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Abstract

To reduce CO, emissions and tackle global warming, an increasing amount of electrical power
consumed around the world must be obtained from renewable sources. Among these sources,
hydropower has not only the advantage of leaving a very small carbon footprint, but also the
ability to be flexible and compensate for the intermittent nature of other sources like solar
and wind. For these qualities, a large number of new hydropower projects is foreseen in the
near future.

Hydropower still has a large potential for new projects worldwide. Furthermore, many already
existing plants have also the possibility to modernize its facilities and increase its available
installed capacity. For both new plants and modernization projects, thorough investigations
are necessary to decide if the project is technically viable and economically relevant. Never-
theless, in the very early design stage, some key information regarding the properties of the
future generating unit is often unknown or sometimes estimated with high uncertainty levels.

One of these unknown aspects is the turbine efficiency: it can only be known with high accu-
racy after performing measurements on a reduced scale physical turbine model homologous
to the future turbine prototype. The turbine complete characteristics of torque and discharge
is also necessary for a proper dimensioning of the generating unit, as it impacts notably the
overpressure in the water conduits and the overspeed of the rotating parts.

Francis turbines operating at part load and full load conditions feature the so-called cavi-
tation vortex rope in their draft tube cone. Therefore, two additional dynamic aspects can
impact the performance of a Francis turbine generating unit: (1) a possible resonance between
the hydraulic circuit first eigenfrequency and the excitation frequency from the vortex rope,
and (2) the occurrence of high amplitude power swings and pressure surge induced by the
cavitation vortex rope in unstable full load operating conditions. Currently, these two ad-
ditional aspects usually remain completely unknown until the prototype enters into operation.

This thesis objective is then to develop and validate new empirical models, testing and calcula-
tion procedures able to perform accurate predictions of a Francis turbine prototype dynamic
behavior still in the early stage of a hydropower plant project. They can be used by engineers
working in the design of Francis generating units to estimate with accuracy the final dynamic
behavior of these units as a whole and, consequently, optimize the unit design to reduce costs
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and minimize risks related to the occurrence of undesired dynamic behavior of the cavitation
vortex rope.

The complete database of reduced scale physical model measurements available in the Labo-
ratory for Hydraulic Machines (LMH) at the Ecole Polytechnique Fédérale de Lausanne (EPFL)
is used to construct empirical models able to estimate the turbine efficiency and complete
characteristics. The obtained standard error in estimating peak efficiency values is then less
than 1%.

Extensive measurements and 1-D eigenvalue calculations are performed to better understand
the dynamic behavior of the cavitation vortex in a specific test case. As a result, procedures
to predict with accuracy part load resonance and full load instability are presented. These
predictions can then be made soon after reduced scale model testing, i.e., usually years before
the prototype enters into operation.



Résumé

Afin de réduire les émissions de CO, et lutter contre le réchauffement climatique, la production
d’électricité par des sources d’énergie renouvelable doit é&tre augmentée. Parmi ces sources,
I'hydroélectricité a non seulement I’avantage d’avoir une faible empreinte carbone, mais aussi
la capacité d’étre flexible afin de compenser la nature intermittente d’autres sources d’énergie
telles que I'énergie solaire et éolienne. Grace a ces qualités, un grand nombre de nouveaux
projets d’aménagements hydroélectriques est prévu dans un avenir proche.

L'énergie hydroélectrique a encore un grand potentiel pour des nouveaux projets dans le
monde entier. En outre, de nombreuses installations existantes ont la possibilité de moderni-
ser leurs installations et d’augmenter leur capacité installée. Tant pour les nouvelles centrales
que pour les projets de modernisation, des études approfondies sont nécessaires pour dé-
terminer si le projet est techniquement viable et économiquement intéressant. Néanmoins,
souvent au début de la phase de conception, certaines informations clés concernant les pro-
priétés de la future unité de production sont inconnues ou parfois estimées avec des niveaux
d’incertitude élevés.

L'une de ces inconnues est I'efficacité de la turbine. En effet, le rendement de la turbine ne
peut étre estimé avec précision qu’apres la réalisation de mesures sur un modele réduit de la
turbine, homologue au futur prototype. Les courbes caractéristiques de la turbine en termes
de couple et de débit sont également nécessaires pour un dimensionnement adapté du groupe,
car elles auront en particulier un impact sur les valeurs de survitesse de ce dernier et sur les
surpressions dans les conduites.

Les turbines Francis fonctionnant a charge partielle ou a forte charge présentent un type de
vortex nommé torche de cavitation dans le cone de leur aspirateur. Par conséquent, deux
aspects dynamiques supplémentaires peuvent influencer la performance d'un groupe géné-
rateur doté d’'une turbine Francis : (1) une possible résonance entre la premieére fréquence
propre du circuit hydraulique et la fréquence d’excitation provenant de la torche de cavitation
a charge partielle, et (2) 'occurrence de grandes oscillations de puissance et de fortes pulsa-
tions de pression induites par la torche de cavitation dans des conditions de fonctionnement
instables a forte charge. Actuellement, ces deux aspects dynamiques de la turbine restent
généralement inconnus jusqu’a la mise en service du prototype.



Résumé

Lobjectif de cette these est alors de développer et valider de nouveaux modeles empiriques et
des procédures expérimentales et analytiques capables d’effectuer des prévisions précises du
comportement dynamique des turbines Francis a une étape avancée d'un projet de centrale
hydroélectrique. Ils peuvent étre utilisés par des ingénieurs participant a la conception des
turbines Francis pour estimer avec précision le comportement dynamique final de ces unités
et, par conséquent, optimiser la conception pour réduire les colits et minimiser les risques
liés a 'occurrence de comportements dynamiques non désirés de la torche de cavitation.

Lensemble des mesures effectuées sur des modeles réduits disponible au sein du Laboratoire
de Machines Hydrauliques (LMH) de I'Ecole Polytechnique Fédérale de Lausanne (EPFL) a été
utilisé pour construire des modéles empiriques capables d’estimer le rendement des turbines
Francis et ses courbes caractéristiques. L'écart-type obtenu lors de I'estimation des valeurs de
rendement maximal est inférieure a 1%.

Un grand nombre de mesures expérimentales et des calculs de valeurs propres ont été effec-
tués pour mieux comprendre le comportement dynamique de la torche de cavitation dans
un cas test spécifique. Des nouvelles méthodologies permettant de prédire avec précision
des conditions de résonance a charge partielle et des conditions instables a forte charge sont
présentées. Ces nouvelles méthodologies peuvent étre appliquées peu de temps apres des
essais sur modele réduit, soit des années avant la mise en service du prototype.
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|} Introduction

1.1 Research context

According to the International Energy Agency (IEA), about 75% of the technical potential for
hydropower remains undeveloped (see Table 1.1 ). As described in [1], to attain the objective
of reducing the amount of CO, emissions by 50% of the emission levels in 2005, the amount of
hydropower capacity and annual generation should roughly double by 2050. Consequently, a
large number of new projects for the construction of hydropower plants and the modernization
of old ones are expected in the next 30 years.

While working on the design of a hydropower project, engineers will have to consider a large
number of aspects such as environmental impact, energy market, legal and regulatory aspects,
estimates of capital and operating expenditures. They must also estimate the income that the
future power plant will generate, which is a function of the total amount of kWh produced and
sold over the year.

The final expenditures and income obtained with a hydropower plant will depend on dynamic
properties of the hydraulic turbine expected to be installed in this given power plant generating

Table 1.1 — Regional hydro power technical potential, installed capacity and resulting undevel-
oped potential as of 2009 [1]

Technical potential, 2009 Installed Undeveloped

World region . . . .

installed capacity capacity potential

(GW) (GW) (%)

North America 388 153 61

Latin America 608 156 74

Europe 338 179 47

Africa 283 23 92

Asia 2037 402 80

Australasia & Oceania 67 13 80

World 3721 926 75



Chapter 1. Introduction

Spiral casing Runner

Flow
direction

Stay Vanes
Draft tube

diffuser

Draft tube
cone

Draft tube elbow

Figure 1.1 — Example of a Francis turbine, adapted from [3].

units. As in the early stages of a hydropower plant project this turbine is not yet properly
defined and tested, these dynamic properties have to be estimated.

According to General Electrics, one major manufacturer of hydraulic turbines, hydropower
plants featuring Francis type turbines represent about 60% of the installed capacity for hydro
worldwide [2]. An example of a Francis turbine, along with the name and location of its most
relevant parts, adapted from [3], is presented in Figure 1.1.

The design choices applied to a Francis turbine installed in a given hydropower plant will
affect the generating unit in:

e its global efficiency: Francis turbines efficiency values can have large variations accord-
ing to the available specific energy and the turbine discharge. These variations affect
the annual amount of energy produced, influencing the plant financial revenue.

e its behavior in transient conditions: in an emergency shut-down situation, such as after
a sudden disconnection from the power grid (load rejection), the angular momentum
transmitted from the water to the turbine runner accelerates the rotating parts of the
unit until a maximum value is reached, known as the turbine overspeed. After a load
rejection, the water discharge is drastically reduced by the closing of the turbine guide
vanes, generating a water hammer effect in the penstock. The turbine overspeed and the
water hammer effect are then directly dependent on the turbine characteristic curves
[4]. Consequently, if the turbine characteristic curves are not considered properly in
the overall design of the generating units, this type of transient conditions can lead to
catastrophic events and great loss of investments [5].
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* its risk of presenting large undesired pressure pulsations and power swings: Francis
turbines may operate outside its best efficiency point (BEP), i.e., in part load if the
discharge value is lower than that at the BEP or in full load if the discharge value is
higher than that at the BEP. For both part load and full load, the swirling flow leaving
the turbine runner induce the so called vortex rope. This vortex rope may lead to a
hydro-acoustic resonance phenomenon at part load or reach unstable conditions at full
load, both causing high pressure pulsations and power swings.

Despite being an essential part in the design of a power plant as a whole, accurate data
regarding the turbine dynamic properties is not available until measurements are performed in
areduced scale physical turbine model homologous to the future turbine prototype. In reality,
predicting the possible occurrence of part load resonance and unstable full load conditions is
still challenging and, for most of the cases, it is a risk that is usually not assessed. When these
phenomena are observed on-site, expensive mitigation measures are implemented such as air
injection or limitations in the operating range, as presented in [6].

In this thesis research work a set of empirical models to predict with accuracy the turbine pro-
totype efficiency and its complete characteristic curves of discharge and torque are presented.
Additionally, methods to foresee part load resonance phenomenon and full load instability
are provided. These models and methods can be used in early stages of the hydropower plant
project, allowing its optimization and reducing risks.

1.2 Francis turbine efficiency and complete characteristic curves

Hydraulic turbines are designed to maximize the conversion of hydraulic power into power
in the form of shaft torque. In hydropower plants, this shaft torque is transmitted to an
electrical generator that transforms the mechanical power into the electrical power delivered
to the power grid, as illustrated in the power plant layout of Figure 1.2. The amount of power
delivered by the turbine to the generator is given as:

P=npQE (LD

where 7 () is the turbine efficiency, p (kg-m_g) is the water density, Q (mg-s_l) is the discharge
and E=gH (I-kg_l) is the turbine specific available energy. The turbine n values are usually
represented by the so-called efficiency hill chart, such as the one presented as an example
in Figure 1.3. To simplify comparisons between different turbines, efficiency hill charts and
turbine characteristic curves are usually presented as a function of non-dimensional factors,
such as the ones for the discharge, the runner rotation speed and the torque proposed by the
International Electrotechnical Commission (IEC) standard [8] and detailed in eq. (1.2).

nD T

Qrp = Dz—\/E Ngp = ﬁ Typ = pD—SE (1.2)
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Figure 1.2 — Typical power plant layout [7].
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Figure 1.3 — Example of Francis turbine efficiency hill chart.

where D (m) is the runner diameter, 1 (s ') is the runner rotation speed and T (N-m) is the

turbine torque.

The turbine efficiency is relevant when the generating unit is operating inside its designed
operating range conditions and with its generator connected to the grid. Otherwise, when tran-

4
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Figure 1.4 — An example of turbine Qgp and Tgp characteristic curves for hydraulic transient
simulations.

sient conditions are analyzed, broader information on the turbine dynamics is required. This
broader information is usually presented in the form of discharge and torque characteristic
curves. An example of turbine characteristic curves is presented in Figure 1.4. The complete
characteristic curves become necessary when simulations such as for the unit start-up or an
emergency shut-down are performed. The typical operating range of Francis turbines and
an example of its trajectory during start-ups and emergency shut-downs inside a graph of
turbine Qgp characteristic curves is presented in Figure 1.5.

The efficiency and complete characteristic curves of a given turbine design are only obtained
with accuracy after performing measurements in a reduced scale physical turbine model
homologous to the real-scale prototype. This type of measurements are performed in a test
rig following the procedures defined by the IEC standard [8], leading to efficiency values
measured with 0.2% of maximum uncertainty. The Laboratory for Hydraulic Machines (LMH)
at the Ecole Polytechnique Fédérale de Lausanne (EPFL) features three completely modular
test rigs where measurements are performed according to the IEC standard. The LMH test rigs
are illustrated in Figure 1.6.

Each hydropower plant has its specific and site related conditions of available energy and
water discharge. Francis turbines are then designed for these specific conditions, aiming to
maximize the plant energy production. Consequently, every turbine prototype has its unique
efficiency hillchart and characteristic curves.

Performing reduced scale model tests during the early stage of a power plant project is not
feasible, forcing engineers to make assumptions on these turbines efficiency and characteristic
curves. In some cases, as in the large-scale assessment of hydroelectric potential presented in
[10], the turbine efficiency is assumed as constant, which is far from reality as illustrated in
the example of hill chart of Figure 1.3. The use of 3-D Computational Fluid Dynamics (CFD)

5
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Figure 1.5 — A qualitative example of turbine typical operating range conditions and trajectory
during start-ups and emergency shut-downs.

simulations — another option to define a turbine design, to estimate its efficiency and provide
the complete turbine characteristic curves — is complex and very time consuming, becoming
more suitable in later stages of the project when a final design must be defined. Examples of
3-D CFD simulations for Francis turbines are presented in [11-14]. Analytical models, such as
those presented in [15, 16], can provide estimates of efficiency values and are much faster than
CFD simulations. They are, on the other hand, much less accurate, as they have to simplify
complex phenomena such as flow turbulence and instabilities.

A more suitable and more accurate option in the early stage is then the use of empirical
models. These models are intended to make predictions based on actual measurements and,
consequently, less focused on replicating all the complex physical phenomena occurring
in each part of the turbine. A very complete empirical model for different turbine types is
presented by Gordon in [17]. Gordon makes uses of a turbine efficiency database constructed
by himself, from a number of different sources, to generate empirical models for the efficiency
estimation. He provides an empirical model able to estimate with accuracy the peak efficiency
value nggp of turbine prototypes commissioned until the year of 1999.

This thesis work proposes improvements in the empirical models proposed by Gordon for
Francis turbine prototypes efficiency estimation, as well as new models to generate the turbine
complete characteristic curves of torque and discharge. Inside the RENOVHydro project, these
empirical models are used in an optimization loop where a large number of options for the

6
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IEC 60193 Testing Facilities at LMH
Performance Accuracy < 2%o

PF1 PF2 PF3
Maximum Head: 100 m 120m 100 m
Maximum Discharge; 1.4 m’s’  14m’s"  1.4m’’
Generating Power: 300 kW 300 kW 300 kW
'. Pumping Power: 900 kW 1000 kW 2 x 400 kW
Maximum Speed: 1500 rpm 2500 rpm 2500 rpm

Figure 1.6 — LMH test rigs for reduced scale physical model measurements [9].

civil works, electrical equipment and hydro-mechanical equipment are tested according to
the installation site and the energy market. As a result, a set of best design options with higher
return on investment is provided. The RENOVHydro methodology is intended to be applied in
the near future in a number of power plants renovation projects in Switzerland.

1.2.1 Partload resonance and full load stability

Francis turbines feature fixed runner blades. As a result, they are designed to operate with
maximum efficiency only in a given condition of available specific energy and discharge.
When Francis turbines are required to operate away from this condition, a swirling flow leaves
the runner blades and enters the draft tube cone. Once the intensity of this swirling flow —
given by the flow swirl number (see [18-20]) — becomes high enough, the so-called vortex
rope flow instability takes place in the turbine draft tube cone. In cases where the pressure in
the vortex rope core becomes lower than the vapor pressure, a cavitation volume becomes
visible. Images of a cavitating precessing vortex rope in a part load operating condition and
of an axisymmetric cavitating vortex rope in a full load operating condition are presented in
Figure 1.7.

The precessing movement of the vortex rope in part load conditions induces pressure fluc-
tuations in the draft tube cone that can be decomposed into a synchronous component and
a convective component (see [21, 22]). The synchronous component of these pressure fluc-
tuations acts as an excitation source for the whole hydraulic system, pulsating at the same
frequency as the precession movement, usually between 20% and 40% of the runner rotation
frequency [23]. This excitation frequency may, in some cases, match the first eigenfrequency

7
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of the complete hydraulic system of the Francis generating unit, leading to resonance and
large pressure and power oscillations [24-27].

The hydroacoustic parameter of the vortex rope known as the mass flow gain factor (MFGF)

?9_‘3 where V, is the cavitation volume and Q the turbine discharge (see
[28, 29]) — has a positive sign in part load conditions and a negative sign in full load conditions.

— defined as y = —

Consequently, the dynamic response of the cavitation volume with respect to oscillations
in discharge is different in part load and in full load conditions: the MFGF has a stabilizing
effect in part load and a destabilizing effect in full load operating conditions. In full load,
this destabilizing effect can lead to an unstable self-excitated condition where unacceptable
oscillations of power and pressure are observed on the turbine [26, 30-33].

The occurence or not of pressure surges in turbine prototypes depend on the eigenvalues of
the complete hydraulic system which may contain, for instance, surge tanks, pressurized pipes
of different lengths and diameters, other turbines or pumps. To calculate these eigenvalues,
1-D hydro-acoustic numerical models are typically used to take into account the influence
of all the hydro-mechanic components contiguous to the turbine [34-37]. In [38], Nicolet
presents mathematical models to simulate the dynamic behavior of various different com-
ponents of a hydropower generating unit. More recently, Alligné et al. proposed in [39] a
1-D model to simulate a cavitating draft tube, derived from flow momentum and continuity
equations. Other examples of 1-D numerical models to simulate the dynamic behavior of the
cavitation vortex rope are given by Dorfler in [40] and by Couston and Philibert in [41].

To predict pressure surges generated by the cavitating vortex rope in turbine prototypes, either
by resonance phenomena in part load or by self-excitation in full load, 3-D CFD numerical
simulations are performed in [42-48] and experimental investigations are presented in [19,
20, 25, 31, 49-53]. Favrel et al. presented in [54] a complete procedure to predict part load
resonance in Francis turbines prototypes making use of 1-D eigenvalue calculations and
experimental modal analysis in a test rig featuring the reduced scale physical turbine model.
The proposed procedure was able to predict the occurrence of part load resonance in a given
power plant test case. However, resonance occurred in a power output slightly lower than
the predicted value. This small deviation is explained by the use of the Thoma number as a
similarity parameter between the reduced scale model and the turbine prototype, leading to
non-similar pressure levels in the draft tube cone.

Koutnik et al. presented in [30] numerical simulations reproducing the transition from a
stable to an unstable full load condition in a pump-storage power plant. By testing different
possible values of MFGE Koutnik et al. were able to simulate in time domain the full load
instability onset, reproducing the power and pressure oscillations observed in measurements.
Nevertheless, the exact determination of MFGF values and its transposition from reduced
scale model to prototype scale remains challenging.
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(a) Precessing vortex rope in (b) Axisymmetric vortex rope in
part load. full load.

Figure 1.7 — Cavitating vortex rope visualization.

1.3 Thesis objective

This thesis main objective is to provide empirical models and calculation procedures to
accurately predict the dynamic behavior of a Francis turbine prototype in the early stages
of a hydropower plant project. This dynamic behavior comprises the turbine efficiency, its
complete characteristic curves of torque and discharge, and the hydro-acoustic properties of
the cavitation vortex rope that may lead to pressure pulsations in both part load and full load
operating conditions. The proposed empirical models and calculation procedures can help
the design and the engineering of hydropower units to better estimate the generating unit
performance and evaluate the risk of having undesired power swings. The earlier this type of
information is available, the lower are the costs of performing project adaptations, leading to
an optimized final design of the power plant generating unit.

To accomplish this objective, two main courses of action are taken: (1) the reduced scale
physical turbine model measurements database available at EPFL is used to construct em-
pirical models for the turbine efficiency and characteristic curves estimation; (2) extensive
measurements are performed in both the reduced scale physical model and the prototype of a
given turbine to define methodologies to predict part load resonance and unstable full load
operating conditions.

The resulting empirical models lead to accurate predictions of turbine efficiency and charac-
teristic curves. With these predicted characteristic curves, transient numerical simulations can
be performed to provide accurate estimates of penstock overpressure and turbine overspeed.

With improvements in the procedure proposed by Favrel et al. in [54], the operating condi-
tions leading to part load resonance are predicted with higher accuracy. Unstable full load
conditions for the same test case is also correctly predicted from eigenvalue calculations.
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1.4 Thesis structure

Apart from this introduction, this thesis is presented in five chapters:
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* Chapter 2 - A procedure to construct surrogate functions based on the combination of

bi-variate Hermite Polynomials is detailed. These surrogate functions are an essential
part of the empirical model for the turbine efficiency estimation presented in Chapter 3.
The generated surrogate functions are applied in this paper to estimate the efficiency
and the discharge of a given turbine prototype during on-site measurements. The same
turbine test case is taken in Chapters 4 and 5, where part load resonance and full load
instability is analyzed. Chapter 2 consists of the paper manuscript titled " Monitoring a
Francis turbine operating conditions", published in the Journal of Flow Measurement
and Instrumentation.

Chapter 3 - Empirical models to estimate a Francis turbine prototype efficiency and
characteristic curves are developed making use of the database of reduced scale physical
turbine model measurements available as EPFL. The empirical models take only a
limited amount of data input from the turbine, such as the runner diameter, the specific
speed and the year of commissioning, so they can be applied in the very early stage of a
generating unit design. Efficiency values are predicted with good accuracy: the error in
peak efficiency estimation is expected to be lower than 1%.

Chapter 4 — An improved method to predict part load resonance in a turbine prototype
is presented, leading to higher accuracy than the one presented in [54]. The method
requires measurements performed on a reduced scale physical model and eigenvalue
calculations to identify the pressure wave speed value inside the turbine model draft
tube cone. This wave speed value is transposed to the prototype scale and eigenvalue
calculations of the prototype and its contiguous hydraulic circuit are used to estimate
its first eigenfrequency value. Estimated and measured resonance conditions on the
prototype are presented, showing good agreement. This Chapter consists of the paper
manuscript titled "Procedure for predicting part load resonance in Francis turbines
hydropower units based on swirl number and local cavitation coefficient similitude",
submitted to the Journal of Mechanical Systems and Signal Processing.

Chapter 5 — Similarities between a surge phenomenon observed in a turbine proto-
type and in its homologous reduced scale model in full load operating conditions are
presented. They show that the turbine reduced scale model properly reproduces the
physical mechanism behind the full load instability observed in prototypes. Eigenvalue
calculations are then performed to take into account all the hydro-acoustic parame-
ters leading to unstable full load conditions. A given MFGF value is identified on the
reduced scale model and transposed to the prototype scale. Eigenvalue calculations of
the prototype generating unit correctly predicted a transition from stable to unstable
conditions on the prototype. Finally, 1-D transient simulations are performed to take
into account changes in the pressure wave speed value inside the cavitating draft tube
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cone, replicating the behavior of the turbine prototype in stable and in unstable condi-
tions. This chapter consists of the paper manuscript titled " Prediction of unstable full
load conditions in a Francis turbine prototype", submitted to the Journal of Mechanical
Systems and Signal Processing.

Chapter 6 — Examples are provided showing applications of the present research work
in the very early design stage of a Francis generating unit, i.e., before reduced scale
model measurements are performed. The results obtained in the previous chapters
are applied, demonstrating applications in real test cases where dynamic performance
predictions are validated by measurements. Turbine characteristic curves generated
with the empirical model are used in transient simulations, allowing the estimation
of the water hammer overpressure in the penstock and the turbine runner overspeed
values during an emergency shut-down. Additionally, making use of the hydro-acoustic
parameters of the cavitating vortex rope presented in Chapter 4, the hydropower projects
with higher risk of exhibiting part load resonance phenomenon are identified.

11






¥4 Surrogate functions based on Hermite
Polynomials

This chapter corresponds to the following research paper sent to the Journal of Flow Measure-
ments and Instrumentation, directly accepted by the editor for publication without modifica-
tions:

J. Gomes Pereira Jr., L. Andolfatto, E Avellan. Monitoring a Francis turbine operating condi-
tions, Flow Measurement and Instrumentation 63 (2018) 37-46. DOI: https://doi.org/10.1016/
j.flowmeasinst.2018.07.007.

The author’s contribution: The author contributed with the post-processing of all the mea-
surements data, the generation of figures, graphs and by writing the paper. He also participated
in the prototype measurements campaign and in the generation of algorithms to construct
the surrogate functions.

Abstract

Francis turbines are designed for a specific set of operating conditions that is particular
to each hydropower plant site. It allows this type of turbine to extract as much hydraulic
power as possible, as long as they are operating in the right conditions. For this reason,
power plant operators must know in advance what are the best conditions for operating their
generating units and, naturally, in which exact conditions these units are actually operating.
Detailed information about the turbine behavior in any operating condition can be obtained
by performing measurements in a reduced scale physical model of the turbine prototype.
These tests provide what is known as the turbine hill chart: a two-dimensional graphical
representation of the most relevant turbine properties showing, for instance, the power output,
the discharge, the efficiency and the cavitation conditions. This paper presents a method to
monitor the operating conditions of a Francis turbine by locating it on the hill chart. To do so,
it requires the generation of polynomial bi-variate functions based on Hermite polynomials
that can calculate the turbine discharge and efficiency from its guide vanes angle and power
output. A test case is presented with a turbine prototype of 444 MW of rated power operating
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through a wide range of operating conditions. The validation is done by comparisons between
the measured and estimated values of gross head, leading to similar values.

2.1 Introduction

Hydraulic turbines are required to operate in a wide range of conditions and to adjust its power
output to the variations of water availability, energy demand and energy generation from
other resources. Depending on factors such as the available specific energy and discharge, the
turbine may operate in non-optimal conditions, affecting their performance and shortening
their lifespan.

Francis turbines feature fixed blades, preventing them to better adapt to available energy
and discharge variations, resulting in efficiency loss and the generation of a vortex swirling
flow at part load conditions [55] and full load conditions [31]. Additionally, cavitation may
happen when the counter-pressure provided by the downstream reservoir water level is
low. This cavitation can cause pressure pulsations and induce wear and tear and vibration,
increasing the risk of failure as discussed in [56] and [57]. General information about cavitation
generation and its impacts in a Francis turbine can be found in [58], [59] and [60].

To mitigate the drawbacks of these harsh operating conditions and to optimize the exploitation
of generating units containing Francis turbines, two different steps are required. The first step
is to investigate how the machine behaves in every possible operating condition of interest,
generating a picture that is unique for each turbine design. The second step is to monitor
online, through measurements, where exactly inside this larger picture the turbine is actually
operating.

This general picture is known as the turbine hill chart. It provides all the necessary information
regarding efficiency, cavitation, vortex-rope presence and power generation, for instance. The
complete hill chart of a turbine prototype can be obtained through measurements on a homol-
ogous reduced scale model using a test rig specially designed for this purpose. Measurements
on the reduced scale physical model are performed with a high level of accuracy that usually
cannot be achieved in the prototype.

This paper proposes then a monitoring system technique based in this two steps approach. It
takes only two direct measurements on the prototype to estimate in what conditions, inside
the hill chart, the turbine is operating. For the generation of the complete hill chart, it requires
continuous functions to interpolate the measurements on the scaled model. These functions
are generated through a combination of Hermite polynomials and modal strengths.

The proposed monitoring technique differs from others like the one presented by Valero et al.
[61], as it is focused on physical quantities that can be transposed, such as the discharge and
the efficiency. For its simplicity, it can make it easier to put into practice plant optimization
models as those proposed by [62], [63] and [64].

14



2.2. Model tests and hill chart generation

A test case is presented where the methodology is applied and the operating conditions are es-
timated. For the validation, calculated values of gross head are compared with measurements
showing good agreement. The results obtained suggest us that the methodology can provide
reliable online estimations of the operating conditions of the prototype.

2.2 Model tests and hill chart generation

Performing tests on reduced scale physical model of hydraulic turbines is a mandatory phase
for the most important hydropower projects as it provides detailed information on the turbine
that cannot be accurately calculated. These tests are performed in accordance with the IEC
standard [8], where the procedures to assure a high level of measurements accuracy and the
general rules to transpose the results from the model to the prototype scale are presented. The
IEC standard [65] also proposes transposition procedures, but in a more refined manner as
it takes into account, for instance, the differences of surface roughness between model and
prototype.

To simplify comparisons between homologous turbines with different diameters and rotating
speeds, the IEC standard propose the use of non-dimensional discharge and speed factors,
Qgp and ngp respectively. They are defined as:

Qo= —2=  mp= 2
NG DT R

where Q is the discharge, D is the turbine reference diameter, 7 is the runner rotation fre-

E=gH @2.1)

quency, E is the turbine specific energy, g is the local gravity acceleration and H is the turbine
head.

All these measurements and non-dimensional factors can then be used to generate the turbine
hill chart. A turbine hill chart can be considered as a dashboard where the plant operator
can catch at a glance a great number of relevant information about the turbine and decide in
which conditions the turbine is supposed to operate.

An example of hill chart having Qgp and ngp in its x and y axes is presented in Figure 5.8.
This hill chart contains measurements that were performed in a reduced scale model from
where all the data is interpolated to create the isolines and zones that are shown. It presents
isolines of turbine hydraulic efficiency 1, guide vanes opening angle @ and mechanical power
provided by the turbine Py,. It also presents the best efficiency point (BEP) and four different
zZones:

¢ The inlet cavitation zone, corresponding to the rated level of the downstream reservoir;

* The interblade cavitation (see [66]), also corresponding to the rated level of the down-
stream reservoir;

* Therated operating zone where the turbine must operate according to the specifications;
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Figure 2.1 — Example of the Qgp, ngp hill chart featuring efficiency isolines, the BEP, the
operating range, the rope-free and cavitation zones limits of a Francis turbine.

¢ The vortex rope-free zone.

The hydraulic efficiency and mechanical power are defined as in Equation 2.2. The values
shown in this hill chart are already transposed to the prototype scale.

Py

n=p. Pm=Pn—Pn  Pn=pQE 2.2)

where Py, is the hydraulic power and Py, is the sum of the power losses inside the turbine,
combining the specific hydraulic energy loss, the leakage flow loss and the disc friction power
loss.

2.3 Hermite polynomials interpolation method

The measurements on the reduced scale physical model provide information only on a finite
number of points of the complete hill chart. An interpolation method is then required to cover
the complete range where the turbine operates.
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2.3. Hermite polynomials interpolation method

It is assumed that any variable of interest, such as the discharge or the efficiency, can be
represented through a continuous bivariate function covering all this domain of possible
operating conditions. With this assumption, the Weierstrass approximation theorem can be
used [67]. This theorem states that every continuous function defined on a closed interval
can be uniformly approximated by a polynomial surrogate function. Therefore, this paper
uses surrogate functions that are generated as a combination of Hermite polynomials [68],
similarly to the methodology proposed by Andolfatto et al in [69].

The Hermite polynomials He,, ,,, with n, m € N, form a complete basis of functions inside the
Hilbert space that are orthogonal with respect to the scalar product defined as:

1 X’
(He; j, Hey,) = JRZ He; ; (X) - Hey, (X) - 5 exp (—?)dx (2.3)

with R being the set of real numbers, X being an input vector, He; ; and Hey; being any
Hermite polynomial.

Hermite polynomials can be recursively defined as:

Hepy11=an- X1+ Hepy + by Hepo1)
Hepv1,m = Hem—1,m* Hep-m+2,1 2.4)
Hen+1,n+2 =ap- X Hen,n+1 + bn ‘ Hen—l,n

With the boundary conditions:

Heo'l =1 Hel,l = Xl Hel'z = X2

- /1 = [
an =707 b, = v me[2,n+1]

(2.5)

where X; and X, are the input variables inside the vector X. This definition for the Hermite
polynomials is known as the probabilistic form of the family. Each Hermite polynomial He,, ,,
can be represented with only one index by applying the change from m, n to p as defined in
Equation 2.6. The graphical representation of Hermite polynomials He,, = He,, ;, with index p
varying from zero to 14, corresponding to a fourth degree polynomial, is shown in Figure 2.2.

HepeN = Hen'm

2.6
VneN,Vme[[l,n+1]],p:@+m—l =0

It is then possible to define surrogate functions in the form:

pmax
f=) ApHe, (X) @.7)
p=0

meaning that the surrogate function f approximates a given function f using only a truncated
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Figure 2.2 — Graphical representation of Hermite polynomials with index p from zero to 14.
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basis of Hermite polynomials. The truncation parameter pp,ax and the coefficients 1, € R,
known as the modal strengths, must be chosen properly aiming to minimize the deviations
between the function f and its target function f.

The explicit form of the target function f is, for the case discussed in this paper, unknown.
Although, it is assumed that the performed measurements provide points on the surface given
by f. In this case, one way to define the vector A containing the modal strengths and to
minimize the error between f and f is by using the least-squares method. The vector of modal
strengths is then defined as:

A=[l A oo A" = (HeHe)  He' (2.8)
where:
f=[Mp @p (Ns)f]T (2.9)
Heo("VX)  He, (VX) ... He,, (1X)
e - Heo(‘(z)X) Hel(.(Z)X) Hepmax.((z)x) 2.10)
Heo((:NS)X) Hel((:NS)X) HepmaX:((N‘)X)

(k)

is the total number of samples.

and the superscript *’ Y k € [[1, N;] indicates the number of the measurement sample and N,

Hermite polynomials are defined with respect to a standard normal Gaussian distribution. For
this reason, its input variables are expected to have zero mean, zero correlation between them
and to remain mostly inside the interval [—1,1]. These conditions are usually not fulfilled
among the measurements that are performed on the turbine. For this reason, a transformation
function can be applied to map the measurements into a new set of variables that adapts
better to these requirements.

As the modal strengths are calculated based only on the available measurement samples,
the truncation parameter p,,x must be chosen wisely to avoid polynomial approximations
that either underfits or overfits the data. Underfitting happens when pn,ay is too low, leading
to large deviations between the measurements and f. Overfitting is observed when py is
too high, reducing the error between f and the available measurements to a minimum, but
leading to large deviations if points outside the original training set of points are evaluated.

There are different criteria that can help to identify a polynomial approximation that is under-
fitting or overfitting the training database. One of them is the Akaike Information Criterion
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(AIC) [70], that can be applied here as:

AIC = N, (10g0§q + 1) + 2 (Pmax + 1) (2.11)

where Uétd is the variance of the error inside the available points. As it can be seem in equation
2.11, the AIC will be high either if the model underfits the training data (high variance) or if it
overfits the training data (high pp,ay). Consequently, while comparing different p,,,,x options
for the same approximation, those with a good compromise between number of parameters
and error will have a low AIC.

As the dimensionality of the approximation can sometimes be close to the number of available
samples Nj, a correction for the AIC can be employed, as proposed in [71]. The corrected AIC,
namely AICc, is employed in this paper as:

AICc = AIC +
st_pmax_2

(2.12)

2.4 Methodology

To find the exact location inside the hill chart where a Francis turbine prototype is operating,
two measurements input are required. In any typical hydropower plant, the guide vanes angle
a and the active power output from the generator P, can be measured with accuracy and low
cost. This pair of measurements is then proposed in this paper.

The guide vanes angle is not usually measured directly during a normal plant operation, but
it can be easily obtained through kinematic relations between the guide vane opening angle
and the servomotor stroke. Speed governors usually keep this parameter under constant
monitoring.

Procedures to measure P, are described in the IEC standard [72]. The relation between P, and
the mechanical power provided by the turbine P, can be written as:

Py =Py — P — PG (2.13)

where P; g includes the power losses in all the bearings and P, g all the losses in the generator.
These losses are usually calculated with precision by the manufacturers and they can be
verified by the calorimetric method [73].

Assuming that the power losses are known, explicit relations between «, P, and the remaining
operating variables that are shown in the hill chart can be derived. For this purpose, surrogate
functions as in Equation 2.7 can be generated and a transformation functions gr can be
defined to transform a and P, into X; and X, the two terms of the input vector X.
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In this paper, two surrogate functions are chosen: one for the discharge, fQ, and another for
the turbine efficiency, f,,. The methodology to obtain the discharge Q and the efficiency 1 of
the prototype is summarized in the diagram of Figure 2.3. The methodology can be divided in
two main parts:

1. identification procedure: where the transformation function gr and the surrogate func-
tions fQ and fn are defined according to the measurements performed on the reduced
scale physical model;

2. exploitation procedure: where the actual turbine prototype discharge and efficiency are

estimated online from the generating unit a and P,.

Once the prototype discharge and and efficiency are known:

e the turbine available specific energy E is calculated as:

_ Pm _ Pa+Pp+Pg
T npQ npQ

E (2.14)

* knowing that the rotating speed and diameter of the prototype are fixed, ngp and Qgp
are calculated as in Equation 5.4;

2.5 Application

2.5.1 Test case description

The operating conditions of a Francis turbine prototype of IEC specific speed nqgg = 0.131
(or Ng=N Q0'5 H™%" =43.5, where N is the rotation speed in min~"') are estimated with the
proposed monitoring methodology. Measurements on its homologous reduced scale physical
model were performed previously, providing the data to build the hill chart of Figure 5.8.

The reduced scale physical model features a runner of 0.35 m diameter and the measurements
were performed at 800 min~' rotation speed. A total of N; = 329 operating points were
investigated, with guide vanes opening angle varying from 5° to 32°, covering any possible
condition of interest for the prototype operations.

General information related to the generating unit containing the turbine prototype is pre-
sented in the Table 2.1. The local gravity g is calculated according to the IEC standard [72],
based on the location of the turbine. Also according to [72], p is calculated based on the mean
water temperature. Field acceptance tests performed previously yield an energy energy loss
coefficient K defined as:
Qz -1 D>
Kz(gHg—E)(E> A=— (2.15)
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Figure 2.3 — Procedure for the parameters identification and determination of the turbine
prototype efficiency and discharge.
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Figure 2.4 — Calibration curve for the guide vane angle according to the servomotor stroke.
Measurements are performed at three different guide vanes and the relative error between
them and the best fit curve is also presented.

where g Hg is the specific potential energy of the power plant and Hy is the plant gross head
equal to the difference between the headwater and the tailwater reservoir levels. The table
also provides the generator efficiency 1gen, allowing P; g to be calculated as:

Py

PG = Pa( - 1) (2.16)

NGen
The calibration curve of the guide vane angle as a function of the servomotor stroke is pre-
sented in Figure 2.4. The guide vane angle of three different guide vanes is measured and a
best fit polynomial curve is generated. The error between the measurements and the best fit
curve is also shown in Figure 2.4.

A total of 17 measurements were performed at different operating conditions on the prototype.
Each measurement is performed after the stabilization of the temperature of the bearings and
keeping a constant guide vanes opening during approximately 6 minutes for each operating
condition. The guide vanes opening angle, the active output power from the generator and
the plant gross head were constantly recorded. The downstream reservoir remained close to
the rated level, keeping the cavitation properties as in Figure 5.8.

2.5.2 The transformation function

The transformation function gr described in Equation 2.17 transforms the opening angles
a and the active power P, into the input variables for the Hermite polynomials X; and X5.

23



Chapter 2. Surrogate functions based on Hermite Polynomials

Table 2.1 — Test case data of the prototype generating unit.

Rated active power output  Piaeqd 443.7 MW

Rated head Hiated 170.7 mwc
Rated discharge Qated 288 m°-s "
Rotation speed Np 128.6 min~ '

Reference diameter Dp 5.4 m
Generator efficiency” NGen 98.5 %
Bearing losses® Py 350 kW
Local gravity” g 9.8096 m-s ™'
Water densityb P 999.92 kg-m >
Energy loss coefficient® K 0.156

a_

Estimated values.

According to (International Electrotechnical Commission, 1991).
¢ Estimative based on previous tests on this generating unit.

It performs a translation and a normalization of both a and P,, whereas the translation and
normalization parameters for P, requires knowing its related a value.

2 —
gT<|:ai|):[amax_amin 2 ]|: a:a i|:|:X1i| (217)
Pa 0 UP(a)-LP(a) Py— P,y (a) X5
\ v S
Normalization Translation

where a i, is the minimum guide vanes opening inside the database of measurements per-
formed in the reduced scale physical model, @, is the maximum value and « is the mean
value between i, and @y -

The functions LP (a) and UP () are third degree polynomial functions that best fits, respec-
tively, the lowest and the highest values of P, according to the tested opening angle a. Their
coefficients are defined by minimizing L; p and Lyp defined as:

N
Lip = (k)WLP((k)Pa—LP((k)a))Z 2.18)
k=1
Ny 2
Lyp =Y Fwip(Vp,-up(*a)) 2.19)
k=1
where:

(2.20)
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Figure 2.5 — (a) The values of @ and P, for the N, operating points tested on the model. (b)
Corresponding values of the transformed variables X; and X,.

Table 2.2 — Mean, standard deviation and correlation of the input vari-

ables
a(®) Pa(MW) X (1) X()
Mean 18.05 311.31 0.00 -0.29
Standard deviation 8.36 182.12 0.62 0.50

Correlation coefficient corr(a,P,) =0.70 corr(X;, X,) = 0.04

Wy _ [10° if(k)Pa—UPS(k)a) >0 0o1)
P L it®p,—up(Wa) <o '
Finally, the function P, (a) is a moving average for P,, calculated as:
— up +LP
Py(a) = (a)+1P(a) (2.22)

2

The resulting transformation of the N; values of a and P, into the transformed variables
X; and X; is shown in Figure 2.5. The mean and the standard deviation values of both the
original and transformed variables are presented in the table 2.2. Additionally, the correlation
between a and P, and the correlation between X; and X is also given. The presented values
confirm that X; and X, are in agreement with the conditions where the Hermite Polynomials
are defined.
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2.5.3 Surrogate functions for the discharge and efficiency

By applying the methodology for the generation of surrogate functions, the discharge function
fQ and the turbine efficiency function fn can be defined as:

PQmax PQmax

fola,Py)= ) Aq He,(gr(a,P,) Z Ao He, (X) = Q (2.23)
p=0
pnmax pnmax

fol@Pa) =) Ay Hep,(gr(a,P,) Z A, Hep (X) =1 (2.24)
p=0

where Q and 7 are the estimated values for the prototype discharge and efficiency, respectively.
Possible values for the truncation parameters pgmax and p,max varying from 3 to 135 are
evaluated and their AICc, maximum absolute error, mean absolute error and standard error
are presented in Figure 2.6(a) and Figure 2.7(a). For both discharge and efficiency, the surrogate
functions with the lowest truncation parameter values present high error values, indicating
underfitting. On the contrary, those with truncation parameter values close to 135 present
an increase in their AICc, indicating a higher risk of overfitting. Those are them the extreme
options that must be avoided.

For both discharge and efficiency, a 3-D visualization of four surrogate functions with differ-
ent truncation parameters are also presented in Figures 2.6 and 2.7. These four options of

B C

surrogate function are presented with the superscripts A, , and b

The surrogate functions féq and an have large deviations between their estimations and the
available measurements and are an example of underfitting. The functions f”g and an have
enough Hermite polynomials to properly fit the measurements with low error, also featuring
low AICc. The functions fQC and ﬁ,c have the lowest AICc values, indicating no overfitting or
underfitting. The functions f‘g and ff exhibit an increase in AICc, and their 3-D visualizations
made apparent non-realistic surface undulations for a typical discharge or efficiency function,
clearly indicating data overfitting.

In fact, any surrogate function with truncation parameters comprised between the options B
and © can be considered as a good approximation model. For this paper, the options fg and
ff are chosen, as the resulting errors are already small and increasing the complexity of the
model would only lead to a negligible reduction in error. The functions fg and f,,B are also
presented through the isolines in the 2-D hill charts of Figures 2.8(a) and (b).

Using the surrogate functions fg and ﬁ]B and the measured values of a and P, of the prototype,
the prototype discharge and efficiency are estimated and the results are presented in Figure
2.9. From these results, E, Qgp and ngp are calculated and the resulting operating conditions
are presented in the hill chart of Figure 2.10.
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Figure 2.6 — (a) AICc, maximum absolute error, mean absolute error and standard error
for pgmax values varying from 3 to 135. (b) Example of surrogate function underfitting the
available points. (c) Surrogate function with the chosen pgmax value. (d) Function with lowest
AlCc. (e) Function overfitting the points.
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2.6. Validation
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Figure 2.8 — (a) Isolines of discharge and efficiency as a function of @ and P, and (b) as a
function of X; and X;.

As the estimated values of prototype Qgp and ngp presented in Figure 2.10 illustrates, the tests
started with the unit at very low discharge, so outside the rated operating range. The discharge
is then increased and the unit enters in its rated range, but quickly moves into the cavitation
zone. Two operating points are located at the limits of the rope-free zone. The two last ones,
done at the highest discharge values, are outside the rated range and in a dangerous full load
zone where a pulsating cavitation vortex rope may appear.

2.6 Validation

Because of the lack of direct measurement of the discharge, the method has been validated
by comparing the gross head measured value with the gross head value resulting of the
application of the present methodology. These two values are presented in Figure 2.11(a) and
the error between them is shown in Figure 2.11(b)

The uncertainty bars shown in Figure 2.11 indicate the expected uncertainty using the method-
ology presented in this paper. It combines the following uncertainties:
* uncertainty on the discharge measurements performed on the reduced scale physical

model equal to 0.10% of the maximum tested discharge;

* uncertainty on the efficiency measurements performed on the reduced scale physical
model equal to 0.20%;

* uncertainty due to the polynomial approximation of the discharge and efficiency equal
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Figure 2.10 — Estimated prototype operating conditions inside its hill chart
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Figure 2.11 - (a) Estimate gross head and the gross head recorded by the plant supervisory. (b)
Error between the two values.

to the standard error of the estimate;

* uncertainty on the prototype active power measurement equal to 0.70% of the maximum
tested power;

* uncertainty on the prototype guide vanes angle measurement equal to 0.18°, the stan-
dard error of the polynomial approximation .

A comparison between the expected uncertainty for the gross head estimates using the method
presented in this paper and the expected uncertainty by doing direct measurements as de-
scribed by the IEC standard [72] is presented in Figure 2.12. The presented expected uncer-
tainty assuming the use of measurement methods in the IEC standard combine the following
uncertainties:

* uncertainty on the discharge measurement equal to 1.70%, which is the expected mea-
surement uncertainty on discharge measurements using the pressure-time method
according to [72]);

* uncertainty on the prototype efficiency equal to 2.00%;
¢ uncertainty on the prototype active power measurement equal to 0.70% of the maximum

tested power.

With the exception of the head calculated for the two highest values of discharge, all the
head values provided by the supervisory are inside the calculated uncertainty range. The
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Figure 2.12 - Comparison between the expected uncertainty using the method presented in
this paper and the expected uncertainty by doing direct measurements as described by the
IEC standard.

maximum difference between the calculated Hy and the one provided by the supervisory is of
only 2.2 mwc, representing a relative error of 1.2 %. This low deviation value suggests that the
estimated values Q and 7} during the tests on the prototype are accurate.

It can also be noticed by the comparison shown in Figure 2.12 that direct measurements
described by the IEC standard could possibly lead to higher values of uncertainty. In reality,
sources of uncertainties due to the transposition of the results from the model to the prototype
were ignored and would increase the uncertainties of the estimations using the methodology
presented in this paper. A deeper and thorough investigation of this type of error propagation
is outside the scope of this paper.

2.7 Conclusions

A methodology to monitor the operating conditions of a Francis turbine prototype is presented.
It is based on two inputs from the generating unit, the active power and the guide vanes
opening angle, and data from tests on a homologous reduced scale physical model turbine.

A test case where a 444 MW turbine prototype is operating at 17 different operating conditions
is presented. For these conditions, values for the turbine discharge, efficiency, available
specific energy, IEC speed factor, IEC discharge factor and the plant gross head are estimated.
The estimated gross head, which requires both the turbine discharge and the efficiency as
input, is then compared to the gross head obtained through direct measurements, leading to a
good agreement between measurements and calculations.
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2.7. Conclusions

Comparisons between expected uncertainties using the presented methodology and the
uncertainties while using typical direct measurements are presented. The uncertainty values
on the presented estimations are expected to be relatively low if the uncertainties related to
the measurements transposition from scaled model to prototype are ignored.

The results lead to the conclusion that in situations where direct measurements of discharge or
efficiency on the prototype are not suitable and tests on the reduced scale physical model are
available, the presented monitoring methodology provides a good estimation of the turbine
operating conditions. Such information is of critical relevance to optimize the operation of a
hydropower plant as it can help operators to avoid operating the unit outside the range speci-
fied by the manufacturer, avoid harsh cavitation conditions, search for the best total power
dispatch scheme and consequently increase the overall annual hydraulic energy harnessing.
Moreover, it can work in parallel to monitoring systems more focused on vibration or pressure
pulsations, providing a larger picture of the prototype behavior.
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8] Estimating Francis turbines efficiency
and complete characteristic curves

3.1 Introduction

The turbine efficiency 1 quantifies the amount of power P that is extracted from the available
hydraulic power Py. As illustrated in Figure 3.1, extracted from [74], part of the available
hydraulic power is dissipated in the turbine bearings, and also due to internal flow turbulence,
friction and leakages. The amount of power lost in each part of the turbine varies according
to its specifc design. The expected distribution of losses in each part of a Francis turbine
as a function of the specific speed v, extracted from [75], is presented in Figure 3.2, for BEP
conditions.

As presented by Gordon in [17], turbine manufacturers were able to increase turbines effi-
ciency over the years from nggp values under 80% for old low head turbines to values such as
nsep = 96% for large turbine prototypes of nowadays. This increase was made possible in
part by advances in CFD simulation techniques, allowing for more optimized designs (see
[75, 76, 11, 12] for instance). Better manufacturing techniques allowed the reduction in fric-
tion factors which allows efficiency increase, as demonstrated by Maruzewski et al. in [77].
Better labyrinths also allow less leakage losses, as discussed in [78], increasing the efficiency
by increasing the amount of water discharge through the runner blades. A literature review of
efficiency improvements in hydraulic turbines is provided by Liu et al. in [79].

Francis turbines feature fixed pitch runner blades. As a consequence, once they operate away
from its BEP, a swirling flow leaves the turbine runner and a smaller amount of energy is trans-
ferred from the flow to the turbine shaft, reducing the turbine efficiency. An illustration from
[74] showing typical velocity diagrams for a low and a high specific speed turbine operating at
partload, and a turbine operating close to its BEP is presented in Figure 3.3.

The amount of energy transferred by the runner is mathematically modeled by the Euler
equation:

Ei = kcuie (éle . ﬁle) —kcuie (éie : Uie) — Ep (3.1)
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Figure 3.1 — Typical power losses in a hydraulic turbine.

where E, is the sum of specific energy losses due to friction and turbulence inside the runner
and the indexes 1, ; and . make reference to the runner entry section, the runner outlet section
and the most external streamline, respectively. The vector C is the flow absolute velocity vector,
U is the runner rotating velocity vector and the coefficients k¢,1e and k¢, ie, modeling the
effect of the flow velocity profile, are defined as:

C-U)C-ndA ) .
Ja(C-U) and  keyie = _ 3.2)

k = = = =
e Q(Cre - Uie) Q(Cie - Ute)

where Q; is the discharge through the runner blades. Assumptions are usually made in order
to simplify the Euler equation, such as: E;;, = 0; uniform meridional flow velocty profile at the
runner inlet and outlet; uniform tangential flow at the runner inlet and flow rotating as a solid
body at the runner outlet. These assumptions leads to a simplified Euler equation expressed
as:

1
E; = Cuye - Uye = 5 Ctie - Ui (3.3)

The eq. (3.3) expressed as a function of the angles a and g illustrated in Figure 3.3 becomes:

2
Ui Rie A1 1 1 ) Q; - Uie

E = __le e +
t 2 (Rie A tanage 2tan,61e Aj

(3.4)
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Figure 3.2 — The expected energy loss in each part of a Francis turbine as a function of the
specific speed, extracted from [75].

The simplified Euler equation presented in eq. (3.4) leads to three important insights regarding
the turbine efficiency:
1. No energy is transferred if Ui, = 0, leading also to 1 = 0 in this condition;

2. There is arunner rotational speed greater than zero that leads to E; = 0. In this condition,
known as runaway condition, the runner rotational speed is calculated as in eq. (3.5);

2:Q¢*Uie [Rie A1 1 1
Ulewn = 4 | o 7 tanas * . (3.5)
i ie A1 le 2tanpie
3. There is a maximum value of energy transfer E;__, expressed as in eq. (3.6).
2
- U_
. % where Ui, = % (3.6)

Even though the insights and equations derived from the simplified Euler equation (eq. (3.4))
are qualitatively relevant, the resulting values of E; __and Uj,,  obtained from these equations
are never accurate when compared to actual measurements. In reality, E,}, is never zero and
the flow velocity profile through the runner inlet or outlet cross-sections is never truly constant
or properly expressed by a linear function.

The construction of efficiency and characteristic curves based on the Euler equation have
been tried by other authors (see [16, 80]). They obtain as a result efficiency curves that are
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Low specific speed High specific speed Best efficiency

Figure 3.3 — Typical velocity diagrams for a low and a high specific speed turbine operating at
partload, and a turbine operating close to its BEP.

second degree polynomials —like the simplified Euler equation itself —which do not represent
properly real efficiency curves, such as those presented in the example of hill chart of Figure
1.3. Zeng et al. in [81] used measurements from a set of 25 pump-turbines characteristic
curves to construct models to predict key points in a pump-turbine characteristic curve. These
key points are then connected using domain partition and surface meshes. As a drawback,
the model proposed by Zeng et al. is focused on the complete characteristic curves, losing
accuracy in terms of efficiency inside the typical operating range of the unit.

This thesis work provides an empirical model for Francis turbines that is also accurate in terms
of turbine efficiency inside the turbine operating range. It relies more on actual measurements
data than on simplified equations such as the simplified Euler equation. An example of the
outcome provided by the empirical 7 estimation model is illustrated in Figure 3.4. To simplify
the notation, in Figure 3.4 and in the following sections, the index  indicates the value of a
variable made relative by its value at the BEP, such as:

RED Qep Tep n
_ Qo L _ _TED = 3.7)
Qepy Qe EDn = T MR = pors

Similar to the authors aforementioned, the empirical models presented in this Chapter make
use of the turbine specific speed as an input variable. The turbine specific speed is strongly
related to the installation site, more specifically the rated values of specific energy and water
discharge, E;ateq and Q;ated, respectively. The turbine specific speed is defined in Appendix A.1
and the typical geometry of runners for low specific speed and high specific speed turbines
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are illustrated in 3.3. The specific speed nqg, as defined by the IEC standard [8], is used in this
paper and is calculated as:

0.5
NQE = NEDggp QEDBEP (3.8)

3.2 Empirical model for the efficiency estimation

3.2.1 Overall methodology

The empirical model for 1 estimation is constructed making use of four submodels: 1) nggp
submodel; 2) operating range efficiency nop submodel; 3) runaway ngp submodel and 4)
efficiency in transition zones, nr, submodel. The contribution from each submodel in the
construction of the estimated efficiency curve —also indicated in Figure 3.4 —is:

1. ngep submodel estimates the turbine peak efficiency by taking only easily accessible
data of the turbine as an input. It takes into account the turbine year of commissioning
¥, its runner diameter D and its specific speed ngg;

2. nop submodel estimates the turbine efficiency for operating conditions surrounding the
BEP where the turbine will be normally operating. It makes use of Hermite polynomials
to generate efficiency curves.

3. runaway ngp submodel estimates the curve corresponding to ngp values where the
torque and, consequently, the efficiency is equal zero, even though the turbine rotation
speed is not zero.

4. ntr submodel provides estimated values of 7 between the operating range zone and
conditions where n = 0, i.e., runaway conditions and at ngp = 0. It takes as input the
results from the previous submodels and makes use of a mixture model to combine
Hermite polynomials.

The Qgp,,, and ngp,,, values of the Francis turbines available in the EPFL database that
are used to generate the empirical submodels for nggp, op and ngp in runaway conditions,
named ngp,  , are presented in Figure 3.5.

In the next subsections, from 3.2.2 to 3.2.5, the construction of these four submodels is detailed.
In 3.2.6, these four submodels are combined into an unique empirical model for the turbine
efficiency estimation considering any operating condition with 77 > 0.

3.2.2 Estimating the peak efficiency nggp

By performing a comprehensive research for turbine efficiency data, Gordon provided in [17]
interesting insights for a methodology to predict the turbine peak efficiency nggp. His empirical
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Figure 3.4 — Contributions from the four proposed submodels in the construction of the
efficiency estimation curve.

formulas are able to estimate nggp values with a standard error of estimate ogigy,,, = 0.7%
when comparing measurements and estimates from turbines in his database. However, by
analyzing the error between measured and estimated values of 7ggp among turbines available
at the EPFL database, error levels tend to increase for turbines commissioned after the year
1998, as presented in Figure 3.6. Improvements on the Gordon model are then proposed to
increase its accuracy.

The empirical model to estimate nggp proposed by Gordon takes one base value for the
efficiency, 91.87%, and makes corrections in this value according to the turbine specific speed
nqe, the runner diameter D and the year in which the turbine was commissioned y. His model
is expressed as:

f]BEPG =91.87% — Aeyearc, - A(—,‘nQEG + Aesizec, (3.9

where the correction terms are calculated as:

1998 — y\3
AeyearG = (18—7) (3.10)
ng - 522 1.017
Aenge, = | | —5a3 3.11)
Aégizeg = (1= 9187107 + Aeyeary + A€y ) - (1-78.90-1072- D) (3.12)
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Figure 3.5 — Qgp,,, and ngp,,, values of the Francis turbines available in the EPFL database
that are used to generate the empirical submodels for nggp, nop and ngp,, .

For Aep,, , calculation, Gordon considered the unit specific speed nq (metric), where he
used the prototype rated values of head and discharge. Assuming H;,ieq = Hggp and Qyated =
1.1 - Qggp, Nq can be calculated as:

nq = tpm - Hrgied - Qrarea  60- 1177 - 8" - ng (3.13)
0Old generating units may undergo rehabilitation and have some parts of its turbine replaced
by a new one, usually with a more modern design to increase efficiency. Turbines that receive
anew runner, for instance, will have an increase in efficiency, but it will probably not reach
the expected efficiency value of a completely new turbine design. To overcome this issue,
Manness and Doering proposed in [82] to calculate the y variable for these cases as:

(year of 1% commissioning) + 2 - (year of rehabilitation )
y= 3 (3.14)

Combining the nggp data provided by Gordon with that available at the LMH, all the param-
eters of the Gordon empirical model are recalculated. Additionally, a new formulation for
Aéyeqar is proposed, so that a maximum year value does not have to be defined. As a result, the
estimated nggp values using the new parameters are calculated as:

ﬁBEP = 98.65% — Aeyear - Aé‘nQE + A€gize (3.15)
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Figure 3.6 — nggp values from Gordon’s database, nggp values from EPFL database and the
estimated values fggp calculated according to the Gordon empirical model. The estimation
error is also presented.

where the new correction terms are calculated as:

1
Ayear = 1 — (3.16)
yeat 1+exp{[-1117-(y - 1746) -107°]}
e — 42\271017
q
A€y = [( R ) } (3.17)
Aégize = (1-98.65-10 + Aeyear + Acyy, ) (1-78.90-1072 - D) (3.18)

As aresult, the reference value is largely increased: from 91.87% in Gordon’s model to 98.65%.
Ignoring the turbine size effect, 98.65% is the expected maximum 7nggp value that can be
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Figure 3.7 — nggp values from Gordon’s database, nggp values from EPFL database and the
estimated values f)ggp calculated using the updated parameters. The estimation error is also
presented.

achieved for Francis turbines. Using the new parameters, nggp values are estimated with a
standard error of osydy,,, = 0.77% and the more recent turbines nggp values are no longer
underestimated. Results obtained with eq. (3.15) are presented in Figure 3.7.

3.2.3 Estimating the efficiency inside the operating range np

Francis turbines are designed to operate inside a given range of head and discharge. This
operating range is usually limited by conditions where damaging cavitation may occur (see
[60, 56, 58, 66]), such as in full load conditions (discussed in Chapter 5) or where the turbine
efficiency becomes too low.

As the water availability and power demand may have large variations during the day, a proper
estimation of the turbine efficiency inside its complete operating range, n¢p, is necessary. As
figep can now be accurately estimated, the estimated efficiency inside the operating range can
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be written as:
flop = fr * 1BEP (3.19)
where the estimated relative efficiency fjg must be a function, at least, of Qgp and ngp.

To construct a first approximation for 7y, a surrogate function using a combination of Hermite
Polynomials is generated, following a procedure similar to the one presented in the previous
Chapter. This first approximation is written as:

Pmax

AR (QEpy» MEDy ) = Z ApHep (gTO ([QEDR» nEDR]T)) (3.20)
p=0

where pmax = 9 is chosen, so that Hermite Polynomials until the 3™ degree are considered. By
using a 3™ degree function, one degree of complexity is added if compared to the simplified
Euler equation and the risk of overfitting is avoided, as pyax = 9 is still much lower than the
Pmax Value used in the efficiency surrogate function constructed in Chapter 2.

The gr, function is a transformation function converting the variables Qgp, and ngp, into
input variables X = [ X;, XZ]T for the Hermite polynomials. The proposed gr, function for the
flr approximation is expressed as:

0 -Q X
gTO([QEDRD = [ao MQEDR (_QEDR} :{ 1} (3.:21)
NED, by c¢o |l nED, — MED, X,
where GEDR and ngp, are the mean values of Qgp, and ngp,, respectively, considering all the

N; measured samples in the available database. The coefficient a, ensures that the variance
for X; is equal 1 and is defined as:

1
ag = N.—

To ensure zero covariance between X; and X, and variance for X, equal 1, the coefficients b,

N, . ) -0.5
1 > ((])QEDR ~ Qe ) ) (3.22)
j=1

and ¢y are calculated as the solution of the system:

N

v

N, ; _ . 2
: Z [ ( )QEDR_QEDR)+CO((])nEDR_ﬁEDR)i| =1
AL j=1 - . (3.23)
Z Dy [ ((])QEDR_GEDR)-FCO((])HEDR_EEDR)]:0

This type of transformation function was first proposed by Andolfatto et al. [69]. To calculate
the vector of modal strengths A = [y, A1, A», ...,/lpmax]T for eq. (3.20), the weighted least
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3.2. Empirical model for the efficiency estimation

squares method is applied, as in eq. (3.24)
Ao = (He” WHe )He' W (3.24)

where He is defined as in eq. (2.10), ) is a vector containing the relative efficiency measure-

(1)

T
ments asinng = [ nR,(Z) 1R ...,(NS) nR] and the W matrix is a diagonal matrix with elements

()
measurements were performed. For this purpose, Dw is calculated as V) w = ((k)NTS)_ ,
(k)

for a given turbine k from which the sample j is originated. As a result, the sum of all Dy

W. The matrix W is used to avoid bias in the final result towards turbines in which more

where each * "’ Ny value corresponds to the total number of measurement samples available

values related to the same turbine k is equal to one, giving each turbine the same importance.

All the Ny measurement samples of g are presented in Figure 3.8a, where the points are col-
ored according to the turbine nqg value. The resulting 3-D surface using the aforementioned
first approximation is presented in Figure 3.8b. To increase the accuracy of the empirical
model, another empirical relation able to adapt the fj surface according to the nqg value is
proposed. As aresult, a function g is proposed as in eq. (3.25) and the resulting new function
for Ay is presented in eq. (3.26).

QEDR} ) [d(”lQE) 0 “:QEDR_GED ] |:X1}
o | = SEDy | (3.25)
81 ([ NED, e b(nqe) c(nge) ]l nep, — 7Ep, X
pmax T
fir (Qepy» NED,, NQE) = Z ApHe,, (gT([QEDR, gDy | ,nQE)) (3.26)
p=0

The gr function of eq. (3.25) features a, b and ¢ coefficients that are a function of ngg. As a
result, Qgp, and ngp, values are mapped differently in the X;, X, domain, depending on the
turbine nqgg. Two possibilities are tested:

a(nQE) = Oyef* [ku '10g10 (nQE) + 1]
b(nQE) = Dref+ [kb : loglo(nQE) + 1:| 3.27)
c(nqe) = cret* [ ke +10gyo (nqe) +1]

and:

a(nQE) = Qyef * (ka-nQE+ 1)
b(nqr) = bret- (kp - nge + 1) (3.28)
C(l’lQE) = Cref * (kc° nQe + 1)

Finally, to obtain values for a,ef, byef, Cref, Kq, kp and k¢, a non linear least squares method is
used to find the parameters that minimize the sum of weighted squared errors (SWSE), as in
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Chapter 3. Estimating Francis turbines efficiency and complete characteristic curves

Table 3.1 - Resulting SWSE values.

Simplified method, g7,  Adaptive method, gr
logtype linear type
(Eq. 3.27)  (Eq. 3.28)
SWSE () 0.0306 0.0180 0.0170

eq. (3.29). The set of modal strengths A is also recalculated in the same process.
N, _ _ )
swsE=Y W (Dig - ng) (3.29)
J

where 1)y is calculated as in eq. (3.26). To ensure a fast conversion in the calculation of the
new coefficients, the initial values for g, bref, Cref and A are assumed as ag, by, ¢p and Ay,
respectively. The coefficients k,, k; and k. are initially assumed as equal to zero.

In Table 3.1 the SWSE values resulting from the first approximation using eq. (3.20) and the
more accurate adaptive method using eq. (3.26) are presented. For the adaptive method,
SWSE results using transformation functions with coefficients a, b and ¢ calculated as in eq.
(3.27) and as in eq. (3.28) are presented. The ng values calculated with the linear version
of coefficients a, b and c, as in eq. (3.28), feature the lowest SWSE value equal to 0.0170,
being then more accurate. More information regarding the expected error in 1y estimates are
detailed in the Appendix A.3

Example of ny surfaces generated with three values of ngg, using linear coefficients, are
presented in Figure 3.8c. A summary of all the formulae and parameters for the ny estimation
is provided in the Appendix A.2. The ngp submodel is then constructed, making use of the
ngep Submodel and g values calculated with equations (3.26) and (3.28) for higher accuracy.

3.2.4 Estimating ngp in runaway conditions

Zeng et al. in [81] assumed that the hydraulic moment of pump-turbines under runaway
conditions is equal to a mechanical resistance approximated by the frictional loss formula of a
rotating disk. Assuming that Qgp, o< a, the formulation proposed by Zeng et al. is adapted to
be used in Francis turbines as:

A~ Co
AEDp, _ Dy
NEDge  ap QEDR + by

(3.30)

where figp,  becomes a function of ngp,,, and Qgp,, i.e., Aigp,,, = MEDg,, (nEDBEP’ QEpy ) The
coefficients ag, by and ¢, are determined empirically making use of the EPFL database.

To ensure that eq. (3.30) is able to generate a curve that can properly represent the measure-
ments, it is first tested using the measurements data of each turbine separately. Examples of
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3.2. Empirical model for the efficiency estimation

7] measurements First approximation using g1, (Ogpg ., EDg )

nr(+) fir ()
1.00 1.00
0.95 0.95
0.90 0.90
0.85 0.85
0.80 0.80
0.75 0.75
0.70 0.70

1.4 2.0
1.2 15
1.0 1.0
nEpy () 0.8 06 0.5 Oeny () nEDy ()

0.10 0.15 020 0.25 030 0.35 nQe(")

(a) All the Ny measurement samples of ng. (b) First approximation of the ng values.

Adaptive model using g1, (Qrpy, "EDg s IQE)

AR ()
1.00
0.95
0.90
0.85
0.80
0.75
0.70

ngg = 0.10 nge = 0.20 nge = 0.30

(c) Example of ny surfaces generated with three
values of nqg, using linear coefficients.

Figure 3.8 — ngr measurements and results for fjg.

NED,,, Measurements and 7igp, = approximating curves using ay, by and ¢, coefficients of eq.
(3.30) calculated individually for six turbines with different nqg values are presented in Figure

When the coefficients of eq. (3.30) are calculated individually for each turbine to best fit

the measurements, the error between the measurements and the best fit curve is very small:

among the 6 examples presented in Figure 3.9, the highest RMSE is 1.8 - 1072 (+). Therefore,
the same procedure undertaken previously for 7z can be followed: (1) find the constant
coefficients ay, by and ¢ that best fits the complete available database, and (2) use them as a
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Adaptive empirical sub-model — Best fit, calculated individually ®  Measurements

2.25 1

QO 4341
EDg
0.2620-Orpy, 103132

Q0.4ZRA’1
EDg
0.2883-Ogpy, 103051
1.25 1

BEP BEP
L] L]

NEDgyp / NEDggp

0.75 A

0251 nge = 0.095 nge = 0.131

QO 4341 QU 4801
2.25 A ____EDR o OESy
: 0.1428 O 103903 0.1605-Qppy, +0.3722

)

—

23

W
1

—_

N

W
1

BEP BEP
L] L]

nEDRun/ NEDggp (
(=}
Q3
G

1

@

N

W
L

noe = 0.183 nge = 0.219

2 . 25 7 Q(Eé?{ﬁ

0.0977 Orpy, 104532

QO 4996
EDg
0.1646-Orpy, 104187

BEP
L]

nQgE = 0.235 nQE = 0.279

01 03 05 07 09 1.1 13 15 01 03 05 07 09 1.1 13 15
Ok () Ok, ()

Figure 3.9 — Six examples of ngp, measurements and approximating curves using day, by
and ¢ coefficients of eq. (3.30) calculated individually. Curves generated with the adaptive
empirical submodel are also presented.

first guess for a non linear weighted least squares method where these coefficients become
functions of nqgg. Finally, the adaptive empirical submodel of eq. (3.31) is defined to estimate
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3.2. Empirical model for the efficiency estimation

ngp, values, while taking into account the effect of the turbine nqg.

A c
NEDy,,  QEDg

= (3.31)
NEDgy, @~ QEDR +b

where a, b and ¢ become linear functions of ngg. The a, b and ¢ functions resulting from the
non linear least squares method are detailed in eq. (3.32).

a(ngg) = 1.3748 - ngg + 0.1501
b(nqg) =0.2794 - ngg + 0.0861 (3.32)
c(nqgr) = —0.2627 - nqg + 0.4628

Using the adaptive empirical submodel of Equations 3.31 and 3.32, the mean error €gyy,
between measured and calculated values of ngp, / NED,» Calculated as in eq. (3.33), is equal
t05.26-10° (+). The standard deviation of the error, calculated as in eq. (3.34) is 6.41 - 102

().

1S () (J) Wiy e
Ehun = 7 > Yepun  where  Vepy, = P O (3.33)
S j=1 NEDggp NEDggp
N
o (erun) = | o > (Depun = Erun)” (3.34)
un NS _ 1 - un un .
]:

All the N = 1371 available ngp, / NED,,, Measurement samples for the construction of the run-
away adaptive model are presented in Figure 3.10. The evolution of the estimated 7gp, / NEDgep
curve for ten different values of nqg is also shown.

By calculating ngp,  asin eq. (3.31), conditions where ngp > 0 and 1 = 0 are then estimated
with accuracy. The ngp,  curve defines the upper limit of ngp values considered in the
empirical model for n estimation.

3.2.5 Estimating the efficiency in transition zones, 71y

The submodels presented previously allow the accurate estimation of the efficiency inside a
typical operating range, nop = ggp - 7Jr, and the ngp curve where 7 = 0, defined as ngp, . An
additional submodel is then required to calculate 7y, the turbine efficiency in conditions
outside the operating range, but with n > 0.

A single surrogate function using Hermite Polynomials would, in theory, be able to accurately
fit the complete domain of measured points with n > 0 and those at the runaway curve.
However, this surrogate function would require polynomials of a high degree, increasing the
risk of overfitting. It would create non-realistic undulations in the estimated efficiency curve,

49



Chapter 3. Estimating Francis turbines efficiency and complete characteristic curves

2.25
0.35
0.30
é-’é 0.25 —~
= g
5 S
A 0.20
Sa)
NS
0.15
0.25 A1 .
—— Adaptive sub-model e  Measurements 0.10
0.00 T T T T T T T
0.0 0.2 0.4 0.6 0.8 1.0 1.2 1.4 1.6

Okpy, ()

Figure 3.10 — All the available ngp, / ngp,,, measurement samples for the construction of the
runaway adaptive submodel and the evolution of the estimated 7igp, / ngp,,, curve for ten
different values of ngg.

as measurements available in the transition zones are scarce.

To overcome this issue, instead of using a single Hermite Polynomial surrogate function of a
high degree, 7)1y is calculated by blending surrogate functions of low degree, as in 3.35. Each
surrogate function f, is multiplied by a weighting function ¢rr ; = ¢1R ; (QEDR, nEDR) and, for

N,
any values of Qgp, and ngp,, Y ; * $rri = 1.

7 pmax
fi=2 20 Aj,iHe; (X)
AR = 1R - fi + ez fo+ o+ PR, - N, (3.35)

R Ny A
AR = D jo1 PR * [i

where pray is kept as pmay = 9, making f; a third degree polynomial, similar to fjz. For the A7
calculation, five weighted functions are considered, i.e., Ny = 5, so that the runaway curve is
separated in four zones and one last weighted function (i = 5) is kept for the interval where of
Qep > QEpy,, @and ngp < Ngpy, -

The ¢rg ;i functions are defined as described in Table 3.2. The variables 0,.;, AO and Oggp are
defined as in eq. (3.36).
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3.2. Empirical model for the efficiency estimation

Table 3.2 — caption da table

i P1R,i 0i
1 i+ _1 - : 1 Oref
exp{[-15-(0;)]} 1+exp{[—15-(%—0i)]}

) 1 . 1 Oref if Orer =2 0
1+exp{[-15-(6;-2)]} 1+exp{[-15:(3+a0-6;)]} Oref+2-m ifOrer<0
5 1 ) 1 Oref if Orer = 0
1+exp{[-15:(0,—(2+80))]} 1+exp{[-15-(2+2:00-0;)]}  |Orer+2-7 ifOref<0
4 1 . 1 Oref ifOref = 0
1+exp{[-15:(0;,-(Z+2:00))]} 1+exp{[-15:(Z-0;)]} Oref+2-m ifBrer<0

5 L 7 . ! - Oret
Trep{[ 15 (6, 2)]]  Trenil-15:(=07T)

gD — gD,
B = atana 222t
ref QED - QEDBEP

AO = (BBEP - %) * % (3.36)

Ogpp = atanZ(m) +2-7
EDBEp
The zones where each ¢1p ; function becomes predominant is illustrated in Figure 3.11a. A
3-D visualization of the ¢1p ; functions is presented in Figure 3.12.

As mentioned, 7Ty is intended to be used as an interpolation function to connect the 7igp,
curve, where ) = 0, and the efficiency surface where ) = fjgp. The function 7)g must then be
constructed from points generated with the empirical models for 7igp, and fjop. The location
of the Nyr = 775 points generated to construct the 7)1y function are illustrated in the Figure
3.11b.

Using the Nyg generated points, a linear least squares method is applied to define the values
of the modal strengths A ; for each function fi. A more detailed description of how the least
squares method is applied to the polynomial approximation of eq. (3.35) is presented in
Appendix A.4.

The 7j7r function already provides an approximation of 77 in the complete domain where 1 > 0.
Nevertheless, to keep the estimation of efficiency in the turbine operating range as f)gp, one
additional step is carried out as discussed in the following subsection.
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Figure 3.11 — (a) Zones where each ¢ ; function becomes predominant. (b) Points generated

using the ngp runaway model and the ngp model to construct the 7jr function.
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3.2. Empirical model for the efficiency estimation

3.2.6 The complete efficiency empirical model 7

Finally, making use of the four aforementioned submodels to defined functions for 7)1 and
flop, the final function for the efficiency empirical model can be written as:

Ny
1= dop - fop + Z ¢ifi (3.37)
i

where ¢p is calculated as detailed in Table 3.3. The fl functions are kept the same as in the
firr submodel. The R and Ry, variables are calculated as:

R= \/(”ED - "EDBEP)Z +(Qep - QEDBEP)Z
(3.38)

Rpun = \/( NEDRy, — nEDBEP)2 + (QEDRun - QEDBEP )2

where the Qgp,, and ngp, , values lead to the same 6,f value as the Qgp, ngp point where
¢op is being calculated. The ¢; functions of the eq. (3.37) are defined as:

¢ = ¢rr,i — Pop (3.39)

N,
so that pop + ) ; ¢ ¢; = 1for any value of Qgp and ngp. A 3-D visualization of the ¢gp function
and the ¢; functions is presented in Figure 3.13.

The resulting /) function constructed with y, D, ngp,,, and Qgp,,, values from eight different
turbines with increasing values of ngg is presented in Figure 3.14. The measured values of
efficiency for these turbines are also presented. A very good agreement is then noted between
the estimated and the measured 7 values, validating the empirical model.

Table 3.3 — Formulas for the ¢gp calculation.

Condition dop
QED 2 QEDgp 1
NED Z NEDggp 1+exp[ ~80+(0.6+(nEppyy ~ 7EDEEp )+ 7EDREP ~1ED ) ]
QED < QEDgpp 1
NED 2 NEDggp 1+exp[—-80:(0.6:Rryn—R)]
NED < NEDggp 1 1

Oref+2 -1 <OBEp 1+exp[—-80:(0.6:Rryn—R)] ) 1+exp[—80-(nED—O.75-nEDBEP)]

NED < NEDggp 1
Oref+2-7>0BEpP 1+exp[ —80-(ngp—0.75nEpggp ) |
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o BEP
dop
01

(03]
04
s

Figure 3.13 — 3-D representation of ¢pgp and the five ¢; functions.
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Figure 3.14 — Empirical 7] functions generated with input data from eight different turbines

with increasing values of ngg.
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3.3 Complete characteristic curves estimation model

3.3.1 From the efficiency model to the turbine characteristics

The turbine characteristics is represented by curves of Tgp and Qgp values as a function of
ngp. These curves correspond to isolines of constant guide vanes opening angle «, as in the
example of Figure 3.15.

The previous section provided an estimation of the turbine efficiency for any operating con-
dition where the efficiency is greater than zero. This efficiency is now used to estimate the
turbine torque characteristic curves in these conditions. The relation between the turbine
efficiency 7 and the IEC torque factor is:

Qep

_
Tep = 577 7iep, (3.40)

Once the turbine torque is estimated inside the operating range, « or its relative value
aR = a/ aggp is the last variable necessary to construct characteristic curves. In fact, in 1-D
numerical simulations, knowing ap is enough to perform simulations of transient phenomena
in time domain.

Making used of the same measurements database used to construct the f) empirical model, an
empirical model to predict the relative guide vanes opening angle is constructed. The same
procedure applied for the 7igp,  submodel is applied to generate the dy function of eq. (3.41),
providing estimated values of ag. The mean error between measured and estimated values of
ag is 0.3 - 102 and the standard deviation of the error is 5.9 - 10~

N 3 2
ag= 0.1281-Qfp, —0.2832- Qgpy, +0.5491 - Qgp, +0.1764 ...

. x x . (3.41)
+0.0152 - Qgp, * NEp, + 3.4277 - ngp, + 0.6458 - exp (—0.5431 - ngp, )

where:

Qfp, = Qep, - (21242 - ngg + 1.0000)
(3.42)
NEp, = Nepy * (—2.7099 - ngg + 1.0000)

The @ approximation is only valid for 0.6 ngp,,, < ngp < ngp,,,, where measurement samples
are available. An example of estimated characteristic curves calculated with 7} and dp for a
turbine with nqg = 0.13 is illustrated in Figure 3.15. The construction of the remaining parts of
the complete characteristic curves are discussed in the following subsections.

3.3.2 S-shaped Qgp characteristic curves

Once the turbine enters in the turbine break mode, i.e., an operating condition with Tgp < 0
and Qgp > 0, a quick drop in the turbine discharge is observed for a constant a value. In
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Figure 3.15 — Example of estimated characteristic curves calculated with 7 and dg.

some cases a S-shaped curve appears in the Qgp characteristic curves and conditions where

ﬂSED > 0 are noted. An example of S-shaped characteristic curves is illustrated in Figure 3.16,

adapted from the IEC standard [8].

A
Oro Constant guide vanes angle

ay, O, ... Oy

NEDRun » Twp=0

,..in>()

L)

HEp

Figure 3.16 — S-shaped curve in a turbine Qgp characteristics, adapted from the IEC standard
(8].

The presence of S-shaped characteristic curves depends on many different turbine design
choices. Extracted from [83], geometric parameters influencing the S-shaped characteristic
curves in pump-turbines are listed in Table 3.4. As a result, knowing the turbine ngg is not
enough to estimate the shape of the turbine characteristic curves in this region.

Nevertheless, during preliminary studies, numerical simulations must be performed to eval-
uate the turbine prototype over-speed or the waterhammer effect in the upstream piping
system during transient conditions such as an emergency stop. The presence of S-shaped
characteristic curves can alter the outcome of these simulations. For this purpose, different
possible characteristic curves —S-shaped or not —can be assumed to assess, for instance,
what types of curvatures in the turbine characteristic curves are acceptable for a given power
plant generating unit.
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Table 3.4 - Runner geometric parameters influencing S-shaped characteristic curves, extracted
from [83].

References Pump-turbine Investigated geometric parameters and results

Liu et al. Model for Xianju pumped stor- Number of runner blades, wrapping angle of the
[84] age power station (375 MW) blade, diameter ratio between outlet and inlet, in-
let and outlet blade angles, and the flow channels

Yin et al. Medium-specific-speed pump- Slightly higher D1=D2 and B=D2 values had a

(85] turbine (ng = 114) stable performance curve

Nielsen Low-specific-speed model Higher values of diameter and speed of rotation

et al. [86] pump-turbine gave steeper characteristic curves; increase the

& Olim- radius of curvature on the pressure side of the

stad et al. leading edge in turbine mode, decrease the in-

[87-89] let radius, increase inlet blade angle, or increase
the length of the blade, resulted in a more stable
runner

Zhu et al. Model pump-turbine (corre- Negative blade lean resulted in a weaker S-
[90] sponding prototype Hiieq = Shaped characteristics
259 m, Prareq = 255 MW)

To provide realistic characteristic curves in this part of the complete turbine characteristics,
empirical curves are constructed based on those available in the EPFL database. To construct
these curves, a methodology to represent them through a set a parameters is necessary. Making
use of a B-spline with four control points, as illustrated in Figure 3.17, all the Qgp characteristic
curves inside the EPFL database, for Qgp values inside Qgp, , = Qgp 2 0, i.e., in the turbine
break mode, are accurately approximated. Among these curves, six examples are provided in
Figure 3.18. The B-spline approximation is constructed using the NURBS-Python (geomdl)
package, described in [91].

Five input values are necessary to construct Qgp characteristic curves as in Figure 3.17: ngp, ,
QEDRun’ HRunr 980 and 020, where:

"EDgo ~ "EDRyn )

Orun = atan(
Run QEpgy — QEDRun

0go = atan ( M) (3.43)

QEDzo - QEDg(]

NED) — NEDyg )

0,9 = atan (
20 nEgpy — QrDyg

with (nEDso’ QEDSO)’ (nEDzo’ QEDzo) and (nEDO,QEDO) being the coordinates of the B-spline
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control points at Qgp = 0.8 - Qgp, ., Qep = 0.2 Qgp,,, and Qgp = 0, respectively. For each
curve in the available database, the coordinates of the control points are defined as those that
minimize the sum of squared errors (SSE) defined as in eq. (3.44).

Ny
SSE = Z [((j)flEDS -0) nED)2 + ((j)QEDS -~ QED)Z] (3.44)
j

where N; is the number of measurement samples for a given curve and
((] ) ﬁEDS,(] ) QEDS) is a point in the estimated characteristic curve approximating the mea-

sured point ((j ) nED,(j ) QED). The angles Oryn, 039 and 8,4 and the mean squared error (MSE)
values, defined as MSE = SSE/ NN, are also detailed in Figure 3.18 for the six featured examples.

QEDRun | (MEDRy» DEDRon )
(Mengg» Qengy)
0.8 Qroy, |
5o
—a— Control points
—— B-spline
0.2 Okpgy, 4 (g, Opag )
(e, Okny )
0 -
MEDRyn

Figure 3.17 — B-spline method to approximate a S-shaped Qgp characteristic curve.

To construct realistic characteristic curves using the B-spline method and based on typical
values of 0gy and 0,, the procedure illustrated in Figure 3.19 is followed. The variables 0gy,,,
and 0,,,,, mentioned in Figure 3.19, correspond to the 0gy and 60, values for ag = 1. The
procedure consists of the following steps:

1. Making use of the EPFL database, define two empirical approximating functions:
D) fi (0s0y, ) = %ﬁ;‘:l), which will help estimating 0y, values as ay varies from ag = 1
and i) f (0g0,,, ) = 0204, Providing an empirical relation between gy, and 059, Ad-
ditionally, a value for 0y, is chosen based on realistic values provided by the EPFL

database and used in functions fj and f,.

2. Apply the selected g, value in the empirical functions f; and f, to define values of
0050 (@r=1)

aa
able tlz) estimate Og, values for any relative guide vanes opening ag and ii) f; (0gg), able

and éZOBEP' Use the results in the creation of two new functions: i) f3 (ag),

to estimate 6, values.

3. For a given value of ap, use function f3 to calculate the estimated value of Oy, i.e., Og0.
By introducing Ogo in the f4 function, calculate the estimated 6, value.
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Figure 3.18 — Six examples of curves generated with the B-spline method, approximating
measurements available in the EPFL database.
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3.3. Complete characteristic curves estimation model

4. Using the ngp,  empirical submodel and the @g approximation, define the first control
point of the B-spline, (nEDRun’ QEDg,, ), and calculate the angle éRun. Finally, use the
angles Orun, Og0 and B to calculate the remaining control points of the B-spline.

The database is
used to define
empirical models

7~

~ and provide
reasonable Ogppp
Choose Define models Salies
GSOBEP fOI' 080 and (920
\ A
Calculate Calculate
fl (980139 ) = EHXU((GZZ:I) J(2 (HSOBEP ) = 0203Ep Deﬁnition Of

\i

Define

:

Define

functions to esti-
mate 6y, and 6y,
for any og

f3(aR) = éso

Y
Calculate Y

fa(&k):éso \

f4 (680) = ézo

For a given &y,
0,0 and Oy, are
estimated.

Calculate

f4 (éxo) = ézo

\i \i

(MEpRym OEpry,) Deing known, calculate the
remaining control points: (7gpgg, Qrpgo)s
(MED20>Oknag) and (1epg, Orny)

The B-spline
is defined

Figure 3.19 — Procedure for the construction of realistic characteristic curves based on the
B-spline method.

Og0,: Values calculated from measurements for nine different turbines are presented as a
function of the turbine ngg in Figure 3.20. The mean measured 0y, and the mean 0, +0'5tq
values are also indicated, where o is the standard deviation of the 05, values. Knowing
that S-shaped characteristic curves have g, < 0, the g, values presented in Figure 3.20
confirm that there is no direct relation between nqgg and S-shaped characteristic curves, as
030y, values lower than zero are encountered in turbines with both low and high nqg.

The functions f; and f;, are defined using g, and 6, values resulting from the application of
the B-spline method to approximate the Qgp characteristic curves inside the EPFL database.
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Figure 3.20 — Calculated g, values using measurements from nine different turbines. The
mean measured fgy and the mean g + 054 values are also indicated.

On the left side of Figure 3.21, M

Figure 3.22 — are presented with the resultlng approximating function f7. On the right side of
Figure 3.21, 0., values used to generate the f, function are presented. The functions f; and
f> are detailed in eq. (3.45).

values — calculated from the points presented in

fi (Bg0,,,) = —1.1248- 65, +1.0913- 05y, — 0.5754
(3.45)
f2(0g0,, ) = —0.5575 - Ogg. ., + 0.8505

As the guide vanes relative opening angle ag becomes small, O, and 6, values tend to
increase, eliminating the eventual S-shaped characteristic at some point. As the Qgp charac-
teristic curves for small ay values becomes closer to a straight line, it is assumed that for ag = 0
the Ogy and 0, values are equal to 7 /2. This condition is illustrated by the white squared mark
in the two graphs of Figure 3.22 and is taken into account in the definition of the f; and the f;
functions.

The function f3 is divided in two parts:

f3 (aR) _ fl (QSOBEP) . ((XR - 1) + HgoﬁEP if agr = 0.55 (3.46)
£ (ag) otherwise

where the function f;" is a third degree polynomial defined by the boundary conditions:

f3 (ag=055) = f3 (ag = 0.55) f3 (0)=mn/2
(3.47)

0fy (ar=0.55) _ 0fs(ar=0.55) ofs (ar=0) _ 0

6aR daR aaR :
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3.3. Complete characteristic curves estimation model

The f, function is defined as:

f (HSOBEP) B ”/2

fa(0g0) = 980'(

HSOBEP - 7'[/2

/4
2

BSOBEP -5 (QBOBEP) )

HSOBEP bl 7'[/2

(3.48)

which corresponds to a straight line passing through (QSOBEP’ fz (GgOBEP )) and (7/2,7/2).

To illustrated the expected outcome from f3, in the left side of Figure 3.22 f3 curves generated

0050 (ag=1)

with dan

values taken from measurements, instead of their approximation f; (HBOBEP ), are

presented. To illustrate the outcome from f;, in the right side of Figure 3.22 lines representing
the f; curves generated with values of 0y, and 0., taken from measurements, instead of
their approximation with f, (HgoBEP ), are presented.

0.0
<
Ax® ¥V
. 051 i
"g 7
— ,/
:/ )’/
T —1.01
& &
El o
sl 1s- ’/ ®
— fi (OSOBEP)
-2.0 . ; .
-1.0 —05 0.0 0.5
68OBEP (rad)
Figure 3.21 — 2m(ar=1)

aa'R

1.0

620}3EP (rad)

1.50
1.25 A +
- B ™
1.00 .\\\ X
.
0.75 1 }Q
0.50 1 \V
0251 g (OSUBEP)
0.00 T T T
-1.0 -05 0.0 0.5 1.0
GSOBEP (rad)

values obtained from the measurements presented in Figure 3.22, used

to define the f; function (left side); 6,,,, values used to generate the f, function are also

presented (right side).
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Figure 3.22 — fg, as a function of ag (left side); 6 as a function of g (right side).

63



Chapter 3. Estimating Francis turbines efficiency and complete characteristic curves

The proposed procedure is applied to the same empirical characteristic curves of Figure 3.15
to provide Qgp values in the turbine break mode. Three possible Qgp characteristic curves
are presented in Figure 3.23, generated by taking the mean value of 0g,.,, and the mean
0804, T Ostd values (as indicated in Figure 3.20) as an input. As a result, a S-shaped curve is
noted when using 8gy — ost4, whereas curves closer to a straight line are noted when using

B0 + T std-
mean 6gg,., — Osid mean 6g0,;,, mean 60gg,, + Osid
1.0
ﬁEDRUn ﬁEDRun
0.8
= 0.6 1 \

\

\\

\ \

14 16 18 20 14 16 18 20 14 16 18

NEDR () NEDg () NEDg ()

Figure 3.23 — By applying the proposed procedure in the same example as in Figure 3.15, three
possible Qgp characteristic curves are generated.

3.3.3 Torqueat Qgp =0

To provide realistic Tgp characteristic curves in conditions with ngp > ngp,  and Qgp values
varying from Qgp, to zero, an empirical model to estimate Tgp values in conditions with zero
discharge is generated.

If the guide vanes angle are closed, i.e., ag = 0, the turbine discharge is zero, but viscous forces
due to the water recirculating on the shroud, the runner bands and between the runner blades
generate a negative torque [92]. As a simplification, the runner can be seen as a disk, and the
torque related to disk friction, Tpg, in its absolute value is proportional to nzD5 (see [93]). Asa
consequence, the following assumption is made regarding the resulting torque factor due to
disk friction Tgp,,:

| Top| o< n?D°

| Tin,, | o n]%D (3.49)

Discharge values are equal to zero for any ngp value if ag = 0. Nevertheless, for each value
of @y greater than zero, there is an unique ngp value where the runner rotation also leads to
zero discharge. In these conditions, the negative torque is not only caused by disk friction, but
also by a recirculating flow surrounding the guide vanes and the runner blades. As a result, an
empirical formula to estimate Tgp values at zero discharge conditions, Tgp,,_,, must take into
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Figure 3.24 — Measured and estimated values of Tgp,_,, considering turbines with different
nqg values.

account the ay value. The eq. (3.50) is then proposed to estimate the torque in any condition
with Q = 0, ensuring: 1) that the torque is zero when ngp = 0; 2) that, as b < 0, higher ay values
lead to lower Tgp,,_, values, as observed in measurements; and 3) that the predicted value is
corrected according to the turbine specific speed value.

TEDQ=0 = (a~n]25D+b~aR-nED)-(nQEC+d) (3.50)

where the values for the coefficients a, b, ¢, and d are defined by minimizing the weighted
squared error between the estimated values Tep 0=0 and the measured values Tgp 0=0 inside the
EPFL database. The weights are defined by applying the same methodology as for the 7igp,
model, i.e., by attributing weight values equal to one divided by the number of measurement
samples related to the same turbine. As a result, the empirical approximation of eq. (3.51) is
obtained. Measured and estimated values of Tgp,_, are presented in Figure 3.24, considering
turbines with different ngg values. The mean error and the standard error of estimate for the
points presented in Figure 3.24 are 1.5 - 10 *and4.7-107°, respectively.

1.2747-10

Tipg., = (—5.8845-10° - ngp — 4.6238-10° - ag - npp ) - (g +9.9950-10"") (3.51)

Making use of eq. (3.51) to calculate TEDQ:O’ the Tgp values in the turbine break mode are
estimated as in eq. (3.52). As a result, the estimated Typ characteristic curves for the same
turbine illustrated earlier in Figures 3.15 and assuming the same three possibilities as in Figure
3.23 are illustrated in Figure 3.25.

ED = — = *Qep + Tep., (3.52)
EDRun
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Figure 3.25 — Estimated Tgp characteristic curves in the turbine break mode for the same
turbine illustrated in Figures 3.15 and assuming the same three possibilities as in Figure 3.23.

3.4 Conclusion

In this Chapter, empirical models to estimate a Francis turbine efficiency and complete
characteristic curves are presented. High accuracy in the efficiency estimation is obtained, as
detailed in Appendix A.3.

The proposed model for the complete characteristic curves generation incorporates the results
from the efficiency model, keeping its high accuracy. It makes use of B-splines to complete
the torque and discharge curves at the turbine break mode, being able to construct S-shaped
characteristic curves if necessary.

As presented in Chapter 6, the complete characteristic curves generated with the presented
empirical models can be used in 1-D numerical simulations in time domain, allowing the
estimation of turbine runner overspeed and penstock overpressure values. By comparing
simulation results obtained with the empirical turbine characteristic curves to results from
measurements and simulations performed with real turbine characteristics, further validation
for the presented empirical models is provided in Chapter 6.
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Part load resonance

This chapter corresponds to the following paper manuscript submitted to the Journal of
Mechanical Systems and Signal Processing:

J. Gomes Pereira Jr., A. Favrel, L. Andolfatto, C. Landry, S. Alligné, C. Nicolet, E Avellan. Pro-
cedure for predicting part load resonance in Francis turbine hydropower units based on swirl
number and local cavitation coefficient similitude.

The present version of the manuscript includes corrections suggested by the reviewers and
has been re-submitted to the Journal the 14™ of May 2019.

The author’s contribution: The author contributed with the post-processing of all the mea-
surements data, the generation of figures, graphs and by writing the paper. He also participated
in the measurement campaigns, in the definition of the approximating functions and per-
formed the comparisons between reduced scale model and prototype data.

Abstract

Francis turbines operating at part load conditions develop a cavitation precessing vortex
known as a vortex rope in the draft tube cone below the runner outlet. At part load conditions,
this vortex precession acts as an excitation source inducing pressure pulsations in the whole
hydraulic system at the vortex precession frequency. Simultaneously, the lower pressure levels
in the vortex core can lead to cavitation development, increasing the local flow compliance
and reducing drastically the pressure wave speed. As a result, the eigenfrequencies of the
hydraulic circuit are lowered and may match the vortex rope excitation frequency, leading
to undesired resonance conditions. This paper presents a procedure to predict this type of
resonance phenomenon in turbine prototypes by performing reduced scale physical turbine
model measurements and eigenvalue calculations with linearized system matrices. This new
procedure requires the transposition of hydroacoustic parameters from the reduced scale
physical model to the prototype scale based on the swirl number and the local cavitation
coefficient similarity. The procedure is validated by measurements performed on a turbine
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Chapter 4. Partload resonance

prototype featuring a peak of power swings and pressure pulsations in the predicted operating
conditions.

4.1 Introduction

With the increase in power generation from non-dispatchable energy sources, hydropower
plants play a key role in providing primary and secondary control for the power transmission
grid. Consequently, turbines for hydropower units operate under a large range of head and
discharge values, sometimes going into adverse operating conditions. For instance, Francis
turbines operating at full load, i.e., with a discharge value higher than that of the best efficiency
point (BEP), may enter in an unstable and self-exciting condition, leading to large pressure
pulsations and power swings as described in [27, 31, 94, 95]. At the other extreme, Francis
turbines operating at very low discharge values, i.e., at deep partload, may present an inter-
blade cavitation vortex as described in [66].

Francis turbines operating at part load conditions — i.e., any non-optimal condition where
the discharge value is lower than that of the BEP — feature a swirling flow at the runner
outlet and draft tube cone. This swirling flow gives rise to a precessing vortex, also known
as a vortex rope, with a precession frequency of about one third the rotation frequency of
the runner [23]. A vortex rope induces pressure fluctuations that can be decomposed into
convective and synchronous components with the same frequency as the precessing frequency,
as demonstrated by Nishi in [21] and measured by Arpe in [96]. The synchronous component
of these pressure fluctuations acts as a pressure excitation source for the hydraulic system as a
whole.

In the vortex rope core the absolute pressure may become lower than the vapor pressure,
causing cavitation [58, 60, 97-99]. The cavitating volume increases the flow compliance [100],
leading to a lower pressure wave speed and consequently lower hydroacoustic eigenfrequency
values of the hydraulic system [50]. With lower hydroacoustic eigenfrequency values comes
the risk of resonance with the vortex rope excitation frequency. The pressure pulsations in
resonance conditions can lead to power swings [24], increased vibrations and fatigue forcing
the plant operator to limit the operating range of the generating unit as described by Guarga
etal. in [6].

Reduced scale physical turbine model measurement is a key step to validate the design of
a full-scale turbine prototype, to verify its efficiency, and to assess its cavitation operating
conditions. These turbine properties are directly transposable from the reduced scale model
to the prototype scale, as described in the International Electrotechnical Commission (IEC)
standard [8]. However, the system eigenfrequencies and consequently the pressure pulsations
amplitude are not directly transposable from model to prototype as they depend not only on
the turbine design but also on the contiguous hydraulic system hydroacoustic properties.

A similar issue is raised while attempting to predict pressure fluctuations amplitude on the
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turbine prototype by making use of 3-D computational fluid dynamics (CFD) simulations.
These simulations of the cavitation vortex rope taking into account only the turbine or the
turbine draft tube in their simulation domain — as in [101-103] — can provide accurate
estimates of the pressure excitation generated by the vortex. Nevertheless, during experiments
the synchronous component of the vortex rope excitation will have its amplitude amplified
or damped, depending on the response of the complete piping system where the turbine is
installed, as discussed in [104-106]. In case of resonance between the vortex excitation and
the system first eigenfrequency, this synchronous component may be amplified considerably.

A new methodology is presented in the HYPERBOLE European project [107] to predict reso-
nance on turbine prototypes operating in part load conditions. For this purpose, additional
steps are proposed aside from the typical reduced scale model measurements. These steps
include the identification of the pressure wave speed value in the cavitating draft tube cone
of the reduced scale model. This value is then transposed to the prototype scale for similar
operating conditions, allowing 1-D eigenvalue calculations to estimate the prototype first
eigenfrequency.

Following the HYPERBOLE methodology, Landry performed in [108] modal analysis on the
reduced scale physical model to make apparent the test rig hydroacoustic eigenfrequencies.
Since the cavitation vortex rope is located in the turbine draft tube cone, the hydroacoustic
properties of the other components of the turbine and the test rig remain known and un-
changed in cavitating conditions. The pressure wave speed in the draft tube cone being the
only unknown parameter, Landry performed in [108] eigenvalue calculations of the complete
test rig to identify the pressure wave speed value leading to equal values of calculated and
measured first eigenfrequency. Landry also proposed methods to transpose this pressure
wave speed to the prototype scale, so that eigenvalue calculations of the turbine prototype
and its adjacent hydraulic circuit could be performed later to estimate the first hydroacoustic
eigenfrequency of the prototype generating unit.

Favrel et al. further applied the HYPERBOLE methodology with results obtained by Landry to
a 444 MW prototype test case in [54]. By applying the concept of the swirl number and also
transposing the vortex precession frequency using Strouhal number similitude, Favrel et al.
were able to predict the occurrence of part load resonance. However, the power output value
in which resonance occurred was outside their predicted value uncertainty range.

Favrel et al. considered Thoma number similarity for the transposition of the pressure wave
speed value in the cavitating draft tube cone from the reduced scale model value to its equiva-
lent in the prototype scale. This paper demonstrates that the Thoma number is a non-ideal
parameter for similarity in terms of cavitation vortex in the draft tube cone. It assumes
equivalent energy losses in the draft tube of homologous reduced scale turbine models and
prototypes, whereas these energy losses are, in reality, not strictly equivalent.

To improve the accuracy in the prediction of part load resonance in Francis turbine prototypes,
this paper considers a local cavitation coefficient as a parameter for similarity. Differently from
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Power house

Figure 4.1 — Main dimensions of the turbine prototype and the pressurized pipes composing
its hydraulic circuit, courtesy of BC Hydro.

the Thoma number, this coefficient is based on the absolute pressure value measured directly
at the wall of the draft tube cone where the vortex is located. Two methods to transpose
the wave speed value from model scale to prototype scale are compared: (1) performing a
direct transposition based on Froude number, swirl number and local cavitation coefficient
similarity; and (2) making use of the non-dimensional wave speed, requiring swirl number
and local cavitation coefficient similarity only. Considering the same test case as Favrel et al.
with additional prototype measurements, both transposition methods lead to predictions of
resonance conditions in part load with greater accuracy than that obtained by Favrel et al.

To describe the test case and exemplify the power and pressure swings observed during
part load resonance, prototype measurements are presented in Section 4.2. In Section 4.3,
the HYPERBOLE methodology is presented, where previous research works leading to the
hydroacoustic characterization of the cavitation vortex rope are introduced, as well as the
new transposition methods for the pressure wave speed inside the cavitating draft tube cone.
The complete procedure to predict part load resonance in prototypes is detailed in Section
4.4. Itis applied to the described test case and its first step, the reduced scale physical model
measurements, is presented in Section 4.5. Eigenvalue calculations are performed in Section
4.6, where the prototype first eigenfrequency values are estimated. In Section 4.7, the Strouhal
number is used to estimate the vortex rope excitation frequency and the predicted resonance
conditions are presented. The measured and predicted resonance conditions are compared,
confirming the good agreement between predicted and measured values.

4.2 Prototype part load resonance measurements

The test case turbine is a Francis turbine of IEC specific speed nqgg = 0.131. The turbine
prototype features a runner with external diameter Dp = 5.4 m. After synchronization of
the generating unit with the power grid, the turbine runner rotates with a constant speed
np = 2.143 Hz. The turbine rated values of power output and net head are Ppyeq = 444 MW
and Hiaeq = 170 m, respectively. The main dimensions of the turbine prototype and the
pressurized pipes composing its hydraulic circuit are illustrated in Figure 4.1.

70



4.2. Prototype part load resonance measurements

(%) 38 g 1 2 3 4 5 6 7 8

70 S

60

501 v\‘«’-\‘—-—\
40 1 Pa/Praled

30 4

(bar) 23 4 Penstock
22 - pressure
214

20 A
19 1
18

17 4

(bar) 7 Cone
6 4 pressure

O=NWhA W

0 750 1500 2250 3000 3750 (s) 4500

Figure 4.2 — Time history of relative power output, penstock pressure and draft tube cone
pressure during measurements at E = 1759 J-kg ' Eight time intervals are indicated where the
guide vanes opening angle had only minor and slow variations aiming to keep P, as constant
as possible. High power and pressure oscillations are observed at P, [ Prateq ~ 57%.

Extensive measurements are performed on the prototype generating unit allowing the detec-
tion of part load resonance in two different conditions of specific hydraulic energy E = gH
(I-kg_l), where g (m-s ™) is the local gravity acceleration and H (m) the turbine net head.
Time history of relative power output P, / P;aieq — Pa being the generator active power output
— and draft tube cone pressure acquired at E = 1759 I-kg_1 and E = 1560 ]-kg_1 are presented
in Figures 4.2 and 4.3, respectively. For the former, time history of pressure measured at the
penstock wall, 35 m away from the spiral case inlet, is also presented. The pressure sensors in
the draft tube cone are located at 0.4 - Dp distance from the runner outlet. The complete list of
sensors installed during the tests at E = 1759 ]-kg_1 is presented in [26] and the procedure to
estimate the turbine discharge Q and the net head H is detailed in [109]. The measurements
at E = 1560 I-kg_1 made use of sensors from a monitoring system detailed in [61].

During measurements performed at E = 1759 J-kg_l, data acquisition in part load conditions
is performed during a period of 4500 s with a sampling rate of 256 Hz. During the eight
time intervals shown in Figure 4.2, the guide vanes opening angle had only minor and slow
variations aiming to keep P, as constant as possible. For each time interval, the power spectral
densities Py of the active power output P,, the penstock pressure and the draft tube cone
pressure signals are calculated and the results are presented in the three waterfall plots shown
in Figure 4.4. An important amplitude peak is observed at 29% of np and P, [ Pateq = 57%.

The cross power spectral density Pyy and the coherence Cyy (see [110, 111]) between the draft
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Figure 4.3 — Time history of relative power output and draft tube cone pressure during the
power ramp measured at E = 1560 I-kg_l. Higher power and pressure oscillations is noted at
time ¢ ~ 100 s, corresponding to P,/ Prated = 51%.
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Figure 4.4 — Power spectral densities Py, of (a) the active power output P,, (b) the penstock
wall pressure and (c) the draft tube cone wall pressure. Py, is calculated for each one of the
eight time intervals detailed in Figure 4.2.
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Figure 4.5 - The cross power spectral density Pyy and the coherence Cyy between the draft tube
cone pressure and the penstock pressure signals for the time intervals illustrated in Figure 4.2.
By analyzing the peaks in Pyy and Cyy, the fpyc and f; values are identified.

tube cone pressure and the penstock pressure signals are presented in Figure 4.5. By analyzing
the peaks in Py, and Cyy between these two signals, the vortex rope core precession frequency
frvc (Hz) and the hydroacoustic first eigenfrequency f; (Hz) of the prototype hydraulic system
are identified. The Cyy values close to one confirm the power exchange between the draft tube
cone and the penstock for these frequencies. The values presented in Figure 4.5 for fpyc and
fo are also confirmed by analyzing the pressure signals from two pressure sensors located
on opposite sides of the prototype draft tube cone. The procedure to identify fpyc and fy
using two sensors in the draft tube cone is detailed in [19], where it is applied to reduced scale
physical model measurements, and an example is given in Section 4.5.

Consequently, as indicated in Figure 4.5, the first eigenfrequency f; decreases as the power
decreases, i.e., as the unit goes deeper in part load conditions. The opposite happens to fpyc,
as it is slightly increased. During time interval 5, where P, [ Prated = 57%, a condition where
frvc encounters fj is observed, resulting in part load resonance. As presented earlier in Figure
4.4, this resonance condition leads to the greater and undesired peak in power and pressure
oscillations.

As the turbine operates in part load conditions with E = 1560 ]-kg_l, avery similar behavior is
evidenced during the power ramp. For this power ramp, illustrated in Figure 4.3, a waterfall
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resonance resonance

MW?2Hz !
( ) Pa/Praled P’d /Pmted

(%)
65

Frequency /np (%) Frequency /np (%)

(a) Active power output. (b) Draft tube cone wall pressure.

Figure 4.6 — Waterfall plot of power spectral density Py during the power ramp at E = 1560
J-kg_1 for (a) the active power output P, signal and (b) the draft tube cone wall pressure signal.

plot of power spectral densities Py, calculated using 210 samples per segment and 50% overlap
are presented in Figure 4.6. During this ramp, data is acquired at a 4096 Hz sampling rate.
The resonance peak for this condition is observed at 29.2% of np and P, [ Prated = 51%, which
corresponds to almost the same frequency value and a power output about 11% lower when

compared to the measured values at E = 1759 I-kg_l.

4.3 The HYPERBOLE methodology

The HYPERBOLE methodology aims to increase the accuracy in predicting pressure surge
phenomena related to the part load and full load cavitation vortex. The HYPERBOLE method-
ology acknowledges that pressure pulsations, such as the ones mentioned in the previous
section, cannot be directly transposed from the reduced scale physical model to the prototype,
as they depend on the hydroacoustic response of the complete hydraulic system in which the
turbine is installed. As illustrated in Figure 4.7, instead of directly transposing measurement
results from reduced scale model to prototype, the HYPERBOLE methodology proposes addi-
tional steps in which dynamic numerical simulations of both the test rig and the power plant
generating unit are performed to increase the accuracy of pressure pulsation predictions.

The part load and the full load vortex in the draft tube cone are a consequence of the swirling
flow leaving the runner outlet. Assuming a Francis turbine operating under a given value of
specific energy E, there is a unique discharge value Q, where Cu, the tangential component
of the flow velocity vector C at the runner blade trailing edge, has a magnitude close to zero
all along the blade. In part load conditions, i.e., when the turbine operates at a discharge
Q < Qy, arotating flow leaves the runner with a Cu component in the same direction as the
runner peripheral velocity vector U, as illustrated in red in the velocity diagram shown in
Figure 4.8a. If the ratio between the axial flux of tangential momentum and the axial flux of
axial momentum at the runner outlet is high enough, a precessing vortex rope develops in the
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Figure 4.7 — The HYPERBOLE methodology, extracted from [108].

turbine draft tube cone. If the pressure in the vortex rope core becomes lower than the vapor
pressure, a cavitating volume such as the one shown in Figure 4.8b takes place.

As a first development inside the HYPERBOLE project, a 1-D mathematical model to represent
the hydroacoustic properties of a cavitation vortex rope in a draft tube cone is constructed
and presented by Alligné et al. in [39]. This mathematical model is implemented in the
SIMSEN software, where similar models based on equations for the flow momentum and
mass conservation in hydro-mechanic equipment such as pipes, surge tanks, turbines, and
valves are available. Electrical analogy is used to convert the flow variables into their electrical
equivalent. The T-shaped electrical analogy of a cavitating draft tube developed by Alligné

Cu_ U
Ir'r ; g,
/ Cm -
[ |C Nx_,y*-*"' W
/ T J
|  ~*0<g,
L—0=0,
Q > Qﬂ
(a)

Figure 4.8 — (a) Flow velocity diagram at the runner trailing edge. The part load condition
where Q < Qq is indicated in red. (b) A vortex rope featuring core pressure lower than the
vapor pressure. A visible cavitating volume takes place.
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Figure 4.9 — T-shaped electrical analogy of a cavitating draft tube developed by Alligné et al. in
(39]

et al. is presented in Figure 4.9. Details on the SIMSEN electrical analogy for other hydro-
mechanic components such as surge tanks, pipes and valves are presented in [38]. Once the
hydro-mechanic components of a power plant or a test rig are combined in a single SIMSEN
model, their integrated dynamic behavior is simulated through a set of first order nonlinear
ordinary differential equations. As detailed in [112], the complete system eigenfrequencies are
calculated by performing a linear approximation of these equations.

Landry performed reduced scale model measurements and eigenvalue calculations in [108].
Using an excitation system, he identified the test rig first eigenfrequency for different cavitating
operating conditions and used SIMSEN simulations to make apparent the draft tube cone
cavitation compliance C, (m%) by searching for matching values of measured and simulated
first eigenfrequencies. The cavitation compliance, introduced by Brennen et al. in [100], is
expressed as in Equation 4.1 and is related to the local pressure wave speed a (m-s™ ') as in
Equation 4.2 (see [108]).

av,

Cc = —E 4.1
_ . /8V

a= C (4.2)

where V, (m”) is the cavitation volume, V (m”) is the pipe internal volume and & (m) is the
local piezometric head.

Favrel et al. performed additional measurements in [19], where the test rig first eigenfrequency
could be identified without the need of an excitation system. Notably, similarities regarding
the hydroacoustic properties of the vortex rope were identified for operating conditions with
the same swirl number S (-), defined as the ratio between axial flux of tangential momentum
and the axial flux of axial momentum. Favrel et al. also proposed Equation 4.3 to estimate S
and demonstrated that operating conditions with the same S have the same Strouhal number
Stpyc (+), defined in Equation 4.4

Son n_z(;_ ! ) s
- B8 { Qep  Qep, '
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3
D
Stpyc = fpv((g; (4.4)

where Qgp and ngp are the non-dimensional discharge and speed factors defined by the
IEC standard [8] as in Equation 4.5, and Qgp, corresponds to the Qgp value at the swirl-free
condition, i.e., at discharge Q = Q.

nD Q

nopy = 2 __Q (4.5)
ED NG Qep VT

Following the HYPERBOLE methodology, Favrel et al. presented in [54] a first attempt to
predict part load resonance. The identified values of the draft tube cone pressure wave
speed in the reduced scale model, ay;, were transposed to the prototype scale as in Equation
4.6 proposed by Landry in [108]. Favrel et al. assumed Equation 4.6 to be valid for similar
conditions of S, Froude number Fr = /E / gD (-) and Thoma number o (-), defined in Equation
4.7.

D n
oo (B2) (22
_ NPSE 47
o=—F% 4.7)

where NPSE ( I-kg_l), the net positive suction energy, is defined as:

2

- C:
NPSE = Pabsl pv+_1

o 2 + 821~ 8%t (4.8)

where the subscript | indicates the draft tube outlet position, C (m-s™") is the flow velocity,
Pabs (Pa) is the absolute pressure, p, (Pa) is the vapor pressure, p (kg-m_g) is the water density
and z (m) is the centerline level. The level z.¢ is a reference level, usually the spiral casing
centerline level.

Using the calculated values of ap in numerical simulations of the prototype generating unit,
Favrel et al. were able to predict in [54] the event of part load resonance. Nevertheless, the
predicted value of power output P, in resonance conditions was 32.6 MW (7.3% of P;4ted)
higher than the measured value of P,. This deviation is explained by the use of ¢ as a similitude
parameter for the pressure wave speed transposition.

To improve accuracy in the prediction of part load resonance conditions, a local cavitation
coefficient y,p defined in Equation 4.9 is used in this paper to replace o as a similitude
parameter. It takes into account the pressure value measured directly at the draft tube cone
wall, pcone (Pa), closer to the vortex rope itself, whereas o uses the pressure and kinetic energy

77



Chapter 4. Partload resonance

at the draft tube outlet. Additionally, in y,p, the cone pressure is related to n’D?, which is
proportional to the runner kinetic energy, instead of the available specific energy E. The
relation between y,p and o is detailed in Equation 4.10. A step-by-step explanation of how
Equation 4.10 is obtained is presented in A.6.

_ Pcone — Pv
XnD = W (4.9
Zref — 2 Eq Q2 p*
ref — <cone I ED
XnD= — |\ O+——— +—F/ — —5— (4.10)
! n]25D FrzD E 2Agone

where Ei4 (]-kg_l) is the energy loss between the draft tube cone and the draft tube outlet
cross-sections, which depends on the flow Reynolds number and the friction factor of the
draft tube walls. Consequently, a reduced scale turbine model and its homologous prototype
operating at the same ngp, Qgp, Fr and o will not have similar y,,p, as the term e,q = E,q/E (-)
will not be equivalent.

Finally, two methods to calculate prototype ap values from the reduced scale model ay; values
are tested in the present paper. For the first method, a non-dimensional cavitation compliance
C? =C./ D? is defined from dimensional analysis. Homologous turbines operating at similar
conditions of S, y,,p and Fr are assumed to have the same C. . From this assumption, ap is
calculated using Equation 4.11. If similar values of Fr and ngp are considered between model
and prototype, Equations 4.11 and 4.6 are equivalent.

05 2 \05 2 105
a=<gW)'= gV D\ _( 2 8% Du
"7\ Cep Cem D3 MgVu D3

0.5
DP) 4.11)

ap = aM(D—M

The second method to transpose pressure wave speed values is also proposed by Landry in
[108], by means of a non-dimensional wave speed IT defined in Equation 4.12.

,oa2 a*
H —_

- Pcone — Pv - XnDnzDz

(4.12)

As demonstrated in Section 4.6.1, the non-dimensional wave speed Il is a function of S and
X »np only, allowing the equality ITp = ITy; between prototype and reduced scale physical model
to hold even if they operate under non-similar Fr values. Therefore, the second method to
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calculate ap makes use of Equation 4.13.

ap = n’PDPVHMXnD (413)

4.4 Procedure for part load resonance prediction

The procedure to predict part load resonance in hydro-power plants is separated in two parts:
(1) the prediction of the turbine prototype fpyc value and (2) the prediction of the complete
hydraulic system hydroacoustic first eigenfrequency f; value. The prediction of higher order
eigenfrequencies, as studied by Nicolet et al. in [113], is outside the scope of this paper.

The prototype fpyc value prediction procedure assumes Stpyc similarity between model and
prototype. This procedure has already been presented and validated by Favrel et al. in [54]
and is presented briefly in this paper.

The diagram in Figure 4.10 summarizes the procedure to predict the prototype f, value. The
procedure consists of the following steps:

1. Measurements are carried out using a test rig featuring a reduced scale physical turbine
model homologous to the turbine prototype, covering a large number of possible part
load operating conditions experienced by the prototype. For each operating point:

* Cross-spectrum analysis of the pressure signal from sensors installed in the draft
tube cone is performed to identify the f; value. In cases where f; can not be
detected by cross-spectrum analysis, an excitation system is used (see [50, 51]);

¢ By knowing the test rig f value and the hydroacoustic properties of all the remain-
ing parts of the test rig, eigenvalue calculations using SIMSEN software are used to
identify the draft tube cone pressure wave speed, ay;, by matching the calculated
fo to the measured f; value. From the identified ay; value, its non-dimensional
equivalent ITy; value is calculated. This procedure is detailed in [50, 51].

2. Interpolation functions are generated, allowing estimation of ay; or Iy in any operating
condition of interest;

3. For a given part load operating condition, the interpolation functions are used to define
the value for ay; or ITy;. From either ay or [Ty, the prototype pressure wave speed ap is
estimated using Equation 4.11 or Equation 4.13, respectively;

4. The calculated ap value is introduced in the prototype generating unit numerical model
constructed with SIMSEN software. Eigenvalue calculations are performed, providing
the prototype first eigenfrequency fj.

Finally, for the operating condition being analyzed, the predicted values of prototype f, and
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Figure 4.10 — Procedure to predict the prototype generating unit first eigenfrequency f;.

Figure 4.11 - Sketch of the LMH-PF3 test rig.

frvc are compared. If the uncertainty range of these predicted values overlaps, the operating
condition is considered under resonance.

4.5 Reduced scale physical model measurements

The reduced scale physical model of the test case turbine features a runner with external
diameter Dy; = 0.35 m and is installed in the PF3 test rig of the Laboratory for Hydraulic
Machines (LMH) at the Ecole Polytechnique Fédérale de Lausanne (EPFL), illustrated in Figure
4.11.

Measurements are performed for the operating conditions listed in Table 4.1. Two different
Froude numbers, Fr = 8.74 and Fr = 5.52, five different ngp values and Qgp values varying be-
tween 0.11 and 0.17 are tested. For the measurements performed at Fr = 8.74, three values of o
are tested: Oax, Orated @aNd Oin, Simulating possible variations of the prototype downstream
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4.5. Reduced scale physical model measurements

Table 4.1 — Operating conditions of the measurements performed on the reduced scale physical
model.

Fr  ngp Qep Qep, S Omax Orated Omin
() () () ) () () () ()
8.74 0.268 0.11—-0.16 0.230 1.57—-0.63 0.111 0.095 0.083
8.74 0.277 0.11 -0.17 0.236 1.66—-0.56 0.119 0.102 0.088
8.74 0.288 0.11—-0.17 0.244 1.78—-0.64 0.128 0.110 0.095
8.74 0300 0.11-0.17 0253 190-0.71 0.139 0.119 0.103
8.74 0317 0.11 -0.17 0.265 2.08—-0.83 0.156 0.133 0.115

5.52 0.288 0.11—-0.17 0.244 1.78 - 0.64 - 0.110 -

reservoir level.

To calculate the y,,p value in Equation 4.9, the average pressure in the draft tube cone, pcone,
is calculated using Equation 4.14.

Nsen S

1 1 (j)
Pcone = Ny N Z Z pi] (4.14)

sen 1Vs i=1 =1

where N, is the total number of sensors equally distributed in the same cross-section of
the draft tube cone, Nj is the total number of samples acquired during the measurements
period, and PEJ )
pressure values are acquired by four pressure sensors located in the draft tube cone using a

is the value of the pressure sample j acquired by the sensor i. In this test case,

1000 Hz sampling rate over a period of 200 s for each test point. A sketch of the turbine draft
tube with the location of these four pressure sensors — named C1E, C1S, CIW and CIN — is
illustrated in Figure 4.12.

By analyzing the cross-spectrum of the pressure signals from these four sensors, the hydraulic
circuit first eigenfrequency fy and the vortex precession frequency fpyc for each tested oper-
ating condition are identified. An example of f; and fpyc identification using the pressure
signals from two sensors in opposite sides of the draft tube cone cross-section is given in
Figure 4.13.

In cases where the amplitude of pressure pulsations at fj is small and the f; value cannot
be identified by analyzing the cross-spectrum of pressure signals from these sensors, an
excitation system such as the one presented by Landry et al. in [50] can be used to perform
modal analysis and identify f;. Additionally, using the same type of excitation system as
Landry et al. , Favrel et al. proposed in [51] a method based on dynamic modal analysis to
decrease the measurement time period required for f; identification.

With the fpyc values from the same set of measurements presented in this section, Favrel et al.
derived in [19] the following empirical relation between the Strouhal number and the swirl
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Figure 4.12 — Sketch of the turbine draft tube showing the location of the four pressure sensors
for the calculation of y,,p, fo and fpyc.
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Figure 4.13 — An example of fy and fpy identification using the pressure signals from two
sensors in opposite sides of the draft tube cone cross-section.
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Figure 4.14 — SIMSEN 1-D components to simulate the LMH PF3 test rig dynamic behavior.

number with a standard error of estimate equal to 0.019:

Stpyc = 0.429- S+ 0.120 (4.15)

4.6 1-D hydroacoustic eigenvalue calculations

4.6.1 Reduced scale physical turbine model

The SIMSEN components to simulate the LMH PF3 test rig dynamic behavior are illustrated
in Figure 4.14. Each component contains a set of T-shaped elements similar to the one
presented in Figure 4.9 for the draft tube cone. All the hydroacoustic parameters are known
and they are not altered by changes in the operating conditions. The unique exception is
the pressure wave speed in the draft tube cone ay as it is a function of the cavitation vortex
compliance and, consequently, of S, y,,p and Fr. As a result, once the hydroacoustic first
eigenfrequency f; of the test rig is identified through measurements for a given operating
condition, eigenvalue calculations with SIMSEN software are used to identify the unique ay;
value leading to matching values of measured and calculated f;,. Further details on the ay;
identification procedure are found in [108].

In the eigenvalue calculations, the pressure wave speed value is assumed to be constant
and equal to ay in the 1 m long conical part of the draft tube, just below the runner. This
conical part is simulated with a distributed model; its SIMSEN component contains 32 T-
shaped elements such as the one shown in Figure 4.9. The remaining part of the draft tube,
the diffuser, is represented by three elements with 400 m-s~ wave speed in the first 1.1 m,
followed by six elements with 200 m-s~ ' wave speed in the remaining 2.5 m. These wave speed
values for the diffuser are based on measurements performed by Arpe in [96].

The calculated values of ay; and the corresponding I values for all tested operating conditions

83



Chapter 4. Partload resonance

© Omin, Fr=38.74

O Omax, Fr=238.74
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Figure 4.16 — The ay and I1 values for measurements at o = 04eq, but at two different Fr
values are presented. The calculated values of ay are clearly separated according to the Fr
number. The separation disappears when comparing I1 values.

described in Table 4.1 are shown in Figure 4.15 as a function of S and y,p. The ay and I1
values obtained at a similar condition of Thoma number, i.e., 0 = 0,4, but at two different
conditions of Froude number, are presented in Figure 4.16. The calculated values of ay; are
clearly separated according to the Froude number. However, this separation disappears when
comparing I1 values. As a consequence, ay is considered as a function of S, y,p and Fr, while
I1is a function of S and y,p only. The negligible influence of Fr on II values is also reported by
Landry in [108].

An approximation function f, (S, ¥ ,.p, Fr) able to estimate ay; values inside the tested operat-
ing range is created using a nonlinear least-squares regression method to define its parameters.
The resulting function is detailed in Equation 4.16 and ay; values obtained with f,, assuming
Fr = 5.52 and Fr = 8.74 are presented in Figures 4.17 and 4.18, respectively. The resulting
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Figure 4.17 — Estimated ay; values calculated with the f, function for Fr = 5.52.
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Figure 4.18 — Estimated ay values calculated with the f, function for Fr = 8.74.

standard error between measured and approximated values is o4 = 3.37 m-s .

fa (S, xnp Fr) =exp( —1.9820- $®+9.3726-5° - 12.8240- S
+2.2583 - x,p —1.0838- S yup (4.16)
+0.1862-Fr+5.2708 )

Similar to f,, an approximation function fi; (S, y,p) able to estimate IT values inside the
prototype part load operating range is constructed. The resulting function is detailed in
Equation 4.17, and the approximated values of I calculated with fi; are presented in Figure
4.19. The proposed ff; function estimates Il values with a standard error of o'siq fri<40 = 5.21
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Figure 4.19 — Approximated values of IT calculated with the fi; function.

for IT values lower than 40 and o'siq 140 = 17.09 for II values greater than 40.

fi (S xnp) =exp(  —3.0298-S° +15.0806 - S — 23.3895 - S
+2.2590« y,p —0.7090 - S+ ¥ 1> 4.17)
+11.9863 )

4.6.2 Turbine prototype

Once the pressure wave speed ay; value for the reduced scale physical model is defined, it
is transposed to the prototype scale and eigenvalue calculations of the test case prototype
generating unit are performed. For comparison, both methods to transpose wave speed values
from the reduced scale model to prototype scale are evaluated, i.e., the direct transposition
method of Equation 4.11 or using the non-dimensional wave speed I1 in Equation 4.13. As a
result, using the approximation functions, ap may be calculated using either Equation 4.18 or
Equation 4.19.

Dp
aP=fa(S,XnD»Ff)‘ D_M (4.18)

ap = npDp - \/fn (S, XnD) " XnD (4.19)

The resulting values of ap considering both transposition methods and using the prototype
on-site operating conditions in the interpolation functions are illustrated in Figure 4.20. The
input values of prototype S, x,,p and Fr required to calculate ap correspond to the mean values
measured during the time intervals indicated by the numbers from 1 to 7 in Figure 4.2. Both
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Figure 4.20 — ap values calculated using both transposition methods and the prototype on-site
operating conditions.
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Figure 4.21 — SIMSEN 1-D components to simulate the prototype power plant dynamic behav-
ior and calculate the first eigenfrequency, from [114].

methods to calculate ap lead to similar values: the maximum deviation between them is 6.4
1

mes”), corresponding to 3.3% of the maximum calculated ap value equal to 195.0 m-s ™ .
The set of SIMSEN components to simulate the prototype generating unit dynamic behavior,
designed for this test case by Alligné et al. in [114], is illustrated in Figure 4.21. The calculated
ap values are introduced in the draft tube cone component and the prototype f, values
calculated. Similar to the eigenvalue calculations of the reduced scale turbine, the pressure
wave speed in the draft tube cone of the prototype is assumed to be constant and equal to
ap all along the distributed model. The pressure wave speed in the draft tube diffuser is
assumed to be constant and equal to 1000 m-s_l, a wave speed value considered reasonable
for a cavitation-free diffuser surrounded by concrete. Also similar to the reduced scale model
turbine, the draft tube cone is represented by 32 T-shaped elements.

Comparisons between measured and calculated f, values are presented in Figure 4.22 and
discussed in further detail in the next section. The uncertainty interval for the calculated ap
and f; values are based on the standard error of the interpolating functions f, and ff.

Considering the ap values lower than 150 mes”! presented in Figure 4.20 and their corre-
sponding f; values obtained through eigenvalue calculations, f; values are approximated
by assuming f; * fy (ap), as in Equation 4.20, leading to a standard error of estimate of only
0, = 0.010 Hz. With the help of the approximation functions detailed in Equations 4.15 and
4.20, resonance conditions are calculated by finding the combination of S, y,,p and Q values
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Figure 4.22 — Calculated fpyc and fj values, using both ap estimation methods, as a function
of S. Both methods predict resonance in an interval of S values that overlaps the measured S
interval.

leading to Equation 4.21.

fo=folap)=7.246-10"" - ap (4.20)
o= fove
. 0 (4.21)
7.246+10 - ap (S, xnp) = Stpvc (S) - -3
P

where ap is determined using the f;; method, i.e., using Equation 4.19.

4.7 Results and validation

Using Equation 4.15 to estimate Stpy, the prototype fpyc values are estimated by calculating
fove = Stpyc - Q/ D%, Q being the measured prototype discharge values at E = 1759 ]-kg_l. The
calculated fpyc and the f; values resulting from both ap estimation methods are presented in
Figure 4.22 as a function of S. To facilitate comparisons, the measured values of fpyc and fy
are also presented. The measured and predicted values of S, fy and P,/ Pyaeq in resonance
conditions are listed in Table 4.2. These values correspond to the crossing point of the curves
for fy/np and fpyc/ np in the graphs shown in Figure 4.22. The high accuracy of the proposed
method to predict P, and f; in resonance conditions is confirmed by the low values of error,
also presented in Table 4.2.

88



4.8. Conclusions

Table 4.2 — Measured and predicted values of S, f and P,/ P;ateq in resonance conditions. The
corresponding errors of estimate are also listed.

Resonance conditions Error

S fO/nP Pa/Prated |AS| |Af0|/nP |APa|/Prated

() () (+) (+) (%) (%)
Measured 1.060 0.289 0.57 - - -
f.method 0.965 0.274 0.60 0.095 1.5 2.9
fnmethod 1.010 0.279 0.59 0.050 1.0 1.6

By assuming that the prototype y,,p value remains constant, the resulting S value for resonance
condition assuming any ngp value inside the prototype operating range is estimated using
Equation 4.21. Calculated resonance conditions assuming three possible values of y,p are
illustrated in the hill chart shown in Figure 4.23. They correspond to y,p values calculated
using (1) the draft tube cone pressure pconep value measured in resonance conditions at
E=1759 I-kg_l, which is taken as a the reference value pref; (2) Pcone,p = Pref — 0.3 bar and (3)
Pcone,p = Pref + 0.3 bar. As the reference pressure py.r is measured with a downstream reservoir
close to the rated water elevation level, the +£0.3 bar variation reflects approximately the effect
of having maximum or minimum downstream reservoir water levels.

This procedure results in resonance being expected to happen at a quasi-constant S value; a
maximum variation of only AS = 6- 10~ is calculated for a given constant y ,p value. Variations
in frequency are also negligible; the frequency deviates by only 4 10 Hz for a given y,p
value. These results are in very good agreement with the measurements where resonance with
very similar values of S and f values are observed for the two tested E values. In fact, during
the prototype measurements a draft tube cone pressure of p¢one,p = 2.5 bar for E = 1560 I'kg_1
is measured, a value only 4.7% higher than the one measured at E = 1759 ]-kg_l, leading to an
approximately constant prototype ¥ ,p-

Part load resonance occurring with similar S values for varying values of ngp was previously
reported by Favrel et al. in [19] using the reduced scale physical model of the same test
case presented in this paper. Similar behavior for the turbine prototype is confirmed by
measurements and calculations. Resonance happening with the same S leads to power swings
occurring with different mean values of power output, as observed during the site tests. This
fact is noted by comparing the isolines of S and the isolines of P, [ Praieq in the hill chart shown
in Figure 4.23.

4.8 Conclusions

This research paper presented a complete procedure to accurately predict part load resonance
between the hydroacoustic first eigenfrequency of a Francis turbine prototype hydraulic
circuit and its vortex rope excitation frequency. The procedure requires reduced scale physical
model measurements using a test rig and eigenvalue calculations using linearized system

89



Chapter 4. Partload resonance

1.05
nEp [ Resonance, pef — 0.3 bar
(). | oo | s Resonance, prer
1.03 - ' = Resonance,per+ 0.3 bar
®  Measured resonance
1.01 A -
III ///
0991 £ | /
g/
gl
0971 §
| (45
0.95 / / / Qeggp
03 . . . 1.1 ()13

Figure 4.23 — Hill chart featuring the measured and calculated resonance conditions. For
the calculated resonance conditions, three possible values for pcone,p are assumed in the
calculation of y,p. Resonance occurs at approximately constant S values.

matrices. Draft tube cone pressure wave speed values in the reduced scale physical model
were calculated and their values transposed to the prototype scale using two different methods,
producing similar results. A method based on a non-dimensional wave speed I1 presents
the advantage of not requiring Froude number similarity between the reduced scale physical
model and prototype. Both methods require, however, similarity of swirl number S and local
cavitation coefficient y,,p. The coefficient y,,p was proven to be more suitable than the Thoma
number o for this purpose, as y,p relies on the absolute pressure measured directly at the
wall of the turbine draft tube cone.

The procedure to predict resonance in part load conditions is validated by making use of a test
case where the predicted conditions of resonance match the measured ones. As demonstrated
by calculations and measurements on the prototype, resonance is expected to happen for an
approximately constant S value for different E conditions in cases where the draft tube cone
pressure remains similar. For these cases, knowing that S and P, values are not completely
correlated, the mean power output for resonance conditions is expected to vary.

As demonstrated, part load resonance depends on a large number of factors, including turbine
design and power plant layout. The risk of designing a generating unit leading to part load
resonance is apparently small, but the possible costs resulting from the damage caused by
its high levels of power swings and pressure pulsations or the loss in operation flexibility
are not negligible. The presented procedure allows engineers working on the design of a
given generating unit to know with accuracy and in advance, i.e., soon after carrying out
reduced scale physical model tests, if part load hydroacoustic resonance is expected to occur.
If resonance is expected, mitigation mechanisms such as air injection in the draft tube cone
can be foreseen. Alternatively, changes in the generating unit design to modify the expected
system eigenfrequencies or the vortex rope excitation frequency can also be implemented to

90



4.8. Conclusions

completely avoid this type of resonance.
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5] Full load stability

This chapter corresponds to the following paper manuscript submitted to the Journal of
Mechanical Systems and Signal Processing:

J. Gomes Pereira]Jr., E. Vagnoni, A. Favrel, C. Landry, S. Alligné, C. Nicolet, E Avellan. Prediction
of unstable full load conditions in a Francis turbine prototype.

The author’s contribution: The author contributed with the post-processing of all the mea-
surements data, the generation of figures, graphs and by writing the paper. He also participated
in the measurement campaigns, derived the equations for the mass flow gain factor trans-
position and performed all the comparisons between reduced scale model and prototype
data.

Abstract

Francis turbines operating in full load conditions feature an axisymmetric vortex rotating in
the opposite direction of the turbine runner. This vortex rope may enter in an unstable self-
exciting process, leading to large pressure pulsations and oscillations in the generating unit
power output. In this research work, prototype on-site and reduced scale model test results
are presented where the turbine changes from a stable to an unstable full load condition due
to an increase in discharge. Measurements are compared in the frequency and time domain,
where similarities are evidenced between model and prototype. Using the measurements on
the reduced scale model and 1-D numerical models of both the reduced scale model and the
turbine prototype, eigenvalue calculations are performed to predict the discharge value of
transition from stable to unstable conditions. The transition point on the prototype is then
predicted with a small deviation. Transient simulations in the time domain are performed
replicating the self-exciting behavior of the unstable full load condition.
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Chapter 5. Full load stability

5.1 Introduction

In the current energy mix scenario, with the increase of power generation from intermittent
energy sources such as wind and solar, the flexibility featured by hydropower units in terms
of power generation and its ability to provide ancillary services to the power grid are of great
potential value. However, this flexibility requires the hydraulic turbines to operate sometimes
in non-optimal conditions. The acceptable operating range of a Francis turbine is limited by
the conditions where the turbine efficiency decreases drastically or flow instabilities inducing
cavitation and pressure pulsations appear, risking damage and reducing the life span of the
unit [60, 58, 95, 98].

When Francis turbines operate with a discharge value higher than the one at the best efficiency
point (BEP), the turbine is said to be operating at full load. At this condition, a residual
swirl flow rotating in the opposite direction of the runner leaves the runner, leading to an
axisymmetric cavitation vortex rope that may enter in self-excitation. Therefore, the full load
operating condition can be considered as unstable, when featuring a self-excited vortex, or
stable otherwise. The turbine can operate normally at stable full load conditions, with a small
decrease of efficiency if compared to the BEP. On the contrary, as the discharge increases and
the unit enters in the unstable full load regime, the system experiences unacceptable pressure
pulsations and power swings. Example of hydropower plants experiencing full load pressure
surges can be found in [27, 30]. A mathematical approach to explain the full load stability and
its relation with the swirling flow under the runner can be found in [30, 94, 115]. Numerical
simulations of unstable full load conditions can be found in [116, 44, 45, 112].

A large number of factors affect the stability limits in full load operating conditions: the
hydraulic system layout, the energy loss coefficients and the cavitating vortex hydro-acoustic
properties among others. From a practical point of view, it remains challenging for power
plant operators to exactly determine at which operating point the turbine will move from a
stable to an unstable condition. This transition point must be known by the plant operators
if they attempt to gain in flexibility by operating their turbines in their maximum, but safe,
power generation limit.

Research papers such as [30, 94, 115, 112, 116, 44, 45, 48, 117] take into account the cavitation
compliance and the mass flow gain factor, the two most important parameters describing the
physical mechanism of the cavitating volume, to propose numerical models for the simulation
of unstable full load conditions. In [54], Favrel et al. made use of reduced scale physical model
measurements and 1-D eigenvalue calculations to identify cavitation compliance values and
predict a part load resonance phenomena in a turbine prototype induced by the cavitation
vortex rope. Improvements in the methodology undertaken by Favrel et al. are proposed by
Gomes Pereira et al. in [118], increasing the prediction accuracy.

In this paper, a new methodology to predict unstable full load conditions on Francis turbine
generating units based on reduced scale physical model tests and eigenvalue calculations is
proposed. It includes a new procedure to define and transpose values of mass flow gain factor,
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a hydro-acoustic parameter leading to full load unstable conditions [28, 30]. This method-
ology is applied to a turbine test case where the time history of measurements performed
on the prototype evidences a clear transition from stable to unstable full load conditions,
showing a sudden appearance of high amplitude pressure pulsations and power swings. The
same transition is observed in its homologous reduced scale physical model, allowing the
construction of a hill chart featuring the limits between the stable and the unstable full load
conditions. This hill chart is used to make direct comparisons regarding the stability limits of
the reduced scale model and prototype. Additionally, the pressure pulsations measured in the
reduced scale model and in the prototype are analyzed and compared in both frequency and
time domain.

Knowing that direct comparisons do not take into account all hydro-acoustic parameters
acting on the full load stability limits, the transition from stable to unstable conditions is also
analyzed through 1-D eigenvalue calculations. Reduced scale model and prototype being
homologous, the hydro-acoustic parameters are first identified for the reduced scale model
and then transposed to the prototype, according to the on-site operating conditions. The
eigenvalue calculations are then able to predict a transition from stable to unstable conditions
on the prototype, although the transition occurred with a discharge value slightly greater than
the predicted value.

Finally, 1-D numerical simulations are performed in time domain for the prototype generating
unit, considering a stable full load condition and an unstable full load condition. In these
simulations, the system nonlinearities are taken into account, and values for the draft tube
cone pressure wave speed and energy loss coefficient are updated according to the calculated
instantaneous wall pressure. Pressure pulsations originated by a temporary excitation source
are either totally damped or amplified entering in a self-exciting mode, replicating the dynamic
behavior of the real turbine in stable and unstable conditions, respectively.

Greek characters
a () guide vanes opening angle
B () void fraction
n(+) turbine efficiency
Ao first eigenvalue
u' (Pa-s) pressurized pipes bulk viscosity coefficient
,u” (Pa-s) cavitation volume bulk viscosity coefficient
Im() dimensionless pressure wave speed
p (kgm™®) liquid water density
o) Thoma number
x (8) mass flow gain factor
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Abbreviations
BEP Best Efficiency Point
LMH Laboratory for Hydraulic Machines

NPSE (J-kg_l) Net Positive Suction Energy

Subscripts

cone at the draft tube cone

h hysteresis
M reduced scale model value
P prototype value

rated rated value
ref reference value
v vapor

5.2 Turbine prototype measurements

The test case is a Francis turbine with IEC specific speed ngg = 0.131, defined as in eq. (5.1),
and featuring a runner with D = 5.4 m of external diameter.

1/2

NQg =N+ (6.1)

E3/4

The turbine prototype rated power, rotational speed and rated net head are Pyyieq = 444 MW,
n =2.143 Hz and H;ateq = 170 m, respectively. Main dimensions of the power plant penstock
and the turbine prototype are illustrated in Figure 5.1. The on-site tests are performed at
0 =0.122 and net head H = 177 m, where o (-) is the Thoma number defined as in eq. (5.2),
according to the IEC standard [8].
NPSE
g =

5 (5.2)

Extensive measurements are performed on the prototype — detailed description is provided
in [27, 61, 26] — including measurements of guide vanes opening angle a (°) and generator
active power output P, (MW). The values of the turbine discharge Q, net head H and turbine
efficiency ) are estimated by using a and P, as an input for interpolation functions generated
with results from the reduced scale physical model measurements. The complete description
of the procedure to estimate Q, H and n through interpolation functions are presented in
[109].
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Figure 5.1 - Main dimensions of the penstock and the turbine prototype, courtesy of BC Hydro.

Dynamic wall pressure measurements are performed in the draft tube cone with two sensors
located at 0.4 x D distance below the runner outlet, at 90° and 270° of the upstream reservoir
direction. The time history of prototype guide vane opening angle «, pressure in the draft tube
cone, ¢, coefficient calculated as in eq. (5.3) and active power output P, of the generating unit
are presented in Figure 5.2.

p(t) = Pret 1 JT"“‘ _
Ch= ———— == t)dt (5.3)
p pE Pref Taq =0 P( )
where p (Pa) is the instantaneous mean pressure measured by the two pressure sensors in
the draft tube cone and p,f (Pa) is a reference pressure, equal to the mean value of p over the

whole measurements acquisition period Tyq (S).

As a general rule for all figures in this paper, the stable operating conditions are represented in
green and the unstable conditions in red. In Figure 5.2, four instants of time are indicated by
letters which refer to the onset of the following phenomena:

(@ The prototype leaves the rope-free zone according to what is observed in the reduced
scale physical model, as discussed later in Section 5.3;
(® The unstable full-load condition triggers;

e measured guide vanes opening angle reaches its maximum value. is condition,
Th d guid pening angl hes it i lue. At thi diti
power oscillations of about AP, = 40 MW magnitude are observed;

(@ The large power and pressure oscillations stop, as the guide vanes opening angle is
decreased and the unit is back to stable condition.
A small hysteresis effect is noticed as the unit becomes unstable at a = 26.3° at the instant (b),

and comes back to the stable condition at a = 25.9° at instant (@), leading to Aay, = 0.4°.
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Figure 5.2 — Time history of the prototype guide vanes opening angle «, pressure at the
draft tube cone at 270° and 90°, pressure coefficient ¢p and active power Py, respectively.
Four different instants of the signal time history are indicated: (a) end of the rope-free zone
according to the reduced scale physical model, (b) start of the unstable full-load conditions, (c)
peak guide vanes opening value and (d) end of power and pressure oscillations.

5.3 Reduced scale physical model measurements

The homologous reduced scale physical model of the turbine prototype features a runner
with D = 0.35 m external diameter and is installed in the LMH-PF3 closed-loop test rig, as
illustrated in Figure 5.3. This test rig features two 400 kW axial pumps that can supply a
maximum head of 100 m. All the measurements are performed according to the IEC standard
(8].

Measurements are carried out to create the efficiency hill chart of the turbine presented in
Figure 5.4. The performed measurements are interpolated and presented as a function of the
IEC non-dimensional speed factor ngp and discharge factor Qgp defined as in eq. (5.4).

nD

n =

Qrp = (5.4)

_Q
D*JE

Test points where measurements are performed and isolines of interpolated values of guide
vanes opening angle a, turbine efficiency 7 and mechanical power Py, are shown in Figure 5.4.
The presented 1 and Py, values are already transposed to the prototype scale by following the
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5.3. Reduced scale physical model measurements

Figure 5.3 - LMH-PF3 closed-loop test rig, featuring two axial pumps and complying with the
IEC 60153 standard for reduced scale physical turbine model tests [8].

Table 5.1 — Operating conditions tested on the reduced scale physical model.
The Qgp values for the stability limit are also presented.

ngp  Qpp - measured range  Qgp - stability limit o N

() () () () (min™)
0.268 [0.233, 0.250] 0.241 0.095 744
0.277 [0.243,0.272] 0.249 0.101 770
0.288 [0.251, 0.278] 0.254 0.109 800
0.300 [0.258, 0.278] 0.264 0.119 833

procedure described in the IEC Standard [8]. The rope-free zone, where no swirling flow under
the runner is experienced, is represented by the blue area in the hill chart shown in Figure 5.4.

Four pressure sensors are installed in the draft tube cone of the reduced scale physical model to
investigate the turbine stability in full load conditions. They are equally spaced in a horizontal
cross-section located at 0.4 x D distance from the runner outlet, similarly to the prototype.
An example of time history of pressure values and resulting ¢, values for one stable and one
unstable full load condition with ngp = 0.277 is presented in Figure 5.5. In this example the
clear difference between a stable and an unstable full load condition is illustrated, with a
difference in Qgp values of 0.019. The pressure oscillations recorded by the sensors have
the same phase, evidencing the synchronous nature of the pressure oscillations in unstable
conditions.

Additional measurements to determine the full load stability limits are performed at four
different ngp values, as listed in Table 5.1. For each ngp, the range of tested Qg values starts
at stable full load conditions, close to the rope-free zone, and ends at unstable conditions. The
Qgp values for the stability limit, the Thoma number o and the rotational speed of the model
N=60Xn (min_l) are listed in Table 5.1. The ngp and o values simulate possible variations
of available specific energy on the prototype, assuming a rated downstream reservoir level.
The Froude number, defined as Fr = \/E/ gD (-), is kept constant and equal to 8.73.
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Figure 5.4 — Standard turbine hill chart as a function of Qgp and ngp. Test points where
measurements are performed are presented and isolines of interpolated values of a,  and Py,
are provided, all values transposed to the prototype scale. The rope-free zone is represented
in blue.
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Figure 5.5 — Time history of pressure and pressure coefficient ¢, values for one stable and

one unstable full load condition with the same rngp. The two conditions have only a small
difference in Qgp value, i.e., AQgp = 0.019.
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Figure 5.6 — Waterfall plots of ¢, for all the tested operating conditions on the reduced scale
physical model. The maximum zero-to-peak amplitude for each Qgp value is also indicated.

Waterfall plots of zero-to-peak amplitudes of ¢, in the frequency domain as a function of Qgp
for all the tested operating conditions are presented in Figure 5.6. The maximum zero-to-peak
amplitude for each combination of ngp and Qgp values is also detailed in Figure 5.7a. Similarly,
the frequency values at which the maximum zero-to-peak amplitude is calculated are detailed
in Figure 5.7b, making evident the decrease in the pulsation frequency as Qgp increases. Due
to the self-excited nature of the vortex rope in unstable conditions, the pressure pulsation
frequency values shown in 5.7b are also the first eigenfrequency, f;, values of the complete
hydraulic system. A decrease in fj indicate an increase in cavitation volume, as discussed in
[50].

As indicated in Figure 5.7a, this paper considers as unstable full load conditions the operating
conditions where the ¢, signal contains in its spectrum a maximum zero-to-peak amplitude
greater than 0.01, regardless of the frequency value. This amplitude value corresponds to about
20 % of the maximum zero-to-peak amplitude registered in the measurements campaign and,
once this criteria is attained, the change in behavior of the ¢, signal is clear as demonstrated
by the example presented in Figure 5.5. Although it is possible that the real transition to
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Figure 5.7 — (a) Maximum zero-to-peak amplitude value of the ¢, spectrum for each tested
combination of Qgp and ngp values, as a function of Qgp. (b) Frequency at which the maxi-
mum amplitude is observed, considering only the points inside the unstable full load zone.
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Figure 5.8 — Turbine hill chart featuring the set of measurements on the reduced scale model
performed to identify the stable and the unstable full load operating conditions. Based on
these measurements, zones of expected stable and unstable conditions are defined.

unstable conditions happens at a slightly lower Qgp value, distinguishing the full load pressure
pulsations from other types of disturbances and noise could be problematic, specially in
prototype site tests.

The tested operating points described in table 5.1 are presented in the hill chart of Figure 5.8,
where the isolines of P, and a defined previously are also shown. The zones of expected stable
and unstable operating conditions defined by the interpolation of the measured stability limits
are presented in this new hill chart.
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Figure 5.9 — Measured values of a and P, on the prototype are used to locate the prototype
operating conditions inside the hill chart. Only measurements in the ascending trend of guide
vanes opening angle are presented, i.e., from the beginning of the time series to the instant (¢).

5.4 Comparisons between reduced scale physical model and proto-
type

In Figure 5.9, the measured values of @ and P, on the prototype are used to locate the prototype
operating conditions inside the hill chart constructed with measurements on the reduced
scale physical model (see [109]). In Figure 5.9, only the measurements acquired from time
t = 0 s to the instant indicated by (¢) in Figure 5.2, corresponding to an ascending trend of
guide vanes opening angle, are presented. Those acquired from instant (¢) to the end of the
time series, corresponding to a descending trend of guide vanes opening angle, are presented
in Figure 5.10.

The prototype becomes unstable at Qgp, = 0.252, close to the value defined by the reduced
scale physical model measurements, and comes back to a stable condition at Qgp, = 0.249,
as illustrated in Figures 5.9 and 5.10. The difference between Qgp, and Qgp, is only AQgp, =
0.003. Therefore, the observed hysteresis can be considered negligible and the transition to
unstable conditions, in practical terms, can be said to happen at Qgp = 0.251, almost the same
value measured in the reduced scale model.

The waterfall plot presented in Figure 5.11 features four spectra of the ¢, measurements in
the reduced scale physical model at ngp = 0.277, together with one spectrum in the prototype
with ngp = 0.278 and Qgp = 0.254. In the x-axis, the frequency values are made relative by the
runner rotation frequency: n = 2.14 Hz for the prototype and n = 12.83 Hz for the reduced
scale physical model. As the excited frequency values are also the eigenfrequencies of the
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Figure 5.10 — Measured values of @ and P, on the prototype are used to locate the prototype
operating conditions inside the hill chart. Only the measurements in the descending trend of
guide vanes opening angle are presented, i.e., from the instant (¢) to the end of the time series.
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Figure 5.11 — Waterfall plot featuring the spectrum of four reduced scale model ¢, mea-
surements at ngp = 0.277 and one spectrum from the prototype measurements at similar

conditions. The excited frequencies
are different.

on the prototype and on the reduced scale physical model

complete hydraulic circuit, the values for the reduced scale model and for the prototype are
completely different, even in relative terms.

The time history of ¢, using the time divided by the pulsation period in the x-axis is presented
in Figure 5.12, featuring both model and prototype measurements at approximately the same

full load operating conditions, i.e.,

ngp * 0.277 and Qgp = 0.254. A similar behavior of ¢,

is observed when the time is made relative by the pulsation period. The ¢, signals of both
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Figure 5.12 - Time history of ¢, for both model and prototype measurements at approximately
the same operating conditions. A very similar behavior is observed when time is made relative
by the pulsation period.

model and prototype feature a similar peak, followed by a second smaller peak and noise-like
oscillations close to the trough. These peaks and noise-like pressure oscillations are studied in
detail by A. Miiller et al. in [119], where they are associated to the behavior of the cavitation
vortex rope and blade cavitation through high-speed camera acquisition. The evolution of ¢,
in an unstable full load condition and the associated images extracted from [119] are presented
in Figure 5.13.

5.5 Predicting unstable full load conditions from 1-D eigenvalue
calculations

As presented in the previous section, the transition from stable to unstable full load operating
conditions in the turbine prototype occurred as predicted by the reduced scale physical model
in this specific test case. Nevertheless, previous research works such as [32, 120] reported
other test cases where stability limits are unequal when comparing reduced scale models and
prototypes. These differences can be explained by the large number of parameters affecting
the full load stability limits, including for instance the geometry and the hydro-acoustic
properties of the complete hydraulic circuit, which are never homologous between reduced
scale model and prototype. In this section, the parameters acting on the full load stability
limits are discussed and an attempt to predict the prototype full load instability by taking into
account all these parameters is presented.

To identify the hydro-acoustic parameters of the cavitation vortex rope, a 1-D numerical model
of the LMH PF3 test rig and the reduced scale turbine model is required. For this purpose,
this paper makes use of the SIMSEN software in which mass and momentum conservation
equations are modeled according to their electrical equivalent, as presented in [38, 121]. The
SIMSEN components to simulate the LMH PF3 test rig proposed by Landry et al. in [50]
are illustrated in Figure 5.15. The integrated dynamic behavior of the whole test rig is then
simulated in time domain through a set of first order nonlinear ordinary differential equations.
As detailed in [112], the eigenvalues of the complete system are calculated by performing a
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(b) Images of the draft tube cone and the runner outlet recorded with a high-speed
camera.

Figure 5.13 — The evolution of ¢, associated trhough imagines to the behavior of the cavitation
vortex rope and blade cavitation. Research presented by Miiller et al. in [119].

linear approximation of these equations.

The 1-D SIMSEN hydro-acoustic model of a cavitating draft tube cone is presented by Alligné
etal. in [39]. Its T-shaped electrical equivalent is presented in Figure 5.14. In [50], Landry et al.
make use of this model to calculate the eigenvalues of the LMH PF3 complete hydraulic circuit
during part load conditions and extract the hydro-acoustic parameters of the cavitating vortex
rope. In [54, 118], these hydro-acoustic parameters are transposed and applied in eigenvalue
calculations of the prototype generating unit to predict the occurrence of pressure pulsations
caused by resonance in part load conditions.

For both the reduced scale model and the turbine prototype 1-D numerical models, the draft
tube is divided in two parts: the first part corresponds to the cone and the elbow, and the
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5.5. Predicting unstable full load conditions from 1-D eigenvalue calculations

Figure 5.14 — SIMSEN hydro-acoustic model of a cavitating draft tube cone, presented by
Alligné et al. in [39].
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Figure 5.15 — The SIMSEN components to simulate the LMH PF3 test rig proposed by Landry
etal. in [50].

second part corresponds to the diffuser. All the parameters affected by the cavitating vortex
rope are assumed to be located in the first part of the draft tube, which is 2.86 - D (m) long and
is represented by 32 elements like the one in Figure 5.14.

To calculate the stability limits in full load conditions, a number of hydro-acoustic variables
have to be quantified. The most relevant variables affecting the system stability and the
procedures to estimate their values are summarized in Table 5.2.

Considering cavitation-free pressurized pipes, a parameter defining the energy dissipation
due to volume changes is the bulk viscosity coefficient ,u' (Pa-s) (see [123, 124]), combining the
viscoelastic damping effects of both the fluid and the pipe wall. The bulk viscosity coefficient
,u' is implemented in the SIMSEN software pipe component as described in [125]. As a
reminder, the bulk viscosity is sometimes mistaken by the second coefficient of fluid viscosity,
as discussed in [126, 127]. The bulk viscosity p' is a frequency-dependent parameter (see
[128, 122]) and, according to the measurement results presented by Dérfler in [122] for a given
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Table 5.2 — Estimation procedure to define values for the most relevant hydro-acoustic vari-
ables of the SIMSEN components.

component variable estimated according to

type

cavitation-free = pressure Nicolet in [38], taking into account the pipe thick-

pressurized wave speed ness e, the Young modulus Ej;,e, and the water
i _ 14 pD ipe -2 .

pipes apipe = (E_w + Wiﬁe) bulk modulus E,,

friction factor
for distributed
energy losses

measurements of pressure drop on the hydraulic
circuit.

bulk viscosity

coefficient
-1
' =2.17.108. p787910

empirical relation obtained by Dorfler in [122]
to estimate values of ,u' (Pa-s), the bulk viscosity
coefficient for pressurized pipes.

draft tube cone
featuring a
cavitation
vortex

pressure
wave speed

—_ g VCone
Qcone =\~ .

V.
Ce=—3p
__ P2
Pcone— Py con€

C

reduced scale model measurements presented
in the present paper and calculation procedures
proposed by Landry et al. in [50].

bulk viscosity

coefficient
IJ” - M” . pcor?O_Pv
M= (1-p)" - B

p=m"-06201"1%%

measurements, calculation results and empirical
relations obtained for the same reduced scale
model test case of the present paper, at part load
operating conditions, presented in [50, 108].

mass flow gain factor
_ 9%
Q

anew procedure proposed in the present paper.
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test case, the bulk viscosity can be estimated as:

-8.79-10™

p=217-10°-f (Pa-s) (5.5)

where f (Hz) is the excitation frequency.

Similarly to the damping effect related to u' in non-cavitating pressurized pipes, variations
in the cavitation volume inside the cavitating draft tube cone are also expected to dissipate
energy. To simulate this energy loss, a bulk viscosity coefficient for the cavitation volume, p"
(Pa-s), is defined [39, 50]. The bulk viscosity coefficients ,u' and ,u" are used in the definition of
the resistance located in the center of the T-shaped element — presented in Figure 5.14, for
the cavitating draft tube component — as detailed in eq. (5.6) and eq. (5.7), respectively.

1

U

Ry=— for pressurized pipes (5.6)
M Pg dxApipe P PP

n

R for the cavitation vortex in the draft tube cone (5.7)

n= 5.
K pngACOne
where dx (m) is the length of the SIMSEN element, Ay is the pipe element cross-section
area and Acqpe is the cone element cross-section area.

The capacitance term present in the center of the T-shaped element of the cavitating draft
tube, equal to C, (mz) and known as the cavitation compliance, is related to the local pressure
wave speed a as in eq. (5.8).

_ aVC — gdxACOIle
oh a2

C.= (5.8)

where V (m”) is the cavitation volume and & (m) is the local piezometric head.

Landry et al. presented in [50] a procedure to determine p" and a in part load conditions, for
the same test case discussed in this paper. A faster procedure to identify a in reduced scale
physical models through dynamic modal analysis of the test rig is presented by Favrel et al. in
[51]. Landry et al. also proposed non-dimensional numbers for these two parameters, defined
asin eq. (5.9), and a relation between these two numbers expressed in eq. (5.10). An empirical
relation between  and Il is proposed by Landry et al. as in eq. (5.11)

' f; pa’

n_ Mo __ pa

M= Pcone — Pv 1 Pcone — Pv (5.9)
] 2 2 Py

M =II"-(1-8) i (5.10)
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Figure 5.16 — IT values obtained from measurements on the reduced scale physical model. The
best fit functions are detailed in A.7.

0.6201 1.1585
B = il (5.11)

As presented in [50], by matching measured and calculated values of f;, the pressure wave
speed a in the cavitating draft tube cone is identified. From the calculated a value, values of II,
B and ,u” are determined making use of equations (5.9), (5.10) and (5.11). The the obtained I1
values are presented in Figure 5.16 as a function of the swirl number S. They are approximated
by exponential equations detailed in A.7 and obtained through a best fit procedure. The swirl
number S, defined first by Gupta et al. in [18] as the ratio between the axial flux of angular
momentum and the axial flux of axial momentum, is calculated as in eq. (5.12) proposed by
Favrel et al. in [19].

2

S d ( ! ! ) (5.12)

=Ngpp5 | m—— .
ED°8 \ Qep  Qep,

where Qgp, is the Qgp value at the rope-free condition for the same ngp value at which S is

being calculated.

The mass flow gain factor y (s) is defined as in eq. (5.13) (see [28, 44]). While the bulk viscosity
contributes to the energy dissipation and the system stability, y acts as a destabilizing factor
in full load conditions [129]. A new procedure to define values for y and transpose it to other
operating conditions or from the reduced scale model to the prototype scale is presented in
the following sections. Additionally, making use of the hydroacoustic variables mentioned in
Table 5.2, eigenvalue calculations are used to predict unstable full load operating conditions
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5.5. Predicting unstable full load conditions from 1-D eigenvalue calculations

on the reduced scale model and on the prototype.

AL 5.13
=730, (5.13)

where Q; is the discharge at the turbine runner outlet.

5.5.1 Predicting unstable conditions on the reduced scale physical model

Eigenvalue calculations are performed for the reduced scale physical model and the transition
from stable to unstable conditions is given by the real part of the first eigenvalue, Re ().
The operating conditions with Re (1¢) > 0 have a positive modal damping and are, conse-
quently, unstable whereas those with Re (Ag) < 0 are stable (see [112]). IT values are calculated
according to the best fit approximations shown in Figure 5.16 and detailed in A.7, leading
to the pressure wave speed a. The void fraction § is calculated as in eq. (5.11). After a first
eigenvalue calculation assuming ,u' = p" = 0, the obtained f; value is used to update the ,u'
value according to eq. (5.5) and the p" value is obtained by isolating u" in eq. (5.9). With the
updated values of p’ and ,u", the system eigenvalues are recalculated. Complete convergence
is assumed when the difference between consecutive calculated values of fy = Im (1¢) /27 is
lower than 0.1 Hz, as illustrated in the flowchart of Figure 5.17.

Define operating Calculate For the first
point Qkp, nep values [I.fand a iteration (it = 0),
consider ' =u" =0
Calculate Update x' and p", Calculate
o —i . . t—]
070 it=it+1 Ofy = Im(©40)/21

>0.1 Hz

Calculate
g —

Convergence is
assumed

(% -

Figure 5.17 — Procedure flowchart for the calculation of Ay and f;. Complete convergence is
assumed when the difference between consecutive calculated values of f; is lower than 0.1 Hz.

A reference value of mass flow gain factor is defined: y = yu,, = —4.15- 10" s. The M, value
corresponds to the y value leading to a similar measured and calculated Qgp value of transition
from stable to unstable full load conditions on the reduced scale model at ngp = 0.277, the
ngp value closest to that of the prototype during the on-site tests. From yy,, other values of
x for the reduced scale physical model at different Qgp and rngp conditions are calculated as
in eq. (5.14). The eq. (5.14) is derived by assuming a cavitation vortex in a straight pipe, as
detailed in A.8.

U 3 —
Mot ) . ((pcone pV)M -exp (KM - KMref) (5.14)

AM = XM, ( Uym Pcone — pV)M

ref
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Figure 5.18 — Hill chart featuring the stable and unstable full load operating zones, defined
by the measurements on the reduced scale model, and the test points where eigenvalue
calculations are performed.

where U = 7nD (m-s ') is the runner peripheral speed, the subscript y; refers to values for the
reduced scale model and K (-) is calculated as:

K = 2 .(pv_pcone) (5.15)

Cu? p

where Cu (m-s_l) is the tangential flow velocity, which value is discussed in A.8.

A hill chart featuring the stable and unstable full load operating zones defined by the measure-
ments on the reduced scale model, together with the test points where eigenvalue calculations
are performed are presented in Fig 5.18. A good agreement between measured and calculated
stability limits is obtained, the highest deviation being AQgp = 6 - 1077 at ngp = 0.288. As
indicated by the isolines of constant swirl number S, the transition from stable to unstable
conditions is expected to occur at an approximately constant S value.

The real and imaginary parts of the first and the second eigenvalues, 1y and 1, respectively,
calculated for the reduced scale physical model at ngp = 0.277 and Qgp values between 0.240
and 0.254 are presented in Figure 5.19. The Re (1) value increases as the Qgp increases, until
unstable conditions are reached at Qgp = 0.250, matching the experiments.

5.5.2 Predicting unstable conditions on the prototype

By following a similar procedure, y values are transposed from the model scale, yy, to the
prototype scale, yp, as in eq. 5.16. Kinematic similitude between model and prototype is
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Figure 5.19 — The real and imaginary parts of the first and second eigenvalues, 1y and 1;,
respectively, calculated for the reduced scale physical model at ngp = 0.277 and Qgp values
between 0.240 and 0.254.

considered, leading to a constant ratio Cu/ U, as discussed in A.8.

Dp (pcone - pv)P . (ﬂ

3
= . — -exp (Kp — K (5.16)
b= A DM (pcone - pV)M UP ) p( ’ M)

The measured absolute pressure in the reduced scale model draft tube cone wall and the
calculated values of yy for the reduced scale model and yp for the prototype on-site conditions
are presented in Figure 5.20. The wall pressure of the prototype draft tube cone remained
approximately constant and equal to 1.99 bar during the tests.

The prototype eigenvalues are initially calculated by following the same procedure applied
for the reduced scale model to determine a, u' and p" and by making use of the SIMSEN
components illustrated in Figure 5.21. The results lead to a predicted transition to unstable
conditions at Qgp = 0.242, a value 3.2% lower than the measured value. By assuming u' =4- p:,,
where p:) is the value obtained with eq. (5.5), the calculated transition from stable to unstable
condition occurs at Qgp = 0.245, a value 2% lower than the measured value. This greater bulk
viscosity coefficient value corresponds to the upper uncertainty limit for eq. (5.5), predicted
by Dérfler in [122]. As the results obtained assuming ,u' =4- ,ug on the prototype are more
accurate, this value is considered in the following eigenvalue calculations and numerical
simulations presented in this paper.

The real and imaginary parts of the calculated first and second eigenvalues, Ay and A,, of the
prototype for Qgp values between 0.240 and 0.254 are presented in Figure 5.22. The calculated
stable and unstable test points for the prototype generating unit are presented in the hill chart
of Figure 5.23, together with the measurements performed in a descending trend of guide
vanes opening angle.
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Figure 5.20 — Absolute pressure in the draft tube cone of the reduced scale model (top) and
calculated values of | y| for the model and prototype (bottom), for each tested ngp value.
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Figure 5.21 — SIMSEN components to calculate the eigenvalues of the prototype generating

unit.

5.6 1-D transient numerical simulations

Simulations of the prototype are performed in the time domain to verify the capability of the

1-D numerical model to simulate the self-excited behavior of unstable full load conditions

and to estimate the pressure pulsations amplitude. Therefore, the non-linear behavior of

the pressure wave speed in the draft tube cone a and the bulk viscosity coefficient ,u" are

taken into account: a and ,u” values are adjusted every time step At = 107%s according to the

calculated local pressure variation, as detailed in eq. (5.17) and eq. (5.18).

0.5

a(t)

0 (ﬁcone"'AP(t) - pv)

. ﬁcone"'Ap(t) — Pv
fo

1 n
p(t)=M
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5.6. 1-D transient numerical simulations

where p.one (Pa) is the mean pressure measured in the prototype draft tube cone wall and
Ap(t) (Pa) is the pressure variation calculated during the transient simulation. IT is calculated
with the best fit equation for ngp = 0.277 detailed in A.7 and M" is calculated with eq. (5.10).

To create a small disturbance and excite the first eigenmode of the prototype, an excitation
pressure head Sy, (¢) (m) is introduced for a few seconds in the last element of the draft tube
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Figure 5.22 — Real and imaginary parts of the calculated first and second eigenvalues, A
and A4, of the prototype for Qgp values between 0.240 and 0.254. The transition to unstable
conditions occurs at Qgp = 0.245.
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Figure 5.23 — Calculated stable and unstable test points for the prototype generating unit.
Measurements on the prototype with a descending trend of guide vanes opening angle are
also illustrated.
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Figure 5.24 — Time history of the temporary excitation and of the calculated pressure head at
the prototype spiral case inlet during the transient simulations. Results are presented for a
stable and an unstable Qgp value at ngp = 0.278.

elbow, as expressed as in eq. (5.19).

5

Su(t)=25-e " -sin(2n fyt) (5.19)

The time history of S}, and of the calculated pressure head at the spiral case inlet during the
transient simulations are presented in Figure 5.24. For the transient simulation at
Qgp = 0.240, the excitation source excites the system first eigenmode, but the pressure os-
cillations are quickly damped due to the energy losses. For the simulation at Qgp = 0.248,
the pressure oscillations slowly increases with time and enters in a self-exciting behavior, as
observed in the unstable full load measurements. After time ¢ = 200 s, a constant pressure
oscillations amplitude is reached, as indicated by the maximum and minimum pressure values
shown for Qgp = 0.248 in Figure 5.24.

The discharge factor Qgp equal to 0.248 is chosen for the transient simulation as its difference
from the calculated Qgp value of transition from stable to unstable conditions is AQgp = 0.003.
It is the same AQgp value measured on the prototype at the instant indicated by (¢) in Figure
5.2. The calculated maximum pressure pulsations amplitude at the spiral case inlet during
the transient simulations at Qgp = 0.248 is 10.7 m. The pressure pulsations measured on the
prototype at (c) have approximately 14 m of peak-to-peak amplitude.
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5.7 Conclusions

To accommodate new renewable energy sources such as solar and wind, growing attention has
been given to the possibility of extending the operating range of hydropower plant generating
units. However, there are safety limits while extending the operating range of Francis turbines:
in full load conditions the generating unit may move from a stable to an unstable condition,
resulting in large power swings and pressure oscillations. For a given test case, this paper
presented measurements on both the reduced scale physical model and the turbine prototype
to compare their operating conditions of transition from stable to unstable full load conditions.
Additionally, a procedure to predict this transition while taking into account all the relevant
hydro-acoustic parameters defining the system stability is presented. The procedure requires
measurements on the reduced scale physical turbine model and 1-D eigenvalue calculations.

A first set of measurements on the reduced scale model is used to construct a standard hill
chart where values of efficiency, mechanical power and guide vanes angle are presented as
a function of non-dimensional speed and discharge factors. A second set of measurements
defines the limits at which the turbine operating condition moves from stable to unstable
full load condition, for given values of o and Froude number. The combination of these two
sets of measurement results allows drawing a new hill chart featuring zones of stable and
unstable full load operating conditions on the reduced scale model. The transition to unstable
conditions is noted to occur at an approximately constant swirl number value.

For a similar ngp value, comparisons in time and in frequency domain between the draft tube
cone pressure coefficient signal recorded in unstable conditions on the model and on the
prototype are presented. The behavior of their pressure coefficient signal inside each pressure
pulsation period is similar, giving a clear indication that the reduced scale physical model
properly reproduces the physical mechanisms behind the full load instability observed on
prototypes.

The transition from a stable to an unstable full load condition on the prototype occurs as
predicted by the measurements on the reduced scale model. However, stability limits in full
load condition are a function of a large number of factors, such as the hydraulic circuit layout,
the overall energy losses and the pressure wave speed values. These differences may lead
to different stability limits when comparing reduced scale model and prototype in another
turbine test case. Eigenvalue calculations are then performed to, firstly, identify the hydro-
acoustic parameters for the reduced scale physical model. These parameters are transposed to
the prototype scale, allowing eigenvalue calculations of the prototype generating unit. These
calculations lead to a correct prediction of change from stable to unstable conditions on the
prototype. However, the predicted discharge value for the transition is slightly smaller than
the measured value.

Transient numerical simulations are performed to estimate the pressure pulsations amplitude
on the prototype generating unit. During the transient simulations, a quasi-static approach is
used to recalculate the pressure wave speed value and bulk viscosity in the cavitating draft
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tube cone at each time step. After a small excitation of the system first eigenfrequency, the
calculated pressure oscillations in hydraulic system are totally damped when the real part of
the first eigenvalue is negative at ¢ = 0. In case the real part is positive at ¢ = 0, they increase
with time until pressure oscillations with constant amplitude are reached. The simulations
are then able to replicate the behavior of the prototype in stable and in unstable conditions,
respectively. The simulation in unstable full load condition lead to a maximum pressure
pulsations amplitude similar to that measured on the prototype.

As a proposal for future research works, improvements can be foreseen in the accurate calcu-
lation of:

¢ the bulk viscosity coefficient for cavitation-free pressurized pipes, as it requires fur-
ther research to better take into account different possibilities of pipe diameters and
materials;

* the bulk viscosity for the cavitating volume, as the values applied in this research work
were determined in part load conditions;

¢ the mass flow gain factor, as it can be currently defined only at the full load stability
limit and by assuming that all other variables are known and defined with accuracy.

Nevertheless, the results presented in this paper are encouraging. By increasing the accuracy
in the determination of the aforementioned hydro-acoustic parameters, hill charts featuring
the prototype stability limits and adaptable to any condition of Froude or Thoma number can
be foreseen. These hill charts can help plant operators to define the safe operation limits of
their turbines according to their current on-site conditions.
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Performance Prediction

6.1 Introduction

As discussed in the previous chapters, the overall performance of a Francis turbine is mainly
affected by two aspects: (1) the turbine complete characteristics of torque and discharge,
comprising the turbine efficiency and (2) the occurrence of large power and pressure swings,
caused by either part load resonance of full load instability, limiting the turbine operating
range. The following items provide a short summary of how the research work presented in the
previous chapters can be applied during the early specification stage of a Francis generating
unit to predict its performance:

1. in Chapter 3 an empirical model to estimate the turbine efficiency and complete charac-
teristics is presented. In the early specification stage, this estimated efficiency allows
accurate estimations of the amount of energy harnessed by the turbine in typical oper-
ating conditions. The complete characteristics can be used in transient simulations to
predict overpressure and overspeed values, as detailed in Section 6.2;

2. in Chapter 4 a methodology to accurately predict part load resonance is presented. This
methodology can be applied as soon as the turbine reduced scale physical model is
available, i.e., usually years before the turbine prototype commissioning. The obtained
results can be further explored to assess what are the power plant designs that lead to a
higher risk of presenting this type of resonance. If the risk is detected, changes in the
unit preliminary design can be foreseen. This analysis is detailed in Section 6.3;

3. in Chapter 5 a methodology to predict unstable full load conditions on the prototype is
presented. Even though future research works are necessary to more accurately quantify
the values for parameters such as the mass flow gain factor and the bulk viscosity, the
presented methodology can be applied to evaluate the risk of the occurrence of unstable
full load conditions in future projects.

The timeline illustrated in Figure 6.1 presents the stages of a hydropower plant project where
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Figure 6.1 — Timeline of a hydropower plant project and applications of this thesis research
work.

each chapter or section of this thesis research work is applied.

6.2 Turbine performance in emergency shut-down simulations

6.2.1 Emergency shut-down of a Francis generatin unit

An emergency shut-down consists of a sudden disconnection of the generating unit from the
power grid while it operates with a given generator active power output, P,. To illustrate the
effects of an emergency shut-down on the runner blades and the complete hydraulic circuit,
Trivedi et al. present in [130] measurements acquired during emergency shut-down tests
performed in a reduced scale physical turbine model. Simulations of emergency shut-down
on prototypes are found in [131, 132].

Once the generator is disconnected, the hydraulic energy recovered by the turbine increases
the kinetic energy of the rotating parts of the generating unit. These rotating parts accelerate
until a maximum speed value defined as the turbine overspeed. Simultaneously to the genera-
tor disconnection from the grid, the turbine guide vanes starts a closing procedure to avoid
overspeed values that may damage the unit.

The closing procedure of the turbine guide vanes during an emergency shut-down has a
secondary effect: part of the water kinetic energy in the penstock is transformed into pres-
sure potential energy, leading to a water hammer effect [133]. The amount of overpressure
generated by the water hammer effect is strictly related to the pressure wave speed in the
penstock, the guide vanes closing rate and the turbine characteristics. Penstocks are designed
to withstand a certain amount of water hammer overpressure, so parameters such as the
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guide vanes closing rate must be chosen carefully, for instance, with the aid of 1-D numerical
transient simulations.

The results from these numerical simulations are of great impact in estimating the manu-
facturing costs of the generating unit equipment. Overpressure values resulting from these
numerical simulations will help defining the thickness of the penstock pipe walls. The es-
timated overspeed value becomes an input for the mechanical calculations ensuring that
the rotating parts can withstand the centrifugal forces, limiting the design choices. Hydro-
generators in large hydropower units are designed to provide a certain amount of inertia for
the rotating parts to keep the overspeed value inside an acceptable range. Additionally, the
emergency shut-down simulations may prove the need for a surge tank, drastically increasing
the costs in civil works.

Consequently, a proper estimation of the turbine characteristics is of great use in the early
stage of a generating unit design. In the following sections, emergency shut-down simu-
lations are performed making use of turbine characteristics generated with the empirical
model. The results are compared either with actual prototype measurements, or with simula-
tions performed using real turbine characteristics, obtained through measurements in the
reduced scale physical model. They demonstrate that accurate predictions of overspeed and
overpressure values can be obtained still during the power plant early specification stage.

6.2.2 444MW test case: validation through measurements

An emergency shut-down test is performed on the 444 MW generating unit presented pre-
viously as a test case in Chapters 1, 3 and 4. Transient simulations are performed making
use of either an empirical turbine characteristics or the real turbine characteristics, obtained
through reduced scale model measurements, and compared to the measurements acquired
during the prototype on-site test. General information on the turbine prototype taken as an
input to generate the empirical characteristic curves is presented in Table 6.1. The estimated
and measured peak efficiency values are also presented.

Table 6.1 — Turbine prototype data used to generate the empirical characteristic curves.

Runner diameter Dp 5.4m
Runner rated rotation speed  Njaeq 128.6 min~"
Year of commissioning y 1975
Turbine head at BEP Hggp 160 mwc
IEC speed factor at BEP NEDpgp 0.290 (-)
IEC discharge factorat BEP  Qgp,,,  0.204 (-)
IEC specific speed NQE 0.131(-)
Estimated peak efficiency fIBEP 95.20 %
Measured peak efficiency T)BEP 94.19 %

The initial conditions for the present test case are listed in Table 6.2. In Figure 6.2, the time
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Table 6.2 — Prototype initial conditions before the emergency shut-down.

Active power output P, 434 MW
Upstream researvoir level Zg 752.8 masl
Downstream reservoir level Z5 572.4 masl
Guide vanes opening angle a 22.4°

Relative guide vanes opening ar =a/aggp  1.13 ()

(MW) | P,
400 -

200

Generator active power output

Guide vanes opening angle

(mwe) | hpe,
225 4

210 A
195 1
180 1

Penstock wall relative pressure head

(mirf1 N
180 A

150 ~

Runner rotation speed

120
0

10 20 30 40

a0

Figure 6.2 - Time history of active power output, guide vanes opening angle, penstock pressure
and the runner rotation speed.

history of the active power output P,, guide vanes opening angle a, penstock wall relative

pressure head hpe, and runner rotation speed N are presented. The penstock pressure is

measured at 13.7 m distance to the spiral case inlet.

The 1-D SIMSEN components used for the transient simulations performed in this section are

presented in Figure 6.3. Detailed information on each SIMSEN component is presented in

the Appendix A.5. The initial conditions are adjusted to have the same initial P, value as the

prototype measurements. Additionally, the same closing time for the guide vanes opening
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angle is imposed in the transient simulation.

The time history of measured and calculated values of penstock pressure and runner overspeed
during the emergency shut-down test are presented in Figure 6.4. The time instant where
the peak in the runner overspeed value is observed has a delay smaller than 2 s between the
measured and the simulated values. The maximum values of penstock wall pressure and
runner overspeed and the relative error between measured and calculated values are listed in
Table 6.3. The low values of relative error indicate good accuracy for simulations performed
using either the empirical or the real turbine characteristics.

RESU
. DLUZ2 PIPE21 RSM1 ]T
# . PIPE22 RTURB1 .
T

DLOSSIN DTUBE21 DTUBE22

PIPE23 PIPE24 BS

TURB2

Figure 6.3 — 1-D SIMSEN components for the transient simulations.
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Figure 6.4 — Simulated and measured values of penstock pressure and runner rotation speed.
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Table 6.3 - Measured and calculated values of maximum penstock pressure and overspeed.

Measured Calculated Calculated
(emp. charac.) (real charac.)
Max. penstock pressure hipe,  225.6 mwc 217.8 mwc 218.9 mwc
Relative error Ahpep, | Hggp - 4.9% 4.2%
Max. runner overspeed N 186.6 min~'  185.7min”'  190.6 min '
Relative error AN [ Nyaged - 0.7% -3.1%

The empirical turbine characteristics applied in the simulations are generated assuming 6g,,
equal to the mean g, , value among those in the LMH database, as described in Section 3.3.2.
A slightly different curvature is noted between empirical and real characteristic curves in the
turbine break zone is noted, with the real characteristics being more curved at low guide vanes
opening values.

In Figure 6.5, the empirical and the real turbine characteristics of Qgp and Tgp are presented.
The path of Qgp and Tgp values calculated during the transient simulation is also indicated
and good similarity between them is noted.

Empirical charac.

—— Simulation - empirical o)

time = 0 s

Real charac. —— Simulation - real O time=>50s
0.30 0.20
()] @ep ()| Tep
025' 015_
0.20
0.10 A
0.15 -
0.05
0.10 -
0.00 - --
0.05 1 N
0.00 - —~ —0.057 i
NED NED
7005 T T T 7010 T T T
0.2 0.3 0.4 05 ()06 0.2 0.3 0.4 05 ()06

Figure 6.5 — Empirical and real turbine characteristics and the path of calculated ngp and Qgp
values during the transient simulation.

6.2.3 Test cases with varying nqg values

To validate the method for empirical turbine characteristics generation in a wide range of ngg
values, emergency shut-down simulations are performed for nine different real test cases. As
in the previous section, simulations making use of either the empirical characteristics or the
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real turbine characteristics are performed. The turbine mechanical power and net head in
the best efficiency conditions are listed in Table 6.4, along with the turbine specific speed, the
penstock length and the penstock diameter. Whether or not the hydraulic circuit of the test
case power plant presents a surge tank is also indicated in Table 6.4. Test cases are ordered
with ascending values of ngg.

The test case number 4 is the same generating unit presented in the previous section, but
operating under different initial conditions. All the other test cases feature Francis turbines
that are not part of the LMH database and were not used in the construction of the empirical
model.

Table 6.4 — Turbine power and net head in the BEP, along with the turbine specific speed and
general information on the generating unit hydraulic circuit.

Test nQE PmBEP Hggp Dpen,  Lpen Surge
number ) MW) (mwc) (m) (m) tank?

1 0.094 72 270 3.5 310 yes
2 0.105 5 105 3.0 400 yes
3 0.110 18 100 5.0 360 yes
4 0.132 340 160 6.7 350 no
5 0.138 12 80 0.8 1500 no
6 0.145 25 100 5.0 360 yes
7 0.157 8 80 1.5 160 yes
8 0.187 16 85 24 260 yes
9 0.260 80 60 6.6 180 no

The time history of calculated relative turbine net head H/ Hggp and guide vanes opening
angle a [ aggp values during the emergency shut-down simulations are presented in Figure
6.6. Knowing that the downstream reservoir water level is constant, the turbine H reflects the
pressure in the penstock outlet. During the guide vanes closing procedure, a very similar time
history of H values is noted between simulations with the real and the empirical characteristics.
Only test case number 8 presented a noticeable higher overpressure in the first seconds of
the guide vanes closing time. During the final moments of the guide vanes closing procedure,
simulations with the real characteristics for test cases number 1, 5 and 8 present a peak in H
values, followed by high amplitude oscillations after the guide vanes are closed. This peak and
the pressure oscillations can be a result of an insufficient number of available characteristic
curves with low a values in the real characteristics. However, this hypothesis cannot be verified
at the moment.

The time history of calculated relative runner rotation N/ Npaeq and guide vanes opening
angle a [ aggp values during the emergency shut-down simulations are presented in Figure 6.7.
Considering all the nine test cases, the maximum difference of peak N/ Nyaeq values between
the empirical and the real characteristics is 5.1%. After the peak in runner rotation, runner
rotation values obtained using empirical characteristic curves are often overestimated. This is
explained by a possible overestimation in Tg, values once the guide vanes are closed.
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Figure 6.6 — Time history of H/ Hggp and a / aggp values during an emergency shut-down for
the nine test cases described in Table 6.4
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Figure 6.7 — Time history of N/ Nyueq and a/ apgp values during an emergency shut-down for
the nine test cases described in Table 6.4
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6.3 Assessing the risk of part load resonance

6.3.1 Introduction

This section contains excerpts from the paper Part Load Resonance Risk Assessment of Francis
Hydropower Units presented at the 13" European Turbomachinery Conference in Lausanne-
Switzerland, having this thesis author as its first author.

A complete methodology to accurately predict resonance phenomena between the excitation
generated by the part load vortex rope core precession movement and the hydraulic circuit
first eigenfrequency of a given power plant generating unit was presented in Chapter 3. The
same methodology can be applied to other test cases, but it requires first the design definition
of the Francis turbine, followed by the manufacturing and testing of its reduced scale physical
model.

During preliminary studies of a hydropower plant project, neither the design nor the reduced
scale physical turbine model are available. Usually, decisions are taken regarding the Francis
turbine design and the generating unit hydraulic circuit without a proper risk assessment
of the possibility of hydro-acoustic resonances. One example of this type of assessment is
performed by Nicolet et al. in [113].

This section proposes a procedure to estimate what are the hydropower projects that have
a higher risk of presenting part load resonance phenomenon. For this purpose, the hydroa-
coustic properties of the cavitating vortex rope obtained from the measurements presented
previously in Chapter 3 are taken as a reference. These reference values are assumed to be
representative to any Francis turbine design. They are then transposed and applied to a large
number of power plant configurations where typical values of turbine runner diameter and
rotation speed are derived [134].

Two possibilities for the penstock are assumed: a long penstock with low wave speed and a
short penstock with high wave speed, as the hydroacoustic properties of most power plants fall
in between these two cases. Finally, eigenvalue calculations are performed assuming different
discharge values in part load conditions. In case the first eigenfrequency can match the vortex
rope excitation frequency, the hypothetical power plant project is identified as having a higher
risk of resonance.

The final aim of this study is to help engineers working in the early specification stage of a given
hydropower plant project to assess if a part load resonance phenomenon is likely to occur. A
given range of turbine rated head and rated discharge values is identified as having higher risk
of presenting part load resonance. If a given turbine design falls inside this range, the present
study may justify the investment in further investigations — such as the one performed in
Chapter 3 — once detailed information on the hydraulic circuit and the final turbine design
are available. Detecting and mitigating the risk of resonance in the early specification stage
may reduce future operational costs, as it can avoid a reduction in the turbine operating range
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or the necessity of air injection.

6.3.2 Pressure wave speed and C. values

As demonstrated by Nicolet in [38], the pressure wave speed inside a cavitation-free pressur-
ized pipe is calculated as:

-0.5
P pD
a= + 6.1

( Evwater  €Epipe ) 6.1

where E, e is the water bulk modulus, D is the pipe diameter, e is the pipe thickness and
Epipe is the pipe material Young modulus. Typical values of pressure wave speed in steel-lined
penstocks are between 1000 m-s ' and 1300 m-s” " (see [135]), but lower values such as 400
m-s ' are possible notably in penstocks made of polymeric material (see [136]).

Once cavitation occurs, typical wave speed values are much lower. As presented in Chapter 3,
in cavitation conditions the pressure wave speed in the draft tube cone of the reduced scale
model reaches values such as 15 m-s” . For the prototype, pressure wave speed values such as
60 m-s " are calculated. In these conditions, the influence of the pipe elasticity and the water
bulk modulus is negligible and the pressure wave speed equation is simplified as:

_ [8AL _ Ve (2
a=\/"¢ C.= ah (m”) (6.2)

In Chapter 3, wave speed values in the cavitating draft tube cone of the reduced scale physical
model are presented as a function of y,p, S and Fr. In Figure 6.8, the corresponding values of
C. for the wave speed values at ngp = 0.288 = ngp,,, are presented as a function of o, S and Fr.
The presented C, values correspond to the total cavitation compliance in the one meter long
draft tube cone of the reduced scale physical turbine model.

10
10° x C, (m?) 8

tets

o 12
06 08 S ()

| fo = (—0.74291 x S* +4.46758 x S + —10.33367 x S? + 10.77484 x S + — 3.67842) x exp (—30.98655 x o + —0.02472 x Fr?)

Figure 6.8 — C; values for the cavitating draft tube cone of the reduced scale physical model at
NED = NEDggp
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Using a non-linear least-squares method, a best fit interpolation function f¢ (o, S, Fr) is
derived from the performed measurements to estimate C. at any operating condition in part
load. The resulting f function shown in Figure 6.8 approximates the measured C, values with
aresulting standard error of 0.46 - 107 m?.

By using dimensional analysis and considering two homologous Francis turbines operating at
the same conditions of Fr, S and o, the transposition of C, values from model to prototype
scale is performed as in eq. (6.3).

Dp \? Dp \?
Ccp:CCM.(D_;) sz(o-:S’Fr)°(D_;) (6.3)

where fc (0, S,Fr) = max|[ fc (o, S,Fr),0] in order to have C,, = 0 in cases where 0 < S < 0.63,
the part load S values in which no cavitation is observed. Once the cavitation compliance
becomes low, the pressure wave speed is once again calculated as in eq. (6.1), which can result
in a maximum pressure wave speed value equal to the speed of sound in an unbounded water
medium, i.e., 1480 m-s ! approximately.

6.3.3 Procedure for risk assessment of part load resonance

Once the turbine rated head value is defined for a given generating unit, Francis turbines
manufactures tend to design turbines with very similar nqg value. As a consequence, other
design variables such as 04teq and Ky, defined as in eq. (6.4), can also be estimated empirically.
Using a large database of Francis turbines, the relations between Hiated, nQEs Orated and Ky
obtained by Lugaresi and Massa [134] are presented in Figure 6.9.

JTDPNP T

Ky=————=—ngp,, (6.4)
Y 60(2gHraea)™® V2

Also according to [134], the turbine diameter Dp is properly estimated by eq. (6.5).

0.5
Qrated )

0.1 (6.5)

rated

DP =0.44- (

As aresult, by knowing only Hiaeq and Qyaceq Of the Francis turbine generating unit, values of
O rated> Flrateq @and S at part load conditions can be estimated.

By knowing that Francis turbines have very similar geometric and kinematic properties, it
is assumed that the C, values obtained with the reference test case, illustrated in Figure 6.8,
are representative and can be applied to other turbines operating in the same conditions of
S, o and Fr. This assumption allows the use of eq. (6.3) to estimate the prototype cavitation
compliance, C,, in other test cases as a first approximation.

The following procedure is then applied to estimate what are the hydropower plant configu-
rations and Francis turbine design choices that present a higher risk of resonance between
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Figure 6.9 - Relations between Hyated, Ng, Orated and Ky, obtained by [134].

the first eigenfrequency of the plant hydraulic circuit, f;, and the excitation frequency of the
vortex rope, fpyc:

1. From H;aieq and Qyaceq, Use the empirical relations proposed by Lugaresi and Massa
[134] to define 0 eq and Fryaieq values. S values in part load conditions are defined
by assuming Q values in the interval [0.5 * Qrated, 0.9 * Qrated ] and Qqateq €qual to the
swirl-free discharge;

2. Calculate C,, using Orated, Frrated, Dp and the part load S values in eq. (6.3). Some
extrapolation in terms of Fr and o of the measurements range used to generate eq. (6.3)
is necessary, but those are usually conditions with high Fr,,eq or high 0 aeq values, both
leading to small C, values, as captured by eq. (6.3). Operating conditions with S values
greater than 1.77 are ignored as beyond this value the cavitation volume of the vortex
rope becomes very unstable and incoherent, as discussed in [19]. This limitation in S
values only affects a small number of high H,,q turbines;

3. Use the data from the previous steps in the SIMSEN 1-D components of the simplified
hydropower plant hydraulic circuit, illustrated in Figure 6.10, and calculate the first
eigenfrequency of the hydraulic system, f;, for each S value;

4. Assume the vortex precessing frequency as fpyc = 0.3 - Np/60. If there is a possibility of
having fy = fpyc, risk of resonance is predicted for this hydropower plant test case.

The length of the hydropower plant penstock has a direct impact on fj, notably in cavitation-
free conditions. Knowing that most of the plants feature penstock length values between
L = Hiaeq and L = 3 - Hyeeq, these two extreme possibilities are assumed for the eigenvalue
calculations. The same reasoning is applied to the pressure wave speed: the wave speed in
the short version of the penstock is fixed at a = 1480 m - s, equal to the wave speed in water
at 20 °C, while the long version of the penstock is fixed at a = 700 m - s, Consequently, the
short penstock case with high wave speed features greater values of f; than the long penstock
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Figure 6.10 — Numerical simulation of the simplified hydropower plant hydraulic circuit.

case. In both cases, the penstock diameter is calculated as in eq. (6.6) (see [137]).

Qz 0.25

D =3.55- (ﬁ) Sarkaria’s equation, or
rate

(6.6)

D= 4-Qrated

3 based on a flow velocity of 3 m-s
T

where the lesser of the two values is taken.

In case the cavitation compliance in the draft tube cone becomes C,, ~ 0, the maximum value
of wave speed inside the draft tube cone is assumed to be a = 1000 m - s_'. Inthe remaining
parts of the draft tube where no cavitation is expected, i.e., the elbow and the diffuser, the
wave speed is assumed to have a constant value of a = 1000 m - s~'. The turbine itself being a
small part of the whole hydraulic circuit, the assumed wave speed values in non-cavitating
conditions inside the turbine parts are expected to have only a small impact in the final results.

6.3.4 Risk assessment results and discussions

The described procedure is applied to a large interval of possible H;ieq and Qyaeeq values
containing all the values in which Francis turbines are normally designed. To better illustrate
the results, typical fy curves for the short penstock case and the long penstock case as a
function of Q are shown in Figure 6.11a and Figure 6.11b. The results are separated in five
groups according to the position of the fpyc and the f; curves:

* (1) The estimated fpy values are higher than any calculated f; value, for both short and
long penstock cases. No risk of resonance with the first hydraulic system eigenfrequency
is possible, but higher-order eigenfrequencies may be excited. These cases are outside
the scope of this research work;

* (2) The fpyc curve crosses the f, curve in the short penstock case only, indicating risk of
resonance in this case;

* (3) The fpyc curve crosses the f; curves of the short and the long penstock cases, indi-
cating risk of resonance in both.

* (4) The fpyc curve remains below the f; curve for both short and long penstock cases,
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S0 no resonance is possible.

* (5) The fpyc curve remains above the f; curve for the long penstock case and below the
fo curve for the short penstock case. The vortex rope causes only a negligible change in
the system eigenfrequencies, reducing the likelihood of a resonance phenomenon.

The interval of H,eq and Q;aieq values for the five groups aforementioned are presented in
Figure 6.11c. The interval in which the risk of resonance is predicted is larger for the short
penstock case, as it combines the intervals indicated by (2) and (3), than the interval for the
long penstock case, indicated by (3). The higher risk of resonance for the short penstock case
is explained by the larger decrease in f; values from a cavitation-free to a cavitation condition.

Although not indicated in Figure 6.11, an interval of Hy,teq and Qyateq Values where resonance
only in the long penstock case is predicted is also theoretically possible. Nevertheless, this
condition was not observed in the chosen test cases as it would represent a very small interval
between groups (3) and (4).

In Figure 6.11c, the values of H;,eq and Qy4teq for the reference test case are illustrated, together
with the H;aieq and Qraeq Values of three other cases described in [138, 139, 25], where part
load resonance is equally observed in the prototype. These three additional cases fall inside the
predicted range of risk of resonance, confirming the accuracy of the presented methodology. It
is important to remind that resonant part load conditions may sometimes not lead to harmful
power and pressure swings, as it depends on the intensity of the excitation source and the
energy dissipation in the hydraulic circuit.

To verify the sensitivity of the results presented in Figure 6.11c to a variation in the assumed
fevc value, the same calculation procedure is performed assuming fpyc = 0.2 - Np/60 and
fevc = 0.4 - Np/60. Only a small number of points are affected by this variation, as shown in
Figure 6.12, where the test points featuring risk of resonance for the short penstock case are
presented.

The following conclusions are drawn from the presented results:

1. Resonance is likely to occur in hydropower projects containing turbines designed within
a certain range of rated head and rated discharge values. This range corresponds to
rated head values where the turbine draft tube C, values in part load conditions are the
highest, causing large variations of eigenfrequency values;

2. Hydropower plants featuring a short penstock present a higher risk of resonance than
those with long penstocks;

3. Francis units with the highest rated head values feature a part load vortex rope with
precession frequency higher than the first hydraulic system eigenfrequency. Resonance
with eigenfrequencies of a higher order can occur in these cases, but this aspect is not
considered in this research work;
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4. Turbines featuring a larger diameter lead to higher C,, values, causing higher variations
of fy and increasing the risk of resonance.

It must be emphasized that the presented procedure cannot predict with certainty the occur-
rence of resonance in a given hydropower plant. For this purpose, the same methodology
presented in Chapter 3 has to be applied for the specific test case being analyzed, including
the generation of a detailed 1-D numerical model of the Francis turbine generating unit and
the accurate definition of cavitation compliance values. However, performing this type of mea-
surements is expensive and time consuming, but can be justified in case the risk of resonance
is predicted. That would be the case for the three generating units with rated head and rated
discharge values within the predicted range of risk mentioned in Figure 6.11c. The results
presented in this section can then be seen as a guideline, showing the cases where further
investigations are worth the investment.
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Figure 6.11 — a) Typical f; curves for the short penstock case and the long penstock case, as
a function of Q in part load conditions. Four groups are indicated according to the position
of fpyc with respect to the fy. b) Hiaeq and Qrateq test point values where the procedure is
applied. Real cases where part load resonance conditions were detected are also indicated.
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Figure 6.12 — Test points featuring risk of resonance, for the short penstock case, assuming
three possible fpyc values. The interval corresponding to groups (2) and (3), for fpyc = 0.3+ Np,

is also indicated.
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g4 Conclusions and Perspectives

7.1 Conclusions

Each hydropower plant has its own particular site conditions that define the range of specific
energy and discharge values available for its turbines. As a consequence, Francis turbines are
designed to be as efficient as possible for these specific site conditions, making each turbine
design unique.

This particularity in Francis turbines poses a difficulty for engineers working on a power plant
project: the process of designing, testing and validating the dynamic properties of a Francis
turbine is time consuming and only justified after the decision to construct the power plant is
already taken. However, the greater the amount of knowledge on these dynamic properties are
available, the lesser are the risks involved in the power plant project itself, for reasons such as:

* the amount of energy produced and sold to the grid operator over the year can be
calculated more accurately if the turbine efficiency is also known with accuracy;

» overpressure values in the conduits and the turbine overspeed can be calculated more
accurately, allowing a proper calculation of wall thickness for the pipes and of required
inertia for the rotating parts, notably the generator inertia;

* issuesregarding power swings and pressure pulsations can be completely avoided or
attenuated.

Therefore, by knowing these dynamic properties in advance, the power plant project itself can
be optimized, avoiding risks and increasing the return on investments. This thesis objective is
then to provide methods to predict the dynamic behavior of Francis turbine prototypes in the
early stages of a power plant project. These methods are presented in four chapters and a fifth
chapter is dedicated to present practical applications.

In Chapter 2 the methodology to construct surrogate functions based on a combination of
Hermite Polynomials is presented. This chapter consists of a research paper published in the
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Journal of Flow Measurement and Instrumentation, where these surrogate functions are used
to estimate a Francis prototype operating conditions during on-site measurements. These
surrogate functions are then the basis required for the empirical model for turbine efficiency
estimation, presented in the next chapter.

In Chapter 3 empirical models able to estimate Francis turbines efficiency values from a small
number of data input such as the turbine diameter, specific speed and year of commissioning
are presented. A procedure to generate the turbine complete characteristics of torque and
discharge is also presented, allowing the calculation of overspeed and overpressure values still
in a very early stage of the hydropower plant project. The peak efficiency of Francis turbines is
predicted with a standard error of estimate lower than 1%.

In Chapter 4 a procedure to predict the occurrence of resonance between the vortex rope ex-
citation frequency and the system first eigenfrequency in part load conditions is presented. It
allows accurate predictions of the operating conditions where resonance will be encountered
on the prototype. These predictions can be made long time before the prototype is manu-
factured, i.e., soon after reduced scale model measurements are performed. If resonance is
predicted, it can still be avoided by performing modifications in the turbine design, changing
the vortex rope excitation frequency or the system eigenfrequencies.

In Chapter 5 a complete methodology to predict unstable, i.e., self-excited, full load oper-
ating conditions on the prototype is presented. It is applied to the same turbine test case
described in Chapters 2 and 4 and unstable conditions are predicted by reduced scale model
measurements and 1-D eigenvalue calculations. Hydro-acoustic parameters such as the bulk
viscosity coefficient for pressurized pipes and for the cavitation vortex are estimated based on
results presented by other authors: for pipes, the coefficient is calculated using measurements
performed in another test case, while the vortex rope bulk viscosity coefficient is based on
results obtained at part load. Even if a higher level of uncertainty regarding these parameters
is expected, the results obtained are still impressive. Further improvements are expected in
future works, allowing even more accurate estimations of the stability limits in Francis turbine
prototypes operating in full load.

In Chapter 6 predictions of the dynamic behavior of Francis turbine prototypes are performed
and validated. This chapter focuses on calculations that can be performed even before the re-
duced scale model testing. Firstly, 1-D transient numerical simulation results of an emergency
stop making use of predicted turbine characteristics are compared to on-site measurements
and to simulations making use of the real, i.e., measured, turbine characteristics. Secondly,
cavitation compliance values obtained from the reference test case are adapted to different
turbine designs, in varying operating conditions, and used in eigenvalue calculations of a large
number of possible hydropower plant layouts. As a result, typical power plant projects leading
to a higher risk of resonance in part load conditions are identified.

This thesis work presented empirical models and new procedures to predict the dynamic
behavior of Francis turbine prototypes with high accuracy. In times when a large number
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of new projects of hydropower plant projects — and the rehabilitation of old ones — are
expected, as one of the many measures to tackle CO, emissions, the models and procedures
presented in this thesis may lower the risk levels involved in these projects, allow optimization
procedures and increase the final return on investments.

7.2 Perspectives

In future research projects, the empirical models and methodologies proposed in this thesis
research work can receive further improvements. Suggestions for new research possibilities
are discussed in the following paragraphs.

Turbine efficiency and complete characteristics — The presented methodology to con-
struct empirical models to predict a Francis turbine efficiency and complete characteristics
can be applied to other types of turbines, such as Pelton, Kaplan or pump-turbines. As more
reduced scale model measurements are performed and the amount of training data for the
empirical models increase, additional parameters can be considered to increase the model
accuracy without the risk of overfitting.

Part load resonance — The presented procedure to predict part load resonance has been
validated in a given test case where high accuracy is obtained. Ideally, this procedure should
be tested in other test cases to confirm its accuracy in any turbine design and power plant
layout. By performing additional measurements with different turbines, the standard deviation
of cavitation compliance values obtained at the same swirl number and local cavitation
coefficient conditions can be assessed. If the standard deviation value is confirmed to be
small, the accuracy of the risk assessment presented in Section 6.3 is further confirmed.

Full load stability — While eigenfrequency values in hydraulic circuits are mostly related
to values of pressure wave speed and inertia of the water volume inside the pressurized pipes,
the modal damping coefficient defining the system stability depends, among others, on: 1)
the energy losses related to the bulk viscosity of the water and the pressurized pipes wall
material, 2) the bulk viscosity of the cavitation volume and 3) the cavitation volume mass flow
gain factor. These three hydro-acoustic parameters makes the full load instability prediction
much more challenging than predicting part load resonance. In future research works, these
parameters can be determined with higher accuracy in reduced scale model testing through
the following procedure:

* in a cavitation-free and vortex rope-free condition, the bulk viscosity coefficient for the
test rig pressurized pipes can be determined by applying an external excitation and
analysing the system response. Making use of the 1-D SIMSEN model of the test rig, the
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viscosity coefficient is then determined by matching the calculated and the measured
system response;

in a stable full load condition, where no pressure pulsation is induced by the vortex rope,
the bulk viscosity coefficient of the cavitation volume can be determined by applying
an external excitation and analysing the system response. At this point, the viscosity
coefficient of the pressurized pipes is considered in the 1-D SIMSEN model, and the
cavitation volume bulk viscosity coefficient of the cavitation volume is then determined
by matching the calculated and the measured system response;

the mass flow gain factor can be determined following the same procedure presented
in Chapter 5, i.e., by identifying the operating condition of transition from stable to
unstable full load and using the 1-D SIMSEN model to perform eigenvalue calculations
and quantify the mass flow gain factor leading to the same transition point. As the mass
flow gain factor value depends on the assumed bulk viscosity values, more accurate
values of bulk viscosity lead to more accuracy in the mass flow gain factor determination.



.\ Appendix

A.1 Turbine specific speed

From the equation for the turbine power output 1.1, the following equality can be assumed for
two different turbines associated to the indexes ; and ,:

Py mpiQE,

= A.l
Py m202Q2E> (A1)

Assuming that these two turbines were designed to maximize their efficiency for their respec-
tive specific conditions of Q and E, n; = 11, can be considered. Also considering similar values
of p, Equation A.1 becomes:

P _ Q5
P,  QE

(A.2)

By using dimensional analysis, the turbine power P can be assumed as proportional to pDzE L3
With this assumption, Equation A.3 becomes:

2,15 2,05 2,05
pD1E; _ Qi 5 . DiE _ D3 E, (A.3)
pD5E,”  QoE» Q Q2 '

The ratio between the peripheral runner velocity U and the flow velocity C at the runner outlet
can be assumed to be the same for two similar turbines. Knowing that U = inD and C = QA_1
leads to:

3 3
U _U_  mD_mb, (A.4)
G G Q1 Q>

By combining Equations A.3 and A.4, the influence of the turbine diamaters can be removed:

0.5 0.5
mQy”  nQ;

0.75 0.75
E; E,

(A.5)

141



Appendix A. Appendix

The constant value obtained using the equation above is known as the IEC specific speed nqg,
as it is defined in the IEC standard [8]. To calculate nqg, values at the BEP are taken:

0.5
_ npppUBEp _ 0.5 A
NQE = 075  MEDggp QEDgp (A.6)
BEP
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A.2 Equations for the efficiency and the complete characteristics es-

timation

A.2.1 Efficiency estimation submodels

Expected error

Sub-model Formulae .
of estimate
fIBEP = 98.65% — Aéyear — AEnQE + A€gize
Aéyear = 1 — 1
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1.017
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Expected error

Sub-model Formulae .
of estimate
9
Z pHep, (X)
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Expected error

Sub-model Formulae .
of estimate
Mean error
~ c
Aeppun _ _ Qeop Erun
Relatlve NEDREP a'QEDR +b 5.96 - 10_3
Runaway a=1.3748 - ngg +0.1501 o
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A.3 7y estimation error

As the distribution in terms of ( ngp, Qp ) values of the measurement samples available for
different turbines is never the same, the mean error between the estimated values of ny and
the measured values vary depending on the interval of Qgp, and ngp, values, AQgp, and
Angp, respectively, that is being analyzed. Additionally, the deviations tend to increase as
regions further away from the BEP are analyzed.

To provide more accurate information about the expected error in the ng value estimations,
the number of samples N, the mean error € as in Equation A.8 and the standard deviation of
the error o (€) as in Equation A.9 are calculated inside specific intervals of AQgp, and Angp,.

e =) - gy (A7)

1 &,
e=—Y U (A.8)
Sj:1
1 s 2
o)= | § =3 ((De-e) (A.9)
j=1

where N is the number of available samples inside the chosen interval.

The number of samples Ny per interval AQgp, = 0.130 and Angp, = 0.094 is presented in
Figure A.1. The mean error and the standard deviation of the error for the first approximation,
for the adaptive submodel using the logarithmic coefficients a, b and c, and for the adaptive
submodel using linear coefficients a, b and c are presented in the following subsections.
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A.3.1 First approximation
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Figure A.3 — Standard deviation of the error using the first approximation to estimate ng.
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Figure A.4 — Mean error using the logarithmic submodel to estimate ng.
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A.3.3 Linear submodel
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Figure A.6 — Mean error using the linear submodel to estimate 7g.
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Figure A.7 — Standard deviation of the error using the linear submodel to estimate 7.
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A.4 Leastsquares method for approximations by blending functions

This Appendix details the procedure to apply the least squares method to define the modal
strengths in the polynomial approximation used in the construction of the #j1g function. The
Equation for fjty is defined as:

pmax

fitr = Z(sz Z AjiHe; (A.10)

When applying the least squares method, the modal strengths A1 ; ; are defined as those leading
to a minimum value of L defined as:

Nig 2
L= Z ((k)ﬁTR _( UTR)

Nrr (k),\ Nd’ Pmax ) 2
L= nTR_Z ¢TRz Z Aji+ " He;j
i=1

k=1 =
r 2
Npg | No Pmax
L= Y |X (k)¢TR,i((k)ﬁTR— ) M,i-(k)Hej) (A.11)
k=1| i=1 j:O
L (k;ei
Nig [ Ng 2
L=} Z(k)(PTR,i‘(k)€i]
k=1] i=1
Ny Npg 2 Np—1 Ny NTR
L= 3 ) WomPeivz ¥ 3 3 Pomi e Com e
i=1k=1 i=1 I=i+1k=1

The equation for L can be written in the matrix form as:

Ny—1 N,
L= Ze i€ +2 > > é T hidie) (A.12)
i=1 I=i+1
where:
€; = i — Hel;
" T
NTR = [(I)UTR, (Z)UTR» e (NTR)TITR] (A.13)
» T
)li = [/10'1' , /11'1' ) eeey A’pmaxvi]
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The matrix He is defined as in Equation 2.10 and ¢;¢; is a diagonal matrix with (k)¢>l~ () ¢jin
its diagonal line. To find the minimum value for L, each derivative dL/dA, can be defined as
zero, Yx € [0,1,..., Pmax |- As a result:

Ny—1 Ny
oL
i Ze¢¢lel+2 Y Y b
* A i=1 l=i+1

_— (P —_—
0= —2-Hep,psex—2- Y Hep;p,€,
i=1l,i+x

¢
0= ) Hep;pe, (A.14)

N‘l’ f— . o
0= ) He¢;p, (ritr — Held,)
i=1

Ny

I p—
S Hep;priitn= Y Hed;p Hel,
i=1

i=1

By combining all the possible values of x in the equation above into a single expression, the
linear system of Equation A.15 can be constructed. The solution of this linear system provides
the values for each possible A,.

- N -
T r— — . Z He' ¢1¢;iin
He ¢,¢He  He ¢ ¢poHe --- He ¢ ¢y He |[ ),
He'¢;pHe He'¢;pHe - He'gpyHe || Ao | _ S He Baii (A15)
. ; . . : i=1 :
re= = . An,
He ¢N¢¢1He He ([)Nd)([)zﬂe He ¢N¢¢N¢He ® Ny
ZHe b, ilitr
Li= .
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A.5. Parameters of the SIMSEN components for the emergency shut-down simulation

A.5 Parameters of the SIMSEN components for the emergency shut-

down simulation

RESU

H [m] =7.52761100000000E+002
Rho [kg/m3] = 1.00000000000000E+003

DLU2

K [1] =2.19000000000000E-001
Aref [m2] = 3.52600000000000E+001
Rho [kg/m3] = 1.00000000000000E+003

PIPE21

Nb. of elements = 8

Zin [m] = 6.89760000000000E+002
Zout [m] = 6.89760000000000E+002
L [m] = 9.89300000000000E+001

D [m] = 6.70000000000000E+000

a [m/s] =1.25486000000000E+003

PIPE22

Nb. of elements =11

Zin [m] = 6.89760000000000E+002
Zout [m] =5.80171600000000E+002
L [m] = 1.34490000000000E+002

D [m] = 6.70000000000000E+000

a [m/s] = 1.25486000000000E+003

PIPE23

Nb. of elements = 2

Zin [m] = 5.80170000000000E+002
Zout [m] =5.70900000000000E+002
L [m] = 2.65400000000000E+001

D [m] = 6.70000000000000E+000

a [m/s] = 1.21660000000000E+003

g [m/s2] =9.81000000000000E+000

g [m/s2] =9.81000000000000E+000

Lambda [1] = 6.00000000000000E-003
Ksi [1] = 1.00000000000000E+000

Mu [Pa.s] = 1.00000000000000E+005
Rho [kg/m3] = 1.00000000000000E+003
g [m/s2] =9.81000000000000E+000

Lambda [1] = 6.00000000000000E-003
Ksi [1] = 1.00000000000000E+000

Mu [Pa.s] = 1.00000000000000E+005
Rho [kg/m3] = 1.00000000000000E+003
g [m/s2] =9.81000000000000E+000

Lambda [1] = 6.00000000000000E-003
Ksi [1] = 1.00000000000000E+000

Mu [Pa.s] = 1.00000000000000E+005
Rho [kg/m3] = 1.00000000000000E+003
g [m/s2] =9.81000000000000E+000
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PIPE24

Nb. of elements = 4

Zin [m] = 5.70900000000000E+002
Zout [m] = 5.64490000000000E+002
L [m] =5.72900000000000E+001

D [m] =5.94000000000000E+000

a [m/s] = 1.33880000000000E+003

BS

Nb. of elements = 3

Zin [m] = 5.64489600000000E+002
Zout [m] = 5.64489600000000E+002
L [m] = 3.56370000000000E+001

D [m] = 3.96000000000000E+000

a [m/s] =1.27067000000000E+003

TURB2

N [rpm] = 1.28600000000000E+002
y [1] =1.13000000000000E+000
Dref [m] = 5.40000000000000E+000
Lequ [m] = 4.00000000000000E+001

RTURB1

J [kgm2] = 6.50000000000000E+005

RSM1

J [kgm?2] = 2.83262724000000E+007
K [Nm/rad] = 2.39445662665000E+009

DLOSSIN

K 1] =1.00000000000000E+000
Aref [m2] = 2.29000000000000E+001
Rho [kg/m3] = 1.00000000000000E+003
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Lambda [1] = 6.00000000000000E-003
Ksi [1] = 1.00000000000000E+000

Mu [Pa.s] = 1.00000000000000E+005
Rho [kg/m3] = 1.00000000000000E+003
g [m/s2] =9.81000000000000E+000

Lambda [1] = 6.00000000000000E-003
Ksi [1] = 1.00000000000000E+000

Mu [Pa.s] = 1.00000000000000E+005
Rho [kg/m3] = 1.00000000000000E+003
g [m/s2] =9.81000000000000E+000

Amean [m2] = 2.30000000000000E+001
Rho [kg/m3] = 1.00000000000000E+003
g [m/s2] =9.81000000000000E+000

g [m/s2] =9.81000000000000E+000



A.5. Parameters of the SIMSEN components for the emergency shut-down simulation

DTUBE21

Nb. of elements = 32

Zin [m] = 5.62656600000000E+002
Zout [m] = 5.48440000000000E+002
L [m] = 1.54800000000000E+001

D [m] = 6.75000000000000E+000

a [m/s] = 1.00000000000000E+002

DTUBE22

Nb. of elements =9

Zin [m] = 5.48440000000000E+002
Zout [m] = 5.60680000000000E+002
L [m] = 5.60670000000000E+001

D [m] = 1.05100000000000E+001

a [m/s] =4.00000000000000E+002

RESD1

H [m] = 5.72400000000000E+002

Rho [kg/m3] = 1.00000000000000E+003

Lambda [1] = 6.00000000000000E-003
Ksi [1] = 1.00000000000000E+000

Mu [Pa.s] = 1.00000000000000E+005
Rho [kg/m3] = 1.00000000000000E+003
g [m/s2] =9.81000000000000E+000

Lambda [1] = 1.14600000000000E-002
Ksi [1] = 1.00000000000000E+000

Rho [kg/m3] = 1.00000000000000E+003
g [m/s2] =9.81000000000000E+000

g [m/s2] =9.81000000000000E+000
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A.6 Relation between y,, and o
This appendix details how the relation between y,,p and o expressed in Equation 4.10 is obtained.

For any cross-section x of the turbine draft tube, the average specific energy E, can be written as:

by Sy gz, (A.16)

Making use of the specific energy at the draft tube outlet Ej, the expression for o presented in Equation
4.7 is rewritten as:

1 p
o= (Ej - B gzref) A.17)

Knowing that E, is the energy loss between the cone and the outlet cross-sections, Equation A.17 can
be rewritten as:

1 p
o= E (Econe —Ep— FV - gzref)
1 (p -p c:
g = E . ( cone;) ~ + c;ne + 8Zcone ~ §Zref — Erd) (A.18)

Multiplying Equation A.18 by E - (nD)_2 and rearranging it, the expression relating y,p and o is
obtained:

2
Pecone—Pv _ E . (0’ + 8Zref — §Zcone , Erd _ Ceone )

pn?D? n®D?

E E 2E

2
8Zret — 8Zcone , Erd Q
2 + E 542
Fr°D 2AConeE

(A.19)

4 2
1 8%t — 8Zcone . Era D Qp
.| g4 ot ofcone | Trd 7 <bD
Fr’D E 2A%one
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A.7. Best fit approximations in Fig. 5.16 and Fig.

5.20

A.7 Best fit approximations in Fig. 5.16 and Fig. 5.20

Pressure at the non-dimensional
NED draft tube cone wall pressure wave speed
() (bar) Q)
0.268 | Peone = —1.594-10" - Qap +7.556 - 10° - Qgp — 8.745-10° | II = 656.038 - exp(28.376 - S)
0277 | Peone = —4.048-10° - Qp +1.789-10°% - Qgp — 1.714-10° | I1=190.314 - exp(15.450 - S)
0.288 | Peone = —9.472-10° - QAp +4.749-10° - Qgp —5.696-10° | T1 = 108.920 - exp(10.901 - S)
0300 | Peone = —1.181-10" - Qap +6.179-10° - Qgp — 7.816-10° | 11 =412.371 - exp(19.176 - S)
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A.8 j transposition

A procedure to estimate y); values for Qgp conditions surrounding that of the transition from stable
to unstable in the reduced scale model, and also to estimate the prototype mass flow gain factor for
similar conditions, yp, is presented in this appendix. The draft tube cone is simplified as a straight pipe
with cross-section Ap = an) = Vione | Lcone» Where Vegne and Leone are the cone volume and length,
respectively. Constant tangential and axial flow velocities are assumed, being equal to Cu and Cm,
respectively. The radial flow velocity is assumed as zero.

From the simplification of the momentum conservation equation in the radial direction, eq. (A.20) is
obtained.

=% (A.20)

Assuming that the axisymmetric cavitation vortex rope features a radius equal to R, the integration of
eq. (A.20) from the cavitating radius to the pipe radius leads to:

J—dr— p);p(Rc)

R Pp—P
2 p P v
C,/'In|%|= (A.21)
“ (Rc) p

where p, and py are the pipe wall pressure and the water vapor pressure, respectively. By isolating R,
in eq. (A.21), the cavitating cross section A; = nRg is obtained as in eq. A.22.

(A.22)

AC=Ap-exp(2-pv_pp)

pCu?
By applying eq. (A.22) in the definition of the mass flow gain factor, y = —dV,./3Q, eq. (A.23) is obtained:

oV, Ly 9A,
=730 " "A acm

Pv — pp) ( pv_pp) o0Cu
exp|2- . (A.23)
where p,, and V}, are assumed to be equivalent to the draft tube cone wall pressure pone and volume

Vcone-

Considering the velocity triangle at the runner outlet, the partial derivative 3 g is assumed as equal to
U

~Cmy’ where U is the runner peripheral velocity and the index ( indicates the no-swirl condition, i.e.,
the condmon which Cu = 0. The eq. (A.23) becomes:

= _4VconeU ( Pv — Pcone ) . exp(Z Py~ pcone)
Qo Cu®p Cup

(A.24)
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0.8 F Cuw/U(-)

—+ Qgp =0.250
- Qp=0252

04 T qRIo%e b meomo0am ]

- Qgp = 0.258 E

—0.8 = Qgp = 0.260 1
-R —R/2 0 R/2 R

Figure A.8 — Cu velocity profile for different Qgp values, extracted from [140].

The measurements on the reduced scale physical model lead to a transition from a stable to an unstable
full load condition at ngp = 0.277 and Qgp = 0.250. Eigenvalue calculations are performed to define a y
value leading to a transition from stable to unstable condition at the same measured Qgp value. This
x value is taken as a reference value, Yy = —4.1+ 107" s, from which Cupjrer = —0.13 + Upprer = —1.88
m-s~! is obtained numerically making use of eq. (A.24).

From eq. (A.24), ym values in similar conditions of S, but with different p.one and ngp conditions are
estimated as in eq. (A.25). For small variations of S values, the tangential flow velocity Cu is assumed to
remain constant. This assumption is corroborated by the flow velocity profile measurements performed
by Miiller in [140] and illustrated in Figure A.8, where Cu values are only varying at the center of the
vortex. The velocity profile is measured at 0.39 - D distance from the runner outlet.

Um f)s (pv_pcone)M
= o ref . -exp ( Ky — K ” (A.25)
KM = A ( Um (pv— pcone)Mref ( M M f)
where K is calculated as:
2 [(Pv—Pp
= A.26
Cu? ( p ) ( )

Considering operating conditions with constant ratios Cu/U and Cm /U between the reduced scale
model and the turbine prototype, eq. (A.24) is used to derive an equation to transpose y values from
the model scale, yy, to the prototype scale, yp, as in:

Dp (pv_pp)p [ Um
Up

3
xp =AM o —) -exp (Kp — Kyr) (A.27)
M (pv_ pp)M
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