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Abstract

In a geothermal power plant the working fluid usegroduce electricity is often wet
steam from geothermal wells, which is composedoofosive chemicals. In this situation,
more frequent maintenance of the equipment is requBy constructing an overview for
the maintenance in geothermal power plants andihoan be done with minimum power
outages and cost, the geothermal energy can be magecompetitive in comparison with
other energy resources. The focus of this thedis examine the maintenance needed for
the steam turbines in the geothermal power plamidlisheidi. The local ability of the
staff there to repair or construct turbine partssite is explored. It is also explored how
the maintenance and condition monitoring is cargatitoday and what can be improved
in order to reduce cost. Failure Mode and Effecalfsis (FMEA) is used to analyze the
data, which were collected but that can help omjagi maintenance and condition
monitoring of Hellisheidi power plant in the futurBurthermore, the thesis presents an
overview of currently employed maintenance methatdellisheidi power plant, the
ability of domestic workshops to maintain and regae steam turbines there and the
power plant’s need for repair§he results show that the need for maintenancéhef t
geothermal steam turbines at Hellisheidi power tpiamigh and that on-site maintenance
and repairs can decrease operation cost.

Keywords: Geothermal Power Plant, Steam Turbine Maintenafe@ure Mode and
Effects Analysis (FMEA)

Utdrattur

Gufa ar borholum er almennt notud sem vinnuvokvViad framleida rafmagn i
jardovarmaverum. Gufan er baedi rok og inniheldurutéit magn af teerandi
efnasambondum. betta leidir af sér aukid vidhalmidadi. Med pvi ad bua til yfirlit yfir
vidhald i jardvarmaverum og hvernig ma framkveemd fm&d sem minnstum tilkostnadi
ba er haegt ad gera jardvarma samkeppnishaefarisnkamdi vid adra orkugjafa. | pessari
ritgerd verdur vidhaldsporfin fyrir gufutGrbinurnarjardovarmaverinu upp a Hellisheidi
greind. Geta til ad gera vid eda smida hluti i yarénatarbinur & islandi er skodud. Einnig
er skodad hvernig vidhald og astandsmat er framkvipami dag. Mdguleikar til ad draga
ar kostnadi og beeta vidhald eru skodadir. Failued®and Effect Analysis (FMEA) er
framkveemd & peim gégnum sem var safnad en pad bgtipad til vid ad skipuleggja
vidhald og astandseftirlit i framtidinni. | pessaitgerd er einnig yfirlit yfir paer
vidhaldsadferdir sem er beitt i dag, yfirlit yfinrilenda getu til ad gera vid og vidhalda
gufutdrbinum i Hellisheidarvirkjun og yfirlit yfividhaldsporf peirra. Nidustddurnar syna
ad vidhaldsporfin fyrir gufutdrbinurnar i Hellisidairvirkjun er mikil og ad vidhald &
stadnum getur leekkad rekstrarkostnad.

Efnisord: Jardvarmaver, Vidhald & gufutarbinum, Failure Klodand Effect Analysis
(FMEA)
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1 Introduction

During the last decade the usage of renewable gseich as geothermal energy, has been
growing worldwide and is becoming more importantaafsiture energy resource. One of
the main reasons for this is the disadvantagesssilffuels.

At the end of 2010, the installed geothermal eleaticapacity in the world was 10,898
MW and it had been growing approximately 400 MWfy&am 2005. In 2015 it is
estimated that the installed geothermal electricapacity will be around 19,000 MW.
Iceland has been one of the frontrunners in thield@ment with an 185% increase in
installed capacity, from 202 MW in 2005 to 575 MW2010 [1].

The supplies of geothermal energy in the earthistcare enormous. It is considered
that the heat supply in the earth’s crust couldtmeth current estimated energy needs of
mankind for the coming 14-15 million years. Howevearnessing this energy is not an
easy task, which reflects in the fact that todais ibnly considered possible to produce
around 8.3% of the world total electricity prodocti with geothermal energy [2].
Nevertheless the potential is huge.

Geothermal systems are mainly of four types: hydnohal, hot dry rock (or enhanced
geothermal systems), geopressure and magma eférmgwtilization of geothermal energy
has so far been limited to hydrothermal systemByd@othermal system is a system where
water in a liquid or a vapor phase acts as a caoigansfer heat from deep in the earth’s
crust up to the surface [3].

Although geothermal heat can be found all over wweld, it cannot be utilized
everywhere for generating electricity as the ambiemperature of a geothermal system
generally has to be 150°C or higher if it is to feasible for generation of electricity.
Colder geothermal systems can however, be usedefoerating electricity. Electricity is
for example generated in the Chena Hot Springs iRes@laska by using a geothermal
resource with an ambient temperature of 74°C [2hsMhigh temperature geothermal
fields are found on so-called plate boundaries.c&oic activity is also common at plate
boundaries. Magmatic intrusions, which are consideto be the heat source for
geothermal fields, are often found in such aredw @rust at plate boundaries is also
highly fractured and thus permeable. But permdgbils of much importance for
geothermal fields that are to be used for genegatiectricity [2].

There are mainly four types of geothermal powentslaused to generate electricity
from geothermal energy: single-flash, double flagty steam and binary cycle power
plants. Single-flash power plants are the most comones. At the end of 2007, 159 such
plants in 18 countries around the world were inrapen. Single-flash power plants
“flash” hot water at high pressure so it becomesxdure of steam and water. The steam is
separated from the water and expanded throughaenst@bine, which drives a generator.
Double flash power plants are an improvement ofdingle flash design. They produce
15-20% more power but are more expensive, more ngnd require more maintenance
than single flash power plants. At the end of 2@®7such units were in operation [3].

Iceland is located at the plate boundaries betwleemNorth American and the Eurasian
tectonic plates and is one of the most tectonicatliive places on earth. There are for
example over 200 volcanoes located on the volcaaree running through the island.
There are at least 26 high temperature areas withis volcanic zone, where the
temperature at a depth of 1000 meters reaches 2%€8f@nd is thus highly feasible for
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generating electricity with geothermal energy [@eothermal heat has been utilized for
decades in Iceland, both for district heating amthegating electricity. Generation of

electricity started at Bjarnarflag power plant 869 with one 3 MW steam turbine [4].

The development since then until 2009 along with lthication of the geothermal power
plants in Iceland can be seen in Figure 1.1. Tdbaye are six geothermal power plants
operating in Iceland. Hasavik power plant, whicledi® Kalina working-cycle, stopped

production in 2008 because of severe corrosionl@nab [5]. Hellisheidi power plant has

been enlarged and its installed electrical capaei012 was 303 MW, which makes it the
largest geothermal power plant in Iceland and drihe largest geothermal power plants
in the world. In 2011 4701 GWh of electricity wegenerated with geothermal energy in
Iceland and the total installed electrical capaais 665 MW. This was 25% of the total
installed electrical capacity in 2011 [1, 6].

Electricity Generation
(GWh/year)
5000 -

3500 o
(7) Hellisheidi 213 MW —
3000

2500

(6) Reykjanes 100 MW — 2
2000 -

1500 o (5) Husavik 2 MW

1000 (4) Nesjavellir 120 MW »

500 ~

1974 1979 1984 1994 1999 2004 2009

Figure 1.1 Generation of electricity using geothermal enet@$9-2009. Note, the capacity of Hellisheidi is
303 MW today and Husavik is no longer operating.[7]

Operating and maintaining a geothermal power ptantbe problematic. The working
fluid used to produce electricity is often wet steawvhich is composed of corrosive
chemicals and is sometimes acid. Common problerastalthe usage of such a working
fluid are scaling, erosion and corrosion [8]. Thisans that frequent maintenance of the
equipment in geothermal power plants is requiredcivitauses downtime and can be
expensive.

One maintenance procedure that has to be carriech @eothermal power plants is
overhauling of steam turbines. Overhauling of astéurbine is one of the most expensive
procedures when maintaining a power plant. Furtbeemoverhauling introduces the
threat of creating problems like vibration and kegé [9]. The risk of damaging the turbine
parts is also at han@verhauling is therefore an undesirable procedndeshould be done
as rarely as possible. Today no overhauling servitgch can carry out complete repairs
of steam turbines, is located in Iceland. The kmolge and equipment, which is required
for complete maintenance, is also not present. dama that for maintenance, steam
turbines or their components sometimes have tadesported to a foreign overhauling
service. This can be expensive, because of a lmasmge rate, high transport costs and
lost operation time.



Today 19 steam turbines are in operation in Icefdpd[10]. Orkuveita Reykjavikur
owns 11 of them and operates 2 geothermal powatsplBlellisheidi power plant where 7
steam turbines are located and Nesjavellir powantpihere 4 steam turbines are located.
The cost of maintaining these steam turbines ferrtéxt 15-20 years is estimated to be
around 34.000.000 USD [11]. Very much foreign caesecould thus be saved by carrying
out these repairs domestically. It could also @eatny jobs. This can also result in
substantial savings for Orkuveita Reykjavikur ife tleurrent exchange rate does not
improve greatly.

It will therefore be of a value to identify the m&nance needed for steam turbines in
geothermal power plants as well as examining wiat loe repaired domestically and
which instruments and knowledge are needed fomgpteie overhaul of steam turbines in
Iceland. There is a lot of “know-how” knowledge the power plants, which has been
acquired through years of operation. In some cdsdsne components have been
improved or maintenance methods have been develop@avented. Documenting this
knowledge will thus be of a value to the Icelangiothermal industry.

1.1 Research focus

Maintenance of geothermal power plants is freqyemtjuired as already mentioned and
one of the most costly procedures is the overhguirsteam turbines. It is thus important
to identify the maintenance needed for steam tesbin geothermal power plants, explore
how it is carried out and construct an overview ifolDoing so could help organize the
maintenance and make it more efficient. Such amvoees can also help deciding things
like:

* Intervals between overhauls.

*  Which turbine components are required in stock.

* Which type of labor force is needed and which gkidly must possess.
* What kind of equipment and tools are needed on-site

In order to complete the overview, a case studyhef maintenance of the steam
turbines at Hellisheidi power plant was conductdae ability and the knowledge of how
to repair the steam turbines also required a sty is because then it will be clear what
the local workshops are capable of. This also hdktermining, which knowledge and
instruments are needed to perform complete maintenaf steam turbines domestically.
In order to do this the workshops servicing Hebigh power plant, were visited. It was
also examined which repairs were made on-site HishHeidi power plant.

Documenting the knowledge regarding maintenanageothermal steam turbines will
be of a value to the Icelandic geothermal indudtrgives other geothermal power plants
in Iceland the opportunity to use this already #xg information. When all this
knowledge has been collected, it opens up the Ipbgsbf exporting and selling it to the
growing geothermal industry in the world.

Delivery reliability is an important aspect in thedectricity production industry.
Reliability is therefore an important factor whamning a geothermal power plant. One
way of improving reliability is through Reliabilit€entered Maintenance (RCM), which
application has been chosen to be evaluated folisHeldi power plant. In this thesis
Failure Mode and Effects Analysis (FMEA) is carriedt for the steam turbines at
Hellisheidi power plant with the aim of providing aput for the RCM.



1.2 Aim, objectives and scope of work

There are three aims with this thesis and theyare

1. Analyze the maintenance that is required for thearst turbines at Hellisheidi
power plant and how it is carried out.

2. Analyze the current ability to repair the steanbioes at Hellisheidi power plant
either on-site or locally.

3. Provide an input for the evaluation of RCM for Hgikeidi power plant.

As regards the first aim, the main objectives wtaoh studied were:

* Which failures and problems have occurred sincestagup of the turbines, which
actions were taken to repair failures in the tuebjrand what are probable causes
for the failures and the problems in the turbines.

* How surveillance of the turbines and their conditimonitoring is carried out
today.

The emphasis was on documenting both the actiodsthe methods that have been
developed by the engineers at Hellisheidi powentplar maintaining the steam turbines,
repairing them and overhaul. As regards the se@mmg the main objectives which are
studied were:

* The current experience and ability of both localrksbops and the staff at
Hellisheidi power plant to repair the steam turbioenponents domestically and to
participate in the overhauling of the steam turbine

« What equipment is available and what equipment askihg for complete
maintenance of steam turbines to be carried out.

As regards the third aim, the main objective wasawy out an FMEA for the turbines
at Hellisheidi power plant.

This thesis is arranged in the following way: Létere review is in Chapter 1. Chapter
2 provides background information about steam t@ki The methodology, which was
applied for the case study of Hellisheidi powernplas described in Chapter 3. A case
study of Hellisheidi power plant is presented ina@ter 4. Conclusions are revealed in
Chapter 5.

1.3 Literature review

An overview and discussions in connection with masly made researches regarding
maintenance of steam turbines is dealt with in¢hiepter.

Many papers have considered the maintenance anchdn@agement of it for steam
turbines generating electricity with fossil fued®me recent ones are [9, 12, 13, 14]. One
paper has analyzed the maintenance of a steanmeuirbithe MakBan geothermal power
plant in the Philippines and how its reliabilitynche increased [15].

Some papers about maintenance in geothermal polaatspin Iceland have been
written. One discusses common problems in geotHepmaer plants like scaling along
with actions to deal with them and shows that tlstpersistent problems have to do with
the chemistry of the geothermal fluid [8]. Anotlware reviews the maintenance history of
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Svartsengi geothermal power plant with emphasishenmost intensive issues. It shows
that constant monitoring and condition based maaree along with skilled operators and
maintenance staff are the key to reliable operdtiéh

A few studies focusing on maintenance in geothepoaler plants have been carried
out by the students of the Geothermal Training Rnogne of the United Nations
University (UNU-GTP). One of them is a case studytle failures in the turbines,
condensers, cooling towers, gas extraction systeththe separators at the Olkaria Il
geothermal power plant in Kenya. It shows thattthibines there suffers from scaling and
erosion and turbine washing can create erosionlgmab[17]. Another one analysis how
the maintenance in the Olkaria | and Olkaria Iltheanal power plants can be optimized
along with an FMEA of the power production systethsre. The study shows that
maintenance cost is a significant part of the djpmmecost of geothermal power plant and
RCM is a preferable maintenance method [18]. Anotime studied maintenance problems
and solutions to them in the Aluto Langano geotlampower plant in Ethiopia [19]

Manufacturers of geothermal steam turbines likel Bod Toshiba have conducted
researches and on-site experiments in order tdHenghe lifetime of their steam turbines
and they have published the results. Fuji has fangple developed methods like coating
and shot peening to reduce corrosion and improwesi@r resistance of turbine
components. They have also made experiments tgmexthe effect of geothermal steam
on different materials for rotors and turbine bk@dmd built a test rig at the geothermal
field at Reykjanes, which gave vital results whigkre very important as regards the
development of the steam turbines both for Svagispawer plant and Reykjanes power
plant [20, 21]. Toshiba has also done researchésgperiments in order to lengthen the
lifetime of their geothermal steam turbines. Thegvdy for example, done on-site
experiments at several geothermal power plantssaudied the chemical composition of
geothermal steam and made assumption accordingaio the lifetime of steam turbine
components [22].

Some studies, which focus on specific failuresteas turbines in geothermal power
plants and solutions to them, have been carriedTdre is for example, a study on the
development of a method to estimate the amountalfrgy at the first stage of a steam
turbine by monitoring steam pressure, which sholat the scale deposition can be
monitored by measuring the pressure before and #ite stage [23]. Another article
publishes a case study of the cause for erosiantof labyrinth seals and procedures to
reduce it. The case study shows that the erosioceps is strongly dependant on particle
velocity and it can be greatly reduced by instgllen flow deflector [24]. Another one
studied possible causes for failures at the lagjestotor blades of a geothermal steam
turbine and discovered that possible causes afte dyigle fatigue, erosion and corrosion
[25]. A study, which researches erosion damagdsibee caused by water droplets at the
last stage rotor blades in condensing steam tusphrees also been carried out [26].

Some studies, which conduct an FMEA on system araipn, have been carried out.
One article publishes an FMEA for wind turbines andhows which components need
improvement and helps identifying weak points ia thind turbines design [27]. Another
study evaluates the application of RCM for hydratdirbines by applying FMEA on its oll
circulation system. It shows that FMEA has greagbaontance for evaluation of potential
failures in a system [28].






2 Steam turbines

This chapter provides background information alsteam turbines. It includes a general
description of steam turbines, of their functiof,tleeir components and of their main
design factors. Forces that act on steam turbireealso dealt with.

2.1 Definition of a steam turbine and various
designs

Steam turbines belong to a category of machindsdcélirbo-machines. The two main
characteristics of turbo-machines are the followiRgstly, the energy conversion takes
place on/in a rotating wheel from a compressiblenoompressible fluid. Secondly, the
housing is equipped with diaphragms to obtain higifigciency [29].

The basic function of a steam turbine is to tramafthe thermal energy of steam into
mechanical energy. This is generally done in tHewieng way: Thermal energy of the
steam is converted into kinetic energy by accalmmaand momentum exchange is used to
change the kinetic energy into mechanical ener@y. [3

Steam turbines have some advantages. They havediagional speed and a parallel
connection of many steps on the same shatft islgesdihis means that high output can be
achieved with a relatively small machine comparath weciprocating machines. Units
with, for instance, a capacity of 1.6 GW are pdssilbhey can expand the steam towards
low pressure and high specific volume is thus fmesiThis means that high pressure ratio
is possible, which results in high efficiency. THegve no oscillating masses so operation
iIs smooth and there is no contact between the #natilubricant. Steam turbines have high
reliability and a relatively long lifetime and theye most often readily available. Steam
turbines can also make use of various fluids, whheans that they can be used in variable
working environments and for different applicatiof®day steam turbines are able to
expand steam from around 280 bar down to 0.03 draduce up to 1500 kJ per kg of
working fluid and withstand water steam with a temgbure of around 850°C [29].

There are two different designs available for stembines, which are impulse
turbines and reaction turbines. These two desigferehce in the way how they convert
the inner energy of a fluid into mechanical energy.

The pressure drop in an impulse turbine occurs achpss the stator blades but no
pressure drop occurs across the rotor blades. mbans high acceleration of the steam
across the stator blades but also relatively higérgy losses compared with a reaction
turbine. Furthermore, the high pressure drop adiesstator blades means that good seals
between the stator blades carrier and the turliiné are required to reduce gap leakages.
The rotor in an impulse turbine is therefore gelead a drum-type, that is the rotor has a
relatively small diameter compared with a rotormimeaction turbine and rotor drums are
used to support the rotor blades. A small dianvetir means less gap leakage as the flow
area is smaller. This is possible because therm ipressure difference across the rotor
blades and thus no pressure force that has to dé wigh. The only axial thrust on the
rotor in an impulse turbine is due to the thrusttmarotor labyrinth seals and different hub
heights between the inlet and the outlet. A Rofa drum-type can be seen in Figure 2.1.
Due to the high velocity of the steam in impulsebiines they deliver higher peripheral



work than reaction turbines. The construction opuse turbines is, however, costly in
comparison with the construction of reaction tuesin[31, 32]. An example of pressure
diagram and an absolute velocity diagram of an isgturbine along with general blade
arrangement can be seen in Figure 2.2.

Drum -type turblne Diaphragm-type turbine

Figure 2.1 Two different rotor types for a steam turbine][31
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Figure 2.2 A pressure diagram, an absolute velocity diageard a blade plan for an impulse turbine, p
represents pressure and c represents absoluteitye[@6].

The pressure drop across each step in a reactibmeuis divided between the stator
blades and the rotor blades. The rotor blades ifumsimilar to the wings of an airplane in
a take-off position. A pressure force acts on tterrblades of a reaction turbine because
of the pressure difference in front of and behimel blades. The rotor in a reaction turbine
is thus generally of a diaphragm-type, which hdarge diameter compared with a drum-
type rotor to support the rotor blades. A rotoraofliaphragm-type can be seen in Figure
2.1. A reaction turbine requires a balancing pistordeal with the axial thrust that is
created due to the pressure difference acrossotbe slades. The reason why a reaction
turbine delivers less peripheral work than an impulrbine is due to less acceleration of
the steam through its stator blades. The steaneftiterconceives less kinetic energy that
can be converted into mechanical energy at the bdémoles. A reaction turbine also suffers



from more gap leakage than an impulse turbine. Eidue to pressure difference both
across the stator and the rotor blades [30, 32fXample of pressure diagram, an absolute
velocity diagram and the blade arrangement of eti@aturbine can be seen in Figure 2.3.

—l ) Inflow
—_——— Blade plan Level
/ \
cA ) — — 9 P
0 1-.,““ /pu é Z Z ZZ £ é e Stator blades1 ? | Stage /A!!ﬂ'
_.,rr*]‘ T 7 Pi U Rotrolates L, o | 1 788 N
—_—@;Co py ' § 27 _: r J ’ ,' 7 , 7 7 , Stafor blades 2 (1) ,sm? / %
E—— — = 4
—= ! VA ”"—!!!!555& Rotor blades 2 I I 7% 3% \b
e y (2) = g=——=/ N AN
=)= =P T = Tee LR
-/,.-—‘ / uw!!!&&b&s Rofor blades 3 _ m_ /A‘\i"\!!\
r - ' AL
é__ .
Pressure and absolute velocity ‘\\n_k
through the stages of a reaction . | A
turbine A
Axis of bl N
rotation /j %
(P /o \
!

Figure 2.3 A pressure and an absolute velocity diagram abthde plan for a reaction turbine. p
represents pressure and c represents absoluteitye[@6].

Comparison of velocity diagrams and blade arrangedoe both reaction and impulse
turbines can be seen in Figure 2.4. The specifickwg, of an axial turbine can be
described with Euler’s turbine equation

a, = ulc, 2.1

wherec,, is the tangential part of the absolute velocity and the tangential velocity [29].
It can thus be seen from Figure 2.4 that the pergdiwork of an impulse turbine is higher
than in a reaction turbine if their tangential \@lp is the same. The difference between
the rotor and stator blades and the steam floweasngin also be seen. The rotor blades of
an impulse turbine have the same inlet and outeins flow angles but this is not the case
as regards the rotor blades of a reaction turbine.

Steam turbines can be divided into condensing aadk-pressure turbines. A
condensing turbine expands the steam to a prelksuee than the atmospheric pressure. A
condenser is therefore required at the outlet éatervacuum behind the turbine. A back-
pressure turbine however, expands the steam dovatntospheric pressure or a higher
pressure. The turbine can therefore release thensd@ectly out to the environment [32].

Steam turbines can also be constructed differemitly regard to flow, pressure and
exhaust. Turbines can be double or single flow. culde flow design can be used to
balance the axial thrust in reaction turbines mdtef a balancing piston. Furthermore,
high pressure seals are not needed. Double flomes are, however, longer and more
expensive than single flow turbines. Turbines cansingle, double or triple pressure
turbines. A single pressure turbine has one indet @ne outlet. Double pressure turbine,
however, has two inlets at different pressuresarmaloutlet. This is preferable in a double
flash power plant as the steam used is at diffeprassure levels. Thus one double
pressure turbine and one condenser can be useshdnef buying two single pressure
turbines and two condensers. This is also converfitie wells in the geothermal system



used have various pressures. Steam turbines canvaawus exhaust designs, which are
upward, downward and axial. The axial exhaust aeka&ps no pressure loss in the exhaust
pipe. Furthermore, large pressure recovery carchieweed by installing a diffuser shaped
duct at the outlet of the turbine. The axial exhalesign also means shortened time for
assembly work and low turbine building height inmgarison to the other axial exhaust
designs. Shortened time for assembly work and towirte building height can reduce the
construction cost of a power plant. However, axghaust design means that there is a
short distance between the turbine and the condanskthey are at the same height. This
introduces the risk of flooding the turbine andgshossibly damaging it. A downward
exhaust design has almost no exhaust pipe lossdebdre is less pressure recovery than
with an axial exhaust design. The condenser is,eliew under the turbine, which means
that this design requires the highest power plaossh. The upward exhaust design has up
to 10% losses in the exhaust pipes but this dasigoth compact and does not include the
risk of flooding the turbine. The axial exhaust igascan thus achieve the highest
performance for the single flow turbine design.sTisi of importance for geothermal steam
turbines as both their adiabatic heat drop alonth e mass flow through them is
relatively low [31, 33]. The three different exhaityges can be seen in Figure 2.5.
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Figure 2.4 A velocity diagram and a blade plan for both erpulse and a reaction turbine. ¢ represent
absolute velocity, w represent relative velocitg anrepresent tangential velocity [29].
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2.2 Steam turbine components

The main components of a steam turbine are seaarings, rotor, rotor blades,
diaphragms and casing. A description of these comts is provided in this chapter.

The object of the bearings is to support the thotor and it is normally supported by
two such bearings, one at each end. Hydrodynamimg bearings are typically used
because of their damping properties. Multi-pad bggnamic journal bearings are popular
because they are very stable and have good darppopgrties. The bearings are cooled
with oil during operation [29, 30].

The purpose of the seals is to minimize leakage anturbine, out of a turbine and
between the stages in a turbine. The seals inaansterbine are normally labyrinth seals,
which are mechanical seals. They are generallydaaineach end of a turbine, on the
diaphragms, on the rotor and on the rotor bladég. Aumber of fins and the clearance
controls the mass flow through a labyrinth seale Timin advantage of labyrinth seals is
that they are contactless and thus no coolingeslee and wear is little [29, 31]. Different
designs of labyrinth seals and the characteridtih® flow through them can be seen in
Figure 2.6. It can also be seen that the steamrgodg high acceleration as it flows over
the fins.

Isobaric
swirling

Isentropic
acceleration

Figure 2.6 Left, different designs of labyrinth seals inasteturbines. Right, flow in a labyrinth seal [29]

The purpose of the diaphragms is to transform taeanergy of the steam into kinetic
energy. This is achieved with the stator bladeshendiaphragms. As the steam flows
through the stator blades its pressure drops,bgelate velocity increases and thus its
kinetic energy [29, 32]. This can be seen graphjidalFigures 2.2, 2.3 and 2.4.

The purpose of the rotor blades is to convert kinenergy of the steam into
mechanical energy. This is done with momentum exghabetween the steam and the
rotor blades as the stem flows through them [29, BBe velocity and pressure changes
across the rotor blades can be seen in Figure2 3.2nd 2.4.

The purpose of the rotor is to support the rot@dbt and transfer the mechanical
energy that they deliver. The rotor can for exampeused to drive a generator or a
compressor.

The purpose of the casing is to support the diaphsaand seal of the rotor. It also
insulates the turbine from the environment.
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2.3 Highly stressed components

Highly stressed components in steam turbines atedliin this chapter along with a
description of the forces acting on them.

Both the stator and the rotor blades in a steaimrterare generally highly stressed.
The main forces that affect the rotor blades ardrifegal forces and bending forces. The
centrifugal forces are due to the rotation of tlalbs and they cause tensile stresses. These
tensile stresses are highest at the root of tloe bdddes and at their feet and increase with
the length of the blades. Bending forces act orn sbator and rotor blades and cause
bending moment and torsion. This can be seen iar&ig.7. Thus the static load on the
blades is composed stress caused by tension, lgeawidhtorsion [29].

P c,
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Figure 2.7 Left, the bending forces,fand K, which act on a blade. Middle, the resulting begdmoment
M that acts on a blade. Right, the resulting tons@@used by F that acts on a blade [29].

The highest tensile forces in a turbine are infdet of the rotor blades. This means
that the blade attachments on a rotor have to taioshigh tensile forces. The design and
the construction of the blade attachments are finereomplicated both because of limited
space available and requirements of simple montag¢he last stages rotor blades are the
longest, their blade attachments experiences titeeht tensile forces [29]. Different types
of rotor blade feet and their attachments can lea s® Figure 2.8. Figure 2.9 shows the
force distribution in two different blade attachrten
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Figure 2.8 Common types of rotor blade feet and their attaehts.[29].
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Fir-tree foot

_________ | Section A-B

Hammerhead foot

Absorption of
bending force

Tensile force

* Necessary area for
absorption of power

Figure 2.9 Left and middle, arrangement of an axial insetfiedree foot in a turbine. Right, illustration of
how forces are distributed from a hammerhead fotat & blade attachment on a rotor [29].

A generator, which has to generate electricity with frequency of 50 Hz, has to
operate at a rotational speed of 3000 rpm. A steabiine that drives a generator in a
power plant is normally at least several megawaitdirect connection between the
generator and the turbine is therefore neededytahcis normally used. This is to avoid
using a cooling system with high power consumptiims means that a steam turbine has
to operate at the same speed as the generatavesdA special care has to be taken
regarding the vibration of steam turbines becadghis high rotational speed. Vibration
can for example have severe effects on the stairttze rotor blades of a turbine. The
bending oscillations of the blades are generakyrttost important ones to control as they
have the lowest intrinsic frequencies and the rganplitudes. Excitation of turbine
components can for example be caused by uneveaupeeand velocity distribution over
the circumference in a turbine, an unbalanced rétgadrodynamic forces and instabilities
in the bearings and a thermal distortion of a rokwiction is commonly used to control
and to damp the vibration of the blades in a tilebfdommon ways to employ friction are
for example to install lacing wire or snubbers bew the blades. Damping can also be
achieved through the blade attachment. The rotaa mrbine also has critical speeds,
which have to be avoided [34].

A Campbell-diagram is used to identify a favorabjeerating range for a turbine. It
represents the natural frequencies and the exmitdtequencies as a function of the
rotating speed for particular turbine componerds gkample the last stage rotating blades.
It can thus locate the speed at which various corapis are excited by the rotational
speed of a turbine [29].

Temperature gradients in turbine components causenal stresses. Conditions that
cause high thermal stresses are for example thestéhe shutdown and a load shedding
of a turbine. Thermal stresses of a turbine compbian result in low cycle fatigue.
Important factors regarding thermal stresses agesftecific heat capacity and thermal
conductivity of component materials along withsige and form [29].
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3 Methodology

In this chapter the reaserch methods, which weee us this thesis, are represented. The
methods that were used to accumulate informatierdascribed and it is illustrated how an
FMEA is carried out.

3.1 Identification of maintenance needed

The first aim was to identify the maintenance nelefte steam turbines in geothermal
power plants. To do that a case study of how thanter@ance for the steam turbines at
Hellisheidi power plant is carried out was conddcte

The following methods were used to obtain inforimatabout the maintenance of the
steam turbines at Hellisheidi power plant. Secondtata, in the form of maintenance
reports and documents from the Dynamic Maintenaviaeagement (DMM) system at
Hellisheidi power plant, were collected and analyzBMM system is a computerized
maintenance management system (CMMS). It allowsnt@aance managers and
supervisors to access information regarding manpowquipment and maintenance
polices. These information can assists in improviraintenance effectiveness and control
[35]. Employees in the power plant were also inemed. The interviewing was made
with semi structured questions, that is before wvaterview a list of questions was
prepared. However, every interview was allowed b and flow, following associated
leads and new issues as they arose. All the dasaned were analyzed both qualitatively
and quantitatively.

The secondary data, coupled with the interview,datihassist in the building up of an
overview of how the maintenance for the steam nabiat Hellisheidi power plant is
carried out.

3.2 Identification of domestic ability

The second aim was to identify the ability of logadrkshops to overhaul and repair the
steam turbines at Hellisheidi power plant. To dat {bcal workshops and other companies
involved in the geothermal industry in Iceland wersited, their facilities inspected and
some of their employees interviewed. It was decitgetbcus only on companies, which
were already involved in the maintenance of tharatéurbines at Hellisheidi power plant
and are likely to participating in the maintenan€éhe steam turbines there in the future.

It was decided to visit the workshops Framtak, Wéhand Vélsmidja Hijalta
Einarssonar (VHE) along with the companies Nysk&pmmidstod islands (NMI),
Icelandic Technical Service (ITS) and Klettur.

Interviews with the employees of these companiesvearkshops were carried out and
the same method was used for the interviews assisridbed in Chapter 3.1. Their facilities
were also visited to see which equipment is avkilabd which potential they possess. All
the data obtained were analyzed both qualitatigaly quantitatively.
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The interview data, along with the inspection oé flacilities, will help to make an
overview over both the potential and the currenlitglof Icelandic companies to carry out
overhaul and repairs of the steam turbines at $halbi power plant.

3.3 FMEA

The third aim was to provide an input for the ea#ibn of Reliability Centered
Maintenance (RCM) for Hellisheidi power plant. Te dhat an FMEA was used to
construct an overview over studied failures andr thessible causes in a systematic way
for the steam turbines at Hellisheidi power plaRailure Mode and Effect Analysis
(FMEA) is often used as an input when RCM is teebtablished for a system. RCM is a
tool, which uses systematic approach to evaluastesys equipment and available
resources, to organize maintenance. The aim withMRCthus to identify the importance
and the likelihood of failures of different compoit® of a system and so minimizes
overhauls, increase reliability and makes mainteearmore focused on critical
components [36]. FMEA is a logical, structured gsml of a system or subsystem. It is
used to identify possible failure modes before tlegur, along with their causes and
possible effects. The main focus of an FMEA is tevent failures and in turn enhancing
safety [37]. The method is normally intended foe whkiring the development phase of
either a product or a process. An FMEA conductec @mocess already in operation can
though, however, provide useful insights regardisgmaintenance, which is the main
intention of the FMEA carried out here [38].

When an FMEA is conducted on a system, its posgdilares are identfied. These
possible failures are called failure modes and daitlre mode has a potential effect and
each effect has some relative risk. To estimate télative risk, a criticality analysis,
which is based on three factors, severity, occuweand detection is used. Severity
accounts for the consequence of a failure if it pems, occurence accounts for the
frequency or probability of a failure to occur, atetection accounts for the likelihood of
detecting a failure before its impact affects tlysteam. By multiplying these factors
together a risk priority number (RPN) is found. Tagure modes, which have high RPN
or high severity ranking should be investigatedher in order to enhance the safety of the
system studied [37].
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4 Case study of Hellisheidi power
plant

The case study of the maintenance of the steaninastat Hellisheidi power plant is
represented in this chapter. The most common fiypies in the steam turbines are
discussed. The failures that have occurred in tibens turbines from startup are analyzed
along with the ability of local workshops to reptiem. The results from the FMEA are
also presented.

4.1 Introduction

Orkuveita Reykjavikur (OR) owns Hellisheidi powdamt where 7 steam turbines are in
operation. The generation of electricity starte®@®6 with two 45 MW steam turbines.
In 2007 a 33 MW low pressure steam turbine was added and in 2008urther 45 MW
steam turbines were commissioned. At last two 45 JMtgam turbines were added in
2011. Hellisheidi power plant is also a heatinghplaith an output of 133 M. All the
45 MW, steam turbines are high pressure steam turbinesifadured by Mitsubishi but
the 33 MW low pressure steam turbine is manufactured by ibashThe turbines are
operated with a control system manufactured by Snenfi39].

The six high pressure steam turbines from Mitsulasé of a similar design and are
single-cylinder, single flow, impulse-reaction, alxiexhaust, condensing turbines. The
steam at the inlet is around 167°C and at c.ab@rf). The steam at the outlet is around
45°C and at c.a. 0.1 bar(a). The rated output ofi éarbine is 40 MWbut the maximum
output is 45 MW. All the turbines have 6 stages and the heighheir last stage rotor
blades is 762 mm. The first two turbines, which evierstalled at Hellisheidi power plant,
were the first geothermal steam turbines in theldvaith an axial exhaust design [33]
[10]. A general assembly picture of a high pressisam turbine at Hellisheidi power
plant can be seen in Figure 4.1.

Some actions were taken during the design of thle pressure steam turbines in order
to increase their reliability. The rotating bladesevery stage are integral shroud blades.
Tenon riveting and welding at the stubs on the $tsgje rotor blades are thus not needed
but such mechanisms are susceptible to both stesssion cracking and corrosion
fatigue. The advantage of integral shroud bladeshis improved reliability against
corrosion fatigue Usage of integral shroud bladasthie last stages rotor blades also
results in contact between adjacent blades durpegation, which causes friction. This
friction creates much damping effect against vibrabf the rotor blades. It is considered
that this can reduce the vibration of the last esagtor blades up to 20% in comparison
with conventional grouped blades [33]. An examgdléntegral shroud blades can be seen
in Figure 4.2.

The 762 mm last stage rotor blades, which are ustee high pressure steam turbines,
are relatively long for geothermal steam turbinks.order to avoid stress corrosion
cracking in the blade grooves due to high centafuigrces, as are described in Chapter
2.3, a low strength material was used to consthetrotor. The number of blades at the
last stage was also reduced and larger roots éomtior blades were designed [33].
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The 33 MW low pressure steam turbine from Toshsba single cylinder, single flow,
axial exhaust, impulse, condensing turbine. Tharstat the inlet is around 1 bar(a) and
the outlet pressure is around 0.09 bar(a). Thertarbas 4 stages and is fitted with integral
shroud rotor blades at every stage [40].
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Figure 4.1 General schematic figure of the assembly of tkeVBtsubishi steam turbines at Hellisheidi
power plant [33].

Figure 4.2 The tip of the integral shroud blades at stage fin steam turbine 2 at Hellisheidi power plant
[41].

4.2 Fault types

Analysis of the maintenance reports for the stearbirtes at Hellisheidi power plant

indicates that the most common failures are scaliemsion, corrosion and crack

formation. The mechanism behind these failurestheil effects is therefore studied in the
following sections. Measurements to recognize amevgnt those failures are also
presented. Later on this helps identifying the raises of failures that have occurred in
the steam turbines at Hellisheidi power plant aravides a valuable input to the FMEA.
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Scaling

The working fluid, which is used in a geothermalweo plant, usually contains
dissolved minerals. If these minerals become sapaaed in the working fluid they may
precipitate and form scaling in some of the powanpequipment like the steam turbines.
Common scales are for example silica (i@nd calcite (CaCg) [8]. Normally most
scaling accumulation can be found on the back sidhe first stage stator blades. This is
because the largest pressure drop in a steam eudbgenerally across the first stage stator
blades [29]. Typical silica scaling on a first statjaphragm can be seen in Figure 4.3.
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Figure 4.3 Silica scaling on the first stage diaphragn-1 in tmdo 3 at Hellisheidi power plant [41].

Silica can precipitate either as amorphous sildaich is the non crystalline form of
silica, or as quartz, which is the crystalline fosfrsilica. The solubility of silica in water is
dependent on both the phase and the temperatutlee ofvater and the pH level. The
solubility of silica decreases fast with decreadegmperature. Combination of boiling and
cooling of geothermal fluid thus eventually leadsstipersaturating of silica in the fluid.
Amorphous silica is more common as scale than gudttiough it has higher solubility in
a mixture of water and steam than quartz. Thisesabse quartz rarely precipitates due to
slow formation of quartz crystals. [42]. Generadgly 25% of the working fluid can be
converted into steam and it can only be cooledeby@0°C if precipitation of silica is to be
avoided [8].

Calcite scales are common in wells with reserv@mperature of 140-240°C.
Degassing of C®and the resulting raise of pH level causes foromatf calcite scales.
Calcite scales are commonly found over a 200-300ng part in a geothermal well above
where flashing occurs [8]. Calcite is also moreubtd in cooled working fluid than hot.
This means that there is low risk of scale formatiden the working fluid is cooled [42].

Scaling on stator blades reduces the throat amseebe them. This causes changes in
the steam flow velocities, the steam flow anglé® #&xial force and decrease in the
pressure after the stage where the scaling ocdurs. results of these changes are
decreased efficiency and output capacity of a stegnine. Scaling also reduces the useful
life of the blading system of a geothermal turbfi2®] and increases the surface roughness
of its blades [9]. Scaling can be detected by noomig the pressure after the stage where it
occurs along with the turbine efficiency, outpupaeity and axial force. The pressure after
the stage where scaling has occurred is, howeeegrglly the most indicative parameter
to detect scale deposition [23].
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X-ray diffraction (XRD) and a Scanning Electron kiscope (SEMran be used to
analyze the chemical composition of scaling. XRised for identification of crystalline
substances and SEM is used for distributive andltgtiae analysis [8].

To clean scaling in a steam turbine during openatfturbine washing” can be used.
This is done in the following way: The moisture thie steam entering the turbine is
increased up to around 5% with water injection @nedturbine is operated at that condition
for a few hours. This procedure can clean scalimdjr@cover much of the turbine output.
However, this should be practised with care asis®ed moisture of the steam causes high
erosion rate [8].

Erosion

Erosion is mainly caused by small solid particleswater droplets that continuously
impinge on the surface of some component. The stedunch is used in geothermal power
plants, often contains hard solid particles likiicen, sulphur and phosphor along with
other elements. Furthermore, steam turbines in hgeoal power plants are often
condensing turbines. A condensing steam turbineared® steam into the wet region,
sometimes down to a steam quality of 0.85, whichsea formation of droplets in the
steam. Geothermal steam turbines are thereforelyhighsceptible to erosion [24].
Formation of droplets is also undesirable in amtaarbine because it decreases the
efficiency. The Baumann’s empirical rule statestth® moisture equals 1% loss of
efficiency. This can mainly be explained by twanths. The formation of droplets in steam
causes thermodynamic losses and droplets causeanieghlosses as they hit the rotor
blades [29].

The most affected parts by erosion are normallydiaphragms, the labyrinth seals, the
drain holes, the turbine casing, the cover bandrasetis formed on the tenon head of the
rotor blades, the rotor blades and the rotor diaék Erosion can also affect all the steam
path seals. That is the over-shroud seals, theseald, the root and the diaphragms seals of
an impulse turbine and the under-shroud seals mdaation turbine. Erosion of seals
commonly results in reduced internal efficiencyaofurbine due to leakage. Erosion of
rotor labyrinth seals can for example decreaseetfieiency by 2-4% or more. Erosion
also leads to decreased time between overhauls [24]

The rate of wear due to erosion generally depends® surface material affected, the
properties, the relative velocity and the impadajlarof the particles/droplets in the steam.
The amount and size of the particles/droplets $® @ factor [24, 43]. An example of
erosion damage in a steam turbine can be seegume~4.4.

The last stage rotor blades in condensing turbofeen suffer from high wear rate
because of erosion. The cause for that can beiegdlan the following way. As steam is
expanded through a turbine its wetness increasedeidds to droplets formation on the
pressure side at the last stages stator bladeseTdeplets are carried with the steam
towards the rotor blades but do not follow the stgeth because they are heavier than the
steam. This leads to impingement of the water @tspht the leading edge and the back
face of the leading edge on the rotor blades [2Bis can be seen graphically in Figure
4.5. The most important parameters when it come=rdsion of rotor blades are droplet
size, droplet velocity and peripheral speed oflitagles [43]. The amount and the size of
the water droplets reduce from the tip of the rditades towards their roots. This can
partly be explained with the centrifugal force agtion the droplets. The tips of the rotor
blades also have the highest rotational speed) 60@ m/s. The rotor blades are therefore
normally most eroded at the tip. Erosion damageédback face of rotor blades does not
have great effect on the reliability and the serwimme of the blades. Erosion damage to

20



the leading edge of rotor blades is, however, dnth® most important things when it
comes to reliability and service time of the blaf28]. Erosion of rotor blades can also
increase the swallowing capacity of a steam turf8he

Figure 4.4 Both pictures are from turbine 3 at Hellisheidvper plant. Left, wear due to erosion on the
horizontal joint on the fourth stage diaphragm. Rigvear due to erosion on the leading edge and#uk

face of the leading edge at the tip of a rotor lelad stage six [41].
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Figure 4.5 Left, velocity diagram for steam and dropletgiRj cross section of stator and rotor blades. c is
absolute velocity, w is relative velocity and Tresents droplets [29].

It is hard to detect erosion without visual inspmtt However, there are some
procedures available to reduce or prevent erosiosteam turbines. Efficient and well
designed draining system can reduce the amounbpfets in the steam. By increasing the
distance between the stator blades and the raadeblat the last stages the erosion of the
rotor blades can be decreased. By having the tagé stator blades hollow, they can both
be heated with steam or prepared with drainingssibtthe end to remove moisture from
the blade surface. The blade tip speed can bectestr The leading edge of the rotor
blades can be laser or flame hardened. A strongriabtvith high degree of hardness like
stellite can also be used to reinforce the blad&s44].
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Corrosion

Geothermal fluid often contains large quantitiesoifrosive chemicals, which occur both

as particles and non-condensable gases. Thesesigerrohemicals are for example

chloride, sulfate, hydrogen sulfate and carbon idexMajority of the corrosive chemicals

that are dissolved as solid particles in the steaenremoved from with equipment like

separators and moisture separators upstream frosteam turbine. The amount of

corrosive substances in the steam that enterstéfaensturbines in a geothermal power
plant is nevertheless 100 to 1000 times more thdhe steam, which is used in fossil fuels
power plant. Geothermal steam can also be acidwdresh it condenses it produces acid
water. This can cause severe corrosion at thestages of a steam turbine. Geothermal
steam turbines are therefore susceptible to camosgLommon types of corrosion are for
example uniform corrosion, corrosion fatigue, stresrrosion cracking (SCC) and erosion
corrosion [20], [22].

Corrosion can affect every component of a steamirtarbut especially parts, which
are not made of stainless materials. Corrosion damage or cause cracking in parts,
which can lead to catastrophic failures. It is dlaod to detect corrosion in steam turbines
without visual inspection or non-destructive tegtin

To reduce or prevent corrosion some action caakentduring the manufacturing of a
steam turbine. Spray coating can be used to cdatatrparts like rotors and stationary
blade holders. Flame spray coating experiment ¥With-CrCo have shown good results
but WC-CrCo can improve the corrosion resistanceaotomponent. Shoot peening
enhances the capability of a surface to withstardosion fatigue and SCC. Selection of
materials is also important. The lifetime of steturbine components can be increased by
selecting materials that are corrosive resista@€ $esistant and suitable for their working
environment. This is, however, not an easy tas&vasy geothermal system has a unique
chemical composition, pressure and temperaturetlase factors have very much affect
on corrosion rate and corrosion cracking [20, 22]. Zable 4.1shows the chemical
composition of the non-condensable gases in theéhgeoal steam from 9 different
geothermal systems. The variation is great as easebn, even between geothermal fields
that are located relatively close to each other Reykjanes and Hellisheidi.

Table 4.1 Chemical composition of non-condensable gasegeothermal steam at different geothermal
systems. Note the row marked “Gas” shows how muarcenmt of the total volume of the steam at each
geothermal system is non-condensable gases. R@veh8w in which amount which substances are fonnd i
the non-condensable gases at each geothermal sy[@25, 46].

Power Krafla | Reykjaned Helisheidi Nesjavefir Geysels Tiwi Makawj Mori Cerroprietdr
plant
Gas (%) 1.2 0.4 0.51 0.4 0.5-1.9 1.7-1.p 0.2-0|6 3.5-%34 4 ~0
CO2 (%) 96.5 95.2 73.2 39.3 63.5-69B 97.0-99.5 79.3-8§6.2 97®-p8. ~24.0
Hz (%) 15 15 0.79 331 12.7-14F 0.26-0.28 ~0.28 0.02-4.07 ~74.0
N2z (%) - 0.9 2.0 2.1 - 0.26-0.2§ - 0.47-0.98
H2S (%) 1.5 2.3 23.5 25.3 1.69-29p 2.22-2.74 12.9-1y.7 0.5-1.0
CHa (%) - - 0.06 - 11.9-15.3] 0.26-0.2¢ ~1.15 0.52-0.p2
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Cracking

Cracks tend to form on diaphragms, rotors and rbtades. Cracks in rotors and stator
blades can eventually lead to a failure, which lcave sever effects. Cracks can be caused
by fatigue, vibration and a combination of erosemd corrosion. The last stages rotor
blades, especially their roots, are, however, tmeponents that are most susceptible to the
crack formation. The reason for this is mainly teegth of the last stages rotor blades.
They are both susceptible to vibration and expegdnigh centrifugal force as mentioned
in Chapter 2.3. Condensing steam turbines caneadgerience flow recirculation, pressure
fluctuation and counter-flows at the last stagdss Tauses excitation of the blades, which
causes high vibratory stresses [25].

Vibration of a turbine component can lead to crdokmation. If the vibration
frequency of some component matches the resondnaayoother component a severe
failure may occur. Vibration can for example bessiby mass unbalance, misalignment
between the generator rotor and the turbine ratar gperation with reduced mass flow.
Mass unbalance can be caused by scaling, erostbrt@nosion. Misalignment between
the generator rotor and turbine rotor can be cabsefhilure in supports or installation.
Reduced mass flow changes the blade entry flovdé@mde angle. This results in the steam
striking the suction side of the rotor blades ardirgg them [25]. Vibration of a steam
turbine has therefore to be monitored carefullyorgiion monitoring can also be used to
detect failures or potential failures.

Right selection of materials can reduce crack foiona Materials with low crack
propagation rate should be used where there isgeda@f crack formation.

Some methods are available to detect cracks. Omenooly applied method is dye
penetrant testing as it is both simple and inexpendt is a method which has its
limitation because it only detects surface fragur®ther common methods are for
example ultrasonic testing and radiographic testing

4.3 Maintenance and condition monitoring of
the steam turbines at Hellisheidi power
plant

The surveillance of the steam turbines at Helldihpower plant is carried out in the
following way. Every turbine at the power planpiswered down once a year and explored
with a borescope to find and identify any failurBsoblems that can be observed with a
borescope are for example scaling and wear of intdrstator blades. The time between
major overhauls is, however, four years assumiagrb problems occur in the meantime.
The startup and the shutdown of a turbine are uradds processes, which should be
practised as rarely as possible, because they tegls¢hermal stresses as is described in
Chapter 2.3.

The deciding factor for the time between major baeis is wear of the turbines
components. This is because wear can be hard wctdatithout visual inspection,
especially on places like the horizontal joints ahd casing seat at the diaphragms.
Experience indicates that after four years of opamathere is an increased risk that the
turbines have suffered severe wear, which coultidrd or impossible to repair. Another
factor, which also has effect on the interval bemweverhauls is scaling. It is, however,
considered possible to operate the steam turbinklelisheidi power plant for up to six
years if scaling is the predominating factor.
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A turbine overhaul comprises several activitiesiclhall under three major phases i.e.
dismantling/inspection/cleaning, replacement/repaand reassembling/testing. The
overhauling process normally takes about 4 weelksas&embling is one of the most
complex phases in the overhauling process, espethal alignment of the diaphragms and
the alignment between the turbine rotor and theeggar rotor. The maintenance staff at
Hellisheidi power plant has been developing therlwealing process of their steam
turbines with help from experts in the Icelandiotpermal industry. The overhauling
process is now organized and carried out by thentexaance staff at Hellisheidi power
plant without any supervision or help from the tods manufacturer. Local contractors
and workshops have, though, provided manpower o Wwéh the overhauling process.
This allows the staff at Hellisheifiower plant to organize and optimize the overhaulin
processes in the future with regard to spare paris,and expenses.

Condition monitoring is used to detect failurestive steam turbines at Hellisheidi
power plant. Quantities that are monitored areatibns, efficiency and thermodynamic
data like temperature and pressure. Vibration issgrecially good indicator to both detect
failures and predict potential failures for a rotgt machine like a steam turbine. By
monitoring vibration, problems like unbalanced rpti@ilure in bearings and failure in
supports can be detected before they cause sewahenotions. The amount of dissolved
minerals in the steam is also measured both antbéeand the outlet of the turbines. This
way the amount of minerals that accumulates inuh@nes can be estimated [10].

4.4 Failures in the steam turbines at Hellisheidi
power plant

Four of the seven steam turbines at Hellisheidi groplant have been overhauled since
startup of the power plant, that is to say threghlpressure steam turbines manufactured
by Mitsubishi and the low pressure steam turbin@ufectured by Toshiba. The turbines
had been operating from 2.5 up to 4 years befoeg there overhauled. Here are the
failures, which were observed during the overhduhese four steam turbines, discussed
and possible causes identified. Each componenthef steam turbines is looked at
individually. All the information in this chaptes ieither conceived from maintenance
reports, DMM data or interviews with the employeaésiellisheidi power plant.

Diaphragms

Here are the failures and the problems for the hdegms in the steam turbines at
Hellisheidi power plant along with their possibkuses discussed.

Scaling is not a serious problem at Hellisheidi poplant and is generally found in a
small amount on the stator blades, mainly, thooghhe first stage diaphragms. Turbine 3
has, however, suffered from considerable scalirdplpms that caused performance drop
and hastened the overhaul of the turbine. Scaliag found on the stator blades through
the whole turbine, the greatest amount being foamdhe stator blades in the first stage
diaphragms. An example of scaling can be seenguar€i4.6. XRD and SEM analyses of
the scaling in turbine 3 measured mainly quartztamsulfide, sodium chloride and
zeolithe. The maintenance staff at Hellisheidi poplant believes that well 45, which is a
relatively dry well, is responsible for this sca@inin order to prevent further scaling
problems in the future, water injection has beemtetl at the wellhead on well 45. The
result from that process is promising.
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Figure 4.6 Left, scaling on the first stage stator bladesurbine 2 at HeIIiseiéi power plant. Right, scali
on the first stage stator blades in turbine 3 atlideeidi power plant [41].

A common problem on the diaphragms is wear at trezbdntal joints and it is mainly
found on the first four stages. An example of ttas be seen in Figure 4.7. No such wear
is, however, found in the low pressure turbine sTdan be explained with different design
of the horizontal joints there. They are boltedetthgr and made of stainless steel instead
of carbon steel, which is used in the high pressureines. The wear at the horizontal
joints is most likely caused by solid particle eoosrather than water droplet erosion.
There are two reasons, which support this. Thisadgms not found at the last stages
diaphragms were the moisture in the steam is highéss damage is, however, found at
the first stages where it seems that more solitgb@mare present as can be seen from the
scaling problems. Another reason that can parthfaex why this damage is less at the last
stages, is the pressure difference across the diegfjes in a steam turbine, which is
generally higher than across the last stages. tEaens which flows between the horizontal
joints on the diaphragms in the turbines, theretmeelerates more at the first stages than
the last. Velocity has high influence on erosiote ras is stated in the Erosion section in
Chapter 4.2. Corrosion is, however, unlikely tothe predominant mechanism for this
wear although it could have some effect. The follweasons support that. The wear is
localized as can be seen in Figure 4.7, which atd&that certain flow conditions cause it
rather than corrosion. The short operation timéefturbines also indicates that corrosion
is not the predominant mechanism for this damage.

No cracks were found with visual inspection ondrephragms except at the first stage
stator blades in turbine 3. Therefore a dye penttrspection according to the EN571-1
standard was carried out to locate all surfaceksrand damages on them. The first stage
diaphragms have 122 stator blades. The inspeatnated 70 surface cracks in the stator
blades on the upper diaphragm and 39 surface ciackse stator blades on the lower
diaphragm, which did not fulfill the EN1289 standlaAll the cracks discovered were on
the backside of the stator blades. Figure 4.8tiéiss cracks in four of the stator blades.
There are mainly two possible causes for this fdlenaof cracks. Wear could have
changed the vibration properties of the stator édaavhich along with vibration could be
the cause. The high level of scaling might alsedsponsible. During the inspection it was
also noticed that 22 stator blades in the uppgrhdagm and 29 stator blades in the lower
diaphragm were damaged in such a way that a pdiniec$tator blade had broken or worn
off. This could be caused by either erosion or @son or a combination of them. An
interesting fact is that the stator blades in tppean diaphragm had suffered from more
damage than the ones in the lower diaphragm. Téasorefor that is unknown. The first
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stage diaphragm in turbine 3 is the only one, whials been examined especially for
cracks. It is thus possible that diaphragms inrotindines could have small cracks, which
cannot be found with visual inspection.

Figure 4.7 Left, erosion damage on the horizontal joint be second stage diaphragm in turbine 2 at
Hellisheidi power plant. Right, erosion damage te thorizontal joint on the third stage diaphragm in
turbine 3 at Hellisheidi power plant [41].

Figure 4.8 Cracks at the backsides of the stator blades ten first stage diaphragm in turbine 3 at
Hellisheidi power plant [41].

The outer labyrinth seals on the diaphragms expegi@ small wear, mainly the ones
on the first two stage diaphragms. The labyrinthls®n the first stage diaphragms in
turbine 3 were, though, especially worn. This wisaprobably because of solid particle
erosion because of the same reasons as the wehe diorizontal joints. Solid particle
erosion could also explain the high wear rate efl#byrinth seals in turbine 3 as there is
high amount of solid particle present there dusdaling. Furthermore the labyrinth seals
have feasible conditions for erosion as the stdamsfthrough them with high velocity as
is described in Chapter 2.2. But velocity has hHigfltuence on erosion rate as is stated in
the Erosion section in Chapter 4.2. Higher presdlifierence over the first stages
diaphragm than the last ones only add to this prabl

The stator blades experience wear at their rodts the inner and the outer ones. This
damage is most severe at the inner roots of therditades at the fourth stage diaphragms.
It is though also found both at the inner and atdhter roots at the stator blades at stages
five and six, though mainly at the outer ones. Aamsple of this damage can be seen in

26



Figure 4.9. This wear is most likely caused by mlsimation of solid particle and water
droplet erosion and possible erosion corrosionidSmrticle erosion is, though, probably
the dominating mechanism because there is lessgaatastages 5 and 6 where there is
more moisture in the steam. Different design of skeor blades roots at the first three
stages can explain why they do not suffer from wear. The roots at the first three stages
along with the outer one at stage four are alsoentdctainless steel, while carbon steel is
used at the other stages. This difference can ée seFigure 4.10. This damage did,
however, not occur in the low pressure turbines™an be explained with the construction
of the hoops where the stator blades are attach#twetdiaphragms there as they are made
of stainless steel.

I;igure 4.9 Leﬁ, wear at the inner roots of the stator blade stage four in turbine 3 at Hellisheidi power
plant. Right, wear at the inner roots of the stabtades at stage five in turbine 2 at Hellisheidwgr plant
[41].

Figure 4.10 Both pictures are from turbine 3 at Hellisheidivger plant. Left, an example of the design of
the inner and outer roots at the stator bladestages 1-3 can be seen. Right, an example of thigrdetthe
inner and outer roots of the stator blades at stadi [41].

The casing seats on the diaphragms have experieooed problems. Impurities tend
to accumulate in the seats, especially at the $itajes. Some wear problems have also
occurred. They occur mainly on the diaphragms afitist stages. The most likely cause is
thus solid particle erosion for the same reasomoashe wear of the horizontal joints.
However, corrosion is also likely to be partly resgible.
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Wear at the side of the diaphragms is also a pnoebléhis wear is only found on the
sides of the diaphragms above and behind the drales in the casing. It is therefore
most likely caused by water droplet erosion. Anregke of this can be seen in Figure 4.11.
This damage is not found in the low pressure t@bifferent design of the drain system
there could explain that.

Figure 4.1 Both pictures re from turbine 2 at Hellisheid@wper plant. Left, wear on the side and on the
bottom of the third stage diaphragm. Right, weathatside of the fourth stage diaphragm [41].

The severity of some of the damages after only42y@ars of operation is interesting.
Many problems are also sectional, which is vergnedting, for example the wear at the
inner root of the stator blades at the fourth stdigphragms and the wear of the horizontal
joints at the first stages diaphragms. It is algeresting that the diaphragms in the low
pressure turbine manufactured by Toshiba haversgffeom fewer damages than the high
pressure turbines manufactured by Mitsubishi. Ajgtion of stainless materials in areas
susceptible to wear like the horizontal joints ahd stator blade roots in the turbine
manufactured by Toshiba could explain this. In gehestainless steel seems to have good
resistance against erosion.

The draining system in the turbine manufacturedroghiba is different from the one
in the turbines manufactured by Mitsubishi. In thgh pressure turbines from Mitsubishi
there are draining holes in the bottom of the @aginfront of the diaphragms. In the low
pressure turbine from Toshiba there are drain easchwhich accumulate the droplets in a
cell, between the stator and rotor blades. Theeealso grooves on the backside of the
leading edge on the rotor blades, which lead tedlalls, that are supposed to catch the
droplets in the steam. These two different drasteays can be seen in Figure 4.12. Both
systems only transport the moisture in the steaer tivthe next stage but not out of the
turbine. The experience from Hellisheidi power planthat the draining system designed
by Toshiba appears to work better than the onegydediby Mitsubishi.

In Table 4.2 a summary of failures, which occutlwa diaphragms in the steam turbine
at Hellisheidi power plant, can be seen. Howevahld 4.2 only represents failures that
are common or predominating when it comes to maartee. It is thus possible that other
failures occur at the diaphragms although theynatdisted in the Table 4.2. It can be seen
that the most common problem is erosion. Scalirg pgoblem for some components but
corrosion and cracking do not seem to be a prob&mort operation time of the turbines
can explain that. The main indicator that was atergid for the estimation of the “Time
until repair is needed” factor is the time untietdamage, caused by a particular failure,
starts to have effect on the safe operation ofttineine. It is based on the subjective
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assessment of the author after interviewing thenteaance staff at Hellisheidi power plant
and analyzing secondary data.

Drain Catcher Drain Removal

Grooves
' 4
.I I

Figure 4.12 Left, illustration of how the draining system time low pressur turbine manufactured by
Toshiba works. Right, example of drain holes indaging in the high pressure steam turbine manufadt
by Mitsubishi [41, 47].

Table 4.2 Summary of failures for all the components optiagms in the steam turbines at Hellisheidi
power plant.

Diaphragms
Corrosion| Erosion Cracking  Scaling Time until
repair is
needed [years]
Stator blades X X X 4-8
Casing seats X X X 4-8
Roots at stator X X 4
blades
Inner labyrinth X 4-8
seals
Outer labyrinth X 4-8
seals
Sides X X 4
Horizontal X 4
joints
Rotors

The failures and the problems of rotors in the reteéarbines at Hellisheidi power plant
along with their possible causes are discussedwelo

The seal surface on the high pressure side wedrathal very slow rate. It is most
likely caused by solid particle erosion becausestieam there is relatively dry. The low
pressure side also experience wear but at a higkeor around 0-0.2 mm/year. The wear
on the low pressure side is probably caused byn@bowtion of corrosion, solid particle
erosion and water droplet erosion. The corrosionlm caused by inflow of air from the
environment but moisture and solid particles in gteam can cause the erosion. An
example of wear on seal surfaces can be seenumeHigl3.

Wear occurs in rotor labyrinth seals and it is rhyafound in the first two stages rotor
labyrinth seals and the rate can be up to 0.4 man/yidne most likely cause for this wear is
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solid particle erosion. There are mainly two reasavhich support this. The wear is at the
rotor but water droplets are normally found outvgand turbines as is described in the
Erosion section in Chapter 4.2. The steam is aidatively dry at the first stages.

Furthermore, labyrinth seals have feasible conustitor erosion as already explained in
the Diaphragms section in Chapter 4.4. An examplthis wear can be seen in Figure
4.14. The wear in the rotor labyrinth seals habaanonitored carefully because there is
nothing that slows down the steam before it hits ibtor drums when the labyrinth fins

have been worn down. This would result in a highsem rate at the rotor drums, which
would be both difficult and expensive to repair @odld have severe effects.

Figure 4.13 Both pictures are from turbine 3 at Hellisheidivger plant. Left, wear of the low pressure seal
surface. Right, the high pressure seal surface¢chvhas almost no wear [41].
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Figure 4.14 Left, 1.5mm wear of the rotor labyrinth seal ftimphragm two in turbine 3 at Hellisheidi
power plant. Right, about 1mm wear of the rotonaith seal for diaphragm two in turbine 2 at Helieidi
power plant [41].

Some problems are associated with the rotor drdrme. steam balance holes often
show signs of wear. This can be seen Figure 4.t&.chuse is not known but a probable
cause is erosion. This wear is undesirable bothusecthe steam balance holes experience
high stress and it can lead to crack formationhm future. Another problem at the rotor
drums is wear, which takes place beside the bladis on the top of the rotor drums. The
wear is mainly found on the backside of the rotamas above the steam balance holes at
the first stages. An example of this can be seérigare 4.15. This wear is most likely
associated with the wear at the steam balance,lidghe steam that flows through them.
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One hypothesis from Mitsubishi is that some turbaée flow or condensation happens
around the steam balance holes and these may ttasisgear. The blade attachment on
the rotor drums also has to be monitored carefadlyegards crack formation because of
this wear.

It is worrying how worn the rotors in the steanbines are after only 2.5 to 4 years of
operation. It means that both costly and compleaire are required in a few years.
Furthermore, damages like the ones on the rotandmill cause crack formation in the
future with potential severe effects.

In Table 4.3 a summary of the failures, which ocmurthe rotors in the steam turbines
at Hellisheidi power plant, can be seen. Tableohl$ represents failures that are common
or predominating when it comes to maintenances. tlhis possible that other failures occur
at the rotors although they are not listed in Tab& The same method is used to estimate
the “Time until repair is needed” factor as in &ablable 4.2. Erosion is the most common
failure for the rotors. Corrosion and fractures als present but the rotors do not suffer
from scaling problems. It can, however, be prattiogperform some repairs on a rotor
although it is not needed with regard to safe dpmrdut it can be seen that the rotors can
be operated for at least 8 years before repairaeressary. That way more expensive and
complex repairs in the future can be avoided.
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Figure 4.15 Left, wear of a steam balance hole at stage fuihine 1 at Hellisheidi power plant. Right,
wear at the backside of the rotor drum, besidertiter blades roots at stage 2 in turbine 2 at HeHkidi
power plant [41].

Table 4.3 Summary of failures for all the components of thi®rs in the steam turbines at Hellisheidi
power plant

Rotors
Corrosion| Erosion Fractures  Scaling Time until
repair is
needed [years]
Seal surfaces X X >8
Labyrinth seals X >8
Rotor drums X X >8
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Rotor blades

The failures and the problems of rotor blades m steam turbines at Hellisheidi power
plant along with their possible causes are disclbstow.

There are labyrinth seals on the top of the roladds at stages 1-3 in the high pressure
steam turbines and at all four stages in the losggure steam turbine. The labyrinth seals
in the high pressure steam turbines wear but tles am the low pressure turbine do not
wear. The wear is most likely caused by a combanatif water droplet erosion and solid
particle erosion. It can be explained in the follogvway. Droplets tend to form in steam,
which flows through a diaphragm, and they accuneulatitwards in a turbine as is
described in the Erosion section in Chapter 4.pa#A of the droplets therefore flows with
the steam over the rotor blades. As the steam ftowgs the rotor blades it accelerates and
vortex flow occurs as can be seen in Figure 2.€lmapter 2.2. In this way the solid
particles along with the water droplets in the steaode the labyrinth seals. An example
of this can be seen in Figure 4.16. This wear dussoccur in the low pressure steam
turbine as already mentioned. This can be explamigdthe draining system there, which
Is demonstrated in Figure 4.12 but it seems togrethis wear. It can thus be concluded
that the dominating mechanism for this type of weavater droplet erosion.

Figure 4.16 Both pictures show wear of labyrinth seals on tilyge of the rotor blades in the turbines at
Hellisheidi power plant. Left, the second stagéuiine 2. Right, the second stage in turbine 3.[41

The leading edge and the backside of the leadigg ed the rotor blades wear, often at
a high rate. The wear is mainly found at the tighef last stages rotor blades. An example
of this can be seen in Figure 4.17. This wear isistent with the one that is described for
rotor blades in the Erosion section in Chapterah@ is thus most likely caused by water
droplet erosion. The wear starts at the fourthestagor blades in the high pressure steam
turbines but at a low rate. The rate increasebafitth stage but the material loss at the
leading edge on the rotor blades there is arouhd @5 mm/year [40]. The highest rate is
on the leading edge of the sixth stage rotor bldngshe material deterioration there is
around 0.5-1.5 mm/year [40]. The wear starts atthirel stage rotor blades in the low
pressure steam turbine at a slow rate. The rateases at the fourth stage but the material
deterioration at the leading edge on the rotordsatiere is around 0.1-0.15 mm/year [40].
The last stages rotor blades in the steam turld@hétellisheidi power plant have a stellite
shield strip at their leading edge. It is possibleeplace or repair the stellite shield strip if
the material deterioration has not propagated ¢oblade base material beneath the strip

32



but in that case it could be necessary to replaeékade. Therefore this wear needs to be
monitored carefully.

Both the last stages rotor blades in the low pmesturbine and in the high pressure
turbines have stellite coating on the leading edigs. interesting that the last stages rotor
blades in the low pressure turbine experience \esgr rate than the ones in the high
pressure turbines. This indicates that the drairspgtem in the low pressure turbine
manufactured by Toshiba, which is described inRishragms section in Chapter 4.4, is
more effective than the one in the turbines marufad by Mitsubishi. However, there
could be other explanations. For example, diffedength of rotor blades or different
working environment, with regard to pressure anthperature, could have effect.
Information from the manufactures about other desegitures that could reduce erosion is
also not available.

Figure 4.17 Both pictures are from turbine 1 at Hellisheidivger plant. Left, material deterioration at a
fifth stage rotor blade. Right, material deteridat at a sixth stage rotor blade [41].

The rate of the wear on the last stages rotor blade the labyrinth seals at the first
stages is worrying. If the turbines continue torape under unchanged conditions either a
costly repair or replacement of the rotor bladed #ue labyrinth seals is foreseeable after
few years. The failures, which have occurred onrtiter blades in the steam turbines at
Hellisheidi power plant, are summarized in Tabl. Zable 4.4 only represents failures
that are common or predominating when it comes amtanance. It is thus possible that
other failures occur at the rotor blades althougtytare not listed in the Table 4.4. The
same method is used to estimate the “Time untiirdp needed” factor as in Table 4.2.
Erosion is the most common problem but cracks aading are also found at the rotor
blades. The rotor blades can operate safely forentiban 8 years [40] but it would,
however, be well worth considering to repair thesorer. That way more expensive and
complex repairs in the future could be avoided.ddaosion on the rotor blades can be
explained with short operation time of the turbines

Table 4.4 Summary of failures for the rotor blades in theasn turbines at Hellisheidi power plant
Rotor blades

Corrosion| Erosion Cracking  Scaling Time until
repair is
needed [years]

Labyrinth seals X >8
Rotor blades X X X >8
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Gland seal systems

The failures and the problerin the gland seal systems in the steam turbinetebisheidi
power plantlong with their possible causare discussed below.

A gland seal system generallyfitted with sets of labyrinth packing reduce leakage
of steam through it. Thessets oflabyrinth packing bottwear and accumulate ¢. The
wear is probably caused Isplid particle erosion at the high pressure sideause the
steam there is relativelyry. However, this wear is probaka combination of solid particl
erosion,water droplet erosion and corrosion at the low gues side Both solid particle:
and water droplets aia the steam at the turbine outlwhich along with an acceleratic
of the steam that flows through the labyr packing as an be seen Figure 2.6 in
Chapter 2.2, support thi¥he corrosiorcan be caused kair which flows inthe gland seal
systemat the low pressure sior it may be caused lmpndensation of corrosive ga.

The casings atnd the labyrinth packing both accumulate dirt wear. The wear i
mainly found aound the labyrinth packin(This is probably due to the same cis as are
responsible for the wear of the labyrinth packiThe casingsn the low pressure turbi,
however, wear leshan the ons in the high pressure turbindis can be explained wi
different construction maters. The casingsn the low pressure turbinare made of
stainless steel but the onaghe high pressure turbines are made of carkewi

There are scaling and wear probs in thepipes, which either transport steam fr
the gland seals to the condenser or transport stet@nthe gland sealdt seems that th
slant of the pipes has effect on the scaling prak andthe pipes accumulamore scaling
if their incline is notsufficient [40]. An example of scalingh such a pip can be seen in
Figure 4.18.

Figure 4.18 Scaling in thepipe, which transpos the steam from the high pressure gland sto a
condenser, fothe low pressure turbinmanufactured byfoshiba at Hellisheidi power pla[41].

The failures, which have occurred in the gland sgatens inthe steam turbines
Hellisheidi power plant, are summarizedTable 4.5. Table 4.5nly represels failures
that are common or predominating when it comes amtanance It is thus possible th:
other failures occur in the gland seal systenhough they are not listed Table 4.5. The
same method is used to estine the “Time until repair is needed” factor asTable 4.2. It
can be seen that a turbine cannot be operateddog than 8 years without repairing 1
gland seal systems for Bcaling is the most common problem. The labyrirdgbking and
the casing also corrode and er. No cracks were founoh the gland seesystems which
was not surprising as they aret highly stressed.
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Table 4.5 Summary of failures for all the components in gfend seal systems for the steam turbines at
Hellisheidi power plant

Gland seal systems
Corrosion| Erosion Cracking  Scaling Time until

repair is
needed [years]

Labyrinth X X X 4-8

packing

Casings X X X 4-8

Pipe system X X 4-8

Casings and bearings

The failures and the problems in the casings aedb#arings in the steam turbines at
Hellisheidi power plant along with their possibluses are discussed below.

The attachments for the diaphragms both accumdidtand wear. Most of the dirt is
found at the attachment for the first stages diagims. The dirt is probably associated with
scaling, which seems to accumulate forwards intthbines. The wear is most likely
caused by solid particle erosion or water droptesien or a combination of these two.
Most dirt accumulation is found in the low presssteam turbine. One likely explanation
is that the low pressure steam turbine is operatethother working environment than the
high pressure turbines. Thermodynamic quantities temperature and pressure are for
example different. Another likely explanation isthihe low pressure turbine uses steam,
which is produced with “flashing”. This can caugegipitation of minerals in the steam
and scaling in the turbine as is described in taifg section in Chapter 4.2.

The drain holes in the high pressure turbines, Wwlace located at the diaphragm
attachments in the bottom of the casing, experievea. An example of this can be seen
in Figure 4.19. The wear is most likely caused bgtew droplet erosion as there is
relatively high amount of moisture in the steant flavs through the drain holes.
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Figure 4.19 Left, wear of a drain hole at the third stagetumbine 2 at Hellisheidi power plant. Right, wear

of drain holes in turbine 3 at Hellisheidi poweapt [41].
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The only problems with the pressure bearings ateadcumulation and scratches. The
main bearings had no visible damages at all. The tearings had only been in operation
for 2.5-4 years before they were inspected durwvgritauling of the turbines. It was thus
to be expected that no wear or damages had occygtexs this operation time is relatively
short for such bearings. A pressure bearing andia bearing can be seen in Figure 4.20.
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Figure 4.20 Left, pressure bearing from turbine 1 atHeIIimepower plant. Right, one half of a main
bearing for turbine 3 at Hellisheidi power plant]}

In Table 4.6 a summary of failures, which occurtloe casings in the steam turbines at
Hellisheidi power plant, can be seen. The bearangaot represented in Table 4.6 because
they only suffered from couple of problems. Tablé dnly represents failures that are
common or predominating when it comes to mainteeaittcis thus possible that other
failures occur in the casings although they ardistgd in the Table 4.6. The same method
Is used to estimate the “Time until repair is neBdactor as in Table 4.2. Scaling and
erosion are the most common problems. No fractwe® found on the casings, which
was not surprising as they are not highly stressed.

Table 4.6 Summary of failures in the casings for the staannines at Hellisheidi power plant

Casings
Corrosion | Erosion Fractures  Scaling Time until
repair is
needed [years]
Diaphragm X X X 4
attachments
Drain holes X 4
Casings X X 4-8
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Discussions

Scaling is mainly found at the first stages in thibines at Hellisheidi power plant. This
indicates that more solid particles are preserthérsteam there than at the last stages.
Droplets accumulate outwards in turbines becauseenfrifugal forces, their formation
takes time and takes place on locations with rapgdsure drop like at the pressure side on
the stator blades, as is described in the Erossctian in Chapter 4.2. The steam at the
first stages in the turbines is also relatively.dtyis therefore unlikely to contain a high
amount of droplets. It can thus be concluded thatwear at surfaces like the horizontal
joints and the labyrinth seals, which are exposeditect contact with steam at the first
stages in the turbines, is mainly caused by sdidigle erosion. It can also be concluded
that the predominating cause of the wear at thestages in the turbines is water droplet
erosion. Another reason, which indicates that spkditicle erosion takes place in the
turbines at Hellisheidi power plant, is quartz saain the turbines as is already described
in the Diaphragms section in Chapter 4.4. As qupaticles are considered to be hard
particles, they are likely to cause solid partiel®sion. It is also likely that erosion
corrosion is partly responsible the wear in thamstéurbines.

Table 4.7 shows the chemical composition of thaéwater leaving the separators at
Hellisheidi power plant but SiOand Cl are the most common dissolved mineral$ién t
brine [48]. This indicates that both Si@nd CI are found dissolved in the steam that enter
the turbines. The SiKand ClI are thus partly responsible for the erosiod the corrosion
of the steam turbines.

Table 4.7 The chemical composition of the brine water leaving separators at Hellisheidi power plant
(48]

Material Sio Cl

mg/kg 822 170

The low pressure steam turbine manufactured by ibaspenerally experiences less
wear at the rotor blades than the high pressuegrstarbines manufactured by Mitsubishi.
As was already explained in the Erosion sectio€lmapter 4.2, droplets tend to form on
the last stages stator blades. This indicates ithiat more effective to drain a turbine
between the stator and the rotor blades like T@sHdes than before the diaphragms like
Mitsubishi does. It is, however, difficult to telt a different draining system is the
predominating factor for less wear in the stearbitw manufactured by Toshiba because
other design factors, which are discussed in ttalyagms section in Chapter 4.4, could
also be responsible.

The diaphragms in the low pressure steam turbineufaatured by Toshiba also wear
less than the ones in the high pressure steammaglmanufactured by Mitsubishi. Usage
of stainless steel at surfaces, which are expasetiréct contact with steam, can explain
this. The experience of the employees at Hellishmadver plant is that stainless materials
seem to have good resistance against wear.

It is known that solid particles can be partly “Wad” from steam by increasing its
moisture and removing the droplets from the steanexample with a moisture separator.
It is possible that this mechanism occurs in arsteabine. This could be explained in the
following way: The wetness of steam increases fifincal steam turbine and water droplets
form, the solid particles in the steam are camigtt these droplets beside the stages of the
turbine through its draining system. This couldlexpwhy there are less scaling problems
at the last stages in the steam turbines at Helbspower plant.
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4.5 Repairs of the steam turbines at Hellisheiodi
power plant

The actions that were taken to repair the failed problems in the steam turbines at
Hellisheidi power plant will be discussed in thisapter. Each component of the steam
turbines was looked at individually. All the infoation in this chapter was obtained from
visiting and interviewing the employees of the daling companies: Hellisheidi power

plant, VHE, Vélvik, Framtak, Klettur and NMI.

General information

In order to repair or obtain a steam turbine congmbrat Hellisheidi power plant one has
two options and the first one is to construct grare the component either on-site or at
nearby workshop. The second option is either toaetompany specialized in the
maintenance of steam turbines like Turbocare ore3wdarry out this work or the original
component manufacturer.

Both specialized companies and the original manufac possess decades of
experience and knowledge along with specializedpegent and machines, which are not
available in Iceland today, to maintain and reg@am turbines. Some problems are,
however, associated with those parties. The waitimg for repairs or new components
can be long, especially by the original manufagtufbe waiting time for spare parts from
Mitsubishi can for example be from 2-3 months ud 6 years [49]. This is common as
turbine manufacturers rarely have parts in stodabse of the variety of turbines that they
produce. Mitsubishi has recently established a slwsk in Belgium for the maintenance
of steam turbines in order to improve their aftenkea service. High price is another
problem. Price of repairs or components from fareggmpanies follows both the energy
price in the world and the demand. This means tthate prices are high for Icelandic
power companies as the energy price in Icelancelaively low in comparison to the
world [50]. Transport costs and a high exchange oaty add more expenses.

Icelandic companies possess a lot of equipmentnaachines, which can be utilized
for the maintenance of steam turbines. However,enexperience and knowledge along
with some machines are required to perform compheténtenance of steam turbines
domestically. One of the main advantages of Icetandrkshops is a short waiting time.
Vélvik was for example able to produce a set ofiiabh packing for the gland seal system
at the low pressure side in one of the steam tagat Nesjavellir power plant in five days.

A common problem when it comes to the maintenariceteam turbines is lack of
information from the original manufacturer. Genraho manuals or instructions
regarding maintenance of steam turbines are prdvidéniis means that no or little
information about things like time intervals betwesverhauls, execution of dismantling
and repairs of components are available. This makagatenance without help from the
original manufacturer or a specialized companyialift.

The components in the steam turbines at Hellisheadver plant often accumulate
scaling, dirt and rust as was already describechapter 4.4. This has to be cleaned during
the overhaul of the steam turbines. Previously {pigdssure washing was used but today
sandblasting with garnet sand is applied. This ogtias shown good results but as far as
the author knows, no studies have been made torexjiie effects of sandblasting on the
surface of the components.
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Diaphragms

The actions and the methods that are availablealand to repair the diaphragms in
steam turbines at Hellisheidi power plant are dised in this sdion.

Mainly two methodsireavailable to repair wear drorizontal joint. One method is to
weld the damaged area witungsten inert gas (TIG) weldin@he filler rod, which is
generally used, is ER309!. ER309Mo is stainless steel with 12% C-35% Cr and 12-
14% Ni [51]. The seconthethoc is to cover the horizontgoints with filler material. It is
considered that this wilmake them more robust and resistant agewear and thus
lengthen their lifetimeThis is done in the following wa they aremilled down, weldec
with TIG welding whereER309Mc is used as filleand at last milled down tthe original
height and shape. Figure?4 illustrates a diaphragm during suchepair ancFigure 4.22
shows a diaphragrefore and afti such a repailWelding repairs of the horizontal joir
in the steam turbines at Hellisheidi power plarg generally carried olon-site by the
power plant’'s maintenance st The above mentioned methods have already beered,
on the steam turbines at Nesjavellir power [ and they haveeduced the wear rate of t
horizontal joints.

Inner labyrinth
" seals

Horizontal
joints

Stator
~ blades

Outer labyrinth
seals

Casing seat

Figure 4.21 The first stage diaphrgm from turbine 3 at Heligh power plant after welding. Tt
horizontal joint still has to be milled down the original height and shape.

Figure 4.22 Both pictures are of the horizontal joint on the secatdge diaphragn% in turbine two
Hellisheidi power plant. Left, the horizontal join¢fore repair. Right, the horizontal joint aftepair [41].
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Welding repairs can cause problems because weldingduces the threat of high
residual stresses and distortion of the weldedobvpfe?]. Extensive welding increases the
risk. This has been the case with the diaphragrtiseirsteam turbines at Hellisheidi power
plant but they have sometimes become distortechgdwrielding repairs. This can lead to
them not fitting in the steam turbine casing dur@sgembly. Some actions are available to
decrease the adverse effects of welding. The dagphs can be heated before welding, the
welding can be made piecewise and the diaphragm&eaooled down slowly after the
welding process is finished. Framtak has also gerimenting with a new method to
repair horizontal joints on diaphragms and then ¥derrepair materials are used to repair
damaged areas. Wencon materials are epoxy based mpounds to rebuild and
protect surfaces exposed to wear, corrosion otataw. Wencon materials have excellent
adhesion to all materials, except soft plastic [93]is method does not include welding
and the problems associated with it can thus ba&ladoThis method was applied to one of
the steam turbines in Reykjanesvirkjun during @st loverhaul but the result will not be
available until the turbine is overhauled again.

Mainly two methods are available when repairing maacasing seats. One method is
to use TIG welding with ER309Mo filling material tepair the damaged areas but this
method is not preferable if the damages are exterts2cause of the already mentioned
problems associated with welding. The second meihaoad reconstruct the damaged area
with some stronger material to prevent further pots in the future. To do that the
damaged area is milled down and a piece made imiiega steel is constructed to weld
over it. The welding that is required is minimizegh this method and so is the risk of
distortion and residual stresses in the objectithbeing welded. This way the casing seat
Is also covered with stainless steel, which is ©®red to be more robust and resistant
against wear than the original carbon steel indiagphragms. It is believed that this will
lengthen the lifetime of the casing seat. An exangdl this can be seen in Figure 4.23.
VHE carries out the milling work of the diaphragimsthe steam turbines at Hellisheidi
power plant but the welding is done on-site byrtte@ntenance staff at the power plant.

,.“.,\

Figure 4.23 Both pictures are of a diaphragm from a steanbitug at Nesjavellir power plant Left, wear in
a casing seat, the side of the seat has been niedh. Right, here a piece of stainless steel iisgoeelded
over the side of the casing seat.

The wear on the sides can be repaired in two éifteways. One way is to use TIG
welding with ER309Mo filling material to repair thveear but welding is not a preferable
method as already described. The second way ild & shield made of stainless steel
over the damaged area. An example of such a repairbe seen in Figure 4.24. The
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second method has been used to repair the sidide aliaphragms in the steam turbines at
Nesjavellir power plant and has reduced the wearahthe sides greatly [10]. The repairs

of the sides on the diaphragms in the steam tustaméiellisheidi power plant are carried

out on-site by the maintenance staff at the powaentp

Figure 4.24 Left, the fourth stage diaphragm from turbine 2 Hellisheidi power plant. Right new
diaphragm for the fourth stage in turbine 2 at hkidi power plant with a shield to prevent eresio
damage [41].

Fractures in stator blades can be repaired with Wétling with ER309Mo as a filling
material. Welding a stator blade on a diaphragmh@yever, a demanding work. As
described earlier, welding induces stresses becabtighe high temperature changes
involved. Later on, those stresses can cause nmstufes to form with possible severe
effects. The maintenance staff at Hellisheidi poplant has designed and built a cooling
element to cool the stator blades during weldingdlve this problem but one method to
decrease residual stresses in a welded object e®@dbit during welding. The cooling
element is made of two units cooled with water. dng this, both sides of the stator
blades can be cooled during welding. This equipmantbe seen in Figure 4.25. The wear
at the inner and the outer roots at the statordsladn also be repaired with TIG welding
with ER309Mo as a filling material. At Hellisheipower plant this repair is conducted by
the maintenance staff at the power plant as weku@eita Reykjavikur has also designed
and built equipment, which can be seen in Figurg6,4to support and rotate the
diaphragms during welding repairs. It is considdiet welding the diaphragms with this
equipment will cause less distortion. Diaphragmemetthe stator blades or the roots at the
stator blades have been repaired with welding are¢oybe installed in a turbine so it is not
yet known if those repairs are compatible with iordjcomponents.

There is an ongoing project regarding the stat@déd in the steam turbines at
Hellisheidi power plant. The aim is to evaluate thiee it would possible and profitable to
construct them in Iceland or not, but a new stélade from Mitsubishi costs around
24,000 USD [10]. This project is being conducteddrkuveita Reykjavikur, Vélvik and
NMi and is sponsored by Rannis. The stator bladeégtwis under consideration, can be
seen in Figure 4.26. Orkuveita Reykjavikur is stugyhe market for this in Iceland and
the profitability. They believe that the demand &iator blades for steam turbines in
Iceland is sufficient and the production of themudobe profitable. NMI is doing research
on how such a stator blade is manufactured, fomgka, which surface treatments are
used, which materials and which machines. Vélvikssessing whether they are able to
construct a stator blade or not. This includesmiaking of a 3D CAD model of a stator

41



blade and the construction of it. They believe thal can construct stator blades and
the manufacturing time would be arour-6 hours.

Figure 4.25 Left, cooling element to cool stator blades on aptragm during welding. Right, the sta
blades on the first stage diaphragm in turbine Batlisheidi power plant after weldin

Figure 4.26 Left,diaphragm from a turbine at Hellisheidi power plahiring welding repairs in special
designed equipment. Rightstator blade foione high pressure steam turbiaeHellisheidi power plan

The fins in a labyrinth seal wear during operatidhey ar very thin as can be seen
Figure 4.27and are thus hard to weld it is relativelyeasy to replace them. They
thereforegenerally replaced for new ones. Previously atistedioi power plai, original
fins were purchaseddm Mitsubishi for around 4200 USD/pie[10]. However, in 2012 |
was decided to start producing then-site because of this high price. The workshop
was hired to design and build a machine to consthecfins. This project was success
and the machine was completed in February 2013ifikean now be constructed-site
for only around 430 USD/pie(10]. The fins are made of duplex steel. Although the
can be made osite they still need to be mounted in a turbine tasted to see if the
function as well as fins purchased from Mitsub
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Figure 4.27 Left, Iabyrinth_-fins made on-site at Hellishep@iwer plant. Right, worn outer labyrinth fins on

a diaphragm from a steam turbine at Hellisheidi powlant.

The price of rebuilding a diaphragm in Iceland risusmd 30,000 USD but outsourcing
it to a foreign company costs around 60,000-7008@ [10]. Sending a diaphragm to a
specialized foreign company for repair is alsoanguarantee for quality. Diaphragms have
for example come back distorted after such repdirss though profitable to rebuild
diaphragms as the price of a new diaphragm is ar@40,000 USD [10].

A summary of the local and the on-site ability &pair the diaphragms in the steam
turbine at Hellisheidi power plant can be seenabl& 4.8. “N/A” means that the included
action is not applicable for that component. Tharithe fully repaired” column states
whether the repair for the included component imgatible with the original component
or not. The “Is being developed” column states ttheg included component can be
repaired but the applied repair method or otheaireapethods are being developed and it
Is not yet known if the repairs either will be e @ompatible with an original component.
It can be seen that all the components of the démphs can be either repaired or replaced
locally or on-site. However, not every part canfliéy repaired. For example only minor
repairs can be performed on the stator bladestaidrbots but more complex repairs are
still being developed.

Table 4.8 Summary of the on-site and the local ability épair the diaphragms in the steam turbines at
Hellisheidi power plant.

Diaphragms
On-site and local ability Status of repair
Canbe |Canbe | Canbe Cannot be | Only Can be | Is being
repaired | replaced | constructed repaired minor fully developed
repairs | repaired

Stator blades X X X
Casing seats X N/A N/A X
Roots for X N/A N/A X X
stator blades
Inner X X X N/A N/A N/A
labyrinth sealg
Outer X X X N/A N/A N/A
labyrinth sealg
Sides X N/A N/A X
Horizontal X N/A N/A X
joints
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Rotors and rotor blades

The actions and the methods that are availablealamd to repair the rotors and the rotor
blades in the steam turbines at Hellisheidi powantpare discussed in this section.

Almost no repairs on rotors or rotor blades areiedrout in Iceland today. The reason
is that a sufficiently large lathe and a balanamgchine are not available. Any repairs
made on a rotor or a rotor blade can cause a nmisgamnce of the rotor, which can make it
inapplicable. Thus a rotor generally has to berzadd with a balancing machine after each
repair. Repairs of rotors and rotor blades havel undaw only been carried out by
companies like Turbocare and Sulzer or the origimahufacturer, which are specialized in
such repairs. Rebuilding or repairing rotors ioaspensive, both the transport and the
repair itself. The cost today can be around 1,60DI0SD [10].

Transporting a rotor from Iceland to a foreign dyufor repair is time consuming,
expensive and introduces the risk of damagingdkta.rThis means that damage on a rotor
blade like wear on the backside of the leading eslg®t repaired during each overhaul. It
would both take longer time than the 4 weeks that dverhauling takes and be too
expensive. Operators prefer to wait until the waara rotor and its blades is considered
sufficient enough for the rebuilding of the rotorlde inevitable. This way more repairs can
be made on a rotor in one trip to a service compkiayvever, this increases the risk that
components like rotor blades either require a amrable repair or can be too worn to
repair and need to be replaced for new ones wgbcgsted cost. It would thus be more
practical to carry out repairs of a rotor and rddtades on-site or at nearby workshops
during the overhauling of a turbine. In this wamadl damages like wear in rotor labyrinth
seals and rotor blades could be repaired at etafes. This would increase the lifetime of
the rotor and its components. Figure 4.28 showsrtter from steam turbine 2 at
Hellisheidi power plant.

= ] - = - -
Figure 4.28 The rotor from turbine 2 at Hellisheidi power ptaduring overhauling of the turbine [41].

Even if a rotor is repaired by a specialized conypdinis does not guarantee quality.
This was the case with the rotor from turbine 2Nasjavellir power plant. When it was
overhauled after around 4 years of operation &ieang rebuilt by Sulzer, a severe wear of
the seal surface on the low pressure side was\w#ised with the material loss then being
around 3 mm. It is believed that a material witsufficient corrosion resistance was
selected to rebuild the surface.

The summary of repairs for the rotors and the rdfades in the steam turbines at
Hellisheidi power plant can be seen in Table 4NVA" means that the included action is
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not applicable for that component. It can be séaihno part of a rotor can be repaired or
replaced on-site or locally today. Table 4.9, hogvewnly takes into consideration the
ability of local companies or the maintenance saaffiellisheidi power plant.

Table 4.9 Summary of the on-site and the local ability toaiefoth the rotors and the rotor blades in the
steam turbines at Hellisheidi power plant

Rotor and rotor blades
On-site and local ability

Can be Can be Can be Cannot be

repaired replaced constructed| repaired
Labyrinth seals N/A N/A X
(on rotor)
Rotor blades X
Seal surfaces N/A N/A X
Labyrinth sealg N/A N/A X
(on blades)
Rotor drums N/A N/A X

Gland seal systems

The actions and the methods that are availableeilarnd to repair the gland seal systems in
the steam turbines at Hellisheidi power plant aseussed in this section.

Mainly two methods are available when repairing migaa casing for a gland seal
system. One method is to weld the damaged areds MIG or TIG welding and the
maintenance staff at Hellisheidi power plant carfquen this work. The evidence from
Nesjavellir power plant indicates that the casirgggired with this method are as good as
the original ones. This method has, however, beeblgmatic as it causes distortion of the
casings being repaired, which is hard to repaie $&cond method is to repair the wear
with Wencon repair materials. Framtak has beenIdpirgy that method. It is promising
and has shown good results but it is not yet kntime casings, which are repaired with
this method, are compatible with original casings.

There is an ongoing project, which aims at imprgvihe casings for the gland seal
systems in the steam turbines at Hellisheidi pguiemt. The idea is to cover the inner side
of the casing with more robust material as it ssfhe highest wear rate. This is done in
the following way: The inner side of the casingnsled a few millimeters down. Then an
attachment for a new replaceable inner casing mstoacted in the old casing and a new
replaceable casing, which is made of robust stél seats for the labyrinth packing, is
installed in the old casing. In this way, a compursisceptible to wear may be changed in
a simple and quick way like sacrificial anodes aatls and is constructed of more robust
material than the original one. A casing that hesrbrebuilt with this method can be seen
in Figure 4.29. This work is being conducted bynkiak and the result so far is promising.
However, a casing that has been improved withrtleghod is yet to be fitted in a turbine
at Hellisheidi power plant. It is thus not knownaifcasing that has been improved in that
way is compatible with an original one.

It is hard to repair labyrinth fins as was alreadyplained in the Diaphragms section in
Chapter 4.5. Furthermore, the labyrinth fins onl#im®yrinth packing are not exchangeable
like the ones on the diaphragms. The labyrinth packs made of 6 segments, which can
be seen in Figure 4.30 and they can be changeds&dmaents in the labyrinth packing for
the gland seal systems in the steam turbines dishkEbi power plant were previously
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purchased from Mitsubishi but today they can alsartanufactured by Vélvik. One set of
such labyrinth packing has already been construatetl installed in a steam turbine at
Nesjavellir power plant. It will, however, not badwn if the labyrinth packings, which are
manufactured by Vélvik, are compatible with thegim@l ones until the next overhaul of
that turbine is carried out. The final cost of promg those labyrinths packings
domestically is not yet known, as Vélvik has justrted producing them. The first cost
estimate, however, indicates that the cost of griath packing manufactured by Vélvik
will be a lot less than of a one manufactured btsibishi [10].

Figure 4.29 Left, repaired casing with new labyrinth ackimgide by Vélvik and a new replaceable inner
casing made by Framtak. Right, an enlarged vieth®ihew inner casing.

Figure 4.30 Left, repaired casing with labyrinth packing méaxtured by Vélvik ready for installation.
Right, new labyrinth seals for a labyrinth packimgde by Vélvik ready for installation [41].

Summary of repairs for the gland seal systems éendieam turbines at Hellisheidi
power plant can be seen in Table 4.10. “N/A” me#re#t the included action is not
applicable for that component. The “Can be fullpaieed” and the “Is being developed”
columns represent the same as in Table 4.2. Ibeaseen that all components of the gland
seal systems can either be repaired or replacesit@mr locally. Although the labyrinth
packings can be constructed locally it is not yabwn whether they are completely
comparable to original ones. Their constructiothesefore still in development.
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Table 4.10 Summary of the on-site and the local ability &pair the gland seal systems in the steam
turbines at Hellisheidi power plant

Gland seal systems
On-site and local ability Status of repair
Canbe |Canbe | Canbe Cannot be | Only Can be | Is being
repaired | replaced | constructed repaired minor fully developed
repairs repaired

Labyrinth N/A X X X
packings
Casings X X X X
Pipe systems X X X X

Casings and bearings

The actions and the methods that are availableatand to repair the casings and the
bearings in the steam turbines at Hellisheidi powant are discussed in this section.

It is mainly one method, which is available for agmg the wear at the drain holes in
the casings for the steam turbines at Hellisheddvgr plant. Either drill them in oversize
or drill new holes beside the old ones and weldndg@rs made of stainless steel in the
holes. This can be seen in Figure 4.31. This wakenit easier to repair the drain holes in
the future because the cylinders can simply beaoepl by new ones. This method has
already been applied to the steam turbines at Ma§jgpower plant and it has reduced the
wear rate of the drain holes in them [10].

Figure 4.31 Left, drain holes in a diaphragm attachment inbtne two at Hellisheidi power plant with
stainless steel cylinders fitted in. Right, dramlgs in a diaphragm attachment in turbine one allisteeidi
power plant after being repaired with stainlessstylinders [41].

It is mainly one method, which is available for aepg the wear on the attachments
for the diaphragms in the steam turbines at Hal&hpower plant. Weld them with MIG
or TIG welding and polish them down to the origisélape. This can be made by the
maintenance staff at Hellisheidi power plant. Igufe 4.32 a diaphragm attachment before
and after such a repair is shown. It is importaat & surface on the side of an attachment
is flat, else leakage between the diaphragm anddkeng is likely to occur, which can
cause erosion damage. Previously this work was dgnkeand but the results were not
satisfying because the repaired attachment oftetieelr A special polishing machine was
thus designed and built by Hédinn to polish theesidf the attachments in the steam
turbines at the power plants at Hellisheidi andjalesdlir. This machine can be seen in
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Figure 4.33 Diaphragm attachments in the steam turbines ajaMellir power plant the
have been polished with this machine have not er[10]. Wear at other locations in
casing can either be welded and polished by theter@ance staff at Hellisheidi pow
plant or repaired with Wencon repair materials bgnfitak.

Figure 4.32 Left, wear at the diaphragm attachment in turbine twoNssjavellir power plant. Righ
diaphragm attachment in turbine two at Nesjavedliwer plant after welding and polishiif41].

Figure 4.33 Polishing machine to poli: diaphragm attachments in a casingao$team turbin [41].

The pads in the journal bearings can be replacédmvew ones when they are too w
for further usage. This can be carried out by tre@ntenance staff at Hellisheidi pow
plant. However, the mechanism that supports thes padhe bearings is complied,
which means that it can be problematic to replaeent

Summary of repairs for the casing and the beaiimgjse steam turbines at Hellishe
power plant can be seen Table 4.11 “N/A” means that the included action is t
applicable for that component. The “Can be fullpaieed” and the “Is being develope
columns represent the same aTable 4.2 It can be seen that every part of the casinc
the bearings can be fully repaired or replaceceeitin-site or locally.
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Table 4.11 Summary of the on-site and the local ability épair the casings and the bearings in the steam
turbines at Hellisheidi power plant.

Casings and bearings
On-site and local ability Status of repair
Canbe | Canbe | Canbe Cannot be| Only Can be | Is being
repaired | replaced | constructed | repaired | minor fully developed
repairs | repaired
Diaphragm X N/A N/A X
attachments
Drain holes X X X X
Casings X X
Bearing pads X X
Discussions

Repairs of all stationary parts in the steam twebiat Hellisheidi power plant can be made
in Iceland, either by local workshops or the manatece staff at Hellisheidi power plant.
However, no repairs on moving components like raeted rotor blades can be made and
only few components can be manufactured. Howeveanymof the repaired or
manufactured components are either being testexpénation or are yet to be tested in
operation. It is therefore not yet known in mange=saif a component either repaired or
manufactured locally or on-site, is compatible vathoriginal component.

Outsourcing repairs to foreign companies specidlinerepairs of steam turbines has
often given good results. It is, however, no gusganof quality as mentioned in the
Diaphragms and Rotors and rotor blades sectionShapter 4.5. The experience also
shows that it is less expensive to repair or cagsitomponents in Iceland than by foreign
companies or the original manufacturer.

As mentioned in the Rotors and rotor blades sectidbhapter 4.5, both a lathe and a
balancing machine are required if repairs of rotord rotor blades are to be carried out in
Iceland. With a lathe and a low speed balancinghmacsimple repairs of rotors could be
carried out. Simple repairs of a rotor are for eglarwelding and polishing of fractures
and small wear at rotor blades, replacing of rttlades, welding of rotor labyrinths and
welding or coating of seal surfaces on a rotor. ey, sufficient knowledge of how to
maintain and repair steam turbine rotors is stk mvailable in Iceland. Orkuveita
Reykjavikur is interested in both building up tkisowledge and purchasing the required
equipment, either in cooperation with local worksti@nd power companies or on their
own. Orkuveita Reykjavikur has been exploring ifist economical to purchase such
machines. They estimate that a large enough latdeadow speed balancing machine for
rotor repairs along with training to use them wootdst around 2.000.000 USD. This is a
high startup cost. Nevertheless, Orkuveita Reykjaviestimates that the payback time
would only be some years.

Some experiments are being made in order to impstagonary parts in the steam
turbines at Hellisheidi power plant. The aims oégh experiments are to lengthen the
lifetime of stationary turbines parts, make thensie@ato repair and solve problems
associated with them. Surfaces like the horizojaalts and the casing seats on the
diaphragms, which suffer from high wear rate areliardirect contact with steam, are for
example being rebuilt with stainless steel. Howguemany cases it is not yet known if
the experiments are successful although earlyteearg promising.

TIG welding is a commonly used method to repaisteturbine components at
Hellisheidi power plant. Welding with TIG is, howay not a preferable method to weld
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steam turbine components as already describeceiDigphragms section in Chapter 4.5.
Orkuveita Reykjavikur has recently purchased eqeimnio anneal parts and Cold Metal
Transfer (CMT) welding equipment. Annealing is atinoel that reduces residual stresses
in a welded object. CMT is a relatively cold welgimethod compared with conventional
arc welding methods like MIG and TIG. This meansrdased risk of residual stresses and
distortion of the welded object. Other welding teicfues, which are used to repair turbine
components and cause less residual stresses atodtiols than MIG and TIG, like
submerged arc welding and narrow groove welding aéso something that could be worth
exploring [54, 55].

Repairs with wencon repair materials are new ifatw and it will be exciting to see if
these repairs are successful. It will also be e#itng to see how they turn out in
comparison with welding repairs.

Both the surveillance and the condition evaluatidnsteam turbine components at
Hellisheidi power plant, especially with regardcacks, have to be improved. Today, the
most applied inspection method either to identictures in components or fractures after
welding is dye penetrant inspection. However, thethod only detects surface fractures
and can therefore be unreliable, especially wheiding repairs are inspected. The
surveillance at Hellisheidi power plant has beerproming and cooperation with
companies, which conduct condition evaluation ama-destructive testing, like NMIi, has
been increasing. The feasibility of applying moreveloped Non Destructive Testing
(NDT) methods than dye penetrant inspection to tiflerdefects like fractures is
something that is worth considering, especially foghly stressed components. Such
methods are, for example, eddy current testingasohic testing and phase contrast
imaging. The establishment of those methods is,elwew costly and time consuming.
Detailed data and information regarding the ingggctomponents have to be present if
NDT is to give accurate results. It is often difficto get that information from either the
original manufacturer or specialized workshops. Ni)§Oo requires experienced staff. One
possible way to establish NDT for the steam turbiaeHellisheidi power plant would be
to perform them in cooperation with Icelandair Tichl Service (ITS). ITS employees
have decades of experience and knowledge whenmegdo NDT and the equipment
required. Data and information concerning the dbjewhich require inspection, still
would have to be acquired. Another option is tae har foreign company specializing in
NDT to carry out this work.

The choice of materials to repair steam turbine maments is of great importance. This
is often a difficult task because information abdle exact chemical composition of
components is hard to obtain. This is of great ingree in steam turbines, which are
working in a temperature range from 100-300°C. f@eees in a steam turbine can also be
down to some parts of millimeters. Material composi of components in a steam turbine
Is thus chosen so every part of the turbine expandsnilar way when it is started up to
avoid contact between parts or thermal stressesnTdierial that is used to repair or build
a component therefore needs to have a similar icaeft of thermal expansion as the
material in the original component. Problems caseaif this is not done correctly. The
employees at Hellisheidi power plant have for exientqoth been working with experts in
material science in Icelandic companies like NMd an foreign companies in this field
when it comes to deciding, which materials sho@dibed for repairs.
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4.6 The ability of local workshops to repair the
steam turbines at Hellisheidi power plant

In this chapter the ability to repair steam turliie Iceland will be discussed. Ideas for the
next steps in the maintenance of steam turbineslacerepresented. The information in
this chapter is obtained from Vélvik, Framtak andB/ These are three workshops, which
have been participating in the maintenance of statlidi power plant and are interested in
further developing the maintenance of steam tugbindceland.

Framtak is a workshop that has been servicingadbkmdic geothermal industry since
2000 and has both experience in installing and laudng steam turbines. They have
much general knowledge when it comes to weldingamkaling of objects. Furthermore,
Framtak has been doing experiments to repair coemenn steam turbines with Wencon
materials instead of welding. Framtak is also withsiderable experience in repairing and
balancing turbochargers and pumps.

Vélvik is a workshop that has been producing comeptmlike labyrinth packing and
bolts for the steam turbines at Hellisheidi powamnp They have a high quality lathe and
milling workshop and are very much experienced riadpcing complicated objects for
companies like Marel and Ossur. Vélvik also owssaple 3D scanner.

VHE is a workshop, which is not much used to repgisteam turbines but they are a
capable company and are interested in participatirgjeam turbine repairs. They have a
lot of experience when it comes to welding. VHEodisis an engineering department.

An overview over the ability of VHE, Framtak and IvVi& to machine objects with a
lathe or a milling machine can be seen in Tabl@ 4rid in Table 4.13. It can be seen that
VHE has the largest milling machine but Framtak ties largest lathe. Vélvik cannot
manufacture or repair as large objects as VHE araintak. Vélvik can, however,
manufacture objects with more accuracy.

Table 4.12 Overview over the ability of VHE, Framtak andwWklto machine objects with a lathe

Company
Lathe VHE Framtak Vélvik
> Length [m] 4 6 2
= | Diameter [m] 0.71 1.2 0.4
< | Precise [mm] 0.01 0.01 0.001

Table 4.13 Overview over the ability of VHE, Framtak andWkifto machine objects with a milling

machine
Company
Milling VHE Framtak Veélvik
Table Length [m] 5 0.5 2.5
> Table width [m] 2.2 0.7 0.82
‘= | Height [m] 3 1.2 0.72
< | Precise [mm] 0.01 0.01 0.001

As already stated in the Rotors and rotor bladetiosein Chapter 4.5, almost no
repairs can be made on rotors and rotor bladeseiarid although the need is present and
will only grow as was described in Chapter 1. TWmg@s are required, if maintenance of
rotors is to be carried out in Iceland. The filsing is a sufficiently large lathe and a
balancing machine. The second thing is the knovdedgd the experience of how to
perform such repairs. It is estimated that a latt@ch could also serve as a low speed
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balancing machine, would cost around 1,200,000 UBI). The cost of building such a
lathe in Iceland is estimated to be around 167080 [56] but the possibility of it has not
been evaluated. Building a lathe that would fibiat container and could be transported
on-site is also an idea that has come up. Thattveagportation of rotors, which is risky,
could be ceased.

There are mainly two ideas of how to establishthelaand a balancing machine for
rotors in Iceland. The first is that the power camigs in cooperation with the workshops
interested in the maintenance of rotors would foancbmpany together and set up and
operate the necessary equipment. The second iotigapower company or workshop
would purchase the equipment necessary.

In order to acquire the knowledge needed to maintaitors and rotor blades,
cooperation either with a company specialized enrttaintenance of these components or
with the original components manufacturer has toebtblished. This is, however, a
difficult task as those parties are often not wdlito share their knowledge. VHE has
already started this development by making cont@th IMPH, which is a Spanish
company specialized in the maintenance of steabingirotors among other things. IMPH
is interested in sending both staff and equipmeritéland to teach how maintenance of
rotors is carried out.

In Table 4.14 is a summary of the ability and tmowledge present in Iceland as
regards repairing or constructing steam turbinepmmmants. “Equip” represents whether or
not sufficient machines and tools are availabléceland to perform the included action.
“Know” represents whether or not sufficient knowdeds available in Iceland to perform
the included action. “N/A” means that the includadtion is not applicable for that
component. Table 4.14 is based on the subjectigesament of the author after
interviewing employees at VHE, Framtak, Vélvik andllisheidi power plant. It can be
seen that the equipment, which is required to coostelatively small spare parts for
steam turbines like stator blades, rotor bladeslalmgtinth packing is available in Iceland
today. Knowledge of the construction of such smplire parts is, however, in most cases
only available for stationary components. The eogpt required to machine steam
turbine components except for a rotor is in mosesaavailable in Iceland. However, the
knowledge that is needed to machine steam turbimeponents is in most cases only
available for stationary components. Equipmentrssent in Iceland to weld all steam
turbine components but the required knowledge idy cavailable for stationary
components. It can, therefore, be concluded froinlerd.14 that the knowledge to repair
or construct steam turbine components is in masggsaot available in Iceland although
the required equipment is present.
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Table 4.14 Overview over the domestic ability to repair anestruct steam turbine components. Equip
represents whether or not sufficient machines amistare available in Iceland to perform the inchad
action. Know represents whether or not sufficiemtidedge is available in Iceland to perform thelued
action. N/A means that the included action is mil@able for that component.

Equipment and knowledge available in Iceland
Components Welding Constructing Machining
Equip. Know. | Equip.| Know.| Equip Know.
Stator blades X X X
Casing seat X X N/A N/A X X
0 Roots for stato X X N/A N/A
=3 blades
g Inner  labyrinth| N/A N/A X X X X
S seals
a Outer labyrinth]  N/A N/A X X X X
seals
Sides X X N/A N/A X X
Horizontal joints X X N/A N/A X X
_ Labyrinth  seals X N/A N/A
g (on rotor)
3 Rotor blades X X X
S Seal surfaces X N/A N/A
5 D Labyrinth  sealg X N/A N/A X
5 © (on blades)
@x o Rotor drums X N/A N/A
Labyrinth N/A N/A X X X X
T _ g packing
& & 9 | Casing X X X X X X
O o @[ pipe system X X X X X X
e Diaphragm X X N/A N/A X X
® » | attachments
o @ -
£ £ Drain holes X X X X X X
@ 8 | Casing X X X X
O 29 [ Bearings X X

4.7 Possible improvements

As a result from the case study of the maintenarfcthe steam turbine at Hellisheidi
power plant, it is clear that some design conceik better than other. In this chapter, an
overview over possible improvements and practicakighs for steam turbines in
geothermal power plants is given.

An efficient draining system is important to rediE®sion due to water droplets. A
draining system like the one that was describethénDiaphragms section in Chapter 4.5,
where the steam is drained between the statoraadblades, has turned out to work well.
Using hollow last stages stator blades is anothiagtthat should be looked into to reduce
moisture in the steam. Transporting the dropleds the draining system accumulates out
of a turbine rather than between stages is alswsailplity worth looking into. This would
reduce the moisture in the steam and thus the thaars caused by water droplet erosion.
However, this would most likely reduce the effi@ggnof the turbine at the same time.
Long last stage rotor blades generally suffer frmwre water droplet erosion than short
ones as was described in the Erosion section irpt€éh&.2. It is therefore a question
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whether a double flow steam turbine is not morg¢asle in a geothermal power plant than
a single flow steam turbine because it can be tuilt shorter rotor blades.

The wear of the rotor labyrinth seals can be redumeinstalling a flow deflector on
the diaphragms before their inlets. A flow deflectan reduce both the steam flow and
steam velocity through the seals and thus theofadelid particle erosion [24].

It is believed that by constructing all surfaceagren turbine components, which are in
direct contact with the steam, with a coat madestafnless steel, might lengthen their
lifetime. This is already being done with surfacesthe diaphragms in the steam turbines
at Hellisheidi power plant, like the horizontalnts and the inner and outer roots at the
stator blades.

In order to solve the wear problem on a seal saréaca rotor, a replaceable sleeve can
be built and placed over it. The sleeve can themepéaced with a new one instead of
having to weld or coat the seal surface to refntear on it. This method would also not
necessarily require a balancing of the rotor. Tiyalieation of a replaceable casing, which
is a similar solution, is for example already betd®yeloped for the gland seal systems in
the steam turbines at Hellisheidi power plant as d@scribed in the Gland seal system
section in Chapter 4.5.

4.8 Results from an FMEA

The results from an FMEA, which was conducted far steam turbines at Hellisheidi
power plant, are represented in this chapter. TMEAis based on maintenance reports
and DMM data from Hellisheidi power plant. Intenwie and meetings with the employees
were also carried out in order to identify as méailpire modes as possible. The resolution
of the FMEA is at component level to see wherehterrtanalysis is needed at part level. A
criticality analysis is carried out and it is bassud a ranking system adapted to the data
analyzed. This FMEA is partly based on failuresiohtare related to the special condition
at Hellisheidi power plant, and thus only applieafdr the steam turbines there. It may,
however, be used as a reference for similar workher geothermal power plants.

Based on the data gathered about the steam turdinéallisheidi power plant, each of
the criticality factors, which were described inagpker 3.3, was given a ranking that can be
seen in Tablé.15 ranging from 1 to 5. The ranking was custonaen cover the range
of the data present for the steam turbines at $haibi power plant. It is based on the
military standard technique (MIL-STD-882D) and aiapfrom the book The Basics of
FMEA [37]. By multiplying the three criticality faors (severity x occurrence x detection)
a Risk Priority Number (RPN) is obtained for eaaliure mode present. In this study the
RPN number can range from 1 to 125 for each faihioele and its effects. A high number
indicates that a special care needs to be takeardiag maintenance and surveillance of
the component with regard to the failure mode.fHilure mode gets a high severity rating,
then it has to be evaluated as well, even thouglwd&PN number is obtained [37].

Evaluation of parameters for each criticality factwas both qualitative and
quantitative since it was based both on real daditlae subjective evaluation of the author
of this thesis. The complete table with evaluatechmeters can be seen in Table 4.16.
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Table 4.15 Definition of the ranking numbers for the thregicality factors (severity, detection and
occurrence) in the FMEA

Severity Detection
Design contrals almost certain to
1 [Negligible or no effect. 1 |detect a potential cause and
susequent failure mode.
: ’ . . High chance that desing controls will
Operator will experience minor negative ;
2| 2 |detect a potential cause and
impact on the process. )
subsequent failure mode.
3 Turbine operable and safe but 3 100% visual inspection with visual
performance degraded. standards.
Performance ca.n be severly de.graded and Periodic Non Destructive Testing
4 [maintenance will be needed witin next 4
(NDT).
few months.
Very remote chance that design or
5 Turbine inoperable, immediate shutdown 5 machinery controls will detect a
is needed and major financial impact. potential cause and subsequent
failure mode.
Occurrence
Criteria: Possible number of failures
e . Rank
within hours of operation
1 1in 70,000 Failure occurs every 8 years
2 1in 35,000 Failure occurs every 4 years
3 1in 17,500 Failure occurs every 2 years
4 1in 8,500 Failure occurs every year
5 1in 4,000 Failure occurs every 6 months

Erosion of diaphragms and rotor blades has theeligRPN number along with high
severity number. Corrective actions to eliminateentuce erosion of these components are
therefore of worth and should be attended to fifstdetailed analysis of the cause of
erosion in these components would also be of value.

Erosion of rotor and casing along with scaling dasing and diaphragm and cracking
in rotor blades has a medium high RPN number. Cbvee actions that can eliminate or
reduce those failure modes are thus not of prioktgwever, some actions to deal with
these failure modes could be of worth considering.

Cracking in rotor blades and misalignment of rdtave high severity numbers. These
failure modes should therefore be given speciahétin although their RPN number is not
especially high. Other failure modes have a reddyivow RPN number, which indicates
that further analysis does not have to be madeisastage.

55



Table 4.16 The results from the FMEA

5 5|2
—_ x
3 0 e I
z|2|s
Potential E § E =
Component Component Function | Failure Mode Potential Cause(s) of Failure 1] Potential Effect(s) of Failure 3 3 &
Erosion -Solid pz?lmcles in the s'team 3 -Performance drop ) ) 12
-Formation of droplets in the steam -Leakage
Labyrinth seals Mechanical Sealing Corrosion -Exposion to corrosive substances in the steam | 1 -FL’erfkormance drop 1 3 3
-Leakage
. s -High wear rate
Rubbing -Misalignment of rotor 1 . 2 2 4
-Damagae to labyrinth seals
-High wear rate
. -Penetration of solid particles from the steam -Formation of fractures
Erosion i 4 R 4 3 48
-Penetration of droplets from the steam -Breaking of nozzles
-Vibration
-Decreased pressure after
Convert thermal energy turbine stage
Diaphragm to kinetic energy by -Efficiency drop
. . -Too dry steam
accelerating steam Scaling K X 2 |-Performance drop 3 3 18
-High amount of substances in steam X
-Drop in mass flow
-Vibration
-Clogging of steam path
Corrosion -Exposure to corrosive substances in the steam | 1 [|-Wear 2 3 6
-High wear rate
. -Penetration of solid particles from the steam -Formation of fractures
Erosion X 3 K 5 3 45
-Penetration of droplets from the steam -Breaking of blades
-Vibration
-Fatigue
Cracking i & X 1 |-Breaking of blades 5 4 20
S -Vibration
Convert kinetic energy to
Rotor Blades ) -Decreased pressure after
mechanical energy .
turbine stage
Scalin “Too dry steam 2 -Effrlfuency droj 3| 2|12
g -High amount of substances in steam e or-'mance rop
-Drop in mass flow
-Vibration
-Clogging of steam path
Wear -Aging 1 |-Vibration 2 1 2
Bearings Support the rotor Fracture -Fatigue .
g pp R i & X 1 |-Damage to bearings 2 4 8
formation -Vibration
-High wear rate
. -Penetration of solid particles from the steam g
Erosion . 3 |-Unbalanced rotor 2 3 18
-Penetration of droplets from the steam . .
-Vibration
Transfer mechanical . . i .
Rotor Corrosion -Exposion to corrosive substances in the steam | 2 [|-Wear 2 3 12
energy to generator
Misali t |-G t rt kewed
isalignmen ent.?ra or supports are skewe 1 |-vibration 4 5 3
of rotor -Turbine supports are skewed
Fatigue -Ageing 1 |-Fractures in blade attachments 2 4 8
-Penetrati f solid particles f the st -High te of diaph
Erosion enetra !on of solid particles from the steam 2 igh wear rate o |ap- ragms 2 3 | 24
-Penetration of droplets from the steam attachments and drain holes
Protects the rotor and -Too dry steam
Casing Scaling . v . 3 |-Clogging of drain holes 2 3 18
forms the steam path -High amount of substances in the steam
Corrosion -Exposure to corrosive substances in the steam | 2 [-Wear of casing 1 3 6
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5 Conclusions

One interesting discovery in connection with thasexch carried out for this thesis is
the high wear rate of many components in the steahines at Hellisheidi power plant.
This is especially interesting with regard to twings. Firstly, decades of experience are
available in Iceland when it comes to the mainteraand the operation of steam turbines
in geothermal power plants. Secondly, OrkuveitaKpeskur operates Nesjavellir power
plant where 4 steam turbines manufactured by Misulare located. These are 30 MW,
single cylinder, single flow, condensing turbineshw8 stages and top exhausts. The first
two were commissioned in 1998, the third one in12@ad the fourth in 2005 [57]. The
steam turbines at Hellisheidi power plant were niactured by Mitsubishi and were
supposed to be an improved version of the steabines at Nesjavellir power plant.
However, many of the failures, which occur in theasn turbines at Nesjavellir power
plant, also occur in the steam turbines at Hell&hmwer plant. This applies, for instance,
to the wear of the horizontal joints on the diaging, the wear at the holes in the rotor
drums and the extensive wear at the last stagesbiaides. The question is therefore, why
the experience from Nesjavellir power plant andltt®andic geothermal industry was not
better utilized for the design and the constructidrthe steam turbines for Hellisheidi
power plant. Two possible explanations are thastiitshi did not improve the design of
the steam turbines at Nesjavellir power plant ehoag Orkuveita Reykjavikur did not
make enough demands for a better design.

The wear rate at the diaphragms in the steam &sbat Hellisheidi power plant is
high. From the case study of Hellisheidi power plah can be concluded that the
predominant failure mechanism is in most casesl qudirticle erosion. However, water
droplet erosion also takes place. Thorough analysithe chemical composition of the
steam, which expands through the turbines, alorly measures to reduce the amount of
particles in the steam would thus be of valueeéirnss that the surface materials that are in
to direct contact with the high velocity steam, aethe horizontal joints and stator blade
roots, are not suitable for the Hellisheidi powdanp. The results from repairing or
rebuilding these surfaces with special stainlessl stlloys are promising.

The wear of the rotors in the steam turbines alishelioi power plant after 2.5-4 years
of operation is more than expected. Some actioasttars required if costly and time-
consuming repairs of the rotors in coming year®ibe avoided. From the case study of
Hellisheidi power plant, it can be concluded thatoanbination of solid particle erosion
and water droplet erosion is the cause for thisrwHae wear due to water droplet erosion
at the rotor blades at stages five and six is éslpeaevorrying. It indicates that the last
stages rotor blades are too long, which would tesubo high tip speed of the blades and
thus high erosion rate. It is thus importance tosoder carefully whether a double flow
steam turbine or a single flow steam turbine iserappropriate when selecting a steam
turbine for a geothermal power plant. Mainly twothoels are available to reduce the
erosion at the last stages rotor blades in a stagbme. One is to decrease the wetness of
the steam. The second is to reinforce the bladeswetness of the steam can be decreased
either by installing more efficient draining systemby expanding the steam to a higher
pressure. Expanding the steam to a higher pressoudd, however, reduce the power
output of the turbine. Furthermore, it can be codell that the design of the draining
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system in the low pressure turbine manufactureddshiba is more efficient than the one
in the high pressure turbines manufactured by Migi. Comparison of the wear at the
last stages rotor blades in the steam turbines thm®e two manufacturers supports this. A
detailed analysis of the operation conditions @& thrbines at each stage could also be
worth carrying out.

Some parts of the gland seal systems and the sasindhe steam turbines at
Hellisheidi power plant experience high wear rd&teom the case study of Hellisheidi
power plant, it can be concluded that the weahe$é¢ parts is probably caused by erosion
or corrosion or a combination of these two. It adsems that materials for some parts like
the draining holes in the casing have not beenashoarefully enough.

It can be concluded that the right selection ofemals and an efficient draining system
for a steam turbine, which is to be used in a gaotlal power plant, can reduce the
maintenance required and thus the operation cost.

One way to build a steam turbine for a new geothémpower plant that would be
adapted to the local geological conditions is tweltep the turbine on-site. This can be
done in the following way. If, for example a geathal power plant is to be built with four
steam turbines, only one should be commissiondtarbeginning. This turbine could be
monitored by both the manufacturer and the powant@taff and any defects or problems
could be documented. The three remaining turbinesdahen be improved with regard to
these defects or problems and installed 2-4 yeatey.| This method is preferred by
geologists as it gives them an opportunity to nmwnthe effect of utilization on the
geothermal system. That way the capacity of théeayan be better estimated before
more turbines are commissioned and overexploitateonbe prevented. Furthermore, on-
site experiments with materials during construcwdrihe power plant or development of
the well field would be of a value. It can thusdmncluded that the maintenance cost of
steam turbines in geothermal power plant can becestiwith a good cooperation between
the power company and the steam turbine manufactsweh cooperation could, however,
increase the startup cost of the turbines. Few®irtes in operation at the beginning also
mean less electricity production and thus lessnmefor the first years.

The maintenance staff at Hellisheipower plant has developed the overhauling
process for their steam turbines with help from ezt in the Icelandic geothermal
industry. This has allowed the staff at Hellishgi@wer plant to organize and optimize
future overhauling processes with regard to spamsptime and expenses. Today, the
overhauling of the steam turbines at Hellish@idiver plant is carried out by the staff on-
site without any supervision or help from the mawtiirers of the turbines. This shows
that it is possible for a geothermal power planbtdld up knowledge to overhaul steam
turbines with their own staff.

The case study of the maintenance of the steannastat Hellisheidi power plant
revealed that the equipment and the knowledge, lware required for simple repairs of
stationary components, are available in Icelanayodt is still not yet known if many of
the repaired components are compatible with origorees although early results are
promising. Stationary steam turbine componentsgarerally not highly stressed as was
stated in Chapter 2.3. This means that althougépaired component is not compatible
with an original one, it is unlikely that it willafl and cause severe damages in the steam
turbine. Knowledge from experienced parties like driginal manufacturer is thus not
necessarily required to carry out simple repairsst@tionary steam turbine components.
Simple repairs for stationary turbine components far example welding of casing and
the replacement of labyrinth fins in labyrinth sedFurthermore, the case study of the
maintenance at Hellisheidi power plant shows thaticnhary steam turbine components
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require frequent maintenance and it is economizakepair them locally. It can thus be
concluded that it is both possible and econommagéothermal power plants in Iceland to
carry out maintenance of stationary steam turboraponents either on-site or at nearby
workshops. Construction of stationary steam turlwamponents is, however, a lot more
complicated than simple repairs. The required eqait is in most cases available
domestically but important information like matéricomposition of components and
surface treatments are often not available or tmiwbme by. It is possible to build some
parts domestically, like the labyrinth packing igland seal system and the labyrinth fins
for a labyrinth seal. It is, however, not yet knoithose parts are fully compatible with
parts made by the original manufacturer but fiessutts are promising. Furthermore,
experience indicates that parts, which are constdulocally, are less expensive than part
made by foreign companies or the original manufactult is not yet known if it is
possible to construct stationary turbine compondras are fully compatible with original
ones domestically or if it would be economical e tlong run. First indications are,
however promising.

No repairs of rotating components in the steamitebat Hellisheidi power plant are
carried out in Iceland today although a lot of tequired equipment is available. This is
because most of the knowledge, which is requirednfaintenance and construction of
these parts, is not available. Common repairs, hwiaie required for rotors and rotor
blades, are welding and machining. These compormeatsighly stressed as was described
in Chapter 2.3 and it can have severe effects a¥ tfail. The knowledge of making
specifications for welding procedures or machinihgse parts without causing residual
stresses, distortion or reducing the original gtlenis, therefore, very important.
Construction of rotating steam turbine componesteamplicated and components can
cause severe damages to a turbine if they areutigtdompatible with original ones. A
thorough study of the cost of establishing the ireguequipment and knowledge has to be
carried out in order to find out whether it woule @conomical and possible to build up an
geothermal turbine maintenance industry in Iceland.

The need of building up an industry to carry ow tiverhauling of steam turbines in
geothermal power plants and repair, replace ortoactstheir parts is present. There are
two reasons that support this. The first is thatust turbines in geothermal power plants
generally require frequent maintenance as can & §em the case study of Hellisheioi
power plant. The second is that the number of corapts that need repairs is high. There
are for example 104 diaphragms, 7 rotors and lddgéeal systems in the steam turbines
at Hellisheidi power plant. These components aen thitted with smaller parts like
labyrinth seals and blades. The following are anfgw of the advantages of building up a
maintenance expertise for geothermal turbinesetaid:

» Experience from Hellisheidi power plant shows ttetrying out overhaul of steam
turbines or repairs, replacement or constructiorthefr parts either on-site or at
local workshops is less expensive than purchashig service either from
specialized foreign overhauling services or thginal manufacturer.

* Every geothermal power plant is working at speatfimditions, which depend on
the chemical composition of the geothermal stedrmdintenance is carried out
on-site it can help the power plants to find saols for specific problems that
occur and even improve their turbines with regartbtal conditions.

e This can contribute to the economy in Iceland aw nebs will be created
domestically and currency can be reserved.
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» Cooperation with local machine shops can be eagien it comes to overseeing of
the maintenance work and communications.

There are, however, some disadvantages as well.

» The startup cost of the equipment required is higth could be difficult to fund.
» Insufficient repairs, especially on highly stressethting components due to lack
of knowledge can have severe effects with assat@ists.

It can be concluded from this case study of Hedlidh power plant that the
environment for further build-up and developmentaafindustry for the maintenance of
steam turbines in Iceland is promising. The neap sh the build-up of such an industry
could possibly be to establish cooperation betvwberpower companies and the interested
machine shops. That way it would probably be easieiund the startup cost and the
already existing knowledge of these parties codccbmbined. The required knowledge
can be acquired through collaboration with eitter driginal manufacturer or specialized
workshops in the overhaul and maintenance of steabmes. Further work regarding the
subjects of this thesis could include:

1. More detailed analysis of the failures that weemntified and their causes.

2. Verification of the conclusions made regarding ¢theses of the failures that were

analyzed.

Analysis of each stage in the turbines with comfparal fluid dynamics (CFD)

programs to better understand the characteristiceofteam flow.

Exploration of possibilities to improve frequentiling turbine parts.

Development of methods to extend the intervals eetwdismantling.

Finding new methods to clean components.

Analysis of failures in steam turbines in othertpeomal power plants in Iceland.

Estimation of what parts, that are not being regghidomestically today, can be

repaired without high initial investment.

Comparison of different designs of turbines atet#ht environments in order to

see what design is suitable for what conditionds Tould answer questions like

whether or not an impulse turbine is more suitébleperate in a geothermal power

plant than a reaction turbine.

10. Assessment of repairs, which are made domestiaafllgpmponents and analysis
of their compatibility with original components.

ONoO kA W

©

Further steps to be taken regarding the FMEA armlypnégo make a more thorough
analysis on components where either severity or BRfigh. Such an analysis would be in
the form of dividing chosen components into pantg tvould be further analyzed. Another
task is to develop the RPN scale in such a wayithapresents only intervals where errors
in calculations and evaluation have been considered
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