Proceedings of COBEM 2007 |19th International Congress of Mechanical Engineering
Copyright © 2007 by ABCM November, 5 - 9, 2007, Brasilia, DF

AVAILABILITY ANALYSISOF HEAT RECOVERY STEAM
GENERATORSUSED IN COMBINED CYCLE THERMELECTRIC POWER
PLANTS

Fernando Jesus Guevar a Car azas
Escola Politécnica — Universidade de Sédo PauloPAef. Mello Moraes, 2231 — Cidade Universitariap $aulo, SP
fernando.carazas@poli.usp.br

Gilberto Francisco M artha de Souza
Escola Politécnica — Universidade de Séo PauloPAef. Mello Moraes, 2231 — Cidade Universitariap $aulo, SP
gfmsouza@usp.br

Abstract. In a combined cycle thermelectric power station, the exhaust gas from the gas turbine is used to heat water in
the steam generator, which is part of the steam cycle. In case of heat recovery steam generator failure the power plant
is partially shut down once the steam cycle is unavailable, reducing the efficiency of the power plant, measured in
terms of power output, and reducing the advantage of the combined cycle technology. Taking in view the great
importance of the heat recovery steam generator (HRSG) for plant operation, its availability should be carefully
evaluated.

This paper presents a method for reliability and availability evaluation of HRSG installed in combined cycle
thermelectric power station. The method is based on system reliability concepts and has three main steps. functional
tree elaboration, Failure Mode and Effects Analysis implementation, including maintenance policy selection based on
Reliability Centered Maintenance Concepts, and reliability analysis

The method is applied on the analysis of two HRSG installed in a 500MW combined cycle thermelectric power plant.
The reliability and availability of the HRSGs are simulated based on a five-year failure database. The availability
analysis shows different behaviors for each steam generator, one presenting 99% and the other 99,5% availability,
indicating differences in their failure modes associated with the systems installation and operation. The use of RCM
concepts allows the proposal of new maintenance procedures. The availability simulation indicates that the
implementation of those procedures can improve the heat recovery steam generator availability.

Keywords: availability, reliability, heat recovery steam generator.
1. INTRODUCTION

The availability of the combined cycle thermoelectpower plants depends on the perfect operatioallofts
systems (gas turbine, heat recovery steam geneaabrsteam turbine). In the combined cycle the tgalsine
transforms the chemical energy generated by conaougt mechanical energy to rotate the generatsinaft. The
exhaust gas is used to heat water in the steamajenallowing the operation of the steam cycle.

The HRSG is the link between the gas turbine andstbam turbine process, in Figure 1 is simplifieds diagram
for combined cycle thermoelectric power plant isgemted.

The function of HRSG is to convert the exhaust gasrgy of the gas turbine into steam. After heatmghe
economizer, water enters the drum, slightly substhofFrom the drum, it is circulated to the evapmrand returns as a
water/steam mixture to the drum where water andnstare separated. The saturated steam leavesuhefdr the
superheater where is reaches the maximum heat myehamperature with the hottest exhaust-gas lgatvia gas
turbine. The heat exchange in an HRSG can take aaip to three pressure levels depending ondbkieedl amount
of the energy and exergy to be recovered. Today,amthree pressure levels of steam generatiomast commonly
used.

In case of heat recovery steam generator (HRS@)daithe power plant has two possible operatiordimns:

i) The gas turbine coupled to the failed HRSG may atpein open cycle if the power plant has an envirental
license for that specific operation.

i) The gas turbine coupled to the failed HRSG is stwidfor both cases there is a reduction of the pgvient
generation capacity.

Bearing in mind the great importance of the HRSGplant operation, its availability should be catbf evaluated
in order to foresee the performance — technicalemahomical - of the energy system. The availgbdita complex
system, such as the HRSG, is strongly associatddtiaé parts reliability and maintenance policyaffpolicy not only
has influence on the parts repair time but alstherparts reliability affecting the system degramatind availability.

This paper presents a system reliability-based ogetised to identify the most critical component& iHRSG. the
criticality is associated with the component fadl@ffect on the HRSG operation condition. The hidghe criticality of
the component more technical and economical ressusbould de used by the maintenance activitidseép the



HRSG available for operation. the reliability caeth maintenance concepts are used as a guidelirenking the
maintenance policy priorities for the critical coomgnts aiming at the HRSG operation availability.
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Figure 1. Simplified Flow Diagram of a Combined @y(Hitachi, 1998)
2.METHOD DEVELOMENT

The method for reliability and availability is basen system reliability concepts.

The method first step consists in the elaboratibnhe HRSG functional tree that allows the defmitiof the
functional links between the equipment subsystekithough all HRSG possess essentially the sameystémas, such
as feedwater system, economizers and evaporatoese tare differences between the technologies bgethe
manufacturers; therefore the functional tree mestiéveloped for each specific HRSG model.

The next step is the development of the Failure &add Effects Analysis (usually referred to by #weonym
FMEA) of each boiler component in order to defihe most critical components for HRSG operationsThiticality is
based on the evaluation of the component failuiecebn the system operation, (Lewis, 1996). Ferdsfinition of the
system degradation, the FMEA analysis uses a nualecbde, usually varying between 1 and 10. Théeérighe
number the higher is the criticality of the compeinthat must be evaluated for each component &itoode. For the
HRSG analysis a criticality scale between 1 and proposed. Values between 1 and 3 express mifenteon the
system operation and values between 4 and 6 exgigraficant effects on the system operation. Fa#ithat cause the
turbine unavailability or environmental degradatée classified with criticality values betweennd ®.

The method third step involves a reliability an&ysased on the ‘time to failure’ data recordedrduthe HRSG
operation. The failures should be classified adogrdb the subsystem presented on the functioeal fFhe reliability
of each subsystem is calculated based on thedailata and the system reliability is simulated ubfothe use of block
diagram. Considering the ‘time to repair’ data #mel preventive maintenance tasks associated wétledqipment, the
HRSG availability is evaluated using the block déayg.

Once the critical components are defined a maimemg@olicy can be proposed for those componentsidering
the Reliability Centred Maintenance (RCM) concefitBis maintenance policy philosophy has focus an ube of
predictive or preventive maintenance tasks that ainthe reduction of unexpected failures during ¢tbenponent
normal operation, (Smith and Hinchcliffe, 2003).r kmmplex systems, the occurrence of unexpectedoooants
failures highly increases maintenance costs adsdciaith corrective tasks not only for the direcdtrective costs
(spare parts, labour hours) but also for the systeavailability costs.

So, the use of predictive or preventive tasks aldlae programming of maintenance tasks in advandeatso
reduces the component failure probability duringieen operation period and consequently increasiegsystem
availability.

The reliability block diagram analysis not onlyaalls the evaluation of the actual maintenance pdbiay also
allows the prediction of possible availability inspement considering the application of new maimergprocedures,
expressed by the reduction of corrective maintemaapair time.

In Fig. 2 a flowchart is used to explain the methadain steps.
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Figure 2. Flowchart for Complex System AvailabiliEyaluation

3. APPLICATION

The method is applied on the analysis of two idehtHRSG, with tree pressure levels of steam gdinaranstalled
in a 500MW combined cycle thermoelectric power placated in South America. The reliability and dadaility of

the HRSGs is simulated based on a five-year fadatabase
3.1. Functional Tree

The functional tree for the power plant is presénteFig. 3 and was divided in seven main systegas: turbine,
steam turbine, electric generator, heat recovesgnst generator, cooling water system, water treasygjem and
electrical station.
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Figure 3. Combined —Cycle Thermoelectric Power Pramctional Tree

The functional tree for the HRSG is presented ig. E. The equipment is divided in nine main submyst
feedwater system, three economizers, three evaperaind two superheaters. Those subsystems aréedivn
components, each one performing a specific functinbked with the subsystem main function. A failue a
component at the bottom of the tree affects allsgstems above it, causing a possible degradatiahanboiler
operation, represented by any reduction in the namoutput or even environmental degradation. Tiee twas
developed according to the operation manual fugddby the manufacturer.
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3.2. Failure M ode and Effects Analysis

The FMEA analysis is used to enumerate the possitddes by which components may fail and for tragkin
through the characteristics and consequences bfraade of failure on the boiler as a whole.

Although there are many variants of FMEA, it is ajw based on a table, as shown in Fig. 5. In tfiéhdend
column the component under analysis is listed; thetme next column the physical modes by which ¢beponent
may fail are given. This is followed, in the thitdlumn, by the possible causes of each of ther&aituodes.

The fourth column lists the effects of each failarede that are classified according to the critigaicale, given the
degradation degree in the boiler operation.

The FMEA analysis was performed for each compoligtetd at the end of a given branch of the funatidree. In

Fig. 5 the analysis for the feedwather pump supisgrartially presented as an example

Function Failure Model Failure Causes Failure gffec Severity
Rupture of the blades | 1. No water flow
. . Incapacity to Blockage of the line of| 2. Shutdown of the
To transmit mechanical energy ) .
transmitter suction. feedwater system. 7

for the feed water
energy

Shutdown of the

3. Trip: low feedwater

electrical motor. flow.

Figure 5. Failure Mode and Effects Analysis: ExaanplFeedwater Pump

The failure modes for the components were devel@gedrding to manufacturer’s information and fakianalysis
presented in literature, Jovanovic, (2003); Srikaattal (2002); Kehlhofeiat al (1999); Lora and Nascimento, (2004);
Ragland and Stenzel, (2000); Kim, Lee and Ro, (1998 Burgazzi, (2004).

The analysis pointed that the most critical commséor the HRSG are:

- Feedwater system: automatic recirculation vaMeQ); feedwater pump and feed system level control;
- Drenage system: to Low, Intermediate and higlsgree;

- Low pressure: feed system level control; draistam;

- Intermediate pressure: feed system level contiraiin system and heat exchanger pipes;

- High pressure: feed system level control; drgstesm, exchanger heat tubes and HP drum.

Those systems are submitted, according to manuétduecommendation, to a detailed maintenancieybhsed
on predictive or preventive techniques, includingaal inspections, for example: review availablgtss prints and be
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familiar with the location of various major compo® report any change in plant status to planttrobn
room/supervisory personnel; slowly open manual eslto limit the pressure transients in piping systewhen
opening vent and drain valves, be alert that lyptidi or steam may be present; always remain aledfety valves to
lift unexpectedly, (Siemens, 2000)

3.3. Reliability and Availability Analysis

Reliability can be defined as the probability thagystem will perform properly for a specified periof time under
a given set of operating conditions. Implied irstdefinition is a clear-cut criterion for failurspm which one may
judge at what point the system is no longer fumitig properly. For the HRSG the failure criteri@nainy component
failure that causes incapacity of generating thainal output.

The reliability analysis is performed for each loé two HRSGs installed in the power plant. Theat®lity analysis
is based on the time to failure data analysis.

The HRSG block diagram, for normal operation ctiadj is a series system using all subsystems présehe
first level of the functional tree, except for thetection set. Once the reliability of each congrris defined, based
on statistical analysis of their failure data, biwdler reliability is equal to the product of thebsystem reliability.

For the case under analysis there are not enoilghefafor all subsystems to estimate their relipbiSo the boiler
reliability will be calculated as a whole basedfaiture database.

Thus the reliability R(t)) can be represented by a Weibull probability riistion, widely used in reliability
calculations. The two-parameter Weibull distribatiotypically used to model wear-out or fatigue dedls, is
represented by the following equation:

&
Rt)=e " 1)
whereR(t) is the reliability,5 called shape parameter andalled the characteristic life, are the distribntparameters.
The distribution parameters are estimated throhghuse of parametric estimation methods that ditdistribution
to the “time to failure” data. There are procedui@msestimating the Weibull distribution parametéem data, using
what is known as the maximum likelihood estimatioethod. For the HRSG reliability analysis the saitev
Weibull++, (Reliasoft, 2003), was used for paramesgimation.
Table | shows the Weibull distribution parametensthe HRSGs.

Table L Weibull Distribution for HRSGS Reliability Calculahs.

System Parameters

HRSG 1 £B=0,4645
n=461,2352

HRSG 2 B=0,6484
n=1531,3139

Both HRSGs have reliability distribution with shaparameters less than one. Whe384, the distribution has a
decreasing failure rate. This is referred to aspitiéod of early failures where defective piecegg@fiipment, prone to
failure because they were not manufactured or oacted properly, cause the high initial failureesabf engineering
devices.

For the HRSG or other complex systems, in the beginof the operational life, the early failure giais also
associated with the adjustment of control systerfand operational crew learning.

The shape parameter of HRSG two reliability functie higher than the same parameter estimated R8G&ione.
This fact indicates that the second boiler is ggtitlose to the period of random failures, charamtd by shape
parameter equal to ong €1).

The reliability distribution curve for HRSG 1, as example, is presented in Fig. 6.

Once the boiler has failed a corrective maintengmoeedure is performed to return the equipmenbhdomal
operation condition as soon as possible. The tomepair is also a random variable once it is ddpahon the nature
of failure, on the ability to diagnose the causdaillire and on the availability of equipment arkilled personnel to
carry out the repair procedure



ReliaSoft's Weibull++ 6.0 - www. W eibull.com
Reliability vs Time

1,00
L Weibull
Data 1
9 -
9 W2 MLE - RRM MED
] | F=25/S=1
L
0,80
g 060
o
JIN
4
3 I
5 !
2 ow ||
& 0,40 W
®
L
0,20 .
° Gilberto Francisco Marth
| Escola Politécnica da L
0 N e e e N N W 31/8/2005 14:45
0 4000,00 8000,00 12000,00 16000,00 20000,00
Time, (t)

=04645,N=4612352
Figure 6. HRSG 1 Reliability Distribution.

The probability that equipment will be repairedaiigiven period of time is defined as maintainapiind described
by a probability distribution. Typically the logrmoal distribution is used to model the time to remhstribution of
complex systems. The maintainability can be exgesscording to equation (2):

M (1) :1—¢(|m0_“j @

whereM(t) represents the maintainability, a measure of fasiva system can be repaired after a faildn@) represents
the standard normal distribution cumulative funetiandy and o are respectively the mean and standard deviation i
the logarithmic domain.

Based on the time to repair database for bothghines and using the software Weibull++, (Religs?®03), the
lognormal distribution parameters for maintainapilinodelling were calculated and the results aes¢mted in Table
Il.

The graphical representation of the maintainabgitybability distribution for HRSG 1 is presentedFig. 7.

Table Il Lognormal Distribution for Turbines Maintainabilityalculation

System Parameters
HRSG 1 M=1,1148
0=1,1273

HRSG 2 M=0,7758
o=1,5957
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Figure 7. HGSR 1 Maintainability Distribution.

The HRSG 2 has a mean time to repair smaller tHaS®l 1, (represented hy). This fact is explained through the
analysis of failure database.

The HRSGs presents not only faults related to #edwWwater system, usually of sensors or controlesyst(the
feedwater pump), devices that require small timeefoair, but, also severe mechanic faults causetulmycation
problems that need a long time to repair. In refatd the feedwater level control, the faults &lated to the automatic
recirculation valve.

Once the reliability and maintainability parametense calculated the system availability can bernedgd.
Availability is the probability that a system isadlable for use at a given time. Roughly, it maywimved as a fraction
of time that a system is in an operational st&8&ith and Hinchcliffe, 2003).

Applying the Monte Carlo simulation method, the itakility can be estimated for an operation timen€idering
that the HRSGs must operate during one year, quoneng to 8760 hours, and using the reliabilitgd amaintainability
probability distribution presented in tables | dhdespectively, the availability for HRSG oned9,6 % and for HRSG
two is 99,7 % Availability is an index dependent ratiability and maintainability order although HBSn has low
reliability in comparison with HRSG two it has@n mean time to repair, that leads to a high abditg

The simulation results show that for complex eleatnechanical feedwater systems and control Ideel,fsuch as
HRSG, the availability can be different for ideaficequipment located in the same site. This diffeeecan be
associated with the operational profile of the pqent, mainly the number of trips presented duthegoperational
life, and the nature of failures — associated wi#thanical or electrical devices.

3.4. Availability |mprovement

The maintenance policy of HRSGs is typically basedfive or six year's cycles, similar to the mammdace
program of the gas turbines. During the first tveans some annually based basic preventive taskredi@med. In the
middle of the cycle a more complex inspection idgrened. After that the basic tasks are annuallygosmed and at the
end of the cycle an overhaul maintenance is pegdrm

Considering that any boiler has complex monitorng control systems; the preventive maintenandeypoan be
associated with some predictive tasks aiming até¢ldeiction of the annually based maintenance &etiviThe time-
history of a given sensor indication can be usedetine the evolution of a failure mechanism thdt eause a failure
in a component. Based on historical records a maartice analyst can foresee a future failure andedéie necessity



of maintenance intervention. This analysis is thsid principle of the predictive maintenance pratistrongly
recommended by the Reliability Centered Maintendttigsophy.

The amount and type of maintenance that is appli@dsystem depends on its costs as well as otosteand safety
implications of system failure. For a complex sgsteoncern would be with how much preventive or mtace
maintenance can be afforded without affecting tretesn availability.

For the HRSG evaluated in this analysis the effafplied in corrective tasks may be reduced widiining of
operators and maintenance crew and even the ugwedictive analysis, for example a visual inspectissing
borescopes, to determine if the amount of remamitgaid in the heat exchanger pipes is dangefbusy can be also
used thermographic inspection that allows accompame behaviour by HRSG. Supposing that the aqunesece of
those actions will be the reduction of mean timedpair, a new availability simulation is performfed each boiler,
considering a reduction of ten minutes in the nt@ae to repair.

For HRSG 1 the availability is increased from 99,6%09,9%. For HRSG 2 that index increases fronT%@gto
99,9%

Those figures show that the use of predictive neamiance, allied to personnel training, can incrahseHRSG
availability and, as a consequence, the power plaatability.

4. CONCLUSIONS

The proposed method for reliability and availapibtnalysis seems suitable for complex systems sira®ws not
only the identification of critical components faraintenance planning but also defines quantitatitiet system’s
reliability and availability.

The development of the system functional tree isdamental for the understanding of the functiordtion
between system components. Based on this treeaailigf block diagram can be easily constructeghresenting the
information flow through the components in accorawith a pre-defined system performance level.

Based on the functional hierarchy, the FMEA analysiperformed considering the failure modes aasediwith
the components listed at the end of each brantheofunctional tree, identifying the effects of quanent failure on
the system under analysis. Once the critical cormptmare identified, based on the failure effetdssification, a
maintenance policy can be formulated to reduce treurrence probabilities.

The maintenance policy aims to reduce the systeavailability through the use of predictive or pretree
maintenance tasks for critical components. Thiscgohllows the reduction of unexpected failure acences that
cause the system unavailability and are usually ggpensive to repair.

For HRSGs the use of predictive or preventive tagems feasible providing better maintenance petior the
complex feedwather system or heat exchange systesimple on conditions analyse could use flow sensacheck
the operational condition, avoiding any trip dugipes or valve obstruction.

Based on time to failure and time to repair datee method allows system reliability, maintainakiliand
availability analysis.

For the case under analysis, considering two idahtieat recovery steam generators installed irséimee power
plant, the reliability was calculated considerindige-year operational database. Both boilers hidnggr reliability
represented by a Weibull probability function an@ atill presenting a decreasing failure rate. Daghe small
operational time of each HRSG the operational deegtill learning how to operate the equipment amtlicing some
operational failures most of them associated withtio| system set-up.

The reliability and availability are different fboth boilers. HRSG number two presented a greabeumf failures
that were rapidly repaired having small effect gstem availability. HRSG number one although présgralmost the
same number of failures had a higher time to repain HRSG two, reducing the system reliability.
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