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Nomenclature


Quantity Unit Name


A [−] Availability of a turboset
 c hkg·KJ i Specific heat capacity


cj [hours] Equivalent operating hours consumption
 dN hMWmini Average loading rate


E [Pa] Young’s modulus


EOH [hours] Number of equivalent operating hours


EOHY hhoursyeari Number of equivalent operating hours per one year
 F hmW2


i Temperature flux


lj [−] Lifetime consumption factor
 kc [−] Stress concentration factor
 K hmKWi Thermal conductivity
 Nj [−] Number of start-ups


Nj,red [−] Reduced number of start-ups
 Np [MW] Initial load after synchronization
 OH [hours] Number of operating hours


OHY [hours] Number of operating hours per one year
 P AO [MW] Presently available power output


P H [hours] Number of period hours
 P O [MW] Present power output


r [m] Radial coordinate


R [m] Rotor diameter


t [s] Time


tstart−up [min] Start-up time


t1 [min] Waiting time at a warming speed


T [◦C] Temperature


4T [◦C] Temperature difference


4Tmax [◦C] Maximal temperature difference
 T [◦C] Rotor mean integral temperature
 T0 [◦C] Initial temperature


Tmin [◦C] Minimal start-up temperature temperature
 TS [◦C] Rotor surface temperature


~u [m] Displacement


U OH [hours] Number of unplanned forced outage hours
 Y [years] Number of years


∇ [−] Laplace operator


α hK−1i Coefficient of thermal expansion
 κ hms2i Thermal diffusivity


µ [Pa] Lamé constant


ν [−] Poisson’s ratio


ξ [m] Radial coordinate


ρ hmkg3


i Density



(11)σz [Pa] Axial stress


σϕ [Pa] Hoop stress


Φ [Pa·m] Thermoelastic displacement potential
χj [−] Lifetime allocation factor
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Abbreviations


CHP Combined heat and power


CSP Concentrated solar thermal power
 DCS Distributed control system


EOH Equivalent operating hours
 EU European union


FATT Fracture appearance transition temperature
 GO General overhaul


HP High pressure


IP Intermediate pressure
 LCF Low cycle fatigue


LEC Lifetime expenditure counter
 LP Low pressure


LSB Last stage blade


LTSA Long term service agreement
 NDT Non-destructive testing


OEM Original equipment manufacturer
 PAC Preliminary acceptance certificate
 PGIM Power generation information manager
 TCS Turbine control system


TSM Thermal stress module
VPN Virtual private network
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Introduction


In today’s world the demand for electrical energy is still higher and higher. It is given
 by its increasing consumption in many different fields and by the fact that there still is
 not a possibility to store electrical energy effectively. There is also a need and an effort
 to electrify almost every settled place in the world. This is connected with building
 of new power plants especially combined cycle power plants and power plants which
 use renewable sources. From an environmental and economical point of view all these
 power plants should be operated with the highest possible efficiency and reliability.


Both these requirements are important and advantageous for increasing of quality of
 environment as well as increasing profit for the contractor of electrical energy.


If we look at the reliability of a power plant one of the most crucial parts is the
 steam turbine whose operational availability is a key parameter for production of elec-
 tric power. The availability of a turboset is closely linked with the operation and the
 maintenance plan. There are often fixed numbers of a steam turbine’s operating hours
 which require specific types of maintenance. Unfortunately this type of maintenance
 planning is in no way bound to manner of its operation. This can cause early execu-
 tion of agreed inspection, in a better case, or a steam turbine failure, in a worse case
 scenario. Both these cases are not good considering operation costs.


The approach of equivalent operating hours (EOH) should ensure the connection be-
 tween the philosophy of turbine operation and its maintenance planning. The EOH
 is designed individually for every steam turbine because the design is based on a life-
 time consumption of critical steam turbine components which differs for various steam
 turbine applications. For example for concentrated solar thermal power (CSP) plants
 the critical component is high pressure (HP) rotor which is enormously strained by
 daily steam turbine start-ups and shut-downs. The last stage blade (LSB) is a critical
 component for combined heat and power (CHP) application which may act as peaking
 power plants. In that case the LSB is threatened by frequent changes of operation,
 e.g. erosion at spray or operation in ventilation at partial loads. In contrast to CSP
 and CHP units there are output changes which have far greater impact in EOH deter-
 mination by fossil units. These units participate more on the ancillary services of an
 electrical grid. Nowadays there are many different types of ancillary services, not only
 primary and secondary frequency regulations, which require smaller or larger output
 changes. All above mentioned aspects have to be dealt with for a proper EOH estima-
 tion. As has been said before, the EOH is used for an improvement of maintenance
 planning and also serve the steam turbine operator as a tool for quite simple verifica-
 tion of a steam turbine’s lifetime consumption.


The reader will be acquainted with a historical evolution of the EOH in the first part
of this thesis. Then steam turbine auxiliary modules and systems, which are somehow
coupled with the EOH determination, will be reported. The third part will be focused
on a description of turbine parts which mostly influence the EOH. There will also be
shown its percentage distribution. After that, the theory of the EOH calculation will
be approximated and the method of calculation will be proposed. The fifth part will
be devoted to a case study of the EOH application with a comparison of three variants



(14)of lifetime consumption. There is also a clarification of the main maintenance inspec-
tions in the next chapter. Finally, there are recommendations and remarks of usage
describing EOH calculation methodology for steam turbines in practice.
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1 Equivalent operating hours


The application of EOH for steam turbines is known from past several years. This
 approach is based on operational experience of turbines. That is why it was firstly
 used by gas turbines. Gas turbines are more or less standardized therefore there were
 a lot of records and information from their operation. These collected records were
 deeply analyzed and a database of failures and critical components was created. Such
 information is very valuable for each OEM supplier with regards to the feedback to
 their machines. Such feedback may then be used for the determination of EOH to
 foresee future potential problems.


The required operational hours of the steam turbine are converted into EOH. The
 computational process is described in a separate chapter in this thesis. The advantage
 of using the equivalent operating hours approach is that the steam turbine operator can
 track the steam turbine lifetime in real time. Because if the steam turbine’s lifetime is
 determined on 8000 operating hours for 25 years it does not mean a fixed service life.


Thanks to EOH a steam turbine operator can easily predict if the lifetime of his steam
 turbine will be shortened, extended or abided. Actually the EOH introduces a sort
 of simplification of the lifetime expenditure counter (LEC) which will be described in
 more detail in next parts of this thesis.


As it was said the estimation of the number of the EOH is built on the operational
 records and a steam turbine manufacturer’s experience. This is one of the reasons why
 a vast majority of new steam turbines is equipped by a very advanced remote moni-
 toring system. The main advantage of these systems is that all operational data are
 sent in real time to the headquarters of the steam turbine manufacturer where they
 are evaluated and stored.


With reflection of [1], [5], [7], [11], for a better understanding and orientation in a
 historical evolution of the EOH.



1.1 Historical background


From the historical point of view of EOH evolution the operation of steam turbines
 could be divided into three main phases.


The first one is characterized by no coherent cooperation between maintenance de-
 partments and steam turbine operators. This phase could be dated from the 50’s to
 90’s of the last century. The cooperation between service departments and steam tur-
 bine operators was carried out by an ad hoc manner. There were no maintenance plans
 or planned inspectional operations which could prevent long time overhauls. Sudden
 steam turbine trips may have been one of the main causes of shortening service lifetime
 of steam turbines. This also meant a lower operational reliability of whole turbosets.


At the beginning of the 21st century the second phase started mainly by gas turbines
due to their extensive standardization. The beginning of a closer cooperation between
steam turbine operators and maintenance departments has led to maintenance plan-



(16)ning. Maintenance plan was based on data from LEC which is described in the next
 part herebelow. The steam turbine service lifetime for LEC was, and still is counted
 from the critical operating hours of the steam turbine HP rotor. The operational data
 are collected by the remote monitoring system. The operational data collection is very
 important for the application of EOH method. This method is based on the sophis-
 ticated estimation of the lifetime of individual steam turbine components which work
 together and influence each other.


The last phase just began not long ago by some steam turbine manufacturers and
in my opinion it should begin in a few next years for the rest of steam turbine man-
ufacturers, if they want to be able to compete in bids and sign new contracts. The
cooperation between service departments and steam turbine operators should be fully
connected. It means there will be a detailed service and inspectional plan based on
steam turbine manufacturer’s operational experience. These experience were gained
especially during the second phase of EOH evolution. On the basis of real time mon-
itoring modules and systems a steam turbine operator should be able to manage the
lifetime consumption of the steam turbine. Hand in hand with this he can signifi-
cantly influence the maintenance plan. The time between particular overhauls can be
shortened or extended.
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2 Steam turbine auxiliary modules and systems


Every steam turbine is a very complicated power device whose correct service would
 not be possible without series of auxiliary systems. These turbine auxiliaries are e.g.


lube systems, overspeed trip devices, gland seals system, etc. but these systems do
 not directly influence the service lifetime of the steam turbine. Auxiliary modules and
 systems which are important and have an impact to steam turbine service lifetime are
 briefly described bellow. The explanation is founded on [13].



2.1 Thermal stress module


Every steam turbine of a significant steam turbine manufacturer is featured by its own
 turbine control system (TCS). As a part of the TCS there is an online thermal stress
 evaluation the thermal stress module (TSM). Current thermal stress is provided by the
 TSM determined in critical points of the steam turbine.


Critical points are locations with the highest wall thickness because there is the highest
 thermal difference, thus the highest thermal stress is occurring in these points. There-
 fore, the component which is the most prone to this kind of damage is the rotor. As
 can be seen in the Fig. 1 the radii at the inlets into the internal seal as well as the first
 stage labyrinth seal are one of those critical locations. The points of maximum stress
 concentration and the largest fluctuation of steam temperature are right there. For
 these reasons the turbine rotor is assessed as a determinative component which shall
 be further described hereunder for the low cycle mechanism.


Figure 1: Critical points of turbine rotor



(18)Thermal stress monitoring module contains two modules of thermal stress evaluation


— for HP and for IP turbine rotors. The measured input values are automatically
 verified. The simulating model is used for evaluation, providing the difference between
 surface temperature and mean integral temperature of turbine rotor which fully repre-
 sents the thermal stress.


TSM constitutes two limit levels — allowable thermal stress limits (called green limits


— H1) and maximum thermal stress limits (called red limits — H3). These two levels
 are based on mean integral temperature of the rotor and responds to the actual opera-
 tional stage. If the owner of the steam turbine wants to reach required turbine lifetime
 it is necessary to operate the steam turbine in green limits. Turbine trip occurs when
 the maximum thermal stress limits are exceeded.


The progression of the thermal stress in time together with its limit values is fully
 available for the operator. If the allowed thermal stress limits are overstepped, in-
 formation about unplanned decreasing of residual turbine service life is given to the
 operator. This overstepping is also registered by the TCS. Limits of turbine operation
 are controlled by the TCS not only exceeding of their limit values. The turbine fully
 utilizes the thermal stress limit value is controlled by the TCS from the start-up to
 load changes as well. These functions can supply maximal operational flexibility and
 concurrently secure the planed lifetime expenditure.



2.2 Lifetime expenditure counter


The best effort of a steam turbine operator should be to maximize its service life and
 operate it efficiently. Earlier there were analyses to determine the residual life of tur-
 bine components towards projected lifetime which were established on recording of the
 past operation. Nevertheless this kind of evaluation of residual life wasn’t that effec-
 tive. A much more effective and useful tool for management of component residual life
 is a system which can evaluate residual life in real time and it is based on continuous
 data collection.


The LEC is a specialized equipment for online monitoring of low cycle fatigue (LCF)
 damage. It is another part or module of the TCS which has its mechanism based on
 outputs from the TSM. As the TSM all time evaluates the current value of thermal
 stress in critical points, LEC all time provides information about the rest of turbine’s
 service life based on the whole turbine history of operation from the first start-up to
 the current condition.


The principal input variables requisite for the LEC to assess LCF are the thermal
stress and the mean integral temperature of rotor. LCF is perceived as the dominant
way of material damage. The algorithm of LCF evaluation is an online version of
rain-flow method which is based on recording of thermal stress extremes. From these
extremes thermal stress cycles are evaluated and each cycle causes certain damage with
respect to responding material temperature. Damages caused by individual thermal
cycles are summarized according to Corten-Dolan damage accumulation model. Since
the fatigue damage caused by each cycle of given amplitude is calculated in the design



(19)stage and entered into the life expenditure counter as a parameter, the residual life of
 the rotor can be determined and displayed to the plant’s operating personnel at any
 time. It is then possible to evaluate e.g. life expenditure caused by one start-up /
 shut-down cycle, or the rate of lifetime consumption throughout one year.



2.3 Tip-timing measurement system


Tip timing is a standalone diagnostic system, where several sensors are placed along
 the casing and detect the time of arrival of blades. The diagram of measurement and
 needed input data to measurement system can be seen in the Fig. 2. Blade vibrations
 are checked by tip-timing measurement systems usually on the last stage blade of the
 turbine. The last stage blade is the longest blade in the whole turbine therefore its
 vibrations are the biggest. Identification of these vibrations is prime because of their
 dependence to back pressure in the condenser.


Figure 2: Diagram of tip - timing measurement system


The system is used for real time analysis of blade vibrations, long-time monitoring of
 blade properties (static lean, micro-crack detection) and monitoring of shortened life
 span due to temporary high amplitude vibrations. The system detects times of arrival
 of each blade. In comparison to the others it is possible to identify the properties of the
 vibration (amplitude, frequency etc.). It is also valuable to check blade vibrations dur-
 ing start-up and shut-down. In these cases, several synchronous resonance frequencies
 need to be crossed.



2.4 Lifetime consumption


As said above, the lifetime of the steam turbine is evaluated and monitored by the LEC
 throughout turbine operation. The full lifetime is understood as 100% of the LEC or
 as a planned number of operating hours. Counting of the life time expenditure from
 initial 100% to 0% at the moment of life consumption is transformed to the initial
 planned operating hours and gradual subtraction of EOH where the real operation of
 turbine is respected.


The residual lifetime is gauged separately for each critical point. It means e.g. for
a double casing steam turbine with one high pressure part and one combined interme-
diate pressure / low pressure part there are two critical points: high pressure turbine
rotor and intermediate pressure turbine rotor. Each of these critical parts are fitted



(20)out with specialized evaluating equipment (e.g. TSM, LEC) because each of them can
 become decisive under different operational conditions. The record from LEC is shown
 in the Fig. 3.


Figure 3: Lifetime consumption



2.5 Remote monitoring system


Remote monitoring system represents a certain kind of diagnostic centre where opera-
 tional data are hoarded up, evaluated and stored. The main purpose and goal of this
 centre is an online and maintenance support to costumer during and after the warranty
 (it is specified in every implemented project by customer). The operational data col-
 lection is very important for the right calculation of EOH because this calculation or
 design is based on an operational experience of individual components and their wear
 in time.


For receiving and storage of monitored turbine operational data, the power genera-
 tion information manager (PGIM) archiving station including software is supplied to
 provide data collection from relevant control systems through communication drivers.


The archiving station is equipped with a monitor, keyboard and mouse and this as-
 sembly is located inside a separate cabinet.


Operational data is collected by PGIM server on-site from relevant control systems
eventually from remote storage of data, and provided to the special diagnostic centre,
located by a steam turbine manufacturer headquarters, by remote connection via In-
ternet, VPN Internet access.



(21)PGIM includes a process data server to store:


• signal descriptions,


• current process data (real-time data),


• historical process data (long-term data),


• messages (events).


The following information is stored for all process data:


• the time of acquisition,


• the physical value,


• detailed status information (e.g. measured value disturbed).


How the remote monitoring/diagnostic center can be realised is indicated in the Fig.


4.


Figure 4: Remote monitoring/diagnostic center - block diagram
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3 Description of turbine parts


Following pages will be dedicated to a brief description of individual turbine compo-
 nents which mostly influence the lifetime of the steam turbine. It also means their
 wear mostly consumes the EOH. The description is mainly made according to [3], [6],
 [8], [10], [12].


The distribution of turbine components, which are the most risky in view of turbine
 failure, is demonstrated in the Fig. 5. Chart details are proved in [7].


Figure 5: The most risky turbine components



3.1 HP and IP rotor


As said above the HP and IP rotor are the most critical components due to the possible
 LCF damage. In case of combined HP and IP part of turbine there is one common
 HP/IP rotor, in case of separated HP and IP parts of turbine there are two rotors
 which are coupled together. This is basically given if we are speaking about non-reheat
 or reheat steam turbine.


3.1.1 Auxiliary equipment associated with rotor


The rotor is typically supported by two journal bearings which help to posture the rotor
in the correct radial position. The journal bearings also give support that withstands
the reaction from shaft rotation. Typical position of thrust bearings is between HP and
IP or first LP sections. Their function is an interception of axial thrust and holding the
position of the turbine rotor axially relative to the stationary parts. Furthermore rotors



(23)are equipped with a turning gear which provides them turning during shut-downs and
 start-ups. Turning gear ensures the protection from thermal bending or wrapping of
 rotor caused by uneven cooling or warming.


3.1.2 Typical rotor design


There are schematically shown three general types of rotor construction in the Fig.


6. The most ordinary constructions for HP and IP turbine rotors are solid or welded
 construction. Build-up design with an integrally forged shaft onto which discs are
 shrunk and keyed is mostly used for LP rotors due to their large size. An advantage of
 using a welded construction is the combination of two or more different materials. This
 combination can provide optimization of both mechanical features (e.g. heat resistance,
 transition temperature) and cost (saving of more expensive material).


3.1.3 Rotor damage mechanisms


Among the most frequent damage mechanism belong LCF (thermal and mechanical),
 creep, creep-fatigue interactions, fatigue from rotating weight ("self-bending"), and
 embrittlement. The main locations of interest in the HP and IP rotors are the ac-
 cumulation of damage at the bore and in the other locations of stress concentration
 resulting from cyclic loading and elevated temperature operation. Bores, radii, key-
 ways, locking slots, heat and seal grooves, ventilation holes, and blade attachments
 are the common stress concentrators. Maximum creep resistance was given to earlier
 developed forged rotors. Production was focused on heat treating of the rotor. The
 material was austenitized at 1010 ◦C. This high creep strength was accompanied by
 poor creep ductility and poor toughness, since as the creep-rupture strength increases,
 so does the fracture appearance transition temperature (FATT). Through changes in
 steel-making practices, heat treatment, increased steel purity, and alloy content tough-
 ness was increased more recently. Improving of creep ductility has been prioritized
 against maximizing creep-rupture strength. However, for many operators there is still
 a problem with creep cracking at the blade attachment.


Over the years the scope of operational conditions of rotors has changed. An unceas-
 ing turbine operation at temperatures up to 565 ◦C, where the creep damage was the
 primary damage mechanism, was shifted into cyclic operational conditions. It means
 a power load cycling and full start-up/shut-down cycles, this kind of service is typical
 e.g. for steam turbines for solar applications. With this change other potential damage
 mechanisms like LCF and creep-fatigue were initiated. Start-up and shut-down induce
 thermal stresses that become a maximum at temperatures substantially lower than
 those that occur at steady state. Fracture toughness becomes the dominant property
 in the resistance of the steel to brittle fracture.


Bending of a rotor can be caused by several reasons. The most frequent reason is
presence of water in a flow section of a steam turbine. Water can induce a local rotor
cooling or it can cause an oscillation of a rotor which can lead to the touch between
rotor and stator part, this may cause a temperature hike. Intake of water can be
caused through a steam extraction or by dysfunction of a drainage. The next reason



(24)Figure 6: Typical steam turbine rotor constructions [8]



(25)of bending can be too hot steam during turbine loading.



3.2 Turbine seals


Several types of seals are used to reduce leakage losses in single areas of flow path to
 each other or from inside of casings to the atmosphere. One of the largest reasons of
 performance reduction in HP turbines is exactly seal leakage. But there are significant
 losses caused by poor sealing in IP and LP parts of turbines as well. The most common
 damage of turbine seals is generated by the rotor when its vibration or bending results
 in the contact between a turbine seal and a rotor.


3.2.1 Interstage seals


They are mostly executed in a labyrinth design. The main aim of interstage seals is
 to prevent leakage around the rotating and stationary stage. A diaphragm seal is a
 typically used term in impulse stages against undershroud seals (seals individual stages
 among each other) and overshroud seals (prevents steam leakage over the rotating
 blade) that are used in reaction stages.


3.2.2 End seals


Minimization of leakage at the end of each shroud is realised by several section of end
 seals or packing glands, they are solely produced in the labyrinth design. Front HP
 packing glands are used to prevent leakage of input steam out of turbine casing. Rear
 LP packing glands are determined to prevent air leakage into the LP part of turbine
 and condenser.



3.3 HP and IP turbine blades


A turbine stage is composed of stationary blades (nozzles) and rotating blades (buck-
 ets). The enthalpy of input steam is transformed into rotational energy as it flows
 through a turbine stage. Pressure and thermal energy (potential energy) of the steam
 is converted into kinetic energy in stationary blades. The steam flow is directed onto
 rotating blades by stationary blades. Kinetic energy is converted into impulse and
 reaction forces by rotating blades. The rotation of the turbine rotor is achieved by im-
 pulse and reaction forces, caused by pressure drop. Features and structure of rotating
 and stationery blades are described bellow.


3.3.1 Types of airfoils


Blade airfoils are divided into three classes: constant area airfoils, tapered airfoils, and
tapered twisted airfoils. The constant area airfoils is an impulse blade. It is usually
applied in short blades in the HP part of steam turbine. Reduction of centrifugal stress
on longer blades is provided by using of the tapered airfoil. The tapered twisted airfoil
is basically used as a reaction blade. It is applied when both a reduction of centrifugal
stress and a change in blade angles, from hub to tip for thermodynamic efficiency, are
required.



(26)Figure 7: Schematic arrangement of HP turbine stage [8]


3.3.2 Rotating blades — buckets


Because of low volumetric steam flow in the HP part of turbine, the HP blades are
 shorter and narrower than elsewhere. Basic features of the HP turbine stage are indi-
 cated in Fig. 7 for better notion. The airfoil of rotating HP blade is usually straight
 but still more often leaned and bowed blade airfoils are used due to advantage of use
 three dimensional aspect of design.


The way of attachment of blades is fully depended on the manufacturer of steam
 turbine. The choice of type of attachment could be determined by number of factors,
 e.g. ease of replacement, wake frequency, high dynamic stress, type of inlet steam
 entry, etc. The most common types of root attachments are:


• fir tree root,


• inverted fir tree root,


• single - T root,


• double - T root,


• straddle - T root,


• pinned root,



(27)• multi finger pinned root.


A special attention is put to design of the first (control) stage because of high dynamic
 stress. The high dynamic stress is caused by operation with partial arc admission.


Other design factors like a choice of leading edge configuration or blade groupings are
 selected to decrease the production of vibratory stresses. The IP blades are very similar
 in design to HP blades. Due to higher volumetric flow they are longer and wider, they
 are also more twisted and most recently bowing and leaning to account for greater
 radial variation in the flow.


3.3.3 Stationary blades — nozzles


The stationary blades or nozzles can be divided into two design categories:


• wheel and diaphragm construction,


• drum — rotor construction.


A wheel diaphragm construction is typically used for impulse stages. This construction
 is consisted from nozzles or stationary blades, a ring in which the blades are located
 in the casing, and a web by which the gap between the shaft and the blade wheel is
 filled. Diaphragms in the HP and IP parts of turbine are mostly of welded design.


The drum — rotor construction is usually used for reaction stages. In reaction stages,
 stationary blades or nozzles are manufactured in a manner similar to that for rotating
 blades with a root attachment and in some cases a sealing shroud. The blades are fixed
 by the root attachment on a blade carrier. A blade carrier is placed in the outer casing
 of steam turbine.


Nozzles and diaphragms are bended in the plane perpendicular to the turbine axis
 by pressure differentials. The biggest value of these pressure differentials is in the HP
 turbine, even though the shorter blade length limits the bending stresses that develop.


In the Fig. 7 the relationship between nozzles and buckets in a turbine stage is shown.


3.3.4 Blades damage


Generally there are two main sources of a blade damage: chemical purity of steam and
 mechanical impurities in steam.


Chemical purity of steam is important because it could cause salting of flow path
 section which could cause narrowing of flow canals. Salinization of flow section causes
 increasing of axial force which leads to change of pressures within the flow section. An-
 other type of damage is settling of sediments on the flow surface of blades. It induces
 degradation of harshness of blade surface which leads to decreasing of its efficiency.


One of the next possible damage is denting corrosion which is caused by an aggressive
solution of sediments. Denting corrosion can initiate a crack which can lead to a blade
tearing. This has not got as much fatal impacts to HP and IP turbine parts as on LP
parts, because the last LP blades are much bigger and longer than HP and IP blades
and their releasing can seriously damage the turbine casing.



(28)Mechanical impurities in steam lead to mechanical damage of leading edges. Decreas-
 ing of turbine efficiency is then caused by change of flow field. Mechanical impurities
 can also initiate blade cracks or they can lead to touch of rotor and stator part in the
 area of over-shroud seal.



3.4 Shrouds


Even though some stages of steam turbines are assembled using shroudless, free stand-
 ing blades, mostly condensing, LP stages, the majority of blade rows are equipped with
 shrouds or some kind of auxiliary dampers. There are many types of shrouds but the
 main purpose is the same. They are all designed to reduce service stress levels and
 vibratory response of the blade especially by improving structural stiffening, dampen-
 ing, or a combination of both. Moreover, shrouds are often a significant component in
 the stage aerodynamics, forming the outside — diameter surface of the flow path and
 helping to minimize over blade tip leakage and secondary flows. Consequently, they
 are critical parts for reliable steam turbine operation. Some of the most common forms
 of shrouds will be introduced in the following rows.


3.4.1 Riveted shrouds


The riveted shroud is still the most commonly used shroud design in service today,
 although other designs are applied in newly manufactured steam turbines. By this
 type of shroud a separate strip of material is fastened to the tips of each blade airfoils
 by one or more peened tenons. In the Fig. 8 the riveted shroud made from a series of
 shroud segments is demonstrated.


Several blades are covered and tied together by one segment of shroud, discrete packets
 of blades are created. The number and length of packets are determined by the stage
 designer to adjust the vibratory behaviour of the bladed disk and to evade potentially
 dangerous specific mode shapes and frequencies of vibration for the bladed disk assem-
 bly. The damage of this type of shroud is caused by the tenon, when the shroud is
 completely or partially released.


3.4.2 Integral shrouds


In contrast to riveted shrouds, where discrete packets of blades are attached by peened
 tenons after assembling in the turbine disk, integral shrouds are designed as integral
 parts of the single blades. As displayed in the Fig. 9 the complete shrouded wheel is
 shaped from the segments of the shroud which are part of each blade tip.


3.4.3 Z-lock shrouds


Z-lock shroud is a special kind of integral shroud, which is equipped with interlocking
shroud segments. These segments are placed against one another in service to ensure
contact at the abutment surfaces. Z-lock design is almost every time utilized for twisted
blade airfoils because they are internally activated by the twisting of the airfoil with
increasing speed. Untwisting of airfoil is caused by increasing speed and centrifugal



(29)Figure 8: Riveted shroud design


Figure 9: Integral shroud design



(30)load. How the airfoil is untwisted under centrifugal load, the Z-lock abutment sur-
 faces are forced into contact, providing stiffening and damping for the blade disk. The
 Z-lock surfaces are oriented to provide positive contact at the abutment surfaces at
 speed. Regular and careful control of Z-lock positioning and preload are necessary to
 ensure effective and correct function of the shroud.


The blade with Z-lock shroud is almost always manufactured with axial fir tree root
 design. This kind of root design is used to prevent relative twist between nearby blades
 which could cause variations in contact force, defeating the purpose of the interlocking
 shrouds.


The prevention of wear and fretting corrosion on the abutment surfaces are often
 assured by using some type of surface finishing method. There can be a relative move
 (rubbing) between abutment surfaces during the service that can lead to unacceptable
 wear of Z-lock contact points. This wear is reduced by application of variety of coat-
 ings. One of the surface treatment is e.g. depositing of a Stellite 6 welded overlay.


Figure 10: Z - lock shroud design
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4 Theory of calculation of EOH


On the few next pages the reader should be familiarised with a theory of the EOH
 calculation. There are some calculations which have to be done as basis for the cal-
 culation of the EOH. The results from this calculations represent inputs to the EOH
 calculation. The steps which have to be done before EOH computation are:


• allocate rotor life among hot, warm and cold start-ups,


• calculate permissible thermal stress amplitude using life allocation and LCF data,


• convert the permissible stress into permissible temperature difference across the
 section of the rotor,


• determine minimum time for hot, warm and cold start-up for which the permis-
 sible temperature difference is not exceeded.


The customer should give to the steam turbine manufacturer a conception of how the
 steam turbine will be operated. This means if it will serve as a peak unit or if it will
 operate with a constant load. These pieces of information are very important for EOH
 calculation as well. Following paragraphs have been written with a reflection of [13].



4.1 Lifetime allocation


The lifetime allocation among the individual types of start-ups is more or less arbitrary
 and depends on operational priorities given by the customer. The reduced number of
 start-ups / shut-downs cycles Nj,red which is different for each type of the start-up is
 calculated by the equation.


Nj,red= Nj
 χj


[-] (1)


Nj is the number of the start-ups, χj represents a portion of lifetime allocated towards
 cycles of specific start-up type and the indexj denotes the start-up type (cold, warm,
 hot).


Type of Standstill Number of
 start-up, j duration start-ups, Nj


Cold 48÷ ∞ hours 125


Warm 8÷48 hours 1000


Hot 0÷8 hours 9125


Table 1: Start-up definitions


The best way how to distinguish the type of turbine start-up is by the rotor tem-
perature. But how it can be seen in practice, this option is not used because there
would be numerous minor different start-up diagrams which would be more confusing
than useful. Therefore three main types of turbine start-ups are classified by most of
a steam turbine manufacturers. Classification of turbine start-ups and number of the
each start-up for an exemplary steam turbine project is shown in the Tab. 1.



(32)Nj,red is the theoretical number of start-ups of the given type j that would alone lead
 to complete expenditure of the component lifetime. In this case it is the lifetime of
 the HP rotor. The enumeration is based on the assumption that each thermal cycle of
 given magnitude causes the same range of damage regardless of where it occurs in the
 load history. This assumption is known as the Miner linear damage accumulation rule.


For a thoughtful reader this rule can be found in [9].


Type of Number of Lifetime Nj,red
 start-up, j start-ups, Nj allocation, χj


Cold 125 0.025 5000


Warm 1000 0.250 4000


Hot 9125 0.625 14600


Total 0.900


Table 2: Lifetime allocation



4.2 Rotor temperature difference


The type of the steam turbine start-up is determined by the temperature difference
 4T between the rotor surface temperatureTS and the rotor mean integral temperature
 T. The temperature difference is given by following formula.


4T =TS−T =TS− 2
 R2 ·


Z R
 0


rT(r)dr [◦C] (2)


R[m] is a rotor diameter,r[m] is a radial coordinate in the examined location andT[◦C]


is a temperature in examined location which is dependent on the radial coordinate.


The permissible temperature difference for individual type of start-up for specific rotor
 surface temperature is given by this calculation. This value has to be checked because
 of permissible temperature stress. Mean integral temperature of the HP rotor is a deci-
 sive condition for the type of the steam turbine start-up. For each of the steam turbine
 start-up the different start-up requirements are stated. The steam turbine start-up
 conditions are:


• start-up time - tstart−up [min],


• minimal steam temperature for a start-up - Tmin [◦C],


• waiting time at a warming speed - t1 [min],


• initial load after synchronization - Np [MW],


• average loading rate - dN [MW/min].


For the better illustration look at the Appendix A where the model start-up diagram
is showed. Dissimilarities in steam turbine loading among individual types of start-ups
are denoted in the Appendix B.
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4.3 Stress on the rotor surface


The determination of the rotor temperature difference is a necessary parameter for the
 calculation of the permissible stress on the rotor surface. If the steam turbine rotor is
 approximated like a solid cylinder of infinite length which is heated or cooled down on
 the surface. The calculation of stress on the rotor surface is realized by using the well
 known formula.


σz =σϕ =−Eα4T


1−ν [Pa] (3)


σz[Pa] represents an axial stress which is in this case the same like a hoop stressσϕ[Pa].


The verification thatσz =σϕ is demonstrated in the Appendix C. E[Pa] is an Young’s
 modulus (or elastic modulus) specific for given material of rotor,α[K−1] is a coefficient
 of thermal expansion,4T[◦C] is a rotor temperature difference known from a previous
 chapter andν[-] is a Poisson’s ratio (the ratio of the proportional decrease in a lateral
 measurement to the proportional increase in length in a sample of material that is
 elastically stretched).


On the rotor surface the locations with a sudden change in geometry are the biggest
 stress concentrators, these locations were closer described in a chapter about thermal
 stress module. For this reason the equation 3 for the calculation of the permissible
 stress has to be multiplied by the stress concentration factorkc[-].


σz =−kc· Eα4T


1−ν [Pa] (4)


The stress concentration factor takes values in the range 1.6÷2.0 in labyrinth seals.


The steam turbine manufacturer assumes kc= 2 in all his computations.


The permissible temperature difference of particular start-ups for symmetric load cy-
 cles is stated in the Tab. 3. The individual temperature differences for each type of
 the turbine start-up and for each rotor temperature are based on the equations (4) and
 (2), the Tab. 2 and a specific rotor material properties.


4Tj Rotor surface temperature, TS
 200◦C 400◦C 500◦C 600◦C
 4Tcold 60.1 48.3 48.3 27.4
 4Twarm 60.1 48.3 48.3 27.4
 4Thot - 43.0 32.6 23.7


Table 3: Permissible temperature difference 4Tj for symmetric load cycles
 After an inclusion of results from all previous calculations and an implementation of a
 mathematical simulation the specialist in a rotor stress is able to distribute a lifetime
 consumption of the HP rotor among individual types of start-ups and output changes.


This detail is a part of the start-up diagram and it is various for each steam turbine
rotor. For the exemplary rotor lifetime consumption distribution among start-ups and
output changes see the Fig. 11.



(34)Figure 11: Rotor lifetime distribution


The whole HP rotor lifetime is perceived like a 100% which are then divided into
 individual types of a start-up and an output changes. With rising instability of a grid
 in a given state the influence of output changes is increased too. For the next calcu-
 lation of the EOH, the lifetime consumption factor lj[-] is introduced. The relation
 between distributed lifetime and the lifetime consumption factor is indicated in the
 Tab. 4. The rotor lifetime consumption distribution is one of the most significant
 statement for the EOH calculation.


Type of Lifetime Lifetime consumption
 start-up, j consumption factor, lj


Cold 4 % 0.04


Warm 12 % 0.12


Hot 65 % 0.65


Output changes 19 % 0.19


Total 100 % 1


Table 4: Lifetime consumption factor



4.4 Calculation of the EOH


4.4.1 Inputs from the customer


Besides the rotor lifetime distribution, the customer’s requirements about an operation
 of a steam turbine are very underlying for a proper estimation of a number of EOH.


The steam turbine service life is usually designed by a steam turbine manufacturer
 for 25 years. The customer should be able to estimate how many operating hours the
 steam turbine will work per a year. Thereafter the overall operating hours (OH) of
 the steam turbine are very easily determined by the equation 5. WhereY is a number
 of years and OHY is a number of operating hours per one year.


OH =OHY ·Y [hours] (5)


The number of operating hours per year is influenced by application where the steam
turbine will be served in. There are big differences in a steam turbine operation if it
is used for example in a solar power plant, in a CHP application or like an industrial
steam turbine.
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The first step for an estimation of the total number of the EOH is a determining EOH
 for each type of the turbine start-up. Once the number of individual start-ups (Nj) is
 known from the customer and the lifetime consumption factor (lj) is designated by the
 rotor stress specialist, the EOH for individual type of start-up (cj) could be calculated
 using following formula.


cj =OH· lj


Nj [hours] (6)


As it will be proved in the next part of this thesis, previous calculations give the steam
 turbine operator a very decent notion how much the consumption of EOH, which in
 fact represents the steam turbine service life consumption, is influenced by a various
 types of start-ups.


The next step is a calculation of a total number of the EOH with use of all achieved
 results and information so far. For this part the equation (7) is used by the steam
 turbine manufacturer.


EOH =OH +


3


X


j=1


cj·Nj [hours] (7)


The total number of the EOH is always higher than the number of operating hours.


The number of the EOH per year (EOHY) also occurs in practice.


EOHY = EOH


Y [hours/year] (8)


Further, the maintenance plan is defined by the steam turbine producer in a cooperation
 with his service departments. The maintenance plan is based on a calculated number
 of the EOH per year and on a steam turbine producer’s experience.



4.5 Guarantee of an availability of a turboset


An expending of the EOH is also related with availability or reliability of a turboset.


Still more often the customer demands guarantee of availability in a contractual doc-
 umentation.


The availability guarantee is applied to an operation of the delivered equipment by
 the steam turbine manufacturer in terms of a guarantee period. There will be consid-
 ered only those forced outages of a turboset within an overall availability evaluation
 that will be caused by delivered equipment failures.


The availability of a turboset A is qualified by the following formula.


A=





1− U OH
 P H





·100 [%] (9)


Period hoursP H [hours] is the number of hours when a turboset was in an evaluated
period, minus time for annual maintenance — not more than 2 x 336 hours for two
years. Unplanned forced outage hoursU OH [hours] is the number of hours when the



(36)turbine generator or its accessories are not operational due to failure which the supplier
 (the steam turbine manufacturer) is responsible for. UOH are defined according to the
 formula below.


U OH =X





1− P O
 P AO





·t [hours] (10)


A present power outputP O[MW] is considered like a power output presently measured
 at the generator terminals. And a presently available power outputP AO [MW] is de-
 fined as a corrected power output preset by an operator and achievable under actual
 circumstances of the power plant. t [hours] represents unplanned forced outage hours
 (full or partial outage) when the turbine generator or its accessories are not operational
 due to failure which the supplier (the steam turbine manufacturer) is responsible for.


For an unplanned forced outages (UOH) are counted only unplanned reductions of
 the power output below 90% of presently available power output (PAO) and longer
 than 1 hour, which the supplier is responsible for.


The availability of the delivered equipment is a general rule determined by the steam
 turbine manufacturer higher than or equal to 96%.


A ≥96%


The evaluated period for an availability guarantee is delimited from 3 months after a
preliminary acceptance certificate (PAC) to the end of a warranty period.
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5 Exemplary EOH calculation


For the better explanation and understanding of problematics of the EOH an exemplary
 EOH calculation will be shown. A model estimation of the EOH will be implemented
 for the solar power station using a CSP technology. For solar power stations projects
 the EOH approach is very often used and useful due to their everyday start-up and
 shut-down.



5.1 Necessary inputs


A required number of start-ups and operating hours per a year given by the costumer:


Ncold = 125, Nwarm= 1000, Nhot = 9125, OHY = 8000.


An individual start-up times and distributed HP rotor lifetime consumption are dis-
 played in the Tab. 5. These details are provided by the rotor stress specialist.


Type of Lifetime Lifetime consumption Real time
 start-up, j consumption factor, lj duration, tj


Cold 4 % 0.04 142 min


Warm 12 % 0.12 85 min


Hot 65 % 0.65 13 min


Output changes 19 % 0.19


Table 5: EOH inputs



5.2 EOH calculation


The first step in the EOH calculation is an assessment of a total operating hours.


OH =OHY ·Y = 8000·25 = 200000 hours (11)
 For the next part of the EOH calculation the EOH for an individual type of start-up
 have to be computed.


ccold =OH · lcold


Ncold = 200000· 0.04


125 = 64 hours (12)


cwarm=OH · lwarm


Nwarm = 200000· 0.12


1000 = 24 hours (13)


chot=OH · lhot
 Nhot


= 200000· 0.65


9125 = 14.2 hours (14)


Time differences between the EOH and operating hours of individual start-ups are for
 a clearer view introduced in the Tab. 6. The total number of the EOH is given by the
 formula (7).


EOH =OH + [(ccold·Ncold) + (cwarm·Nwarm) + (chot·Nhot)] [hours] (15)
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 start-up, j duration, tj cj difference


Cold 142 min 64 hours 61.63 hours


Warm 85 min 24 hours 22.58 hours


Hot 13 min 14.2 hours 13.98 hours


Table 6: Comparison of OH and EOH


EOH= 200000 + [(64·125) + (24·1000) + (14.2·9125)] = 361575 hours (16)
 After that it is possible to determine the number of the EOH per year (EOHY).


EOHY = EOH


Y = 361575


25 = 14463 [hours/year] (17)


The maintenance plan is then suggested on the base of: a steam turbine manufacturer’s
 experience, the number of the EOH per year and the predicted number of start-ups
 per year. The suggested maintenance plan is shown in the Fig. 12.


Figure 12: Suggested maintenance plan
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5.3 Possible changes of maintenance plan


The maintenance plan in the Fig. 12 is valid if the number of all types of start-ups will
 be more or less abided. What will happen if e.g. number of hot start-ups is significantly
 reduced or increased and numbers of other start-ups stay the same, it is visible from
 modified maintenance plans in the Fig. 13 and the Fig. 14.


Blue fields show where the general overhaul (GO) should be carried out and red fields
 indicate how planned terms of GO are moved depending on the number of hot start-ups.


The comparison of individual steam turbine’s inspections from time and economical
 point of view is indicated in the Tab. 7.


In the Tab. 8 there is a quantification of total maintenance prices for all three variants
 which were mentioned above.


Changes among individual maintenance plans are clearly visible from the Fig. 15.


Figure 13: Modified maintenance plan for 50% reduction of hot start-ups



(40)Figure 14: Modified maintenance plan for 50% increase of hot start-ups


Inspection type Outage time Inspection price


Minor 2 — 7 days 15.000 EUR


Intermediate 14 — 20 days 200.000 EUR


GO 40 — 60 days 1 mil. EUR


Table 7: Comparison of individual steam turbine’s inspections


Maintenance plans Total maintenance


variants price


50 % of Nhot 2.72 mil. EUR
100 % of Nhot 2.78 mil. EUR
150 % of Nhot 3.78 mil. EUR
Table 8: Quantification of total maintenance prices



(41)Figure 15: Comparison of maintenance plans
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6 Service and maintenance programme


Because every steam turbine manufacturer knows best his own steam turbine, he should
 dedicate to his customers and would like to be a partner for the entire lifetime of the
 steam turbine. Therefore steam turbine manufacturers offer various service products
 according to the specific customer’s needs and local requirements. These products most
 often are:


• maintenance programme,


• plant performance audits,


• remote operations support,


• advanced vibration diagnostics and predictive systems,


• residual life assessment.


Above mentioned service products are not included in supplier’s basic scope of supply
 and services and from this reason it is up to customers who will take care of their
 steam turbine. Individual types of maintenance in following subheads are interpreted
 in accordance with [10], [13].



6.1 Maintenance programme


A typical maintenance programme concerning the type of maintenance to be under-
 taken, the scope of maintenance works and the schedule of inspections are described
 and explained in this chapter. The owner’s operational personnel operate the equip-
 ment and provide routine daily maintenance of the equipment in accordance with the
 supplier’s operating manual both during and after the expiry of the warranty period.


The following activities shall be carried out during the lifetime of a steam turbine:


• routine maintenance,


• minor inspection,


• intermediate inspection,


• major inspection/general overhaul.


Equipment availability and reliability are among the most important factors when a
 customer decides between various equipment suppliers. Steam turbine manufacturers
 are well aware of this fact and they have frequently prepared a compact solution - Long
 Term Service Agreement (LTSA). The aim of LTSA is to, among others, establish true
 partnerships to the benefit of both parties.


A whole service care about delivered equipment is covered in the LTSA. The LTSA
guarantee the customer fixed prices of services for the whole duration of the LTSA,
escalated only by the EU raw material and labour indexes. The LTSA is focused on
decreasing customer’s risks with respect to reaching high availability, decreasing the
number of starts-ups etc., by help of professional maintenance support.



(43)6.1.1 Routine maintenance


The focus of a routine maintenance is to eliminate minor damages detected by oper-
 ators or equipment monitoring systems during operation of the equipment. Regular
 checking and inspection of the equipment and performance of routine maintenance in
 accordance with the steam turbine manufacturer’s operating manual forms where the
 basis of preventative maintenance are described in more detail. This generally repre-
 sents only checking and inspection of the system, possible removal of minor failures
 during operation or during short-term shut-downs of the system forced by other reasons.


Intervals of activities are either forced by the operating situation (e.g. signalling of
 filter clogging, results of the chemical analysis of samples) and/or they are prescribed
 in the operating part of the instructions. Most terms of testing periodicity are pre-
 scribed by the table of secured quantities that is a part of the operating instructions
 of the steam turbine. Routine maintenance is habitually performed by the customer’s
 staff.


6.1.2 Minor inspection


Minor inspection of the steam turbine is a preventive inspection during which the tur-
 bine casings, bearing pedestals and generator remain closed.


The typical scope of operations within minor inspection is as follows:


• diagnostic and adjustments as may be necessary of the control system,


• complete functional check of the protection system of the turbine including lin-
 earity of control valves,


• boroscopic inspection if possible (casing temperature must be under 65◦C),


• overall visual check of the turboset,


• maintenance which is impossible to execute on a running machine,


• repair of imperfections which may have been found during operation or subse-
 quent inspections,


• diagnostic measuring during the operation.


The minor inspection is typically scheduled as 2 — 7 days outage of the steam turbine,
 generator and auxiliary equipment. Individual operations are carried out under steam
 turbine manufacturer supervision, by local maintenance personnel and associated ser-
 vices provided by the customer.


6.1.3 Intermediate inspection


An intermediate inspection of the steam turbine is a regular inspection, the scope of
operations is surely wider than during a minor inspection. Besides operations from
previous chapter the scope of work is extended by:
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