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Abstract: The development of complex chemical processingt glasign based on reliability concepts aims at
predicting the probability of occurrence of failgreluring the plant operational life. The plant mecof equipment
selection procedure based on reliability can bedusereduce the occurrence of critical failures ttitauld affect not
only the plant operation but also the personnel amyironmental safety. The analysis also intendsleéweelop a
maintenance plan for those critical pieces of equept aiming at reducing the frequency of failuresorder to
increase plant availability and operational safefhhe most used tool as for maintenance planningnairat attending
those requirements is Reliability Centered Maintewea— RCM. This work shows the application of RQivicepts
toward pilot project for Anhydrous Hydrofluoric Aktiranking Unit at USEXA, located at the CTMSP plalsing the
RCM methodology, the analysis first step involves delineation of the limits of the system, subsyst items and
components aiming at the definition of the fundlorelation of those components. In the next stepanalysis of
causes, effects, consequences and criticalityilofrés, also known as Failure Mode and Effect Aralyis developed
for each subsystem of the unit. Finally, for théical equipment, selected based on the results RNiBalysis, a
maintenance plan based on RCM concepts is propaiseidg at reduction of the risks associated with grocessing
of anhydrous hydrofluoric acid.

Keywords: Reliability centered maintenance. Failure mode aeffdct analysis - FMEA. Anhydrous hydrofluoric acid
1. INTRODUCTION

The “Centro Tecnolégico da Marinha em S&o Pa{l@MSP)” is a research center of the Brazilian yaiming at
promoting the development nuclear technology callady’s Nuclear Program (NNP).

The NNP promote the development of the mains stéghke nuclear fuel cycle including design areascpss
validation in laboratory scale, set up of the desti@tion and pilot plants, mechanical workshopsabdjpy and
technical and operational training of the produgtiwits.

The CTMSP already dominated some of the nucleds feycle areas such as enrichment, reconventiat,ad
fuels elements manufacturing.

To complete the nuclear fuel cycle on CTMSP itagquired to finish the Uranium Hexafluoride Unit (EY6A)
which now is in electro-mechanical constructiongeha

The proposition of the USEXA is to convert the ugam concentrated from the mine to fluoride comgasiwn as
uranium hexafluoride (Uff (USEC, 1999). On convertion process the uraniasses through several steps such as:
dissolution, filtering, purifying, precipitationatcination, hydrofluorination and finely by fluogtion.

The route adopted in USEXA for obtaining B divided in two stages. The first stage startha receiving of the
raw material, pass through the yellow cake productuntil obtaining the uranium trioxide (Y The main inputs
used in this stage are nitric acid, ammonium facjpitation reaction of ammonium diuranate (ADU}whuclear
purity in aqueous phase and posterior filteringe Tinst stage that involves chemical reactions quemus phase is
denominated wet route.

The second stage begins with reduction of;W®uranium dioxide (Ug) by reaction with hydrogen arisen from
ammonia cracking and posterior hydrofluorinationtbé UG to uranium tetrafluoride (Uf in Continuous Bed
Reactor also known with dry route. In dry routee thnhydrous fluoride acid (AHF) is the main reactlm the
conversion of UQto UF,. The conversion is completed in the next stagelame Reactor where the {5 produced
through reaction between W&nd fluorine.

In this context, this works has objective to showpraposition of the implementation of Reliabilitye@tered
Maintenance ((RCM) as a pilot project to USEXA fmrhydrous Hydrofluoric Acid Chilled Tankage Unit1Q.49).

The scope of this works is to show the mains stémeproduction of UF6 including the C10.49 Unitdaalso the
main physical and chemical proprieties of the AHiEhvits peculiarities in relation to tankage ansks the facilities,
workers and environment.
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In the literature review the evolution of mainteoaris shown. The tools available for implementingadicy of
maintenance are displayed with a comprehensiveoapprand implementation phases of the RCM (FOX, 1984).

The RCM proposition to C10.49 Unit is detailed dlnel maintenance policy that will be adopted forhesubsystem
of the Tankage when in operation is presented.

2. DESCRIPTION OF USEXA

Because of their physical and chemical proprietesUF6 is compost very versatile. Thegufan be processed
conveniently in three phases, solid, liquid andegas, in low pressure and low temperature environme

The gaseous phase is used in the enrichment BeeplR in liquid phase is used in transference step afid phase
is used for storage.

In according with, “The UF6 Manual Good Handling fdranium Hexafluoride”(USEC, 1999), the triple pbof
the UR occurs at 1.5 atm on temperature 64 °C, theréfiattds conditions of pressure and temperatureghtee phases
coexist in equilibrium. With a very small raisingntperature or pressure the djfasses to liquid state or gaseous and
reducing the temperature or pressure bellow tpketpoint the Uk change for solid phase.

The incidence of the uranium isotope 235 in naisi@ 735 %. For nuclear power reactors the degre@richment
should be 4% and research reactors use uraniurchedriio 20%. In the nuclear fuel cycle, the converstage has
great importance because it produces Wih purity suitable for the next step, the enm@nt. The conversion is
highlighted in Fig. 1 that shows the nuclear fuglle that goes from prospection to permanent delpafswastes.
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Figure 1. Nuclear fuel cycle

The USEXA, despite of uranium processing, is cfaessias chemical facility whose safety requisitesd a
environmental integrity are very severe demandipgrational and maintenance procedures well docwedeard quite
comprehensive failure and operational databases.

The nominal capacity of the unit is 40 tons/yeathef UF6 to attend the CTMSP necessities for thielement and
construction of the first and second core of trespurized water reactor "Pressure Water Reactotdiype (PWR) for
naval propulsion.

The CTMSP developed and coordinated projects andtagction of the main equipments for USEXA on Hiaz
industry. The nationalization of the projects amliipments were necessary due to barriers imposedobwtries
possessing the technology for conversion becaesEl8EXA is strategic in nuclear area. Trade bagniequired larger
investments that cause delays in the schedule déswo

The main operational steps of the USEXA are showFig. 2.

The conversion is characterized by a relativehhhigmber of operations. In flowchart, the productad UFR; can
be divided into two major groups in the presencéwadride. The first group is fluorine-free prodigt ranging from
the dissolution of yellowcake to calcinations. Téecond group has the presence of fluorine rangiog fthe
hydrofluorination to fluorination.
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Figure 2. Flowchart of the conversion process

The production is in batches in USEXA, however, sateps may be carried out continuously, for exartipg step
of purifying uranium, which is held in pulsed exitian columns.

Regarding the safety issue, the second procesg,goomprising the steps with the presence of fheois more
sensitive because it uses as raw material the ARfmonium, hydrogen, elemental fluorine and uran@@mpounds.
Another factor to be considered is the chemicadtieas at temperatures above 350 °C in steps dfiybeofluorination
fluorination.

The purpose of the C10-49 unit is to store the atibelow zero degrees Celsius temperature andessgyn is
similar of the Nitroquimica company henceforth egeucer of the acid.

The development of the RCM proposition for C10.48itWas executed considering only the basic desigtne
installations.

According to the Brazilian standard NR-13 - Boilarsd Pressure Vessels published by Department lmfuraand
Employment of Brazil, (2006), the pressure vesaedsclassifieds in groups of the potential riskwaection of result
“PV”, where “P” is the maximum pressure of operatilm MPa, and “V” is internal geometric volume,nini.

The storage facility of the hydrofluoric acid castsiof three vertical tanks with capacity of 22 each. Each tank
has a purpose: the first to receive the AHF, tteoisé to distribute the acid to0 the plant and thiedtto receive the
acid in case of emergency.

The maximum operation temperature is 19 °C witlsguee 0.002 MPa and according NR-13 standard ttinage
vessel can be classified as Potential Risk Growjitb"PV" less than 1.

The pressure vessel categories as function of Balt®isk Group and fluid grade are showed in Thab.

The AHF is classified as Grade "A" - toxic with élshold limit value (TLV)X 20 ppm and the vessel is classified as
category Il

The three storage tanks are located within theadomtent tank of hydrofluoric acid whose humiditycantrolled to
minimize corrosion of the internal tanks. The coniaf three storage tanks is kept at - 8 ° C bgaant fluid.

Dual containment arrangement, the inner tank amdagoment tank, provide a greater level of safetsnpared to
conventional tanking systems.

The bay to receive the ISO tank is provided withirdgger system in case of leakage. The acid issfiemned from
ISO tank, which may be at a temperature until @) and passed through the heat exchanger befarg transferred to
the storage tank.
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Table 1. Pressure vessels Category

CATEGORIES OF PRESSURE VESSELS

1 2 3 4 5
P.V > 100| P.V < 100| PV < 30|(P.V < 25|PV < 1
CLASSES OF FLUIDS PV230|PV225  PV21
Categories
A
- Flammabile fluid and fuel with temp. at of
above 200 ° C
- Toxic with (TLV) < 20 ppm l l . i i
- Hydrogen
- Acetylene
B
- Fuel with temperature less than 200 °C I Il Il \Y] \
- Toxic with (TLV) < 20 ppm
Cr
- Water vapor . | I 1 v v
- Asphyxiating gases simple
- Compressed air

Source: Standard NR-13 obtained by Internet.

All tank connections are welded and exit pipes @&signed considering the thermal expansion betviigery
points of the inner tank and containment tank

Each tank is equipped with temperature monitonmsgruments.

Pressure is another important parameter being atedrby the pressure transmitter in the storag.t&Vhen
pressure increases, the AHF is relieved to thebbemuor when the pressure in the tank is underwacthe instrument
air is injected into the tank. The containment ték vertical cylinder and their main functionpisotecting the three
internal tanks of AHF. The tank acts as a thernsolate and a barrier in case of failure of onehefihternal tank or
failure of the piping system.

The access for inspection of the upper sectiorhefinternal tanks is through a hatch located nexrt outside
staircase of the containment tank. The inspectibthe lower section of the internal tanks is exeduthrough a
stairway inside the containment tank.

The containment tank is provided with an automayistem of air dryer which purpose is to keep lownltdity in
order to prevent corrosion on the storage tankgsand internal walls of the containment tank.

The main pieces of equipment that compose therngrdgistem are presented in Tab. 2.

Table 2. Roll of main equipments of the AHF tankage

Equipments

AHF Storage Tank AHF

AHF Cooler

AHF Containment Tank

AHF Containment Tank Dryer
Transfer AHF Pump

AHF Heather

Circulation AHF Pump

The tanking system of AHF in comparison with corti@mal tanking systems is endowed with extra eqeipts
that operate primarily in assuring safety of thenpuand heat exchanger aiming at keeping the teryseraf the acid
below zero degrees Celsius and thus keeping losspre of acid.

3. APPLYING RCM CONCEPT FOR USEXA

The basic guidelines for the implementation of R&M the same used by Electric Power ResearchutestiE PRI
and according to Willmeth at al (2000) are adopeen key steps for implementing the method:
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Establish the scope of the study where the boueslarie set to define the limits of work;

Identify the interfaces: the interfaces are idémdifto better define the limits of the study ligtithe inputs or
connections that are not studied;

Specify the most important functions: RCM seekgteserve only the most important functions of atesysor
equipment;

Identify dominant failure modes: the dominant feglunodes for the important functions are identiffed effect
evaluation;

Identify critical failure modes using the FMEA aysik: the consequences of failure are evaluateth®odominant
failure mode to determine their severity. The mseeious the consequence the higher is the seuexigf, and the
failure mode is considered critical. Non-criticailire modes are not considered in the study;

Identify the causes of failures using the FMEA Igsia: the dominant causes of failure are iderdifanly for
failure modes considered critical.

Select the maintenance tasks: using the decisagralin for the selection of maintenance tasks. Maarce tasks
are selected considering the cost of failure antht®aance cost attributed to each cause of domiiadate. Changes
in design and operation are also considered. Figutgows the steps in the Logic Diagram of Decisionsidering the
safety issue that is the main concern for USEXAnteasiance plan development.

SECURITY
| Q

There is(are) PREDICTIVE MAINTENANCE
task(s) that is applicable and cost efficient [T0 I
detect/monitor the functional failure is about fo

v ©

There is (are) RESTAURATION task(g
VES that is applicable and cost efficient io;|
eliminate all failures’ N
| L L ©
PREDICTIVE YE There is(are) SUBSTITUTION task(s) that L__I
MAINTENANCE applicable and cost efficient to eliminate 4ll
failures? NO
l ! S4
REPAIR There is some PROJECT that is applicable and ¢ost
SCHEDULED efficient to eliminate all failures?
YFS YES NO
l . 2 v
REPLAICEMENT MODDIFICATION RISK MEASUREMENT
PROGRAMMED PROJECT AND INSPECTION
PROGRAMMEL

Figure 3. Logic Decision Diagram

Fox et al.(1994), mentioned that the TMI Classieduthe same process of implementing the RCM usiagame
steps used in the original work of the commerdiaraft industry and the process of implementaffows four basic
principles:

« Preserve the functions of the systems;

» ldentify failure modes of specific equipment thaaymullify these functions and cause a functioadufe;

« Determine the priority to be attributed to eachuf& mode because not all functions and functidailres
are the same; and

« For failure modes of high priority, define mainteoa tasks preventive applicable and effective.
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3.1 Selection of the System

As showed at the beginning of this work, USEXA axes great number of the activities.

The process flowchart showed in Fig. 2 is suitabldefine the productive systems of the facilitgwever beyond
of the productive systems, the USEXA is also coradasf the support systems, e.g. effluents treatmeitt uranium
recovery unit and utilities.

Utilities unit corresponds to all support systenfstlte facility like the boilers for production ohé steam,
compressed air system, ammonium tankage systemg, agid system and chilled fluoride acid tankage.

The chilled fluoride acid tankage was chosen bexatishe relative complexity in the design and riyaibecause of
the risks associated to operation and maintenasés of the unit.

The AFH tankage importance is because the acltkisaw material for production of the products &HEXA being
the first input for hydrofluorination in the prodien of uranium tetrafluoride (Uf. The second point is the use for
production of fluorine in electrolytic cells. Thagpous fluorine is used in the last step of thev@ion that converts
UF, to uranium hexafluoride (W

3.2 Defining the boundaries of the AHF tankage

To apply RCM methodology it is necessary to defitfearly the boundaries of the system that will hedied in
order to restrict the analysis for the system #&ed tmain functions.
The boundaries of the AHF tankage are definedérstthematic draw of unit as shown in Fig. 4.
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Figure 4. Schematic draw of AHF tankage

From Fig. 4 it is possible to define the boundaogthe unit of AHF tankage:

e Loading: the boundary is from the hoses that armeoted to the valves that control the inlet ospteized
air used to transfer the AHF;

« Transfer: the boundary is the circuit between thadfer pump and preheater used to deliver the ke
plant;

* Pressure control: the boundary is the control vajstem before the scrubber;

* Moisture control: the boundary is entrance and eir dryer; and

« Containment: the boundaries are all structuralspartdirect contact with acid considering the pgecd
equipment, pipes, valves and the storage and comgait tanks.
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3.3 System description

The analysis as for RCM implementation was baseglant design and there is still no database fanteaance
reports in order to define the frequency of faitud the pieces equipment and what maintenanceypulas used
during the plant operation.

The system description was developed consideriegsimplified engineering flowcharts for each onetloé
subsystems, alarm lists, items and componentseoAHF tankage systems.

The subsystems definition is based on main sixtfans that define the AHF tankage as follow:

e Loading;
« Cooling and acid storage;
* Acid transfer for consume;
« Air drying inside of the tanks;
* Pressure control of the tanks;
» Containment structural for acid
The following is the definition of items and comgmts of the unit:
e ltems: pipe, control equipment, monitoring and safe
< Components: valves, transmitters, indicators, adapumps, heat changers, position switch and ewvith.

Figure 5 shows an example of the simplified engingeflowchart for loading step used to help theteyn analysis
and implementation of RCM. It is stressed that ahalysis was performed for all subsystems listeceiogineering
flowcharts.

do LSAHF -1/ /2

FLOWCHART
OF THE
LOADING
STEP

| | FECHE

Figure 5. Example of the simplified flowchart o&tloading step.

According to the flowchart shown in Fig. 5 you celneck the diversity of items relating to the trams$tep
including the interlock valves "on-off" to ensuigety in operation.

3.4 Function and functional failures of AHF tanking

One of the stages of the implementation of RCM aimniglentifying the functions and failures for comngnts and
subsystems. The practical form of presentationtesbée form in which it is identified the item ocomponent with its
respective function and functional failure.

Table 3 shows the spreadsheet describing the émctind functional failures related to loading step

3.5 FMEA Proposition

The RCM proposition is based on the elaboratiothef FMEA of the loading subsystem considering titurfe
mode and effect for each item considering all s&pse loading of the AHF tanks until supplyingtbé AHF to the
plant. The FMEA was performed based on the flowtshaiming at analyzing the severity (how the sysiemffected
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by the failure mode of the component), occurrerfuaw( frequent is the occurrence of a given failurede) and
detection (how easy is to detect the developmettietomponent failure mode) to determine the pisérity number
(RPN) (MOUBRAY, 1994; SMITH & HINCHCLIFFE G., 2003)

Table 3 — Items roll from loa

ding (functions anduees)

oY

17

RCM SPREADSHEET DESCRIPTION OF FUNCTIONS AND FUNCTI ONAL FAILURE

Unit AHF TANKAGE LOADING

ITEM FUNCTION FUNCIONAL FAILURE
1-Conduct AHF from ISO tank to storage 1-Appears leak; can not transfer the AHF to tank

Pipe tanks. 2- Appears leak; can not transfer the AHF to tank
2-Pressurize instrument air pipe. 3-Not restrict the passage of the pressurized air.
3-Restrict passage of the pressurized air.
1-Control the pressure and flow for transferrjrigNot control the pressure and flow for transfegrin
the acid into the tanks. the acid into the tanks.

Control 2- Control the pressure and flow of the 2-Not control the pressure and flow of the
compressed air to ISO tank and the clean of compressed air to 1ISO tank and can not clean the
transfer acid pipe. pipe of the acid transfer.
3-Open and close the control valves. 3-Not open and close the control valves.
1-Show the line pressure. 1-Not show line pressure.

Monitoring | 2-Show the position of the control valve. 2- Not show the position of the control valve.
3-Show the flow and mass of acid transferred3- Not show the flow and mass of acid transferre
1-Relieve the pressure of the instrument air | 1- Not relieve the pressure of the instrument gieg
pipe. 2- Permit counterflow of the acid by instrument a

Security | 2-No permit counterflow of the acid by pipe.
instrument air pipe. 3- Not block the passage of acid or instrument air.
3-Block the passage of acid or instrument air.

The RPN is a result of product between indexeséwerity, occurrence and detection. For each cfethiodexes a
numerical scale between 1 and 10 was considerdkeiranalysis. The higher the numerical value tlghdr is the
severity, frequency of failure or difficult to detdailure mode development.(MOUBRAY, 1994)

An example of the use of the RPN score is showRareto chart presented in Fig. 6 considering efh# from
tankage with RPN greater than 200.

The chart in Fig. 6 shows that the items connestammd hoses are the ones with higher RPN score.

The second group, which includes the items with Rbdre between 300 and 250, is represented by lte Heat
Exchangers the AHF and blockage valves.

The third group of items that present RPN scor@we250 in composed by the valves "ON-OFF ", comtaint
tanks structure (T-4), level indicator transmittemperature indicator and storage tanks stru¢ig?2/3).
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Figure 6. RPN graphic versus items of the AHF tgeka
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3.6 Decision Diagram

The last stage of implementation of Reliability @red Maintenance is the use of the Decision Diagndich is
based on the results of FMEA analysis aiming astiection of the maintenance tasks for the ctiGomponents.

The selection of critical of the Refrigerated Anhyas Hydrofluoric Acid Tanking Unit (C10.49) is ason the
RPN assessment conducted in the previous secttharproposed maintenance tasks are:

Hoses: perform leakage tests with compressed air liench with pressure equal to 1.2 times the rlorma
operation pressure for a period of 30 minutes. Withis period there should have no pressure dnaée
hose. The test must be performed before and #dtese in the field.

Connections: a) conduct periodic visual inspectiomghe flanges and connections of the line, b) re-
tightening of sheaths to ensure the seal betweefidhge and gasket in PTFE to reduce leakage ¢f.AH
Level Transmitter (LIT-1/2/3): the item has eledi® board with random failure so the corrective
maintenance with replacement after failure is recemded.

Heat Exchanger (E-1/2/3) continuous monitoring fed temperature of ethylene glycol in the tempeeatur
indicator (TI-1).

Indicator, recorder and alarm of the AHF: safegmitwith intervals of calibration defined by a qfiet
company with certificated assurance.

AHF sensor (AIT-1): safety item with intervals dfet calibration defined by a qualified company with
certificated assurance.

Conductivity sensor (CRI-1): the item has electtdmard with random failure so the corrective meaince
with replacement after failure is recommended.

Check Valves: perform preventive maintenance tagkis visual inspection and re-tightening of screofs
the plug.

Control valves: a) perform predictive maintenanoetgh the analysis of the signature of the vabje,
periodical visual inspection for leaks and re-taghihg of screws of the plug, c) verify the levelhofmidity

of compressed air in order to prevent ice formatiopneumatic or solenoid valves.

Control Valves (HV-7/9/11): safety item in whichetiralve can lock in the closed position. In thisdition
the maintenance of the valve must be correctivim ian unsafe condition with possible leakage of AHF
Solution: change the design of the output pipemftioe (T-1/2/3) tanks installing another parallggs with
check valves aiming at tank drainage before thenteaance operation of the valve, as shown in theFi

Figure 7. Change design of the output pipes frogrtainks (T-1/2/3)

Structure of the tank (T-4): Periodic visual ingjp@t inside of the tank. Visual inspection in gas&éthe
hatch used to access the tank.

Pumps (P-1/2): Predictive maintenance and visisgdation.

Structure of the tank (T-1/2/3): safety item regedhby NR-13 standard which establishes that pressu
vessels that operate below 0 ° C are rarely subjestvere deterioration. The standard also regjpiegiodic
internal inspection to measure the thickness ofstieet metal every two years and hydrostatic @&irery
20 years. The standard NR-13 also establishestiolé@\d.3.6.2 installation of pressure safety valve.

High Conductivity Alarm (CAH-1): item can fail ranthly and therefore corrective maintenance is
recommended with replacement after failure.

Safety valve (SV-1/2/3): safety item with visua$jrection in bench in order to observe internal dao.

Pipe: visual analyzes and wall thickness measureesah two years.

Manometers (PI-8/9): routine inspection and regtaent in case of failure.
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e Temperature Register Indicator (TRI-1/2/3): themitéhas electronic board with random failure and
consequently a corrective maintenance practicecsmmended.

e Register Level Indicator (LRI-1/2/3): the item halectronic board with random failure is consequeatl
corrective maintenance with the exchange afteurfail

e Pre heater (E-4): on-condition monitoring by tenapere indicator controller (TIC-1).

e Thermal Insulation: periodic visual inspection. Ttwéginal design requires the thermal insulatioowt
involve all valves, instruments, flanges and figgrof the line, but this situation could lead tdd@n failure
in the case of leakage of AHF. The propositiorh&t the items of the pipes should be inspectedallisand
should not be wrapped with insulating material. Kagges caused by corrosion on the flanges can be
evidenced by visual inspection.

4. CONCLUSIONS

The proposition for implementation of the ReliayiliCentered Maintenance philosophy to Anhydrousofidie
Acid Chilled Tanking System at unit of Productioh dranium Hexafluoride evidenced the risks assedatvith
handling of that acid.

The proposition was based on elaboration of the AMtatasheet executed for all items listed in theigte
drawings. In the future, when the C10.49 unit Wil operating, the document can be updated and @i\ &alysis
improved for effective maintenance of the plant.

The study also evidenced the need to change ttigndet pipes coming out of storage tanks with theppse of
increasing the safety of the maintenance operatidine valves that are installed just below thé&san

Other highlights of this work was to evidence trecancy design in order to attend the NR-13 standfzet
establishes the installation of the safety presgahee for tanks with fluid “A” class — toxic witthreshold limit value
(TLV) <20 ppm and also to vessel category llI.

The thermal insulation must be removed in placesra/ipipe flanges, valves and instruments are ladtaiming at
checking corrosion in the weld and thus avoidirddkn failures in these locations.

The study also demonstrated the efficiency of thEER analysis to mitigate design failures and topan design
reviews. It can also support updates in the maatea tasks when the plant is operational, takingiémv failure
reports.
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