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Abstract. In a thermal power station, the exhaust steam ftloensteam turbine flows thought a condenser ireotd
transfer heat to the a circulating cooling wateisgm flow. The heat water is cooled in a coolingeio In case of
cooling tower failure the power plant must redutseriominal output, reducing the plant efficienayeeen must face a
forced shut down situation. Taking in view the gréaportance of the cooling tower for plant opeaat] its
availability should be carefully evaluated.

The availability of a system, such as the coolmgetr, is strong associated with its parts reliayiland maintenance
policy. That policy not only has influence on tlaetg repair time but also on the parts reliabiligffecting the system
degradation and availability.

The Reliability Centered Maintenance (RCM) phildspps one of the most popular maintenance optinoiaat
methods. The philosophy’s key is the identificatibthe system critical components, which are @efiim terms of the
system functional performance degradation in caseomponent failure. In order to avoid the failuséthe critical
components, the maintenance efforts are focusqaerentive or predictive tasks, aiming at reduding frequency of
failure. The scheduling of maintenance tasks fiiced components reduces the downtime for coruecthaintenance,
increasing the system availability and reducing ttir@intenance costs.

This paper presents a method for cooling tower neaamce policy selection based on RCM concepts.fiétsod has main steps:
functional tree elaboration (defining the intendifnctional purpose of each cooling tower comporamd their performance
criteria), development of Failure Mode and Effeatsalysis (FMEA) — to describe the potential failunedes of each component
and the consequences for the system functionahtiper and maintenance policy selection for criticamponents, identified after
the application of FMEA analysis, based on the R@¥ision logic diagram.

The method for reliability evaluation is applied é&set of cooling towers installed in a 500MW corebirycle thermoelectric
power plant. After defining the main failure modes équipment, a reliability analysis is developesséd on system reliability
concepts. Considering the proposed maintenance ypalaection method, a maintenance plan is propdeedthe critical
components in order to increase the cooling toweiilakility.

Keywords: reliability, cooling towel and RCM.
1. INTRODUCTION

The availability of the combined cycle thermal pow&ants depends on the perfect operation of akystems (e.g.
gas turbine, heat recovery steam generator, stedsiné and cooling systerithe HRSG is the link between the gas
turbine and the steam turbine process, the funcid#RSG is to convert the exhaust gas energyefjds turbine into
steam, (Kehlhofer, 1999). In the cooling water systheat is removed from the steam turbine exhaustrried by the
circulating water to the cooling tower, which rd¢gthe heat to the atmosphere. Because of thistdiath to the
atmosphere, surrounding water bodies typically dosuffer adverse thermal effects. Cooling toweasehbeen used
for many years at power plants in locations whemmes water is available for cooling system use, vsliere once-
through cooling is not viable. The recirculatingoling water system arrangement incorporates anaaéipe cooling
tower as show in the Fig. 1, (Black & Veatch, 1996)
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Figure 1. Recirculating Cooling Water System (Bl&Weatch, 1996)
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The efficiency of the cooling process depends erattmbient conditions and the heat rejection lodtiwthe tower
must operate. Other factors that influence efficierand over which the cooling tower manufactures fome measure
of control, are the amount of heat transfer surfaa, the time duration that the water surfacexosed to the
airstream, and the ratio of airflow to water in tbeoling tower. Those factors can be balanced inaaay of
combinations that produce the same end result @frapthe water to the design conditions. Besides¢ factors, to
maintain the functional efficiency and availabildfthe cooling tower it is necessary to identig tritical components
and to schedule maintenance tasks (preventiveealigiive) to ensure high availability.

Bearing in mind the great importance of the coolivager system for steam cycle, and consequentlyh®mplant
operation, its availability should be carefully kiated in order to foresee the performance — teahaind economical -
of the energy system. The availability of a commggtem, such as the thermal power plant, is slyagsociated with
the parts reliability and maintenance policy. Tpalicy not only has influence on the parts repaietbut also on the
parts reliability affecting the system degradatiol availability.

This paper presents a system reliability-based odetised to identify the most critical componentsicooling
tower. The criticality is associated with the coment failure effect on the cooling water systemrapen condition.
The higher the criticality of the component morehtgical and economical resources should be uséldebyaintenance
activities to keep the cooling tower available éperation. The reliability centered maintenancecepts are used as a
guideline in ranking the maintenance policy priestfor the critical components aiming at the aogliower operation
availability.

2.RELIABILITY CENTERED MAINTENANCE

The Reliability Centered Maintenance RCM, as a @doce to identify preventive maintenance requirdser
complex systems, has been recognized and acceptedriy industrial fields, (Rausand, 1998); (Zio200rhe RCM
was introduced in the USA during the 1960’s thatfindustry to confront these issues was the iateynal civil
aviation industry, (Richet et al. 1995). This exprce generated the report that years later woellthe pioneer work
in presenting the RCM concepts, (Norwlan; Heap,8)9RCM became more popular and it was appliethénthermo
nuclear generation and in the armed forces, expgnii the gas and petroleum industry, (Rausand3)19%he RCM
was introduced in the Brazil in the late 1990’s é#&do, 2004) and has been applied in the powenggmnérazilian
market in 2003, (Alkain, 2003) Raposo (2004), and combined cycle thermal power plant in 2006 réZas, 2006).

The RCM philosophy's main focus is on the idecsifion of the functions of each one of the comptmen the
system. This allows the application of the spedifieaintenance task for each one of the componenisidered
critical, in order to guarantee the availability dperate, and the cut-back of maintenance costs.cfiticality of a
component is defined by the loss of operation parémce of the system due to failure in the proceassed by a
component failure. The greater the loss, the grehéecriticality of the component. The RCM methludyy is made up
by a sequence of steps that allow its applicatiotihé various branches of the industry, which aréoows (Moubray,
1999); (Rausand, 1998):

a) Definition of the system and recollection ofadahd information;

b) Functional description - Elaboration of the Rimal Tree;

c) Failure Mode and Effects Analysis (FMEA) - Daténe the consequence of the functional faults;

d) Identification of the critical components;

e) Selection of the maintenance policies;

f) Evaluation of the Results.

3.METHOD DEVELOMENT

The method first step consists in the elaboratioth@ cooling tower functional tree that allows thefinition of the
functional links between the equipment subsysteflthough all cooling tower possess essentially game
subsystems, such as circulating water pumps, eitiogl water piping and fans, there are differengesveen the
technologies used by the manufacturers; therefardunctional tree must be developed for each fpeawoling tower
model.

The next step is the development of the Failure &axd Effects Analysis (FMEA) of each tower compurie order
to define the most critical components for cooltogver operation. This criticality is based on thalaation of the
component failure effect on the system operatibeywfs, 1996). For the definition of the system defation, the
FMEA analysis uses a numerical code, usually varyietween 1 and 10. The higher the number the highthe
criticality of the component that must be evalud@deach component failure mode. For the coolmger analysis a
criticality scale between 1 and 9 is proposed, §Zas; Souza, 2007). Values between 1 and 3 exjpriess effects on
the system operation and values between 4 andré@ssxpignificant effects on the system operatiaiiufes that cause
the combined cycle unavailability or environmerdafgradation are classified with criticality valusstween 7 and 9.
These criticality values are shown on Table 1.
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Table 1 Criticality Index Description for FMEA Analis (Carazas; Souza, 2007)

Criticality Effectson the Turbine Operation

I ndex

7 This severity ranking is given when a componentptiél failure mode can cause unavailability of
(Severe) the equipment but does not cause damage to othgrneent components, possibly affecting: - the

equipment operation, once it must be stopped; - géheironment in a severe manner; - the
compliance with government requirements. The failalso causes the need of repair and/or
replacement of the failed component. The plant&vailable for short period of time.
8 This severity ranking is given when a componentptiél failure mode can cause unavailability of
(Very Severe) | the equipment but do not cause damage to othepmgut components, possibly affecting:- the
equipment operation, once it must be stopped; - gheironment in a severe manner; - fthe
compliance with government requirements. The failalso causes the need of repair and/or
replacement of the failed component. The planh@vailable for long period of time.

9 This severity ranking is given when a componeneptial failure mode can cause severe damage to
(Hazardous | other components and/or to the equipment, posaiffiégting:- the equipment operation, once it must
Effects) be stopped;- the environmental safety, includirakége of hazardous materials; - the safe power

plant operation; - the compliance with governmemfuirements. The failure also causes the need of
repair and/or replacement of a great number of covapts. The plant is unavailable for long pefiod
of time.

The method third step involves a reliability anédyS he failures should be classified accordinghi® subsystem
presented on the functional tree. The reliabilityeach subsystem is calculated based on the failat@ base and the
system reliability is simulated through the usdlottk diagram. Considering the ‘time to repair’aand the preventive
maintenance tasks associated with the equipmentadling tower availability is evaluated using Hieck diagram.

Once the critical components are defined a maimem@olicy can be proposed for those componentsidering
the RCM concepts. This maintenance policy philogolphs focus on the use of predictive or preventiantenance
tasks that aim at the reduction of unexpected regluluring the component normal operation, (Smiith ldinchcliffe,
2003). For complex systems, the occurrence of userd components failures highly increases maintma&osts
associated with corrective tasks not only for thea corrective costs (spare parts, labour hdausalso for the system
unavailability 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 increasigsystem
availability.

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

In Fig. 2 a flowchart is used to explain the methadain steps (Carazas and Souza, 2007).

| Funcional Analysis | | Functional Tree | Equipment Analysis
| I
v
| Effects Analysis |
¥ Failure Modes and Effects Analysis

| Critical Components Section |

v

| Maintenance Policies |
v
| Analysis of Results |

} RCM Aplication

Figure 2. Flowchart for Complex System AvailabilEyaluation
4. APPLICATION

The method is applied on the analysis of in a $atoanterflow cooling towers installed in a 500M\Wnebined
cycle thermoelectric power plant located in Southehica.
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4.1. Functional Tree

The functional tree for the counterflow cooling #wis show in Fig. 3. The equipment is divided ivefmain
subsystems: recirculating water system, suppo#t Brchange system, water recovery system anddirfinators.
Those subsystems are divided in components, eazlpenfiorming a specific function linked with thebsystem main
function. A failure in a component at the bottomthé tree affects all subsystems above it, causimpssible
degradation in the cooling water system operatiepresented by any reduction in the heat exchaagacity or even
environmental degradation. The tree was developedrding to the operation manual furnished by t@ufacturer.

Support —
Structure i Piping |
—| Intel Water |
Distribution
— Piping Support
Water System 1 PTE ~p |
—| Water Tank |
—| Set of Heat Exchange |
| Heat exchange | | —]{ Fans support
Cooling Tower System
& Y —| Difusors
— Set of Fan |_ Electric System
—| Motor
Electric Motor
— Piping |
Water Replacement of Water | |
Valves
—  Recovery System — ¥ |
System — Filters |
— Water Recovery Reservoir |
Set Reservoir |—
—| Valves |
|| Drift —] Piping |
Eliminators

Figure 4. Cooling Tower Simplified Functional Tree
4.2. Failure Mode and Effects Analysis

Although there are many variants of FMEA, it is al@ based on a table, as shown in Table 2. Inetftéand
column the component under analysis is listed; thetme next column the physical modes by which ¢beponent
may fail are provided. This is followed, in therthtolumn, by the possible causes of each of tiveéamodes.

The fourth column lists the effects of each failanede that are classified according to the critigacale, which
expresses the degradation degree in the coolingr\sgstem operation.

The FMEA analysis was performed for each compolistetd in the end of a given branch of the funcdiamnee. In
Table 2 the analysis for the support structureaigiglly presented as an example. This componegritisal because, -
for example — on 21th August 2007, the Vermont Manhkuclear plant was forced to reduce its powgrufter staff
at the Vernon reactor detected problems with onétsoftwo cooling towers: a cooling tower structypartially
collapsed, (Boston Glove, 2009).

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 cooling water system asale.

Table 2 Failure Mode and Effects Analysis: Examptupport Structure

Function Failure Mode Failure Causes Failure Effects Critically
Structure Achieve Fatigue failure; fracture,| Loss of structural support; Loss of cooling 9
Support Ultimate limit | Buckling; Overburden. | water; Increase pressure in the HRSG, HRSG-

state TRIP, steam turbine TRIP.

The FMEA analysis pointed the most critical compuseédor the cooling tower, which are listed in TaBl
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Table 3 Results of the Application of Failure Maated Effects Analysis in a Set of Cooling Towers

System Subsystem Component Failure Mode Critically
1.Cooling 1.1. Structure Support Achieve Ultimate limit stat 9
Tower

1.2. Distribution water |1.2.1.Piping Cross section Blockage 7
system 1.2.2. Inlet water Cross section Blockage 7
1.3. Heat exchange 1.3.1.Fans- Electric |Incapacity to transmit electric energy 7
System System
1.3.2. Electric Motor | No electric power 7
- Flexible shaft Shaft cross section rupture 7
- Gear Box Gear tooth fatigue failure 7
Shaft cross section rupture 7
- Coupling Linkage between coupling and electrjic 7
motor failure
Coupling failure 7
1.4. Water Recovery |1.4.1.Check Valve Incapacity to open 6
System 1.4.2. Water piping Cross section Blockage 6

The failure modes for the components were devel@gedrding to manufacturer’s information and fakianalysis
presented in literature, Kehlhofatr al (1999); Lora & Nascimento, (2004); Burgazzi, (2@lack & Veatch(1996). A
total of 32 FMEAs were developed and analyzed, {Zas and Souza, 2006).

Once the critical components as for reliability lgges are identified the planning of maintenanceviies is mainly
focused on these components aiming at keepingrpasiwer availability.

4.3. Reliability Analysis

Reliability can be defined as the probability thagtystem 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. Reliability can be calculated by ation (1).

R(t) = e™™ )
where:R(t) is the reliability t is a time period [h] andlis a failure rate in [failures/hours].

The cooling tower block diagram, for normal opimatcondition, is a series system using all sulesygstpresent in
the first level of the functional tree. Once th&atality of each component is defined, based atistical analysis of
their failure data, the cooling tower reliability @qual to the product of the subsystem reliabitissshow in the Fig. 5,
and the system reliability is expressed by the toud2).

Ree = Rss X Rws X Rug X Rye (2)
Support Distribution Heat Water
o Strtlljclzure —  Water || Exchange — Recovery —
SyStem System System

Figure 5 Cooling Tower Block Diagram

Where:Rer is the Reliability of cooling toweRssis the Reliability of support structur&ysis the reliability of
distribution water systenRe is the reliability of Heat exchange system dRygkis the reliability of water recovery
system. Considering that each subsystems relialsdih be modeled by an exponential distributior, ¢boling tower
reliability is also modeled by an exponential disition which failure rate is calculated as:

Acr = Ass + Aws + Age + Awr (€))
Where:l ¢t is the cooling tower failure rate,ssis the support structure failure rafgysis the distribution water

system failure raté; g is the Heat exchange system failure rate/apgls the water recovery system failure.
The reliability of those subsystems cam be estichiteught the following methods:
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— Analysis of the historical failure database of doglipment.

— Analysis of the historical failure database of $&mequipments.

— Analysis of prototypes reliability tests.

— Use of reliability prediction mathematical mode&sbd on commercial database.

For the present study, the selection of the mdstalrequipments as for reliability block diagramalysis is based
on the failure database of the power plant. Th&afiequipments are those that present the gfiestsency of failure.

Unfortunately, the failure database does not gfa@gister the time between two consecutive fadunegiven
equipment that would support equipment reliabgitalysis. Thus, reliability estimate for the cafiequipment is
based on databook information.

The critical equipments are: support structurestéte motor, gear box and fans. The support stredsisubjected
to dynamic loading due to fan rotation. Electrictarand the box gear are subjected to an envirohmigry high
humidity and subjected to dynamic loading due torfatation.

The simplified cooling tower diagram bock is shawtlie Fig. 6.

Structure [ Electric Motor |—| Gear box |—| Fan l——

Support

Heat Exchange System

Figure6 Critical Cooling Tower Block Diagram

Table 4 gives a list of the critical equipment tleanstitute cooling tower and the parameters ofrthbility
models, (MIL-HDBK-217F0, 1991); (Martone, 2009rishnasamy, 2005);

Table 4. Failure Rate of Cooling Tower Critical Guonents

Subsystem Component Parameter
Structure Support Structure . = 31,0x10 failures/hour
Heat Exchange System Electric Motor J. = 34,2x10’ failures/hour
Gear box 4 = 16,0x10 failures/hour
Fan 4 =1,20x10 failures/hour

The cooling tower failure rate is 390x3 ilure per hour, and tHdTTF (Mean Time to Failure) is:

1
MTTFqp = o= 2564,10 hours
cT

The mean time to failure is close to four montheaiftinuous operation. As for exponential religpitlistribution,
the main time to failure corresponds to a religpitif 36,8 %. This results means that there isanch of 36,8% that
the cooling tower will operate, without failure rf8560 hours. The set cooling towers (eight unmisiability is 97,45%.

Aiming at increasing that reliability, maintenanesks should be performed to detect the developwiefailures
modes in the critical equipment. Those tasks mesidecuted in time intervals smaller than 2560htutse effective.

4.4. RCM Maintenance Schedule for Cooling Towers

Component manufacturers and suppliers tend to remmd a very conservative and costly maintenanceoaph.
Changes in the power system market has led to fa fstim technical to economic driving factors, inding the
maintenance planning with the aim of the incredgbeoperational lifetime and reduce costs.

Modern engineering systems are ideally designeg@raiitable operation throughout their service lifecompliance
with given requirements and acceptance criteric@ly related to the safety of the personnel drarisk posed to the
public and the environment. For ensuring his, ihégessary to control the development of deteimrgirocesses by
appropriate planning and performing of inspectiansl predictive maintenance actions. The prediatiagntenance
aims to reduce or preventive maintenance taskesritical components, this policy allows the redantiof unexpected
failure occurrences that cause the system unaildiyednd are usually very expensive to repair.

The RCM philosophy recommended approaches maintentasks for critical components, in this way aadda
on the failure rates of these components, maintmdasks are selected as shown in Table 5. Thetenaimce
frequency is calculated to ensure a minimum rdiighdf 80% (for each critical components), by dq.The result is
displayed in the third column of Table 5.
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Table 5 Maintenance Schedule for Counterflow Capliowe

Maintenance

Description Comments

Frequency
Overall visua|Complete overall visual inspection to be sure gllipment is operatin
inspection and safety systems are in place.

Check tower structur¢ Check for loose fill, conimts, leaks, etc.inspect and readjust t{Monthly/Bimonthly
unions in case they have lost the adjustment afymbvibration. Inspe¢t
the presence of cracks or deformations in the strec
Fan Electric motdCheck the condition of the fan motor througmperature or vibratigMonthly

condition analysis and compare to baseline values.

Check fan blades Check for excessive wear and eséastening Monthly

Flexible shaft Check the condition of the flexible shaft fan thgbutemperature {Monthly
vibration analysis and compare to baseline values.

Check motor supports Check for excessive wear aadrs fastening Monthly

Motor alignment Aligning the motor coupling alloe efficient torque transfer Monthly

Check driffLook for proper positioning and scale build up Mt

eliminators, louvers

and fill

Inspect nozzles fqMake sure water is flowing through nozzles in the well Annually

clogging

Check bearings Inspect bearings and drive belts for wear. Adjospair, or replace {Annually
necessary.

Motor condition Checking the condition of the motor through tempee or vibratiofMonthly

analysis assures long life.

General recommendations for predictive and preventiaintenance.

Vibration Check for excessive vibration in motdems, and pumps

Test water samples |[Test for proper concentrations of dissolved soladg] chemistry. Adju
blowdown and chemicals as necessary.

Check lubrication Assure that all bearings are lubricated per the ufzature'

recommendation.

Clean tower Remove all dust, scale, and algae from tower bdiin,and spray
nozzles.

Piping Checking the leaks or excessive corrosidionitor the pressure

operation of the system to avoid very high pressuamdinspect th
filter system to prevent the entry of corrosiverage

Thermographic Check and monitoring motors, bearing and pumps

Analysis

5. CONCLUSIONS

The method for reliability analysis seems suitédblecomplex systems since it allows not only thenidfication of
critical components for maintenance planning bsib alefines quantitatively the system’s reliability.

The development of the system functional tree isdamental for the understanding of the functiorhtion
between system components. Based on this treeaailigf block diagram can be easily constructeghresenting the
information flow through the components in accomawith 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 qumnent failure on
the system under analysis. Once the critical comptmare identified, based on the failure effetdssification, a
maintenance policy can be formulated to reduce theziurrence probabilities.

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

For cooling towers the use of predictive or preientasks seems feasible providing better maintemamactices
for the complex heat exchange system. The mostriporesults are show in Table 5, Maintenance Q@deefor
Counterflow Cooling Tower.
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