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Abstract

This thesis focuses on the hydro-abrasive wear of Pelton turbines working with sediment-
laden water, which represents a significant issue in hydro-power plants. As a result of
erosion, machinery could break down, and repair would be extremely expensive. Being
able to estimate the useful lifetime of hydro-turbines operating in a sediment-laden en-
vironment could improve machine design and maintenance strategies. Since conducting
experiments on real-scale devices is unfeasible, and open field data are scarce and often
incomplete, the computer simulation, possibly complemented by a validation with respect
to experiments on scaled prototypes, appears a valuable approach for the characteriza-
tion of wear in hydro-turbines. However, the development of a suitable CFD framework
which could become a tool at disposal of engineers is a very challenging task. The present
thesis aims at providing a first contribution towards this goal. The key features which
make the modelling of hydro-abrasive wear of Pelton turbines particularly complex are
identified and discussed. Then, the development of the CFD framework has started fol-
lowing a step-by-step approach in which the elements of complexity are introduced one
at a time. In this context, two test cases have been addressed, related with the modelling
of a sediment-laden water jet over a cross section of a Pelton blade, and the evaluation of
the hydro-abrasive wear of the actual blade geometry. The results have been discussed in
the light of the relevant physical processes and, as far as possible, compared with other

numerical solutions reported in the literature.
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Abstract in lingua italiana

Questa tesi si concentra sull’usura idro-abrasiva delle turbine Pelton che lavorano con ac-
qua carica di sedimenti, che rappresenta un problema significativo nelle centrali idroelet-
triche. A causa dell’erosione, i macchinari potrebbero rompersi e la loro riparazione
sarebbe estremamente costosa. Riuscire a stimare la vita utile delle turbine idroelet-
triche, in quanto operano in un ambiente carico di sedimenti, potrebbe migliorare la
progettazione delle macchine e le strategie di manutenzione. Poiché la conduzione di es-
perimenti su dispositivi in scala reale non é fattibile e i dati in campo aperto sono scarsi e
spesso incompleti, la simulazione al computer, eventualmente integrata da una convalida
rispetto a esperimenti su prototipi in scala, appare un approccio valido per la caratteriz-
zazione dell’usura nelle idroturbine. Tuttavia, lo sviluppo di un’adeguata struttura CFD
che possa diventare uno strumento a disposizione degli ingegneri ¢ un compito molto im-
pegnativo. La presente tesi intende fornire un primo contributo in tal senso. Vengono
identificate e discusse le caratteristiche principali che rendono particolarmente complessa
la modellazione dell’usura idro-abrasiva delle turbine Pelton. Quindi, lo sviluppo del
framework CFD ¢ iniziato seguendo un approccio graduale in cui gli elementi di com-
plessita vengono introdotti uno alla volta. In questo contesto, sono stati affrontati due
casi test, relativi alla modellazione di un getto d’acqua carico di sedimenti su una sezione
trasversale di una pala Pelton e alla valutazione dell'usura idro-abrasiva dell’attuale ge-
ometria della pala. I risultati sono stati discussi alla luce dei processi fisici rilevanti e, per

quanto possibile, confrontati con altre soluzioni numeriche riportate in letteratura.
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1 ‘ Introduction

The objective of this chapter is to identify the reasons why the hydro-abrasive wear in
Pelton turbines is so relevant and should be further investigated. In the following sections,
the problem is introduced by looking at the problem of hydroabrasive wear in turbines,
with a focus on Pelton turbines and why this is still an open problem. In particular, in
section 1.1 is introduced the problem and its importance, in section 1.2 is presented the
structure of a turbine to de ne the parameters of the problem, in section 1.3 are presented
the available investigation methods and nally in section 1.4 the aims and structure of
the thesis.

1.1. The problem of erosion in hydraulic turbines

Hydropower takes a key role in the electricity production, as it accounts for 82 of global
renewable energy [7]. However, most electricity generation is related to non-renewable
energies which cause high greenhouse gas emissions. This in past years has brought to a
1.5’ increase in global temperature, as well as a series of climate changes that have led
to migrations due to food and water shortages. In addition, the demand for electricity

is always increasing, for instance for the electri cation of the transportation. Moreover,
compared to other forms of renewable energy, hydropower is not intermittent so is available
at all times of the day. In contrast, solar energy is intermittent as its availability depends
on weather conditions. In addition, at the time of greatest demand, i.e. in the evening,

it is not available, due to the lack of sunlight. And that is the reason why hydropower
assumes a key role in the renewable energy production. An example of a hydroelectric
plant is shown in Figure 1.1.
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Figure 1.1: Irena hydropower plant in Abu Dhabi (picture from irena.org).

Based on the considerations above, it is not surprising to see that hydropower is a quite hot
research topic. Particularly, studies are aimed at improving the e ciency of the technology
through design optimization and process management. In this context, a major issue is
the removal of material from vulnerable turbine components, such as and not limited to
the blades, owing to the presence of sediment-laden water. This phenomenon is called
hydro-abrasive wear, or impact erosion. In general, all turbines used in hydroelectric
plants are subject to erosion due to the presence of sediments in the water, which cannot
be completely removed. Consequently, this problem a ects di erent types of turbines
such as Francis Kaplan and Pelton. In this thesis This thesis focused on Pelton turbines,
because, as pointed out by [7], the problem of hydro-abrasive wear is particularly relevant
because most of the hydro-power plants are located in regions which are characterized
by an elevated presence of sediments in the water to their relatively young geological
formations. However, the blades of turbines are not exposed to large sediments as they
can be removed either through reservoirs or sand traps. In fact, all sediments larger than
about 300m are removed from the system [7]. For this reason, small sediments will be
considered in the discussion.

Hydro-abrasive wear produces structural damages to the turbine components, possibly
leading to machinery breakdown. By way of example, in Figure 1.2, it is possible to see
the e ect of erosion on two blades of a Pelton turbine.
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Figure 1.2: Process of erosion of a Pelton turbine blade. Di erent jet velocities, silt sizes
and concentrations are considered in the two cases. The blade is shown at di erent time
instants (picture from Ge et al. [5]).

Eventually, the process of hydro-abrasive erosion might produce failure of the turbine.
Given that the cost of replacing the damaged components is extremely high, being able
to estimate the useful lifetime of a hydro-turbines working in sediment-laden water would
be de nitely helpful to improve the design of the machines and develop strategies of
scheduled maintenance of the plants. This requires being able to characterize the wear
processes occurring in turbine components. However, running experimental on the wear
failure of real machines is practically impossible, because of the large sizes and long time
involved, resulting in high costs and technical issues. At the same time, it is not easy
to conduct small-scale experiments in which the erosion process is accelerates, as this
would result in similarity issues. The problem of erosion is therefore very complicated
to analyse experimentally, but signi cant challenges arise also from the point of view of
the numerical simulation. All aspects of complexity and ways to overcome them will be
analysed in detail in the following sections.

1.2. Structure of a Pelton turbine

Among the di erent types of hydro-turbines, like Kaplan, Francis and Bulb, this thesis
focuses on the Pelton turbine because Pelton turbines are widely used in regions such
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as Himalayas, Andes, Alps and the Rocky Mountains where, due to their recent geolog-
ical formation and the retreat of glaciers that imply a high formation of sediments, are
particularly a ected by the erosion phenomenon [7]. In particular they are used in the
high mountains because they are suitable for high heads and low ow. Consequently, this
phenomenon is very signi cant in this case.

Some examples of Pelton turbines can be found in Figure 1.3. In particular in Figure 1.3b
it is show an example of Pelton turbine with more than one injector. The main feature

of a Pelton turbine is the impeller-injector system, i.e. the system whereby a turbine is
set in motion by the jet of water impinging on the turbine blades, and the work produced

is converted into electrical energy. A broad description of a Pelton turbine is reported

below. A sketch of its structure is represented in Figure 1.4.



1| Introduction

(a) Example of Pelton turbine (picture from Zeco Turbine zecohydropower.com).

(b) Example of Pelton turbine with six injectors.

Figure 1.3: Examples of Pelton Turbines.
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Figure 1.4: Pelton runner with one injector (picture from Leguizamon [7]).

Pelton runners are composed by a number of bucketgwith characteristic sizeB,, which

is typically de ned as the maximum internal width of a Pelton bucket. Then the buckets
are impinged by a number of jetszo(the number of jets) de ned by a velocity C,(the
absolute jet bulk-mean velocity) and a diameteDy. D, is the turbine pitch diameter to
which the jet is tangent, as it seen in Figure 1.4. Speci cally, the jet strikes the turbine
blade, after which its direction is reversed. The thrust of the water sets the rotation of
the turbine in motion. Some of the energy is dissipated in the impact, so the water will
exit at a reduced speed as it exits the bucket as shown in Figure 1.5. In this way, the
turbine is subject to a torque that is converted into mechanical energy.
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Figure 1.5: Impact jet on the blades of a rotating turbine (picture from Leguizamon [7]).

1.3. Available approaches for the characterization of
hydro-abrasive wear in hydro-turbines

Several methods can be used to estimate erosion in Pelton turbines, as a necessary in-
formation for optimized design and management of hydropower systems. However, they
su er from a number of limitations and criticisms that severely limit their applicability,
because to have erosion correlations that predict the case under analysis very accurately,
there is a reduction in the applicability of these formulae to di erent contexts. On the
other hand, to have erosion correlations that can be adapted to more contexts, there is a
loss of accuracy in predicting erosion. The following section will explain strengths, weak-
nesses and challenges of the basic approaches for the characterization of hydro-abrasive
wear of Pelton turbines.

1.3.1. Practical erosion correlations

A number of erosion correlationshave been developed for the practical estimate of turbine
wear in hydraulic turbines starting from a set of input parameters. These formulas are
very simple from a mathematical point of view, thereby easy-to-use, but none of them
is applicable to a wide set of conditions because they are very case-specic. According
to Leguizamon et al. [7], 28 out of the many practical erosion correlations available are
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applicable to Pelton turbines. By way of example, the erosion correlation proposed by
Okamura and Sato [14] is:

m=( 0:08%) (1.1)

where, n, is the turbine peak e ciency with sediment laden ow, , is turbine peak e -
ciency with clean water andC is the fraction of solid by weight. As already remarked, the
main issue of formulas like the above one is that no equation is general, but they are very
case-speci c and involve several empirical parameters that can be estimated only after
a rst erosion assessment. In particular all these parameters have to be experimentally
determined. In conclusion, their advantages lie in their ease of use, while their disad-
vantages lie in the fact that, in order to have very precise erosion correlations, they lack
applicability and are generally unreliable.

At this point, it is possible to go on to de ne erosion on the geometry under analysis.
This is due to the combination of all the impacts that the particles exert on the blade,
which involve the removal of material from the blade. At this point, as will be detailed in

the 2.5, it is possible from the mass ow rate of removed material given by the individual
impact to calculate the integral erosion ratio, i.e. the sum of all impacts occurring on a
given cell divided by the mass ow rate.

1.3.2. Laboratory Testing

In order to explain how to predict the erosion through experiments it is necessary to

de ne some parameters that represent the similarity between a reduced size and a full
scale turbine. As a matter of facts, the large size of Pelton turbines makes it impossible to
test the actual devices in a laboratory, but the experiments are conducted on a reduced-
scale model. Therefore, in order to ensure that the prototype and the reduced-scale
model have the same geometric structure and operate under the same ow conditions,
relationships are de ned that must be ful lled [7].

As a consequence the objective is to predict the behavior of a prototype through a reduced
scale model that is able to reproduce the same conditions. However, it is not possible for
all these relationships to be satis ed at the same time. Moreover, even assuming that all
similarity requirements are met, there are other problems in reducing the scale because
a smaller model of 10-20 would require smaller particles, but the erosion is very di erent
here because particles with di erent sizes have di erent energy content during impact at
xed velocity and the interaction with the turbulent ow is also di erent. For this reason,
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a reduced-scale model will not be able to reproduce the same phenomenon.

In addition, the erosion wear is a slow process accentuated by the fact that in reduced
scale models the velocities involved are lower, so the time required for the erosion process
is even longer. Hence this method is not applicable both because it is not really possible
to reproduce a small scale model that operates in the same way, both because the low
velocity involved in reducing the scales imply that the time required for the experimental
testing is too long.

Two examples of experimental setups are shown in Figures 1.6, 1.7.

Figure 1.6: An example of experimental setup for testing turbine erosion (picture from
Ge et al. [5]).
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