE 1 and 3, as well as without
FRUCE. Especially FRUCE 1 and 2 has a wide band of prominent frequen-
cies around 0.9fn. This is similar to what was observed without FRUCE at
100% load. As the FRUCE now is rotating in the opposite direction of the
runner, these may be related to full load vortex rope. FRUCE 3 has clearly
smaller amplitudes related to the 0.9fn area than the FRUCEs with smaller
diameter. This suggests that the increased diameter helps to reduce the full
load vortex rope.
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6.4.4 Synchronous vs asynchronous

The synchronous and asynchronous components of the dominant frequency
for part load is presented in this section. The dominant frequency at part
load is the vortex rope frequency around 0.22fn.

Figure 6.42: Synchronous and asynchronous component at 47% load. The
synchronous component shown to the left is almost constant in all the four
measuring planes.

Figure 6.42 shows that the synchronous component is almost constant in
amplitude in the whole draft tube at 47% load. The asynchronous com-
ponent is dominant in the upper part of the draft tube and decreases in
amplitude when moving downstream.

This indicates that the vortex rope rotational radius gets smaller. The
small increase from Plane 3 to Plane 4 may be a consequence of the
bend in the draft tube.

The amplitudes of the asynchronous component vary somewhat for the dif-
ferent options, but there is no clear tendency. However, it is clear that the
asynchronous component amplitude is higher with FRUCE in Plane 1.
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Figure 6.43: Synchronous and asynchronous component at 56% load

Investigating the dominant frequency for the different options, some diffe-
rences can be found with a FRUCE mounted. The dominant frequency is
0.21fn without FRUCE, and 0.22fn for all the FRUCEs. This indicates
that a FRUCE may increase the tangential velocity and shift the domi-
nant frequency. The asynchronous component is also increased in Plane 1
corresponding with the shift in frequency.

At 56% load the asynchronous component is dominant further downstream
in the draft tube. The asynchronous amplitude for the original is greatest
in the two top planes where the asynchronous component is dominant. The
FRUCEs clearly reduce the asynchronous amplitude to some extent. The
synchronous has some small changes in amplitude, but no significant trends.

At this load, the vortex rope frequency is different for every option. The
dominant frequency for the original 0.23fn, while for the FRUCE 1, 2 and 3
they are 0.22fn, 0.21fn and 0.20fn respectively. Combining the frequencies
and the asynchronous component, there seem to be a relationship between
the frequency and the amplitude. However, there FRUCE 1 has the lowest
amplitude in Plane 1 and deviates from the possible relationship seen in
Plane 2. This might be a consequence of the flow not being axisymmetric.
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Figure 6.44: Synchronous and asynchronous component at 66% load

Increasing the load to 66% load, the behaviour changes drastic, as seen
in Figure 6.44. The asynchronous component is more prominent further
downstream and the synchronous component is dominant in Plane 1. At
this particular load the FRUCE length, seem to be of influence. Plane 3
and 4 looks to be too far downstream the FRUCE for it to have significant
influence. In the two upper planes, FRUCE 2 has significantly reduced
asynchronous amplitudes compared to the other options. It is assumed this
is because the FRUCE forces the initiation point of the vortex rope further
downstream.

At this operating point, the asynchronous component is not dominant in
Plane 1, but becomes more dominant in Plane 2 and 3. It is also worth
noting that the asynchronous component is significantly lower for FRUCE
2 in the two upper planes. This indicates that the vortex rope’s initiation
point is moved downstream with FRUCE 2.
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Investigating the frequencies, FRUCE 2 has the lowest frequency with
0.19fn, while FRUCE 1 and 3 have 0.20fn and 0.21fn, respectively. In-
terestingly, the frequency without FRUCE increases to 0.24fn and is
now significantly higher than with FRUCE. At 56% and 66% load the
vortex rope frequencies show an opposite trend compared to the labo-
ratory measurements. The longest FRUCE has a higher frequency than
the shortest FRUCE and the original design in the laboratory. The pro-
totype measurements show the lowest frequency for the longest FRUCE
and the highest frequency without FRUCE. The differences in vortex
rope frequency is possibly due to the different turbines. The relative
FRUCE length at Leirfossene is also shorter than for the laboratory me-
asurements.

6.4.5 Air injection

At Leirfossene HPP, air injection was installed to dampen the pressure pul-
sations in the turbine. The peak-to-peak measurements with and without
air injection are compared in the following section.

It was noted earlier that the high frequency range contributed significantly
to the peak-to-peak values, the signals were therefore filtered with a low
pass filter with cut-off frequency at 9fn.
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Figure 6.45: Peak-to-peak values for filtered signals with cut-off frequency
at 9fn at Plane 1 with different FRUCEs. The dashed lines are without air
injection and the full lines are with air injection.
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Figure 6.46: Peak-to-peak values for filtered signals with cut-off frequency
at 9fn at Plane 4 with different FRUCEs. The dashed lines are without air
injection and the full lines are with air injection.

The filtered signals show there is a reduction in peak-to-peak values in the
top plane. The original design has the greatest reduction in peak-to-peak
values. This is most likely due to the air injected closer to the turbine.
When the FRUCE is mounted, the air enters the draft tube downstream
the FRUCE instead of just downstream the runner cone.

In the lower plane, the largest peak-to-peak values can be found with air
injection. The air injection does not seem to have the dampen effect in the
lower part of the draft tube as in the upper part.
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Chapter 7

Conclusion

The main focus of this work has been to investigate methods to reduced
pressure pulsations in Francis turbines. Pressure pulsations in four Francis
prototypes and one Francis model have been studied. Experimental work
on a high head Francis model has been carried out in the Waterpower La-
boratory at NTNU in Trondheim, Norway. The prototype measurements
have been carried out on three low head Francis turbines and one high head
Francis turbine.

The investigation of a high head Francis turbine with air injection was car-
ried out in Chile. Pressure pulsations were investigated at six part load
operating points with supplementary efficiency measurements. The pres-
sure measurements carried out revealed that air injection has a positive
dampening effect on the peak-to-peak values, but may increase the low fre-
quency amplitudes at part load. Further, the air injection did not affect the
efficiency of the turbine.

A free rotating runner cone extension (FRUCE) was developed and tested
at the Waterpower Laboratory. The laboratory measurement showed that
the peak-to-peak values were reduced in some of the test cases at part load
operation, but also increased at other operating points. The amplitude
at the rotating vortex rope (RVR) frequency also increased with FRUCE
at part load. It was concluded that the diameter of the FRUCE was too
small to have a dampening effect on the peak-to-peak values and the RVR
frequency amplitude.

Three FRUCE designs with different lengths and diameter were made for
testing at Leirfossene Hydro Power Plant (HPP). The prototype measure-
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ments from Leirfossene HPP showed that a reduction in pressure pulsations
was achieved. At 47% load the peak-to-peak values were reduced with up
to 40%. Overall a dampening of the peak-to-peak values was found for
part load operation. The longest FRUCE also showed that the initiation
point of the RVR was moved downstream in the draft tube at part load.
The FRUCE was designed to reduce pressure pulsations at part load, but
also reduces the peak-to-peak values at higher loads. A drawback with the
current design is reduced efficiency at high load.

A runner cone extension can be used to manipulate the draft tube pressure
pulsations. The results from Leirfossene HPP show reduced peak-to-peak
values at part load. The results depends on the length and diameter of the
FRUCE. A too small diameter of the FRUCE will have minor or negative
effect on the pressure pulsations. Active control of the rotational speed,
diameter and length is required to efficiently control the draft tube pressure
pulsations.

The FRUCE changes to some degree the vortex rope frequency. In the model
test it was found to shift the RVR frequency towards a higher frequency,
while in the prototype it was shifted towards a lower frequency. A change
of the RVR frequency could be an advantage in case of resonance problems.

All in all air injection and FRUCE have their advantages and disadvantages.
As the measurements has shown they can both be used to reduce pressure
pulsation amplitudes, but they do not eliminate the problem. The FRUCE
technology has development potential, but it will require simulations and
prototype testing.
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Chapter 8

Further Work

A research work is a long process to find answers to a problem. However,
during the experimental part of this work some new subjects came to mind.

An interesting aspect would be to first test different diameters of the freely
runner cone extension in model turbine. Further, controlling the runner
cone extension with some sort of brake would give a possibility to see how
different speeds would influence the draft tube flow and pressure pulsations.
A step further would be to make the runner cone extension and active
form of flow control by allowing it to vary length depending on operating
condition. Varying diameter or shape might also be possible. A different
approach could be to fit the runner cone extension with fins to use them as
flow straighteners.

As the flow and swirl distribution can be challenging to control in a model
runner, experiments could be carried out in a simplified draft tube with a
swirl generator. This would allow easier control of the swirl parameter. A
simplified model could also be easier to perform PIV and Laser Doppler
Velocimetry (LDV) measurements.

Another challenge experienced with regards to the field measurements was
finding suitable bearings. Bearings made for operation in water are not
made for the rotational speeds found in a typical turbine.

Further investigation of the FRUCE with larger diameters should be con-
ducted. Potentially also different shapes. controlling the rotation speed of
the FRUCE could prove to be useful. There are man things that could be
interesting to measure as well. Using PIV to map the tangential velocities
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at different levels in the draft tube could help understanding the flow in the
draft tube when a FRUCE is installed.
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Abstract. Today’s energy market has a high demand of flexibility due to introduction of
other intermittent renewables as wind and solar. To ensure a steady power supply, hydro
turbines are often forced to operate more at part load conditions. Originally, turbines were
built for steady operation around the best efficiency point. The demand of flexibility, combined
with old designs has showed an increase in turbines having problems with hydrodynamic
instabilities such as pressure pulsations. Different methods have been investigated to mitigate
pressure pulsations. Air injection shows a significant reduction of pressure pulsation amplitudes.
However, installation of air injection requires extra piping and a compressor. Investigation of
other methods such as shaft extension shows promising results for some operational points,
but may significantly reduce the efficiency of the turbine at other operational points. The
installation of an extension of the runner cone has been investigated at NTNU by Vekve in
2004. This has resulted in a cylindrical extension at Litjfossen Power Plant in Norway, where
the bolt suffered mechanical failure. This indicates high amplitude pressure pulsations in the
draft tube centre. The high pressure pulsation amplitudes are believed to be related to high
tangential velocity in the draft tube. The mentioned runner cone extension has further been
developed to a freely rotating extension. The objective is to reduce the tangential velocity in
the draft tube and thereby the pressure pulsation amplitudes.

1. Introduction
Hydropower is a renewable energy source with high efficiency. Moreover, its storage capacity
and flexibility in power generation makes hydropower an excellent form of energy generation to
ensure steady power supply. Increased amount of intermittent energy generation introduced the
last years has increased the flexibility demand of the energy market. This has led to increased
part load operation of hydro turbines. Originally, turbines were built for steady operation
around the best efficiency point. The demand for flexibility, combined with old designs has
shown an increase in turbines having problems with hydrodynamic instabilities such as pressure
pulsations. Direct consequences of pressure pulsations may be cavitation erosion and fatigue
damages.

Mitigation of pressure pulsations is considered an important task to reduce fatigue damages
in order to increase the turbine lifetime. There is a strong coupling between the axial and
tangential velocity profiles in the draft tube at part load operation [1]. The radial pressure
gradient and the presence of vortex rope is influenced by the tangential velocity [2]. To reduce
the tangential velocity, experiments with a freely rotating runner cone extension (FRUCE) has
been carried out. Introducing a runner cone extension in the draft tube has previously shown
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promising result with regards to reduce pressure pulsation amplitudes. When the runner cone
extension is rotating freely it will only be driven by the free vortex in draft tube and thereby
reduce the tangential velocity and pressure pulsation amplitudes.

2. Background
Rotating machinery such as turbines tend to create periodic pressure fluctuations known as
pressure pulsations. Vortex breakdown occurring in the draft tube is recognized as the primary
cause of severe flow instabilities and pressure pulsations [3]. Cassidy and Falvey [4] discovered
that a helical vortex could form downstream of the vortex breakdown. This phenomenon is
often referred to as the rotating vortex rope (RVR) in the hydropower literature [5]. One of the
strongest pressure pulsation amplitudes is often related to the RVR. For fixed blade runners,
such as Francis, a vortex rope tends to occur in the draft tube at part load operation.
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Figure 1. Theoretical velocity profiles in a turbine draft tube

For Francis runners, performance is influenced by the design of the runner, guide vanes and
draft tube. The flow regime in the draft tube is normally described by two velocity components:
axial and tangential as illustrated in Figure 1. The tangential velocity is known to be the driving
force of the RVR. The tangential velocity profile is generally assumed to be a Rankine vortex,
i.e. a combination of a forced and free vortex, as shown in Figure 1b. It illustrates an ideal
Rankine vortex which is referred to in the present work. In a typical Francis turbine, the profile
of the trailing edge will define the tangential velocity profile at the inlet of the draft tube. The
tangential velocity component is also known as the swirl component, as it is the component
describing the swirl. The definition of swirl number is as follows;

S =

∫ R0
Ri

v · w · r2 · dr
∫ R0
Ri

v2 · r · dr
(1)

Where w is the tangential velocity component and v is the axial velocity component. For
swirl numbers larger than 0.10, a Rankine vortex is present [6][7]. The vortex filament within
swirl flow was described analytically by Hardin [8] and Alekseenko and Kuibin [9]. If the swirl
is sufficiently strong, the vortex filaments may easily roll up into a single vortex core [10]. This
type of filament is also found in draft tubes, where it is observed as a helix or spiral rotating
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around the draft tube center [10][11]. In the field of hydropower, the spiral vortex filament is
known as a vortex rope. If the pressure is low enough, the vortex rope is visible due to vapor
core.

The remaining hydraulic energy in the draft tube is divided between pressure and kinetic
energy. The kinetic energy is again divided into three velocity components, where the tangential
and axial velocity are dominating. Due to the strong coupling between the axial and tangential
velocity components in the draft tube at off design condition [1], the axial velocity profile will
change according to Dahlhaug [7] and the static pressure in the radial direction will change. For
swirl numbers higher than one, vortex breakdown occurs and the axial flow in the central region
of the draft tube will reach zero and reverse flow may occur. The vortex rope is located in the
shear layer between the central stalled region and the swirling main-flow with a low pressure
zone in the center of the vortex rope [10]. Particle Image Velocimetry (PIV) measurements
performed by Ciocan and Iliescu [12] demonstrated the movement of the rotating vortex rope.
The movement of the vortex rope was also documented with Laser Doppler Vibrometer (LDV)
by Vekve [2]. Reducing the maximum tangential velocity seems to be one of the keys to mitigate
pressure pulsations in the draft tube, as this approach reduces the swirl number.

Different methods have been investigated to mitigate pressure pulsations, such as air injection,
water injection and other passive installations in the turbine. Different methods of air injection
have been investigated by different authors [3][13][14][15][16]. Results are case dependent,
meaning a decrease in pressure pulsation amplitudes at one turbine, does not mean the same
result in another. Both an increase and a decrease in pressure pulsation amplitudes were observed
by Muntean et.al. [16], depending on operational point. Further, March [14] pointed out there
may be significant efficiency losses, up to 4% related to air injection. The efficiency loss is
dependent on method of air injection and amount of air. Increased air volume flow lead to
increased losses as shown by March [14].

Passive installation such as fins and runner cone extension has been tested by different
authors [2][17][18][19]. A runner cone extension tested at NTNU by Vekve [2] showed promising
results in reduction of pressure pulsation amplitudes. Vekve tested two different lengths with
three different diameters of 0.1D2, 0.21D2 and 0.41D2. The longest runner cone extension
with largest diameter showed the best dampening of pressure pulsastion amplitudes. This
resulted in a full scale test at Litjfossen Hydro Power Plant in Norway. The test showed
minor reduction in efficiency (0̃.5%), but 30-40% reduction in pressure pulsation amplitudes
at part load. Vekve concluded that the shaft extension moves the initiation point of the vortex
rope further downstream and can reduce the strength of the vortex rope (i.e., the amplitude of
the RVR). The further downstream the vortex breakdown occurs, the shorter the distance the
RVR has available for longitudinal development. Eventually, the bolt keeping the runner cone
extension in place suffered mechanical failure, and the runner cone extension was found further
downstream. This indicates high amplitude pressure pulsations in the draft tube centre.

A numerical investigation of a counter rotating cone in a Kaplan elbow was performed by
Cervantes [20]. Though he did not extend the runner cone, he found that a slower rotation
than the runner increased pressure recovery and reduced the losses. The results also found a
stationary runner cone to be beneficial for the draft tube performance. This paper will further
investigate a freely rotating runner cone extension at a model turbine. The focus of the paper
will be possible improvements with a freely rotating runner cone extension (FRUCE).

3. Experimental setup
The experiment was carried out at the Waterpower Laboratory at NTNU in Trondheim. The
Tokke model runner, which is a high head Francis runner, was used for the experiments. This
turbine is also the model runner used as a reference in Francis-99 workshops [21]. In order to
investigate the pressure fluctuations in the draft tube cone, four Kulite 701A dynamic pressure
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Table 1. Operational points

Operational points
Guide vane opening

[degrees]
Volume flow

[m3/s]
Relative Volume flow Q/Qbep [-]

1 3,999 0,086 0,43
2 5,009 0,106 0,53
3 6,020 0,127 0,63
4 7,031 0,147 0,73
5 8,129 0,169 0,84
6 (BEP) 9,887 0,202 1,00
7 11,030 0,223 1,11
8 11,997 0,241 1,20
9 13,051 0,256 1,29

sensors were flush mounted as shown in Figure 2. Two sensors in the upper cone labeled P1 and
P2, and two in the lower cone labeled P3 and P4. Two and two sensors were mounted directly
opposite to each other. Additional pressure sensors were mounted at inlet and downstream the
runner cone, but the analysis from these will not be included in this paper. The rotation of the
runner cone extension was measured optically.

The measurements was carried out with a constant head of 12 m and constant rotational
speed at 333 rpm. NI Labview was used to acquired the data. The pressure data was amplified
and acquired with a logging frequency of 2777.8 Hz with NI 9239 logging card. The different
operating points are shown in Table 1.

Figure 2. Freely rotating runner
cone extension with the different
lengths; FRUCE 1 = 0.62D2,
FRUCE 2 = 0.86D2 and FRUCE
3 = 1.20D2. The location of
pressure sensors can be seen on the
draft tube wall. The dimension in
the drawing is given in millimeters
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4. Freely rotating runner cone extension
The runner cone extension was designed as a cylinder. The runner cone was modified to fit the
extension. Figure 2 shows the drawing of the modified runner cone and with the extension. A
transition part with bearings was fitted between the runner cone and the extension to allow the
extension to rotate freely. The runner cone extension was tested with three different lengths;
0.62D2, 0.86D2 and 1, 20D2, where is D2 the outlet diameter. The diameter of the runner cone
extension, Ds, was 0.21D2 for all lengths.

5. Data processing
The pressure data was processed to investigate the frequency spectra, peak-to-peak values. For
this paper the data was resampled to a frequency of 500 Hz. An antialiasing Finite Impulse
Response (FIR) lowpass filter was applied and the time delay introduced by the filter was
compensated for. Further, a lowpass Butterworth filter was applied with a cut-off frequency of
2.2fn, where fn is the runner frequency equals to 5.55 Hz. The cut-off frequency was chosen to
filter out rig specific frequencies at 15 Hz and 40 Hz. Peak-to-peak values was found by using
a 99% confidence interval. The effective confidence interval is lower than 99% since a filter has
been applied to the data. Fast Fourier Transform (FFT) was applied to achieved the frequency
spectra.

6. Results and discussion
6.1. Measurements of rotation
The rotation of the runner cone extension was measured optically and shown in Fig. 2. The
largest rotational speed is reached at full load, where the FRUCE is rotating the opposite
direction of the turbine. The rotational speed reached -1.08 relative speed for the longest
FRUCE. The velocity of FRUCE seems to have linear relationship from 0.84Q/QBEP to full
load at 1.29Q/QBEP . At full load there is not much separating the different FRUCEs.
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Figure 3. FRUCE rotation as a function of flow rate. The relative speed is given by the
FRUCE rotational speed, ns, and the runner speed, nt.

Compared to a locked runner cone extension, the velocity of the FRUCE is reduced at low
load. The lowest rotational speed is found for the longest FRUCE. This is due to the tangential
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velocity in the lower part of the draft tube is reduced. The lower tangential velocity is helping to
reduce the speed of the runner cone. This is also the area where the largest amplitudes related
to the Rheingans frequency is found.

At part load the length clearly has influence on the rotational speed of the FRUCE. All the
three FRUCEs reached runner speed at 0.73Q/QBEP , but they never increase above rotational
speed of the runner. The longest FRUCE reduces the speed first and reached the lowest speed
when moving toward lower flow rate.

6.2. Pressure analysis
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Figure 4. Peak-to-peak values for a 99% confidence interval for the upper measuring plane of
the Francis model draft tube
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Figure 5. Peak-to-peak values for a 99% confidence interval for the lower measuring plane of
the Francis model draft tube
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The peak-to-peak values with a 99% confidence interval for the upper plane is shown in
Figure 4 and in Figure 5 for the lower plane. The locked runner cone extension clearly has an
dampening effect on the amplitudes in the upper plane at part load. However, the difference
in the lower plane is minor. In both cases the locked runner cone extension has a negative
effect at 1.2Q/QBEP . The FRUCEs have increased peak-to-peak values in the upper plane at
0.53Q/QBEP , while a small dampening can be seen for the two longest FRUCEs in the lower
plane. The opposite effect can be observed when the flow is increased to 0.63Q/QBEP . Higher
amplitudes for the FRUCEs in the lower plane, but dampened in the upper plane.

The high peak-to-peak values at the upper plane is probably a consequence of the FRUCE
diameter. It removes the forced votex in the draft tube center and allow the free vortex to
develop towards the FRUCE diameter. The free vortex will therefore reach a higher velocity at
the surface of the FRUCE than it would without. The authors assume this is the reason for the
increasing pressure amplitude. Considering conservation of angular momentum, the tangential
velocity profile will change due to the expansion of the draft tube cone. The tangential velocity
profile will therefore reach a lower velocity at the FRUCE as shown with the modified velocity
profile in Figure 6. The speed of the FRUCE will be influenced by the sum of the viscous forces
working in tangential direction.

At 0.63Q/QBEP the peak-to-peak values are lower in the upper plane, than in the lower. A
small dampening can be found in comparison to the original design in the upper plane. The
authors have no explanation for this phenomenon. However, the FRUCE velocity is increased
at this flow rate compared to lower flow rate where the FRUCE speed is fairly constant. This
may cause a transmission of energy to lower measuring plane and therefore an increase in peak-
to-peak values.

Figure 6. Ideal tangential ve-
locity profiles at upper an lower
measuring plane with FRUCE. The
ideal velocity profile is shown with
a dashed line in the lower plane
and the modified velocity profile is
shown with a solid line.

At high load the FRUCEs generally performs better than the locked runner cone extension
for flows larger than 1.2Q/QBEP . The peak-to-peak values are clearly more consistent from
upper to lower plane with higher flows than 0.73Q/QBEP . From 0.84Q/QBEP and higher, the
original design shows the smallest peak-to-peak values except at 1.11Q/QBEP .

The frequency spectra presented are focused on the low frequency amplitudes, especially
related to the RVR. The runner frequency, fn, is 5.5 Hz for all operational points as the runner
speed was kept constant.
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The frequency spectra from upper and lower measuring plane shown in Figure 7 show two
significant peaks at 0.29fn and 0.57fn. The dominant frequency at 0.29fn is the vortex rope
frequency for the original design. In the lower measuring plane this frequency has an increased
amplitude for FRUCEs while a small dampening can be noted for the locked runner cone
extension. However, in the upper measuring plane there are a significant dampening for all
runner cone extensions. The amplitude for the dominating frequency for FRUCE 3 is decreased
by 30%, while for the locked runner cone extension the reduction in amplitude is 55%. The
reduction in amplitudes are greater than what can be seen from the peak-to-peak analyses. The
vortex rope frequency is also shifted towards a higher frequency with the installation of the
FRUCEs. The trend is the longer FRUCE, the higher dominating frequency. However, the
locked runner cone extension produces the highest frequency.

7. Conclusion
The results show that the freely rotating runner cone extension has an dampening effect in some
cases at part load. However, only the locked runner cone extension shows better dampening
effect in most cases. From 0.84Q/QBEP and higher, the original design shows the smallest
peak-to-peak values expect at 1.11Q/QBEP .

The tangential velocity of the water is highest at 0.73Q/QBEP . However, the highest peak-
to-peak values are found at lower flow rate than 0.73Q/QBEP .

The FRUCE did not achieve the dampening which was hoped for. This is most likely due
to a to small diameter of the FRUCE. Previous results from Vekve [2] shows improvement with
increased diameter. An increased diameter will also increase the axial velocity more and thereby
decrease the swirl number.
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Abstract. Pressure pulsations caused by unsteady flow can lead to instability of operation.
Air injection into the turbines draft tube is a well-known method used to mitigate pressure
pulsations. Investigation of two different methods of air injection into the high head turbines
in La Higuera power plant were carried out for part load operation. The turbines have a
nominal power of 77 MW each and 375 m head. Two methods of air injection were investigated;
air injection through the upper cover and air injection through the draft tube wall. Pressure
pulsations were measured at the inlet and in the draft tube.

1. Introduction
Today’s energy market has a high demand of flexibility due to introduction of other renewables
as wind and solar. To ensure steady power supply, hydro turbines are forced to operate more
at part load. The turbine itself will be exposed to variation in pressure, discharge, rotational
speed and torque. These phenomena are strongly linked to the flow structure at the outlet and
leads to hydrodynamic instabilities [1]. Hydrodynamic instabilities as pressure pulsations, in
combination with natural frequencies that may result in a resonance effect, leading to draft tube
surge and grid instabilities [2]. Swirling flows in turbines have for a long time been subject to
intensive research. For Francis turbines operating at part load, swirl in the draft tube is present
due to the fixed blade of the Francis runner. Rheingans [2] found the swirling flow to have a
frequency of 1/3 of the runner frequency. The vortex breakdown occurring in the draft tube
is recognized as the main cause of severe flow instabilities and pressure fluctuations [3]. The
pressure pulsations are known to generate heavy vibrations and noise [4], which may give high
fatigue load and ultimately lead to mechanical failure [3][5]. Consequently, research on design
and methods to mitigate pressure pulsations have been intensified.

Different authors have proposed and tested several methods to mitigate pressure pulsations.
The most well-known method is perhaps air injection into the draft tube. However, water
injection [6, 7] and fins [8] have also been investigated with varying results. Air injection has
been done in different ways, air injection over the stay vanes [9, 10] or air admission directly
into the draft tube [11]. A case study of Hirakud Power Plant shows a significant reduction of
vibrations with air injection below the runner [12]. Garcia [10] reached the conclusion that an air
discharge equal to 0.34% of the water discharge was enough to improve the hydraulic stability.
However, air injection may also have negative effects. In an extreme case the amplitude was
increased by 41.8%. Measurements of Baya et.al. [3] indicates that the highest amplitudes are
found closest to the turbine, while Susan-Resiga [13] finds the highest amplitudes to be further
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downstream. The design of the turbine and draft tube are therefore an important factor in how
the pressure pulsations amplitudes propagates in the draft tube.

2. La Higuera Hydropower Plant Case Study
La Higuera Hydro Power Plant is located in the Andes south of Chiles capital Santiago. It
consist of two vertical axis units of 77 MW each. Turbine data is listed in table 1

The power station has suffered from strong vibrations since the start up in 2010. Different
circumstances caused it to close down in 2011. During the recommissioning in 2013 different
methods of air injection was tested to help reduce the vibrations. The methods are further
described in the next section.

Table 1: Data per unit at La Higuera HPP

La Higuera power plant

Number of turbines 2
Nominal net head 375 m
Rated generator output 77 MW
Nominal volume flow 22.7 m/s3

Nominal speed 600 rpm
Outlet diameter 1.57 m

3. Experimental Setup
Two different setups of air injection were tested as shown in Figure 1.

(a) Option A: Air injection through upper cover (b) Option B: Air injection through draft tube wall

Figure 1: Air injection methods for La Higuera
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Option A: Air injection through upper cover. The turbine manufacturer installed this
option. It allows air to pass through the upper cover and enter in the draft tube from the
runner cone as shown in figure 1a.

Option B: Air injection through the draft tube wall. This was installed during the period
the power station was unoperational. Air is injected through four nozzles around the draft tube
fitted approximately 250 mm downstream the runner outlet as shown in Figure 1b.

(a) Crossection (b) Pressure sensors at the draft tube

Figure 2: Mounted pressure sensors

The experimental investigation was performed at 13 operating points, where the 13 point
was the reference at best efficiency point (BEP) with 6 measuring points for each air injection
option. A complete list of the measuring points can be found in Table 2. The load was varried
from 28% to 80% of best efficiency point. Operating at loads above 80% was not considered
a problem and therefore not further investigated. Table 2 includes the amount of air injected
at each measurement point. The amount of air injected was limited due to the capacity of
the compressor. This removed the possibility to investigate the dynamic behavior of the draft
tube flow with higher air ratios. No optimization of air injection was done due to compressor
limitations. Measuring time for each operational point was 200 seconds.

In order to measure the pressure pulsations in the draft tube, two sensors were fitted
approximately 0.3 m downstream the runner and one sensor was placed upstream the turbine
as shown in Figure 2. The sensors on the draft tube wall were mounted with approximately
90◦ between each other in a horizontal plane. The atmospheric pressure was measured on the
turbine floor.

Pressure measurements were only performed in one plane in the draft tube. It is therefore not
possible to conclude if the pressure pulsation amplitudes will increase or decrease downstream
the measurement plane.

High-speed pressure sensors were used for the measurement with a logging frequency of 2500
Hz. Upstream the turbine, a PTX1400 (0-100 bar a) sensor was used. Downstream, one PTX610
(0-10 bar a) and one PTX1400 (0-10 bar g) was used to measure pressure pulsations. The sensor
signals was logged digitally with LabView.

Table 3 show a list over expected frequencies based on the turbine data. The blade passing
frequency and the rotational frequency is independent of operational point. The Rheingans
frequency is expected to change somewhat depending on operational point due to the change in
the swirl of the flow.
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Table 2: Operational points included

Option A Option B

Load [%] Air injected [l/s] % of water flow Load [%] Air injected [l/s] % of water flow

28.1 138 1.48 29.2 202 2.17
39.3 264 2.27 41.0 214 1.84
49.7 254 1.78 49.7 243 1.70
59.0 198 1.25 59.2 239 1.51
70.8 211 1.23 68.4 248 1.45
77.9 253 1.27 79.6 218 1.09

106,6 0,0 0,00

Table 3: Expected frequencies

Frequency Range [Hz]

Blade passing frequency 170
Rotational speed 10
Rheingans frequency 2-4

4. Analysis Method
The peak to peak value was investigated to identify changes in the pressure pulsations. The
peak-to-peak value for each measuring block of one second was averaged to find the values
presented. Further, a frequency analysis of the different air injection methods was performed.

The logging program updated every second in order to write to file, this lead to a small time
gaps between each measuring block. Due to the ’write to file’ pauses in the logging program,
a missing data point problem occurred in the spectral analysis. Common spectral analysis
methods require a constant time step, ∆t, which was not constant in this case. The larger ∆t
which occured every second can be evaluated as loss of data points. The loss of data points is
therefore a loss of information of the physical process.

There are different solutions to a data loss problem. A non-ideal solution to the problem
is truncation of the time signal in the missing data area. Truncation of a time series before
applying Fast Fourier Transform (FFT) algorithms will in general result in non-physical and
spurious distortion, which often is seen in the low frequency band. When the original frequency
is not known, these spurious results cannot be identified, hence the frequency spectra is not fully
trustworthy. The Rheingans frequency is not constant and the low frequency band is the main
focus. Truncation of the time signal is therefore not an acceptable solution.

To avoid truncation, an option is to perform a FFT on each block with constant time step, and
thereby average the results. As the blocks are short in time, it will result in a far from satisfactory
frequency resolution, especially for investigating the low frequency band. A significant level of
white noise will also be introduced by using this method.

Other non-ideal methods to cure the problem could be to add zeroes or extrapolate the
data for the missing time steps. Both methods will eliminate the time scale problem, but will
introduce errors.
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Figure 3: Peak-to-peak values with and without air injection

The missing data point problem is well known within geophysics from satellite transmissions.
The measured signal transmitted is often disrupted by the satellite passing through a
transmission shadow. The countermeasure developed is known as the least-square spectral
analysis [14], commonly known as the Lomb-Scargle method, or Lomb normalized periodogram.
The method weights data on a ’per point’ basis instead of on a ’per time interval’ basis as
FFTs. This allows for a non-uniform time steps in the time series and avoiding truncation, zero
insertion and extrapolation. However, computational costs are significantly increased from less
than a second to more than an hour. Another aspect to be aware of is that the Nyquist frequency
fn=fs/2 is not respected by the Lomb normalized periodogram. Hence, higher frequencies than
the Nyquist frequency appear in the results. These are not to be trusted as these may be
aliases. To avoid this, a low pass filter with cut-off frequency of half the logging frequency was
used before applying the Lomb method. The highest frequency expected, the blade passing
frequency, in the La Higuera turbine is 170 Hz which is well below the Nyquist frequency [15].

5. Results
Figure 3 shows the 99% confidence interval peak-to-peak values with and without air injection
for each part load operational point investigated. A significant decrease in peak-to-peak values
was found for 30-50% load with both methods of air injection. For higher loads, 60%-80%, a
smaller decrease can be seen. The peak-to-peak amplitudes when air is injected are between
200 and 300 kPa for every load. For all measurements, a significant decrease in noise was
noticed. Approximate measurements indicated the noise was reduced with 8-12 dB. This suggest
a significant reduction of pressure pulsation amplitudes of higher frequency.

The spectral analysis for both options is shown in figure 4 and 5. The fundamental harmonic
corresponds to the vortex rope, also known as the Rheingans frequency. The prominent peak
is located between 2 and 4 Hz as expected. This frequency is somewhat lower than a third
of the runner frequency as Rheingans found. This is due to design of the runner. The second
harmonic is also clearly visible for loads above 50%. The vortex rope frequency also have a small
shift towards a higher frequency when air is injected. For lower loads a significant decrease in
amplitudes can be seen. However, for loads between 60% and 80%, the results are not consistent.
For both options, sensor 1 shows a decrease in amplitudes for 80% load, while option A clearly
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(a) Sensor 1 (b) Sensor 2

Figure 4: Option A

(a) Sensor 1 (b) Sensor 2

Figure 5: Option B

decreases the amplitudes for 60 and 70% load. Results from sensor 2 shows the initial amplitude
of the dominant frequency is significantly lower than for sensor 1. The air injection also have
a negative effect in this area, increasing the amplitudes with more than 100% in several cases.
Option B has a smaller reduction in the dominant amplitude at sensor 1 and inflict a greater
increase of the dominant frequency at sensor 2 than seen from option A.

The 10 Hz frequency is the runner speed and its second harmony is visible for 60% load and
upwards.

Further investigation of pressure pulsations was carried out to explain the reduction in noise
measured. Figure 6 shows that when air is injected the frequency amplitudes are reduced for
frequencies above 300 Hz. For lower frequencies, the frequency amplitudes are higher when air
is injected compared to operation without air injection. This matches well with decreased sound
volume within the hearing range. The peak-to-peak values are a sum of all frequencies. An
increase in frequency amplitudes for some frequencies and a decrease in freqeuncy amplitudes
for many frequencies will give an overall reduction in peak-to-peak amplitudes. This will explain
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why an increase in Rheingans frequency was measured when air was injected, but a significant
decrease in peak-to-peak values was observed.

Figure 6: Frequency plot for 60% load

6. Conclusion
The paper presents an investigation of methods of reducing pressure pulsations amplitudes
in Francis turbines with air injection. On site experimental investigations were performed to
evaluate the performance of air injection as a method of reducing pressure pulsations amplitudes.
For this specific turbine, the pressure pulsations were recorded with two sensors in the draft
tube. A significant decrease in average peak-to-peak values were found for all loads. At lower
loads, 30-50% of BEP, air injection significantly reduced the peak-to-peak amplitudes with up
to 60%. The frequency analysis showed that air injection has a positive effect on amplitudes for
frequencies higher than approximately 300 Hz. For frequencies lower than 20 Hz, the dominant
frequency increased with more than 100% in several cases at sensor 2. At sensor 1, a decrease
was found for option A, while option B still increased the dominant frequency amplitude for 60
and 70% load. The results is favorable towards option A, air injection through the upper cover.
Measurement of noise level showed a reduction of 8-12% when air was injected.

Air injection reduced the peak-to-peak values, but did not decrease the amplitudes of the low
frequency pressure pulsations. The dominant frequency increased significantly in some cases.
The increase of the dominant frequency may in a worst-case scenario lead to mechanical failure.
Therefore, it is recommended to investigate the air injection control for each turbine in order to
identify dangerous operating regimes.
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Appendix A

Deduction of the
thermodynamic method

This chapter is an deduction of the thermodynamic method for efficiency
measurements based on Kjølle [34] and the IEC 60041 [64].

A.1 Efficiency measurement

Efficiency is the ratio of the work done or energy developed by a machine,
to the energy supplied to it. In the world of hydro power, the energy sup-
plied is the water from the upper reservoir and the output is electricity to
the grid. The higher efficiency, the more money is earned. The efficiency
is an important input when it comes to optimizing power production and
investments to refurbish power plants. To find the efficiency, efficiency me-
asurements have to be performed. Efficiency measurements will also give
information about the condition of a turbine. A drop in efficiency indicates
degradations in the turbine or the waterways.

The efficiency for a turbine can be expressed as following:

η =
P

Ph
=

P

Q∆p
(A.1)

where P is the produced power and Ph is the hydraulic power inserted.
Ph is can be expressed as Q∆p which is the volume flow multiplied by the
pressure difference from inlet to outlet.
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The total efficiency is a product of part efficiencies as shown in equation
A.2.

ηtot = ηtransformer · ηgenerator · ηturbine · ηheadloss(·ηleakage) (A.2)

The efficiency of the generator and transformer can be found without kno-
wing the actual flow rate, but the turbine efficiency and head loss is depen-
dent on the flow rate.

From a mechanical engineering point of view, the turbine efficiency is of most
interest. The turbine efficiency describes the efficiency of the transformation
from hydraulic power to rotating mechanical power as shown in Equation
A.3.

η =
Tω

Q∆p
=

Tω

ρgQH
(A.3)

T is torque, ω is the rotational speed and ∆p can be written as ρgH where H
is the head in meter. However, torque can not be measured in a commercial
power plant. To solve the equation it has to be changed to include mea-
surable quantities. The equation is there changed to include the generator
output and generator efficiency.

η =
Pgen

ηgenρgQH
(A.4)

The generator output can be measured and the generator efficiency is known.
To make the efficiency comparable the flow and power has to be adjusted
for head variations. By using the affinity equations, head and flow can be
adjusted to the design parameters of the power plant.

Q2 = Q1

(
H2

H1

) 1
2

(A.5)

P2 = P1

(
P2

P1

) 3
2

(A.6)

For efficiency measurements at a prototype, the standard commonly used
is the IEC 60041:1991 Field acceptance tests to determine the hydraulic
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performance of hydraulic turbines, storage pumps and pump turbines [64].
Different methods and limits of use is thoroughly described in the standard.
The thermodynamic method was for the measurements presented in this
work and will therefore be further described.

A.1.1 The thermodynamic efficiency measurement method

Efficiency measurements with thermodynamic method results from the ap-
plication of the principle of conservation of energy. The losses in the turbine
is transformed to heat in flow. By measuring the temperature difference
from inlet to outlet of the turbine, the flow losses can be found. From here
the efficiency can be computed. The thermodynamic method separates from
the other methods as it does not measure flow, but directly measures losses
[34]. Neglecting the volumetric losses in the water, the efficiency can be
expressed as

η =
Pm
Ph

= 1 − ∆Hloss

H
(A.7)

where H is the head. Hence measuring the flow is not necessary. The losses
can be written as in equation A.8.

∆Hloss =
Eloss
g

=
cp
g

∆T (A.8)

∆T is the temperature difference from inlet to the outlet of the turbine. The
method is recognized and has high accuracy above 100 m head [64]. For
lower heads, the temperature difference becomes very small and uncertainty
increases. To achieve good results high accuracy temperature sensors and
favourable conditions are necessary.

The energy transfer through the turbine can be described by a enthalpy-
entropy diagram as shown in Figure A.1. The ideal process is aa process
without losses, known as an isentropic process. Shown as the process from
’1-1’ to ’s’ as the pressure is reduced through the turbine. However, a real
process includes losses and the entropy increases and the process will end
in point ’2-1’.

From the diagram the efficiency of the process can be written as
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h

s

P1−1

P2−1

T1−1

Ts T2−1

Real
Ideal

∆hloss

h1−1 − h2−1

Figure A.1: Enthalpy-Entropy diagram. The green lines represents constant
temperature and blue lines are constant pressure.

η =
h1−1 − h2−1

h1−1 − hs
(A.9)

By using thermodynamic relations, the final equation can be derived.

η =
Em
Eh

=
1
ā(p1−1 − p2−1) + 1

2(c2
1−1 − c2

2−1) + g(z1−1 − z2−1) + c̄p(T1−1 − T2−1)
1
ρ̄(p1 − p2) + 1

2(c2
1 − c2

2) + g(z1 − z2)

(A.10)

The density of water, ρ, the isotermic constant, a, and the specific heat capa-
city, cp is calculated according to the IEC 60041 [64]. The reference indexes
in numerator and denominator are different as the indexes in the numerator
refers to exact measurement position of the temperature, while denomina-
tor are referring to centrelines at inlet and outlet. Adiabatic processes are
assumed from centrelines to measurement points. A general overview of
positions of the indexes are shown in Figure A.2.

The temperature of the water may be influenced by its external parameters.
To take the external parameters into account, a corrective term δEm is
added to equation A.10.
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2

1

Figure A.2: Reference positions in the thermodynamic equation

η =
1
ā(p1−1 − p2−1) + 1

2(c2
1−1 − c2

2−1) + g(z1−1 − z2−1) + c̄p(T1−1 − T2−1) + δEm
1
ρ̄(p1 − p2) + 1

2(c2
1 − c2

2) + g(z1 − z2)

(A.11)

The following parameters should be taken into consideration for δEm [64]:

• The travel time of the water between inlet and outlet cross section and
possible errors due to temperature variations over the measurement.

• Heat exchange with the environment where pipes are exposed to sur-
roundings.

• Heat exchange with air.

The leakage flow over the labyrinth seals is often a challenge as this is goes
through a separate pipe before it is returned to the draft tube. The leakage
flow and temperature may be measured separately and guided away from
the draft tube during the measurements. The energy of the leakage water
is added to the corrective term δEm.
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Appendix B

Leirfossene HPP

B.1 FFT

Part load of FRUCE at Leirfossen

The part load investigation includes four operational points at 0.47Pnom,
056Pnom, 0.66Pnom and 0.75Pn. The results from the low frequency range
from 1-15 Hz is presented first. As expected, the dominant frequency in this
range is the RVR frequency which is related to the rotating vortex rope.
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Figure B.1: Frequency spectrum for without FRUCE at 0.47Pn
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Figure B.2: Frequency spectrum for FRUCE 1 at 0.47Pn
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Figure B.3: Frequency spectrum for FRUCE 2 at 0.47Pn
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Figure B.4: Frequency spectrum for FRUCE 3 at 0.47Pn
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Figure B.5: Frequency spectrum for without FRUCE at 0.56Pn
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Figure B.6: Frequency spectrum for FRUCE 1 at 0.56Pn
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Figure B.7: Frequency spectrum for FRUCE 2 at 0.56Pn
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Figure B.8: Frequency spectrum for FRUCE 3 at 0.56Pn
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Figure B.9: Frequency spectrum without FRUCE at 0.66Pn
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B.1. FFT XV
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Figure B.10: Frequency spectrum for FRUCE 1 at 0.66Pn
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Figure B.11: Frequency spectrum for FRUCE 2 at 0.66Pn
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XVI APPENDIX B. LEIRFOSSENE HPP
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Figure B.12: Frequency spectrum for FRUCE 3 at 0.66Pn
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Figure B.13: Frequency spectrum without FRUCE at 0.75Pn
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B.1. FFT XVII
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Figure B.14: Frequency spectrum for FRUCE 1 at 0.75Pn
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Figure B.15: Frequency spectrum for FRUCE 2 at 0.75Pn
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XVIII APPENDIX B. LEIRFOSSENE HPP
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Figure B.16: Frequency spectrum for FRUCE 3 at 0.75Pn
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