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Proceedings of the Meeting of Specialists on the Reiiability of
Mechanical Components and Systems for Nuclear Reactor Safety
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Committee on Reactor Safety Tech-
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Abstract

Twenty-eight papers are presented from the fou: seasions of the meet-
ing, dealing with the following subject fields: light mechanical systems and
equipment; heavy dynamic mechanical systems and equipment; structures ;
relevant experience from various fields.
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INTRODUCTION

This meeting wai the third 1n a series of specialist discussions on the
reliability of components and systems for nuclear reactor safety covering
electronic, electromechanical and the latest mechanical equipment.

The meeting was organized by the Committee on Reactor Safety Tech~
nology (CREST) within the European Nuclear Energy Agency in co-operation
with the Health and Safety Branch of the UKAEA and the European Com-
munities (General Directorate of Industrial Affairs,and CCR, lspra).

To facilitate reproduction. >nd speed up publication, the papers are
reproduced directly from the best available copies, Hardly any editorial
alterations have been made, and the original pagination of the individual
papers has been retained.

Thanks are extended to the staff of the Library of Risd for the prepara-
tion of the Proceedings.

P. Tammermann
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Mechanical i i is often used in control and safety
shutdomn syatems for such inatallations as nuclear reactors sad chemical
plants. The reliability of these systems is dependent, among other things,
on the failure rates of dle individual oqmp-enu which caa be calculated by
means of » predicti ch By ideri g the effects of ecach component
failure, .nd ollocsting the relevant failure rate for the component feult sode

considered, a prediction can be made of the fsilure rete of & complete equip-
went of components. As an exanple, the effects of failure of some of the more
importent components of a siople preasure switch are analysed. ¢

Typical failure rates sre given for componcnts end equipments, snd the
effects of common fmlts on echieveble svstem reliability are discussed.

U.D.C. Nos:
62,004.6
621-8

5. Bebject Category:
L ~
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INTRODUCTION

I.  Vechanical equipment - consisting of mechanical, pneumstic and hydraulic components -
is often used in control and safety shutdoen srstems for such installations #s nuclesr reactors
and chemical plants. Where the oversll reliability of s system of tquipments of this type
needs to be found, 1t iz necessary to have s knowledge of the equipment failure retes as well
as other factors Such as the grouping of the eqipments snd the proof test intervel. Equipment
failure rates cun be found as e result of sample testing, from field experience or by predic-
tion. Where eqtpment of o new desyn is used and oniv few of the equipments have been manufac-
tured prior to their installation in the plant, 1t 13 wwprobable that the fajlure rate will be
known by means of sample testing or field experience. The prediction technique then becomes o
ol sy of wwstwaeg eyaipgment (uilute sates.

PREDICTION YECHRIQUE

2. The prediction technique makes use of the fact that whilst an equipment may be new or
untried, the mayority of its components will not. Much infomstion is noe availeble relsting
to the fu:lure rates of mechanical and p ic comp o{"12) and exasples of these, sz
applicable to the sutomatic protective systews of land-besed nuclear installstions, sre given
in Teble 1, By énnsadering the effects of each component failure and allocaring the relevant

failure rate for the component fault mode

TARLE 1 considered, the assessor can summate the
individual failure retes for the different
Component Failure Rates fault categories to find, for example, the

“dangerous”®, “ safe” and "overall” feui:

Fatlure rot rotes of the equipment. This technigue can
pifure rate | be illustrated by referring to Figure 1
T f 3 ¢
Ype of compenen (faults/107 hours}| Jpeop 1y g diagrameatic grrangement of a
| conventional tvpe of pressure switch. C(nly
Bellows 50 a few of the more important components of
Diaphragns, rubber 80 the pressure awitch are shom for clerity,
Gaskets 05 the principle of operaticn being as
y ibed i i {2
Springs, heavily stressed 1-0 cribed in the following vex
laghtly stressed 02 3. When a pressure signal is opplied
Pivots 10 to the bellows this expands, the free
Screws 05 end of the bellows rovang up-
| wards causiag the beam to move in an anti-
Nots, bolts, bers, etc. 0-02 clockwise direction about the pivot. As

the signal p i a point is
reached where the micro-switch is sctuated
by the beam, thiy being the trip setting point. Acting againat the force of the bellows is a
spring, the tension of which (and hence the range of the switch) can be adjusted by mesns of
the range adjustwent bnlt. For this applicstim, it mey be considered that w trp »ignal (a
signal which restores pient safety by causing the shutdown system to trip and shut down the
plant) is given vhen the presaure signal fells, 1.e, o fail-safe fmit on the loss of pnemmatic
supply,

4. Given the sbove information, the effects of failure of some of the switch components
can be assesned. As can be seen from Figure 1, fracture of the spring would mean that there
wss no force opposing the sction of the bellows a0 that the micro-switch would only be
de-sctuated vhen the ballows pressure fell to « very lov level, perhaps a fov percent of full
scale deflection, instesd of at the trip setvirg of, say, 50% f.0.d. This is cbviously a fail-
denger fault since a trip signel (micro-gsitch de-actuated) would only take ploce shen the
pressure signal bad follen to o level very auct lower than thet at shich s trip signal should
huve boen given. On the other hand, ruptore of the bellows is » safe fault since this causes
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FiG. |. PRESSURE SWITCH FAILURE RATES.

# trip signal to be given immediately. A study of the effects of esch fanit ensbles o " foult
category” column to be completed as in Figure 1, the feilure rates for the cosponests being
sdded from Table I.

S, It can be seen thst by sowmating the failure rutes of the components which resslt in
dengerous, eod similerly ssfe fsilures, the fail-dwmgerous and fa:.@-. afe rates remuiting from
the Zailase of some balf dozen compoments cmn be found (1'7 md 6°5 fuoica/10® hours, respecti-
valy). By sdding together these two d velces, ths tatsl fellure rste cam be fownd fov
the wwber of components considered. A complete pressure svitch wald incorperate shous thirey
componemts, the overali failwre rute for o puvbiovlar switch bavicg bem p:dﬁsaegyn

1S famlite/10° hours or 0~ 13 Lsslta/yess. ; A gl
6 A vypical prematic trmmitter cogld constst ‘of mie Mty camieveits vty ke
mts sod m:ﬂ-m vory los 'ﬁﬂ’u l:sﬁ“fl‘ﬂ' Taea/10® Rourd¥ 16 boilous;
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or disphragas which, in comparises,have high failure rates (5, 6 and & fanlts/10° hours,
respectively). Normally there sre about four or five of these “vulnerable” compoments ix

i bat b of their comp ively high failure rates, this mull parcentage of the
total wmber of componente (ney 5K) wthes vp some SO% of the total equipment failure rate. It
follows then that if by careful design, the majority of these " vulnersble” components can be
made to fail-safe, the equipment fail-danger fault rate can be kept low; especially aa
failures in mmy of the other components will have the smwe affect aa a failure of the more
active {"vulnerable”) component in that particuler stege o= seetion of the equipment.

7. Since the validity of the prediction is dependmt on the accuracy of the component
fmlt rates used, it is isportmt that aa such information as poasible should be collected on
these fanlt rates. Ideally, the fmlt statistics used ahould be relevant to the envi \|
conditions app ining at the 1 ion of the equip d In the stsence of mch
specific fmit data, the prediction ¢. be completed using “basic™ componeat fenlt rates shich
are aa given in Table I for a typical lond-based resctor, snd multiplying these by sppropriste
stresa factors. Table II is eatracted from Reference 1 and gives the stress or K (-nlhplyung)
factors for gaeral environsental conditions. As shown in the Table, components used in
gemeral purpose ground-based equipments have o K, foctor of 1; this factor increasing to 2, 3

or greater dependent on shether the equipment

TABLE 11 is housed in a ship or in e vehicle truvelling
by road, rail or sir. Other K factors can be
Component Stress Fagtoss used in the prediction to ellow for cospopents
being used at higher or Jower ratings md
General envirommentsl condition | Kk, fector ::’::Rﬁ: then those for ehich they were
Tdesl, static conditions 01 8. In a recent relisbilicy assesment,
Vibration free, controlled the designer espressed doubt as to the accuracy
environment o5 of the failure rates sttributed to metsl
General purpose gromd-besed 1-0 bellows as used in control valves. Since mamy
R control valves were used in the aystem being
Ship 0 assessed, mnd the bellows failure rate sade a
Poad 30 significant contribution to the fail-dmger
Rail +#0 rate of the valve, it was evident that the con-
A 10 fidence in the assessed value for the reliabi-
r lity of the conirol system mas dependent on
Missile 100-0 the accuracy of the bellows failare rate. An
1me-unnm -s ﬁ- nade mn their fnlm

rates on an identical plant in the seme factory. By brough the

it was found that twenty-four bellows had failed snd been nphcnd in four bundred ssd fi foy
valve years of operation. This gave a bellows faiiure rate for thet pmnnllr plant of
6/10" hours, shich compares well with the basic rate of 5/10° hours as given in Teble L.

9. Wilst it is convenimt for the p svitch ider all
fnilures sa being either safe or dangerous, this can be 1 v:r-nthxmm especially
shere more compiex equipment is used. As shown alsevhere'?), o more npm- prediction wuld
lllo take accomt of “seutral” felts and others giring only & alight shift in calibration.

h the fault category, which takes the forw of » four letter code, would sl sigadfy
inb-t the fau)t wos “revesled” or “unrevesled” sod if the former, shich feeilivy wuld
indicate this.

EASIPSINT FATLGAL RATES

0. In the course of “7 ic shutd for '}
satlear ond on-suclear chemical pl ", oe md.mm have besn sade of the failore rates of
- of these is given in Teble ITI together witk the

lecti




corresponding practicelly-experienced failure rates. As wight be expected, there is less
information available on the failure rates of large items of equipment than on the type of
instromentation equipment liated in

Table III. This could stem from the grom-
ing demand for highly reliable shutdown
systems and, consequently, the fmlt date
relevant to thew. Although the collection
of this date does not in itself lead to
improvements in the failure rates of
individual equipments, it enshles the
designer/cperator to demonstrate that the
system reliability is up to the required
standard, or, if not, to raise it to that
standerd by additional redundancy or more

TAMLE 1))

Faiture Rates of
Protactive Systm Equipment

Failure rate
faalts/10° hours

Predicted | Practical

re switch 15 16 frequent proof testing.
Trmami tting flowsecter 80 78
Poeomatic valve 2 29 11. In the field of safety one ia

0 more d ahout fail-deng rather
then feil-eafe fmlts, but the latter are
2 particularly irksome on power resctors snd
20 smy other plants, since unscheduled shot-
downs cen be very costly. On one particu-
lar plant, many shutdowns were attributed
to the protective system wd it was
decided to keep a log of the number of
times that the protective system gave o

Magnetic level switch u

Differentiul pressure
trenamitter Sl 87

Three temm controller | *113 (68) 43

*Original prediction completed in 1964 using
limited component famlt date. The figure
showm in breckets (68) is the failure rate
that would result from using the component
faglt mutes given in U.K.A.EA Report

spurious trip signal sad shut dowmn the
plmt. Oue object of this might have bees
to show that the cost of modifying the
protective system - to reduce its spurious
tripping Tate - would have been wore thm

ABSB(S)R.117. offset by the comsequent increase in plmt
ducti For compl all plamt
fmlts were recorded. It was revealed by this utndy that only a small proportion of plent
shutdowns were, in fact, due to fmlts in the protective system, the majority being due to
failures of large machines, e.g., feed pumps, gas campressors, or failures in pipework.

12. As o result of thia enalysis and the d infe ion it produced, it was
decided to record all egipsent feults that ou:urrd on three lnrp importaat p]mtl. ‘The
purpose of this was to identify the equip that ibated mostly to the time for which
the plant was non-productive. With this inforwation to haud, it would then be possible to
either rearrmge or add to the existing equipment, 8o as to give greeter plant eveilability.
Over the past two years some 10,000 fault events have been recorded, smme of which are stifl
being sorted. From this end other scurces, informstion hus been collected on the feilure
rates of large items of mechamnical equipment. Whereas the oversl]l failure rate of protective
instrusents generally lies within the ru.e of 01 - 1’0 fanlts/year, that of such ftems as
boiler pusps md comp - to be mech higher. Thus: remge
betwoen 1-15 h]u/y—r for Imlu f-d pomps -d ut-d u; 0 falts/yeur for high pressure,
high porcred gas comp (incleding esxiliery equi

13, PRaidic du(if. are now being sbject to relichility analysis in the U.S.A. wd it
is reportad by Adler'® that & tast programe has besn initisted to meblo the relisbility of
these devices to be estimsted. Tests have bom conducted in which the inflnmes of prusmse,
-d instion upim vhe relisbility of the devices has bess stuldied. The
devices maed in the tests conaisted of wix five-stage registets; sach rugister containing 15
digital elamente. Although some jnformeticn s gives m fudlures, the toncs nnde ves of Sigh
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frequency pneamatic puises (120 cycles/second). Hence, the spparent poor relisbility,
expressed in the mesn time butween failure of registera - which varied from three to ten days -
was & high relisbility in terms of the number of pulses ly p 4 b failures
(of the order of 10°). It is the view of Adler that “probably the most important remit of
this phase of the reliability test activity was the discovery that all failures experienced in
the test relate to a tewporery loss of informstion”. None of the feilares was catastrophic,

30 comp rerl s

14. In e exmmple of a qumntitative snalyzis of the reliability of a jet engine control
system embodying fluidic devices, use is made of what iz claimed to be ome of the most usefol
tools for relisbility prediction md design sssrsmce, “the failure mode wd effects mmalysin®.
The latter is, of course, the method aglied to the prediction of preamre switch reliakility
previcusly in this report. The failor rates for the fluidic devicon wore takem from the teat
data and from other sources such as FANADA (FAilure RAte DAta progreme sponsored mnd
run by the UL S. Army, Navy, Alr Force and NASA). For u fluid qh!nr the failure rates
vary between 0-01 failures/10* houra for bresk wd 035 failares/
10° hours for conteminstion of & % mil port. Using these nd other fuilure rates, it has been
calculated that the overall feult rate of & fluidic computer muunng of a bun parmeter
cmntrol md logu: units such s pressore retio, speed wd temp is epp 260
fuilures/10* hours or 2°3 fenlts/yesr.

SYSTEN RELIABILITY

15. As di d in the i duction, one of the of calculating equipment
failure rates is to eneble the relisbility of & systes of equipmenta to be calculated. Such »
systes could be largely ude  up of the equipments listed in Table III, e.g. flow trmasmitter,

switch, down valve. Whilst only the overell failure rates of these have
been given, it -mld normally be expected that the fail-dmger falt rate would be mot more,
ad often wch less, than 50% of the overall funlit rate; thet of the pressura switch being
some 20% of the total. To improve systes reliability, it n tbe pncnee to meke a8 mmy
equipments a8 possible fail-asfe on the loss of the lic or alectrical supplies,

16. By wsing redundancy md/or diversity in the sesing emipment, switching circuits and
sbutdown valves; and reducing the proof test interval, it ia posaible to attain a high order
of relisbility for a aysten. But, eaperience ngg-nl %) that it becomes ulcrunngly
d:fﬁcnlt. to Teduce the probability of failore (to denger) when this gets down in the region of
107 0 107", At vhis order of relisbility, it becomes more difficalt to substantiste mmy of
the sssamptions isplicit in the aimple mathematical model used in the nmmerical calculstion of
nluhht.y, e.g., tlnt dle equipsenta are all wrking in their useful life phase, failures
are fe:t wmd repair is perfect. Hence, the chamce of « commom
failure uhuc place, -lueh cm affect o whole family of qnpnu, becames a distinct rather
than s remote possibility. In one application the resiliest seat rings of s shole series of

valves suffered rapid deteri ion when the tewp at the valves rose woll above the
design conditions. This occarred even though considersble cere bed boan taken to limit the

ap to @ scceptable value, the desiguers having been well sware of this problem in
edvence.

17. Were such itess s poemmatic shutdows valves are errmged to fail-safe on the loss
of spply end « minimam of two are used, thers is nommally little likelihood of s comnos fmlc
affecting both valvas. Even if the signal pressure lines were run in close proximity, most
common fmlts wald fracture the lines cmsing a safe shutdowm sction. Thers is the rewts
possidility, bovever, thet the lines cm be sealed off by & single common fenlt, thus prevat-
ing the air fros briag vanted from the valve actastors and inhibiting o trip sction. In m

installstion on wee plaat it ves fomnd convenient to run the pressars lines to the valve
ovteators acmss a walhway, alcugaide the process pipes. Althoogh it ses jntended thet &
gaard or cover would be erected over the pipss, this work was not cospleted shem the plimt wes



commassioned. Aa cun be seen frum Figure 2, it would be a simpie satter for soneone to walk
onto both pipes, shich were run very ciose together, thereby sealing off the lines - one of
the pipea had already been dmusged in this way!

SHUTDOWN VALVES CAS PIPEB AND
BHUTDOWN VALVE
SIGNAL LiNes

SHUTDOWN
EQUIPMENT)

1
” \\~
GAS PIPES {, (\’}}\.’}\) ALL
- ~
!
~~_/ SIGNAL LINES
~/ Do
sighaL Lines so [ el VAL VS
SHUTDOWN VALVES :
(wnicH may se ANaas meas

ACCIOENTALLY
DAMAGED BY
THE OPERATOR)

SECTION BB, SECTION A _A.

FIG 2 ARRANGEMENT OF SIGNAL LINES
FOR_PNEUMATIC SHUTDOWN VALVES.

18. To reduce the probability of comson faults from inbibiting the correct action of a
shutdown l(l‘-. the systen should be designed to confom with certsin basic design
principles' '), Obe of these stipulates that, o retsin complete redunduscy between di fferent
equipnents, the sigaal pipes (or cables) rumniag to similar redundant eguipments should have

dequate physical eeparati Had this principle been met in the above exmple, the probabi-
ity of both valves being rendered ineffective by s single comwn fault wonld have bean
scceptehly smell in comparisom with that dus to their coincident failure becasss of rendom
compoaent fmlte.
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CONCLUS1DNS

19. By mems of the -gd.od mt.hnad it has been found poamsible to predict the failure
rates of mech ion 8. Provided that the component fuilure retes are
know and slso the enviromentsl conditions likely to be met, it ahould be po-nblu w0 extead
this technique to much larger items of equipment, ¢.g., pwps, blowers, engines. Where several
equipments are used to aske up & highly reliable system such as a plant ahutdowmn system, the
overall relisbility that can be achieved may be dependent on the frequemcy of camon fanlts.

20. It should be borne in mind, however, that for the quentitative esseamment of reliabi-
lity to be mesningful, there is a prior need for the copahility of the equipment or systes com-
cerned to I(ne been shown to he adequate. Thia can be done by mems of an independent safety
assesment' '/ in wiach the performance of the pretective system is sppreised, nmally in temma
of its accuracy and response, snd cczpared with the response of the pleat under all relevant
fault conditions. When, Ly this method, the system is shown to bave the required capability
md to cowfoin mth the basic design principles, the “feilure mode and effects analywis™
becomes a most ureful tool for predicting the reliability of mechanical instrumentation equip-
mest for proceaw centrol.
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Introduction
In order to assess whether a eystem is adequate or not to the purpose
it should be applied to, first of all it is necessary to define clearly the
function the aystem is charged to perform and how long and under what
stipulated conditions, the system is required to work, Just after that
it will be possible to determine whether the idered system is able
to perform the required function under the stated conditions, that is
whether it functioning capability is adequate, and whether the system
has the required attitude o keep such a capebility for the required
time, that is to say whether its relisbility is adequate,
The reliability requirements are normally dependent upon both econo-
mic and safety considerations and in order to ageist in the understand-

ing of what s required nnd to permit logical thinking, the quantification
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of reliability estimate is an important attribute. It is not just the
value of the numerical expression which is salient bu rather the
information conveyed and the use made of such information
Furthermore, the hmiting of sublectiveness helps to improve com-
munication and reliability estimates carried out in a quantified
fashion also lead to the constitution of criteria for the selection of
courses of action which affect reliability. (1)

At the system level, it is almost impossible to have reliability data

obtained or obtainable from the experience on the same systems
already working under the same conditions. More usually the system,
as such, to be analised is new and decisions have to be made at the
"paperwork” stage. Therefore it {5 necessary to apply to some form
of prediction, Generally speaking, as reliability data are most pro-
lific at the component part level, the prediction methods are based
on sectioning the system into elements of which reliability data are
available and on determining what effects the varioue failure modes
possaible, of the above mentioncd elements, produce tofthe system
performance, )

The amount and depth of statistical data needed 'for any analysis
depend upon the characteristics of the system being analysed and

also upon the requirements against which such a aystem is to be
Judged.

From the failure rate knowledge of the single elements into which

the system has been divided, a reliability synthesis of system ean

be obtained by suitable mathematical modelling 8, 4)

There are different prediction methods and each §f them is & different
approach to the same problem of making a reliability analysis.
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Each of these methods differ from one anaother for the different basie
assumptions that define the scopes, the characteristics : nd the limite
of their application, In solving real casea, the chaice of suitable
method or methods must be done in verifying the adequacy of the

basic assumptions to the real case,

It is not the intention of this paper to discuss any further the criteria
that should lead in carrying out a reliability assessment of a system
but to give an example of applied reliability analysis to a system made
up mainly by hanical p The ch example concerns

a fire protection system installed in a laboratory for Plutoniumn hand-
ling .

System description

In the congidered laboratory, Plutonlum handling ie carried out by
operators in glove - boxes,

‘The rooms which contain guch gove-boxes are protected against. fire
by two different systems. The {irst one protects each individual

glove-boxes from fire which may start in the inside of it, The second
one is a protection against fire which may start at the outside of the
glove-boxes and against thoee fires which spread from the inside to
the outside of the glove-boxes in case the first fire protection system
should not work efficiently,

Our examination will deal just with the gecond fire protection system;
its maln scope is to prevent the relense.to the outside of the labora-
tory of dangerous substances which might damage the neighbouring
population,
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The main functioh of the fire protection system is to introdice CP’
in the room where the fire has started, From each room a group

olCﬂ2 bottles hms been provided, and located outside the laboratory.

The system can work authomatically, but allows at different stages
the manual intervention from the part of the work staff or of the
operators during work-time. In fig. 1, the main part of the consider-
ed system are shown schematically. Each room is provided with fire

s, variable in ber, according to the dimensions of the
Toom itsel. The fire detectors are of two different kinds,

In the case of fire in a room, one or more of them send a signal to
a control panel which, by its term, immediately supplies optical and
acoustic signals, and with a fixed delay,, of a few minutes,
operatea the solenoid valve of the nitrogen servo control bottle
related to the ned room; such bottle is placed in the corridor
in front of the exit door of the room.

The above mentioned delay allows the staff, present in the room
where the fire took origin, to make the suitable arrangements to
fight against it or to leave the place,

The nitrogen will be sent, by means of a piping, to the switching
valve of the room and to two vaives, called primary, allowing through

COz , the opening of all the other valves of the bottles,

The cutlet gas of the botties 1s collected in suitable collectors, and
conveyed to the main switching collector which semis it into the eon-
cerned room.

The botties are placed in uuulml mduﬁnﬂh v‘”
an alarm signal is provided in order to indicats mnw«
of about 30% for svantuel, mmum contalned gas, . 1k

Buavkenc
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In the same time CO2 is introduced, some operations are carrted
out, using the sigral supplied by iwo pressure-gwitches; the first ei-
tuated on the exit of nitrogen bottles and the second on the exit of the
switching valve, The operations are the following: stopping of the fans
which send the ventilation air to the rooms; closing the inlet air-lock
in the concerned room, performing reduction of the suction air in

all the rooms of the laboratoryhnd closing the miction sir Jotks in

the concerned room; opening of an air-lock placed on the upper part
of the room during the period of CO3 intake in orde;' toavoid e
presgurization of the rodm.

In order to pupport all those operations which g6 on automati-
cally, the plant staff can carry out the following interventions in
case some parts of the system should fail to work; signaling to the
central-panel, through push-bution, of the presence of fire in the
room; operating of the quick plant intervention, by the means of a
device farmed by a nitrogen bottle, with mamual opening valve, si-
tuated near the first automatic control bottle; manual operating of
switching valve and of the two primary valves onCO’ bottles; and,
in case of need, ingertion, on the intake piping, dCO’ drawn
from a group of bottles relating to a room in which there is no
fire, Dby the operation of the sectioning valves,

Reliability assessment

It appears clear that it is of no uae to assess a system reMability,
that is itg ability to keep cortain performance, if first one has not
becomse sure that the system is able to perform in the desired
manner, that is if ihe capability of the system has not yet been
assessed,



Thus, also in the examined system the capability analysis was
carried cut before the reliability analysis. The result of such
analyeis has shown the ageyuaacy of the system to the required
function.

It is not the scope of our work to deal in detail with the analysis
of the system capability. However we would like to hint at some
aspects that have been particularly examined,

An accurate investigation has been made about the characteristics
of the materials which could be involved in the fire; about the fire
load in the room, about the quantity of air ry to the bu

stion. Such investigation has made it possible to assess the ade-
quacy of the detectors, particularly their gensitivity to the fire
effects on which moestly the system sensibility depends; to ascertain
that the right sensors have been placed in the right positions, and
provided in a number sufficient to give an adequate detection
threshold for the types of fire most likely to be encountered (3).

Beasides, the t of the reap of the system and the
assessment of the rate of spread of the flame have
been us Judge whether the delay time between the fire
detection and CO3 inlet, was adequate or not.

Another aspect which has been examined concerns the role that

can be played by the air-locks in case they should not work
properly. Thus it has been made sure that both on the inlet and

on the outlet of the ventilation, the malfunctioning of the only

air lock or of the only fans, still allows an effective fire extinction,
Moreover it has been ascertained that the CO2 introduction system
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and the quantity v.)fCQ8 let in are able to gaturate the room and
that COz is able to estinguish the fires caused by the materials
contained in tha! room.

A fter having ascertained that the system is able to work as re-

quested it is possible to go on with the reliability assessment,

Such analyeis could be done taking into account the failure of

all the system componente Howevzr such method gives just

a rough result which could be useful for example for mainte-

nance purposes. In fact it is necessary to realize that the possible
fajlures in a given systen: do not all cause the same consequences,
therefore the prchability of failures, dangerous to the desired
operation, is less than the one which is obtained taking into aceount
all the possible failures,

In our case, the first element of interest is the reliability of the

tomatic interv ion of the firc protection system. The dan-
gerous situations are caused by those failures which preve.nt the
system from working, whenever requested to a fire, 1n order to
get the probability of su.h dangerous situations, being not available
fallure rate information from previous operation of the system or
similar sy , itis ry to apply to a detailed study which
takes into account all the possible system P failures. Once
defined and classified the consequences of all the poseible fajlures,
it will be possible to individuate the dangerous failures in the above
mentioned meaning. Onee known the rates of the fajlure modes it is
possible to calculate theoretically the system reliability parametera
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In a system of guch kind in which the functioning request is casual,
the parameter of most interest is the fractional dead time, that is
the mean prcportion of the total relevant time in which system s in
the failed state, @)

In fact, as the probability of getting a fire, which is not put out by
other means, is a rather infrequent event and likely with constant
rate of demand, the probability of a release of toxic producta out-
side is given by the fractional dead time multipiied by the probability
of getting a fire which is not put out by other means.

The fractiona) dead time is made up by two terms; the firet due to
unrevealed faflures, and the second to the revealed ones. 2)

From an investigation of the failure modes of the aystem elementa
it has been found out that most failures are unrevealed and only a
small part is revealed which morecever, presents short repair-
time and small failure rate, Therefore the calculation have been
done neglecting the influence of revealed failures, as the term thus
neglected is included in the incertainties inherent in calculations

of such kind .

A Btlle calculation of the fractional dead time it is now necessary
to know the expression of the function of the system failure proba-
bility, as such fractional dead time represents the mean failure
probability with a fixed time interval between the succeasive system
testa.

A s to the calculation of the failure probabilities, the following besie
assumptions have been made, which we think applicabl 8 IB cur eane;
faflures are random, failures are indepéndent, 5o coMpPIBASTIng .
faflures, testing fims ia négligible, repair of deviees i puitess.’
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Moreover, a failure rate, constant in the time, has been ugbd for

all the componentt In the case of hanical ponems, we have

thought 1t permissible s it is reasonably to be supposed that earing
the plant life there should be no wear out because tite varicus me-
chanical elements are not usually working in such conditions the
failure probability is calculated with the exponential fenction, and
taking into account that the exponents are very small, we have used
the approximate expression

P=A_t

where A is the rate of a particular element expressed in faulta/ year
and t ig the test interval which in our case 18 0.28 yesra

A s to the failure rates it has been used the values given in referenc=
@) Consgidering the fact that the system is installed in a nuclear
research center, the stancards of the devices, of their installation
and maimenance, and the environment conditions have been supposed
equal to those of which, the basic values shown in reference {2),
refers ta. Where pecessary it has been taken into account the stress
level of some mechanical components, introducing suitable K factors,
Kfactor has been determined taking into account the following points:
components are only operated occasionally; most of the system is not
usually operated at pressure except during alarm condition; under
conditions of occasional operation, the probability of sticking iw
greater; the gases used are clean so that blockage and sticking due
to oily or dusty deposits are unlikely to occur; during the periodic
checking the equipment is inapected to ensure that it is remaining

in good eondition,

In tablel, the assumed failure rates and K factorn are £horm,
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In fig. 3 we have shown the logic system diagram from the point

of view of dangerous failures. The single block represent accor-
ding to the cases single companents or, as in the case of the elec-
trical parts, group of P and devices for which a detail-
ed reliability evaluation have been calculated previously, For each
block the system function and the failure probability are shown,

The evaluation of the fractional dead time has been calculated uaing
the NOTED computer program (7) and the result has been as follows:

D=2.8x10"

This value has been considered adequate referred to the reliability
requirements made to the usera. From the detall of the calculations
it has been possaible to notice that the greatest contribution to the
total value is given by the switching valve 0,65 . 102), by the aole-
noid valve on the bottle of nitrogen (0.65 , 104) and by the control
panel elements 0. 75 . 10 2 |15 .

A s to the last ones it is possible to suppose that the used value of
the rate ie sufficiently near to the real value because just a certain
mumber of aimple nts are im d such as wirings and

o

comtacts of which the failure rate is known with some confidence.

As to the valves the rate is a value cbtained from the average of
data relative to valves with similar functions, but different reali-
gationa. As it is a question of complex components, a remarkable
variability can be expected regurding the particular realization

In order to make sure that the real rates of the valves do not con-
siderably exceed the utilized valnes & faflure survey program of
thowe valves has been arrangéd in agreement with the manufuctwrar,



32

11,

As soon as a significant statistics is avallable, it will be possible

to give a final judgement which will make it possible either to confirm
the adequacy of the present system or to svggest the opportunity of
modifications.

In our gystem, as lt“;;oudble to operate t\.® system manually when
the ataff is in, it is of interest to calculate also the plant rell abjlity
taking into account the different manual interventions previously de-
scribed. This implies the discussion of the human intervention re-
liability. 1n such a case there are difficulties of dmerém kinds such
as:
a) taking into conaideration the environment and psycological
conditions in which the staff will be operating during a fire;

b) the care req d for ndt ry operations;
c) the lack of guarantee as to the availability of the staff such
as to make is sure an opportune interveniion

Notwith standing all that a fractional dead time calculation has been
tried, supposing that the intervention of human operator is succeps-
ful # times out of ten. Such rather low value has appeared to us
reasonable, taking into account the literature data and all the above
mentioned consideratinng, In the scheme of fig. 3, the dotted con-
nections refers to manual interventiona,

In this case it comes out that the fractiona}l dead time is:

D=0.74 xll!-3

maialy determined by the switching valve, #,85 x 102} The cal-
culated value shows the positive influence of the mamua] intervention
probability. However the human intervention {s escluded from the
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switching valve which, in such way, results to be the critical
point of the system.

Since spourious CO2 inlet, not preceeded by the optical and
acoustic signals, could be dangerous for the staff, ancther element

of interest is the knowledge of the rate of such an event in our plant,

The logic functional scheme of the system from the pbint of view of
the spourious CO2 inlete not signalized is shown in fig 4.
The calculation has given the following value for the probability of
spourious COz inlet in & period of three months:

Pe4.8x10”

A It can be seen, this value is mainly determined by the probability
of leakage in the valves of nitrogen bottle, that i85 x 10“’.

The rate of spuﬂmucoz not signalized is then:

1.9x lo'zl.mmlsdon./y

The rate of spurious interventions preceeded by alarm have been
calculated too and the cbtained value has been:

0.13 1y
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CONCLUSIONS

The theoretical rellability assessinent, carried out in a numerical
way for the fire protection system, has shown how the switching
valve is the critical point in the whole system and, comparing the
results with the reliability requirements fr the system, has allow-
ed so far to judge the adequacy of the system even taking into account

" the existing uncertainties in the knowledge of the actual failure ratea,

Since the theoretical ment represents one of the initial steps

in a performance evaluation and is of enhanced use if supported by
practical results from actual field experience, a data collection

gystem on the behaviour of the plant has been initiated with particular
regard to those components which have been determined-from this analysis
to be critical from a reliability point of view,
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Reliability and Availability of Two BVR Shut-Down Systems

by P.K. Daublebsky and E.H. Koch

Summary
The example of two realized scram aystems is taken to show that

a system thst has to perform the same job on req t simult

1y for many of independent customers (control rods), can be built
more reliable and more economic,if a highly redundant network of
components is used instead of a system composed of many independent
blocks. This is true evesm if some of these customers need not be
supplied,

The analysis showved that commoniy used failure rates are too

poor for the carefully fabricated and thoroughly controlled com-

pouneuts of reactor stand-by systeas.

In detail, it ia pointed out to what extent system availability may

be maintained by reduction of control time in the case that one

of a redundant system needs repair and the others are
not available during test.

Introduction

In a boiling vater reactor (BWR), the entire operational reactivity
is controlled by contral rods. ¥ith the present core configuration,
1 control rod is needed per 17 MV thermal power. This results in
wore than 100 control rods for a 640 MWe plant and nearly 200
eontrol rods for a 1100 MWe plant which have to be hydraulicly
injected within about 3 sec. in case of a scram.

In US BWRs and the former German ones, every rod is fitted with its
owm scram system (fig. 1), consisting of a pressure tank filled
vith water and nitrogem, of several valves and pipewvork and of
the rod drive mechanism. Vith incressing reactor power, this systes
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becomes more and more intricate and voluminous since consisting of
too sany parts. Therefors, for the Mirgasaen powver statfon a scram
system is being built consiating of only aix large pressure tanks,
three of them discharging into a common ring header, and sach of
the two headers fesding every control rod drive, For a scram,
water injection out of only two tanks is needed, the systes thus
having ample redundancy.

Beliability Analysis

For comparison, a system analysis vas performed for both systems

on the basis of the following assumptions:

1. A scram signal arrives correctly

2, Faflure rates A are independent of sach other and independent
of time (tested components, no wvear and tear)

« Reliability R is only a function of time,

At

-

Rel1-6e (1)

4, Both systems are usually controlled svery 8 weeks (vide [IJ).

The functional diagram for the analysis of the former system is
simple: All components of a subsystem for one control rod are
arranged in series, and all subsystems are parallel and independent
of each other. Therefore from the failure probability of one rod,
the failure probability of x rods is easily derived by use of the
binominal distribution [2].

rig, 3 shows a simplified version of the functional diagram used

for the nev system. The brief and handy time sharing program taken
for the analysis is not able to handle a general network of com=
ponents, but only parallel branches leading indep ly to N

with the exception of the fact that r out of n similar and parallel

P or br hes are required. Nov the diagres shows that it
is sufficient, if two of the three tanks (1) connected to oither
ring beader (2) feed wuter tlirowph ons of the two beaders, The cade

P
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that only one tank per header works, had to be neglected. Hovever,
this case is neglinible, since the probability of occurence per
header is °f the order !‘2, if F is the failure probability of one
tank, wher)as the probability that na tank fails is of the order 1.

Failure rates vere taken from the best sources available. A failure
of a scram tank and the piping directly connected vas regarded as a
conditional probatility: a mechanical damage has to occur, and the

control instrumentation has to fail simultaneously.

The result of the analysis is plotted in fig. 3, fallure probability
of X rods vs., x. The dashed lines show the first outcome. Two points
are significant:

1. The nev systes is by far better than the former one, if a limited
nusber of rods is regarded. Thia is due to the high redundancy
involved in the nev system.

23, For the former system, the most probable effect predicted is
failure of one rod. This is in contradiction to every experience

and must be attributed to tao pessimistic failure rates.

Now, failure rates vere reduced by a factor of 10, those fo: piping
and welda by a faktor of 100, The pipes are usually under reactor pressure
of 70 bar, and theY are only loaded by design pressure of about 150 bar

during a scram,

The result is shown by the full lines. Fallure probability of the forwer
system sppears quantitatively correct, however still worse than proven
by experience. The scram syst

3 of the reactors VAK, KRB and KWL (former
design) have now been in operation for a total of ca 4,2 « 106 h (eperation
time multiplied by numbe- of control rods). Prediction would ba 7.8 failures.
None vas abserved. With a confidence level aequivalent to 28~ s this means
that system failure rate is up to nov lover tham the reduced one by a
factor of 3}, Therefore it appears justified to reduce common failure rates
for application to mechanical reactor stand-by systems at least by a fac-
tor of 10,

Up to five resp. seven rods, the probability polygons of both systems

have similar trends in fig, 3@

Failure probability is determined by the components without redundancy, For
the nev eystea, however, & simultaneous failure of about % rods is as pro-
bable as & breakdown of the entirs systes, the probability of which is
given by a failure of both ring headsrs. This seems to be a dizsdvantage
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of the new system. But the former system should behave
equally, because a compan mode wil] certainly underlie

a simultaneous failure of some five rods and will then affect a
lot of or all other roda, too,

At first sight, a failure probability for two rads of 5 * 10‘5

per scram might seam relatively high., It must be considered,

however,

- that the rssult given in fig. 3 is still rather conservative,
as alroady mentioned;

- that the plot is valid for the end of the control period of
8 weeks, Yor a system needed sometime within the control

period z s the average reiiability

T
R %OJ R(t)at (2)

is more representative, and this one is noticeably lower;

= that reactor conditions causing a scram, are only in very rare
rases such that only one rod may fail (scram during start-up
of the cold reactor);

= that in these cases not any two rods, but two defined rods
have to fail, and this by itself reduces failure probability
by about 4 orders of magnitude.

So wve feel that the Wiirgassen system has reached a notably higd

level of reliability.

Availability Considerations

The overall plant availability shall be impaired as little as
possible by subsystems such as the scras system, If ss & cone
sequence of failures detascted the system reliability is tos low,
the reactor has to be shut down. Thersfors minimua reliability
should be maintained in wome way, if one of the wore possible
failures should oceur.

Vater lsvel and pressure comtrol hsve by fsr the highest failure
ratss; repsir should be possible without restriciion {n avajlability.




The same applies to the acram valves, the only active part in
the system regarded,

For the former system, a high availability is given by the
possibility to insert a rod mechanically by the control rod

drive, 1if the scram mechani should be found not working properly.
Purther reactor operation is possible vhen keeping this rod in-
serted, and tank or scram valve can be repaired when the usually
open valve behind the scram valve is shut. The only penalty wight

ts a restriction in reactor load towards the end of a fuel period.

With the new system, there is no equal possibility, becuuse every
tank feeds all control rods, Therefore surplus tanks must be in-
stalled to maintain the availability the forwmer system had. Indeed,
a sensitivity analysis of the nev system proved among others that
only four 50%-tanks, each equipped vith two scram valvaes, are
sufficient: If the thus reduced system is tested ever) & weeks
instead of 8, failure probability will raise only by 10 %. So one
tank of the three feeding in one header and the scram vaives
affiliated may be switched off for repair without reducing the

reliability of the system or the pertormance of the reactor.

4

Influence of Contrnl Time and Control Duratien

Under the assuwptions listed in paragraph 2, reliability of a
component is equal 1 immediately after a auccessfiul! controi, and
it diminlshes as time goes on. S0 usuallv system reliabilicy
increases if control timer -~ the time between two controls -
is ducreased, This may be used to maintein a required reliability

of a redundant system, if one component needs repair.

Now, a new problem arose with an advanced version 01 the new acras
system. It proved to be wore economic and more reliable to furnish
the system with fo r 100%-tanks, each equipped with oue scram valve,
iastead of six 50%-tanks, each of them equipped with two scram
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valves. During the test of a scram valve, which weans to open
the valve and shut it again, the tank is not available, beacause
the motor operated check valve (fig. 1) bas to be closed during
the test in order to aveid a scram. This kind of test obviously
means a reduction of the average system reliability, as defined
by eq. (2)s fig. & illustrates the fact. In addition, optimum
average reliability may no longer be obtained for permanent con-
trol, but for a finite control tiwe, An estimation of the i.-

fluence is briefly given in the following.

A system be composed of n similar and parallel components, s of
which are y for s and R be the reliability of one

component, F = 1 - R its failure probability. Then the reliability
I’ of the system is given by

Lol SRSV Ipw
Riinm = VZ4 (V}/' R ¢

vide [2]. If eq. (1) is inserted and the resulting expression
linearized, we have
n-red

Rslh,r’) =4"(nt,f-f1)(/\t) (%)

As fig. 5 illustrates, the reliability of a # ~of-n system is
reduced to that of a # -of-(n - 1) system during the test of

the first component. If the test is successful, R- Jusps up to
that of a (9 « 1) ~of- (n - 1) wystes. It easily can be shown
that the areas A1 and Az, being proportional to the system failure
probability, differ by a factor of the order of the componant
failure probability,

4, / A - aolr) 3

Therefore it is sufficient to take account of the ares A‘ or the
respective largest. By attending to #q. (2) and (&), the aversge
system reliability them results in




gl
-— l”"‘"} "'"'"‘_ _é_? ﬁ-4) Nn-w 6
,Q,[,,,,-)-4~— N2 (»7) Z(ﬂ"' ()‘[) (
where tl) stands for the test duration. The expression obviously
approaches a maximum for 7+ 0, if the system is redundant (N >»);

otherwise optimum control time is finite. (¢4

Based on this theory, the influence of the test duration tn on
the reliability of the advanced four tank system shall be valued.
The system be simwplified to a 1-of-i system with a total failure

probability T . -9
g}u:/"/t =10

in the average, which means A= 6,251 * 166/,h. If the components
» is negligible. But
if one tank is found failed, the control time has to be reduced
trom 7 = 56 days to

are tested successfully, the influence of ¢t

T* ™ b days if tD = 10 minutes,

Z'*~11 days if t 0 ainutes

» "
1f the reliability of the full system shall be maintained. Ob-
viously the case that components are available during the test,

is implied in the above theory if 'D is put zero. In a more ganeral
manner, this result is plottad in fig. 6. If the full system re-
liability (10'9) is 10 tiwes better than requiraed (10'3). the re-
duced control times wil: be:

T® > 20 days if t_ = 10 minutes,

T2z days if t 0 minutes.

b "
As a result of this paragraph, it may be summarized that also for
the advanced version of the nev scram system, the accuzulators of
which are not available during the test(lasting a few minutes),the
roequiresd availability is guaranteed.
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THIRD CREST MEETING OF SPECIALISTS

ON THE RELIABILITY OF MECHANICAL COMPONENTS AND
SYSTEMS FOR NUCLEAR REACTOR SAFETY

24th - 26th Septembar, 1969. RIS

RELIABILITY ASSESSMENT OF A NOVEL LIQUID ROD SHUT-DOWN SYSTEM

S. Galli de Paratesi, L. Ghiurghi, H, Muaik
Automation and Control Section

EURATOM, Joint Nuclear Research Centre, Ispra, Italy

Summary

A few pressure tube reactors have encountered difficulties in finding a
suitable solution for the installation of safety rods and related mechanisms,
This is because of the lack of available room in the rsactor top and bottom

pa and the intri d inlet and outlet coolant tubes configuration,

To overcome these and other difficulties, special systems of liquid shut-
down rods have been developed at the C,C. R, Euratom of lspra, and a proto-
type system is now under completion, The studies have been carried out in
the framework of Euratom l_)zO development programs, The full scale pro-
totype, which follows a feasibility mock-up, has been deemed necessary
mainly for long term operation and rellability tests, before putting the sys-
tem in actual service in whatever reactor.

Being thie new system an emergency shut-down device, its reliability
requirements cannot be overstressed. This paper is an attempt to predict
the system reliability before any practical result can be drawn from the pro-
totype exploitati The prediction 18 based on published failure rate data for
electro-mechanical devices. As imposed by available data, the exponential
distribution is used through Calculations will include fractional dead time
for unrevealed and revealed faults and the relevant probabilities and spuricus
trip probablilities.

The numerical results of the prediction are intended as a preliminar eva-
luation, to be confirmed and/or completed with data gathered during the pro-
totype operation and benchb tests on componentss
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List of Symbols

D fractional dead time

F(t) = P(T <t) probability of the device to fail in interval 0,t

£(t) = d_itm probability density function of the lifespan of the
device

‘d(t) probability deneity of emergency shut-down demands

Pl( fc) probabdility that the system will aulfer one dangercus fall-

ure within the period t_ when it was thoroughly checked
and without faults at time zero

ph(t) probability of a hazard arising by time t

T f mean failed time for all intervals

B random emergency shut-down demand rate

A generic valve failure rate

A b assumed failure rate for solenoid valve blockage

A j flange joint failure rate

2, assumed failure rate for solenoid valve spurious opening
Te time interval between system overhauls

T, time to repair a revealed fault

T interval between two subsequent valve routine tests
L] plant spurious trip rate

Suffixes

T revealed syatem

u unrevealed system




59

1, INTRODUCTION

In 1966 a research activity on liquid rod shut-down systems was ini-
tiated in the frame of the CRGEL program, concluded at the end of 1968;
it is now under way in the frame of the D;O reactors agsistance program,
This activity has been given the name of EULER PROGRAM,

Research in this field is justified by the desirability of avoiding the
difficulties that the installation of normal solid rods would raise in some
reactor. In particular, in pressure tuhe reactors the installation of solid
rods becomes extremely difficult, sometimes impossible, because the
available space between the channel ends, above and below the core, is
very limited, In addition, the fuel element loading and unloading facilities
often prevent any other installation in at leas: one of the zones over and
under the core, while the latter is sometimes i ible for high temp
rature reasons, Since liquid rods are essentially tubes of small diameter
in which a neutron absorbing solution is injected at the moment of the
shut-down action, they easily fit the most complicated configurations and
follow any path through the shield, Besides, all the drive mechanisms ta.n
bd "located in areas accessible for maintenance. /

;

The studies began with the evaluation of several possible systeris.
Mock-ups were erected to test the ieasibility and the dynamic perférmance
of the two chosen systems called "bubble tube" and "gravity drop* type
respectively. The goals of the mock-ups were achieved, and a gompletely
instrumented full scale prototype of the "gravity drop" type is/now under
completion. The purpose of the prototype is not only to serve’as a general
test facility, before putting the system in actual work on a reactor, but al-
#0 in particular for reliability studies and ohaervation of M}ag term perform-
ance of the component parts, It has been designed Iollowhig the specifications
imposed to the system which will actually be installed m a D20 moderated
pressure tube reactor,

The system being a fast acting emergency shut-dd\m device for power
reactors, no wonder that very much attention has been given to its reliable
and safe operation. We will show the basic features mzke the system
very reliable from the reactor safety viewpoint, Then we will try to predict
the interesting reliability parameters, i.e. Irncho’a.l dead time, failure
probabilities, spurious trip probabilities,

2, SYSTEM DESCRIPTION

The system i1s shown in Fig.1, Itis based on the principle of the U-tubs,
in a2 similar way to what has bsen done in some Canadian reactors with the
‘'gas balancing system” to drop the moderator level in the case of smergessy.
In our case the application of that cencet, propoged by the CISE (Haly), <om-
Gerng small quantities of parsoning salution in independent, in-camy tubes My
stead of largy amourts of D2 in an annular chamber aygramadiig fhe calpl
dria,

Dt g the mormul Paioibr Spisien; Th wiforr on ST Sl -’
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held out of the reactor core (at normal level) by means of a controlled dif-
ferential gas pressure between the header tanks T-1 and T-2. Automatic
fast opening valves V-1 through V-6, operated by means of 8 2 out of 3
logic, are energized and closed, while the manual block valves upstream
and downstream of the former are locked open,

Level control iz performed through valve V-8, in a very simple way,
That valve is open and injccts a small quantity of gas into the rod system,
via the header tank T-2, and into tank T-5. The latter is an auxiliary de-
vice, in parallel with the rods, in such a way that the liquid level in it is
always the same as in the rods, The gas injected through V-8 is continu-
ously transferred from T-5 to T-1, bubbling in the vertical connection pipe.
If, for system leakage or upset, the pressure in T-2 drops, thus making
the level in the rods and T-5 rise, the extremity of the bubbling tube is
closed, so allowing the pressure in the rods to be restored at the set value,
and the level will return to normal value. If, on the opposite, a system up-
set causes pressure in T-2 to rise, the level in rods and T-5 goes down,

80 causing the 2xtremity of the bubbling tube (which is properly shaped) to
open wider, allowing the discharge of more gas, until the normal level is
restored. Thie kind of level control has proven very precise, and extremely
reliable because no control loop is involved.

Shut-down action is performed by opening valves V-1 through V-6, and
the rode are filled with solution up to the header T-2, At the moment of shut-
down, valve V-8 is closed,

Each rod is part of an independent loop, An automatic stop valve is
placed at the bottom (i.e. the iowest point) of each loop, valves V-9-1 through
V-9-N, The boftom of cach rod is connected also to a second, smaller dia-
meter loop, the purpoae of which ia to circulate the solution by means of
pump P, during reactor normal operation in order to prevent any possible
deposit formation or disuniform ration. The bott of the circulation
loops is also provided with valves, V-10-1 through V-10-N, After shut-down,
by opening valves V-16, V-15, V.12 and V-9, the solution is circulated in the
rods and through the solution tank T-3 by means of pump P-1, to prevent it
from overheating by gamma irradiation in the in-core portion of the loop,
Closing again all valves, the lsvel controller can be re-energized and the rods
withdrawn to their norma) working level.

If required, the rods can be rinsed out before resetting the system, Of
course, this operation requires the reactor to be put in a safe position by
other means than the liquid rods, e.g. by lowering the moderator level or
rémove part of the fuel, The solution is discharged into tank T-3 by opening
valves V-9, V.10, V-11 and V-15, Then valves V-11 and V-15 are closed,
V-13, V-14 and V-16 opened and demineralized water is admitted to the
®ottom of the loops and discharged via T-2, V.16 and V-14 as long as re-
quired to clean the rods from the rasidual! solution. Closing V-13, the system
{# theh drained, and clowing V-11, opening V.12, energizing ¥-1 through V-6
and the level controller, it can be refilled with solution by means of purmnp F-1,
Qrce Ahe normal level in T-1 is resched (lavel in iy 70d le auicmatically con-
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trolled), the pump is stopped, all valves closed and the system is reloaded,
Compressor C-1 takes care of gas pressure control, and keeps pressure in
T-1 and T-3 near to atmospheric value, pumping into accumulator tank T -4,

3, PRELIMINARY CONSIDERATIONS

Preliminary qualitative considerations must be given before attempting
a more rigorous approach, in order to point out the basic advantages of the
systemn and where the rellability analysis must be centered.

Liquid rods consist of empty tubes, passing through the core, which
are filled with a suitable solution every time an emergency shut-down is re-
quired. It is easily seen that this operation is by far easier and more safe
than dropping a solid rod into a guide tube, In fact liquid rising in a pipe
cannot stick to the walls, even if these are rough or rusted. Even a distorted
or ovalized tube camnot prevent the correct shut-down, A frequent cause of
dangerous troubles with rods, 8o simply does not exist in liquid rod systems,
and this is a big advantage from a eafety standpoint, Even the extreme case
of an in-core pipe rupture (due e.g. to a pressure tube explosion) would not
cause loss of safety. Of course, what would follow in that case cannot be
considered a regular shut-down, because the moderator would be contami-
nated by the solution, but the reactor safety is still guaranteed.

Proper rod operation depends on gas pressure for level control. Loss of
gas supply, whatever the reason, will always result in a spurious shut-down,
i.e. in a safe operation, In fact, the driving force, being gravity, can never
fail, As in the rest position of the system the rods are full of solution, one
can hardly imagine an uneafe accident,

Really gravity driven solid rods share this property (apart from the
possible rod sticking). Nevertheless, even though gas boosters could be
simply designed in order to accelerate the shut-down action (which, in a wense,
are similar to the accelerating mechaniams used in solid rods), liquid rods
have the big advantage that they can be made faster only by increasing the
gravity head and/or the ratio between the dlameters of the vertical out-of~core
pipes coming out of T-1 and the rod tubes.

Scram valves V-1 through V-6 are arranged, in order to increase the sys-
tem reliability and allow on-line testing, in a 2/3 logic as shown in Fig, 2,
Still, the safety channel instrumentation {sensors, trip amplifiers otc.,,) i
out of the purpose of our work, 80 we will limit our considerations to the shut-
down device itself, Valves V-1 through V-6 will be considered as the system's
actuator, consisting of a series-parallel arrangement, Thess valves work in
a fail-safe manner, 1.e., they are closed when energised, for W
reasons,

Finally, auxiliary equipment and circuite, as sgiviion senk snd pumpr,
helium compressor, flushing waker lines sie.; Lavs no ronl.-belublg wpsn rpm
temn safsty, They werk as sapmrsts system; {s pevioyrs suailisiy Speshibang, .-
and their malfuactien eannct byt impair sha cperaticn ixyedrnd, Pnsr pkalierae
ticas will therelors be cqnfined te the yad aipraits prapan.om hetogey soddbe: .
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quid sides, These circuits only consist of pipes and valves. The pipes being
submitted to moderated temperatures and low pressures (the static head
maximum), they are heavily derated, so that their failure rate can be ne-
glected in comparison to the valves failure rate, For this reason we will
henceforth only consider failures of valves and their combinations. Note that
there is always a double barrier (a series of two valves) between the main
laops and the auxiliaries.

4, FAIL-TO-DANGER FAULTS

4,1 GCombined Revealed and Unrevealed Faults

We will begin our considerations on dangerous system faults with those

. caused by failures of valves at the bottom of the rode, i.e. valves V-9-1,2,
+s«Nand V-10-1,2,,..N coupled with failures of valves in the auxiliary cir-
cuits. Faults in the former set of valves are revealed by means of probes
placed just beneath each valve, to monitor the presence of liquid in portions
of plpes which are normally dry, False opening or lack of internal tightness
of valves Y-11 through V-15, on the other hand, cannot be revealed because
normally there is no liquid present at those valves, so that this kind of fail-
ure is of the unrevealed type.

Fig, 3 is a simplified diagram, showing the actual situation of the proto-
type system. The total number of rods is eight, six of which are enough to
perform a correct shut-down, i,e. the entire system is faulty when at least
three out of eight rods have lost liquid. Any rod has two valves through which
solution could leak out, but liquid will not be actually lost unless at least one
of the auxiliary lines, constituting the unrevealed system, is also open. Rod
failures due to internal losses toward T-3 are therefore a combination of re-
vealed and unrevealed valve failures.,

From the general formulas of the majority vote sch , the probabflity
of failure of our revealed, three-out-of-cight system can be expressed as
follows:

=12).t ~18Apt ~16Apt (1)

Frll-zie + 48 e -2l e
The unrevealed system, consisting of three parallel lines, each one contain-

ing a given combination of valves, bas the following probability of failure:

Fael-s Rt gy Gt L g SRt Tt (@)
./ protective system failure can occur when both the revealed and the

unrevealed systems are in the failed state at the same mement. If a revealed
failure occurs first it will be immediately repaired, so that the only probabi-
Wy‘«ﬂwﬁnmc of having & faflure of the protective systein as a wiiole is

Wi scturrancs of a revealed fanlt while at least one unrevesied lise 1o i the
I whate, Unzeveled typs of fiulty inelude of course valve internal'std
o Talling into dccount the repair sctice which takes plses in &

® . .ﬁwmﬂﬂtﬁmd‘wscmmém Iaflive
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within T , the probability of 2 system failure can be expreased by:

T =T T =T
pylr) = J ¢ Tar I ¢ TEenf (et -t o t)] et (6]
o L 4

v

being t' the time of occurrence of the unrevealed failure, The probability of
having two system failures within the same period t c would be:

I’c~2tr tc-hr LR »
= -t LU - - ”"
R (r.) = J dt I at J £, (DE (t-0OF (-t T [-F(ror -t ) ae
t'f‘l’r
being t" the moment of occurrence of the second revealed fault, It is easily
seen that pz( ‘c)«Pl( ‘c) 80 we can neglect it and all the successive ones.

For tbe assessment of the gystem fractional dead time, one must con-
ajder that, every time the system fails, it remains in the failed state for a
period v o Hence the mean failed time for all intervals equal to 1 ¢ is:

Tg = 1 Pylr) (4)
The corresponding fractional dead time for the period 1 c is given by:

T,
'
b = _'c Py () (5)

For calculating p.{ T )} and D, the real problem is the value to be as-
signed to the valves lufe ntel,l A ard A_. Published data do not mention
important factors such as valive size, operufion mode etc, In addition differ-
ent sources often do not agree between each other. In thess conditions suit-

able values must be in some way inferred.

The first consideration to be made is that it is quite reasonable to as-
sume A = ), Secendly, the low pressure and temparature at which those
valves &re l\fbnutted. the absence of shocks, vibrations, fluctuati-ns of en-
vironmental conditions, the fail-safe mode of operation, all suggest the
choice of the mos} favourable data among the published ones, i, s,

A =2 =21,5/10° h (Ref. 2). Assuming v _=1 year, 7_=5h, the results
of'the &alculations performed by means of fhe ISPRA 360/65 IBM digital
canputer are as follows:

4 (6) Dy - 0.35 x 10720 ‘ (1)§

Py(r,) = 0.61 x 107
t s perhaps worthwhile noting the importance of the sxcess rode included
{n the design. 1f, for instance, in the S80uR Projest only aereacess sod medd
be previded, the system would (il whes twe-ont of sovem rédy womp ks e -
fatled state. In Ihp copd tive prodability of (allurs of thy rowsaiid ayFteardy 1)
the only dus witeli Whuld Chaags, wéilé Becamet. N T
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and the overall system fallure probability:
py'(1g) = 0.15 x 1073 b} = 8.5 x 107

4,2 Revealed Faults of Flange Jaints

Anocther source of dangerous system failures is the faiiure of flange
joints at the rod bottom. This is a revealed type of fault, and the system
again behaves as a three out of eight majority vote system, The fractional
dead time for this case is given by:

D2 = (g)(lj 'l'r)r (8)

where ), is the failure rate of each rod due to the flange gaskets at its bot-
tom, ThL failure rate of a single junction is assumed to be 0. 05/106 b,

Each rod (Fig. 3) epds in two lines, and the liquid is only present down
to the upstream side of the motorized valves, which are closed during nor-
mal operation, so that there are in total six wetted joints per rod. A fault
of any one cavses the fallure of the rod, which means that A = 6 x 0. 05/10611 £
= 0.3/10% h. Assuming again x =5k J
10

D, = 0.0028 x 10™

4,3 Dangerous Failures Dus to Scram Yalves

Valves V-1 through V-6 form the system actuator. They are excited
and closed during normal operation, and must open when shut-down action is
required, There are three parallel lines, and a fail-to-danger fault arises
when all lines (i,e. at least three valves in three different lines) remain closed
upon emergency signal, Being these valves closed in normal operation, their
sticking is an unrevealed type of fault. A sequential, weekly opening test (pe-
riod T, = 168 h) is pianned for these valves,

The probability of a system failure due to this series-parallel arrange-

ment is given by:
/7

p(t) = (1 - e 2ty {9)
The relevant fractional dead time can be calculated by:

1%
Dy = =, I plt) de (10)

- - = o - -
Fvom the usuel sources, the assumed generic fallure rate i1 2 = 4,5/ lD’h.

We stitiinste that in our cass, whore tho valves are closed when powss is ap-

Plighac the slecizomagnetic matar and opensd by & retuep apeing, -oaly 10% of
g Above alue will Sontribute $0 valve blackage. The value to.he papdin. .-
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therefore A, =4, 5/!06 h, which leads to the result:

D,=8.6x 107 !°

5, PROBABILITY OF HAZARD

5,1 Shut-Down Valves

We will start the evaluation of the probability of hazard that arises where
a shui- down is required while the system is in the failed state, by consider-
ing valves V-1 through V-6, The demand for emergency shut-down is supposed
to be dom and the corr ding demand rate 8 very low, in such a way

)

that, for the valve test period ‘t' it can be said that 81 t« 1.

In this case, assuming B = 4 demands/year, the probability of hasard, at
the end of the test period, is:

Ppalty) BT, Dy = 6.5 x 107 (1)

At the end of a period (. comprising n weeks, the probability of hasard will be:

Phalte) =1 - - pha(‘t"n = 0 pyylty) (12)
with good approximation, At the end of one year we will then haves
-9
Pps{lyr) = 3.4x 10 (13)

5,2 Biock Valves at the Bottom of the Rods

A hasard can arise only when 2 demand occurs during the repair time of
a dangerous fault, Hence, from (3):

c-tl' 1:“" "r
oy ® r e I £,(e06 ()1 - Frr 0] at £8t" 0
° ¢ t

where {_ 18 the probability der-lty of emergency shut-down demands which
can be expressed as = Be™ ', and substituting in {i4)

-T T =T -
 * - r‘ Tat J € Te (% (tt")e “[1-rr(r°-rr-ﬂ]dt as)
° t! )
Again assuming 8 = 4 domands/year and 1 _uSh, nunuh « 1and

1-0btrage g+ Calculating (15) by dl.it.l compuur we got & bo)
uﬂu“mdoluuydrdﬁ “adit s Niidndod

R 1
»,, = 0.0062x107 - ) e
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6, SPURIOUS TRIPS
8,1 Shut-Down Valves

The reactor will undergo a spurious trip when at least one of the three
lines connecting T-1 and T-2 (Fig. 2) is opened by spuriocus trip of the rele-
vant valves,

The accumulated time to repair N faults is T = Nx . The average sum-
ber of faults occurring in a period T being N = l- , it will be

which is also the mean tripped time for one valve over a long period T,

A spurious trip of a valve during the tripped time of the other valve of the
same line will cause a spurious shut-down of the plant, Hence, the average
number of plant shut-downs caused by each line during the period T is:

2

Tls=ll

Nop = T¢ T

The mean total spurious trip rate due to the three parallel lines is:
o =3 SD_ o2
133 a1, (16)

Substituting the numerical values T_=5hand A _= 4/10511. which is the 9/10
of the agsumed generic failure rate for solenoid valves (Ref. Chap.4.3) it
will result:

8,=0.21x 1073 trips/year.

6,2 Spurious Trips through T-2 Overflow Line

T-2 overflow line is closed by valve V-16. This valve is normally closed,
and its spurious opening while V-14 or V-15 have also opened by failure, will
cause a plant spurious shut-down. The total fajlure rate of the system V-i4,
V-15 48 2 ), hence the average number of trips over a long period T is
N=2ZAT," The accumulated time to repair N fauits is T = N¢_=2 )\ T1 ,
Stnce te rate at which V-16 prod spurious opening ill also’h o t}e aver-
age number of spurious plant shut-downs is:

N =ZAZ1T
: s r .

- sn

The mean total shut-down rate results in:

N,
J-J 01/-,-«%'; 2 1: T ] . i Ru;)

RO ranG N . - .

_Bubstituting tho values slready used to compute sipsupsien:(16) one gatar

-3 . iyt
8,0 014210 tripa/yenr. §oAEmS e A
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6,3 Spurious Trips Due to Level Control System

If T-5 and the pipes connecting it to T-1 get empty, a spurious plant
shut-down would occur, because T-1 and T-2 would communicate directly.
This can happen by V-7 spurious opening ('ig. 1) while at least one of the
three auxillary lines (the same set called "unrevealed system" in Fig. 3)
has failed open.

The mean failed time over a period T for the auxiliary lines is

T = r" py(tat (18)
(-]
where
p“(t) =1~y c-u“t +7 e-n“t -5 e_m"t + e-.""t
or approximately
p,(t) = u(x,.t)z(l - 1.25igt) (19)

Substituting in (18) and lolv‘ing:

4
‘l'f=3 (1—09¢u1) (20)
When valve V-7 opens with the same failure rate L during a failed period of
the auxiliary system, a plant shut-down will occur, angd the total number of
trips per period Te willbe N= T ,

The trip rate is o, =NA _and substitating Nt

8=%ic(l-osnt) 1)

Being T =8750hand 2 = 4/10° h:

0,23.8x 107 trips/year

7. _CONCLUSIONS

The analysis performed in the preceding chapters confirms what could
be gueesed through a qualitative inspection of :".c system, its properties, its
behaviour under different circumstances (Ref, Chap, 3), The total fractional
plant dead time, for all causes considered is: -

D=D +D, +D, = (0,35 + 0025 + 8.00" %= 9x 10°1?
From this it is apparent that the major contribution to the systam deed
time {9 given by m unm valve lyuum. -Mlo th noum Dz of the

b
Tenet
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losses through flange joints :1ay be neglected.

The hasard probability Pya is certainly negligible, 8o that it has not
been calculated. p, and p ., representing independent events, may be
added to give the overall hazard probability over a period of one year:

9 =3.4x 10-9

Py =Py tPs T (0.0062 + 3.4) x 10~
The dominant part is, again, the scram valves assembly. It is perhaps
useful to point o.t that the p_ calculated by us is only a part of the tme_s
plant hazard probabhility, (wlﬂch should be, for instance, better than 10 °,
Ref. 5), because the consideration of the reactor safety instrumentation
is beyond our scope. Nevertheless, a sound safety assessment should not
be attempted without considering the influence of the safety chains, which
may well play a major rale.

Similar considerations apply to spurious trip rates. Of the various
rates calculated, only one dominates by far,the loss of liquid from the level
control system, which gives

-2
=3,8x10 " trip/year
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Abstract

The reliability of a eontainment isolation system is analysed and the
results are compared to a reliability standard.

A short deseription is given of the analysed containment isolatisn system
and related systems, The funo .ion of the systems is explained. The procedure
of the reliability analysis is explained including failure effect analysis,
develomment of the fault tree, seleotion of appropriate input data and

the caloulation of the overall system reliability,

The fault tree is caloulated using a Monte Carlo methed computer programme,
wiilch 18 explained to some extent. The results obtained from the computer
are given and interpreted.

The overall reliability of the system is compared to a reliability standard.
The derivation of that standard 1s explained and discussed.
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The Rellability of a Containment Isolation System

1. Introduction

In the paper /1/ presented at the 2nd CREST meeting in Ispra an attempt was
made to assess the relisbility of an emcrgency power supply system. Several
limitations of the problem were given due to our limited knowledge.

This paper shows the progress made in the agseasment technique during the last
year. A system analysis techmique as well as a reliability enalysis teehnique
has been developed. Further, reliability computer programmes mre now in use,
In addition we have d~veloped some idea of a reliability standard /2/ which
also is inclujed in this paper,

To demonstrate the recent developmenta the analysis of the containment dsolation
¥ of ftwerk Wiy (KWW) has been choosen as an example,

2, Procedure of System Analysis

Pirst of all, a reliability engineer has to translate the real design of &
complex system into a reliability model of the system which can bo subject

to a reliability ocaloulation.
mmwmmhatmhmnummwotmduImatm
system and its functions is neccssary, Therefore, & m am!;li-l q-t'
perforned in order to obtain this kiowledge, N
wemwmbmsmmmummmw
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a) Analyse the design and the function of the system.

b) Define an unds sired event and its nriteria (fault oriterta).
@) Define miseion time, maintenance and test intervalls,

d) Perform fallure node end cffect analysis.

We will now discuss in some detall the items defined above. The analysis

of design and the function of system includes the following details, The
location, the cuvironment and the condit’ n of operation are investigated

and compared to the roted end design ters, The sy is also investigated
for the possi~ility to bypass a failed oamponent, for standby components

and redundant components.

Certainly it requires thorough discussion of the system to produce a well-defined
pleture of that system.

Using the lmowledge of the system obtained from item 1. one is able to define
the undrcired event of interest for whioh the probability ia to be caloula’ .
Now wo will consider the exampie of KWW-conteimment isolation system. The
witesired event 1s defined as:

Thoontrolled activity release in case of a reaotor aceident.

The ectivity might be released from the stack, to the air ventilation system
or by direct leakage trough the containment shells,

The next step 18 to define the criteria of a failure of the system in order
to define in ocourences which lcad to the undesired event, The oriteria cnly
may distinguish between the two states "operation” and "fallure" of the
system,

Applied to the KWW-system we obtaln the following criterias

a) System fallure occurs, if the underat eric pm in the gap betwesn
tae two shalls d sapears,

b) System failure ocouwrs, if activity reloase to the air ventilation system
ocours and thus activity is roleased from the stack.

6) By-~'m falluic ocours, if the stmospheric wderpressure between the alrlocks
disapears.
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These criteyia are the basis of the reliability analysis.
The next step is concernad with misgion longth, maintenance and test intervalls,
Coming back to the cxample, the following pr.-lods are considered:

8) The possibility of unrevealed faults In tre system in a test period. These
faults might cause system failure at the next d d. Also the oc
of revealed faults is taken into account as the plant will probably not
shut down after the event of a rev<ale? failure,

b) Pailure of switehing over Procedure from normal to accident opereticn.

¢) Failure of System during acecident operation.

T time intervalsdefined are test period of ane year and 100 days of acoident
operation. The fimal step in the &y amalysis procedure is to perform
the fal :xo rode end effeet analwsis,

The failure mode aid effect analysis deals with tae faft.ure modes of components
ani. the consecutive reaction of systex and subcyztem following a fallure of
the component oonsidered.

In case of the KWW-example the procedure used is as follows. The forme used
are shown in fig. 1. For each component its pame as well as its
subsystem and its evstem must be entered. In addition the component fumotion
18 required.

For some components the fali safe state should be defined, The colums of the
forn are entered with failure modes and its causes as well as the oonsequtive
reactions of subsystem and eystem, 1, e. whether the system has failed

or not, whether it has lost redundancy or not, eto.

Using the informations worked out during the failure mode and offegt analysis onecn

mroseed 3 the fwportent stap, the Teliehility exalywis,

3. Procedwe of Reliability Amalystis

After ons s obteined 4 Cetatled Mnoviedse ou the systes aal ite Fondtiin
the renalation 2uto- 8 Yeladilingy wedel Pas to be eirvted oot 2o & WS-
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variety of methocs has been developed, for cxample the fault tree method
or the blook diagramme methc , Also some sort of switoh diagramme as well
as reliability wapping methods are in use.

We found the fault tree method more convenient than the other metlwods. So the
KWW example is worked using that method.

Due to some limitations cf our computer programme, we are foroed to separate
the problem into three parts which are given hy the three time periods defined
in chapter 3. Always having in mind the indesired event the three cases we
have are:

a) System is wnavailable when demanded,
b) Failure of switching over procedure,
¢) System failure during accident operation.

The fault tree method we use 1s already described in /1/,
Additional gates are defined to take into account a variety of data, In the
following the signs and s functions allocated are explaned.

System input This input simulates an external system which already has
been analysed or its fallure probability 1s known from
O other sources. A name and a probability is agaigned to this
input.

Secondary fault This input only is allowed with the secondary fault gate,
A name, a8 probability and a repair time is assigned to
O this input.

Compeonent input To this input e component is asaigned, defined by a name,

O a failure rate and repair time,
Standby gate This gate 18 defined by cnly three inputs, El similatcs
A the component in operation while E, is aspigned to the
standby component, A failure of El will causc the switch
'!1 €y ‘!,

over equipment 33 to actuate E‘,. A failure occurs if either
Rj fails or 32 fails durizg or after actustion,

w» @
ey
-/ TN
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Seeondary If a fallure of component 1-‘.2 oetcurs a certain probability
fail gate of a sccondery failure of El exists. So the output A
simulatos the sccondary failure at oomponent El'
r 142
In addition the wpllknown gates "ZS "AND" and "R" are used
i pe ﬁ

Nor

The number of inputs Of AND and OR-gates are limited by the ecomputor programme.

The fi™at fault tree according to item 1 includes unreveald faults during
test period as well as reveald faults which will be repaired during reactor
operation,

The second fault itree treats the switching over procedure from normal to
accident operation, i.e, the possibility of failure at the time of switehing
ovor,

The third fault tree takes into account the possiltility of repair at certain
components as well as secondary faults of the eontainment shells due tue
failure of control ete.

This i3 the translation of the systum into fault tree. The worked fault

trees are not shown in this paper besause they would blow up the paper

to much.

'mc“qtep that follows the fault tree proparatio.n is the selection of amwinh
failure, rates and repair times, These data are also entered in the fault
effoct fosm. See ohapter 3, The data situation has not much changadsince
last year, 80 I an drop an extensive discussion on that subject and refer

to /1/.

The following four kinds of input data are used,

a) Probability of fallure of an e;vernnl system (for --p.\p m m)
b) Secondary fault probebilitics
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¢) Pailure Tates of ocmponente
d) Repair times

After one has selected carefully the fallure and repair data, the input data
for a computer run are preparcd. The aomputer progriyme- 1a described—in
chapter 4 and the interpretation of the results obtained 1s given 4n chapter S.

4, The Ability of thce Computer Programme

The Programne FESIVAR uses the MONTE CARLO Method and an impertance sempling
technique to reduce computer time. Its purpose is the caleulation of an

overall failure probability of the fault tree. In addition the critical. fai ure
combinnxions are given as 2 rcsult.

Several asumptions are made in this versicn

a) Fallure and repair are independent events,

b) The time of failure of components is random.

e) The timo to faillure 18 exponentially distributed.
4) The repair time is constant,

The qualitative limitations of this wversion are as follows,

a) Other than oxponential failure distributicn are not accepted.

b) Time response of components are not taken into account,

©) The system considered only may consist of compongénte which might be ™n
operation” or "failed".

d) Bxspt the "undesirod event model® no other reliability models may be treated.

e) All compononts must be alloceted ‘%~ same miseion length.

The progremme is able to handle the following inputs and gates

a) Components assigned with failure rats and repair time
b) Secondary failures
©) External systems which are input
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d) NOT-gate

e) AND-gate

f) GR-gate

g) Secondary failure gate

h) Cold standby ineluding the probability of switching over

The programme is also able to deal with loops in fault trees.

FESIVAR is written for a CDC 1604 computer and uses completely the available
storege.

5. Interpretation of Results obtained

After the input data have been prepared a computér run is performed for eash
of the three fault trees. In the following the results of the computer runs
are discussed.

5.1 System Failure at Normal Operation

Two typea of fallure might occur at norfial operation

a) System failure due to a revealed fault of one or more components cccurs
and repair imediately takes place. During repair a reactor accident
oceurs, c.g8, the system 1s not available,

b) System failure occurs 1t the system is called upon due to a reactor accidemt.
This system failure is due to @ unrevealed fault of one or more components.

The undesired event only occurs if one of the above stated items holds. So
the failure combinations obtained by the computer run meccessarily have at
least tro fallure events, the reactor accident and ome or more faulty components.

The most probeble failure combination is the fallure of the ¢ wkrol-valve (34),

During its repair a ot 1dont The portion of this combination
of the overall probability is about 60 %.
The of the ined failure of controller (12) end yesotor

accident and also of the combined events failire of the wensor (35) and resctor
aocident is less probeble,
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Toeir percentage of the overall prctabllity is about 10 §§ and 27 £ respectivly.
Tne resuits obtained are gtven in Table 1.
5¢2 Pailure af Switching Over

In case of an accident the system swiiehes ower from noreal to sscident
operation, e.g, a reactor accident has already occurd and some signal has
actuated the systems automatic. In this case no probabllity of 8uecessful
operation per time but the probability of sunoessful operation per demand

ia required. No reralr is possible. The outcome of the calaulation is as
followg, Nearly all of the overall failure probebility is given hy two failure
combirations, namely

the stack-valves (28) and (29) fail to close and
leckage-valves (44) and (45) do not open.

Its percentage of the overall fallure probability is about 22 % and 78 % res-
peetivly, The results obtalned are given in Table 2,

5.3 Fallure of Accident-Operation

In this case also the aceidert already has occured. In addition the syatem
suceessful is switehed over to accident operation. The oceurrence of the
undesired cvent is due to the failure of one or more of the components which
result in system failure., The most probable failure combination is the failure
of the control valve (34) and the motor~valve (20),e.g. the oontrol of the
system has falled. Its percentagc of the overall failure probability is

about 80 %.

1eas probable combinations are fallure of the sensor (35) and motor valwe (20),
amd feilure of the safety valves respectivly,

The possibility of a seccndary failure of the containment is not reglectible.
The results are given in Table 3.
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5.4 Overall Pailure Probability

The resulis of the three salculations are

a) Normal Operation P =25z 177
b) Switching over B, - 21 x 10
e) Aseldent opsrmtion - 5,2 x 107

Py

As all three events are wutually exclusive, the overal peobability of the
problem is obtained by summation of the three single probabllities., Sc the
probability of an wneontrolled activity release dye to a failure of the oon-
‘aimment isclation system is

P=56x10"

on the baals of an one years test intervall and 100 days accident operation.

6. Apploation of a Relative Reliability Standard

To derive requirensnt - for the systam relinbility the ovesall risk of the ple-"
is used. This is given by

RI-HIIDLI (1)
where is

Ry - Risk of MCA

W - Probability of MCA

“‘1‘ Damage level of MCA

The risk of MCA, R, requires the muccesaful operation of the containment. isolation
wystem. At the event of the system failure the damage level will increase
and thus, if the risk has to remain constant, ths probability of the event

ACA and failure of isolation systea must decreans by the faotor the
risk increases, .
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If we have

R, = ¥y =L, @

112 -~ Risk of MCA and failure of containment isolati-n system
W, - Probability of MCA and faillure of containm. isol. syst.
oL, - Damage Level MUA and failuro of containm. isol. ayste

and 1t is required
Ry = Rps
we obtain

wlxDL

w2 x Dl:é

where we have W, = W x HCONI'.' From this the unreliability requirement of

= const. ()

the contajmment isolation system me derives
_ DL
L— 1 (¥)

The unimovn 1n this type of reliability stonderd is the probability of the
reference event and also the risk o that event,

Coming bagck to our sxample of KWW contaimment isolation sy both the d
levels in equation (4) have to be determinded, Therefope the accident of in-
torest -088 of coolant - has to be analysed, In the £nllowing a brief
dosoription of the acoid.nt is given, In the comse of a los8 of coolant
aceident the pressure in the drywell of the pressure suppression containment
increases and decays to the suppression chamber pressure at ihe end of the
blowd The pr will actuate the pressure supression system at a certain
level, The system preasure 1s down at 0,1 atmosphericoverpressure after a time
of about 3 hours, During the course of the accident a portion of tho actual
fission products contant of the core 4s released to the containment, With

a certain leakage rats the fiusion products leak into the gap betweon the

two oontaimment shells, where the pwping system takes suction. If the
pumping system oporates successful the fission products are Pamped back to

the containment, Otherwise the fimsion products will be released into tho
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surroundings, In this case the following leakage modcs are possiblo,

a) Leakage aeross the two contaimmect shells
b) Release to the stack

¢) Release to the ventilation system

d) Leakage of the large airlocks

Certainly a number of the modes will taka place at the same time,

In oase of suosessful operation of the pumplng system leakage into the gap
betwsen the two shells is pumped back to the containment over a period of
time of about 100 days. Then the remainder of activity 1s released aarefully
by the stack. A very rough caleulation showed the damage level dus to the
failure of pumping system a factcr 10 to 1Whigher than the damage level due
to careful release after the 100 days pericd. So the reliability requirement
to the containment pumping system comes - out to be about 10'2. As alreedy
deseribed in chapter 5 the actual probability of system fallure 1s 5,6 x 10- ’
e.g. the probabllity meets the above stated requirement.

7. Discussion

In our experience the greatest diffieulty is t» translate the real systam into
an appropriate rel.ability model which can be ealgulated, This effort takes
most of the time of the whole analysis. The analyst must reveal all funotionel
inter tions, ies, standby functions as well as the possibilities
of secondary fallures and the influence of other systems and save them in a
systematic way such that a complete picture of the system is designed, This
ploture should be checked by a second porson to £ind out and discuss improper
interpretations, In most of the cases this chcok has proved to be most
effective,

From this system ploture the reliability model may be deriwed, Again a check
of an indepenient analyst is necessary in order to discover mistakes in the
reliability dingramse. I the analysis is not porformed with utmost care

the probability of introducing mistalkes might be higher than the probability
of system failure,
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The applieation of reliability standards requires in addition a good
knowledge of the behaviour of the system and the reacior itself when

an accident ocsours, The course of accident might be different from that
of the MCA. The rellabllity requirements must rely on the actual course
of the accident.

Now, some remarks on the pumping system should be added, In this analysis
& fallure of the inactive somponents of the system such as piping is not
inocorporated. This is due to the fact that the failure rate of theae
components 18 very low. Also human error is not taken into acecount, e.g.
operator =rror and poor repair. The reliability standard derived for the
pmping system is obtained from a very rough caloulation. Thua 1ts
accuracy 1s not known. But for demonstration of the method 1t will be
good enough.

Colegne, 1st september 1969
mi/go
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Appendix

Description of the Containment Isolation System
Operation at normal Comditions

The cantainment system eonsists of a Qouble shell wall., The imner shell has
to withstand the containment pressure. The gap between the two shells is

held at an unteratmospheric pressure.

A system 1s provided to pump gas (which might be radioactive) from the gap
elther to the stack or to the inner containment. In the following we are
ooncerned with that system. See Fig. 2.

One out of two Installed compressors takes suction from the containment gap.and
Jumps the alr neross a filter. Qne filter and one oompressor are standby
reapectivly, The cperating compressor is controlled by a bypass eontrol
system, The control system Includes a sensor for differential pressure
(containment gap-atmosphere) (35), a control unit (12) and a control valve (34).
A motardriven valve is provided to elose the bypass. That valve is actuated

at the control room.

An aircooler is installed to oool down the bypassed pressurized air (12). The
air cooler 1s controlled by the air temperature,

A measuring equipment for leak rate 1s provided at the pressure &ide of the
compressors, The normal way of the compressed alr is along the valves (24, 25)
and (28, 29) to the stack, The valves (24) and (25) are closed and valve
3,12 opened, So the air 18 collacted 1n tank (39) due to the closed valves
(26, 27). Pressure and Temperature arc measured in the tank, Valves (32, Xa,
33, 3%) and also valves (38, 38a) are closed. So no comection is made

to the imer contalmment dwring normal operation. Purther, leackpipes are
provided to compensate the leckage of the valves and alrlocks comnected to

the inner containment,

At normml cperation the penetrations of the ventilation system of the imer
containment ére locked by two air locks in series, An inspection of the
coritaimment during operation is not planed,

Operation at Acoident~Conditions
The systems purpose 18 aglan to hold the underpressure against atmosphere in
the containment gap. But the alr suwked from the containment gap-is pumped
back to the containment.
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!hefonadmuuviﬂesm‘etobawmtomhfhmtchw
from noreel oonditjons to accident conditions.

1. Both the stack-valves (28) and (29) must close

2, One of the two valves (30) and (31) have to be elosed
3. The valves (32, 32a) or'()}, D2) have to be open

4. Valve (13) has to be open.

S0 the eompresscor will pusp the air from the containment gap to the imer
containment. -




87

-15 -

References:

/1/ G. Miexze and J. Efmann, Reliahility Analysis of an Bosrgency Fower
Supply System, 204 CREST Meeting on Rellability
Ispra, Itely, June 27 - 28 1968

/2/ 0, Ksllersam, W. Ullrich, Probablility analysis applied to
IMR’s, Application to the emergency core cooling system

BNES Symposium on Safety and Siting, 28 March, 1969, London

/3/ Sicherheitsbericht K&

/3/ Perscnall comminication ABG - IRS

i




88

Table 1
Unavailabllity of the Containment Isolation System in Cnse of an Accldent

Set of Components falled Percentage of Overall Fallure Probability
Aceldent and Failure of the Control Valve (34) 60 %

Accldent and Failure of the Pressure Sensor (35) 27 %

Aceldent and Failure of the Controller (12) 08

Accident and Failure of the Stackvalve (28) 0,5 8

Overall Prohability aof Failure p=2.5- 107

Table 2
Failure of Switching Over from Normal to Accident Aperation

Set of Components failed Percentage of Overall Pallure Probability
Valve (28) ami &29 fail to close about 22 %
Valve (44) and (45) to open about 78 %

4

Overall Probability of Pailure p=4,1"10"

Table
Failure of Contairment Isolation System at Accident Operation

Set of Components failed Percentage of Overall Failure Probability
Control Valve (34) fails open 8ng

and Motor Valve (20) fails to close

Pressure Sensor (35) fails and 7%

Motor Valve (20) fails to close

Vasuumbreakvalve (2) or (11) leaks 0%

extensivly

Controller (12) fails to operate and 1,5 %

Motor Valve (20) fatls to close

Overall Probebility of Pailure p=51°+10
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SUMNMARY

‘Two ewergency core cooling systems installed
in German light water power plants are de-
soribed comparatively.

1The functions of the different subsystems are
discussed with respect to two examples of loss-
of-coolant accidents on the basis of detailed
flow schemes and reliadbility diagrame. The re-

liability of these systews is analyped and com-
pared.

The study was performed by a digital computer
programme.
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Introduction

This study is the first step of a reliability inw
vestigation for Emergency Core Cooling Systems of
Light Water Cooled Reactors. In the final stage,

it is intended to combine extensive thermodynamic
calculations regarding the cooling efficiency and
the mechanism of accidents with the systems themselves
which are designed to cope with these accidents.
This is tbe only way believed to offer a chance for
finally coming out with figures being really of

some belp in estimating the propability of a certain
system to handle the aocident in question.

Under this aspect, the wain idea of the study pre-
sented bere is not to give final results, but to
show the difficultiee which are involved when calcu-
lating the reliability of complex systems, and to.
bring into disoussion the wmethods by which we tried
to overcome these difficulties,

Emergency oore cooling systems are installed in
commercial power reactors to assure heat removal
from the reactor core in case of a loss=-of-coolant
accident. The large range of possible rupture sizes
up $o the rupture of the wain steam line in a BWR,
or the rupture of a primary coolant pipeline in a
PWR, results in difterent subsystems for sach
redotor, such aa cors »pTay systems, vors floanding
systems and depressurization systewms.
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This report presents two different emergency core cooling systems including
their subsystems of 600 MWe light-water cooled power reactors currently
designed to analysa the mechanical components of these systems and their
cooperability from the point of view of reliability.

2+ DESCRIPTION OF EMSRGENCY CORE COOLING SYSTEMS

241+ Emergency core cooling systems installed in s Cerman 600 iie
Pressurized water reactor

The emergency core oooling ;y-tsma are designed to prevant fuel
melting and to limit the metal-water reaction to a negligible
amount in the event of a leak in the primary system. The entire
spectrum of poseible leaks includea ooolsat piping ruptures up
to the double.ended rupture of the largest pipe oonnected to
the reactor pressure veseel. ' ’

For the analyeed Pressurized water resotor, emergency oore ocdling
systens,designed to cope with all poseible losa-ef- coolant
acaidents, consist ofs

- the high-pressure water injection systea,

= the reoirculation syates for residual heat removsl, and

- 8 set of four moousulator tanks,

The primary purpose of the high-pressure water injeotion system
is to supply boronated water to the reactor cooling eystem in case
of a medium size pipe bdreak (FD 125 &+ ND 250)s In this osse,

the systen is designed to keep the whole core ooversd. Four
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high-prassure pumps are installed in the circuit, but
the capacity of two pumps is sufficient to cope with
this accident, Tbe four pumps are working on two parallel
pipelines so that, in case of a rupture of one of these
lines, an automatic switch over to the other liae is
possible without endangering the core. The system will
be activated by a coincident low-level and low-pressure
indication in the pressurizer. If the presasure in the
priwmary cooling system decreases to the operational
pressure of the accumulator tanks (20 at overpressure)
the tanks will work in addition.

In the case of a double-ended rupture of the primary
coolant pipe (ND 700), the reector would loose its

coolant in about 10 sec. The melting of fuel cannings

and fuel elements can, in this case, only bae avoided

if the core is reflooded after about 200 sec. This

means that about 60 |n3 water are to be fed into the
pressure vessel by the four accumulators., Each accumu-
lator has a capacity of 20 -3 so that one unit can be oon~
sidered as stand-by unit, At the same time, together

with the accumulators, two of the four pumps of the
resudual heat rewoval system work with a capacity of
about 500 -3/h each, To remove the decay heat from

the core, a water capacity of about 500 m’/h is necessary.
If the whole capacity of the four boronated-water

storage tanks of 560 -3 is fed into the reactor pressure
vessel the pumps of the residual-heat removal system will
take suction from the containment sump end operate via
the heat=-exchangers in a closed }1rclo with the primary
system.
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Sumnmnry deseription
St ——— i ——

High-preasuze water injection sygtems

number of loops

pressure range of operation

number ¢ £ pumps
flow rate per pump
method of astivation

emergency c¢oolant source

Pressurized accumulators:

number of loops
type of water storage

pressure range of operation

tank

capacity of the acoumulators [}

method of activation

L4

2 @)
110 ¥ 20 atm
4 (2)

250 w’/n (at 30 atm)

low-level and low-pressure in-
dication in the pressuriser

4 (3) boronated water storage
ta.nkn,wuh a capacity of
200 n” each

4 (3

gas pressurised, on line
upito 20 atm

4 x 20 l’

check valve opens when accumu-
lator pressure exceeds system
preasure

Recirculation system for residual heat removals
(oystem injeoting water at low pressure)
number of loops 12 (1)
preesure range of operation s 8 atn overpressurs to atmos-
phere prossure
number of pumps 1 4 (2)
flow rate per pump 1 500 n,/h

method of activation

number of heat exchangers [

low-level and/or low-pressure
2 (1)

(* The nusbers in brackets indioate the nusber of circuit components
necesssry for full cepasity operation. The numbers without brackets

R #ive the nunber of components installed.



97 -h - 17 093/111/69~E

2.2. .Emergency core_cooling systema installed in a German 600

MWe Boiling water reactor.

The emergency core cooling systems of the analysed Boiling
water reactor include an avtomatic depressurization system,
a high-pressure water injection loop, and a cors flooding
system as well as A core spray system. The automatic
depressurization system consists mainly of six primary
system relief valves (of which three are necessary for
full capacity) which open to the wetwell at reactor over-
pressure and after closing of the pressure emergency pene-
tration valves, enabling thus core cooling by the low
pressure emergency cooling syastems. They start operating
avtomatically at 78 atm overpressure below the designed
pressure of the primary system valves. The valves also
remain open helow the closing pressure, wvhen signalled to
do so, after a loss-of-coolant accident. This signal is
based on simultaneous signals from

- high drywell pressure,
« reactor scram hecause of low primary water level,
- non-operation of the feedwater system,

- non-operation of the emergency core cooling system.

The high-pressure water injection loop is designed to feed
water into the reactor vessel under loss~of=-coolant con-
ditions within a reactor pressure range of 89,5 to 12 atm.
absolute at a rate of 900 t/b. The system consists of ome
steam turbine driven pump, arranged outside the pressure
suppression system in the reactor building. The cooling
water is supplied from the wetwell and is puwped into the
fesdwater line. R

A low water level in the reactor will start automatically
loop operation when the primary prooghro is above 78 atms
Absolute, and a high reactor water level will atep {t.

If the pressure in the primary ly-ton droro to nbout 17

respectively 15 atm the cere spray lync- or Ghn

fleeding systew ves unly 1 mt w t AT
n-eorninm 3« ‘noomu”-y 1!“‘ 7 .

FIN
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system consists of two independant loops. Each of the two punps is
designed for a capacity of 800 t/h at 17 ata. The core spray loops
will spray water onto the top of the core so that the water wili
flow down the fuel chanpels and cool the fuel by radiation and steam
convection. The core flooding system is designed to reflood the
core up to the top of the jot pump diffusers which means 2/3 of core
height. This will bs possible because the core shroud is sealed
circunferentially around the vessel wall. The maxizum capacity of
the core flooding system at pressure equalization of the primary
circuit and the pressure suppression system will be 4.200 t/h.

Pour punps are installed in the system but only three of them are
necessary to reach full capacity. If the water level of 2/3 of
core height is recached only one pump is required for long-tera
maintenance of level and cooling.

Another residual pump is necessary to fill the suppreseion pool
with water from the sump.’ ’

The normal feed water pumps are not considered in the reliability
calculation.
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Suxmary description

Automatic dcpressurization systems
nuaber of relief valves

operating pressure

Bigh-pressure water injection loops

aumber of loops

nuaber of puaps

punp flow rate

pressure range of operation
method of activation

Core spray system:
nusber of loops

number of pumps
‘Thow rale per pump
pressure range of operation

mothod of activation

emergency coolant gource

Core flooding system:
aumber of loops
nusber of pumps
flow rate per jump

Ppressurs range of ~operation

maxisum fiow uto of tlu shole system
st p oquali

emargency coclant nnru N
-M of nﬁ‘nuon o

ok

nunut, tz} , ‘ ;

-

3

h

6 ((=

78 atm, overpressure

1

1 (steam turbize Griven)
900 t/h (pressure not known)
89,5 to 12 atm, overpressure
low roactor water level

2 (1)
2 (1)
800 n,/h {at 17 atm overpreseure)

from 17 atm overpressure i
preseure equaiization of the
primary oirouit and the pressure
supprassion systea

low reaotor water level and
low reactor pressure

wotwell or sump of drywell

4 (3)

1 400 t/h at 6 atm snd
800 t/h at 19 atm

from 15 stm ovorpressure 40
pressure squalisation of the
prisary oircuit .and -the pressurs
npprnuu win-

e

AWM i e

wotwel

a ba

%.Ma %‘%‘T’.{, B
L

b 4, IR

{7 The Mnf”m ims?MtWWMW e
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RELIABILITY DIAGRAMS

The reliability of the two Emergenoy core cooling systeme (ECS),
*
as deecribed above, is calculated by a digital computer progranme

with respect to two cases of acoidents:

a) rupture of a minor line, e.g. the connection to the pressurizer
or smaller leakages in the main lines of the primary coolant

systomj

b) rupture of a main line of the reactor primary coolant systeme

Depending on which of these two cases happene, differcnt parts of “the
ECS are involved. A8 a consequence of large ruptures, a quick de~-
pressurization cccure and a large amount of ¢oolant ia lost. In that
case, the low-preseure eystem, layed oul to restore the lost water
within a short period of time, has to handle this accident.

Por smaller rupturee, however, the problem ie to feed water into

the reactor vessel against high pressure. Here, the high-pressure
inJection eystem has to operats properly or one has to take care

for an artificial depresaurization of the reactor veessel #o that low-
pressure feeding systems can be used. .

As Tegarde reliability calcvlations, the systems under coneideration
involve the following problemss

a) they consist of different subsystems which are operating subseguently:
b) the subsystems are overlapping, e.g. they use partly the same lines
for equipments.

To overoome these difficulties, the line.as shdwn below was followed in
our.oaloulations: ’

- if lubnquan{ actions are neceseary to cover the accident under oon-
sideration they are supposed %o appeer simultaneously;

« if the same equipment Zs used by different subsystems they are intro-
duced only gnge to the reliadility disgrem, although they have to
work in faot subsequently according to the operaticn modes;

PR Trogramss used is Reling, written in FORTRAR 1V
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if special valves have to be operated during one operating
stage (active), whereas they have to remain only in a certain
position during the other stage (passive), they appear in the

diagram twice, together with the corresponding failure rates.

1. Pressurized water reactor

3.1.1. Rupture of injection line
To calculate the reliability of the ECS, a rupture

of one injection iine is postulated (Fig. 1), 1In
comparison to the rupture of the pressurizer line,
in this case too one-of the two feeding branches
for the ECS is lost.

According to the lay-out, two subsystems of the

ECS are necessary to handle this accident:

- the high-pressure water injection system (HS);

- the low-pressure water injection syatem (LS).

Therefore, in order to calculate the total relia-
bility for sufficient cooling when a break of one
injection line does occur, the HS and the LS are
combined with and "AND"-gate (Fig. 12),

3.1.,1.1. High-pressure water injection svstem gus[
The redundancy of the storage tanks for
the boronated water (J out of 4) and the
high-pressure pumps (2 nut of 4) 1s veri=-
fied in the diagram (Fig. 5). Assuming
a rupture of one injection line, the
corresponding valve TJ 31 will close av-o=
matically so that feeding into the ruptured
line is prevented. Therefore, starting
at this point in the diagram, omly the
second feeding bramch is availabie for
cooling purposes., Thie-is shown.in the
diagram by legicel FAND v, o
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3+1.1.2, Low-pressure water injection system

When the pressure has decreased to 20 kg/cnz the
acoumulators start to feed into the reactor vessel.
Below B kg*/cm2 further oooling is achieved by the LS.
As the acoumulators naed not be operated in this caso
they have not been incorporated into the diagram
(Pig. 6).

On prinoipal, two pumps (for one residual heat ex-
changer eaeh) are started regardless the fact that
one of them is feeding into the ruptured line. Two
pumpe serve ae stand-by units, one for each line.
Considering the amcoident as defined above, only one
half of the LS is available for further cooling.
Therefore, & 1 out of 2 redundancy is taken into
acoount for the pumps and only one line as a con-
neotion to the’ HS. ’

Pinally, the suction lines are awitched over from
the storage tank to the sumps The lines and valves
used for this operation are introduced in the dia-
graa in series.

3.1.2. Rupture of one main coolant line

For the reliability calculation, & rupture of the hot leg
of one main coolant loop is assumed. The following subsystezs
ere involved with this scoident:

=~ the acoumulstor system (AS);

= the low-pressure water injection sysisn (18)e

Therefore, the reliadility of the AS and the L8 is combined
with and "AND"-gate to take into consideration the fact that
both systems hive 10 operate properly in order to handel the
break of one main coolant loop (Pig. 12),
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3ele2.1. Accumulator system ‘AS)

In case of the rupture of a maim coolant line,

the pressure of the primary system is decreasing

8o rapidly that the HS need not be used for suf-
fioient ocoolings The set point of the AS is reached
quiokly, and the accumulators start to feed water
into the reactor vessel. Beoause of the rupture,
one of the four accumvlators is feeding into the
defeot line, For the second one, it cannot be ex-
oluded that its oocoling efficiency is very low becansa
of the short cirouit via the reactor. The remainir
two accumulators are both necessary to provide enou:’
cooling fluid for covering the first phase of the
acoident, This fact is considered by using a 2 out
of 2 wystem in the reliability diagram (Fig. T).

34142.2. low-pressure water injection system (18)

As rogards the L8, the oonsiderations are valid as
given in chapter 3.1.1. Again, one feeding branch
is not available due to the rupture. Therefore,
the same reliability diagram can be used as

before (Fig. §). However, when taking into account
the tion line b AS and 1S (incorporated
intc the HB for the previous investigations), the
oorresponding tubes and valves are sdded in series
at the end of the reliability diagrss for the ac-
cufiulator system (Pig. 7).

3e2. Boiling water reactor

5¢2.1. Minor rupture in the primary systes
. This acoident is obarscterised by a comparatively slow loss-
of-coolant so that the first step fw cooling the coie huw 30
‘be schieved vhilst the reaotor is on full pressurs.

. - . N So.. T wer F

B S O FS T AN
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fhe following subsystems of iis ECS are designed to bandle
such accidents: ’

~ the depressurization esystem (DS);

~ the high-pressure water injection system (HS)$

~ the core spray system (SS);
~ the core flooding system (FS).

According to the layout of these subsystems, either one
of the high-pressure syetems (DS or AS) and the COre spray
a.nd/or. cora flooding systems have to operated The as-

pooiated logic diagram is given in Fig. 13.

30241410

$e2.1.2.

Depressurigation system (DS)

This system comsicts of 6 remote controlled pressure
relief valves which have a 3 out of 6 redundancy
(Pig. 8).

Bigh-pressure water injection system (HS

* The reliability diagrams show two linesj one line

302423,

3e2edede
¥ 500 vable 2 -

possibility of
_ dmprovemsnt

for the turbine (including pipes and valves) which
has to drive the injection pump {Pig. 9(1)), the
other one for tho pump itself and ihe sesoociated
injection facilities (Fig. 9(2)). In order to oal-
culate the reliability for the total HS, these two
lines are to be tuken in series.

Core spray system (S8

The system is laid out with a 100 % redundancy. One
pre-soleoted lcop is started automatically im cese of
emergency. Tha other one is in stand-by condition,
This is showa in the reliability disgrao by combiniig
the two brenches with an "OR"-gate; switohing over

to loop 2 is taken into acoount by "ACI" (Pig, 10).

re_floo . st
Ih the first ;hase, the core is flooded by three
pumps, the fourth pymp is in stand-by sondition,
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This is verified in the reliability diagram
(Pig. 11(1)) by a 3 out of 4 system with an "ACT"-
block in the forth line.

Starting with the polnt where these 4 systems are
leading into two parallel lines {which have to
operate both for suffiolent cooling), the diagran
shows a 2 out of 2 logic oombination. Assuming the
rupture in one feeding i.'me, sorwhere after the

“oheok valve L 45, the total coolant has to pass

valve L 69 and the damaged line has to be tlocked
by closing the valves L 43 and L 51 (Fig. 4). This
ie taken into aocount by incorporating the acting
valves into the diagram and by ooneidering only one
conneoction line to the reactor vessel (Fig. 11(2)).

During the second phase, only one of the four pumps
mentioned above is used for floodling, a second pump
delivers water from the sump into the suppression

pool in order to refill it. Bearing in mind that in
this stage two difforent suotion lines are in oper-
ation (Fig. 4), the remaining two pumps are to be

seen as redurant equipaente acoording to a double

1 out of 2 system (two 1 out of 2 systems in paralle™';
Looking at the reliability reguirements for the ayatema
regarding phase 1 (3 out of 4) and phase 2 (doubdle

1 out of 2), there is 1o doudbt, that the former are
the more atringent ones. Therefore, in calculating
the total reliability of the two phases of operation,
a 3 out of 4 syston is introduced in the =zdlisbility
diagram, The double 1 out of 2 system-stage is omitw
ted. Only the additional pipes and valves which are
necessaxy to opirate phase two are $aken into accounts
the two sump-suction lines as a 1 out of 2 system

‘and in sddition the 1ine for uﬂluu the suppression
pool (Pig, 11(3)).
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3.2.2. Rupture of recirculation line

As a oonsequence of this accident, a rapid depressuri-
sation of the primary system does ocour., Therefore, the
high-pressure cooling systems need not operate. In this
oase, the core spray snﬂ/or' the core flooding system
(phase 1 with associated pipes and valves of phase 2)
have to operate. The reliability diagram for this case
ie shom in Fig. 13.

4. DISCUSSION OF RESULTS

oo

The tables 1 and 2 show the reliability values of the emergency core
000ling subsystems and of the two cases of accidents for the German
600 MWe Boiling and Pressurized water reactors disoussed. The re-
1iability as funoction of time was calculated for an inspection time
of 400 hours, except for the depressurization system of the BWR the
reliability of which was aspumed a8 an average value over 2 years
(normal reaotor shut-down period). The failure rates, shown in the
reliability diagrams, were taken from the literature.

A comparison of the two high-pressure water injection systems (HS)
shows that the one of the PWR is only for about 0.5 % more reliable
than the system of the BWR. The reason-lies in the 2 out of 4 system
for the H3 of the PWR in opposite to, the 1 out of 1 eystem of the
BWR. On the other hand, a 100 % redundancy exists for depressurizing
the reactor vessel of the BWR beoause of the depreessurisation syetem
(D8) which is not installed in the P¥R. Due to the few components
and the 3 out of 6 conoept, the depressurisation system of the BWR
has a very high reliability,

The oore spray and oore flooding system Hr the BWR correspond to the
low-pressure water injection and socumulator system for the PWR.

The reliability values of these subsystoms show that the §8 of th'e
BWR is the most reliable subsystem of the low-pressure ccoling
eystems, dus to the 100 % redundancy (99,998 %).

However, & distribution effeoct of the spray nozsles and the ocooling
® 2 ~ possidility of improvement

[
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mochanism could not be oorsidered in the analysis; only the
availability of oooling water above the core has been taken into

acoount.

The core flooding mystem for the BWR has a lower reliability value
(99,45 %) since it oonsists of a 3 out of 4 systems Due to the

2 out of 4 oonoept, the IS of the PWR has & higher reliability than
the FS of the BWR (99,72 $). In epite of the 2 out of 2 concept of
the accumulator system (AS), the reliability amounts to a value of
99,84 % because it consists of fewsr components.

Whilst the reliability values of the subsystems of the ECS for the
two reactors show some differences, a comparison of the relisbility,
aaluulated with respect to the two cases of accidents, shows that
the probability for suffioient cooling,when both, rupture of a main
coolant line or rupture of a minor line, do occur, is nearly the
same. The difference of about o.1 % is very low,

The - calenlation was performed for oonparative readons under the
assunption that for the BWR, in case of a rupture of the injection
line, either one of tho high-pressure systems and both core spray
and core flooding system have to operate whilg in case of a rupture

" of the main ooolant line, both, core spray and core flooding system,
have to ope'rato to cope with the accident.

The availability of the emergenoy oore ovoling systems installed in
a BWE can, however, essentially be improved when, in case of &
rupture of a main coolant line, each of the two subsystems, core spray
or oore flooding system (SS or PS), oan handle the acoident. For
this case

Ry (400) was calsudsted to be Ry, = 99,9999 %.

A similar arrangement of duplicate cocoling facilities ie possible in
oase of a rupture of the injection line, In this ocase, one of the
two high-pressure cooling subsystems (D8 or ES) and oms of the two
law-pressure ccoling systems (88 or PS) must operate to cope vith
the accident,

'lI may improve to Roo = 99,9998 £
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Following this discussion, one can imagine

already the many conflictive situations that

arise when attempting to compare the two ECS's.
There is no doubt that this kind of investigation

is useful to find weak points in the design or

in looking for the best solution regarding safety-
and economical considerations for important sub-
systems. However, to get real reliability figures
as wanted by the safety engineer or by the evaluater,
and this brings us back to the introducing remarks,
it 18 necessary to even better define the kinds of
accidents, to take into consideration the thermo-
dynamic efficency of the ECS's and to include in-
vestigations of the consequences for the develepment
of the accident, when assuming the one or the other
subsystem ahoulM fail.
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-15 - 17 093/111/69-B

Teble 14 Beliability of ECS for PWR

1. High-Pressure Water Injection System (HS)
Ry5(400 B) = 99,61 %
2. low-Pressure Vater Injection Systesm (LS)

R g(400 b) = 99,72 %

3, Acoumlator Bystem (AS)

R,g(400 b) = 99,84 %

Bupture of Main Coolant Line

R (400 D) = R o B = 99,55 %

Bupture of Pregsuriger Line
Rpp(400 B) = By .o Byg = 99,53 %



110

=15 = 17 093/111/63-E

Table 23 Reliability of ECS for B#R

1, Depressurisation Syetem (DS)

Rpo(mean value of 2 years) = 99,999998 %

2. High-Pressure Water Injeotion Syetem (H3)

Rgs(400 b) = 99,32 %

3. Core Sproy System (55)
Bgo(400 B) = 99,998 %
4, Cora Plooding System (FS)

(Phase 1 including sump and suppression pool pipes and
valves

Byp(400 b) = 99,45 %

Rupture of Main Coolant line

Ry (400 b) = Byy o Bog = 99,45 %
Improvsment
RBpy(400 B) = Bog + Bog = Ryg o Ry = 99,99994 %

Bupture of Injection Ltne
Rpr(400 B) = Reg o Rpo(Ryg + Boy = By » Byg) = 99,45 %

Izprovepent
Epr{400 b) = (Byg + Rgg v Bpg o Ryg) (Bgy + Byg - Rgg + Byg)
= 99,9998 %
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Reliability Diagram Detailled Fiow-Scheme ¥a... e
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1. Rupture of the Main Coolant Line

AS LS

2. Rupture of the Pressurizer Line

HS High-Preseure~VWater«Injeotion-System
LS Low=Pressures~-Vatsr~Injeotion-Systen
AS Acocumulator-~Systen

Pig. 12 Total Reliability Diagram of the ECS for PWR
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1. Rupture of the Main Coolant Line

58 Fs

2, Rupture of the Injection_lLine
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Vig. 13 Total Rellability Diagram of the ECS for DWR
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Reliability of Mechanical Components and Systems
for Nuclear Reactor Safety. Organized by the
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SUMMARY

Ortario Eydro's present nuclear power program
involves four nuclear-electric generating stations, two of
which are now in operation while the remaining two are
under construction.

Several years ago in Canada, nuclear safety
standards were defined in mathematical terms as guides for
determining the required reliability of nuclear safety
gystems. Experience from our operating stations has led to
the development of techniques to measure and compare
component performance with these safety standards and
similar techniques are now being developed to define
electricity production targets and compare equipment per-
formance with these.

This paper traces the development of both the
pafety and production reliability standards, reviews
experience with various equipment at the operating stations
in terms of these standards and describes how this experience
1s being applied to the stations now under comstruction.
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INTRODICTION

Ontario Hydroc is & publicly-owned electric
utility with a dependable peak czpacity in excess of
10,000 MW(e) at the end of 1968. The committed nuclear
program involves four nuclear power stations all
equipped with heavy water moderated and cooled, natural
uranium (CANID) reactors. Two of these stations are
presently in operation while the remaining two are
under construction. The single unit 22 MW(e) NPD was
placed in service in 1962 (;'5 and the single unit 208
MW(e) Douglas Point Generating Station was placed in
service in 1968 (2). The first of four 508 MW(e) units
of the Pickering Gemerating Station is scheduled for
operation in 1971 vhile the first of four 750 MW(e)
units of the Bruce Generating Station is scheduled to
begin operation in 1975.

Religbility studies for these stations focus
on two main areas, safety and production. Safety
reliability studies are directed towards ensuring that
risks of dangerous equipmernt fallure are acceptably low.
At the same time production reliability is of major
economic concern and studies in this area are directed
towarde equipment improvements which will reduce lost
production. Although the goals are different similar
techniques are used for both types of study in Ontario
Hydro to set up information collection systems and to
develop component standards for judging component
performance.

The intent of this paper is:

(1) To describe the safety and production
reliability standards which have been
adopted and to describe techniques used
to gather equipment fault data to enable
equipment performance to be compared to
these standards.

(2) To review experience with reactor regu-
lating and motective systems for
comparizon with the stendards.
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(3) To review experience with particular
mechanical systems at the nuclear
stations such as emergency cooling
systems, fuelling machines and standby
generators and to compare this
experience to the safety and production
reliability standards.



RELIABTLITY STANDARDS ANI ASSESSMENT

There are two basic reasons for striving for a
high standard of equipment reliability at nuclear
ptations. The first is to ensure that tra risks of
dengerous equipment failure are low emough to provide
an acceptable safety standard. The second is to
ensure that the risks of equipment failure leading to
a loss of electricity production are economically
acceptable.

For these reasons we have developed for
Ontario Hydro nuclear power stations two separate
standards to use as targets for equipment performance,
a nuclear safety reliability target and a production
reliability target. Performance of all equipment at
our nuclear power stations is measured against these
targets.

1.1 NUCLEAR SAFETY RELTARTLITY

In the early stages of reactor development
extensive safety measures were often applied without
much knowledge of their effectiveness or reliability
or of the magnitude or probabllity of the disaster
they were intended to avoid. These measures added
considerably to cost and plant complexity and the
net increase in safety was obscure,

In Canada (3) the search for a nuclear safety
standard led to an initial philosophy of defining
as an acceptable public risk from a nuclear
establishment one which was equivalent to that
asgociated with other enterprises of egual economic
worth. Many safety factors were applied to offset
unknowns aseociated with the nuclear etations,
however, the result was that the meximum acceptable
nuclear accident risk for stations such as NPD and
Douglag Point ga.s described as being in the range
of 10-2 to 10-© per year.

This ty{: of standard was used to judge the
adequacy of the design of these etations, however,
the number i1s so amall that it is obviously
impossible to provide eny single system or piece of
equipment with adequate reliability to meet the
stendard. The approach which has been used is to
arrange the plant so that nc nuclear accident can
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occur unless there are simultaneous failures of
geverel pleces of independent equipment. Thie
sharing of tke reliability requirement results in
equipment failure rate targets which could be met
realistically by the designer and which can be
demonstrated in a relatively short time by
operating experience.

Thie philosophy bas been further refined in
recent years and has led to the preparation of a
Siting and Design Guide by the Atomlc Energy
Control Board which is the federal government
agency responsible‘for licenmsing nuclear stations
in Ceneda {4). The basic assumption of this Guide
is that nuclear plant is separated into three
groups for purposes of safety evaluation. These
groups are:

1. The process equipment which includes all the
equipnent and systems necessary for the
normal functioning of the reactor and
generating unit.

2, The protective equipment which includes all
the systems or devices designed to prevent
demage to the fuel resulting from any failure
of procees equipment.

3. The gcontainment provisions which includes any
structuree or other provisions which are

intended to restrict or limlt the release of
any radiosctive materials that might escape
from yrocess equlipment.

A fundamental principle of this approach ie
that these threse groups of equigmt are
structurally and operationally independent to the
extent .that the probability of a cross-linked fault,
that is, one affeoting equipment in more then one
group, is emall compared to the coincidence of
independent faults. Thus, for mdzsis oses,
the probability of simultaneocus équ. m failure
is caloulated as the product of the individmal
equipment fallure yprodabilities. t
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The standards of equipment reliability are
gimilar to those developed previougly for Eetting
a permissible accident risk of 10-3 to 10-6 per
year. They are:

1. Single Failures - failures of process equipment
which could lead to a dangerous release of
radioactivity, but are safely terminated by.
operation of protective and containment
equipment, should not exceed 1/3 per year.

N

Dual Failuree - failures of process equipment
potentially leading to a dangerous release of
radicactivity, combined with a coincident
failure of either the protective or contalnment
eq\u'jpment, should not exceed an annual risk of
10--.

A common characteristic of the protective
equipment and contalnment provisions, or the safety
systems as they are commonly called, is that the
systems are normally idle and failures which may
defeat the system remain hidden until revealed by a
test or other call for operation. In Canada, we
use the term unreliability to describe the portion
of total time that a safety system would be expected
to fail if called upon to operate. For most equipment,
failure rates are independent of test fregquency so
that unreliablility can be reduced by increasing test
frequency. As an exsmple, increasing the test
frequency by a factor of 2 reduces the unreliability
by the same factor for a fixed equipment failure
rate and we use this technique to adjust equipment
unreliability.

The probability »f a8 dual failure, as considered
in the Siting Guide, is calculated as the product of
the process equipment failure rate and the protective
equipment unreliability.

At our nuclear stations we set a permitted un-
reliability standard for each safety system then
establish 8 fair share of this system total for the
various subsystems and components. Table 1 indicates
the application of this technique to the Boiler Room
Area Containment system at NPD. This system is made
up of three mejor subsystems, ome for providing .
initial pressure relief of the area, one for isolating
the area and one for limiting preassure within the
isolated area by doueing.
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In this example the maximum permitted un-
reliability of the total eystem is fixed at 102,
however, the portion assigned tc the various sub-
gystems and components is flexidle. Poor performance
on the part of ome group of components can be offset
by better than expected performance by ancther group
and extensive use is made of the capability of test
frequency increases to reduce component unreliability.

PRODUCTION RELIABILITY

For our applications we consider production
reliability to be the abllity of a generating unit
to deliver electricity wher required. This is a
general term andi we have developed several other terms
to slmplify our calculations of production reliability.

1. Capability refers to the ability to produce
electricity using an energy basis and thus
provides a comparison between the actual energy
production and the maximum possible energy
production.

Availability refers to the avility to produce
electricity using a time basle and thus it is
a measure of the time during which the unit is
ablz to produce power.

2. For simplicity of calculation we normally use
the complimentary terms incapability and un-
avallability as a measure of the inability of
the unit to produce electricity.

3. Incapability mey result from a unit being
shut down (outage) or reduced to part load
(derating) and these outages and deratings in
turn mey bave been planned for ehead of time
(planned) or they be the result of un-
expected conditions (forced).

4. The net output of a unit is the net ener% in
MWk delivered to the tranemission system for a
epecified time. The entire time interval is
considered including the period when the unit
is shut down or derated.

The net capacity factor is the ratio of the
actual net output tothqngou i o unit gould
deliver if it operated pexrfectly at full capacity
for the entire time interval.
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Fuclear generating unitr in the Ontario Hydro
syetem will be operated as base load units and an
average lifetime net capacity factor of 80 percemt
is assumed for the Pickering units. In our
analysis we assume that the availability of nuclear
units will be similar to that of equivalent fossil
units and that availability will be lower during
the early life or immaturity period. This is
reflected in the predicted capacity factor variation
shown for Pickering GS in Table 2.

We also expect that availability will decrease
with unit sige and this is illustrated by comparing
the Pickering incapability targets with those which
have been set for NFD and Douglas Point as follows:

NED - 1.7% (Porced Outage and Derating),
3.4% (Total)

Douglas Point - 2.7% (FPorced Outage and Derating)

uel 7.2% 2Tota1) !

Fickering - 5.2% él'orced Outage and Derating),
10.0% (Total)

Shutdown preventative maintenance normally is done
during planned shutdown periods while emergency
maintenance is carried out during forced shutdown or
derating pericds. The total incapability target for a
nuclear generating unit includes incapability caused
by both plemned and forced outage and derating.

Since it is a demomnstration station, NPD is
frequently shutdown for experiments, training and
teats thus providing an additional opportunity for
planned maintenance. During the winter months no
shutdowns are planned so that total incapability during
this period is equal to the forced outage and ‘erating
incepability and the target net capacity factor is
based on this. Tables 5 and 4 compare the achieved
net capacity factor to our targets since 1962.
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Just as a system was developed for sharing safety
system unreliability targets emong the various sub-
systems and components so we have developed a system
for sharing unit incapability targets among the various
plant systems. To establish the relative fair share
for each system we felt it was necessary to recognize
two basic parameters. These were; first, the
complexity and worth of equipment as indicated by cost
end second, the likelihood of the equipment failure
causing unit outage or derating.

The system we have adopted involves distrituting
the unit incapability target in proportion to the
totdl cost of each gystem modified by a Relative
Proneness Factor (RPF). The RFF mainly idemtifies
whether a system can cause & loss of production or not
and to date we heve reetricted our amalysia to three
degrees of RFF.

RPF = 0 for systems whoase probability of
causing en outage is gero

RPF = 0.1 for Buildings amd Structures
which could conceivebly cause an
outage

RPF = 1.0 for all mechanical, electrical
and inptrument systems which are
likely to cause or contribute to
?;1 gutage or derating should they

The incapability ellocation for the various NFD
systems is summarized in Table 5.

Information of this type provides a guide for
the system designer to Judge relationships between
equipment performance and economic requirements and
it provides the operator with a tool for measuring
equipment performance.

RELIABILITY MEASUREMENT
1.3.1 Data Colleetion

A single form (Pigure 1) is used at all Ontario
Hydro nuwlear power stations for reporting all
component feumlts. This multi-copy form, which
is identified as o Deficienoy Reyort,:serves
two mein purposest . .
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1. The form provides a method for reporting
all fanlts and deficiencies to the
responsible work unit and thus serves as
e work order.

2. Ananlysis and corrective action taken by
the work unit are recorded on the form
which is placed on the equipment file so
that the form provides a complete famlt
record.

Since the single form is used to record all
types of faults, a review of the Deficiency
Report file for a particular system or piece
of equipment will indicate all faults which
affect both the safety and production
reliability targets for the equipment.

Two other types of forms are used to provide
date required for reliability analysis.

A1l safety gystems are tested at regular
intervals as calculated from unrelia.ility
targets. Por each type of test, forms have
been prepared specifying such detall as test
procedure, expected component response, etc.
These forms are forwarded to the tester at
scheduled dates and completed forms placed in
the System Test file. Since the forms are
designed for each type of test we bave not
developed any standard test form style.

Each time a unit outage or derating occurs
an outage report is prepared. These forms
centain such detall as the ocutage or derating
duration, system or equipment causing the
outage and system or equipment prolonging the
outage. A sample of the type of form used is
shown in Pigure 2.

Reliability Analysis

Several times {er year at each nuclear

station a complete review is made of the
performance of all process, protective and
containment equipment which affects the

ouclear eafety standard., This review requires
an exemination of all rslated Deficiemcy Reports
and classgification of the various fanlts. In
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addition, the test records of the protective
and containment equipment are reviewed and
calculations made of system and component
unreliability for comparison with targets.
Finally, arrangements are made for test
frequency adjustment or component modification
to bring expected unreliabilities in line with
the targets.

To date production reliability reviews have
been carried out less frequently than the
safety reviews. The production reliability
review starts with an examination of the
various outage reports end calculation of the
total unit incapability and the incapabilities
chargeable to the various systems. When a
system has been identified as having exceeded
the incapability target, the Deficiency Reports
arelgxamined to pinpoint actual compcnent
fenlts.

At the present time we are actively investi-
gating the use of computers for famlt data
gtorage and analyses. One current study,
associated with the Douglas Point GS reactor
reguleting emd protective syetems, lunvolves the
preparation of a computer program which will
receive information on componemt behavior,
recognize and classify faulte and calculate
component and system unreliabilities. If the
study indioates that this type of computer
application 18 successgful we will extend 1t to
cover other station systems and also provide
production reliabllity information.
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2. REGULATING AND PROTECTIVE SYSTEM RELIABITITY

2.1 SYSTEM DESCEIPTION

The reactor system design of all Ontario Rydro
nuclear generating units follows the same basic
concept characterized by a horizontal pressure tube
reactor, heavy water moderator and heat tramsport
(coolant), naturel ursnium oxide fuel and on power
refuelling. The basic flow diagrem is shown in
Plgure 3.

The heat generated in the fuel is tramsferred
by the beat tramsport fluld to the steam gemerator.
The steam generator consists of ons or more heat
exchangers and steam drums in which steam is
generated from ordinary water. The steam thus
produced 1s used to drive the turbine generator.

The quanti of steam admitted to the turbime is
controlled a set of steam throttle valves. After
passing through the turbine the low pressure, low
temperature steam is condensed by cooling water and
returned to the steam generator through a conventional
feedheating system.

The reactor consists of a tank and tube assembly
celled a calandria which holds the heavy water
moderator. The fuel aend heat tramsport heavy water
are contained in girconium alloy pressure tubes which
pass through the calandria tubes and are centred
in them by spacers. Each end of the pressure tube
is fixed in en end fitting to which the fuelling
machines are attached for fuel changes.

Resctor power regulation is achleved by
variation of moderator level, insertion of abeorber
or booster rodes or addition or removal of dissolved
poison. The NFD reactor nomally uses only
moderator level control while the Douglas Point and
Pickering reactors employ all thres methods.

In the NFD system vacuum pumps reduce the
pressure over the upper surface of the moderator in
the calandria below the pressure in the dump tank.
Fine control of the pressure differemtial, and hence
moderator level and reactor power, ig provided by
varying the opening sisze of the regulating valves
vhich bypass the vacuum pumps.
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To trip or scram the reactor in the event a
critical variable exceeds a prescribed limit, the
differential pressure is reduced to szero by the
rapid opening of dump valves which causes the
moderator to drop into the dump tank.

The reactor protective system, which controls
dump valve position, is triplicated. The six dump
valves are arranged with two valves in peries in
each of three parallel pipes so that opening of both
valves in any one pipe destroys the pressure
differentisl causing a reactor trip. Each of the
three protective channels controls one valve In each
of twc pipes, thus opening of eny two of three
channels will cause a reactcr trip. At the same
time any one of the protective chemnnels cam be
removed from service and 1ts dump valves opemned
for test while the reactor remains at high power,

The reactor regulating system is a similar but
completely independent system which is also trip-
licated and which controls reactor power by con-
trolling regulating valve position. The six reg-
ulaiting valves are arranged similar to the dump
valves.

The regulating and protective systems receive
independent information from independent detectors
on important variables, such as peutron power, heat
t:ansport pressure and temperature, moderator level,
ete.

At Douglas Point the main change involves the
use of control rods for minor adjustment of reactor
pover 80 that the calandria normally remalns full
during operation.

At Pickering, shutdown rods have been provided.
Theee are normally dropped on a signal for reactor
trip so that the dump system remaing as a backup and
will not operate unless a reactivity rednotion fails
to proceed.at a predetermined rate. This allows a
rapid restart following a transient trip by avoiding

ays assoclated with calandria pump up.
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2.2 RELIABILITY EXPERIENCE

Our wost complete experience to date with
regulating and protective systems has been provided
by NFD, which has been in operation since 1962, and
for this reason our reliability amnalyses have
focussed on results from this station.

2.2,1 BNuclear Safety Reliability

In our system for deriving nuclear safety
standards, regulating systems are classed
as process equipment, which by definition
has a permissible annual unsafe failure
rate of approximately 1/3, while protective
gystems fall in the category of protective
equipment which allows a permiasible un-
reliability, or portion of total time in g
failed condition, of between 102 and 10-7.
Por the NFD systems, which represented our
injtial efforts to meet these standards, we
felt that additional safety factors were
desirable, thus we set as our targeta a
maximum annual regulating system unsafe
failure rate of 10-2 and a maximum proiective
system unreliability of 10-4.

To meet these high standards a program of
daily tests of each regulating and tective
system channel was instituted in 1962. Thege
tests mainly imvolve injecting s synthetic
signal In a single channel and observing that
instruments and valves respond correctly.
Detalled reviews are made periodically of all
test sheets and fanlt records vo produce safety
reliability statistics.

In our reliability enalyses we review both
ocross-linked faults which affect wore than one
set of instruments or channel and single
component faults. K We have had very few cmss-
linked feults and have never bad an unsafe
failure which resulted in the regulating eystem
demanding en unsafe power increase or the
protective system Idnm shut down the
Teaotor when required. » our calculations
of regulating and protective system reliabllity
mainly involve deriving the probability of
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unsafe system failure through the application
of standard probability calculations to our
experienced individual component failure rates.
Our reviews to date indicate that the unsafe
failure rate of the reg%latlng system remains
below our target of 10-- per year and the un-
reliability of the protective system has con-
sistently been several orders of magnitude
below the maximum target unreliability of 10-4.
A3 & result of this experiemnce with the pro-
tective system, we have reduced our test
frequency from once per day to twice per week.

The regulating and protective systems at NPD
have not been without component faults, as
indicated in Table 6. Many of these famlts
were associated with mechanical devices, such
as retransmitting slide-wires, balancing motors,
etc., which employ moving parts to transmit
information. In recent years reliable solid
state devices have been perfected and this type
of component is being used in the Douglas Point
and Pickering stations.

Production Peliability

As a small demonstration station, NPD is used
for training and equipment testing as well as
electrical production, thus the periods of sus-
tained production are uswally limited to pre-
determined demonstration runs. It is during
these runs that attempts are made to eliminate
outages and unit derating and compare actual
unit and system incapability with the targets.

The performance of the NPD unit during eleven
demonstration runs is shown in Table 4.

Between 1964 and 1966 there was a total of 119
outages of the NFD unit, of whicn 29 were for
training, 21 were planned or maintenance outages
and 69 were forced outages. During the same
period there were 31 reactor trips from high
power, seven of which were deliberately planned
for tralning.
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During the period between 1964 and 1966 aix of
the forced outages were charged against the
regulating syetem, while eight of the forced
outages were charged against the protective
system. During this period the incapabilities
of both the regulating and protective systems
were considerably above the maximum targets;
however, since that time the incapabilities of
both systems have been brought down to
approz},mately target level, as indicated ir
Table 7.
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RELIABIIITY OF MECHANICAL SYSTEMS

Some mechanical systems are provided as a safety
measure and they may have little effect on the production
of electricity, other systems play a major part in
production tut have a minor effect on nuclear safety. All
mechanical systems in Ontario Hydro nuclear stations are
measured agalnst both the nuclear safety and production
reliability standards. As a result one of the standards
for a particular system may prove to be a difficult
target to meet while the other standard can be met very
simply end only periodic checks are required to ensure
conditions have not changed.

Experience with three different systems is
described in this section. These systems have been
selected to show the variation in targets chosen for
different systems and some of the efforts we have made
tc meet these targets.

l. Fuelling machines - Nuclear generating units
in the Ontario Hydro system are designed for
on-power fuel replacement, and these
machines are frequently in operation while
the unit is producing. Fuelling machine
breakdown may result in unit shutdown or
derating and so the machines have a signi-
ficant effect on production reliability. On
the other hand, the machines are designed for
fail safe operation and they have not
presented any significant problems in meeting
nuclear safety standards.

2. Stendby gemerators - these are protective
devices which are nommally idle when the unit
is producing. They have a moderate effect on
the nuclear safety standard and a minor .
effect on producticn reliability, The
standby generators are sometimes operated to
provide additional generation during extreme
syetem peak conditions, thus Iintroduci a
further economic consideration towards their
reliability.
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3. Emergency cooling systeme - these are classed
as protective equipment, or safety systems,
and they are nommally idle when the unit is
producing. These systems have a relatively
ninor effect on the production stamdard but
they are of vital lmportamce to the safety
stendard and considerable effort is required
tc ensure that they meet their share of this
stendard.

3.1 FJELLING MACHTNE RELIABILITY

3.1.1

3.1.2

General Description

The basic design of the Canadian on power
fuelling system has been described by
McConnell (5) and the major features of this
corcept are illustrated in Figures 3,4,5 for
NFD. The major features of the Douglas Point
and Pickering fuelling machines are similar,
although there is some variation in equipment
orlentation.

To change fuel "on power" two machines each
clamp onto an end fitting assoclated with a
selected fuel channel. Seal pluge are removed
at each end and one machine pushes a new fuel
bundle into the chamnel while the other machine
receives a spent fuel bundle. The seal plugs
are then replaced, the fuelling machines
wunclamp from the end fittings and the spent
fuel is discharged to a spent fuel bgy. All
operations are directed remotely from the
control room.

Reliability Experience

In the Canadien system of classifying station
systems for nuclear safety standards, the
fuelling machines come in the category of
process equipment. PFor this type of equipment
our standard specifles that the rate of -
dangerous fanlis should not exceed 1/3 per year
end we have only had one fault which could fit
thie category.
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During commissioning of the NPD fuelling
machines in 1962 while attemping on power
fuelling for the first time one machine was
not tightly clamped onto the end fitting when
the seal plug was removed. As a result, a
gap existed between the end fitting and the
fuelling machine which allowed some escape of
heat transport water from the fuel channel
into the reactor vault. The subsequent drop
in heat transport pressure caused an immediate
reactor trip while the entry of hot water

into the reactor vamlt initiated operation of
a dousing syetem to limit pressure in the room.
A1l protective and containment equipment
operated as designed to safely terminate the
incident.

Changes were made to eliminate this type of
occurrence and the NPD fuelling machines have
been performing on power refuelling routinely
since January 1, 1964.

During the three year period betweem 1964 and
1966 the average incapability for the NWFPD

unit was 11.6% compared to an annual target of
4%. The production reliability review indicated
that 97% of the lost production was due to 10
aystems and of these the fuelling system ccn-
tributed the largest share.

This focussed attention cn the need to improve
fuelling machine reliability and the rapid
improvement in performance of these machines is
demonstrated by the following statistics.
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NPD FUELLING SYSTEM INCAPABILITY BXFERIENCE

Actual Incapability

Im;ﬂ:giity Outage Derating Total
% % % %
0.65 2.86 0.32 3.18
0.65 6.76 2.17 8.93
0.65 0.83 0.34 1.17
0.32 (o} o o]
0.32 (o} 0 o]

This dramatic improvement was not entirely
a result of better fuelling machine per-
formance singe NPD was shutdown for several
months in 1968 while the heat tramnsport was
changed from a pressurized heavy water to a
boiling heavy water system.

3.2 STANDBY GENERATOR RELIAELILITY

3.2.1 General Description

The arrangement of electrical power supplies
at Canadian nuclear power stations was
reported by Hake (6).

As indicated in Figure 6, station service

power consists of either three or four "clasees"

of power, each with its own set of busses.
These are listed in ascending order of
reliablility.

1. The Class IV btusses are supplied from the
generator and transmission lines through
the station service tramsformers.

2. The Class III busses are normally supplied

from Class IV but in emergency are supplied
by etandby gemerator units.
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3. The Class 11 busses are supplied from
Clags 11I but in emergency service 1is
sustained through motor gemerator sets
operating on the station direct current
2uply .

4., Class I is the station direct current
supply, normally fed through rectifiers
or the motor generestor sets and supplied,
in emergencies, from the station
batteries which float on this supply.

Equipment which is supplied from the Clasgs III
pusses is generally of the type which can
tolerate an outage of a few minutes without
affecting the safety of the staticn. Thig
jncludes such services as the firefighting
pumps, moderator pumps and heat tramsport
standby cooling pumps.

At NPD one 175 kve diesel-generator was
originally supplied; however, a gecond 17% kva
unit was installed in 1963 during the final
stages of station commissioning, Both units
are capable of supplying all essential ClaBas
111 loads.

At Douglas Point two 950 kva dlesel-generators
vere originally supplied and a third 1200 kva
unit was added in 1969. Each diesel is capable
of suvplying ell essential Class III loads.

At Pickeri the Class III loads for each pair
of 508 Hw(zg nuclear generating units will be
gupplied from a set of 3 - 5000 kva combustion
turbine generators. BEach combusticn turbine
generator will supply all essemtial Class IIT
loads for one nuclear gemerating unit.

Beliability Experience

The main safety requirement for wstandby
generating units is that they, im conjunction
with other sources of electrical power, main-
tvain b eleatrical supply with a-low en
unreliability thet it does not significantly
affect failure rates of essemtial process,
protective or contalnrent equipment. Our -
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analyses indicate that our safety standards
will be met if diesel starting failure rates
do not exceed 0.25 failures per test start.

Each diesel unit at NPD and Douglas Point is
routinely test started once per week.

NPD experience has been favourable. During
the four year span from 1965 through 1968
there was a total of 7 starting failures for
the two units which represents a failure rate
of less than 0.02 per unit per test.

Douglas Point experience has been much less
favourable. Test data accumulated to the
present time indicates a failure rate of 0.1 per
unit per test. Although this performance meets
our safety standard, it is well below the
performance that has been experienced at NPD
and other similar installations.

This poor diesel performance does not directly
affect our production reliability standards
since single diesel starting failures do not
involve nuclear generating unit outage or
derating. However, the diesel gemerating units
are operated occasionelly during extreme system
peak conditions to provide additional gemeration
capacity end this is one reason that we are
attempting to bring the reliability of the
Douglas Point units into the normal reange
experienced elsewhere.

3.3 EMERGENCY COOIING SYSTEM RELIABILITY

3.3.1

Gemeral Description

The major features of emergency cooling

gystems in Camadian nuclear power plants have
been described by Brown (7) and the basic
concept is shown in Pigure 7. The common
characteristic of all systems is that

emergency injection is provided by feeding

an alternate heet ramoval supply to the reactor
using the existing heat tramsport inlet and
outlet headers, feeder plping emd fuel
channels.
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In the NPD design the light water dousing
system storage tenk is used as the altemate
supply and this is connected by pipes
directly to the heavy water heat transport
system. The injection water is isolated

by normally closed check valves and an air
buffer space separates the heavy and light
water to prevent downgrading wher injection
is not required. The system is designed to
operate automatically when there is a sudden
heat transport pressure drop as in a loss of
coolant accident.

In later designs, as employed at Douglas
Point and Pickering, the heavy water
moderator is used as a source of injection
water. This is nommally separated from the
heat transport system by closed isolating
valves. Jperation is initiated by instrument
detection of low heat tramnsport pressure
which signals the motorised valves to open.

Reliabili ty Experience

The NPD injection system has never operated
nor hae thers been any occasions when
operation was required. At varioue times the
heat transport system has been depressurized
for planned maintenance and care 1s required
to emsure that before this is dome the
injection system is isolated by operation of
manual valves. This procedure has not
presented any problem.

There is no provision for testing NFD
injection system components while the
reactor is at high power and all components
are tested semi-annually during a planned
shutdown. There have been no unsafe failures
of vital components and 1t 1s necessary that
component fallure rates remain very low in
order that system unreliability targets will
be met without an increase in tests to more
than twice per year. No test frequency
reduction is warranted in the near future, in
gpite of the very favourable test experience.
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This is acceptable at a small demonstration
station but we attempt to limit this type of
shutdown test to once per year at the large
nuclear units.

For the Douglas Point and Pickering design,
provision has been made for testing vital
components with the reactor at high power
and this has enabled the safety unreliability
target to be met with only once per year
conplete shutdown tests. This on power test
capability also permits additional tests to
be scheduled to compemsate for higher than
expected component failure rates without
affecting production targets.
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CONCLUTI NG COMMENTS

In developing numerical standards as targets
for nuclear generating unit safety and production
reliability, we recognize that some lack of reliability
is inevitable and acceptable. Our atudies show that
similar techniques can be used to divide this lack of
both safety and production reliability among the various
gystems and components. These techniques provide the
designer with a tool for assessing relative cost amnd
effort which should be employed to ensure the reliability
of the system he is designing. At the same time, the
techniques provide the operator with a tool for comparing
experience with dcaign goals and focus attention on
equipment which is interfering most with unit performance.

We have been using these techniques for several
years at NPD, and the lessons which we have learned are
leading to modifications which will be applied at other
nuclear power stations.

1. A capability for on-power testing of major safety
system components is important This allows frequent
tests to be done as dictated by the safety standard
without unit shutdown or derating and resultant drop
below the production standard.

2. Techniques used to share reliability targets among
different systems and calculate unit targets by
probability methods assume that the various systems
and equipment are indepemdent. At the seme time
there is an economic incentive to reduce capital cost
by charing services among various gystems, thus, all
common services must be arranged so that the risk of
croas-linked fanlts is less then the risk of simmul-
taneous independent femlts.

3. Our methods for recording and correcting component
faults have been successful at NPD, where the volume
is small; however, we are preparing to have computer
storage of famlt data at the larger stations. We
are also actively investigating the use of computers
for enalysis of famlt data and reliabllity calculations.
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Boiler Room
Coutainment

TAELE 1

NED Boiler Room Area Containment System
Expected System Unreliabilities - 1968

Expected Unreliabilities

Subgystem

Boiler Room
Dousing

"
”
Boller Room

Pressure
Relief

Boller Roca
Isolstion

Component
Dousing Valves

Control Circults

Dousing Tank and
Lines

Relief Diaphragm

Exhaust Damper
Control Circuits
Relief Duct Gate

Isolation Damper
Control Oirocuits

Component
1 x 1074

Jgx 10-4
1 x 1077

4 x 1074

2 x 10°7

6 x 1074

4 x 1074

3.5 x 10°7
(included

above)

Subsystem System

qs1

1.7 x 1077

3.0 x 107>

3.9 x 10" 8.6 x 1077



15€

TPAELE 2

Performance Targets - Pickering GS

Forced Outage

Capacity and Derating Total
Period Year Pactor Incapability Incapability
: % % #
Immaturity 1 70 12 30
2 75 10 25
3 80 8 20
4 85 6 15
* Maturity 5 =30 82 5 10
(Excl. 2
Years)
Rehabilitation 2 Years 70 10 30
Lifetime Average 80 6 14

# During the maturity period production will be lost because of
system conditions on occasions when the unit is capable of
producing. The capacity factor is reduced by 8 percent in
addition to the unit incapability to allow for this.
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TABLE

Periormance Targets - KFD 63

2 Seadbed st 2 sl 3 e

Forced Outage J
Capacity and Derating :
Period Year Factor Incapabili ty k
% % ;
Immaturity 1364 - 1965 Winter
Peak 96
1965 - 1966 " 96 4 j
1966 - 1967 " 97 !
Maturity 1967 - 1968 98.% 1.7
e
Tmmaturi ty 1968 - 1969 " 92 8

* Concept change from pressurigzed to boiling heavy water heat
transport.




Target Net Actual Net

Capacity Capacity
Run Duration Factor Factor
—" T % %
1 Oct. 1 - Nov. 11/62 - 70
2 Feb, 12 - May 25/63 - 100
3 Mey 6 - Sept. 5/63 - 63
4 Dec. 18/63 - Apr. 17/64 85 88
5 Year 1964 80 82
6 Dec. 1/64 - Jan. 31/65 96 98
7 June 1/65 - June 20/65 90 15
8 Dec. 1/65 - Peb. 28/66 96 97
9 Dec. 1/66 - Peb. 28/67 97 98
10 Dec. 1/67 - Peb. 29/68 98.3 99.96
11 Dec. 1/68 - Peb. 28/69 92 86.8



TARLE

EPD G.S. INCAPABILITY TARGETS - MATURITY
¢ %7/ R —

UNIFORM
SUBJECT
INDEX

0
1
2

GENERAL
SITE AND IMPROVEMENTS

BUILDIRGS, STRUCTURES
AND SHIELDING

21 Powerhouse
22 Pumphkouse
23  Stack

TOTAL

Sub Total
Sub Total

Sub Total

25 Outdoor & Underground

Structures
REACTOR BOILER AND

AUXILIARIES Sub Total
31  Reactor

32 Moderator System

33 Heat Transport System

34 Auxiliary

ystems
35 Fuel Handli

ng
36 Boiler Steam and Water

37 Fuel

TURBINE GENERATOR AND
AUXILIARIES

41  Turbo-generator umit

Sub Total

42 Main Condensing System

43  Feedvwater
44 Reject System
45 Auxiliary Systems

ELECTRIC POWER SYSTEMS
51 Output

52 Distribution
53 TIighting

Sub Total

INCAPABI LI TY

OUTAGE DERATING TOTAL
.150 .020 .170

0 0 0
077 .010 .087
071 .009 .080
.003 .001 -004
.001 .000 .001
-002 .000 .002

1.586 .20 1.796
.604 .082 .686
117 .015 .132
.256 +034 »290
.059 .008 .067
282 .038 3
.012 .002 .014
.256 .034 290
+244 .033 217
.206 .028 .234
.005 .000 .005
.014 .002 .016
.017 .002 .019
.002 . 000 .002
.154 .021 175
.023 .003 .026
.100 .014 114
051 . 004 .035
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TARLE 5
UNIFORM
SUBJECT
INDEX
6 INSTRUMENTATION AND Sub Total
CONTROL
60 General
63 Reactor Boiler and
Auxiliaries
64 Turbine Generator and
Auxiliaries

65 FElectric Power Systems

66 Control Centre Bquipment

67 Common Processes and
Services

COMMON TROCESSES AND Sub Total
SERVICES

71  Water Supplies

72 Sewage and Drainage

73 Ventilation

75 Compressed Gas Services

EXTERN AL Sub Potal

TOTAL

Page 2
INCAPARITITY %

OUTAGE DERATING TOTAL
<407 .054 .461
.093 .012 105
.229 .03 . 260
.014 .002 .016
.001 .000 .001
.046 .006 .052
.024 .003 .027
.232 .032 264
.098 .014 112
.016 .002 .018
094 .013 .107

024 .003 .
.150 .020 .170
3. 000 .400 3. 400



161

TAHLE 6

o wsene nd B Lk

ta

KFD Regulating and Protective System Faults

NPD Protective System

1968 1961 1966 1965 1964 1963 .

Minor Pamlts 17 9 15 u 12 4 ;
Safe Faults 16 15 3 17 15 22
Unsafe Faults 11 14 13 8 18 20
Total Faults 44 38 31 39 45 46

HPD Regulating System

1968 1967 1966 1965 1964 1963
Minor Faults 41 24 34 28 68 34
Safe Paulis 17 5 5 3 6 10
Unsafe Faults 9 0 10 12 15 20
Total Paults 67 29 49 43 89 64




1964
1965
1966
1967
1968

1964
1965
1966
1967
1968
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TABLE 7

NPD Incapability Experience
NPD Regulating System

Incapability

Target

0.05 0.17 0.27
0.05 0.27 0.09
0.05 0.01 0.05
0.02 [¢] 0,029
0.02 0.076 o]

NPD Protective System
Incapability Actual Tncapability
Target Qutage Derating
0.05 0.29 0.21
0.05 0.78 0.25
0.05 0.50 0.15
0.02 0.016 4]
0.02 0 4]

Outage

Actual Incapability

Derating

Total

-
0.44
0.36
0.06
0.029
0.076

Total

0.50
1.03
0.65
0.016
0
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FREQUENCY AND CAUSES OF FAILURE TO COMPONENTS
OF LARGE STEAM T‘l?ﬂlm

by
H. Huppwann
ALLIANZ Versicherunga-AG, Minchen
Germany

For many decades nov, the "iAllianz Versicherunga-Aktiengesell-
schaft® hap maintained a central card index for stear turbines
of German ownership insured with its Machinery Imsurance Depart-
ment. To day, this card index contains approximately 1 700 tur-
bines of all capacities up to 370 lli°1 per turbo set of German
manufacturers. Entered in this index are the most important

failures as well as their causes. We have choeen for this con-
ference a representative selection of modern turbo units ten
ysars old at most, starting with a capacity of 100 M¥W. ¥We consi-
dered B4 steam turbines, 51 of the reaction type and 1) of the
action type, with a total capacity of 11 914 MW and a total of
3 k81 000 hours of operation. The average wnit lond per steam
turbine fs 141,8 MV. The average numbexr of heurs of operation
of each steam turbine is 41 440 hours,

¥s procssded with the evaluation as follows; The number of the
most imporiant P ts was tak from production documents
and from blueprints. The following cosponsnts have been eramined
in detail: rotor blades of sach stage, stator blades of sach
stage nossles and action wheels, journal and thruet bearings,
cast-steel casings, rotors, labyrinth sealings and valves. If
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we multiply the number of hours of operation of the different
components with the b of p ts, we obtain for each
turbo set and for each component, characteristic figures for
reaction-type and action-type turbines. Thus, for example,
the average reaction-type turbine achieves & - 10 sdsmuxin
akexsixih blade-hours of operation, whereas the action-type
turbine achieves only 1.4 * 10" blade-hours. Similar figures
were obtained, for the other co-p&nont-. These values must be
recalled to mind when considering the last two figurss 10 and
11 in order to nv?id t00 quick conclusions on the operational
reliability of tﬂo entire sysiem "steam turbine*,

For example: ﬂ{o reaction~type turbine has on average a little
less than thyse times aa many blade-hours of operation per
turbine & the action-type turbine. For this reason the
action-tyge turbine can have abuut three times the probability
of failure of the p t "rotor bladea®™ as the reaction-
rbins and still achievesthe same reliability.

s begin to consider the graphs >f the most important oom-
ents of a steam turbine.

) 2 e No. 1, we will show basically for all other following
graphs what conclusions may be drawn from these evaluations.
The horizontal axis shows the number of hours of operation froms
0 to 41 koO. This is the average number of hours of operation
of all considered steam turbines. The vertical mxis on the left
shows the number of cases of failure, whereas the vertical axis
on the right sh the freq y of failures in percentages.
The straight-edged curve from O to 100 % sh the fing y of
failures in the component "rotor blades". Immediately evident 1s
the fact that 50 € of all failures already occur wpte 8 750

. ‘hours of operstion. The broken line frpm 0 to 100 % shoys the
Atpear aistridution of failure. The varigusly m‘»u—h"qquql
b-r- on th. horuonm ui- Teprossnt lu ll.lpl Pqtgtguqnf

TR T e

\I’l‘liml in S-ntu'vﬂ.g Ot ,hoprs of 91'1‘!!10!!1 e

BRI N N
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Three basic types of failure-causes are clearly shown by
three different types of cross-hatchings.

The first category is called "productional deficiencies",
This includes material, calculation, design, production and
installation deficiencies. This category of causes is of
prime importance during the firat 10 000 hours of operation
in particular.

The second category we call "operational deficiencies".
It includes operational and maintenance deficisncies and
failure of supervisory, protective and control facilitieas.
In this category we have also included failures due to wear
and tear under operational conditions, such as erosion and
corrosion.

The third category was designated "extarmal influences".
This includes failures originating in the boiler, in the oil
supply system, in the generator and in che slectric grid.
Attention is drawvn to the mazima at 10 000 and 20 000 hours
of operation revealsd by the guarantee inspections of the
manufacturer on the ons hand or the operational inspeotions
by the operator and imsurer on the other. The importance of
timely inspection, which should be effected before the end
of the first 10 000 hours of oparstion. is plrucu.l.u'ly '
clearly shown in this graph. Only in this way can mduoumu.
deficiencies of & new eteam tusrbine be diuovprod Ln tili and
eliminated. s

PR

ri‘g Fo. 2 shows ths frejuency ef fallurs in the cod-
ponent ®stator blades”. Yers, the straight- ﬁdlbijﬂt?":‘j:
almost identical with the 1do-1u-¢ ltmsrlty of fli&ﬁ!':‘s‘
‘l'hi- is due to ‘runr a.lnruy 1* rn WO“ )gt,%‘b

of leud om the -tuor bl-.du. The eaquly airferent . W
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of the dirphragms in the action-type turbines most certainly
also plays a role.

Fi e _No. shows the evaluation for the nossle cate-
gory and Figure No. 4 that of the rotor blades of single-row
action vheels. The rotor blades of the first stage in parti-
cular already showv the striking figure of 50 % failure fre-
quency upto 3 750 hours of operation. The stator blades of
the nozzle category, on the other hand, shov a clear increase
in failure frequency, and thus a deviation from linear distri-
bution, after approximatsly 20 OO0 hours of operation. Deeply
latent productional deficiencies, such me sensitivity to
thermal stresses, make their appearance hers. Such cases of
fajilure are usually first discovered in the course of inspec-
tions carried out during this operational period.

In Figure No. 5 particular attentiom is drawn to the
category of failure causes lkmown as "operational deficiencies”
which occur much more Swquently during the first period upto
12 500 hours of operation than in the previously shown Pigures.
During the initial period of operation, i. e. while the person-
nel operators are being trained and during replacement of the
comsissioning operators, experience shows that many errors in
operation occur which in most cases lead to bearing failures.
The sub-category "fallure of protective facilities® contributes
to this to a substantial degree, as essential protective famoi-
lities are, unfortunately, often imsufficiently tested or not
acourately adjusted due to lack of time during the starting-up
period,

igure No. shows a similar trend. The ma jority of all
failures to rotors ocours duri.nc the first 2 500 hours of
oporluon .olo.ly as a roou.‘l.t of’ orror. made by the oporltor‘
s hnm of prﬂocuvo fneiut:ln. vhoroisy tho rol.nt:lvo .z~
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pansion and the vibration readings in particular play an
important part. The category "productionel deficiencies®
mainly constitutes failures ensuing as a result of improper
installation.

Figure No. 6 shovs almost complete linearity in the
failure fiequency for cast-ateel casings, "Productional
deficiencies", especially material deficiencies, play s
very important part after a conaiderable number ol hours
of operation.

Figure No, 8 shows the incidence of failures in re-
spect of labyrinth seals. Conspicucus in this case again
is the great number of errors on the part of the opsrator
during the initial period of operation alone. The re-~
appearance of this category of failure cause after 25 000
houra of operation should not give rise to confusion. These
are mostly cases of failure resulting from wear and tear to
the alloy~steel-stirips of the labyrinth seals.

Figurs No. 9 shove the failure incidence in respect of
the control and stop valves of the steam turbines. The
straight~-edged curve differs from those previously shown in
that it lies 100 4 below the linear distributiom. During
the period up to 10 OO0 hours of operation, mo serbus valve
failures are showan in our deta, It is thus apparent that
these componente, which are of the utmost impertance for
the safe operation of stesam turbines, have achieved & high
degres of relieability, Only after a great swmber of bhours
of operatiop do latent design and -~ mors MGUSRSLY. =
latens matsrial deficigpnoies in ssefimp Apd yplys septs . make
”w N Y I L L.

L G N S DL Y N

o s e YT MENTH A L, ABEBIITES  RETFL

< e . S e P ™
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Looking through these graphs, the question automatically
arises why only a limited period of approximately 41 000 ’
hours of operation was evaluated. The reason for this is
that the steam turbines with capacities of 100 MW and up-
wards selected by us achieve, on average, this particular
nunber of hours of operation, Only very few turbo-sets
manufactured during the initial period around 1957 - 195%9
provide periods of operation exceeding this limit. In the
period longer than 41 000 hours of operation, "operatiomal
deficiencies” and "external influences™ are predominent.
None of these categories of causes permit any true assessment
of the reliability of component parts in steam turbines. On
the other hand, evaluation should not be extended to older
turbines of amaller capacity, because as the data gathered
on these would be of no intsrest for future nuclear power
plants. Aside from this the first five years of operation
of a new turbo-set are today considered the most critical
years of operation as regards reliability and availability,
taking in account the desired base load of opsration.

In conclusion, we should like to summarize the resulte
in the last two Figures:

Figure No, 10 shows the probability of failure of the
components mentioned, depending upon their hours of oper-
ation (a logarithmic scale was chosen for the presentation).
For reagons of clarity, and in order to appease many critios
of statistioal prooesses right from the outset, the turbines
woyre divided into those of the action-type and those of the
resaction-type. Finally, a statistioal coupling of both
design types has been effected, with the result that a third
column in- the sablee shows the values that may perhaps some
day reeult for turbines of combined design. The results are
& true oriterion for the technioal relisbility of the indi-
vidual compeonsnts of steam turbines. )
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The rotor blades, the most feared components of steam
turbines, reveal the greatest reliability. The reliability
of the action-type turbine with heavier loads per blade-
rov ia not, however, as good as that of the reaction-type
turbine., Otherwise, there are no notable differences inm
the order of components, except for the fact that the cast-
steel casings of the reaction-typee turbines are more mmanis
iimm prone to damage thar those of the action-type turdbines.
In this case, a special design may prove to be disadvantageous,
or the larger dimensions of the cast-steel parts of reaction-
type turbines may contribute.

In Figure No, 11 the abstract concept of technical
reliability of a component is not based on its hours of
operation, but rather upon the period of operation of the
entire "steam turbine® unit. Thus, the importance of the
rotor blades becomes immediately apparent. The retor blades
of both types of turbine design still represent a bottleneck
as regards reliability or availability. The turbine of the
action-type makes a pretty bad showing as far as evaluation
of the rotor blades is concerned. This, however, is not
surprising as here a decreass in the number of atages was
partioularly strongly associated with an increase in capacity
from 150 MV to 300 MW per unit,

It should however, also appreciated that both construct.
ional designe, with very little deviation, attain an increase
in failure probability of the various components after
100 000 hours of operstion, If these resultas are to be
.pyllod to the reliability nuuntton of tho eolponutl
of the latest mtotno tubi.nu, then’ ﬁwﬂnr pn'mnr-
will have $0 be:insrodussd-tato” Shid stastavivsl suiviys’
The type of tuzbing asd . - .for umu =a: 01008 .00, 500
rotor bluo' will have to be cons Wueﬁﬁ“‘

" since, as ui'dnu irm. iﬁ.; ”m "”“wi' C

the relisbility ef celipsnents, . .m{ua Wﬂg_e ;
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On the subject of "causes of damage", the following

sumsary is also presemted:

The category "production deficienciea" is by far, the
most important. ¥Within this category, pure "design®™ and
ncalculation® errors play the more significant role. Mate-
rial deficiencies have become very rare, and errors in
installation aze also very seldom found. This is quite
apparently the result of improved mairial input controls
and the use of qualified personnel for installation work,
whe-eby supervision of the installation by the simul tansous
employment of several erectionfitters and periodic inapect-
ions by the erection engineer-in-charge make the greatest

contribution.

In e category "operaticnal deficiencies®, errors in
operation are of consequence only during the initial working-up
period, i, e. during the first two years of operation. In con-
trast to sarlier data gathered and evaluated, favourable
changes have been brought about by automation of the system
and the alwost complete protection afforded by supervisory
facilities,

Undisputed first in the category of causes know as "ex-

ternal influemces® are the breakdowns originasing from live

: stéan and reheited stemm in conventional lyum. htrmly
t ) urtolu fnuuru luv. ll.o ro-ultod r:ro- b;-ollr-dmm 1n cloetric

powver sains, L rErr o




179

Biblicgraphy

FOGARTY, D. J. : Avallability of Fossil-Fired Power Plants.

DER MASCHINENSCHADEN 39 (1966) #. 9/10,
S. 129/140

WANDEL, H. t Grofe Blcckeinheiten im Rahmen der deutschen
Energieversorgung.

Mitteilung VGB 39 (1964), s. 247-257

VETTER, H. 1 Verfiligbarkeitsuntersuchungen fiir Grundlast-
kraftwerke.
Mitteilung VGB 96 (1965), s. 185/91

SACK, M. t Die erstem 4 Betriebsjahre der 176 MW-Blbcke

des Kraftwerks VWestfalen der VEW.

ELEXTRIZITATSWIRTSCHAFT 67 (1968)'. He 9,
s. z2b/232

FELDMANN, J. t Auswvertung von Schiiden in Kernmkraftwerken.
ATOMWIRTSCHAPT 14 (1969), H. 10

I should be plessed to answer any inguiries, which may arise
in connection with this paper.
Addresss Dipl,-Ing. H. HUPPMANN

ALLIANZ Versicherungs-Aktiengesellschaft
8000 Munchen 22, Kiniginstrafe .3

Vest-Germany



18¢

ROTOR BLADES

n T 100

NUMBER OF
FAILURES

PERCENT

80 7 y
4

/./ |
N
| == =N

t
. l / CAUSED BY MATERIAL FAILURES,

DESIGN ERRORS, PRODUCTION AND
INSTALLATION ERRORS

|

‘

b | [ CAUSED BY IMPROPER OPERATION

| AND MAINTENANCE, WEAR AND TEAR
l

. l / CAUSED BY EXTERNAL NFLUENCES
] i

’H

\\\\'Illllll E)
KR A=,
20

10 Nours or orealSion

‘Q ez




181

STATOR BLADES

30
NUMBER OF 100
FAILURES ENT
~
20 v — o
‘o -—-—fso
10 i ]
7 l
A~ |

10',120URS OF OPER‘AnTION

ESSSY CAUSED BY MATERIAL FAILURES,
DESIGN ERRORS, PRODUCTION AND
INSTALLATION ERRORS
CAUSED BY {MPROPER OPERATION
AND MAINTENANCE, WEAR AND TEAR
F7772 CAUSED BY EXTERNAL NFLUENCES
- Y 3 LY
e T4
Ry

- Tawum”ri -

T A

A TR ATI ey P e
3 23

wo TARSSE T8 RZRAUSH Bl

Ra. L ,' ' i

NP SR iN
. [RNURISTENE. *-5 RNk



NOZZLES
20 e 100
NUMBER OF " PERCENT
FAILURES L
—
—
" V- 0
NN °
20

30 40
10* HOURS OF OPERATION
FIGURE 3

RN CAUSED 8Y MATERIAL FANURES,
DESIGN ERKORS, PRODUCTION AND
INSTALLATION ERRORS

- CAUSED BY iMPROPER OPERATION
AND MAINTENANCE, WEAR AND TEAR

CAUSED BY EXTERNAL NFLUENCES

ACTION WHEELS




123

THRUST-, JOURNAL-BEARINGS

45 100

NUMBER OF
FAILURES PERCENT
4] L

10 20 70 40
10® HOURS OF OPERATION

£SNY  CAUSED BY MATER(AL FALURES,
DESIGN ERRORS, PRODUCTION AND |
INSTALLATION ERROAS o - e

[ CAuSED BY IMPROPEN SPERATION
AND MAINTENANGE, wtuurg\ '!M«“

- EZZ2 CAUSED nurm“immds %ﬂ
SRR mmmw&;zﬁ‘* LB

23 m i 4

WOITAMISRE {9 SAUDH SgF




184

CASTSTEEL CASINGS

30 =T 100
NUMBER OF PER C,EN
FAILURES )

et
2 o

. rd

J l

N - N g
;0 10 20 30 40

i 103 HOURS OF OPERATION

s FIGURE ¢

[ CAUSED BY MATERIAL FAILURES,
\ DESIGN ERRORS, PRODUCTION AND
INSTALLATION ERRORS

i [CTJ CAUSED BY IMPROPER OPERATION
' AND MAINTENANCE, WEAR AND TEAR

PZ77) CAUSED BY EXTERNAL NFLUENCES

ROTORS
e 100
NUMBER OF PERCENT
FAILURES "
. ‘/ '
. /
——
b - %0

P AN
W AN "*\«\

A




SEALS

N — 100
NUMBER OF Pﬁﬁ;ENT
FARLURES .

/.
20 e / /
— L 50
e
10 lj
PR
e
° N L\\ o
10 20 30 40
102 HOURS OF OPERATION
FIGURE §
ESSS3 CAUSED 8Y MATERIAL FAILURES,
DESIGN ERRORS, PRODUCTION AND
INSTALLATION ERRORS
[ CAUSED BY IMPROPER OPERATION
AND MAINTENANCE, WEAR AND TEAR
PZZZ CAUSED BY EXTERNAL INFLUENCES
VALVES y
12 -
10 |- NUMBER OF : S SER—— _—
i

FALURES

ke won

et ey oo A

qEN

-




18

PROBABILITY OF FAILURE FOR SELECTED COMPONENTS OF
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PROBABILITY OF FAILURE FOR SELECTED COMPONENTS OF
STEAM TURBINES WITH REFERENCE TO THE HOURS OF
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La minimisetion de la somme U condnit % une sxpression des &2, &,..., u: a
partir d'opérateurs de lisssge S2, ;-' . s" définis par la relation de
réourrence 55 (X) = &7 ! W+ (-0 £ 1 ) avee s (0 =X,

La valeur du !ITBF estimfe aprds la panne de rang r est alors dummée par :
MIBF (¢) = 82 + &) (t= 1) + 0o £ (6= )"
1'origine des temps choisis étant celle de la dernidre parme.

Dans la pratique, une tendance perabolique est cholsie, ce qui conduit & un
triple lissage.

Un progremde ds calcul permettant d'effectuer les calculs mmériquee a été
mis au point.

la constacto de lissage X est, par définition, un nombre compris entre séro

ot un, L'auteur de l1s référence 3 signale, qu'en général, les meilleurs résul-
tats sont ottenus en choisissant la oonstante entre 0,1 et 0,3, Ce renseigns-
@aent n'est qu'indicatif et, dans la pratique, on détermine par un étalon-

nage du procédé de lissage sur la partie de la chronique qui est

Formuler une estimation prévisiormells du MIBF n'a de valeur qus si on peut
fixer wn intervalle de confiance & l'estimation faite et si un moyen d'alerts
asset sersible permet dasi@unr-mchangmtdmahcouportuthsyp-
thme Studié,

Llerreur de prévision peut $tre définie comue la différence sntre la prévision
ot la réalisation :

o, = TF (tz) - KOO (&)
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51 le modéle ohoisli représente bizn le pr de crol du NTBPF, la
moyenne des erreurs est mille et la distribution des erreurs est noxuale.

Pour fixer la précision de la prévision, il faut calculer la vardance ou
1'écart type de la distrilation des arreurs § . Une solution plus aimple
consiste A définir la dispersion de la distribution des erreurs non par son
éoartvpsmparmécartmf(pur\mloimhﬁv-—;-_f-ufl).

Une estimation cantime ds § ,§ = § (i) a‘obtient par un simple lisasge
de la série des erreurs qui doit 8tre statiomnaire et de moyeme mulle,

los limites ¢e confiance se calculent glors & partir de la valeur prévision-
nelle a8 §, ${tr), on & :

~

~ K
MTEF (tr + ) = I8P (tr + T) 2 "UIE

81 1%om veut un intervalle de confiance bilatéral & 95 %, une table de la
lol normale réduite indique que K est égal & 1,96,

De plus, un signal d'alerte peut consister b vérifier, en pormenence, si la
some algébrique des fluctue effect bl satour de séro. Oo
peut 1s vérifier, qualitativement, en tragant d'une #agon camtime la scame
des erTeurs. Pour faire une estimrtion quantitative qui prowet seule la prise
de dbcision, 1l est néecessnire de calculer 1l variance de le soume des erTeursS.

Le progrexme de calcul de lissage établi perumet de calouler la varimce des
erTeurs ainsi qus la veriance ds 1a eceme des errewrs st par conséquent de
Juger de 1a validité des WTEF (49) obtemus.
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1 - INTRODUCTICN

Les comstructsura de systmes mécaniques ont, de tout temps, cherché A con-
férer b leusfabricetions une sfireté de fonctionnement satisfaisonte.

&

Mais, il n'y a que t quion a cherché & quantifier cette sfireté de

fonctionnement.

Ce besoin a dorné naissance 3 la fisbilité mécanique qui est carectérisée
par :

- 1g difficulté d'obtenir des résultats statistiques significatifs, les
syetipes étant généralement construits en nombre restreint,

- 1lexistence d'interactions difficile & préciser entre les composants d'wn
systime,

~ 1a possibilité a'effectucr des réparations.

Aprds evoir reppelé quelques généralités sur la figbilité, on expose 3

~ les méthodes permettant, A partir de résultats d'essais, de calculer la
£isbilité opérationmelle d'une machine réparsble et la fometion de réparti-
tion des durdes d’arrét correspondante,

« une méthode dp caleul de le fiabilité prévisionnelle d'une fonction assurde
par ¥ machines associées er paralldle ot supposées sans interaction.

Cette étude a été effectude pour le compte de 1'Electricité de France et
les méthodes déerites appliquées au calcul de la Piabilité de la fonotion
soufflage du réacteur Sairt Laurent 1 de la centrale mucléaire deo SAINT-
LAURENT.-DES-EAMIX,
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2 - GERERALITES

La fiabilité de sltreté de foneti t d'un systime est 1la probabilité
que ce systdme fonctionne de fagon satisfaisante pendant une durée dornde
et dans des conditions d'utilisation précisées.

La fiabilité d'un systéme peut 8tre calculde zu stade du projet - flabilité
prévisiomnelle - ot/ou déterminée expérimentalement, la réalisation une fois
schavée - fiabilité opérationnelle -.

Dens le premier ces, il est fait appel sux Mgles du calcul de fisbilité
issues du calcul des probabilités et aux donnfes mumériques relstives sux

mp te. Ces dormées sont issues de 1'expérience industrielle
antérieure ou d'esseis systématiques de lab 4 Ce genre de renseigne—
ment de plus en plus fréquesment jqué par les fournisseurs de compo-

sants électroniques 1'est encore bien rarement, pour ne pas dire jamais,
dans le domaine de la mécanique.

Dans le second cas, on fait appel A des techniques statistiques utilisées
sussi en contr8le de qualité (testa sé 1a, teste qués, tests acoé-
1érés, etc,..) qui parmettent soit de confirmer les valeurs des fiabilités
adoptées ou calculées au stade du projet, soit de fournir de nouvelles
valeurs plus réalistes.

2.1, - Définitions pathéugtigues

Mathématiquement, on définit 1s fonction fiabilité d'un systdms, P (t), ou
fonetion de survie compe la distribution cumulée des probebilités de bom
fonctionmement de ce systime,




La densité de panne d'un aystime, £ (i), est la probabilité de parne entye
les instants t et t + dt ; on & évidemment :

/wf(t)dt=‘l etF(t)=/’f(t)dt
t

JO

a'ol s

£ () =-

Ls taux de pame mtwd'amiautéealhg-ég. Clest la probabilité
conditionnelle d'evarie 4 1'Age t d'un matériel syent vécu juaqu'id cet fge.

Dans le cas général, le taux de panne varie avec le temps.

2.2, -~ Hodbles

Ltexpérience montre que la vie d'un comp t ou dlun systdme peut 8tre dé

posée en trois périodes :

- une périods dite d'aprrentisesge ou de jeunegse pendant laquelle apparsis-
sent des pannes aléatoires et des pamnss systématiques, les dernidres étant
dues A des défauts de mise au point, A wn certain nombre de compopants plus
faibles que la normale, a@tc... On pallie ges défsuts de jJounesse, et, pendant
cette premitre périods, on constate un taux de panne décroiesant ;

~ une période dite de vie atile ok les pammes se produisent A des instents
aléatoires mais avec un taux moyen constant. lLa moyerme des temps ds bon
fmtimmtnmm.n-%,mmadmm;

= we piriode dite d'usure ok certaines panes sont aléatoires et d'autres
cansdea par l'usure., Le tuux d'avarie est croissant.



Ces considérations, sur le taux de pamne, sont générelement résumées par
une courbe dite en baignoire qui représente le teux d'avarie A\ en fonction
du temps (Cf. figure 1).

~ dans la zoué (2) ol Aest une constante, la densité de panne et la loi de
survie sont des exponentielles {figures 2, 3),

-Ae £{t)=Xe -kt

F(t)=e
- dans 18 zoue (3), 1a densité de panne est généralement wns loi normsle
synétrique autour du temps ¥ qui pond & une moy de durée de vie
(cf. figures 4 et 5).

Dans le cas qui nous intéresse, le systime A Studier est composé de P machines
réparables fonctiomnant en paralltle. Pour déterminer la fisbilité prévision~
nelle du systéme, il est nécessaire de comnaftre la fonction de fiabilité
opérationnelle ou mprévisiunnelle et la fonction de répertition des duréen
d'arrét, pour chague machins,
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3 — FIABILITE OPERATIONNELLE, PONCTION IE REPARTITION IES DUREES D'ARRET D'UNE

On montre (Réf. 1) et, comme on 1's d6jh dit, on vérifie expérimentalement

que, dens le cas d'un gystd pl oh les de parme sont nombreuses,
indép tes et ob, @ de ces n‘est prépondérante, 1a loi de
fiabilité est une exponentielle. le taux de panns est alors constant et égal

2 1'inverse de la durée de bon fonoti (wrEF).

31 cette affirmation est vraie, pour un systime em point, elle est partiel-
lement inexscte pour un syatdme en cours de mise au point, pendant )la phase
lite d'apprentissage ou pour un systime qui entre dans la phase d'usure.

Dans ces deux cas, les tsux de panne sont respectivement décroissant et croie-
sant. On peut admettre, dans ces cas, que le teux de parnne est constant seule-
ment pendant des intervalles de temps limités,

Hous admettons que la politique de maintenance permet d'évsrter le cas de
1tusure. Si il n'en était pas ainsi, b partir d'un certain moment, on cons-
taterait effectivement une croissance du taux de pamne puls sa stebilisation
b un nivesn élevé, la loi de fiabilité de la machine restent de forme expo-
nentiello.

Mais revenons 2 la phase d'apprentissage.

Suite aux corrvections apportées aux lacunes initiales du aystime, le taux de
paxme déoroft, On atmet que la Ioi de Fimbilité du aystdme est toujours une
exponentislie mais svec un tsux de perne (ou un MIEP) qui n'est constant que
localement.
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Ligatimation de 1a valeur du MTBF, dans la phsse i'apprentissege, présente
alors quelques difficultés. En effet si, commo a pu le montrer EFSIRIN (Béf. 1),
1a noyenne arithedtique des temps de bon fonctionnement est le meilleur eeti~
mateur du MTEF lorsque le taux de panne est conatant, ctest auasl le plus
meuveis loraqus ce parsmbtre &volue.

Pour swrmonte™ cette difficulté, on considire la suite dea durées de bon
fonctiomement - TEF () - comus une série chwonologique que l'an traite par
une méthode ds ligsage evponentielle de ERONN (Réf. 3 et 4).

Dans lo cas d'une telle chromique, on peut formellement distinguer, pendant
1s phase d'apprentizsage, deux termes 1 un terme de tendamoe MTEP (t) =
TEF (t) ot wn terme d'alén dont 1 présence abscurclt la tendence.

TP (t) = THF (t) + e (t)
Soit X 1s sulte dsa durées de ban foncti t (r reng des pannes). L'ari-~

glnalité de lu méthode exponentislle réside en le fait qutune fois choisi
le moddle de la tendsnce, sous forme polynomisle per exemmpls ¢

MIF = T0F (t) = 60 + &' t + eue + a2 45,

1testiimation des B 84y By aprds la penne de rang T,
]

el g

utdtmwumhu—é‘ (X(p)-i(r))ll‘llulhﬂlh
P

2(r= » 2
sant 1a soeme U -2 {(1-) . (X (p) ~ X (p))° osoi eveo 1'cbjectir
d'accorder, pour L-pmma:. [ Guru prévision-réalisstion les plus réoents
une foportance plus grande qu'asx plus anciens.
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3.2, - Figbilité &'

le calcul de la fiabilité prévisionnelle d'une fonction assurée par un groupe
de machinea,sars intersction associées en paralldle,psut 8irc sonduit & pertir
de la fimbilité opérationnelle de chaque machine en cours d'essal, clest-d~dire
en période infantile. Mais, il paratt souhaitable de pouvoir dispeser de la
finbilité opérationnelle de chaque machine pendent la période de vie utile.

La méthode présentée par Martin H. SALTZ au S5¥we Symposium National sur la
fiabilité et le contrSle de qualité, en 1959 & Philadelphie permet, emtre
autres, le calcul de cette fiabilité 2 partir des résultats d'essais de mise
au point (Réf. 5).

On admet que le systime & une fimbilité exponentielle et on avance 1'hypothdse
que les pannes asppartiennent & deux femjlles

ime famille de pames dites primaires, peu nombreuses, ayant une fa-tg proba~
bilité d'arrivée et auxquelles il correspond une moyenne ds temps de bon

fonctionnement lﬂ'EFp,

- une famille de p daires, s, ayent wne faible probabilité
d'arrivée et suxquelles correspond une moyerne de tesps de bon fonctiomnement
lmars.

On suppose que les sources de pammes primaires peuvent 8tre détectées et cor~
rigéen pendant 1a période de mise an point et qufelles ne se manifesteront
plus par la suite. On suppose également que ls correction d'une source de
pernes  primaires ne modifie pas le taux 4¢ pames 8 aux pannes secondaires.

Musi, une fois toutes les causes d'avaries primaires éliminées, le taux de
pmuumtmtatéplmtmum,m‘.cmaémmdu
svaries sacondaires seulement, Ce teux de parme est le plus faibls que 1l'on
paisse espérer 1 le systime sera au point,
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La matériel doit 8tre essayé dans les conditions assen proches de 1'exploi-
tation normale. La fiabilité dépend du niveem de contraintes ou mods de fono~
‘tionnement.

le msrs est tout au long de 1 piriode d'essal vne constante alors que le
lﬁ'nl'» peut varier par paliers lorsque lea réparations pond X pannSa
primaires modifient la machine.

La courbe "moy ! t les durées cumilées des temms de bon fonctiormesent
t en fonction du rang des paxmes est ainal une succession de segments de
drodte, correspondant aux pannes primaires, gvec en plus un certain nombre
de pointa, dent gux pevme *:m(mygm.).

La méthods de dépouillement des réeultats expérimentaux permettant de calow-
ler lo HIBF, découle immédiatement de cette remargue.

1) Oo trace la courbe donnant les temps de bon fomotionmement cumulés en
fonction du rang des pammes,

2) On assimile grossidrement chaque portion, sens cassurs, de cette oourbe
A dos segments de droite spond aux périod Atiahh-eumn'nw
oubi de modifications p t ds la rép ion de pevnes primaires.

est &P,

Penient s périodes At,, la nomtwe de p A

3) On cboteit un KIEF .
4) (o oaloule pour chaque période At, 2 (mrp)i

a1,
o), + ——r
ée, - s,
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-
5) On détermine les dates + A'spparition "en moyemne” des pannea en fonctiom
de leur reng

(mEe ), 2 (RIEE),, ...o. MEBE,, ..., (SHIEE),, r (MIEF),

+ (mee )y, » (EBE) +p (MR ), ...

n o
6) tn caloule 1a some = (tr ~ O Y pour toute 1a période d'obeervation
disponible. 1

La bome valeur &u NIEP_ est cells qui mininise 1s some=(t - )7, ce qui
peut se déterminer graphiquement.

3.3. - Bépartition des dupées d'arrdt

Lfétendus des valeurs des durdes d'arr8t étant généralement falble par rapport
au temps de bon fomctiomnenment, on adopte par socuci de simplicité wne Lot
exponentielle pour la fonction de répartition des durées 4'arrdt d'une macuine,

Le parembire définisant cette loi est obtemn par ajustement graphiqus & per-
tir des réeultata d'essais. Aucuns discrémination n'est effectude entre les
pannee primaires et les pannes secondaires.
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4 ~ FIABILITE PREVISIONNELLE D'UNE PORCTICN

vent 8tre réparées

Dans ce qui suit, on admet qu'une fonction assurée par un ensemble ds machines
supposbes sana interaction,assocides en perslitle, est reuplie Yorsqu'une an
moins des machines est en état de marche.

A partir de la fisbilité opératiomnelie de chegue machine et de la loi de
répartition des durées de panne dant en cours d'essai,
on peut calculer la fisbilité prévisionrslle de la fonction coasidérée 3

- soit analytiquement, on obtient alors directement la foncticn fiabilité,

~ soit par une méthode de simulation représentant le fonctionnement réel,
pendantunspéﬂ.ode'r,dellfunctim,ono‘btientalmlamnidafmc-
tions échantillons encore an vie aux instants ti.

Dans ce dermdar cas, il est ¢

- eoit possible de déterminer la fonction fiabllité cherchée par ajustament
graphique 2 partir du graphe (#. t;) 5 1a fisbilité déterminée est dite
perandtrique,

- poit nécessaire d'utiliser pour déterminer la fiabilité les résultats rele-
tifs aux tests tromqués, ne disposant pas d'asses de points (—?, ti) T
f£iabllité déterminés est dite non paramdirique.

Nous avons choisl une méthods de simulation du type "Monte-Carlo” et nous
avons dff calouler une fiabilité non persmdtrigue.

Pour simler ls fonctiomement réel, i1 s'agit de déterminer, su hesard, pour
chaque machine échantillon, des durdes de marche ot d'arrét qui, bisn qu'alée-
toires, doivent respecter les lois de survie et 4'indisponibilité shoisiss.
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(n dénontre que ll'on atteint ce résultat en tirant mhun-ddumh’nsni
compris entre O et 1, puis en faisant correspondre, per 1'intermédiaire dee
hhummdhﬁmﬁﬁmuemﬁuuﬂwﬁﬁmlmw;i
des durées de vie ou de réparation t, et t (figure 6). En alternant les
périodes de marche et d'arrét pour chacune des machines et en poursuivant
1'opération jusqu'au temps voulu, on obtient 1'histoire de la fonotion souf-
flage que 1'on peut illustrer par la figure 7. Sur cette dernidve, il est
facile de comptabiliser la frég des évd ts qui pré t de 1tinté-
rét pour le probtldme posé.

Deux programmes de caleul existert qui permcttert de faire ogptte simulatiom.

Le prewier programe, aspes simple, a étd écrit dens le but d'obtenir rapide-
ment des résultats,

11 permet de faire fonctiomner N fois quatre machines identiques (N functiona)
pendant un temps T quelconque, chaque machine étant réparde dids qu'ells tombe
en parms. La ol de fiebilité et la fonotion de répartition des durdes de
répartition de la machine type sont des exponsntislles. les dates d'apperi-
tior du premier arrét similtané des quatre machines asant emsuite dormées.

Lo deuxidme programe est d'utilisation plus générale s

~ 1s nomhre de machines constituant la fonction globale st lo nombre de simu-
lations peuvent 8tre librement choisis (sovs réserve des Limitatioms dens

la dimenzion des tableaux et 1'encombrement sn mémoire centrale de 1'ordi-
nateur utilisé),

=~ 1os machines sont individualisées (chaque meohine a ses lois propres et wn
£ge indépendant de celui des sutres),
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-~ les différents états suctessifs de la fonction globale, lsur date d'appari-
tion et leur durée sont mairtemus en mémoire,

Cette dernidre option permet en particulier de comnaftre :

= los dates d'apparition des premidres "pennes” (plus exactement les dates
des premiares séquences comportant 0, 1, 2 «,... maghines en panns), d'ou
1ltestimation de 1a fimhilité,

~ 1a répartition de ces séquences en classes successives de durdes (durdes

r de foncti t ou dlarrét), d'od connaissence de la disponibilité.
Le nombre d'évimements possible étant trds grand, les résultets ne fournissent
pas toutes les durées correspondantes individualisées mais groupées en
classes, Le nombre de ces classes a 6té choisi égal b 12. Les durées des évd-
nements (penne ou bon foncticmnement) pouvent varier 3 1'intérieur de limites
trds vastes (quelques mimites i des centaines de millier d'heures), les inter-
valles de classes n'nnt pas été pris équidistants maie espacés, suivant une
progreseion géométrique, Cette loi de répartition est modifisble & volontd

au niveau des domnées.

Commaissant & un instant t le nombre de fanotions échentillons tombées en
pame : N - n, on estine (Réf. 6, 7) wne limite inférieure de la fiabiiit§
au bout du tewps t correspondant & un intervelle de confiance unilatéral d
100 (1 ~X) 2 1'aide de 1a relstim

F(t) = 1

lonthg se(m-n)+2;52n

1+ ( 5

oh.ﬂ'j(;z(n-n)+2;2nmspvndhhvuaurmnulﬂ(dphdutﬂ—
Wution @ avec les degrés do libarté indiqués, Cette estimaticn de 1a fia
bilité mtdmd'mw'ﬂylwmbmn’“l-‘d'mm
£1abi1ité pour ¢ heures supérisure ou égale i la valeur F (t), Comme 463k
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signalé, il s'agit 1h d'une estimation non parsmétirique valsble que le compor-
toment de lz fonction étudide soit du type exponmentiel ou non.

4.2, - Uns geuls maching

Outre 1la fiabilité d'une fonction précédement définie et calculde, il est
intéressant de pouvoir déterminer la fiabilité de la fonction lorsque t, 2,

p machines sur les P machines, associées en paralldle pour assurer la fone-
tion, sont en pamne et ne peuvent 8tre réparées, Co cas se présente lorsgu'on
e peut réparer quiune machins A 1la fois, la fonction étant alors assurde
per les N - t machines restantes,

Si 1'on suppose les machings identiques, de fiabilité F (t), 1a fiabilité
d'une telle fonotion est alors donnée (Réf. 6) par ls somme des termes du
développement du binone

2o B-1 1 ¥=2
EF@ D" =F () s+, P&} DY) ..s
avec D (t) =1 = F (t)

et oh 1

-1)
-F ?:) est la probabilité de voir aurvivre (I ~ 1) machines jusquid
1'instent t,

1 ,
-, P (£)F 72 b (t) 1a probabilits de voir suvivre (N = 2) mschinea,
oto..e

$1 1a £1ab11t6 de 1a fonction est tououre asfinis come 1! arue

seuls nacinine en servics, ells sst alors égale d G | ¥ {t)'D {t). Duse 20
cas gh les machines essurant 1a fonction ne sont pes Adantiyues, la £iab11idé
de la fonotion s'obtient & partir du développement de 1'erpression 1
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5 = COICLUEYON

Dane 1'atpond qui préoide deo mithodes parsetieit dy cmlculsr & partir de
résuliats dteemel dorent 1a pérdods infentile, la fiahd1ité opfratiommelle
s mohiney coosidérdes comos des bofimg nolves out did ddvelopedes,

Fuls e ohithods do admolation pyreettant de calouler voe Tiatititd préviedon
nelle 2'vow fonst s par 1" Ation en parallhls de plusiecrs ma-
ctinen suptaine s irteraction a fté indiquie.

Ltinconrivdaat de ostte méthode et guiells Termet swuleoent &y calouler s
fiabllité nop perankirique,

T mrntt intéremsart do comperer s lae exetplen wuitin lew réslints ghte-
e aves oiux que dorneredt uns wfthads 3 calonl mniytiqoe (847 O ot 9).
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AUSLEGUNG UND ANORDNUNG
I EINER REAKTOR=BESCHICKUNOSANLAGE
i AUFGRUND VON ZUVERLASSIGKEITSBETRACHTUNGEN

iJ. Hennings
Svawn Boveri/Krupp Reakicrbou GebH
56 Mannheln

Zusgmmenfastung

[ Ein Beckiorkam von 200 MWa Laittung, der ruod 700,000 bewegie kugelfiamige

: Srwrelemente enthiilh, brauckt eine bisonders Besshickungsonkage. Diess int

kelm Kugslhaufarmsakior aularbaib das Kerma angeordnet wnd siglich in betrisb.

5o sull ouber der Kugelhewagong und Zuordnung zu Com=Zonan auch die Jewsils
handnan prysikalischen und mechanischen Eigarachafsen de: Kugelelemnts

bei tuBerem Durchiauf, bel ainer Kugslfolge von ca. 7 Sekundan, feunsellan.

Warn ouch der Regkior bel vorgbargehend Sttlstond der Baschickmguaniage

velbe Lafstung produzleran kann, 4t bei dar Avslegung dieser Einvichiung wit

Thwan dynamisch beanspruchien Bawieilen dis Zuvaritsigicslt basonders v beschien.

Dle Analyse zelgh, daB, ouch unter der pesslmdutischen Amahme einzelnar frne=

pamblar Schisden, Varfugbarkelten von 9,4 % w insgmiant oo 58 Togs Awfall,

wia varkung?, arreleht wardsn. Mit wellergshander Redundonzcnordnung wiiren

Auelollzelten van 19 ocder gar 0,7 Tagen emeichbor, FierRir wiien [edoch die

Mahrkeehn fir Anloge und Wartung groBer als der Gewln durch Verfugbarkeeit.

Baichrelbung dec Anlags
im Gegevwatiz zv Reckionsn mir sobfirmigan Brannsleranien scfordurt dor Kugel=
havlonsaokror keinarlal Maschiven fir die Brennsscffbeschickung, ~ummsbping oder
~viwaivwn innarhalls des fmpktoriatns. PUY dfe Abwtrnbuwaging von Kugain
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wird dis Schwarkmft cuspenutzt, pooumatTsche Energle wird fur dis Aufwiet-
biwagung o dumit Zugabe oder das Urmwilzen vor Bremelssmnien vervandst.
Din einzigen Basiondiwile dur Beachiclungeaniage om Cove wind Rehm, dls an
entiprechenden Punkien der Cors-Peripherie angaorcnet sind. Samiliche Ver-
richtungsn, um die gewlinechis Kugslbywegung] dis Kugelinspakiton und die
Zugabe odar den Abrug von Brensslemenien ousswiUhren, sied vnierholb des Kerns
und dessen Druckbeh@lter angsord

Eing solche Anloge [Guft im 15 MWe-Reaktsr AVR In Jolich, mit welcher bl
haute cu. 10.000 Kugeln zugegeban, 100,000 vmgewslzt und co. 10,000

entnomann wirdan sind. Disss Anlage hat, cbgeshen von Anfangsschw lerighe Han
und o-. inicht bahwbb Fohl [y o "l?l:‘l’l'h"l‘h

Abb. 1 zaigt sinen Schnitt durch den THTR-Frimeril, in welchen dis atmalnan
Anloguiaiils der Beschlchungmnlags fur das 300: M’ﬂl-l(lmlanhuwk 4 srkannan
sinds

Ber Reakvorkam kst noch unten durch aln 800 wm {f Rohs

varlangsrt v dan Kugelohzug. Am Ausgong disses Rohres

im Baschickungeum befinden sich zwei Vaminslne wd

Schvotiabscheider.

Vom Zugsbaroum {iinks) erfolgt die Nachiilhmg frischer-
Elamente. Diese werden gus fhren Tronsport~ und Lagar-
konlstern Tn die Zugohesfinungen alngegeben und loufen
nach letznr Sichrkontrolle in Yomobmtrecksn, d. h.
Rohww In Riuman der Reaktorhulle. In Losen 2v 80 Stock
warden sis in den Kugsliouicpuf singesohleuar.

Dis Unwiilzung und Memuny bafTndst sich Im Baschik-

bmgweum.

Dia Fyrdorung besiuht ous dey Acfipaitung det alnen

Unwealzsironges in 15 Fendermohes, die chacholl doe

Koms in 3 Mittel - und 12 Rondpcsitionen sgnsdien.

Das Fonlergastysiem uad alie bewsglichen Elemenn

dar Kuge!féedensng sind ebwnfialfs Tn I.lehwhmm
 amrphche, ¢

Von dorr gehen die dre} paral wion Stivage dor Grrobe

Lo e atrd e T anme e e o

-#-
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obgebronnter Elemente Uber einen Zwischenkanal zum

P . Noch Gosdrucknbsenkung werds
im Entnahmeraum Elemente in verschiieGbare Kannen
abgefullt.

Abb. 2 stellt das FlieBschema dar. Zugobe und Abzug mnden in die Umwilzstrecks,
die sich nach der Drucksp in Entnahme und Férderung aqufspaltet. Zur Férderung
gehiirt ein eigener Frder- und Bremsgaskreislauf. Man bekommt durch diess Dar-
stellung ein Bild von der Vielzahl einzelner El . Diese werden Funkti il
ganannt und haben folgende Aufgaben:

Vereinzelner bringt Kugeln aus einem Vorrat einzeln und
nacheinander in ein Rohr, dient bei Stillstand
der Scheibe als Kugelsparre;

Schrottabscheider sortiert Bruchsticke, abgeplottete oder
abgariebene Kugeln aus;

Zohlspule registriert einzelne vorbeilaufende Kugeln,
gibt Signal bei davorstehender Kugel: =
Rlistandsanzeige;

Halteklinke gibt bei Bettitigung die vor ihr stehende
Kugelstule frei;

Dosierer gibt bei Bewstigung jewalls eine Kuge! frei;

Sammier ist eine ZusammenfUhrung zweier St rings,

wegen Verklemmgefohr (trotz stever~
technischer Verriegefung) ausbauber,
im Betrisb unbeweglich;

SchnellschluBventii  schliaBt automatisch bei Druckabfoll im
Beschickungssystem;

Reparoturarmatur - schileBt ferngastevert von Hand, um das

Baal driel

ksystam abzusp sreen, wenn der
Ausbay eines Funktionsteils erfolgen sofly

Druclap rhindert Fsrdergasttrbmungen fn Richtung
Mefanlage;
o4 =
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HhenfSrderer ist die ZusammenfUhrung eines Kugel-
ind eines Gosrohres, in dem geringer
Uberdruck herrscht. Bis hier rollt dis

Kugel, ab hier wird sie pneumatisch

gefrdert;

Weiche lenkt die Kugel in eine vorgewthite Bahn;

Trimmarmatur dient zum Einstellen des Firdergas~ baw .
Bremsgasdruckes;

DurchfluBmessung signalisiert, wenn eine Kugel im Fdrder-
rohr ist;

Yerziigerung ist die ZusommenfUhrung eines Forder-

und eines Gasansaugrohres. Hier wird die
Austrittsgeschwindigke it der Kugel

verringert;
Abbrandmessung stellt den Gehalt on spaltbarem Uran fest;

Unterscheidungs- trennt Brern~, Bor- und Graphitelemente

meung voneinander.

Konstruktionsprinzipien

Das Gas in der Beschickungsanlage ist Helium von 40 ata und 260° C, das radioaktive
Edelgasisotope enthtlt; Reaktor - Primtirgas. Brennelemente, die ainmal den Reaktor
durchlaufen hoben - im Durchschnitt werden sie sochsmal umgewtlzt - sirchlen. Das
System ist daher nicht zugtinglich, obwohl es weit vom Reakiorkern entfemt ist. Die

zum Teil in 7-Sekunden-Folge bewegten Funktionsteile missen entsprechend httufig

. Diese

und doher leicht gawortet bzw. repariert odar cusge ht werdk
Forderung erfUllt man hnlich wie bei Armoturen in aktiven Anlagen und Kreisltiufens
man setzt den Aniriebsteil noch auBen vor eine Abschirmung. In unserem Fall wird im
Warlungsfall der Funktionsteflkopf und der Abschirmstopfen mit in eine Blei-Ausbou-
glocke gezogen. Antileb, Steverung und Dichtung befinden sich vor der Abschirmdecks
und sind direkt zuglinglich. Men hot auf disse Weise einen Beschickungsraum, der

fur normale Wartungen und SiSrungan nicht bétrsien ummwlhv den
Abschirmviindn befinden sich die Stevaning derAbbmndmafoniuge. degin Hilfse

Ly X
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kreisltufe und olle Mafiverstiirker, auch die der Zdhispulen. Die Antrisbsenergie ist
elekiromotorisch filr Schrottabscheider, Vereinzelner und Frdergeblise, pneumatisch
fur olle anderen beweglichen Funktionsteile und federkmftichlieBend fur die Schnell-
schivBventile.

Das zweite wesentliche Konstruktionsprinzip ist die weitgehende Vereinheitlichung
der Elements, wie in Abb. 3 im Prinzip dargestellt. Hier sisht man links beginnend:
Dosiarer, Weiche, Drucksperre, Sammler, Zuhler, Hthenforderer, SchnellschluB-
ventil, Reparaturventil und AnpreBvorrichtung fur die Sitzdichtung. Das Bauk

prinzip ist mit dem Erfolg verwirklicht worden, da8 in einem Block von2x 1 x0,8 m

in 4 parallelen Reihen 30 Funkti ile untergebracht sind. Da auch der Antrieb mit
2 Endstellungen vereinheitlicht wurde, sind stait einigar Mehrwegeverteiler mehrere
hintermt JU lez-'-l__ rhanden. T & ist 1 o b ,

billiger und durch die Blockanordnung mit der engen Teilung nicht platzraubender.

Zugtinglichkeit

Erwtihnt wurde schon die Zugtinglichkeit zu Funktionsteilen, MeBgebem und
Steuerungen als den wartungsbadurftigen Bestandeilen der Anlage. Die Zugabestrecke
bis zur Schleuse bereitet fur die Zuginglichksit keine Probleme, auch nicht fur die
Rohre seibst. An die Rohre und Bltscks in Umwtilz-, Abzugs~, Férder- oder Entnahme =
strecke kommt man heran, nachdem die Anlagen von Kugs!n und Primitrgas befreit

und gespUit sind. Da dos Kugelabzugsrohr und die Bruchh extra abgeschi

o

sind, ist der Zugang in den Beschick nach Vorberein moglich. LBt

sich das System nicht vollstindig von Kugein befreien, so verltingert sich dis Wartezeit
und es sind spezielle triliche Abschirmungsmalinahmen zu treffen. Rohre in der
Spannbetonbehtilterwand und im Innern des Behthiers sind nicht zugtinglich. Fur
Funktionsteile der Entnahmestrecke gilt dasselbe wie fir die Umwtilzung. Fur den
Entnahmeraum sind bei Stsrfillen, die das Entfernen von Kugein bzw. Abfullkannen

vor Betret rhindern, Sond Bnah rforderlich; allerdings nicht fur
hieifbedingte Stérungen. Fordergeblitse und Grophitstaubfilter sind nach unten
ausbaubar.

St8ryngigrien und Behebung
Folgende $t8rungearien sind denkbon
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Hilfskreislaufe, V gen, Antriebsanerg wng,
MebwertUbertragung und rbeih, Pr ung

o L4

sind frei von direkren Einflussen von strahlenden Kugsla oder
Primtirgos, leicht und schnell behebbar.

Funktionsteilantriebe sind getrennt demontierbar, daher leicht
und schinell behetbar.

Dichtstellen an Flanschen sind nur in Ausbourtiumen vorhanden

(im Beschickungs=~ und Entnal sind alle Verbindungen
geschweiBt). Bei grtBerer Leckage muB zur Reporatur die Be-
| R 1 A Li h el

Wellendichtungen der Funktionsteile kinnen betrieblich durch

Fettdruckaufgabe nachgeb t Jen, unterliegen jedoch
dem natUrlichen Verschlei, die Metallfaltenbtiige fur den
Sct bscheidk ieb der Alte

Die von Kugeln und Gas bertthrien Kipfe der Funktionsteile
sind robust, haben groBes Spiel und sind wei hend ausfallsicher.

Ein komplettes Funktionsteil kann an einem Tag ousgetauscht

"l B,

- [ PN 'y { )
» Qusge p ventile,

s Yeor=

einzelner und die Schrotikanne.

Reparaturventile, Schrottabscheider und Vereinzelner liegen an
Zur R muB der Reak

L:d . L

druckentlastet werden.

bzw. vor der Absp

Fordergasgebluse mit Motor und Stoubfiiter sind Jeicht qusbaubar
konstruiert, sie | mit den abgeschi Ausbaugertiten fur
die Schrottkanne gehandhabt werden.

Abk d- und Unterscheid: fanl sind 50 aufgeb A'*B

' L) L

alle sttrungs- und verschleifbedingten Wartungen ven den Aushau~-

o, g 1

aus vorge

Undichtigkeiten beim Ansetzen von Schrotibehititer eder Entnchme-
kannen werden betm Evakulersn sofors bamerkt. Durch sehmn .
indirekie und sine direkte Fullsandsmessung wied Ueeilian wenig

-7 =

R
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wahrscheinlich, Der Antrieb des Transp gens fur Entnahmel
ist mit wenigan Handgriffen auswechselbar.

= Kugelverkl gen in Funktionsteilktipfen sind durch kenstruktive
Ausbildung und die hohe Zerdrickfestigkeit hrscheinlich. Sollte
: mehrfaches Bewegen des Funk?i ilkopfes ergebnislos bleiben, kann
i‘ die Kugel mit ausgebaut werden. Eine entsprechend abgeschirmte
i Glocke ist vorhanden. Grislere Staubmengen, die die Kugelrolibahn
EE zusetzen | , sind erfahrungsgemtiB nicht zu erwarten.
F - Kugelverklemmungen im Rohr oder Block sind nur denkbar durch

plstzliche Spaltung einer Kugel in zwei etwa gleich grofe Sticke
oder durch Kugelbruchsiicke, die nach Passi des Sch bscheide
entstanden sind. In der Praxis sind solche Fille noch nicht becbachtet
worden. Kommt es dazu, muB der Beschick b und

e gange

;

das Robrstick herausgenommen und ersetzt werden {wenn nicht duBerliche
Malnahmen helfen).

= Kugelverklemmungen in einem Forderrohr innerhalb der Betonbehtilter-
wand oder im Behtlterinneren ktnnen zum Verlust des Rohres fuhren.

Bk i1t

- Iche sind im Beschick mit Aufwand behebbar, eventuell

{2

streckenweiser Ersatz. ReiBen von Blucken, das nicht reparierbar ist,
wird nicht betrachtet.

- Die Scheibe des Vereinzelners stellt die Absperrung zum Kugelhoufen=-
kern dar und ist nicht ausbaubar, da kein AnlaB fUr ein schnelles
Entleeren des Cores besteht. Sie ist ein Massivieil, dessen Lager
ausgebaut werden konn. Bei entsprechend starkem Antrieb wlire sia in
der Lage, Kugeln zv zerdriicken. Metallische Teile, die in den
Kuge lhaufen fallen kéinnten, gibt es nicht. Es sind zwei Vereinzelner
fur 100 % Leistung vorgesshen, so da einer tuflerstenfalls aufgegeben
werden kann.

= Rohrbrichs in der Behts/terwand und Im Innanraum sind wegen des Ein-
betonlerens bzw. der Druckgleichheit schwer vossteiibar. Ein RI8
wirde wahrscheinlich nicht stdren. Schlimmstanfalls tritt der Verlust
des Rohres ein,
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Zuverlissigkeit - Auslegung

Der 300 MW -Reakior ist fUr eine Lebensdauer von 30 Jahren ausgelegt.

Um den Brennstoff optimal zu nutzen, ist zv jedem Zeitpunkt die Zugabemenge
und -sorte von Elementen und die Verteilung der die Meflanlage passisrenden
Kugeln auf die einzelnen Core-Positionan nach einem Programm vorzunehmen.
Da der Zustand des Kugelhaufens stiindig verfolgt wird und die tigliche Nach-
full- und Entnahmemenge klein im Verglaich zu der im Kern vorhandenen Menge
an Elementen ist, ca. 1 : 1000, kann im Strfall Uber lingere Zeit auf den
Betrieb der Beschickungsanlage verzichtet werden. Der Reaktor kann eiwa

40 Tage lang mit Vollast betrieben werden, wobei die eingebaute Uberschuf-
reaktivitiit zum Uberfahren der Xenonvergiftung nach Lastwechsal teilweise

aufgebraucht wird.

Die integrierte Ausfallzeit der Beschicl lage innerhalb von 30 Jahren soll

daher in der GrBenordnung von 40 Tagen liegen, vorausgesatzt, dall Einzal-

g lich darunter lisgen.

Fur einen optimalen Betrieb sollte die Beschickungsonlage sténdig laufen, so
lange der Reaktor in Betrieb ist. Die Leistungsauslegung aller Striings der Anlage
sieht vor, die fUr einen Reaktorbetriebstag digen Operationen in einer
8-Stunden-Schicht ausfuhren zu ktinnen. Diese Diskontinuittit fillt nicht ins
Gewicht. Somit hat die Anlage eine Leistungsreserve von 200 %. Die Riglich

16 betriebsfreien Stundk rden zum Teil for die Wartung bernutzt. Ferner sind
in den planmtiBigen Abschaltpausen im 4-Jahres-Zyklus Wartungsarbeiten ouszu=~
fohren.

Fur die Funktionsteila sind bestimmte sibrungsfrele Belrichszeiten vorgeschrieben:

Gesamtanlage 30 Jahre
ausgenommen: Verschleifitefle, 1 Johr
die routinemtsBig hssibar sind
Der Belastungsgrad wird wis folgt berucksichrigh
Funktionsteile 2:10° Kugeln
Schlsumnarmatur

&hﬂ‘llﬁh‘“m’b [ETRE RN
Yerchisifwile, die nl Ao e ¢
- Hinflo¥ epf-dw

. P T
T SRR e T et il el E ‘:'si*'ﬁq
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Belastungsgrad: 3
Reparaturarmaturen 2107 Bettitigungen
Lager und Balgdichtung von Vereinzel 8-106 Kugeln

und Schrottubscheider

Redundanzbetrachtung

Die Mehriachanordnung einzelner Stringe nach Abb. 2 bedeutet nicht in allen Fullen
echte Redundanz:

Der zweite Strang in der Zugabe vor der Weiche wird withrend der
Anfangsphase vornehmlich Borkugeln zur schnellen Korrektur von
Berechnungsunsicherheiten bei der 8rtiichen Leistungsverteilung
enthalten. Nach genauerer Kenninis des Core-Verhaltens und Be-
endigung der Einlaufphase ist der zweite Strang eine echte Ver=
doppe lung.

Die drei parallelen Stringe hinter der Zugabeschlouse werden nach

dem Rechnerprogr fur die Neubeschickung des k de

Tages gefullt, in don ersten drei Jahren mit mox. 845 und danach
mit 711 Elementen. Jeder Strang kann 300 Kugeln gufnehmen.
{Auch die Puffe ken vor der Zugabeschl haban dieses

Fassungsvermbigen . ) Fillt hiervon ein Strang aus, so kann die

restliche Tagesfullung nicht auf Vorrat eingeschleust werden. Dies
bedeutet keine Einbufie an Verfugbarkeit der Zugabestracke, sond
betriebliche MaBinahmen. Eina Reparotur wirde man erst bei
Gelegenheit vornehmen. Auch bei zwei auspefallenen Strecken ist,

wenn guch mit erhthtem Aufwand, z. B. Mehrschichtbetrieb, die
Zugabestrecke nach voll verfugbar. Die Schleusenzeit fur 60 Kugeln
ist ca. 20 min. In der nachfolgenden Analyse wird die Zugab k
in ihren drei Zonen als 1von~2, 1-von=1 und 1-von-3 Schaltung
betrachtet.

Echt doppelt vorhandan sind dis zwe} Schrottabscheider / Verainzal
einheiten der Abzugsirecks .

Fur aine xweckmiigs Auftellung des Cores in ewal Zonen sind wegen
dor Sahuttimgaigronsen 3 Rehrs Innen und 15 am Rend angeordnet,
el .







- 10 -

Der Verlust eines Rohres verschiebt rtlich diese Grenzs und ergibt

eine ungleiche Fuilhthe. Dieser Umstand kann in der Programmrechnung
berucksichtigt werden und besinfluBt nicht den Reaktorbetrisb. Fullt

oin waiteres Rohr an einer nicht benachbarten Stelle aus, gilt dasselbe .
Bei 15 Rohren ist die Wahrscheinlichkait, daB zwei Rohre neben~
einander liegen, noch geniigend klsin. Erst bei einem dritten Rohrausfall
ist domit zv rechnen. Es wirde dann eine geringe Besinflussung des
Reaktorbetriabes hinsichtlich der Wirtschoftlichkeit aufireten. Es kisnnen
dund: geseh den. Obwohi ein weiterer
Betrieb mit drei und mehr ausgafallenen Rohren grundstitzlich mbglich
ist, wird in der nachfolgenden Analyse bereits "Ausfall™

somit zwei Rohre als

~  Fir das Ausbringen von abgeb El aus dom Beschickungs
kreislauf und das gleichzeitige AbfUllen solcher Kugeln in Entnahme~
kannen braucht mon xwei Strénge, da die Pufferstrecke die Schleuse
solbst ist. Der dritte Strang in der Eninchme erleichtert durch zyklisches
Vertauschen den Betrieb. Fallt er aus, kann die Abfillung siner Tages-
menge in die Eninohmelonne unter Umsttinden nicht mehr in winer Sd\i-cllr
erfolgen. Die Reporatur erfolgt bei Gelegenheit. Ein Strung glit als
dundant. Fallt ein weil aus, 50 muB der Beschickungsbetrieb for
die Dover der KonnenabfUllung, d. h. ca. 50 min. tiglich uatesbrachen
den. In der nachfolgenden Anclyse wird dober dis Entnshmestracke
pessimistisch als 2=von=3 - Schaltung ongesehen,

Avsfallgesetz

Unter dan verichisdanen Gewtzmo8igkaiten fir die zeitliche Abhoogiglerlt tor

Ausfalirate ist fur dis Elemente der Baschickungsanlage die der zeitlichen Kenstooe

ansuwenden. Von der "Bodewanpsakutve® kono der vmwibtﬁﬁﬁb;
. . K

chgeichnittan warden, gy olan oohr ,‘hghu@ﬁ.

AT Ey————y mm m




-1 -

mit dem Ziel, das Gerdt in einen solchen Zustand zu tzan, daB es ein nich
Intervall mit gleicher Zuverlussigkeit Oberstaht wie das rhergehende, bis max.
30 Johre.

Die Zuverltissigksit ist also an die Wartungs- oder Inspektionsintervalle gebunden.
{Im folgenden wird nur noch von *Intervalien® gasprochen.)

Die Xonshuktion der Teile und das dazugehtirige Wartungskonzept wurde s0 gewthit, daB
bei Einhalten der geford: Lebensd = stcungsfreie Zeiten die Ausfallrate der
Beschickungsanloge null ist, weil die Wartungsarbeite der bai laufendem Be-
trieb oder in planmtiBigen Stilistandszeiten durchgefUhrt werden kinnen. Die
Verfugbarkeit der Beschickungsaniage wiire dann gleich 1,0.

Neben den Grilen Intervall J und Reparaturzelt R wird fr die Ausfallirate eines Teils
dis Houfigkeit H gebroucht:

A=H

(=t

H wird definiert als Wahrscheinlichkeit des Ei eines Strereignisses im Inter-
vall J. H und J milssen olso immer zusommen gesehen werden. R schlieBt die Zeit
vom Eintreten des Ereignisses bis zur Wiederinbetriebnahme nach Ausbesserung und
Prifung ein.

Die A-Werte venchiedener Teile, auch bei unterschiadlichen Intervallen, sind
vergleichbar.

Bei irreporablen Sttrungen wird R= 15 Johre, denn das Aufireten innerhalb des
30~Jahre ~lntervalls findet im Mittel nach Ablauf der halban Zeit statt,

Ausgangswerte

In Tabelle ¢ sind die benutzten Werbe fur die Ausfallrate im dazugehrigon Intervall
genonnt. In der Literatur sind erwortungsgemiB swatistische Zuverltimigkeitangaben
fur nevartige Konstruktionen nicht enthalten. Es werden daher, sowseit muglich,
Erdohrungen Shnlicher Elemente aus der AVR-Beschickungsanlage verwendst. Die
I',uurﬂpn Funktionsteile werden einzsin und in Zusammenchaltung als Prototypen
goiwarwt. Dio Tolle dor Raaksor- Peschickungsanlage werdon einem mahrmonatigen
Fvni#ww usrzegen, . bl sine Bes'titigung oder Bondu:png der Worh ous
o g o ckon Wi b 1.

-'!2-

—a
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Fur die Analyse wird im Grundsatz davon ausgegangen, dafl bei auslegungsgemdBer
Beanspruchung von 10 Teilen eines im Intervall ausfiillt: 1a, 4a, 5a, 70. Bei
geringerer Beanspruchung (Belastungsfaktor) wird anteilig bis auf 20 % dieses Werbes
zurickgegangen. Geblise und Staubfilter ki in der Funkti gen durdh
Motor— oder Logerchoden bzw. Belegung mit Fremdistpern (auBer Graphitstaub)
und Feuchte in Storftillen: 120, 13a. Uber diese Arten vin mechanischem Versigen
= Stdrungsart a hingus wird angenommen, dal unzultssige Gasleckagen an Flansch
oder Welle aufireten, deren Behebung einen Ausbau erfordert: 1b - 7b, 12b, 13b,
14b; und daB8 im Funktionsteilkopf Kugeln verkl lc - 8c. Pessimistisch
weise wird dies trotz gagenteiliger Edfahrungen mit guter Statistik ouch fur Rohre,
Blscke und als Uberfullung von Kannen betrachtet. Stever- und Vorsteverungen

rden mit Ausnahme for die MeBanlage in der Auswirkung als zentral beeinflussend

'g und Stérungs
denkbar gehalten: 1d - 12d. Bei Armaturen 18t bekanntlich die Sitzdichtigkelt
nach. Dies soll trotz Wartung berlicksichtigt werden: 3e - 56 . MaBgabaer sind leicht

ht geordnet und werden nicht b htet, da ihre Reparaturzeit unter
einem Tag liegt. Stérungen an den Venturi-Dusen des Fordergassystems sind kaum
vorstellbar. Deshalb ist kein Rovtineausbou pg'plant: 3F. In der Analyse werden
Komplikationen beim Austausch der Mefgeber der KugeimeBanlagen berucksichtigts
10f. Hilfskreisloufe liegen mit ihren wartungsbedurftigen Elementen grundstitzlich

Berhalb des Beschickung sind leicht zugtinglich und in Stunden zv repa-
rieren. Auch hier warden Komplikationen bei der Aushemerung betrachtets 4g, 10g,
12g, 13g.

Grundstitzlich sind nur Stirungen in der Tebelle aufg deren Behebung
mindestens einen Tag dauert, da sonst die Verfugharkeit der Beschiskungsonlage
nicht beeinfluBt wird.

, die bis zu zwei Tage Reparaturzeit erfordem, fur

Die Werte von H und J der Sttrungsarten b bis f werden in Relation xu denen yon q
gebracht. Dumbcn werden Ralaticnen dar "sttmefufligen® !olh 1bis 16 beﬂld!"
Durch diesas Kreuzschema blelbt masmnsuam,@mmg,, . ;
Spishroum. Man kann alio doven ausgehen, &i8 die Elﬁm .
‘werimatiy gesichrt sind, sefern die Basis Jodes n’f:...““‘m....
- pro Intervall ous, enedeanil wird: - - e

PN TR e e
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Auvswertung
Diese erfolgt abschnitiweise fur die funf Abschnitte der Anlage = Zugebe, Abzug,
Umwatlzung, Frderung, Entnahme (siehe Abb. 4 und 5, Tabellen 7 bis 11).

Zuntichst wird das FlieSschema des Abschnitts und stimtliche hierzu enthaltenen
strungs: henden Teile b htet. Bei besti Teilen wird der Belasfungs~-

grod festgestellt. Fir die Reporaturzeit ist die Zugtinglichkeit entscheidend. er
Roum, vor. dem qus die Behebung erfolgt, ist angegeben; wobei bed:

AR Ausbauraum

BR Beschickungsraum

EAR Entnahmeschleuse - Ausbaurgum

ER Entnahmeraum

ESR Entnahme = Schi

Halle Reaktorhalle - Riume (Kontrollbereich)
SAR < — Auds

SBB Sponnbetonbehttter (unzuginglich)
43 Zugoberoum

ZSR Zugabeschleusenraum

Die Reporaturzeit umfaBt definitionsgemti auch Warte - und Vorbereitungszeiten.

Es wird ein Ersatz~ Scholtbild des Abschnitts gezeichnet = Abb. 4 und 5. Hiemach
kann - bei BerUcksichtigung der echten Redund , sishe cben - die Zuverlassig-
keit bzw. Ausfallrate des Abschnitts aus dar der einzelnen Teile bestimmt werden:




v JAbschnitt Rechnerische Verknupfung der Ausfalirate x IO6
' Ausfall Einzel-Ausfallraten
fZugabe slehe Abb. 5
S 1 Lufistrang defokt 230 -0)+ @ 142
1 Gasstrang defekt MR+ QR+ Q) 504
] 2 Gontitnge defekt IR+ Q+ QP+ O+ B 137
Tk Zugobe ausgefallen SO- @)+ B+ @+ B+ 1257
T -
¥ ?(:r_\!! slahe Abb. 4
N 1 Strang dafekt 2D+ @D+ + @) - 1802
u}‘ Abzug cusgsfalten JO- @)2 +1®- @) \ 931
b
[

3 : sishe Abb. 4 \\
5§ Viwittaung avsgefalien | S(D -@) N s

- _reprtu Seunfievg Bl 1 PR wonSH R
i g

¢ ” %!‘_"’!&!. siohe Abb. 4
k b 1 $teang defekt 5@+ Q@+ ®+ @+ B + Q)+2:(® 74580
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Ergebnis

Erwartungsgeml ist die Ausfallrate eines Stranges gleich oder griGer der des Ab-
schnitts. Bei der Zugabe dagegen ist es wahrschainlicher, daB sie im ganzen ausfallt,
als dag ein Strang unbrauchbar wird. Das zeigt, da8 hier die Mehrfachanordnung der
parcllelen Striings primir aus Grinden der Betrieb: infachung und nicht wegen
erhshter Zuverltssigkeit vorgesehen ist.

Stellt mon dis Ausfallraten der finf Abschnitte gegentber:

Zugabe 1257.107°

Abzug 931-107®

Umwitlzung  1668.107°

Férderung 1976-107

2 Enmohme ~ 426.107°
6258-107°

so sieht man, daB eine anntthemd gleichmiiBipe Zuverlussigkeit erreicht worden ist.
Die Annahme irreparabler Schiiden bei Forderung und Abzug wirkt sich im Ergebnis
kaum qus. Die relativ hohe Rate bei der Férderung ist bedingt durch die hohe Zahl
{22) zeniral besinflussender Stérquelien. Die Ausfallrate dor Umwislzung ist bedingt
durch den hohen Belastungsgrad weniger Funkiionsteile, durch die ober jede einzalne
Kugel ltuft.

b In 30 Johren bed die G rausfall von 6,258-10

-3

J 0,19 Johre = 68 Tage Ausfall der Beschickungsanlage.

Doas Einzelteil mit hichster Rate for die G lage ist dis Abbrandmefianlage mit

O,S'IZ-'IG-G, aefolgt von Schleussnventilen der Zugabe mit 0,378'!0-3 und
Dosierm der Unwislzung mit 0,353-10™2,

T Daemthnt wurds, da dis Besshickungsanioge ca. 40 Tage stiiisihen-kann, ohne gris-

; wre Einbufle on Verfugbarkeit fUr den Reaktor zu verursachen, und da die Wahrnchein~-

Uichkelt ganUigand gering ist, doB dis Ausfclizeiten der Anlage unmitteibar aufeinander
Tis. T . - 16 -
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folgen, sondern sich auslegungsgemii etwa gleichmiBig Uber 30 Jahre verieilen
werden, ist die ermitelte Ausfallrate klein genug.

Die Verfugbarkeit der Beschickungsanlage betriigt damit 99,37 %.

Alternativen

1 "l " h

Zwei Alternati g

a) Echte Verdoppelung der Abschnitte Abzug, Umwiizung und Férderung.
Die Ausfallraten sind in diesem Fall:

Zugabe 1257.107
Abzug 3- 10
Umwalzung 3107
Frderung 407
Entnchme 426-10°

1693-107°

Gesamtousfallzeit in 30 Jahren: 19 Tage
Verfugbarkeit: 99,80 %

Hier zeigt sich, daf} es unzweckmiiBig wiire, Entnchme und Zugnbe unver-
bndert zu lassen. Es bietet sich daher die Lisung einer vollsttindigen
Anordnung zweler getrennter, je fur 100 % Leistung ausgelagter Anlagen,
wie es die ursprUngliche Konzeption war, an.

b) Echte Verdoppelung der gesamien Beschickungsanlage, sinschiieBlich
Stausrungen, Hilfskrelslsufe, gemeinsome Enmohmestotion,
Dis Ausfaliraten sind in dissem Falls

Areme wr —aee

T grw f waBEE
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Gesomtausfallzeit in 30 Jahren: 0,9 Tage

Verfigharkeit: 399,99 %
Ausgsfuhrt wird fOr den 300 MWe ~ Reaktor die in den Anlagen gezeigte Anordnung,
da ein Ubergang zur Al ive b einen rhatltnismtsBig groBen Kostenaufwand,
vor alfem wegen des Raumbedarfes zweier v5llig unobhtingiger Anlagen, rhach
wirde .
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DEMONSTRATION OF THE PERFORMANCE AND
RELIABILITY OF THE GENERAL ELECTRIC CO.
B0ILING WATER REACTOR MAIN STEAMLINE
ISOLATION VALVES

by I. M. Jacabs

INTRODUCTION

The General Electric Company has used reliability amalysis and assessment
techniques to evaluate critical designs since the beginning of its commer-
cial power venture. The emphasis has been on performing trade-off studies
during the early stages of design to select a system configuration with
adequate reliability potential, first on instrumentation and logic! 2 3
later expanded to include complete systees for emergency cooling®. Other
valuable studies have assesed the effect of test frequency and repair time® 6
on the availability and reliability of engineered safeguards.

In any reliability analysis, there is always concern that the meager failure
rate data available actually represents the failure rate of 2 particular
component in a particular environment. A case in point is the main steam
fsolation valve which was originally designed for closing against a flow

of saturated or superheated steam. This type of valve has a good perfor-
mance record and wide acceptance in industry. The question to be resolved
1s this: Dees the valve perform equally well for the expected conditions
following a postulated break of a main steam 1ine?

A few facts will place the problem in perspective. In the General Electric
direct cycle Boiling Water Reactor (GEBWR), the steam 1ines couple the reac-
tor directly to the turbine. In the event of a postulated steam line break
outside the primary containment, an escape path is present for loss of reac-
tor steam and water and any dissolved radioactive materials carried with
them. For sufficiently large breaks, this loss of reactor coolant, 1f un-
checked, would result in the release of a large fraction of the vessel fluid.
Two isolation valves are provided in each main steam 1ine for the express
purpose of providing a cedundant means for terminating such a coolant loss
without uncovering the reactor core.

To meet the safety needs as well as the requirements for Tow pressure drop
during normal plant operation, a Y-type design was selected which uses an
alr cylinder operator and closing spring as separate independent closure
devices. Individual design features of this design include a basic stop-
check configuration, pilot valves, closing springs, air operator, and oi)
dash pot. A1l of these individual features have wide acceptance in indus-
try. The total combination of these features, however, had not been tested
under the combination of conditions postulated for the steem Tine oreak
sccident. This combination of conditions may include very high steam flow
rates, high velocity stesm-watar mixtures, and dynamic Joadings in addition
to the static pressure differentials. Proper and rapid closure of the iso-
latfon valves under these conditions is a safaty function in the plant, and

% 1, M. Jacobs 15 a Reliability Engineer in the Atomic Power 1pment .
of the General Electric Co., San Jose, California. Fqe Dest

-1-
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the concern was simply that valves of this type and large size had not
demonstrated their perfcrmance and reliability under accident conditions.
However, analysis of the conditions and examiration of the valve design,
together with a nuwber of specification tests possible under shep condi-
tions, provided significant assurrance that the valve performance would

be satisfactory. Never-the-less, a large-scale demonstration was consider-
ed desirabie to establish greater confidence in the ability of the valve
to perform reliably.

THE DEMONSTRATION PROGRAM

The approach taken was to test a typical full-size valve under conditions
which approximate as closely as possible the most severe conditions the
valve is predicted to experience in the event of a steam 1ine break out-
side the dryweli. The primary objective was to demonstrate proper closure
of the valve under such conditions. In addition, some tests were made at
conditions more severe than expected to demonstrate ample safety margin.

A two-phase flow analysis of the pestulated accident was performed to pro-
vide the expected conditions of pressure, flow rate, and quality at the
valve. This information was utilized to plan the experiment and to destgn
the test facility to provide the wide range of conditions needed. The test
facility was built in the Commonwealth Edison Company's State Line Station
Unit 1 and utilized the full steaming capacity of all boilers with a total
thermal rating of approximately 700,000 KM at a nominal pressure of 650 psig.
A specially fabricated set of headers and valves allowed for mixing steem
and water from one or more of the six boilers prior to admissfon to the
valve under test. The steam headers ranged in size from 14 inches to 20
inches with ventusi sections built in to measure steam flows.

The main steam isolation valve tested was an air-and-spring operated Y-
pattern globe valve for use in a 20 inch pipeline (Figure 1). The valve
tested was taken off the production line and is typical of the valves used
in GE-BWR's.

Each test was inftiated by quickly venting a balancing pressure from between
a pair of rupture discs which simulated the instantaneous rupture of the
steam Tine. The test valve was closed on a varfety of flow conditions cover-
ing the following ranges:

Steam only tests: 50 to 1080 1b/sec

Water only tests: 240 to 3490 1b/sec

Mixture tests: 1530 to 3860 Ib/sec (quality range 0.17 to 0.45;

Surge tests: 520 to 2970 b/sec {quality range 0.01 to 0.33
RESULTS

The main steam 1solation valve under test was opened and closed without fafl
more than 400 times (200 cycles) during the two-month test program. It shut
off more than 40 flow tests which simulated accident condftions including those
more severe than postulated for the design basts accident in the nuclsar power
plant, Each time it opened and closed when signaled and shut off the flow cem-
pletely and relfably.

2~
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Figure 2 shows the differential pressure when a saturated steam/water mix-
ture flows through the valve part way through its closing stroke, as may
occur in the event of a steam line break. A gradual rise in differential
pressure 1s observed as the valve closes on steam flow. When mixture enters
the steam line a decrease in pressure occurs at the valve follawed by a
s1ight overshoot at the time of transition from steam flow to mixture flow
at the valve. Eighteen of these surge pressure runs were included in the
test program. Contrary to original concerns and conservative predictions
that very large pressures might accompany the surge of fluid (rapid transi-
tion from steam to steam-water mixture) through the valve, the tests demon-
strated that the surge pressures were minor and entirely within the rated
boiler pressure.

The test demonstrated that steam and mixture flows assisted valve closure.
Closing speeds during the flow tests were generally 20% faster than the
closing speed under cold, atmospheric pressure conditions.

Amalysis of closing performance on this wide variety of conditions demon-
strated that valve closure is not critically sensitive to temperature,
pressure, fluid in the valve, or fluid flow.”

CONCLUSIONS

The pressure and flow transient response in the steam 1ine during the postu-
Jated external steam 1ine break accident condition can be analytically pre-
dicted and the type of commercially available main steam {solation valves
used 1n boi1ing water reactor nuclear power plants designed by the General
Electric Company will close as required under the steam and two-phase mix-
ture flow conditfons that could occur for the design basis accident. To
the reliabi1{ty amalyst, it 1s significant that this standard valve did not
fail during more than 200 cycles of operation, over 40 of them in simulated
accident conditions. Even more significant, this valve was drawn from a
larger population of valves which over the years have demonstrated reliable
performance in normal steam service conditions. These tests have demonstrated
that the valve 1s not overstressed and {s capable of operation with mixed
steam and saturated water flow conditions. Thus 1t seems reasonable to use
rmric fatlure rate data in a reliabi1ity analysis of the main steam line
solation valve function.
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Introduction

One of the main factors which affect the lifetime of Zirconium
components in nuclear reactors is the embrittlement by radiation
and hydrogen pick=-up.

The quantitative evaluation of this factor and its implications
iq the assessment of safety are still matters of discussion.

The development of the sclence of fracture mechanies has pro-
duced methods and criteria for a quantitative evaluation of the
brittleness cf the basic material.

But great difficulties arise when we want to estimate the me-
chanical stability of the whole structure, given certain pro-
perties of the basic material.

In fact the risk of a catastrophic failure due to the brittleness
supposes the presence of flaws or cracks. The distribution of
the cracks and the dimensions of the largest one, depends on
the dimensions and the complexity of the item considered, on the
age, on the controls, etc.. This means that the risk of a catas-
trophic failure is connected to several factors which are of a
statistical nature.

Usually the factor "embrittlement”™ 1s considered alone and over=
emphasized, while inadequate attention is given to the inter~
connection of all the factors. The reason is that other factors
can be estimated only with reference to single engineering com=
ponents and a statistical treatment is needed.

This paper gives an example ¢f how different factors can be
statisticelly considered together in order to estimate the ca-
tastrophic failure probability of a structure like a pressure
tube in Zirconium alloy.

Also given are the heuristic possibilities of the method when
simplified assumptions about factors and their variability
are made.

Basic concepts and forpulss

Given a component and the type of failure let Fa(x) be the
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probability that the resistance to failure of the component 1is
less than a certain x and Fc (x) the probability that the loed
which causes the failure is greater than x, these probability
distributions being a function of time.

‘1‘h? failure will occur when Xg > Xpe

Therefore the probabllity of fallure or unreliability is ex-
pressed by (Fig. 1) :

M e = j"’“lp (x,t )-‘-’Sﬁ-—-l
[}

The reliabllity will be :

(2) R(t) = 1 - H(t)

It is useful to introduce another xoncept is some way analogous
to "safety factor" in the conventional caleculation methods.

The "safety factor" 1s the ratio of the resistance to the load.
We introduce a "load factor® :

) y=2=

where xR and Xo are quantities statistically distributed. Therefore
¥ will also e sbatistiqally distributed.
Given FR(x) and Fc(z), the distribution of y is expressed by :

(3 Py =P (;: ‘y) = /o"hn(yxc( —"-'aﬁ%-’-'d x,

For y = 1 the value of F(y) corresponds to the proba’bility of
failure, 1.e. the proba.bility ot failure cnmwonu €o W #3‘6'-
babllity of a& load factot = 1. R

Formalas (1) and (%) swmmarize the whole of structural rolnbnitr
theory.
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The use of these formulas supposes the knowledge of the distri-
bution function Fp(x) and Fc(x).

Moreover, the solution of (1) and (%) in a finite form is not
possible except for very few distribution functions.

For this reason the literature usually gives a simplified
approach /1, 2_7 based on the error propagation theory.
According to this approach instead of the distribution function,
only the variances are considered.

Let 2(m,n) be a function of the statistically distributed va-
riables m and n.

A Taylor's series expression of Z can be written :

{5) Z(m,n) = Z(mop no) + 2% ‘()m - mo) + g%l c(’n = no) + eee

If the higher order terms are neglected :
(6) Z(m,n) a+bm+cn

Regard less of the type of distribution of m and n, the variance
will be given by :

2 2

(7) var® (Z) =1 varz {m) + ¢ var? (n)

This formula implies that a change in Z oan be eatimated as a
linear function of the changes in the individual variables.

For instance, given the variances of load and reaistance the
variance of the load factor can be easily estimated.

However to have numerical values of probability we need the dis-
tribution law. When m and n follow a normal distribution, Z also
follows a normal distribution. But when m and n follow another
type of distribution, the correct distribution for Z can only be
obtained by formuas like (%), Hence, the simplified approsch can
give in this case only a qualitative indication.
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Outline of the model adopted for the reliability calculation

Starting from the basic concepts referred to previously, the
following reliability midel for our structure 13 assumed.

The failure considered 1s the catastrophic failure due to the
brittle propegation of a crack.

For our tube a certain distribution of defect size is assumed.
The relationship between the critical defect size and the
corresponding applied stress allows the derivation of the re-
sistance distribution. Then the load or applied stress distri-
bution is assumed. By the superposition of the applied load
distribution to tee resistance distribution in (1) the relia-
bility is calculated.

The distributions FR and FC are considered variable with time,
i.p. their parameters are function of time.

The effect of the inspections aiming at limiting the maximum
crack size and the maximum load value can be expressed by a va-
riation of the extremes of the integral (1) i.e. by a truncation of
the aistributions FR and Fc.

Main characteristics of the actual structure.

The specific considerations that follow refer to pressure tubes
of Zr 2,5 % Nb alloy to be installed in the experimental zone
of the Essor reactor (fig. 2).

Tensile properties of the materlal are given in tab. 1.

From the coolant which is planned to be used in the loops (water
or organic coolant) we expect significatant hydrogen pick-up

at the operating conditions (up to 300°C for water and 360°C for
organic ccolant). The embrittling effect of the hydrogen on the
unirradiated material has been evaluaud by C.0.D. test on a
SEN specimen (fig. 3).

To clarify the meaning and the reason for this test we reocall’
the general relationship between the critical length “a of‘a
orack line defect and ths applied stress !:"‘-»;

¥

«
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vhere B 1s a constant which characterizes the material from the
point of view of the brittleness and n 1s an exponent which can
vary from 1/2 to 1.

In the cuse of a plane sheet loaded in a direction perpendicular
to the defect length, P is proportional to the "Fracture Toughness"
or "Crack Extension Force" G,» 1l.e. to the energy needed to pro-
pagate the fracture of a surface unit.

In the case of tubes loaded by internal pressure and containing
axial defects, B is atill a quantity characteristic for the ma-
terial, but is not related only to the "Fracture Toughness" because
we are far away from the conditions of validity of "linear elastic
fracture mechanies”.

In general the relationship (8) can be experimentally determined
by a burst test on artificlally flawed tubes. As this type of test
is very expensive, a great effort has been made to attempt to
discover small tests from which a reliable extrapolation to tubes
would be possible.

A technique, based on the assessment of the crack opening dis-
placement 8 1in the region near the tip of a defect, gives within
certain limits satisfactory results /[ 3_/.

The relationship between C.0.D., the hoop stress in the tube and
the length of the corresponding oritical defect is given by :

(9 o -2—"' a
%
where

oy = yielding stress
E = Young's modulus

The formula (9) corresponds to (8) with n = 1/2.
CuOeDe, & , 08N be measured on emall specimens.
From the values of C,0.D,, for each material condition, the constant
B 18 derived
1/2

(10) B -(ﬂiﬂ)
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The values of 3 , measured on our materlal, versus the hydrogen
concentration, at room temperature, 1s given in fig. &4,

The values of j depend on the crack orlentation due to the tex-
ture of the tube material.

We have considered the C.0.D. corresponding to the longitudinal
defect, the most dangerous and the most probable in our situation.
The values of C.0.D. increase very rapldly with the temperature,
so that the most dangerous condition for our material is low
temperature.

This is why we assume room temperature for our calculations.

An embrittlement effect should be expected also from the neutron
irradiation. The fast flux (> 1 Mev) on our tube is of the order
of 5+ 10.10%3 n/ce sec.

In one year we have already a dose of the order of 1021 n/emz.
Like the hydrogen, irradlation has no detrimontal effect on the
tensile and yield strength, of Zirconium alloys, while significant
effect has been cbserved on impact properties and fracture toughness.
However this effect tends to a saturation at a dose of 1021 n/omz.

It could be equivalent to a hydrogen concentration of 100 - 150 ppm.
The superposition of the radiation effect on the hydriding effect

i1s not additive.

The impact properties and the fracture toughness tends to have a
limiting absolute value /[ &_7.

Specific tests are underway at HFR (Petten).

In the absence of definitive experimentel data varicus hypotheses
have been made (fig. 5). The curve (3) is considered the most
probable. It corresponds to a rate of embrittlement equivalent to

an hydrogen pick-up of 300 - 400 ppm after 20 years. The linear
variation with time has been assumed for simplicity as a first
approximation.

Determination of Fp_ (X.%)

5.1, Elan distributjon .
Let F(a) be the probability that the largest longitud:
defect in the tube is longer then "a".
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We choose for F(a) a Weibull distribution.

At present experimental data on defect size and on their
statistical distribution are very poor, and the choice of
a Weibull distribution i1s arbitrary. However it can be
Justified on the one hand by the formal advantages of this
two parameter distribution and on the other by the fact
that this type of distribution has been successfully
adopted in similar cases :

(1) Fla) = e'(gg)p

g and e, are respectively the form and the scale parameters
of the distribution.

Resistance distribution
According to (8) we can write (11) replacing "a" by

- g
1) 3 -G

F(g) expresses the probability that the resistance is lower
than g, i.e. the probability that the largest defect present
1s lohger than the defect a for which ¢ is critical.

The constant B of the material 1s included in the parameter
T L

Consider now that the basic material i1s embrittled keeping
constant the crac) distribution i.e. the paramster O*

The basic material will be oharacterized by a new B'< B.

If we indicate o b the new parameter g,to be introduced

in (12) acoording to (8) will be :

1]
(13) gl =od
The new resistance distribution 1s 1

~“fn ab
O SRR [ XY
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If we plot on loglog paper 1in I-‘R( g) versus 39- e have a
atraight line : °

(15)  logln Fy(o) = - § 1og -

A variation of the properties of the material keeping
constant the crack distribution corresponds to a vertical
translation of a quantity 1log :

(16)  logln } = login —X

Fﬁ 0) FR -]

-8loga

To introduce the variable time we write (12) and (1) in the
form :

- t)
an  Fpt) = e, * e

(18) B} (x,t) = eKr) o(0)™"r(Px (%)

As we have supposed that the parameter (t) expressing the
embrittlement of the basic material is linear with time
(fig., 5), we can write :

(19) K (8) = K (1 - (t-1) ci)n m(t)

where

(00 ¢, = 1= aft)

If we suppose also that the parameter mr(t) expressing the
form of the distribution and therefore interpreting the
phenomena comnected with the modificatlon of the oracik
distribution (wear, local corrosien etc,.) 1s }&p s

PR P

(21)  my(t) = my 4 (8-1) Cy »
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3. Nupericsl expression of Fp(x,t}

Ye assume on the basis of fabrication experlence some points
are rfixed and on them the Weibull distribution is drawn :

1,07
(22) P(a) =e 9P 2 >

From this distribution we derive the parameters Kﬂ and %Y

(24) m., = 2,15
As a variable w we take

2 = 8
(35) x Fe

where 1s the actual hoop stress and 9 the nominal allowable
stress calculated in accordance with the ASME code for
pressure vessel @

(26) oy - ﬁ%(}oooc) = 16 kg/ma®

PFrom the fig. 4 which gives the C.0.D, at the initial time
and from (9) the resistance distribution at the initialtime
time is derived :

-2,
(27)  Fyplx) = e™9%0 x 1

In rig. 6 are plotted such distributions.

To rix (21) the following hypotheses are made about the
avolution of the probability distribution.

We suppose that in time the probabllity of the’ almost
inoredible defect remains constant and the probability of
shorter oracks increases (fig. 7).
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As several phenomena can contribute to the growing of the
defects (wear, pressure cycling, thermal fatigue) various
values are also assumed for the parameter cdr.

We have plotted in fig. 6 the crack distributions after
20 years of operation for various cdr'

To give the physical meaning of these values we can see
that they correspond to a probability for a crack larger
than 6 mm after 20 years of 1077, 10~ and 1071 respec-
tively.

6. Determination of Fc(x,tl
As we have already said F;{(x,t) is the probability that the
maximum applled stress attained in the time t is higher than x.
The variable x os still éh (25).

We assume also for this distribution a Welbull type :
m,(t)
(28)  Fylx,t) = eRelt) 2 70

This distribution will change in time in the sense that the pro-
bability of having m load higher than a certain x is increasing
with the time.

We assume tha the time affects mainly the probability of having
acoidental overload, 1.e. the daistribution on the side where the
probability values are very low, so that no change can be oon-
sidered of the distribution around the valus x = 1.

With this hypothesis we ocan write K (¢) = X, (1) » constant.

To take into account the timewise mcroalins probability of
velues of x higher than 1, m (t) 18 expressed as a lineay tihotion
of the time 3

L SN ST R

wan B Ags ag

(29) 0, (%) m My - (%2) Byy m{ S st srinzAd

CedT . g, weh
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Nurerical values for the constants Kc and m, can be obtained
on the basis of an analysis of all the possible plant operation
conditions. cdc i1s a parameter which expresses the reliability
of the safety devices foreseen to keep the loadling conditions
below certain levels.

In rig. 6 Fc is plotted for the following values of the para-
meters :

Kc - 2,"
My = 4,4
Cge = 0,135 and 0,07

This corresponds to the rfollowing probabilities

=1 year
(x=1) = 1071
(x1,5) = 3,2077
(x=2) = 20723
= 20 years
(xwl) = 10-1
(x=2) = 108 ana 6.10

‘g 'doer g g MO oor

~l

Reldability caleulation

The formmula (1) has been solved by a digital computer programme
for the distributions indicated above.

The most interesting comments on the results are in connection
with the mutual effects of the four facters considered s em-
brittlement, flaw distribution, load distribution, control
limiting the maximum defect size.

In rig. & to 13 are given different casea considered.

In teble 2 are given the values of the reliability for different
valuss of the parameter expressing embrittlement, flaw distri-
bution, load distribution and truncation.
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The following remarks can he made on the results 13

a)

b)

c)

d)

The embrlttlement can modify the reliability of a structure
more or less according to the kind of crack and load dis-
tribution we can expeet in the structure.

The degradation phenomena are not additive in a simple way.

A structure with a high standard regarding the probability
of cracks has a reliability much more sensitive to a basic
material degradation than a structure for which a great
dispersion of the possible defects is supposed.

The same remark applies to the load distribution : a stringent
specification an overload prohabilities, which means a high
reliablility of the safety devices, emphasizes the effect of
embrittlement.

¥When we £ix certaln values of reliablility for pressure tubes
(see for example / 5_7 we must pay attention to the fact that,
for given operating condition and inspection rigour, a very
small variation of the fracture properties of the basic ma-
terial can result in a variation of an important factor in

the reliability. For instance in tab. 2 we sae that a variation
of a factor 2 in C.0.D. which corresponds to a variation of
fracture toughness of 1,4, can change the reliability from

106 to 10719,

The slope of the probability of faillure or unreliability as a
function of time tends to change.

This also can be considered a combined effect of the “evolution™
of the statistical aistridutions determining the reliability
value.

The positive effect of inspections in limiting the valie 67
the maximum crack is important for the smaller times but

decresse rapidly as the time increases. If what we want is
a oertain mission reliability for the time t, the type and
the rigour of the inspections must be optinized with regard
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to the particular situation and time to avold performing
ineffectual inspections and thereby wasting money.

Comparison with conventional methods of resistance evaluation

The conventional methods of calculatlion based on pressure vessel
codes cannot take into account the factor "embrittlement" if

no correspending variation of tensile propertles exists.

The factor "statistical distribution"” of defects and of appliled
stress are considered in the "safety coefficients".

More recently calculation methods in which the brittle fracture
alone 1s considered have been introduced [ 6_7. They are based
on fracture mechanics and go under the name of "leaXk before
break criterion”. ’

From experience in fracture testing of thin wall pressure vessels,
it was reasoned that a through-the-thickness ecrack, normal to
the maximum membrane stress, of a total length equal to twice
the wall thickneas would deform sufficlently under pressure to
permit leakage of the pressurization medium, provided that this
length was less than the critical defect size. As the leakage
can be detected a critical defect of twlce the thickness is
considered the safe 1imit and the basis for the stability cal-
oculation.

According to this criterien the safety factor againat brittle
fracture is

£ sritical defect size of the operating condition
2 x wall thickmess

In fig. 14 ¢ and unrellability are plotted versus various em-
brittling conditions,
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We can see that the quantity "safety factor against fracture"
is ambiguous for values less than 2. That is to say that when
the risk of brittle rupture becomes really significative only

a probabllistic evaluation based on the lmowledge of all factors
could give a quantitative evaluation of the stabllity of the
structure. In fact for a safety coefficient equel to one we

can have an unreliability ranging from 10~ to 1077 according
to the various cases considered.

Coneclusions

- The reliability of a structure depends on several factors :
1f we take into account the statistical nature of these
factors, we find that their effect on the relilabllity is
not purely additive.

This means that practically the same attention must be given
to all the factors to avold an error in interpreting the
advantages or disadvantages in modifing one of these factors.

- The factor "embrittlement” can be estimated cn the basis of
fracture mechanics., But 1ts impact on reliability has a quan-
titative meaning only if we refer to a determinate situation.
We can say that "fracture toughmess” specifications should be
accompanied by a specification, on a statistical basis, of
the load conditions and on the crack probabllity.

- The inspections must be chosen carefully, raying attention
again to all the factors, including the mission time we expeot
from our struscture.
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TASLE 1

Specification (Unirradiated and Hy = 20 ppm).

20°C 300°C a00eC
° | %,2,] & [ s 93 49,2 A °z  J%,2 44 s
e /o’ | kg/m” | % | % | ke/mife/mm S| xg/mmije/md] S | %
80 58 |18 |56 58 | 28 | 20| uy 39 |22 n

N.B. With an hydrogen concentration up to 400 ppm no practical

variation in Sgs 9% 2 and A 1is revealed. Significative
»
variation is observed in striotiocn.




TABLE 2

Unreliability corresponding to 20 years misaion time

1ttlement]

Cease Load Flaw 3 3 1 iy Truncation
ne  [Distribubion| Distributy 3 2 4 10

g n,
1 1,7 2,65 1,8.10222,2,10728)2,7.2072%|3,1.1079
2 " 2,95  B,2.10728h1,7.10°% |2,6.10"1%4,9,10°7
2a " 2,6,10719 Lmin -2
21 " 3,1.10711 L
2 " 5,3.10-13 " a3,5
24 " 1,7.10715 LA
2e " b,1.2007] " =2
2 r " 1,3.10"8 ' w3
2¢g " 6,4.10°1 * . 3,5
2n " 9,9.2071 " .y
3 . 3,65 6.10°Y p,6.10"193,5.1076 | 8.10°5
A 3 3,65 | 5.4.2029 5.10719)1,3.1070}1,1.10"6

2Le
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A REVIEW OF THE SAVEYY ASPECTS OF THE DESIGN OF PRESTRESSED CONCRETE
PRESSURE VESSELS WITH REFERENCE YO LIMIT STATE DESIGH

C.h. Tu 8. Gill

Existing Design Philosophy

The main safety consideration in the design of nuclear reactors
has always been that of restricting the release of harmful fission

prod into the hare. For this purpose, the primary contaimment
of the fuel can and the secondary contaimment of the concrete pressure

veasel iteelf, continue to repregsent the main precautions againet disaster.

For the gas-cooled reactor, housed in a prestressed concrete pressure
vessel, safety requirements in addition, have alvays demanded a restriction
on the sscape of gas from the st:el-lined interior of the vessel, at least
mder test loadiugs.

The vessel loadings comeist of the gas pressure, which is limited by
relief valves, snd the tempersture load, which is limited by a secondary
cooling system and insulation, and which can rise gnly slowly in the concrete
due to the latter's thermal imartia.

It has been stated (1) that hefore gas leakage can be significant, the
steel lining to the vessel must sutter widespread breaching, snd that
consequently structural failure of the main sections of the vessel only ueed
to be considered where leaksge is concerned.

Moreover @ further assumption is usually made that all closures and

of tbe vessel maintain complete integrity.

Based upon these aims and sssumptions, three design criteria have come
to be adopted:

(1) that the elastic response of the structure should be such that
under design load and test pressure, the stresses in the main
sections of the vessel shall lie below permissible code valuss.
This is the main clessical design requirement for servicesbility;

tha design of the dtsel lining is slso, to a degres, dependent
on a knowledge of the elastic response of the comcrete.

(2) thet there should ha a mode of failure under ovarload conditions,
such that deformations in the whole vessel are racognissbly gradusl
and large before ultimata structural collapse.
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(3) that there should be an adequate wargin against ultimste failure;
at the present time in Great Britain, it is required that the
vessel barrel in the case of cylinders, should fail at a pressure
not less that 2.5 times the design pressure, and that the snd slads
should fail at a pressure not less that 3 times the design pressure.

In sddition to these criteria for design, proof testing is normally
carried cut on completed vessels at s pressure 1.15 times the design pressure.
The main purpose of this test remains that of indicating clearly that the
vesssl is adequately safe at design pressure, i.e. that it is wot about to
fail, and for this purpose, 1.15 seems a reasonsble factor.

By the provision of -instrumentation in the vessel, confirmation can be
obtained during the test loading of the structure, that the design
calculations forecast the actusl behaviour reasonsbly accurately under
sarvice loadings. Such instrumentation can also confirm satisfactory
behaviour during construction, commiesioning and operation.

Other aspects which may be listed under the beading of existing safety
philosophy are such items as inspectionrduring ion and quality control
of materials.

Results of model ing of p ypas also that special '
arrangessnts of vessel geometry either of the whole structure ox of parts
of the structure, csn be satisfactorily anslysed.

Sortommings of Existisg Criteris
Although the thres design criteria listed, may all be spparently
satisfied by applications of acceptable snalytical methods and arrangements

of suitsbls vassal configurations, it should be realized that to &
cousidershis extent, the oversil safsty of a prestresssd comcrete pressure
wvesssl still depends on the inteprity of many secosdary layout details.

Yor ple oll 4 oad cl » and the imsulsation esd ¢wvoling syscems
Teprasent safety problems. Thesp prodlems are not ily resolved by
"-.d-. the main criteria Wt by gotd plimisiag afid d4tiliieg; ¥y couttolled

5 minpnt"“ ad by “ﬂmﬂ‘ﬂ’*‘“" Nogh, of these. problemy. .
“'?HHL JFM“"‘”“H?W rwm sl aes oo
1% stwuld also be realised. mmamummmuu
mmuuwhmnmmmmmma
»-m md for diffevent Layouss of vessel.
mj& i . . .
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As for load factors or safety factors for amy particular design
cdnditivn, these should be -pe;:ifiully suitsble for each configuration of
wvesssl, -although in the past similar factors have been used for very
different layouts.

Woreover no realistic process yet exists for integrsting into desigums,

proper sll for time~depend and temp depend strsins, in
particular for thermal creep and for other secondary effects. Mor is it yet
customary to allow in analysis for the iavolved stress histories of all

concrete sections.

As the petting concrete genmerates heat of hydration, it expands
and the stresses set up are relieved to a considersble extent by creep.
Later the concrete having hardeped, cools “and contracts. The contraction
stresses are teusile nnd.iuuuc the shrinkage stresses which begin to occur.
Dead load stresses will loed the concrete further and the extent to which
all these stresses sre dissipated and redistributed depends on the degree
to vhich cresp is still acting.

Undoubtedly there is an indeterminate condition of locked-in
stress wvhich represents 2 datum upon which are later imposed commissioning
and operational stresses.

To sddition the of the mechanical loading imposed on the
P veasel e is cyclicsl, and in a realistic deaign, the effects

of this repetitive loading on subsequent stress redistribution should be
sllowed for fully. It is in this semse that the concreta's stress history
is of importance.

At first sight the three main design criteria, may sppesar ressonsbly
satisf 8 y am inati 1s a certain inconsistency ead
arbitrariness. A

rarudqlu.nthmh-dtumiptuumuhtuud
valves will the { 1 p trom ﬂlhq.bn ummn vgl-.
\M.lnonmoﬂnr.hhuqdniumlob:oﬁi&utﬁqﬁ&n .
wodes of rupture wnder gveriosd sud smsuring UH‘EMM"M
nor i it elesr to what sxtent the effect of £a9 pressuge i
the }uing.sss: thecnonsepanion 41denser W PPV ERW

VELUBR.; o vi dniusy $3ehsNRs fad i Fosy, LMW%W‘WW

oceurring {n the cewerste of oparsting
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when it comas to the choice of overall load factor for the vessel,
the values of 2.5 and 3 appear to have no real scientific basis; nor can
it be established that by using these figures safety is fully guaranteed.
Furthermore it cannot be claimed that the figures are the result of
experience becausc none of the vessels built has yet had a service life
long enough to permit amy realistic statistical amalysis, although the
Foulness wodel testa (2) of the U.K.A.E.A. go some way towards remedying the

situation.

The elastic analysis carried out has also beem subjected to criticism
in some quarters on the ;rouhd- that it is only the average working stresses
that can be kept below permissible levels. It is frequently pointed out that
the state of stress in certsin parts of the structure does not neccessarily
give 4 true picture of the overall serviceability.

It is evident thet in order to be u-nrec'l of a satisfactory desigm,
the pressure vessel designer not only needs to know how safe the vessel is
wnder overload conditions, but he also needs to kmow this st all stages
and under all combinations of loading. Using the existing design criteria,
be cannot certainly achieve these objectives.

4 £

However, if the limit state design pt is pted, the y
of the structure can be systemstically and logically assessad, provided
the necessary data becoms svailable.

It should be pointed out that the ultimste load method of design,
which is utilized for pressure vessels at the present time, in addition to
the elastic analysis, is in itself one aspect of limit state design.

then the fsilure hanism or hanisws are known, the ultimate load
method well rep the behavi mode of the structure nesr collapsa
and consequently, satisfactory strength can be inferved, with confidence,
at ssrvics loed level. WHowever, this sspact is only one of meny that need

mt@tnﬂu if the full limit state design method is adopted.

Jinds Scate Dosigp
- . Limit state desige is nev s well-establisted procedure widely
quuﬁm-tmm, and which considers varistions fn - -
mf-,ua;u;ew T otresgthy from a statisticelprobshidiesis
"&*ﬁm i w_,).mwamw Reptacing Sogee sepqete of the . .
B . velovant to the prasenk B s L TIEIL S P O ST

N ;o PR




The governing equations for characteristic loads and strengths
may be stated thus:

Chazacteristic load = mean load + (ll x standard deviation)
and
Characteristic strength = mean strength - (K. x standard deviation)

where Ky and Ky are factors with values vhich emsurs respectively that the
probabilities of the characteristic loads being exceeded and of the

" 1

fetic &

not being achieved, are cf a known, acreptable order.

Furthermore, tha strangth of the material in the finished structure
may be veaker than that found from tests on samples. For example in the
case of concrete this could be due to the inherent variability of the

material as a result of .its hod of manuf ; the degree of compaction
may not be the same on site as in laboratory samples; impurities may be
P in aite te and q 1y icd h may be reduced. To

allow for thase factors which tend to weaken the strength of the material
in tha completed structure, a further partisl safety factor is applied.

Thus, for the material;

Design etrength = characteriatic strength
n

Similarly, the load applisd ko the structure or to psrt of it, may be
greater than anticipated due to strors in design essumptions or errvrs in
construction etc. Hence, for the loading;

Design load = ' charactaristic load.

rhchoiuatthupitwcofy.mdy,_‘_ ds op how ptable

it is for these adverse effects to occur. Obvigusly the chosen valuss of
Yo Sud Y, -u_1 determina the probebility of these sdvexse effects happening.

For exampla, ist us cousider the streagth of s section, vhish is
governed by the compression strength f concrete. Asswming that el
necessary data are svailsble, the «-tm 540 salert the MP‘P

of “- Kne Y ﬂ Ygo ﬂﬂl tunhn ﬁ. b W IM
Pus Py and Py foy the veriow efse w mkmmﬁmﬂm e
distgn losd will L 1o exsene of: ﬂ'& 3o KL ’mﬁ

poobabiiiy of m-u« mwsmmmm

T et . o LTSy e e o " v&m




294

In general, a structure under service conditions, should mot
only carry the load safely, but it should also not deflect excessively
and thus cause damage to interior finishings or installations. Partial
safety Fsctors and probabilities against the structure reaching an

excessively deflected condition can also be estimated.

Pinally, structural members should not be demaged locally by
crocking and spalling of the concrete thus exposing the reinforcement
to corrosion. In this case also, the probability of the structure reaching

such a limit state can be sseessed.

Thus for a structure to be satisfactory it has to be designed for
several limit states.

A structure can be said o be well designed if it can be showm
that the probebilities of each of the limit atates being reached are
and

the structure is rvealistic.

le, pravided of course that the resulting cost of

Theoretically, thia is possible if all the statistical data are
obtainsble for ing the probsbilities Pys Pas P"and Pa-

It should be accepted that Udentical probabilities canngt be
srranged for all limit states applied to structures and particularly to
the pr d e p vessel b of the non-availability
of certain data,

This problem may be overcome by accepting, in certain cases, a
lower probability. For example, for those limit states, the attaimment
of vhich would result in serious loss of life or irreparable demage, or
if che dehaviour of the meterfisl and the varisble nmature of the loading
were difficult to deternina, then lower likelitoods of reaching such
lisit states may ba designed into a schems,

Such & step may ba achieved by varying the partisl load factors
Yn 8nd T for the diff 1init . Yor pl Yy can be
vonsidysed to be the product of vy snd vy, in vhich Y4, caters for
thé virlacions of the dading in the structure s compared vith its

,i-ujb 104, it mm o6 the uv-rity of’ eouqumodun the *

; ¥ ﬁ“ﬁ g‘,dic‘m te tia’i&w« staclitleat diti; did
.. T2 TN iy ik cipiriedi R T &-“

T SR e s o gt e ot

,demllnpriq.
- TWe praducs 74,7, is knovs a5 the global fector of safaty and caa be
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used a9 » weasure of the factor of safety agsinst a limit state being
reached, thus giving a pllylicail meaning to the snalysis.

lication of Limit State Design to Prestressed Concrete Vessels

If it can be accepted that there ie a need for reappraisal of the
design philosophy of pressure vessels, it may be interesting to examine
to vhat extent the limit state metiod can be 2 logical development.

For ordinary structures it is the practice to group limit states under
the following headings: collapse, deformation and local dsmage, as explained
sbove. In f/ut, it is possible to group all the possible service and failure

1limit P iate to a comprehemsive e p vessel desi

under one of these three categories. This can be done from a knowledge of
the operating and functional requirements ‘of the vessel.

Table 1 gives in general terms the operational procedures and
functional requirements of a pressure vessel in their logical order.

TANLE L

Coustructional, Commissioning
snd Operational Procedures

Functional Reguiresent
Satisfactory Compressive Strength.
Satigfactory Density.

Concrete Placing. Heat of hydntm temperature recorded.
o Shrinkage joints and good cunn; to
t shri creck!
uvel of foundation checked to ensure
Check foundatiom tilt. core and vessel verticality to prevent
inter slia, fuelling mechsnise jesming.
Satisfactory Steel sad Concrete stresses
before and after losses.
Prestressing of Cables. ( Security of sachorages.
( Lift-off test — check to ensure sisquate
( residual tendon %xu.
Satisfactory Str.
: Batisfactory Owersll wessel hhﬂntum
Proof Testing with air. particularly top cap.

Lining Gastight. ~
No cw
HBot run up to design %o e7-~king.

atores and crossfall.

€. ..

ng

Steel and ‘concrete strasses ocmt*h.
Mucdm sccapiable. s

No cr

GCas Pressure Applied.

Sheck cable seress.

Full commissiomimg.

.
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In general, by examining Tsble 1 the wode of behaviour of the vessel
can be assessed under service conditions by postulating various limit states
governed by factors arrived at from the statistical-probabilistic enalysis.
For example, the servicesbility, the design losd, and the test load limit
states ars characterized by mechanical loadings which are well-defined in their
range, sagnitude and frequency. In addition, various failure wodes may be
examined as limit states.

By this means, a preferred sequence of failure modes may be facilitated
to promote the greatest safety. HNot only would each failure mode be gradual
where this was possible, but the preferrad sequence would engure that the
least serious failure would be likely to occur earliess.

These safetw considerations assume parssount importance when naw
nuelesr reactors are located adjacent to large comurbations with the
objective of economnising in transmiesion costs.

For example, for a cylindrical vessel the suggested iequence of limit
states might be

1) Limit state corresponding to working load for temperature and pressure.

2) lLimit state correspondiug to design load for temp and p .
3) Limit stats corresponding to test loading for temp and p .
4) Temperature limit state corresponding to breakd of cooling system

md/or insulation.
$S) Limit state corresponding to relief valve control pressure.
6) Local firet cracking of concrsts.
7) Lloss of stiffness due to extensive crecking in the barrel,
8) Stesl lining rupture.
9) Radial eracking in end cap.
10) DBarrel, hoop temsion feilure.
11) Shesr failure in end cap.
12) Ddending failuxe at end cep/wall comection.
13) Prestressing cadle rupture,

~ _The critical stress or strais criteria controlling each of these
Limit states cm-thes be investigated in the mmnmer illustrated by Beker (3).

It sy of lsie 1isted is scespted ss a basis for the
\~Wcmmmmmﬂ.!ﬂu‘£azmﬂnad
owipeil oytaty facuses. dos Oon raciows states, can sive be sesisnd 45 8-
Mhnmwmnmu»:amm- o
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The partial factors suggested in Baker's example ate such that
for later undesirable limit states, a low probability of their occurring
is arranged. Where stress and strain at a limit state are difficult to
assess precisely, o low probability of these states being reached is again

arranged.

It is evident that with the existing design philosophy, for all of the
listed states to be catered for, it would invelve the vesesl being over-designed

in some sections.

Difficulties in Applying Limit State Design to Prestressed Concrete Vessels

As indicated by Bgher, the partial factors suggested in his example

are for illustrative purposes only, because in many ceses, data distributiom

¥ (N
£

g y and eristic loads (particularly those resulting from

temperature) are lacking at present. Because of this lack of data some of
the partial safety factors may appear excessively high. However his table
does indicate the principles involved and the logic of the approach. When

more nuclear power stations have beea built and wmore ive instr ion
kas been installed, more of the necessary data should become availsble.

In the case of pressure vessel limit states affected by thermal creep, in
addition to the lack of data alréady discussed, there are other difficulties.

Consider the limit state of local cracking due to shear. Since in this
case stress is the criterion, either the characteristic compressive or
characteristic tensile strength may be used. However the probability amnd
global safety calculated in the usual manner are not likely to be the
appropriate values, because shear cracking strength is not directly
proportional to either the compressive or teunsile strength of concrete, but
depends on many other factors. Therefore it will be necessary either to
introduce a tiird partial safety factor to cater for this, similax to the
Russian practice in ultimate strength design (4) or the partial factor selected
for the load must allow for the shear affect. In eitber case, sppropriate
statistical dats will be necessary.

When a limit state invoiviog strass affscted by cresp amd shrinkage
at elevated tempersture is being considered, the cresp dats 40 .be ussd:in
the anslysis may be obtained from control lpccim. Agliq “ “H 1!“'!" .

'
|
I

ssfety factor and probability are ul.cuhtcd 1n I:!’!C“‘l‘ usl ma km .y :
. ” 4 B

not be the true valuss. This is because dutuutlu ie e% M% ; ji

directly proportionsl to com =p ive _.ti. Turthermore, the ,

method of cresp snalysis would influsnce the stress valuse obtaised il/.gi;lgf‘
“cass, It would therefore be necsssary to fotreduce s third '
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Take a further example and consider the experimental work
carried out at Imperial College and The City University, London, on the
behaviour of the perforated end slab of a pressure vessel subjected to
radial pressure and temperature load. Fig. 1 shows the stress history at
the periphery of the perforated region (5). T, indicates the stage at which
the pressure load was reduced after 100 days. The calculated locked-in
field stress was 2.2 MN/y2 causing a tensile hoop stress of 3.2 MN/ 2
thus cracking the slab radially. If this particular cracking limit state
is under consideration, then it is evident from the process of analysis
that the relationship between the resultant tensile strees and the creep
rate is complex. Calculations for this limit state based on the concrete’'s

compressive strength in any way would be misleading.

The above three examples are intended to indicate the difficulty of
applying the limit state design comcept in certain instances due to lack
of data. Nevertheless the principle can be seen to be a logical ome if the
aim is to achieve the greatest safety in pressure vessel design without

using unnecessarily high eafety factore.
Conclusfona:

1. Prestressed concrete pressurg vessel designers should seriously
consider the limit state design concept since it enables every
critical part of the vessel, under all loading conditions to be
logically comsidered. The probability of failure can be assessed
and & preferred sequence of limit states arranged, in order to give
the greatest safety for a given pressure vessel.

2. However, in order to apply this principle to design in practice,
mwre dsta vill be necessary. The data required, such as the
pressure distribution, the temperature distribution, the frequency,
likelihood and effects of pressure and temperatures surges and the way
in which construction, commissioning and operating procedures affect
design parameters, should be collected from existing vessels and
from instrumentation on future vessels.

3. A cfitical study of tha appropriate parameters to be used at the
various limit states must be carried out to ensble correct global

¢

£ £ to be P
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Abstraoct

The pressure vesssl statisties are set out by the Vereinigung der Teshnischen
Ubersachurgn-Vereine (WI0V) and are pratrituted by all Technischen tfher-
wachungs-Vereine (TUV). A desoription of the characteriatics of the atatistios
18 given ard the WUV failure reports are explained. Purthermore, the analysis
of the primary data and the determination of fallure rates is showm.

The boiler &rum statistios cover most of the boiler drums operated in the
PFederal Republic of Germany. Once more a desoription of the charmcteristics
of the statistics is given. In addition, the cbserved failixre modes are
reviewsd. Purtherwore the analyais of the primary data and the detovwimation
of failure rates is discussed,

The failure rute figures obtained from the WUV stobtistics have provided
us with an idea of the order of the failure rate connected with reactor
pressure vessels, while the failure rate data derived from the boller dyume
statistios i3 suggested to be more realistic in oomnection with muolear
ressure vessals., The relevance of the data to muclear presmae vessels
ie discuased.

[
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Analynis of a German Pressure Vessel and Boiler Drum Statiatios

1. Introduction

Much effort has been spend in the development of the relisbility analysis
tochnique. But the sbsence of appropriate input data became obvious,
especially of pressure vessel data. So we decided to analyse the material
already collected in Germany. A atudy of the reliability of conventional
pressure vessels has been Initiated. Our objective has been to obtain more
accurate and realistic data on thickwalled pressure vessels which would enable
us to extrapolate to nuolear pressure vessels failure behaviour. The first
step of that stuly is d with donal pr vessols and has
given us a imowledge of the order of magnitude of the failure rate data. This
step has been completed. /1/ '
An analysis of the results obtained and an analysis of the material left for
investigation, leed to a second step which is zoncerned with boiler drums.

The boiler drums investigated are comparable with reactor pressure vessels

in overall dimension, wall-thickness, design pr and 't S0

the results of this step will be more representative for nuclear pressure vessels
than those of the first step.

This paper reports on the technique used in the analysis az well es on the
results and its consequences.

2.0 Pressure Vessel Statistics
2.1 Design of Statisties

The data analysed are taken from the WV Statiatics /1/. This statistios
inoludes all failures from vesaels wirich mst be inepected in complishos ¥ith
official resulations, Deficiencies are mot reported; By definition § Lellime’
1a defined to havé oooured, when the veassl Faf 1o be "’“’i“ﬁd or nM"] &
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2.2 Analysis of Primary Data

The material shortly described in the preceding para. —yh has been analysed
and the following data are obtained.

The total mmber ef vessels, which are in operation per year, have been taken
from /2/, The corresponding data from 1953 and 1958 have been estimated
from the graph of the data.

Also the mmber of vessels operational have been taken from /2/ acconding to
1ts year of manufacture., The error due to new commissioning of old vessels
in below 1. Again the numbersfrcn 1953 and 1954 are estimated from a graph
of the data.

The musber of pressure vessels whioch have failed per year claggified socording
to their year of manufacture are taken directly from the form described

in the preceeding paregraph. All data described are available for the years
1952 until 1967 respactiviy.

2.5 Determination of Pailure Rates

The failure rate of the pressure vessels is calculated in aeccordance with the
German standard DIN 30041 /3/. See also /B/,

B (t,) - B (t. )
a @, t) = R SO X, 3 1 )

B (t,) A%,
Where 1s¢

qQ (Mi, ti) - statistical estimate of the failure rate

B (f-‘) - of it tional at the time. t!.
B(t"l) - mmrofcmpmopmtimnl-tth-tmti‘_l
At’. = time intervall (tl, t’. . 1.).

In a1, 15 speples were teken, namely the pressupe vessels which hve bomn, .
mcig ety por.yess begianing 1952 up to 1966, A Hme intervll ot =.10° aoure
baen used .

PN
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The estimates are shown in Pig. 2
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The failure rate is than estimated from the data obtained fremeq, (1).
We have tried the data in several probability papers. The best fit appears
to be the Weibull~distribution. Two methods heve been .applied,

1. The failure rate is estimated using the data of eq. (1), see Fig. 2
2. The relizbility function R {t) 13 estimated using the -oumiative-frequeney,.-
From the reliability funotion then the fajlure rate is obtained. gSee Fig. 3.

We have used both procedures and sompared the- results.obtained.
The equations used are as follows.

R(t)=e -=tf @)

where R(t) is the reliability function and t the problem time. PFrom-this
the failure rate 1s deriveds

2 &) = age P G)
The values of the parameters a« mdpobtaimd from the data analysed are

a= 1,49 - 10'-5
ﬂ- 0,43

As will be empasized in the following discussion, the refererce data contain
some ipaccurecy, the megnitudc and consequence of which is hard to estimmte,
Taking this into account, the results are to be considered with sowe reservation.
Qaick and generalising conolusions, especially concerning reacior pressuve
vessels, should be avoided,

2,4 Discussion
ALL pressure vesssls havisg o pressde volme product & 2 1000 0 Batlk -
require inapection, independent from thelr Senisp and sparatiag. Narenlerisiien,
but having & Fresswre of 2 0,5 atih, Thess Sressure. vosaels axe MRRCartumt; .
from various materflalay €>5. CORPOry oast iawsywienls Yo Rivn wrbem T i
dimcnsions rmo.awtgmmmmwmm
o.,8. for storage of chesicals, " sioh a8 stesm, heatedl 1o1in

%) attl = atmcepere overpressure
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in paper mills, or as eondenser vessels, heat exchangers, sprey coolers in a
power plant etc, They are operated over a wide range of temperatures-end
mrossures (0,5 to more than 1000 atll) due to their vardous applications.

The following for failure of the vessels have been found:

design and manufacturing deficlencies,

poor eanstruction,

operating and environmental influence,

wrong operation {to a large extent hman error),
corrosion and aging and

pressure testing.

The failuye modes are as follows:

Sudden total destruction during operation, the original
function of the vessel being disturbed anmd internal and
external testing by the inspecting organisations.

The authorised inspectors have to decide whether 1t 13 a failwre or a deficiancy,
an exact dofinition of both is not given. So the decision of the inspector,

who has to £ill in the form (Pig. 1), as to wether it 1s a fallure or deficiency
is also m;mwmwmamkhehltomo\n. According to

our information the tendency to report all failures has increased over the last
year, HNevertheless the mmber of reported failures per year remained almost
ecnstant, although the pumber of vessels increased six-fold since 1952,

One of the reasons mey be improved quality of the new vessels. Manufacturing
mothods, mterials, welding p d and the truction have und

& vory favourable dewelotment during the last decad Tut there is some dowdt
Ywt this influsnce is solely responsible for the decreasing failure frequency.
It is assumod Wut failuves, which have ocoured, had not been reported,

By putting in foroe the new regulations /5/ in 1958, which had alreedy been

applied 1n 1956 and 1957, as they were already available in forw of & drwft -
the failupe behavViour of the pressure vessels wis distorted duw to the higher
£aiiowe fyaquney saiumed by the pressure test accordirg to /5/.




307

-5a-

Due to the lack of data, with regards to the number of vessela in service,
to entries and deductions in 1953 and 1954, these were extrapolated fyom the
data gained in the other years. The failure rate Las been oalculated using
the entri:s of 1952 - 1957 as the le size, respe 1ly. By this method
an error was introduced due to the fact that some old pressure vessels had
teoen taken beok into service., This error should be below 1%,

The widely scattered estimates of failure rate q, as shovm in Pig. 2, is

by an & of vessel entries at approximately constant
failure frequency. The resulting failure rates of the various samples are
decreasing with the advncing years of msamfactive. This effect ia responsible
for the exagerated value of the caloulated deviatioms,
The estimates of the fallure rate are larger than previously for the time
mmnumsmgxlo'mhom.mmmdu
increasing failure rate (failure by eging) is mislesading. We don’t believe,
that the failure mte is actunlly increasing at this stage. This effect
18 probably dw to insufficient data.
The values of the cumulative frequencies in Pig. 3 are also soattered as a result
of an 1 ing mumber of pr vessels at apprcdimately constant failure
frequency. In addition ome observes an accumulation of failures at rouxied-off
houre of service, especially at servios times exeeding 1000 hows, Our
oonclusion is that unally rownded-off hours of service time are given, or
are estimated acoording to the type of eervice,

The funotion Z(t) in Pig. 2 has been smothly drawn trough the modes of

the estimate of the failure rete in the respective time periocds. T stomight
1ine in Pig. 3 is also drmm trough the moies. The modes were estlmated.

A caloulation of the modes would not give more exnct results, due to e lack
of suffucient dats for each time period, Tworetioally a dispiacement of tha
points should be possible. But this deplacement would nly slightly sheuge. -
mmc.ﬂ-cm-dwlmmmm&“p

mamﬁ e TS et & A
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3. Boiler Drum Statistics
3.1 Desin of Statistica

In 1961 & stuly was imitiated which iaclixdes all high pressure stoem drums
operatad in the Federal Republic of Germany and which are supervised by the
0V and the organisations which operate the boilers.. All essential data of
the intact drume as well as drmms with faults are entered in a speeial
form, 241 drums, incluling J5 druss with faults are investigated.

The druma are-operated at a pressure renging from 60 to 140 atl and temperatures
of 290 - 350 °C and are made from high st 1 atesl of different
oompositions. The operating times of the drums are of very different length

. a8 the years of coraizioning vary from 1909 to 1958. The faults -cbssrved were
eorTosion marks and cracks of different size.

3.2 Determination of Patilure mtes

Again the failure rates may be caloulated using the two methods desoribed
in chapter 2,3. But some modificatd are due to the kimd of data
analywed.

1, The actual time at which the faults are developed is not known as all the
faults were discovered during intermal inspections to be performed at a
timee years intervall, So a negative deviation of the time at which the
faults are dewloped of tiwee years is introduced.

2. Dw operating times of the boiler drums are mopeless equally distributed
along a perfod of tine up to 1,5 * 10° hows. S0 eqe (1) must be medified
taking into asoowmnt the different operating times. This also applies
%o the caloulation of the owmletive frequenoy distribution,

The esloulation of the probability distritation and its parameters procesds
along the following 1tems; The cwmilative frequency dsstribution Is caloulated
and a deviation of mimm three years is assigned to the time of internal in-
vestigation which revenled 8 fault. Trese data are trisd in several
probability mpers to find out the type of distritwtion. Then the best fitting
aw along these data points is uwsed to caloulate the parameters of the
probmbility distribution,

w
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The cunulative frequency is oaloulated by
m

1
Aft,t)= 8
(ty ;) ;I—l Bt ) .gn.’ )

where m designates the number of t‘aulta.n(to) the mamber of veasels intaet
lttﬂnt-'to. nJﬂnmnberofmthd\hvetobetakenoutufﬂn
rtatistios in intervall of time J due to the end of operating tim and A(t’_. to)
is the ermulative frequancy of faults at operating time 1:1'

The best £it of the data points was again found to pe the Weibull-distribution.
The analysis 1s made Tirst for all boiler drums, then for the CuNi-drums

only and finally for the drums whithout the CuNi-drums. This was suggested

by the discovery of faults at 20 drums out of a sample of 46 CuMi-drmms. For
more details see /6/ ard /7/.

The saxple of all boiler drums contained 231 items of which 3% showed faults,
A catastrophic failure has not been cbzerved., The parametors of the Weibull-
digtribution, eq, (3), are ealculated to be

B=~1.T

a = 6,07 « 10710

The sample of the Culti-alloy made boiler drums contained 46 items of whish
20 showed faults, The Weibull-parameters obtained are

Bu27

a =736+ w—lhn

The sample of boller drums without the Cui-alloy made ones contained 195
1tens of whioch 13 shawed faults, The Weibull-paremeter oaloulated from these
data are

-,

Beay
«=2,84° 10-17
The results are given in Pig. 4 to Pig, 7. ;s

a1 2 eaand el
Altiongh the date analysed are sore noourate and more souplete Fius g 7vos
statistioal point of view then thoss of the -Pressuie weliel PUtINLAFNN N

“hE s w
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the relevance of the data obtained to reactor vessels is restrioted. Therefore
the data should be handled with care when applied to reasctor pressure vessels.
This will be explaned in tho following chapter.

3+3 Disoussion

The statistical dats analysed are in our opinion a complete set of informmtion
on the boiler drums operated in FRG, The limited acouwracy of these data,
however, should be borme in mind,
The data on operating times are very often estimated. Due to this fact
an error 1s introduced in the failure rate parameters. Additiomally,
the faults alvays are discovered at intermal investigations which have a three
years intervall, So the aotual time of failure can be off by as much as three
years of calender time. Thia additionally, introduces an error. The failure
rate of the boiler drums developirg feults as corrosion holes and eracks
thus should be used with care. However, the starting point of the failure
rate, e.g. at time £ = O can be obtained by comsidering the failure mechanios.
The cracks as well the corrosion marks dsvelop as the time goes on. So the

; posaibility that d drum with faults is found immediately after the first start-
up does not exist. This suggests a failure rete at time t = 0 of Z(0) = O,
Z(t) inoreased as the time goes on. The slope of the ourve, however, strongly
depsnis on the material emploid. So we deoided to distinguish between the
druns made of the CuNi-alloys and the rest of the drums, The analysis showed
a marked difference in failure retes of the two groups of material oonsidered.
Our conclusion on this 1s that only the ourves of the CuNi-alloy mede drums,
seo Pig. 5, and the yest of the drums, see Pig. 6, give fairly acourate data
respectivly, while the overall curve, see Pig. 3, does not apply to the data
aoalywed.

Among the boller dmme no serious, catastrophio failure has been observed.

Nevertiwless an estimate of & failure rets for this type of fallure would be
w08t interesting: The following set of asmuptions, however, might present
a wWper bundary appeoach to that number,
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1. All of the 241 boller drums have sccusulated the same operating
time which 1a supposed to be an averege of the actual N
operating times. This gives an operating tise of 8 . 10 hours.

2. An exponential fallure distribution i3 assumed.

3. One catastrophic faflure 1s assumed to oceur at a opsrating
time of 8 « 10" hours,

From those assumptions wo obtein a fallure rete of

-8 1

2=5+10"°*n"

This estimate of course gives an upper limit of the actual failure rate.

3, Conclusions

As already emphasized in chapter 2.4 the failurc rate of the pressure vessels
analysed has been calculated from 15 aamples with various rimning times

and represents an age of all 1] The samples drewn contain pressure
veasels of all types and varylng conditions of operaticn and emvirommert.

The failure modes weres catastrophic fallure of the vessel, e.g. elither
circunferential or langitudinal crack, lezimge by smaller wrweks, corrosion,
fatlure of closures and failure of the vessel due to pressure test. So the
fallure reate obtained is not repr tative for reastor pr vessels.
However, the result certainly gives a knowledge of the upper liwit of the
failure rate of roacior pressurc vessels.

'

More repr tative 1ts are obtained from the boiler 4rums statistios, Dut
nevertheless, 1% is hard to extrapolate frow the behaviour of the boiler doums
to the fault bebaviour of reactor pressure vessels, The following differences
should be borne in mind when the mmbers of this report ars aprlled to reactor
pressure vessely

.
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Design

Reactor pressure veasels and boller drums are designed according to different
rules, for example the different ASME codea, Additionally, the reastor pressure
vessels are penetrated by a few blg nozzles while the boiler drums have a large
maber of amall holes for the boiler tubing.

Material

Reactor pressure veasels must not be built using ordinary boller steel,
Compoaitions including elements which will be activated to redicisotopes
having a long half-live period are not used for reactor pressure vessels,
Additionally, reactor pressure vessels are plated by an austenitic material.
80 sorrosion as observed in the boiler drums will probably not occowr in
reactor pressure vesscls.

Manufaeture

Again the boiler drums and nuclear preasure vessels arve manufaotured and tested
according to different rules, As recurring internal inspeotions of nuclear
pressure vessels are very difficult, often impossible, the manufacture and
testing of these vessels is performed more careful than the manufacture of
boiles drums.

Operating condition

The temperature and rressure conditions are almost the same for both the

molear presswre vessels and the boller drums, However, the mumber of start

wp and shut dow procedures for boiler drums usually is much higher than for
nuelsar pressure vessels. On the other hand the neutron embrittlement of

the reactor vessel material is wnfavourable for the reaotor pressure vessel.

All these differsncos my influonce the failure behaviour of nuslear pressurs
vespels to a large but imimown extent.

Due to the fact that all deficlencies of the boller drums were discovered

at internal inspeciions and ac catastrophic failures wers prevented, the importance
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of intemnal and external inspections of reactor pressure vessels is supported,
This is emvhazised by the fact that cracks of a length up to 2 m and depth

up to 15 m could develop in a time period of at most three years in boiler
drums, while current reactor pressure vessels are.deaigned for a lifetime up to
50 years without inspeotion. Proposals already are made /B/, Consequent
external and intemal inspections as well as pressure tests might improve

the reliabllity of reactor pressure vessels some orders of magnitude.

Kdln, den 10. September 1969
mi/go

atrm nm
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C.A.G. Phillips, B.Sc.(Eng.),C.Bug.,M.I.BR., United Kinglom Atomie
(l:m-&v A:thority.gnnlth & s.sctzm Branch, and R. @, Varwick, N.d.,
C.Eng., K.I.Nech.E,, Apgociated Offices Techpical Committes.

In view of the limited experience with nuclear pressure vesssls, the

United Kingdom Atomic Energy Authority, Health & Safety Brunch, approached

the Associated Offices Teechnical Cosmitise when it was desired to arrive at

the figures for the probability of failure of nuclsar vessels vith a view to
entablishing fatlure rates over a large sample of conventional pressure
veasels built to similar standards. In the Unitad Kingdom all steem boilers
ard a proportion of p 1s must be thoroughly inspected at intervals
of about 1 yoar or 2 years to comply with the regulations laid down in the
Factories' Act. These inspsctions normally consist of a visual examination

of the boiler or vesssl both externally and internally and are supplemented

Yty more detailed examinations such as ultrasonic testing, radiography, magnetic
or dye poutmt flaw dmeticm, tube ulpu.ng hydraulic tests, etc., as my
be y by the carrying out the examinatioms.
It is the noreal practice for thm i.upoetim to be carried out by specislist
Engineering Insurgnce and Inspection Compsnies. Pive of the major

carrying out this type of work form the 4.0.T.C. and it is from their

that this study is made and the initisl phase fully reported elsesbere. (1)

In addition to carrying out inspections of boilers and pressure vessels during
service, the 4.0.7.C. Members carry out inspections of boilers and pressure
vesasls during construction and a separate study was carried out relating to
this aspect.

In attempting to compare the various statistics of conventional and nuclear
pressure vessels, two aspects where differences cen occur wmust be given seriocus
consideration :=

(a) V¥ith = conventional pressure vessel s thorough ination is carried
out annually or biennially and sny defeots which are found, such as
cracks etc., will be repaired, whereas major parts of a nuclear preasure
vessel may be i ible for p mmummmm
critical, or way only be accessible for inspection at infrequent intervals
and only after major dismantling work bas been carried out, It i,
therefore, necessary to consider serious defects whic’ are found during
inspection of conventional pressure vessels as well as the catastrophic
failures of thsse vessels,

(b) In view of the potential basards involved, all nuslear pressure veassls
are subjected to extensive inspection during conatruction
inspection carried out on conventional pressurs vesssls may vary fiesi a
service similar to that carried out on nuclear vessels, umns,qr
inspection at all.

PYTTOR WLES 3 RP
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¥ith these ‘wo points in mind the acope of the survey was defined as follows :=

(a) Vessels should be of either welded or forged construction. Many riveted
conventional pressure vessels and boilers are still in use and experisace
with these would not be relevant to nuclear pressure veasels,

{b) The vesmels were constructed during manufacture to the current Claas I
requirements of B.5.1500, 1515, 3915, 1113, 279C, 4.0.T.C. or other
comparable standards at the time of conatruction. Table 1. illustrates
the typical inspection atages for these codes from which it will be noted
that the standards used are comparsble with those required for nuclear
vesaels and in all cases include physical tests on plate material,
procedure or production weld test plates and extemsive non destructive
teating of principle seams.

{¢) A pinimum wall thickness of 3/B" was specified as it was considered that
this would be the minimum likely to be encountered in the nuclear pressure
vessel fields.

(€¢) A minieum stipulated working pressure of 105 1b per square inch was
specified as this would certainly eliminate any boilers built to standards
lower than Class I acd would also tend to eliminats any vessels which
even though tbey were built to Class I standards were not, in fact,
involved in cnerous duties.

(o) Vessels older than 30 yeara were excluded as the present concept of &
Class I standard with weld testing and non-destructive testing has only
been in use in the United Kingdom for this period.

(f) Catastrophic failures were defined as those in which disruption of a
vessel or of a component of a vesael necessitated major repairs or
scrapping.

{g8) Potentislly dangerous failures were defined as defects requiring remedial
agtion vhere the working corditions might result in s dangerous extension
of a known defect. If a single reported occurrence involved seversl
defects in separate components, these were all counted as failures,

(k) Pailures of pipework built to comparable standards have been reported
but this cannot be related to the total pipework involved.

Due to the way in which the Members of 4.0.T.C. keep their records, it vas
initially necessary to rely on recollsction of their staff to quote failures
but siuce the reported reccllections covering a 5 ysar period, comprshensive
- fajlure reports have been prepared at the time of the incident.

A staniard form was used to report defects which gave details of the pressure
veasel, its materials of construction, the working conditicne to whioh it was
subjeot, details of the defect, the method by which the defect was found and
indications of the cause,

An estimated population of vessels within the scope of the survey was obtained
fron the Orga: - ~iioa recoxds.

o continusdess.e _‘ﬂ
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A detailed sunmary of the survey of failures for the five years up to

30th Jwne, 1967, haa been reported elsevhere (1) and Table IX gives a
numerical summary of these failures broken down by method of discovery and
cause. The total population to which these defects relate, is about 100,300
vessel years.

Tt will be sesn from Table II that the majerity of failures (Z9K) were due

%o cracks and moat of thesa were a% branch connections and fillet welds. A
more detailed summary of these failures is coctained in Table III, from which
it will be meen that Fatigue sccounts for 0% of the cracks vith the next
moat numsrous class at 'not ascertained’ at 30%.

In the more detailed stuly of the results carcied out elsewhere (1) it is

found that about 5T% of all the failures riported wers found by visual

eramination as compersd with 9% found by Njn-deetruotive or hydraulic b
testing. .

A study of the age of the vessels which failed indicates that the more probable )
time for these in¢idents is in the carly stages of service life which confirms the
conclusion reportsd elsevhere (2). !

Using the previcusly assigned definitions it can be concluded that $he
probability of a yoteat: dangerous defect oocurring in & presswe
during service is 1.3 x 107 per vesssl year and that of & catastrophic
failure 0.7 x 104 per vesssl year. It would mppear that there is a factor
of at least 10 between the probability of potential and catastrophio failure
during service.

A thh ultimate aim of the survey carried sut is to obtain guidance for the 3
service failure probability of nuclear reactor primary circuit envelopes, k
the reports of failure were studied with a view to elimivating defecte which
it was considered were irrelevant to the specifio conditions in
nuclear pressure vessel envelopes. Huolear primary circuite are unlikely to
nce serious wastsge, gross deformation or creep, because of design
limitations, Fal-operation in resctors csn be eliminated by rigid comtrols,
hovever, undetectéd cracks may be present and pre-existing defeots from
manufacture caused through the eaployment of incorrect materials are not
unknown in avclear circuits, It vas, thersfore, oonsidersd that anly defeets

were sliminated as being ligament oracks, eracks in boiler furnaces, boiler
furnsce-to—end plate welds eto., eto..

Paking into account theme furtber factors it is considered that the fallwre
probebility of defects in conventional vessels which are potentially dangevous
and sre relevant 0 nuclear primary circuits is approximately ¢ x 1074 per
yoar und that the mmral Probability ot sxtwatropkic tailaes in

mug vossels vhich are relevant to auclear primery cirouits is spproximately
2z1 peT year.

hmmuanuummcxm(x)mmmwm”u
ssrigus pressure vessel fallures over & 7 reay peried 98 9 3 .,
“Serious failures” are meant to describe a fallure which would "
a supture of the pressure vessel during subesqunt . "
gntuwt: protability of phéssurs vessel failure over thi sime Perisd
AR
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In addition to the study of defects in pressure vessels during service, a
study was made of vessels during corstruction and a record was kept of cases
where defects were found during ccnstruction which required remedial action
which vere not detected or repaired during the rormal inspection procedures
{exeluding the pressure test). These are cases where the Class I Pressure
Yessel Inspection Service did not locate s potentially dangcrous defect at
the expected astage. Out of a total of 12,700 vessels involved, 10 incidents
occurred. Two of the incidents are conaidered irrelevant to nuclear primary
eircuits as one involved a gas burner control failure and the other occurzed
during the purging of a vessel with liquid nitrogea. This gives a probability
of 6.3 x 104 vhere aignificant defects have not been picked up during an
inspaction to Class I requirements.

In order to assess the relevance of this data to nuclear plant, an attempt has
been made to survey the incidents occurring to reactor pressure circuit
envelopes during normal aperation. The information concerned has been basged
only on information published in the techpical press and includes experimentdl
reactors as well ap pover reactors. The study is limited to British and
American reactors and covers 1,352 reactor years. It is agreed that in many
cases the reactor primary cireuit envelope is not subject to pressure but it
is probable that in all cases the envelope has been built to a standard of
construction comparable with Clams I standards for conventional pressure plants.
The actual inoidents are reported in detail elsewhere (1) but it is noted that
17 defects, none of them catastrophic, have been reported vhich necessitated
remedial action. This corres s to an annual potentially dangerous failure
probability figure of 1 x 10™< which aust bs compared with a similar figure
6x1 from the resulta of the Class I preasurs vessel survey so far.
However, all figures relating to potentially dsngerous defects are dependent
on engineering judgement of the effect of any defect which is found and to
whather remedial action ia immedistely necessary or not. The snalytical

study of the effect of different sises and types of defects is as yet in ite
yinfepoy. In addition to this, with reactor primary circuit envelopes not
only is a determined eoffort made to locate any flaws vhich may appsar during
operation but also the detection of minute leakage may be facilitated by the
presence of a slightly radioactive primary coolant. V¥hen & flaw is, in

fact, lacated, 1t ia more likely that a much more critical attitude will be
taken to ite presencs than may be the case with the conventioral plant,

Tables 77, ¥, 71 and 771 shov the distribution of reports of failures during
service, from the 18 months following the initial study of the 4.0.2.C. survey,
divided into 2 pericds. The information relates to s vessel population of
7,800 vessel years for the last 6 monthe of 1967, and of 18,100 vesssl years
for 1968, In general the eoncl\uionn drawmn from ths sarlier 5 year survey

are confirmed and the deviation' in 1968 of the number of failures found by
E.D.7. and the 'Not asocertained’ cause of cracks are due to a seriea of
similar failures being reported in identisal circumstances following a failuve
being found by visual inspection and an extensive programme of X,D.T. being
started on all similar items.

If similar criteria to those used in the original survey are used, 3 failures

m be eliminated from the last half of 1967 results, as not being relevant
to Buslear Primary eircuit envelopes and 10 failures from 1968 results. None

of the Catastrophic failure from 1968 can be eliminated.

fable YIIT cospares the results so far obtained from the survey for service
failure rates.

eontisued, ...
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Since June 1967, only one fallure has come to light prior to commiseizning,
This relates to nossle wlda in chromiia molybdenun vanadivm steel boiler

drus vhich vas delivered to site but due to difficulties found elsewbksre, an
ultrasonic ezamination of the nozzles was cexried out before hydraulic test
and showed up serious eracking. During this period the ultresonio examinatiem
of similar nossles was cowmenced on a routine basis ard but for this additiemal
testing four other incidents which ecould have besn classed as failure prier

t0 comaissioning would have been reported.

Argements have been put forward that dus to the inepection carried out during
construction and the leskage which takes place before a catastrophic failure
that it is impossible to envisage a mudder failurs of this nature but ome
incident reported is of note in this oomnectica. i 12§* dismeter

chroniue molybdenus vanadivm pipe to valve casting weld, failed completely
leaving two open—ended pipes. The pips was under steam at s temp

of about 550°C. at ths tmotth-mmrommnmnmmoflw
before the incident. Detailed examination of the failure indicated that the
eracks initiating the fallures were typical of stress relieving oracks and had
besn present since construction. These conslusions were confirmed when
ezamination of & number of amhr welds revealed serious similar erecking.

The xds showed tha’~ radi » using the double-wall technigue, had deem
carried out after stress reliet ud. the welis pasesd as clear of defects. After
the failure, the actual radiograph was re-examined srd 4id not indicats the i
crack. This techmique was in line with the Class I standards of inspection at .
the time of constructiom in 1964 and would have been aimilar to the inmapsetiom i
tecinique used in nuolear primary circuits.

A arsck in the primary cirouit of the Dounreay Fast Reastor (4) illustretes a

[PPRR IS

case, The origin was finaily found to be & crack in the weld of a 4* diameter
pips to a therwocouple bdlock.

Detailed exmaination of the failed weld shoved that thers were some defects in
the vieinity of the crack. Pirst, the alignment of the pipe to the spigot of
tbuoekmhuynt,throbtiun:).b“in.ﬁulipmthhmthh
where the wall thinkness was 0.080 in., giving a fderable step

tour at this point. mmummanmmmlmumaoue,
there was a lack of penetration giving rise 0 & stress raiser where the
weld had a double start. The thermal stress was calculated to be withia
nozmal linits, but it is probedly What witheut the stress failure would not
have been oaused by these defects alons. The radiograph of the weld concernsd

:1
*.1
4

E8

Katthewy has this to say about the case -

*In scoepting rediogrephs of these hand welic s certain smount of julgement
usually had to be axercised, as by present day standards soms of thes are

rather rough in appsarance snd uneven in coutsur, and therefore do not give
perfeotly clear radiographs. This is all right provided there is sdequate
thickness of the weld. The sajor contributios to the failure was the
nisalignsent of the $wo seotions of the pipe. mwumﬂdmut-::bﬂ

1%, takiag inte ageomat that weld wvas yroduced with te
fourtoen years agos
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The quality of welding has improved considerably since those times, and the
radiographa which one would accept now are subject to more strdingwmt
limitations than thoa¢ vhich were expected for the IFR.*

At this stage it is considered that the inforsation available on the failures
of conventional and puclear pressurs vessels is limited. Ons of the major
protlems with this work which has not yet besu fully resclved, is that with
both conventionsl and, to a leaser extent with nuclear pressure vessels,
defects are found by inspection before they have caused a catastrophic
fallure of the vesael itaslf and it is necessary to make an engineering
decision based on a limited knowledge of the theories of failure to decids -
whether the defact concernad could have ceused a oatastrophic fallure if the
period detween inspections had deen greatsr.

In view of the extreme basavds involved, nuclear pressure primasry circuit
envelopes are usually consiruotsd with a high dagres of inspection during
ammufechure. Howswver, from the limited work oarried out so far, there is
nothing to suggeet that the inoidence of potentially dangeroua failures is
l.ﬂll{.wu-ipiﬁcmuy“ than with rel t conventional pressure
vessels.

(1) Pnillips end Warwick, A Survey of Defects in Pressure Vessels duilt
to High Standards of Construotion and its relevance to Nucleer
Primary Circuit Envelopes. A.H.3.B.(S) R.162. H.N.8.0. London.

(2) PRiddips and Smith., An Analywis of Reported Boiler Rxplosionms
and its Implicaticns for Safety of Pressure Veassls. A.N.5.5.(S)
R.161. HE.N.S.0. Lonion.

{3)  Xellerman., Present Views on Reocurricg Inspection of Reactor Pressure
Vessels in the Tederal Repidlic of Corsany. I.4.E.A. Technioxl Reports
Seriea Fo.81.

(4)  Mattbews and Heory, Location and Rapair of a Leak in the Dounresy
Fast Renctor Primary Cirouit.B.5.B.8.Journal. Vol.8. Fo.3. July 1969,
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TARLE IIX
FUMERJCAL JUMMARY OF AILUBRS IN_SERVICK

Pre-existing
Defect Nal- {Defecta from
Indication Craocks | Corrosion operatien.| Nanufacture Cresp | Total
v 0 |1oMhe | 52 ™
L 3% 1.9(%) 1.0 3
N.D.7. 9 1.7 10
3 1 1.3(4 2
caz 2 4x(?) 1.00%) 7
132
L

1. Erosion in a nuclear power ststior sieam gonsrating unit following
ths break up of a fabricated steel support structure. The debris
in contact with & superheater tube eroded a hole.

2. Nal-operution causes were mainly shortage of water (4), oil
contanination (2).

* 40 in diameter, 3/8 in. thick steax ripevors burs:< for about 10 ft.
longitudinally, due to laninatioms. Afte~ ithe first failure further
laminated pipes were found by ultrasonic netbods,

4. Superheaster header suffered serious cracking and was replaced in a
different material.

SIASSIPICATION AND ABPREVIARIONS.

U. = TUnfired component
F. = Fired component
CAT = Tailure found by a oa phic

I = Pailure found by lsakage
E = Pailure fousd by hydraulis testing
¥ = Tailure found by visual examination
§.0.2.» Tailure found by ncn-destruotive testing wethods.




IARLE 111
BIZERICAL SUIJARY OF CRACKS OCCURRING . HING SERVICE

CRACK CAUSE
'DICA —
FosrrIoN L'DICATION Patigue | Co rosion Fre f;::'tm Yot Miscellaneous Total
Lanufacture Asoartained .

{1) Deller furnace or turnace to end v 8.F 1.P 1.r 1.7(1) 11
¥iate weld, Shell boiler back L 6.7 121 v
\#1) Crwcks in wrlded branchea and v a.n{’; 12,607} 3.0(4) 6.0(5) 29

<o - fidlet welda L 5.u({2 5 W

heDeTs 2.U, 1.0 1.0 4
—— CAT Lu®) 1
W41) Cracis alons ths length of a v 9.u§6§ 2.v t1
S weld 1 4.u(6 4
IipD.Ts 2,0 3.4 5
{iv) Crecks in parent plate material v 1.U 1
. L 1.0 1
. CAT 1.0(7) 1
N ); 1.F 1
{»)- ‘Tube to tube plate liganent V. 1,0 4.F 1.7.6.0 12
' L 1.7 12.0 13
(i} “Craoks rediating frow crenizgs v 1.0.2.84 3
Pwgl) Orncks in pipswork (all unfired) v 1.0(8) 2. 5
ke L 2,0 1.0 3.0 §
g~ "s

= S Y‘ .
?‘gw 1.. The. tw0 miscellanecus failures wers due to the failure of the refractory lining at oil burning equipment on furnases.
H 2. Ywo failures on similar vessela rotated on trunione., ‘‘wo failures of pipework with defective supporta.

!.s- ™e m tltu\n and corrosion assisted fatigus failures are related to steam receivers st power stations in the
of dpanches.
,‘,” 08098 .of beader insvection caps, oné wss blown out under working conditionas the boilera concerned were similar,
n of thase failures nll.h to oracks in fillet welds of baffles or fixings. One of thess involves B3 1501 -620B
e - gabeydak; wWhere a orwck penetruted a 3/4 in. thick header in 6 months.
6. Wime tailu-u of jackets of vessels subject t0 & stean-cooling water ojole.
. of riginating from internal surface defeots.
z- mmm:n 3 :?m:iﬁﬂmiu Eﬁ the oircumfers ce but not deiwcted by leakage.

I P S oz o - . ,



Defect Indication. Cracks Corrosieon | Mal-operation M”.::::ld““t' Cresp Total
v 5 . e (D) 6
L [ &
\ K.DdTe
/‘ "
CAT
1 42
WOTE! | 'Leminsted plate in shell boller furnace - part of plate burnt avay.
TABLE ¥
NUNERICAL SUHARY OF CRACKS QCCURRING DURING SERVICE - LAJT 6 MONTHS OF 1967
Crack CAUSE
Poaitien Indication Patiguo |[Corrosion -| FPre-szinting from Not ascertained | Miscellaneous Totul
manufactuye :

4} Soflsr furwace o L L 17
furasce to end plate v 17 -
weld. Shell boiler back 1

13)Cracks in welded branches] L 27U 20

X i1r 1r_

111) Cwnokes e L 3v0 30
) along . v 10 10

iv,

Cracks in parent 20
Q. plate material v 2v
LY . 11

tions sees TABLE IX




TABIA VI
NUMBRICAL SUMMARY OF CRACKS OCCURRING DURING SREVICE - 1968

Pesiticn Crack Pre-existing defeots
Indication Yatigus Corrosion {£ron manufacture Hot Asoertsined ] Miscellanscus Total
‘1) Beflar furmace or L 3P sy
fursaes to end plate
weld. Shell boller v tr try
beok tube plate oAr 12(Y) 1y
avesiring.
(21) Crecke in welded v 1 9(?) 10 o
bzendhes and L 27U 29 o
] L1100k welda, B.D.2. 12 7(3) 127
(114) Cracks along tbe v 19 10
Jeugth of & weld.
£3v) Crqeks in parent -
maberial
{v) Sude ts tube plate
liganens -
{vi) Crecks retisting -
¢ V5, fuel
) Cracks in Fppork e 2 (Y 1) v
24

3 ﬂi‘ 1. Yallure of & shell boiler furnuoe sesn originating from undercut at toe of fillet weld. There is record of previeuns
) tion of boiler.

F h 13 otises relate to orecks in the nossle welds of boiler drums, The exact cause is still under investigatism.

i, Qthar Anstences have besn found which have not yet necsssitated repairs.

3 0 “w to ia texS.

'M 2asew ‘on boiler feed pipework - cne major oircumferential failure from root of trifors junciiom reinfercement.




TABLR VII

TR ¢ e 2=

Pre-ettisting defects
Indication. Crecks Corrosion Nal-cperation from manufacturo Creep Total
v 3 22 (") 1 #(3) 6
) 3 5 5
N.D.T. 12 12(3)
R - -
car 4 20" 6
L 2
BOTES: 1. Four cases of shell boiler furnace deformations or failures due to shortc_e of water.
2. Part of furnace tube burnt sway dus to area of serious laminationa in rin‘e.
S. A1l twelve cases relate to similar inocidents where cracking was fou.2 in ncn~ic atvachments. They ware found as the
remilt of an extensive prograzme of teating of similar items,
TASLE VIII
COMPARISON OF FAILURE RATES FOULD DiRIHG Sh3VICE
Class of Fallure S years : 1962-1967 Last 6 months 1967 1968
A11 potential failures 1.3 x 1073 1.5 x 1073 1.6 x 1073
411 oatastrophis failures 7x 104 Noue reported 3.3 x 1074
Fotential failures considersd relevant
to pualear oiroults. 6x1074 12 x 1074 10.5x 1074
Catastrophic failures considered 1) (2)
relovant to nuclear circuits. 2 z 107501 None reparted 1.0 x 1074

NOTES: 1. The ocatastrophie failures include one case of pipework (50% of total)
2. These oatastrophic failures all relate to pipework (2 failures)

For classification and abbre

t1 ose TABLE II
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Summary

The core of £ >resmure tube heavy-water modsrated reactor is made up of a
light vessal throughout which are passing parallel chanrela, each consisting
of a cold calandria tube and & hot pressure tube.

The design of the pressure tube must be based on the sirength of the ma—
terial, on neuiron <bsorption and cn economical comsiderctions.

The allowable prebability of an cccident (a channel burst op a pressure

tube bturst) and the corresponding coonomical Qanage must be conmeoted
mutually.

For a heavy water moderated and crganic liquid oooled reactor, it is pro-
posed to use SAP (8intered Aluninium Powder) to fabrioate the pressure tubes.
A test program was performed to study the consequences of a pressure tube
burst, i.e. streins iniroduccd in ihe neighbouring channels, in the vessel
and in the safety systems.

T™e long term mochanical resistance of SAP is determined by its oreap
behaviour. A statistical analysis cf e-perimental creep runture test
results allows to determine the thiclmess of tha pressure tubes for a
certain rupture probability under normal operating conditions.

- Using the results ol both studies a ruliability concept can be intrcduced
to determine deoign criteria for the: prcosure tubes.

oy

PSR
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1. Introduction

A Ligh-nower heavy-water moderated reactor with pressure tubsa ia
characterised by & tundle of batween 5C0 and 10CO parallel cheammsls
(vertical or horizontal). Daoch shannel soneists of a hot pressure
tubs coataining the fuel clements xhich are acoled by gaa, vater or
organic liquids and a cold calandria fube which isolates the pressure
tube fron the modsrator.

In contrast to the relatively sturdy construotion of tke channels,
vhose pressure tubes muct be abdble to vithstand the pressure of the
coolant, ithe vessel itself is large and particularly lighi. This is
because under normal operating conditions it only needs to withstand
a low pressure, Under acoident conditious, however (a pressure tube
turst, wvhish would lead to the bursting of the calandria tube) the
vessel and vessel-internals are strained by pressure waves which, in
vertain cases, can causs considerable damage [ 1/.

Arguing in statistical-eccnomical terms the probability of a channel
(preosure tube + ealandris tube)-burst, which has serious consequences,
i.e. ocauses considerable aconomio damage, must be kept particularly
low, On the other hand, one can admit a much higher probability for
the turst cf 2 pressure tube only, for which the conpequences are muoh’
less severc, because they are confined within the calandria tube.

There is, however, anmother factor,j.s. the peutron economy, that limits
the indefinite increase of the pressure tube thialmess, especially

for notural uranium reactors. Thus, ome can not reduce indofinitoly
the rupture prodadility of the pressure tube.

The thickness of the pressure tube is therefore defined by the optime—
ligation of the reactor as a whole, and finally it ie the overall
economy balance whioh is decisive. This paper does not deal with the
whole problem of cptimalization, but only disousces some design and
econonlcal aspects.which may contribute to the solutiop of the problem.

- N FI
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2. T™re consequencas of a pressure tube rupture
Thore are various cases to be considered, depending upan whether the
coolant employed is gas, water or organic liquid. Where gas or water
is employed as coclant, the high pressure permits only the pressure
tube (hecause of the meutron absorption) to be designed to withetand
the coolant pressure. Therefere, if the pressurs tube should urst,
the calandria tube (normally a Zirconium alloy tube with a thickness
of less than 1 ma), vhich has not been dimonsioned to withstand high
pressure, will consequently also burst. This must be considered to be
a severe accident; the coolant mingles with the moderator, and fuel
element fragwents may be hurled against the neighbouring channels and
dacage them. It has nevertheless been provel by the experiments rLer—
formed for the CINEFE reactor (Holtbecker and Leoni, unpublised) that
the bursting of one channel des not lead to a chain of bursis.in the
other ch 1s. The of this acoident therefore consist of:

a) the need +- replace the entire channel, j.e. pressure tube and /
oalandria tube, '

b) the recovery of parts of the fuel eclements ['

¢) possibly, some of the neighbouring channels which heve beer d{lﬂgﬂd
ut not destroyed need to be replaced,

d) the exchange of polluted heevy water in the case where the ‘doolant
employed is light water.

",

In order to carry out such an operation, the reactor would hsrw ‘o be
ahut dovm for several months.
An estimntion of the relative cost should take into aocount both repair
ocosts and the sreater coats for the supply of the energy from other
sources.
Oz the bacis of theee clements ome can astimate the cost of the accident
to about 7-0¢ of the capital, i.e. about 100-150 dollars per k¥We instal~
led /72 7. The probability of such an aocident should therefore be kept
very lov. How low these probability must be will be determined, as to0ld
beforohand, by the optimalisation of the reaotor as a whole.
Reforving to what cther euthors / 3 7 aduit for the chance of failure
for pressure vessele, it is estimated that the probebility of 1 im 104
during the design 1life for the accident desoribed before ocan be .consi~
-7 derod commervative,thus the precsure wubes in Zircaloy, that nermally
" are usod in the water or gas cooled reaotors, mist satisfy these spe~
cificaticus,

il dlbors btin s ie e s w0 ¢ . L e
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Yhen an orzanmic liguid cooled reactor is considered, the situation is
different because of the low pressure of the coolant. In fact in this
type of reactcr the oalandria tube, with the mame thicknsss as that
fcreseen for a water or gas cooled reactor, oan withstand the pressure
of the coolant circuit (pressure less than 3C Atw), in case the pres-
sare tube ruptures.

It is therefore possible to combine tbe rupture probability of the
pressure tabe and ol the calandria tabe.

Talting into congideration alsc the bellows and the other components

of the prinary circuit, ome can, by a good design, easily limit the
rapture probability to a value less thar 1 im 10C,

Thua in order to have for the whoie chanmiel, pressure tube and calandria
tube, the samc conditions as for a chammel of a water or gas cooled
reacter (rupture probabllity 1 in 10%) the thickness of the pressure
tube must be suck that the rupture probability will be 1 in 100, )
The following chapier will show what thickness for a hot pressure tube
of GAP has to be used to satisfy the abo»e specifiocations.

3. Creep rupture of a hot pressure tube

3.1. Cxvep test prozram
It has been established thzt the best criterion for calculating
ths allovable stress in SAP is its creep-rupture behavicur.
Ths perw::ssidle siress is then defined as the stress causing
rupture alier a cortala time with a certain probability. A creep
test prozram was thercfore initiated on tude seotions at two
terperaturva, 420°C aad J:(°C respectively.
The test coctions conoist of a 850 mm leng SAP tude, ) mw thiok
and witk an intermal dianeter of 92 mm, olosed at hotk ends by
stainleas stecl vlags allowing a leak tigh$ closure 10 be reslimsd.
An intermnl SAP filler conzects tho two pluge, theredy botk eli-
ainating wzial siresces on.the tube ant educing the volume of .,
the presourised Zas.
“he crecD-tosts on by sooticns were dome . is mlmn ,,'

. conditiong (slinimating axial suwaws) Yes slieeng !em-m-)\‘
them. remulis ¥30h om of a eariasof egle M# m’u ;
spocinens [ 4J -
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Statistioal nalysie

To obtain reliable results from creep-rupture tests it is naces-
sary to analyse the experimonial data by statistioal methods [ 5_7.
C(ne has to sstablish a relation between stress and time~to-rupture
and to determine whai destribuiion law ie verified for the expe~
rinmental data.

The empirical oreep law proposed in the literature relates the
otress € and the time-to-rupture t in the fomm :

log t = A+ Brm,

This relation is verified for ductile materials, amd will be
assumed valid alsc for SAP, because aotually there are too fow
experinenial results available to show whother another empiriocal
law would fii the creep data bettier.

A EKclpogorov test showed that the normal distributiom law did fit
best the observed results, oonfidence level 0,91 [-6__7. Now the
confidence intervals for the creep-rupture data will be determined.
A first oconfidence interval must be calculated for the domain in
which experinenial results aro available. In that domain the
magnitude of the oonfidenoe intervals depends not only on the
scatter of iho data but also on iieir rmumber. The fewer data are
available the wider the oonfidenoe interval, for a constant oon-
fidence level, will de.

A seoond confidence interval is caloulated for the extrapolated
domain, in vhioh a confidence level for the regression line has
to be considerod. The greater the ratio of the sxtrapolated in-
terval to tha experimontal interval is, the wider the oconfidenoe
intorval will be.

The size effeot, i.s. the increase of rupturc probadility with
inorease in sicze, i3 & factor that may be oritical for the design
with brittle paterials, and hos boon caloulated for SAP that
bokaves in a brittle vay in oreep conditions [5_7.

Rosults .
Two sories of tests wers dene at 420°C and 30C*C respeotively.

e alloweble strecs is caloulated as the stross causing rupture
aftor 2105 és {30 yoar 3ife time) with a probability of 1%.

L e, Y Y
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The smumerical rcsults for the allowable atresses for the SAP
pressure S2%s (full lencth i.e. 5 m) is given in tadle 3.3.1.

table 3.3.%
Jooc 420
regression line log t = 17,4 - 1,990 log t = 12,6 - 2,09 «
standard deviation Cy587 0,796
allovable stress :
1<% prebvability 3,15 Lg/mm?2 1,5 xg/mm2
of failure )

Bocause creep tests are very time oconsuming experiments, results
are only obtained at two temperatures. A linear interpolation

is felt to be a pessimlistic appraximetion, and ococuld be ussd to
estinate no allowable stress for the BAP pressure tubes at an
intornediante temperature.

The volues of the allowable stresses can be converted in terme of
pressure tube thickmess if the operating conditions are defined.

An organio coolod reactor can bhawe for instance a primary oooling
cirouit operating with inlet conditions 20 atm and 300°C and outlet
conditions 8 atm znd 400°C. The thickmess of the pressure tubes in
SAP must’ than be about § mm; not taking into consideration other
liniting faotors as c.g. wear.
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4. Conolusions

The reliadility approach, as applied to the safety of the vessel-
internals of a reactor, sllows the thiokness of the pressure tube

to be deternined by rules which are independent of the normal cal-
culation codes, The problem is thus tronsferrsd from tha traditional
baeis to a more realistic approach, inasmuch as it is now based on
coonomnic ognoepts.

Tis conoept may be zeneralized for the design of any struoture of

a reactor (2.g. prossure tubes in Zircaloy, pressurc vesasel, vessel
internala) and not anly if theso structures are subjeoted to creep
ut also under conditions of static stresses, of fatigue eto...

Tho example di d (SAP p re tube) is only an cxample demonstra—
$ing the method. The choicc of the pressure tube should be made, in
this particular case, in compsrison with other solutioms ["IJ on the
baeis of the optimzlisation of the reactor as a whole.
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LA FIABILITE DES PROPULSEURS A REACTION DIRECTE

par
A. MIHATL ’)’BU.QERU. VERITAS

Le transport aérien a connu depuis la dernidre guerre et
notamment durant cette dernidre décade, un développement
prodigieux. La mise en ligne des avions de transport & réaction
n'a fatt que confirmer cette tendance.

Le progr®s technique s'est traduit par un accroissement
notable du confort, de la capacité, de la vitesse (celle-ci est
pasaée de 140 km/h en 1925 & 320 km/h en 1940 pour atteindre plus
de 900 km/h sujourd'hui).

Toutefois, il faut le reconnaltre, l'svion inspire sencore
4 bien des usagers e} surtout 4 la masse de ceux qui n'ont pas
é1é touchés par ce nouvesu moyen de trangport, un sentiment
4'inquiétude en raison du caractdre de gravité que représente
l'accident aérien, aussi rare soit-il. (A noter toutefois que
d'aprds 1'IATA, le coefficient de sécurité, fonction du taux
d'accident mortel par km/passager parcouru, & plus que doublé
en dix ang).

En effet, 11 est bien connu que le grand ennemi de
1'avien o'est le ripque et sa conséquence directe : 1'accident.

Celui-¢i, ocutre la perte d'un matérisl coiiteux (un Boeing
B. 707 ou un Dougles DC. 5 wvalent de trente A cinquente milliens
de francs), peut entralner des pértes de vies humaines et susciter
une réaction immédiate chez le passager qul peut conduire, dans
certalns cas, jusqu's une désaffection pure et simple pour un
metériel donné en particulier {par exemple, la premidre version

————————— vesfans
2 Ingéniecur du Génle Maritime
Ingénicar ¥ilitaire de 1'Air (CR)
Ingénieur Principal au Bureau Veritas
Chargé de cours & 1'Beole Nationale de 1'Aviation Civile
Maltre de Conférence & 1'Zeole Supérieure Nationale de
1' Aéronautique
Préeident de la Oommiession de Piabillté de 1'Association
;fgnqaise des Ingénieurs et Techniciens de 1'Aérongutique et de
Bspace
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de 1'avion 88 transport Lockheed Electra) et pour le transport
aérien en général.

Les retards enregistrés au départ sur des horaires
préétablie, bien que ne mettant pas toujours en cause
directement la sécurité, ont eux amussi une influence indis-
cutable sur les usagers en laissant planer une vague atmos-
phére d'inséeurité, surtout lorsque la cause (cas asses
fréquents) n'est pas indiquée clairement.

Tout ceci conduit & rechercher dans le transport
aérien un haut degré de sécurité.

Les facteurs qui conditionnent la sécurité du transport
aérien peuvent 8tre classés en trois catégories :

a) - Paoteurs extérleurs au matériel lui-m8me (navigation
aériemne, environnement etc...)

b) ~ Pacteurs d'utilisation du matériel (cenditions
d*exploitation, équipages ete...)

o) ~ Slireté de bon fonctionnement du matériel.

Par ailleurs, les acquéreurs d'un avion de transport
(qui sont aussi souvent les utilisateurs) ne considdrent
plue le matériel comme un bien consommeble, mais désirent
avoir le garantie de la possibilité de son exploitation
régulidre pendant un minimum de 30 & 40.000 heurss de vol
(A raison d'une moyenne de 10 hsures par jour), soit durant
10 & 12 ane (1e matériel étant ensuite rebuté var aéolassé
techniquement).

Loreque 1'on regarde l'entrée d'eir des groupes
gbnérateurs de puiseance 4'un B. 707 ou d'un DC.8, la marque
de 1'un des plus grands conmiructeirs de moteurs 4'aviona,
apparalt entourés de ea devise “dependable engines”, mmnt
ait "motedrs sur lesquels on" mt oonptnr".
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Les intéressés font 1A plus qu'une profession de
foi, ils mettent en évidence une condition essentielle pour
un propulseur adronautique, A savoir se sireté de fonction-
nement.

En effet, la groupe générateur de puissances a pour
migsion principale d'arracher 4 la pesanteur l'aéronef et sa
charge (constitude en général de passagers) et de permettre
de véhiculer cet ensemble dans des délais de plus en plus
rédulits sur des parcours de plus en plus importants; il ne
peut donc &tre question d'appliquer A cette partis essentielle
de 1'aéronef, la boutade du marchand de parachutes qui dit :
® I1 n'y a pas de probldmes, toue les parachutes qui ne
s'ouvrent pas, je les remplace gratuitement ".

1.~ DEFINITION DE LA PIABILITE

Cl'est justement la nécessité de 1'dtude scientifique
approfondie des conditions requisees par une séourité de don
fonctionnement qui a2 donné lisu A cetts nouvelle discipline
qus les snglos-saxons ont baptisée du nom de "RELIABILITY®
ot qui a 6té traduit en Prance par le néologisme "FIABILITE®
ou "slireté de fomctionnement®.

Il n'a, malhsureusement, pas &t4 établi A 1'heure
actuslle une terminologie internationale concernant cette
nouvelle dipcipline. Aussi, les définitions en présence
sont~-elles multiples.

Nous avons retenu, pour notre part, celle proposée
par la RADIO ELECTROMES TELEVISION MANUPACTUREBS ASSOQTATION
A savoir @

* La fiabi11%6 est 1e probabilité pour qu'un L

* équipement, apoareillage cu oowposkit dwsige P 7’
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© W11 8 666 prive, -dutspt we *m(ﬁ ﬁwm' B e
* dans des. oonlmm TS tmuw mugd on

Cir T - wpE e E pE Rl 7oAk TR R Begy

Loaamss_sub ssssiithd 8L s supfumgt onih® &

A

ot




348 ‘-

La fiabilité apparatt dome comme une probebilité
fonction du temps. Augsi est-il coutumier de 1'exprimer en
probabilité de bon fonotionnement en % par période d‘emploi
{celle=ci étant fonction des caractéristiques d®utilisation
ot pou'vant 8tre exnrimée en cycles, nombre de tnurs, temns),
sntt nour vlus de enmmodité en € de vrobabilité Ae A4faut
nar pdrinode d'emnlodi.

2.~ IMFORTANCE NE LA FIABILITE

La figure 1 (qui ne se réfdre ni & un matériel
déterminé ni X ur utilirateur donné mails représente une
moyenne) nermet d'annréeier 1'imnortance des anomalies (et
done de 1a fiahilité) sur les différents éléments consti-
tutife d'un afronef (en fonction de la nhase ol ces anomalien
sont survenues),

Iin propulseur h résetion directs, plus conmu
sous le vocahle de réacteur ou "jet® est un snsemble composé
de vlusieurs milliera de nidces imnortanter (3100 dans le
cas du Pratt st Whitney JT 4, 3800 dans le eas du Rolls
Royee Avon).

1a fiabilité a Aomlement une influence sur
1'asnect Sconomimie de la réalisation et de l'exmloitation
du matériel aérospatial, Ainei, i1l a &té caleulé oue la
mauvaise tenue en service Au matériel colite 2 la ROYAL AIR
PORCE environ 3 milliards de france annuellement (muxquels
11 faut ajouter 45 millions var suite d'accidents matériels).
La ROYAL AIR PORNE est conduits & remplacer annuellement
50 % de¢ see 50.000 microswitches et de mes 10,000 pompes
auxiliaires & carburant par exemple. Aux U.S.A., le maintim
on 4tat de fonctionnement du matériel élscironiqus de la
Marins représents durant la premidre amnée de livraieon, le
double du vrix d'achat, C'est-h-dire qu'am boud de 10 ans
on a dépensé 20 fois le prix d'sohat pour 1'sntretien. Enfin,
on Frarse, 12 part des crédits consscrés A 1l'achat de piloss
ds rechange svoisinait 25 $§ du total Ces orédite alloués &
1'46ectronique par le Ninistire des Armées,

.oo/l..
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LYétude de 1a frabilité permettra d'acquérir des
&léments sur : l'amélioration de 1la sireté de fonctionnemant,
le choix d'un matériel le mieux adapté aux bescins, les
conditions d'entretien, l'organisation rationnelle des stocks.

3.- PIABILITE DES COMPOSANTS ELEMENTAIHES
ET DES EWSEMBLES

ENSEMDB!

Que ce solt pour les composants élémentaires ou
pour les ensembles compnlexes, lesa définitione applicables
en ce qui concerme la fiabilité seront sensiblement les mémes.

Il est toutefois bien évident que =i la panne d'un
composant &lémentaire met pratinuement fin & son existence,
tel ne sera pas le cas de l'ensemble complexe od la défail-
lance d'un des composants peut n'entrainer gue son changement
et donc la remise en service de l'ensemble (i condaition, bien
entendu, que l'ensemble soit réparable ou récupérable). Ceci
suppose 1l'application de mesures de maintenance préventives
afin de réduire au maximum le risque de panne.

Quoi qu'il en soit, il convient de distinguer,
pour un composant ou un ensemble, les conditions de fonction-
nement propres (limites, critdres de défaillance, critires
da fonctionnement, contraintes) et lees conditions duss &
1'exploitation (dont certaines sont connues et définies -
tel l'entretien -, alors que d'autres - telles les conditions
réelles de fonctionnement deans des contraintes 4'snvironnement
facteur bumain -~ ne le sont ou ne peuvent 1'8tre qu'avec une
assez grands approximation).

Dans le cas des conditiona de fonctionnement
propres (conditions plus rapprochées 4s celles du laborstoirs),
2s £iabilité du composant ou ds l'snsemble est plus communément
appelds "fiabilité intrinsdque”, alors que dans le ous 488
conditions duss A 1'sxploitation, la fisbilité est rius comme
sous 1'appellation ds "fiabilité d'oxploﬂn:l.w' In Mt
‘de gew deux fiabilitée omgxw- 1a riabilieh atve o il
-opinumlw' i mmnm m m‘, m miﬁig s
sffsosivenamt afiaiptn on upxoguuon :“no.
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La f1abilité des ensesbles se calouls plutdt qu'elle
ne se mesure en raison de la taille et du prix des unités et
des difficultés & réaliser des essais complets.

Un propulseur & réaction directs est un ensemble
de plus en plus complexe ol se trouvent ragsemblés simulta-
nément des phénomines thermo-adérodynamiques, chimiques,
physiques, électriques, stc... (qui eux-mSmes ne sont pas
moins complexes). Il apparaft donc qu'il eet difficile
A'affirmer qu'il puisse &tre obtenu une probabilité absolue
de parfait fonctionnement (ou que la probabilité de panne
soit mulle).

L'examen des figures 2, 3 et § montre la variation
de la fiabilité des pidces constitutives.

La figure 2 montres la variation de la fiabilité
d'un systdme lorsque le nonbre de ses éléments varis, chaque
é1ément ayant une fisbilité propre de 99 £, Si 1’ensemble est
composé de 10 éléments sa fiabilité eet encore élevée (90 £);
#si 1'ensemble est composé de 100 éléments, 1a fiabilité au
syetdme diminue & 36 £. Enfin, elle ne sera plue que de 3 %
vour 400 éléments. Ce dernier chiffre est cité car il repré-
sente, ainai que nous le verrons par la suite, le nombre
approximatif de “pi¥cee sfrinlisdes” dans un réacteur.

La figure 3} indisue justement la variation de 1la
Piabilité A'un ennsmble comnnmd de 400 Aldmentm, en fonetimm
de 12 £iahitlité da chaane 41ément. St chaoue Alément a mna
. fiabilité propre de 99,5 %, la fiabilité de 1l'enseamble n'est
que de 14 ¥ alors qu'elle sera de 70 % si la fiabilité de
chaque élément est de 99,0 %,

%a figurs 4 donne le réseau ds courbes persetiant
de déduire en fonection du nomdre 4'éléments conmtituants et
i de la fiahilité nropre de echacun, la f1abi11té 4'un ensemble
: comnlexe. T1 ronvient de notar nue si )'on considire les
3 100 nidres nrincinales d'un J2 4, par exemnls pour arriver
» une fiabilité da cet ensemble de 70 £, 1a Piabi)ité de
chaque £1ément devra Stre sunérisura A 49,088 £,

-c-/-o-
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L'sxamen ds ces différentes rigum permet de
formuler deux remarques 3 /,

s) La fiabilité d'un ensemble est, d'mprds -la théorie wine
de ls probabilité composée, le Térultat de la valewr
fiable de chague £lément constitutif, Ces élémente doivent
Stre conaldérés comns des é1émente indépendants qui
concourrent A un objectif commm, per exemple 1'obtention
dans des conditions yrécises de certaines perforssnces
{(qui seront sssurdes par la combinaison 2'un certain
nombre de fonctions &lémentaires). Ceci suppose que la
prédétermination des conditions de fonctiocunement danes le
dispositif étudié est dien acquise et qu'il n'y a pas de
réaction “parasite® des éléments, len wns sur les sutres.

b

-~

I1 apoaraft que la fiabilité d'un systimes n'est jamais

que celle de son élément critique le plus faible mais ls
fiabilité de cet élément peut $tre changée, soit en ¥y
wmodifiant les conditions de son utilisation, soit en lui
apportant des modifications technologiques (exemple : am
détut de 1'utilisation des réacteurs Avon sur la Carevells,
cortaines anomalies ont é%é snregistrées sur le ronlement
central; une modification technologique comsistant A
diminuer sa charge par sugmentation 4u chesin de roulement,
a permis d'aséliorer sa fiabilité propre).

4.- ASPECT QUALITATIP DE 1A FIABILITE

La sélection systématique, ls wise sau point et 1a
vérification du bon fonctiomnement d'un propulseur avent s
mise en service, nécessitent des mois (voire des mméen)s-Osel
provient du feit que la fiabilité des composants élémentaires
ot dea _enasmbles devra $irs uns omve de création somtimwe b
tous points de vus ot & tous les stades. sussi, ellp dey2s
Stre "pensée” Qs 1o stede de L'sTant-projst (mrivision 480 -,
fiabilité) juaqu'dh mies sm exploitssion sffeckive (mainsign
ot amélioration s 1e Tiabi)isé), Bu: effet)-tme. m#m
congn ot réalied, on ns pous plus faire srund chese peour
anéliorsr 1a fiabilité.

eveloce
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Bn rbgle générale, les facteurs fondamentaux qui
déterminent la probabilité de survie d'un élément ou emssmble
sont les aléas du processus de fabrication et les caraotéris~
tiques aléatoires des efforts que 1'dlément doit supporter en
fonotionnewsnt {contraintes duss & 1'environnement ou aux
oonditions de fonctionnement).

La conteption, 1'sxpérisensasion &t 1la fabrication
devront tenir compte de ces exigences et ceci non pas uniquemsnt
pour 1'éléwsnt prototype mais surtout pour la série (qui en
fait seule intéressa 1'utilisateur). Il conviendrs A cet effet,
de prendre toutes dispositions (notamment mur le plan du
contrdle de 1la qualité) afin que la fiabilité des séries succes-
aives ne se trouve pas abaissée pour gquelque raison que ce soit.

tutremsnt dit, dbde le 4ébut, la facilité d'entretien
obtenus par l'application des principee de démontabilité,
accessibilité et interchangeabilité, devrs retenir 2’attention.
Il ent nécessaire par exemple que les principaux composamts ou
divers enassbles puissent &tre démontés comme des snsembles
indépendants ot sans que 1l'opération influe de facon notable
sur les sutres sous-ensexbles; ceci aussi bien en cas
d'inspection que de réparation,

4.1.~ La fiabilité au etade de 1‘'avant—projet et de

Au stade avant-projet et étude, il conviendra de
définir un oertain nombre de parnabtrsa ayant une infiusnce
directs sur la fiabilité. Les plus importants ds ces parambtires
apparsissent comme étant 3

= Les perforsances demandées L 1'ensemdle ot
notawment los limites A 1’'intérieur dssquelles, 1'snsemble
pera oomsidérd comms "bon® (L titre &'exemple, daus 10 cas
a'un-séronef, (ne vitesse de croisidre inférieurs de 10 im/b
3 oslle mmonody,~peut représsnter pour Wi sxploitant, wne
yorts 8 1'ordre 66 50 00D £r- par apparsil ot par sn).

~. N f&i/huo
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~ Lee conditione prévuee d'obtention de ces

performances 3 conditions d'empiei, conditions d'environneaent,
etc.. (par exemple, 1'Avon équipat la Caravelle, effectus un
cycle de décollage - donc de conditions limites - environ
toutes les 9C minutes, alors que le JT 4, dquipant le Boeing,
accomplit ce oycle dane las conditions actuelles d'exploitation
prévues, toutes lea 3 heures 1/2 environ)fvjf)

- La durde d'ytilisatign envisagée.

Il convient de¢ remarquer que las solutions nrronnpées
ou retenuens aux différents prodlimee adrodvnami mes, thermiques,
métal lurginues, nermettent A4JA imnlicitament de me Pairve wne
13de An Aerré de Piabilité A'une nidem M A'un ensemble {par
exemple, le choix 4'un syatdme Q¢ refroidissement des aubes de
turbine nonstitue une amélioration certaine du degré de )
£iabilité, non seulement des aubes elles-mémes mais également !
de 1'ensemble. Il convient de notear que dans le bilan g&énéral,
1a splution du refroidissement dee aubes est amaez adduisants,
car peu coflteuse. En effet, pour le refroidisssment des premisr
et deuxidme étages des subes de guidage de turbine et du
premier Stage des aubes mobiles, du Rolls Royce Spey, 1la
consommation 8péeifique de ce moieur ne se trouve majorés que
de 0,5 %).

L'dtude des conditions d'emploi peut, par sillsurs
également permetire de détecter, dans certains cas, les
compogantes les moins fiables. Par sxemple, =i 1'on eait que
le réacteur est destiné A 8tre utilisé en zone sadblonneuss,
le compresseur pouvant subir un phénomine d'érosion, on peut
1'éviter, en partie, soit @

- en utilisant un matériau adéquat,
- on utilisant des grilles sur l'entrée d'air (aves 'Gou“roi-

les inconvénients que cels peut entrafner). - "J

I1 en va de nige d'uie mﬁm Ava panpes.
1étude, par exemple, de 18 ummg A Wi o Boidis
1'inverseur ou du dévisteur, pirid 8e " W W b“ﬂq
n'y a pas de Tisques C'inm& ”@om X
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e .,/,gf..m

;‘»‘:,\ PN LIV fw“"*



TR S e

354
10 -
Nous constatone dono qus dds ce stade, 1l est

pratiquement indispensable de faire 1l'option entre un matériel
destiné A 1'usage cavil ou militaire. Il est, en sffet, ”
coutumier de dire que les militaires recherchent la performsnce,
alors que pour les civils, la durés d'utilisation ou si vous
préféres 1'endurance, sn raison de eon influence sur l‘'aspesct
économique du probldme, est un facteur primordial, Il apparait’
done vain de vouloir "adapter”, aprds coup, un propulseur & une
t8che différente de celle prévus, A moins bien entendu,
d'accepter d'y mettre le prix (cela a été le caa des Rolls Royce
Avon de lea série militaire 200, devenue 500 pour la version
civile, des Pratt J 57, devenus JT 3 et J T5 tranaforwés en JT 4,
engore que cette dernidre transformation n'a pu §tre achevée
compldétement, notamment en ce qui concerne l'acceseibilité et
la démontabilité; en effet, 1o carter compresseur est d'une
ssule pidce, ce qui entrafine un empilage des disgues et
entretoises, avec obligation d'enlever tous les dimques qui
précddent celui ayant une ava.rlo‘)-.f.aé)

Compte tenu de ce qui précdde, certains peuvent
peneer qu'il peut y avoir difficultés de cohabitation entre les
notian de performance et la fiabilité. C'est perdre 4s vue le
paramdtire "temps" entrant dans la définition de la fimbilité
(exemple : le satellité et son lenceur : si les deux ensemblee
doivent avoir des fiabilitées élevées pour assurer des perfor—
manoes particulidres - performances, il est vrai de nature
diftérente : &u domaine de la propulsion pour le lanceur, du
domaine ds l'édlectronique et des transmiseions pour le
satellite ~ le temps pandant lequel ces performances sont
demandées, e'exprime en secondes ou minutes pour le lanceur
alors que pour le satellite, il -'oxpnu en mois, voirs sn
siméen).

Enfin, pour ls matérie) civil, il est également
eapgntisl de considérer X ce stads, 1’endurance comme une

-~ parformance qu'il copyiendra de Tachercher et d'obtaniry au

nine titre qu'wne bages OWQILlp‘Gifim. par exempls,
siefove
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4.2.~ La fisbilité su steds des étuder st 40 1a
- mise su poin

Il convient de distinguer, parsi les principesux
$lénents conatitutifa d'un propulseur, trois groupes 4'éléments 3

Dans un premier groupe :

- Les éléments structuraux dont la défaillance
pout affecter directement la sdcurité (cas des ensembles
tournants, etc...). Autrefois, lss pidces de cette oatégorie
avaient des coefficients dz sécurité trda importants (om
n'utilisait certaines pidces qu'am dixidme de la charge de
rapture). Aujourd'hui, la prise en considération du principe
du "self containment®, d*une part, et/ 1'application iu
aystdme de construction dit du "fail safe®, d'autre part,
permettent une diminution du poids des pidces et dono une
amélioration des performances.

Pour les pidces vitales, les risques dc
défaillances acceptables généralenent admis sont de 1'ordre
ds 10~8 par heure de fonctiormement. Ces pidces sont dono
surabondentes ou ont une redondance &levée pour employer le
langage dee électroniciens,

A ce sujet, il est nécessaire d'ouvrir une
parsnthise :

I1 est bien évident qu'un pareil chiffre mine
A 1a négation de 1'interprétation statistique (car c'est 1a
fin de la loi des grands nombres) et conduit, en fait, A
suivre les pidces une & une, en dtablissant un facteur limite
de sbourité, C'est 1, 1l'origine des pidces dites "sérialisdes”
qui sont repérées et suivies individusilemsnt &u point de vue
durée de fonctionnewmeny, wmodification, stc... per les construc-
teurs ou réparateurs & 1'aids de véritables fighiers.

* Bn pratique, cette probabili )tlo puiite 4§ 10-8
falt appun!tro conme nécessaire G'Jﬂﬁ’”” “$inite
ds’ fonctiormenint B pidess emvisagdes. P
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‘Co hupa pcut “ttre t 6’
LS aa r *ﬂ -ﬂ
po‘)‘rh fsfu -m Sana o an Tévoratoive
pENERYT - Ltete i wﬂ*) lage A% "4."‘1‘-"'“ aﬂ

~

P YRV R




356 12
que ces essais soni coliteux, tant pour ce qui est de 1'apoa-
reillage, nque du temps nécessaire, ou de 1l'outillage & mettre
en osuvre, et ce, d'autant plus que la fiabilité recherchée
set plus grande, Ces easmis ont surtout pour objet 4'étudier
les lois d'accélération dea phénomdnes en fonction des
eontraintes. Les disnues de turbine et rompresseur, par sxample
sont soumis, ei on nérlize les phénomines de corvosion, A des
sollicitationm A haute fréaquence d'origine adrodynamique & leur
périvhérie, mais la fatigue, surtout pour les disques de
turbine ent due ésplement A des sollicitations A basse fréaquenc
d'origine thermiaue. Les essais de simulation concernant ce
type de snllicitations neuvent &tre faits sur moteur au Yane
ou & 1'aide da machines srfniales en lahoratoire. Powr
certains des réacteurs en mervice, un nombre de 6 000 & 10 000
cycles environ, a &té estimé, aprds ersals, comme admissible.
Ceoi peut conduire, compte temu de la durée du parcours moyen
pour un utilisateur donné & des durdes de vie moyennes -
Aaifférentes pour une méme pidce (de 1'ordre de 12 000 A 16 000
heursa de fonctiomnement pour les disnues de comaresseur ou
turbine).

11 est perwris 4calement de ee noser la question
coneernant 1a corréletion ertre les résultats dem essais
! ancélérés et les conditions d'exploitation réellas,

Dans certains cam, cette corrélation nourra #tre
dtablie A 1'aide 4'un on nlusieurs varamétres définis dans
] les spAcifications d'arsais,

| Pn fait, les emsais accélérém oarmettent @

a) de faire connaftra & 1'utiliprateur sl la qualité 1ivrée
nar le constructeur a évnlués autrement dit, ils donnent
ur renseimmement tris ravide sur un ovrobléme particulier,

b) dtanprécier 1a valeur 4'un résultat par comparaison
(dans le cas de 1'anviication d'une modification par
exenple),

11 est toutefoin Avident que les “.7.“ accélérés
ne veuvent Jtre que des reobres et doivent dtre confirmés par
des résultsts obtenue en exploitation, En effet, dans 1'étude

voefoee
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de 1'influence de la température, par exemple, les loi® de
vietllissement eccéléré sont assez melaisées & Aéfinir et
done & vérifier.

Voioi pour le premier groupe de pibcea.(ﬁ.’)

Dans un deuxidme groups, il convient de distinguer
les éléments pouvant r des & ges daires important
(roulements principaux, aubes mobiles, réducteurs).

Outre len epsein pardizulisrs muxquels iip unt
donné lieu gu stade de la mise mu point, c'est surtout le
taux de parme 6levé relevé en mervice qui constitus le princip
eritdre de fisbilité. Pour certains roulements, par exemple,
Rolls-Royce admet comme limite 0,01 incidents par 1 000 heures
de fonctionrement, soit une fiabilité de 0,99 par 1 000 heures
A c8 sujet, i1 est & noter que d'aprds une &tuds faite par
PALLIAN, 10 % du total des anomalies des roulements 8¢
produisent dans la tranche des premiers 4 $ du temps total de
fonctionnement admie pour ces piices.

L'ensemble des pidces de ce deuxidme groupe
constitue une sutre catégorie de pidces dites "sérim)isées*
(ou nécessitant un suivi particulier).

Enfin, dans un troisidme groupe 4e pidces sont
clasaés tous autres éléments susceotibles d'avoir une limite
de vie (carser compresseur, entrée d'air, chambre, etces.).

Bn résumé, A ce stade, 1'dtude du epectre des
contraintes devra permettre, compte tenu de 1'expérience déjh
acquise par ailleura, des conditions 4'emploi et des precessus
entralnant les défaillancee ou l'usure, de Aéterminer celles
des contraintes qui scnt les plus sensibles et donc qui
influsnt directement sur la fimbilitvés i1 sers alors possible
ts prévoir fom compoRAIAS oG wmEVINIVE mymt m Miumm
ds séourité surabondants (ou redmdants)ml

soumsttent B W fomtommt sous eontnms.m‘ui 8

pIpas [ TR B
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C'est également & ce stade qu'il convient d'apporte
toute 1l'attention A& la facilité d'entretien en tenant compte
des axigences de démontabilité (aémontage d'une pidce sane
détérioration de la pidce voisine), interchengesbilité
(possibilité de substitution d'une pidce & une pidce semblable:
acceasibilité (pomeidbilité d'accds facile aux différents
organes et pidces).

Ltedoption pour les réalisations pratiques des
systdmes dits "des blocs fonctionnsls® assurant des fonctions
bien précises et susceptidles d'8tre démontés, entretenus ot
remontés séparément, sont des éléments imporiants dans
1'amélioration de la fiabilité.

4.3.~ La fiabilité au _stade de la fabrication de série

A ce stade, en vue de garantir une bonne fiabilité,
i1 convient :

« de faire apoel, pour la mise en neuvre, A dea procédés
de fabrication éprouvés (matidre, main-d4'ceuvre, outil-
lage, etc...).

- d'assurer un contr5le poused de la qualité (A noter A cet
effet que la fiabilité ajoute une dimension nouvelle au
service contrdle de qualité en lui donnant la possibilité
de prolonger ses investiwmations dans le temps).

4,4.~ L8 fiabilité au stade des smsais

A ce stade qui constitue un des éléments les plus
importants de la fiabilité car i1 est aussi celui de la sélsct:
finale, i1 convient de remarquer qu'il ne e'agit pas uniguemen’
de savoir quel est le matériel bon ou meuvais au ddépart ainei
qu'éventuellement, la dispersion de ses caructériltiquu,nto
i1 importe de dire combien de temps le matériel pourrs conserve
see caractéristiques initiales et les dispersions de celles-ci
on fonction du temps.

En r¥gle r,énérsli. 31 convient a'nlmttn qtu ﬁu
la fiabilité recherchée sera élevés, plus les essais devront

#tre nombrsux, longs et cclteux, En effet, on ne connaft pas &

---/o--
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loia rigoureuses nui répinnent lem variatiang de 13 fiabilité
miivant Tas vdeipan ds foneticmnemant ot dane le nivean Are
Aiffhrantes rontraintesn,

Jes accarm Atendnrimes faei Ja yant fewa
enrcidépdn raprg Aa~ ac~aie pamnl 4mantajvaen dsg srenia de
vérifieation de nerformancea ot d'anhianre) atavdrant nar
ailleurs wndirnensablea nour d4tsrminer 1a nalitinue d'entretien
nréyentif & suivre {pour les matériels & lonoue durde de vie)
ou pour =sarantir nue les nhénomdnes A'maure ou "de dérive®
des différents composants n'affectent nas le fonctionnement
de 1l'ensemble durant l'exécution de sa mission,

Ceci neut &tre recherché Sgalement % 1'aide
dtessais dans des conditions d'ambiance {rayonnement, en
temnérature, vibrations, ete...).

En rai<on des conditinne exicfes dans certains cas
(vérification de risnues de défaillance de 1%ordre de 10"5,
etc...), dee moyens & mettre en neuvre, du colit et du temos
ndeessaire, les essains réels s‘avirent auelaguefois difficiles,
voire inconcevables. Aussi fait~on appel de plus en plus aux
tests sdquentiels ot, en ovarticulier, aux essais accélérds.

Ceux-ci veuvent Bire envisagés au banc ou en
laboratoire, Ils ont surtout pour objet d'étudier les lois
d'accélération des phénomdnes en fonction des contraintes et
permettent d’aoprécier le nivesu de fiebilité par comparaison
A une limite préétablis.

4.5.~ La fisbilité au stade de 1'utilisation
A ce stade, la fiabilité sera garantie par une
série de contr8les indicatifs précis et rigoursux de cevtains
parasitres et de 1'état des pidces.

. -/' L Y
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L'ensemble de ces ooératvxona est pius connmua 8OLS
le noam d'entretien (autrement dit opérations ayant pour but
de maintenir les performances d'un équipement au niveau spéeifié
A 1'ajde d'une série de mesures prédéterminées).

Ce stade représente, en aéronautijue, un
pourcentage assez élevé des dépenses d'ensemble (voir figure § -
frais horaires d'utilisation d'un gquadriréascteur).

Actuellement, il exiate deu. :ypea de contrdle
indicatif

- Le premier type est représenté par lea visites
périodiques, destinées surtout & "prévoir* et non "A guérir"
appalées communément “inspections®. Le but principal de ces
visites est de permettre de détecter toute anomslie et
d'apprécier la possibilité de survie d'une pidce su d*un
ensemble, compte tenu des critdres préétablis, Ces inspections
peuvent §tre permanentes ou occasionnelles et des changements
de pidces peuvent y 8tre programués eystématiquement.

I1 convient de mentiommer ioi, la place de plus
en plus importante prise par les enregistreurs de paramdires
techniques et 1as détecteurs de pannes, Ces dispositifs ne
font, en fait, que maintenir un 4tat d'inepection continu,

- Le second type de contrile indicatif est
représenté par les révisions destinées 2 permetire de porter
sur ohaque pidce, aprids démontage complet de 1'ensemble, un
Jjugement sur son étet, en vue d'apprécisr la possibilité de
remiss en ssrvice pour une période de temps déterminée (ceci
aprds simple contr8le ou reconditionnement, voire modification
de 1a pidce).

Dans les deux cas, il s'Agit de prévenir les
. pannes osausées par la variation lente 4'un ou plusieurs
parandtres (dont 1'usure mécanique ou 1a "dérive® des perfor-
mances constituent des aspects particuliers),

Toutefoin (la ou 1les) lois de démradation sont
on oremier lisu fonction de 1'usage nue 1'on demande A 1a

pidoe ou & 1'ensenble ot des mesurem nrises en vue de son
entretien,

ceafoee
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Ceei implique, sur le plan pratique, 1'assurance
que les travaux progr és msont rigoure t suivis par les
intéreseés, aussi bien au stade de 1'entretien (inspections),
que de 1'utilisation (limites et procédures adérationnelles).

Ce qui précdde ne veut nas dire que le rile du
facteur humain se trouve diminué ou limité, bien au contraire,
maie qu'il faut également tenir comote d'un certain pourcentaze
d'anomalies dues A la défaillance humaine, nourcentage mui
doit intervenir directement dans l'apnréciation du nivean de
fiabilité,

Enfin, A 1'aide de la théoris des nrocsssus
stochastiques et en utilisant 1a simulation asur ealculateur
électroninue, 1'utilissteur pourra, par exemnle, définir les
conditions d*un entretien préventif efficace, lee prévisions
concernant les matériels 4 réparer, les pidces de rechange &
réapprovisionner, les stocks complémentaires & constituer,

4.6.- La fisbilité gu stade de 1'aprés-vente

Une place nrimordiale doit &tre accordfe
1%analyse des nennes nroduites er exnloitation nui constitue
nour 1'amélioration de la tenue du matériel, un imnortant
41dment de suidare.

C'eat 14 nn anint sumuel, malhsureusement, len
uvroductevrs ne semblent pas annorter 1'sttention au'il mérite.
Bt nourtant, 1'intérdt nue cela renrésente, suns) hien pour
1'amélioration de 1la tenue en service d'un matériel donné, que
pour 1a renommée d'un fabricant, n'est nlus & démoritrer.

Qu'il suffise de se rapneler nue certaines matériels ont été
&1iminés du marché faute d'un suivi efficace. Le Service
Apris-Vente ne devrait pas se limiter-a traiter les problimes
éoonominues mais prouvoser émalement aux utilisateurs des
solutions propres A satisfaire Les napesis tschnioues & lm
problimes, o,

L'impreasion prévaut lc'l'ﬂonmnt gue, dm! "
certaing secteurs, les oonltmgtm- n ont e W 0%
du comportement de leurs m-olunt:onp qt d” w&, t‘ n1ieg PR
ooegsionnée par s la!n’tb'n i -nh-n}zu POrVINE STy
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a mblent porter au contraire toute leur attention (ce qui
p urrait 8tre considéré comme normal) sur 1'importance des
v ntes des pidcee de rechanse.

5.- ASPECT._ECONOXTAUE DE_LA PTARTLITE

Le nroblime de la fiabilité, outre son aspect
t chnique qui vient d'&tre dévelopoé, s également un aspect
& oncmique dfimportance nrimordiale pour las utilieatsurs.

En effet, en vue d'assurer une exploitation
5 re et rentable, les utilisateurs devront, en premier lieu,
p 'océder A un bilan économique global.

Dans ce contems, 1a fiabilité n'est qu'un des
4 éments d'appréeiation du probldme dconomique d'enssmble
q .1 devra tenir compte @

. du prix d'achat (eur lequel la plupart du temps, 1'utili-
sateur n'a qu'une possibilité d'action relativement réduite),

. au prix d'entratien (od 1*influence exercée par 1'util:i-
sateur peut Stre trde importante),

. et du prix des pidces de rechange.

Autrement 4it, pour l'utilisateur qui ne pourrs,
b en entendu, mé ftre les aspects teohnigues du problime,
1. fiabilité, c'est 1l'art d'obtenir une exploitation corrscte
4 son matériel, au moindre prix. Mais cela ne veut pas dire
gie la meilleurs fiabilité représente toujours lfoptimum
4 -onomiqus et le rlle déterminant des responsables des oompagnies
a riennes consiste justement & trouver le meilleur compromis
e itre le codt de "détection” et le cofit "d'élimination de
1 anomalie®.

Un exemple : 11 a été dit précédemment qu'su
s:ade d'utilisation, la fiabilité sera assurée par une série

+d 1 contr8les indicatifs. Cependant, il convient d ene pas

p rire de vus qus 8i, & 1'origine, c'est le constructeur qui
v ﬁolt ces contrdles, c'est en fait, 1'utilisateur qui les

o :éoute (directenent ou indirectement) ot qui en subit les
¢ nséquences dcoriomiques.

-o./oou
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Autrement dit, en rdgle générale, une inspection
néoessite :

- un certein temps d'immobilisation (1'heure d'immobilisation
d'un Boeing colte 4 000 ¥),

- des frals de main-d'oeuvre (la révision d'un réacteur
nécessite environ 1 500 heures),

-~ certaines dépenses inhérentes (le banc d'essai, par
exemple, dont les frais peuvent représenter 3 3 4 7 du
prix total 4'une ré-rision),

- le prix des pidces de rechange (ce prix peut atteindre
dans certains cas environ 45 ¥ du prix total de la révision).

Dans ces conditions et en respectant les
impératifs de sécurité, il peut y avoir un choix économigue
34 faire entre les possibilités offertea par le remplacement
A des périodes détermines d'un plus grand nombre de pidces
pour réduire 1'importance de certaines inspections et inverse-
ment.

La figure 9 montre la relation existant emtre le
prix de revient et la fimbilité,

6.~ ASFECT PSYCHOLOGIQUE DE 1A FIABILITE

Aingi que précisé au début de cette communication,
la fiabilité doit Etre "pensée™ dds le commencement d'une
étude et doit 8tre considérée comme une création continue.

Aussi, 3 1'intérieur-d’uns entreprise (de production
ou 4'exploitation), 11 sera bon-de prévoir une orm;lation'
fonctionnelle qui puisas corfistituer un systime d'information
et de contr8le intéressant (du point de vue de la fiabilité),
1'engemble des activités. '

Cette organisation dovﬂ H -
~ 4é2inir les aspects quantitatifs de la Liahtlité.
- diffuger les données quant sux aspects qualitatifs ds Ix fiadi-

1ité. (11 conviendra de ne pas confondre eonﬁﬂ;gﬁgg_gmiﬂ
ot fiabilité qui sont en fait complémentaires),

o
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- définir les caractéristiques des éléments et ensembles
(ainsi que les tolérances) 2 partir des spécifications
finales relatives au produit complet,

- fermer les boucles du contrBle afin que tout incident
signalé fasse l'objet d'une analyse et de mesures correc-
trices,

- renseigner l'utilisateur (ou le fabricant) pour lui
permettre d’apporter, en ce qui le concerne, les mesures
correctives,

A cet effet, il convient de noter gu'il gerait souhaitable
que le degré de fiabilité soit spéeifié A 1'utilisateur,
au mpe titre que les autres caractéristiques.

- Zaire les recommandations et indiquer le cholx pour la
réalisation d'éléments les mieux adaptés du point de vue
fiabilité,

Il est toutefois bien évident que cette
organisation serm fonction de 1l'importance et de la
nature de 1l'entreprise.

T+~ CORCLUSIONS

Quelles sont les perspactives d'avénir et notamment
pour 1l'avion supersonique ?

Les progres tochniques dont bénéficiaront les
réacteurs auront une répercussion certaine sur 1'amélio-
ratlon de leur fiabilité. Toutefois, cette évolution est
prévieitle et oirconscrite. A titre d'exemple, on espire
pou d'sméliorations sur le rendement adiabdatique de la
turbine qui est actuellement de 1'ordre de 93 % ou du
rendexent pelytropique du compresseur (de 1'ordre de 90 *).
I1 en va de méme your les metériaux ok les améliorations
escomptées apparaissent comme intéreseantes, mais non
révolutionnaires.

soefans
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Par contre, il eat certain qu'une amélioration
notable de la fiabilité peut &tre obtenue par 1'exploita-
tion-sclentifique, grfice aux ordinateurs &lectroniques,
des analyses préalables de pannes : que ce soit les mnnes
simples, doubles, triples ou les pannes dormantes. 11 ¥
&8 14 un'champ d'activité notable offrant des perspectives
particulidrement prometteuses, aussi bien du point de vue
de la sécurité que de la fiabilité et ceci d'autant que le
point faibdle du réacteur actuellement ne semble plus &tre
constitué par le moteur lui-m8me, mais plutdt par ses
accessolres et les circuits.

La notion de potentiel, telle qu'elle est congue
aujourd'hui, est également appelée 2 évoluer. En effet, 1l
convient de remarquer gue le secteur entretien dont nous
avons montré 1'importance et 1'influence sur la fiabilité,
est loin d'avoir suivi, eussi bien dans la conception que’
dans la réalisation, le progrds technique matérialisé par
la mise en ligne des aviens & réaction ; les faibles
réductions des frals d'entretien rapportées & 1'heure de vol
obtenues avec ces avions, ne sont en effet réalisées que
gréce sux améliorations propreAs des caractéristiques du
matériel (vitesse, matériaux etc...).

Actuellement, les exploitants sont en train de
prendre conscience du falt que les travaux d'entretiip
ne doivent plus 8tre exécutés & des périodicitée fixes,
wais seulement s'ils e'evirent indispensables. Cette
fagon d'envisager le probldme est susceptible de repré-
senter non seulement une améliorstion de la séourité, mais
également une sugmentation de rentabilité du matériel
par diminution des durées d'immobilisation e} sugpentation
des durdes de vie. s lree ch

- Toutefoin, -oe qui précide, n'est: sl demetrént
valable-que Bi,-#n appiiquant:ne’ néthole? 4t e tresdals o1
nouvcno. 1'on parvient & surveiller 1'état de fonction~
’ »n:/ ee s
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nement du matériel, d'une fagon permanente. Cette
gurveillance doit permettre de déceler les premiers
indices de défaillance et de localiser les pannes. Les
phénomdnes & développement lent (par exemple : baiase
de tuissance graduelle) et les défaillences subites
devront &tre détectées et il sera nécessaire d'obtenir
une indication précise sur l'endroit, 1l'étendue de la
panne et sur les causes poaslbles. A titre d'exemple,
des détecteurs de vibration ont permis, en 22 mois
d'exploitation, de détecter 34 ¥ Ju total des anomalies
survenues sur les réacteurs Conway.

Par allleurs, il convient que ces re: seigneaents
solent utilisables A des fins de comparaison dans des
délais réduits. Autrement dit que 1l'exploitation de
raramdtres enregistrés durant un vol de plusieurs heures
puisse 8tre falte pendant les quelques dizaines de
minutes nécessaires & une escale.

Une anomalie détectée guffigamment 2 temps est
incomparablement moindre que si elle avait pu produire
tous ses effets. Sur le Tyne, par exemple, l'utilisation

! de bouchons magnétiques sur le eircult d’huile, a permis
de tripler les cas de détection d'avaries de roulements.
Or, lorsque 1'on sait que les gros réacteurs tournent i
8000 - 10 000 *r/mn alors que les petits atteignent plus
de 40 000 tr/mn, on mesure 1'étendue des anomalies
pouvant 8tre csusées par un incident de roulement.

En appliquant cette nouvelle wméthode, la durde de
vie ne se trouvera plus ainei &tre limitée & une périodi-
eité fixe, maim sera en fait, fonction des réeultate de
aétection,

A titrs 4’exsmple, il convisnt de signaler que
la Miitsry Air Transport Service (M.A.T.8.), qui est le
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R . A«ﬂ




367
- 23

Pplus important transporteur mondial et qui constitue en
m8me temps un excellent banc d'essai, étudie ce problime
4 grande échelle, aussi bien pour les propulseurs que
pour les cellules. Ces études sont faites & 1l'aide
d*appareils enregistireurs d'un poids et d'un encombrement
réduits (gréice aux progrio de la microminiaturisation).
Certains de ces apmreils pouvant enregistrer simultanénent
plus de 1500 paramdtres différents.

I1 y aura évidemment, le moment venu, un problime
de fiabilité propre aux différents eystimes de détections,
nais cela constitue un auire aspect de la guestion.

Tel est, Messieurs, le problime dont je m'étais
proposé de vous entretenir. Comme vous avez pu le
consteter, le sujet étant trds vaste, non seulement, je
pe 1'al pas épuisé, mais sur certains points, faute de
tempe, je regrette de n'avoir pu essayer de vous éclairer
davantage. p

J'espire toutefois, vous avoir donné un apercu des
questions qui sont en réalité, si intimement lides &
celle de la sécurité.

Je serals tr3s heureux, si pour certaine d'entre
vous, ces quelques réflexions ont pu 8tre de quelque utilité.

Js vous remercie de votre attention.
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COLLECTE ET UTILISATION
DES INFORMATIONS CONCERNANT
LE COMPORTEMENT DES MATERIELS

(Mme ARNAUD - SNECMA)

La brochure qui vous a été remise, a été écrite en vue de
présenter un exemple précis de réseau d'information.
Vous pouvez y trouver :

- d'une part des généralités sur les objectifs qui ont conduit a le créer
et les résultats qui peuvent tre obtenus

- d'autre part des détails surl’étendue du ré leg teurs étudiés,
les paramétres relevés, les codes utilisés, etc. ..

Au cours des minutes qui me sont accordées, je voudrais,
non pas m'attarder sur ces détails, mais au contraire ajouter quelques
remarques qui se rapportent i 1'état d'esprit qui doit imprégner chaque
maillon du réseau, état d'esprit qui, tout autant que les techniques de
l'informatique, contribue 2 la réussite du systéme.

C'est ainsi que la qualité de I'information recueillie est
primordiale. La collecte doit donc se faire avec une certaine rigueur
et cela contrarie bien sfir de vieilles habitudes ou oblige certains 4
préciser leur pensée.

En outre le traitement de ces informations sur ordinateur
peut mettre facilement en évidence deserreurs ou anomalies non seule-
ment & 1'échelon du techniclen qui a fourni l'information, mais encore
4 1'échelon des structures des services.

Malgré tout il faut que cette collecte soit considérée comme
un outil efficace pour la connaissance des matériels et non comme
; un maillon d'un réseau de surveillance,

; De me&me {1 ne faut pas que le Client & qui il est demandé
| des informations précises sur 1*utiligation, 1'entretien et les pannes de
§ ces matériels, considére ces demandes comme une ingérence dans
: son exploitation,

Ensuite il faut sans cesse affirmer, bien que cela paraisse
¢ _ une évidence qu'un fichier m&me g'il porte le nom pompeux de banque

de donnéer ne peut produire que ce qui a été prévu de produire lors de
sa conception,

11 peut cependant 8tre extensible, quant au type de matériel

& suivre,

Enfin il faut préciser gue le systéme décrit, s'il fait large-
fment appel aux moyens des ordinateurs et des mathématiques statis-
tiques, n'exclut pas la présence d'une équipe d'ingénieurs et de tech-
niciens, Cette équipe doit, en effet, ajouter le bon sens et la réflexion

’ Wﬁa e pour augmenter l'efficacité des résultats et tranemettre
- mcon sélective et adaptén aux besoins elguzu{. I §

:
i
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De nombreuses publications ont déja largement
traité des avantages qui peuvent &tre retirés du suivi de
matériels, surtowt lorsque ceux-ci sont des machines a
hautes performances dont la fiabilité doit sans cesse 8tre
améliorée et pour lesquels un coft d'exploitation mini-
mum est recherché & travers une définition adéquate de
la maintenance et du volume des rechanges a mettre en
place.

Dans celle lutte difficiie ol 1a sécurité et 1'économie
doivent trouver leur compte, il devient nécessaire de
conjuguer les efforts des constructeurs, des utilisateurs
et éyalement des organismes officiels o2 normalisation
ou de contrdle.

Cette brochuren'a donc pas la prétention de démon-
trer 4 nouvesu la nécessité de poursuivre de tels objec-
tifs dont chacun est d'ailleurs convaincu du bien fondé,
maisde faire part de quelques particularitésd'un systéme
fonctionnant actuellement & la SNECMA pour des moteurs
militaires et, loraque cela est possible, des idées direc-
trices du projet de suivi des moteurs Olympus qui équi-
peront 1'avion Concorde,

Historique :

Depuie dix ans, la SNECMA se préoccupe d'orga-
ulser les renseignements relatifs a I'utilisation de =ses
matériels.

La premidre étape a été la mise en forme méca-
nographique des informations provenant des Utilisateurs,
communiquées par ses représentants détachés sur les
Bases,

Cela a permis de ftre, non seul it les
défaillances observées avec leurs circonstances, 1'age
des matériels en cause, mais également le parc des
matériels contrdlés et maintenus en service, Des lors,
11 était possible d'établir :

- des statistiques A but technique (pour orienter
par exemple des études de modification)
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- des courbes de fiabilité (selon la méthode actua-
rielle) pour définir des familles de pidces selon les
phénomenes d'usure et de défaillance, pour situer une
limite de poientiel

- iJes courbes de prévision de déposes et leur appli-
cation A un plan d'utilisation donné.

Motifs d'une nouvelle Bientdt, il s’est avéré que les rengeignements ainsi
orientation. traités ne reflétaient plus qu'une fraction trop petite de
la vie des matériels.

a) En effet, ceux-ci avaient vieilli, avaient été réparés
plusieurs fois, mzis une partie seulement avait été rem-
placée ou rénovée, J1 importait donc de connaftre lors du
nouvel incident 8i la partie détériorée était ou non d'ori-
gine et quels en étaient alors les fges depuis lére mise
en service, et depuis dernitre réparation.

b) Les standards avaient également évolué de nombreuses
foig et il n'était plus possible de distinguer aisément
(sang étudier un nouveau réseau d'information) des popu-
lations homogenes.

c) La périodicité des contrdles devenant progressivement de

plus en plus grande (actuellement dans le rapport de 144

depuis la mise en service), il se faisait que pour des

pitces dont les détériorations ne se manifestient pas

immédiatement par un mauvaie fonctionnement, il n'était

plus que rarement constaté des anomalies en utilisation

, alors que des détériorations nombreuses étalent sans
, doute constatées en usine au démontage,

; En conséquence, il devenait difficile, voire me&me impos-

e sible, de pouvoir répondre aux questions de plus en plus
nombreuees posées par les différentes directions,

N




Recensement
des objectifs,

Etude d'un systdme
"Fichier Central".

Etendue du réseau
d'information,

Construction,
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Définition d'un nouveau systéme :

Pour 1'ensemble des moteurs civils et militaires
diverses catégories d'objectife ont été définies ainsi que
les travaux standards correspondants. (Voir annexe 1),

Pour répondre aux principaux objectifs retenus en
lisison avec les directions intéressées de la Soctété, il
a été créé un groupe de travail groupant des représen-
tants de ces Directions.

Au cours des réumons il a été examiné qu'elles
étaient :

a) - les informations existantes A transformer automa-
tiquement

b) - les informations existantes A réécrire sous forme
adaptée au traitement sur ordinateur

¢) - lesinformations existantes ounon, pouvant 8tre rele-
vées lorsque le systéme serait mis en application

d) - les informations existantes qui ne pourraient pas
3tre introduites "en rattrapage'

11 a ét€ adopté comme principe que :

b, 4,

- r ne tr trait que les informations
dont i1 serait "producteur"

- les paramétres ou caractéristiques ne feraient 1'objet
d'inscriptions multiples que pour des motifs impératifs
d'enchainement d'informations et de traitement.

Dans la vie d‘un matériel, trols grandes phases
sont & considérer, -

- Fabrication : fiche d'identification du matériel, N* da
coulée ou de forge, standard,..

- Montage : fiche donnant la composition d‘'un ensem -~
ble, ex: arbres et pignons d'un penvol
de ¢ommande,

-
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Utilisation,

Réparation.

Principales catégories
de paramétres,

AT S AN

- Essais : fiche précisant les conditions et temps

d'essai.
- Documents de livraison.

(Toutefois, parmi ces documents, ceux relatifs auxpi¢ces
détachées appartiennent i un autre fichier géré par le
Département Rechanges),

Les informations sont inscrites sur des supports
envoyés directement en perforation,

Pour tout événement relatif & un matériel désigné
pour 2tre suivi, il est établi un rapport,

. soit sur un support quel Jue, tr formé par
le bureau central des statistiques,

. Boit sur un support pré-codé,
. soit sur un support directement perforable,

On congidére qu'un événement se produit lorsqu'il
ya:

- opération de maintenance ou d'inspection (programmée
ou non)
- application de modification

- variation mé&me momentanée de performances, de
valeur de parametres

- mouvement de piéce (d'un moteur d un autre, mise pro-
vigoire en volant. .. ).

Pour tout matériel entrant en réparation, desfiches
sont éeblies systématiquement au niveau de 1'ensemble

suivi ; en outre, les composants détériorés font 1'objet
de fiches complémentaires.

Pour une pidce faisant l'objet d'un suivi, 11 est
relevénotamment, pour chaque évé t la

- son identification :
- désignation
- n* de plan
- n* de sérfe individusl
- n* du support sur lequel elle est montée

t .
nant :

PPV
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- son état au t de 1'évé t :

- neuf, réparé, RG -
- nombre d'unités de vieillissement

- nombre d'heures total depuis fabrication

- position

@

- les circonstances au t de 1'évé nt :

- en vol, au sol, au point fixe,
- contrdle sur avion, au banc... 3

3
- nature des défauts g

- emplacement des défauts £
- importance des défauts
- narration complémentaire avec mots clés

- les décisions ( mise en réparation, expertise

- les manifestations ou effets ressentis

- les constatetions faites :

prises ou ( rebut
envisagées  ( maintien en service
{ epplication de modification
( application de consigne
( application de eolution de réparation
( ete, ..

Codes, Pour les moteurs civile, les codes utilizés sont le
plus souvent des codes ATA complétés par des codes
Société, ’

: . L rRE e
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Réalisation :

Organigramme - Collecte

annexe 2, - Traitement

- Exploitation

Supports de collecte Quelques exemples de supports pour le recueil de
de l'informaticn 1'information :

annexe 3. 3-A - Recueil des informations "'Utilisation" sur Olympus

pré-série.

3-B - Recueil des informations 'Réparation” pour
ATAR 9 K.

3-C - Recueil des informations pour 1'évolution du stan-
dard des piéces,

Code Un exemple de code particuller "ATAR" pour le
annexe 4, relevé des défauts.

Cette annexe regroupe pour le redresseur de
turbine :

a) Les catégories de défauts définies parle Contrdle
i et menticnnées dans la documentation officielle (utilisa-
; teurs et réparateurs).

b) Les localisations d'mutres défauts pouvant &tre
décelés,

il est donné, en outre, un schéma de localisation
pour 1'anneau de turbine ler étage afin de faire remar-
' quer que des zones situées sur un méme axe ont des
! codes rattachés entre eux,

Exemple : 3 W (redresseur de turbine)

1 W (anneau de turbine)

. cecl est utile pourl'établigsement de statistiques, corré-
! lation de défauts par rapport A un fonctionnement donné,
! influence de la configuration géométrique en amont de la
] pitce défectueuse,

Traitement. La description des traitements n'est pas 1'objet de
ceite réunion, Il est seulement signalé que ceux-ci sont
réalisés sur IBM 360/40,

N
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Suivi de la composition et du vieillissement d'un parc :

I1 a été mentionné précédemment les circonstances
pour lesquelles était établi un rapport ou document,

Ces circonstances sont le plus souvent, soit une
constatation d'avarie, soit un contrdle de fonctionnement
ou d'aspect. Or, il se peut que ces circonstances ae
produisent peu fréquemment et il faut donc compléter le
systéme précédent par une mise 4 jour de la composition
et du vieillissement du parc d'un type de matériel donné.

En ce qui concerne les matériels civils, il a été
imaginé le systéme automatique suivant.

Etant donné que :
a) La composition d'un moteur est connue & sa livraisos,

b) Lorsqu'il y a changement de pidce un rapport est
établi,
c) La pléce montée en rempl t est soit
parce qu'elle a appartenu & un autre moteur,
parce qu'elle a été livrée au titre de pidce détachée,
il est notamment connu son temps de fonctionnement
(nul ou non) au moment de son dernmier montage,

ce parcdes pidces peut 3tre connu en tant qu'iden-
tité d'individus.

Ilfaut, en outre, en comnatre les fges A un moment
donné,

Pour un matériel aér tique, la fré

mise a jour idéale serait "le vol",

a de

Aprds chacun d'eux (la composition du moteur
n'ayant pu varier entre le début et 1a fin)

. ou bien {1 y a un rapport d'incident
. ou bien 'ensemble des pidces a vieilll en fonc-
tion de 1'activité moteur,

1 suffit alors d'introduire en ordinateurles carac-
téristiques du vol écoulé et d'affecterles mimes A u sux
piéces conetitutives du moteur an dipnrt vl - e

11 sembie un. peu utopique mmm m
ummldlml

o B e e et e o b st
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Unités de vieillissement :

11 apparaft de plus en plus que Bi 1'évaluation du
vieillissement en heures est commode, elle masque par
contre un certain nombre de phénomenes importants
quant & la connaissance de la fiabilité du matériel,

En aéronautique notamment, ou les séries sont
relativement faibles, il est fréquent d'obtenir des résul-
tats en fonction des heuree avec ure dispersion telle qu'il
serait tentant de conclure a une apparition aléatoire des
incidents, alors que si l'on raisonne selon une autre
échelle de vieillissement, il est possible de dégager une
loi d'usure.

Le fichier actuel ATAR ne comporte que peu de
parametres relatifs aux conditions d'utilisation propres
& chaque vol, mals pour d'autres matériels, il est prévu
de décompoger les temps de vol selon les différentes
phases d'utilisation (montée, subsonique, super ique,
post-combustion, etc...) ou de les compléter par un
nombre de manoeuvres,

C'est ainsi que le taux de pannes d'\m démarreur
ne peut 8tre r é ent au e d'heures
d'activité mais au nombre de misesions effectuées et
annulées, la fatigue du systéme résultant i la fois du

bre de m res faites et du temps de présence
sur avion,

De méme, une piéce peut avoir plusieurs espéran-
cesde durées de vie "en heures'' selon qu'elle est utilisée
surun type d'avion faisant des vols longs & haute altitude
ou des vols courts, grande vitesge, basae altitude,

Y
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Retrait des pikces
dangersuses.

Caractéristiques de
fiabilite,

Résultats :

Parmi les travaux standards donnés en anmnexe,
certains se rapportent plus particuliérement a 1'objet de
cette réunion 'la Sécurité'’.

C'est ainsi qu'il est possible notamment, connais-
sant :

~ le parctotal d'un type de piéce, c'’est-a-dire pour
chaque pidce produite, son affectation et ses antécédents

de retirer du service toutes celles qui présentent un
caractére quelconque affectant la sécurité (temps de
fonctionnement, date de fabrication, condition d'utili-
sation, etc...).

Ex : aubes de turbine du N°de coulée 2 512 fgées de plus
de x h depuis fabrication.
En plus de la Sécurité, il est possible d'étudier :
. Les répercussions industrielles : cadencement de

livraison des piéces de remplacement,

. Les répercussions opérationnelles : nombre d'inter-
ventions 4 faire par le Client - nombre de moteurs
indisponibles,

Connalssant & la fois en fonction du vieillissement,
- les matériels en cours de service ou reconnue bons
aprés examen,

- les matériels retirés du service pour avarie ou mau-
vais fonctionnement, soit pour les rebuter, soit pour
les réparer,

ilest possible de calculer le taux d’avarie correapondant

nombre de matériels avariéa

, d'en érudfer § tions,
nombre de matériels exposés © ¥ lesvaria

Ensuite, il est calculé et iracé, selon la méthode
actuarielle, une courbe de survie dont i1 est déduit une
courbe d‘endurance moyenne qui doane 1'espéronce mathé -
matique du nombre d'unités de visillissemert qui-seront
accomplies-en moyenne par un matériel, complic tenu de
son vielllissement et des déposes prématurées,

-'l/l.l

oo
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Influence des conditions d'entretien :

Maintenance continue.

Pour 1'étude du taux d'avarie, il est important de
distinguer les pi¢ces dont le mauvais fonctionnement ou
1'avarie se manifeste immeédiatement, de celles dont tout
défaut ne peut 2tre détecté qu'a 1'occasion d'un contrdle
périodique,

Pour les matériels entretenus selon la méthode
dite de Maintenance préventive, le point 'exact” de la
détérioration ou de la baisse de performance n'est pas
connu puisque la dépose d'un matériel se situe socuvent,
soit en avance par rapport i ce point de détérioration
critique, soit aprés dépassement des critéres admis-
sibles depuis un laps de temps inconnu.

Ceci pourraft donc 2tre un point de départ pour
déterminer parmi les pi¢ces ne mettant pas directement
la sécurité en jeu :

- celles qui doivent &tre suivies de fagon continue pour
éviter un nombre de déposes abusif

et,

- celles qui sont toujours justiciables de 1'entretien pré-
ventif, cette distinction &tant fonction de la dispersion
de la durée de vie de la pidce,

Pour une connaissance plus rapide et plus précise
de la fiabilité des matériels, les nouvelles techniques de
Maintenance envisagées semblent offrir de nombreux
avantages.

Par exemple, il strait 1déal de fizxer des seuils
d'alarme permettant d'assurer une fiabilité suffisante
pour une unitéde fonctionnement qui serait alors la durée
d'un vol au lieu de la durée séparant deux visites pério-
diques.

Mais ceci pourrait conduire & immobiliser fré-
quemment le moteur et & dee déposes non groupées des
ensembles ce qui irait partiellement A 1'encontre du but
recherché : améliorer la sécuriié, certes, mais réduire
par ailleurs le coit d'entretien.

Y A
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L'analyse de l'évolution des défauts et de divers
paramétres permettra alors de fixer de nouvelles valeurs
de seuils d'alarme et de nouvelles lois de Maintenance,

Par exemple :

. définir certaines limites de potentiel au-dela
desquelles les risquee d'avarie s'accroissent
anormalement sans &tre compensés par un gain
substantiel d'endurance moyenne,

. élargir la périodicité d'examen en adaptant les
critéres d'admissibilité des défauts,

Par ailleurs, 1'étude des interactions entre cer-
tains paramtres pourra limiter ultérieurement ladétec-
tion A leur résultante ou au paramétre prédominant.

L'enregistrement en vol de la valeur de certains
paramétres pourra également renseigner de fagon plus
rapide et plus précise, non seulement sur la conatatation
de la défaillance elle-m@me, mais aussi sur l'origine
des défaillances,

C'est ainsi qu'au lieu de consta'erune détérioration
de roulement et d'atiendre les résultats d'une expertise
plus ou moins longue et difficile, cette détérioration
pourra 2tre analysée en liaison avec d’autres dépouille-
ments définissant les conditione d*emplol : température,
pressgion, niveau vibratoire, etc...

Les travaux statistiques pourront faire apprécier:

- 8i la défaillance est la conséquence des conditions
anormalea d'emploi (dans ce cas une modification n'est
pas A envisager pour la piéce endommagée mais pour
un circuit de graissage, par exemple),

ou,

- si cette défaillance est imputable & la conception de la
pitce et risque de se reproduire, alors 1'étude d'une
modification doit #tre entreprise.

Cette modification peut avoir pour objectif, so.t
une augmentation de la durés de vie, soit V'amélioration
du imtix de défaillance. Toutefois, ces deux actions os
peuvent 8tre tolalement indépendantes car le recul ds ls
période d'usure est compittement imutile s 1s taux de
défaillance reste médiocre,
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La encore, ce sont les courbes de survie qui ren-
seigneront sur le sens des modifications & entreprendre,

I1 sera donc possible, avec des informations nom-
breuses, progressives et les moyens correspondants de
dépouillement et de calcul :

- de constituer des classes de pidces pouvant &tre exa-
minées ou déposées simultanément sans perdre un
nombre d’heures important d'utilisation,

- d'élaborer des modifications de telle sorte qu'elles
assimilent une pitce i une clasae telle qu'il ne lui soit
pas attribué des avantages superflus et inutilisés
compte tenu des fiabilités amont et aval.

I1 va de soi que tous ces résultats permettront en
outre de conatruire un systdme logistique rationnel, dont
1'évaluation du cofit pourra tendre vers un optimum en
fonction des services demandés,
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BUTS TRAVAUX PRINCIPAUX

A - Technique 1°) - Relevé des incidents exploitation et réparation
- par catégorie
- par importance
en fonction de :
- standard des pidces

- circonstances et conditions d'utilisation
- cycles/temps de fonctionnement

2°) - Taux/1000 heures par Cie ) pour une période de
global ) temps ou en cumul

3°) - Répercussion des modifications.

B - Opérationnel 1°) - Calculs et tracés des fréquences et répartitions des
contrdles et interventions de dépannage

- programmés
- non programmés

2°) - Etudes des pourcentages des déposes

- justifiées
- injustifi¢es

3°) - Analyse des durées des interventions
des immobilisations ou retard
par catégore de pidces
" d'incident

C - Economique 1°) - Taux de mise en réparation
en révision générale (progn.mmée
(non programmée
en rebut '

2°) - Taux d'interventions et réparations

sous-garantie
hors-garantie

-




D - Statistiques

E - Fiabilité

F - Logistique
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Annexe 1 - 2/2

Création pour un certain nombre de pidces importantes
d'un état de service mécanographique permettant de
connaftre intégralement périodiquement

- 1'état

- la position

- le standard

- le vieillissement

de chacune des pi&ces fabriquées.

Compte-tenu des travaux réalisés pour A, B, C et des
informations contenues en D,
établissement des caractéristiques de fiabilité

- probabilité de survie
- taux avarie
- endurance moyenne

{méthode
actuarielle)

Simulation et prévision du nombre d'interventions et des
volants nécessaires correspondant a un type d'exploitation
défini (type de vol, nombre d'heures d'exploitation, temps
de rotation journalier, cycle de réparation, etc...).
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A DESCRIPTION OF THE

AIR CANADA

UNIT QUALITY RECORD

A, I. R. SYSTEM 1]

Supplied by K.E. Chapman,
Director, Maintenance Engineering

Air Canada .ase

Montreal, Canada

for Meeting of Smcialista on the Reliability of
Mechanical sy and C ts for Nuclear Reactor
Safety,

RIS@, Denmark

24 ~ 26 September, 196%

(Mr. Chapman would like to point out that this paper should
be considered as an outline only).
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OBJECTIVES OF UNIT RECORD SYSTEM

REAL TIME - LIFE CONTROL OF UNITS
PERMANENT LEGAL RECORD - D.0.T. REQUIREMENTS
OFF LINE - INVESTIGATION, PERFORMANCE MONITORING

CONTROL OF WORK DONE ON UNITS

ABILITY TO MEET OBJECTIVES AFFECTED BY

GROWTH IN NUMBER OF UNITS CONTROLLED

CONSTANT STAFF LEVEL

INCREASED SPEED UNIT CYCLE
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DESCRIPTION OF PRESENT SYSTEM FLOW CHART

A U/S tag is already attached to the unserviceable(U/S)
unit when it is received in the shop for repair, check
or overhaul.

The bottom portion of this tag which contains unit number,
description, reason for removal, etc., is sent to QUALITY
RECORDS DEPT. (Q/R).

Information on the U/S tag is checked against the unit
record card (KARDEX) which is a permanent record of the
unit life cycle, A/C on, A/C off, dates, times, etc. ....

Unit times are computed and written on the tag which is sent
back to the shop.

on the back of this tag the Shop Mechanics enter repair info-
rmation, modification done, components replaced, etc. This
tag is then sent to Q/R for final posting on KARDEX,

A serviceable tag is prepared (unit number, description, etc.)
and attached to the unit to identify it as a serviceable unit.

When a unit is installed on A/C the installation information
of this unit and removal information of the corresponding unit
is written on the gerviceable tag and sent to Q/R.

when it is received in Q/R this tag is used for posting on
correaponding unit KARDEX.

A U/8 tag is prepared for the unit which is removed and
attached on unit removed.

The unit is sent to U/S Stores and then to the shop, where
the cycle ie restarted.
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DESCRIPTION OF PRESENT UNIT RECALL SYSTEM (FLOW-CHART)

A "CHECK SCHEDULE A/C LIST" is issued once a week by PLANNING
& ROUTING, giving the A/C No. and the date of its next visit
(MOC, AV, O'haul). The list covers all Aircraft visits for
the following four weeks.

On receiving this list Q/R check every unit KARDEX for each
scheduled A/C for: time expired units, planned mampling units,
etC. «ves

For each A/C visit a list of units to be exchanged is prepared
and sent to PLANNING & QUALITY INSPECTION.

From this list QUALITY INSPECTION collect job tickets for this
A/C visit.

PREREQUISITIONS are typed from this list and sent to Stores.
The units are then grouped in Stores and sent to the hangar
for the scheduled visit of the A/C.
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DESIGN OBJECTIVES

CAPTURING BASIC DATA AS CLOSE TO SOURCE AS POSSIBLE
MINIMIZE PAPER FLOW

AUTOMATE ALL ROUTINE OPERATIONE

HUMAN AUDIT BY EXCEPTION

ENLARGED INFORMATION RETRIEVAL SERVICE
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8L Y
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NEW SOURCE

DOCUMENTS - THREE PART TAG

Shop Report

Serviceable

Unserviceable -

USED TO REPORT WORK DONE ON UNIT
35% OF ENTRIES PREPRINTED (COMPUTER)
WRITTEN IN SHOPS ONLY

CONTAINS PLANNED SAMPLING INFORMATION
(WHEN APPLICABLE)

USED TO IDENTIFY SERVICEABLE UNITS

30% OF ENTRIES PREPRINTED (FROM ABOVE TAG)
WRITTEN IN HANGAR & STATION ONLY

CONTAINS INSTALLATION & REMOVAL INFORMATION

USED TO IDENTIFY UNSERVICEABLE UNITS
NO WRITING REQUIRED ON THIS TAG

CONTAINS REMOVAL INFORMATION ONLY
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DESCRIPTION OF PROPOSED SYSTEM FLOW CHART

A U/S tag is already attached to the unserviceable (U/S)
unit when received in the shop for repair or check and
contains all removal information.

Prior to that, a new three part tag has been prepared on
computer and received in the shop (see new source document).

Shop report (first copy of the new tag) is filled in by
the Mechanic, detached and sent to update the computer
files. The shop enters information on only this portion
of the tag. The old U/S tag is then filed.

The new teqg (two parts left) is attached to the unit. The
serviceable tag (top part of new tag) identifies the
serviceable unit.

When this serviceable unit is installed on the aircraft
and the corresponding one removed, both removal and
installation information is written on this tag.

wWhen completed, the top part of this tag is detached and
sent to update computer files. This will generate a new
three part tag for the unit removed.

The iast part of the tag {(carbon copy of the second one)
is attached to the U/S unit (no writing required on this
portion).

The unit is sent to Stores and then to the shop (the cycle
continues as in (1) ).

VRAMD e 0 Aa T Bl TR
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DESCRIPTION OF PROPOSED UNIT RECALL SYSTEM

- A predetermined number of days prior to a scheduled
aircraft visit, a card is prepared for this A/C,
giving the type and expected date of visit.

- The program will calculate unit times and prepare a
list of the unit exchanges required.

- Por each unit exchange called, a prersquisition will
be prepared and sent to Stores.

- The A/C unit exchange list printed will be sent to
Quality Inspection.



409

13

HANGAR
SHOPS OTHERS
STATIONS
QUAULTY
RECORDS
A
STATUS
FILE
uNT
STATUS
FILE
Afc
UNIT COMPUTER
FILE
UNIT
Wi
FILE
UNIT
MASTER
FILE
QUALVTY
RECORDS
B T w,%.:e it a1z LEA  «

2y et

wlow




410
14

DERSCRIPTION OF COMPUTER FILES

A/C STATUS FILE
= One record for each A/C
= A.C.T.I.O.N. generated info. on A/C hrs,
cycles, landing .«..
UNIT MASTER FILE
- One record for U.N.I.

= Contains identification, description, control,
limits.

h/C UNIT PILE
- One record for each U,.N.I. on A/C
= Grouped by A/C No.
- ZInstallation info.

UNIT STATUS FILE
- One record for each unit serialized,
- Grouped by U.N.I.
- Current status.

- Installation/removal/ghop info.

UNIT HISTORY PILE
- Records for each unit serialized,
= Grouped by U.N.I. & Serial No.
~ All pnvioul ltntu‘ noo:dl for un!.t.
- Info. entersd when unit s instaijed/removed.

f'@ﬁ“{i} wikdd Dees IDCH i’:fr%g
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BENEFITS OF A.I.R., SYSTEM II

TO: SHOP - A/C & LINE MBCHANICS

REVISED DATA COLLECTION
« REDUCE WRITING BY 50% - 60% (ENTRY)

- ONE TAG (NO DUPLICATION)
- NUMBER OF ENTRIEES (PREPRINTED INPFO.)
« SPEED UP PAPER PLOW

- TAG RECEIVED BEFORE UNIT
~ UNIT TIMES (PREPRINTED)
= FULL TAG STAYS WITH THE UNIT
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BENEFITS OF A.I.R. SYSTEM II (cont'd)

TO: QUALITY RECORDS - A/C PLANNING & WAREHOUSE

UNIT RECALL

+« ELIMINATE MANUAL CHECK FOR UNIT RECALLS
- PRODUCED BY COMPUTER

+ ELIMINATE TYPING OF PRERZQUISITIONS
= PRODUCED BY COMPUTER

+« REDUCE FALSE UNIT RECALLS

(BY COMPRESSING INTERVAL BETWEEN RECALL &
A/C ARRIVAL)

- MOVEMENT OF UNIT FROM WAREHOUSE TO HANGAR

- PREPARATION OF JOB TICKETS

- CHECK FOR PRESENCE OF UNIT ON A/C (MECHANIC)
- PRODUCTION REQUEST ON THE CWOP
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BENEFITS OF A.I.R. SYSTEM II (cont'd)
e e ————1

TO:  QUALITY RECORDS

AUTOMATION OF RECORDS

. AUTOMATED RECORDING AND AUDITING
TIME AVAILABLE FOR:

- AUDIT OF SYSTEM, CHECKING OF EXCEPTION,
PROVIDING INFORMATION

. INCREASE SPEED OF INFORMATION FLOW
=  RECORDS MORE UP-TO-DATE

. EFFICIENT & TIMELY REPORTING

- ROUTINE REPORTS
- INDIVIDUAL INQUIRIEE
- ON REQUEST SURVEYS
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DATA PROCESSING REQUIREMENTS

CONVERSION OF EXISTING RECORDS:

MOHAWK DATA RECORDER - OPERATED BY ~nRDEX CLERK
- 1 RECORDER/1 CLERK - $600/MONTH

TOTAL : $10,000

ROUTINE OPERATING SYSTEM:

_ INPUT PREPARATION - KEYPUNCHING OR DATA RECORDER
- 500 DOCUMENTS/DAY - $400/MONTH

BATCH PROCESSING

RANDOM ACCESS UPDATING

= OUTPUT REPORTS

- .50 HOUR/DAY $2,600/MONTH

TOTAL

$3,000/MONTH

ON-LINE INQUIRIES (IMMEDIATE RESPONSE)
DAY SHIPT ONLY

- ONE DISC DRIVE - §B800/MONTH
= INQUIRY TERMINAL - $400/MONTH

TOTAL: $1,200/MONTH




PROPOSED SCHEDULE

START

DATE
DETAILED DESIGN DEC/67
PROGRAMMING/TESTING APRIL/68
TYPE TRIAL OF SYSTEM SEPT/68

IMPLEMENTATION JAN/69

19

COMPLETION
DATE

MAY/68

SEPT/68

DEC/68




416
20

PROJECT TEANS

DETAIL DESIGN TEAM
(Pull Time)

- Quality Records ¢ M. Morrison

®

- Data Processing Valois

G. Langevin

= Management Systems : A. Laferriere
COORDINATING TEAM

= A/C Maintenance t J. McArton

- Line Maintenance + W. Pairbairn

= Engineering s G. Haigh

- Planning ¢ T. Murray

- Quality s P. Brown

- Management Systems : A, Bodnarchuk
P. Jeanniot




A REVIEW ARD DISCUSSION OF METHODS AND TECHWIQUES
OF ACQUIRING, DISSEMINATING, EXCHANGING, ARD
UTILIZING TEST DATA AND FAILURE RATE DATA
ON PARTS /COMPONENTS ON A NATION-WIDE RASIS

by
Stanley 1. Pellock
Naval Fleet Missile Systems

Analysis & Evaloation GCroup,
Corona, California
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ABSTRACT

This paper provides information on how to enhance the disciplines
of relisbility, safety, miintainability, and systems effectiveness by
utilizing data pertaining to parte/components, which sre acquired,
disseminated, and exchanged through the medis of two nationally knowm
and recognized data exchange programs:

Interagency Data Exch Program (IDEP),

Fallure Rate Data (FARADA) Program.
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INTRODUCTION

The Naval Fleet Missile Systems Analysis and Evaluation Group
(FMSAEG) located at Corona, California, has been assigned the task of
conducting program management on behalf of the Navy for the Interagency
Data Exchange Program (IDEP) and on behalf of all the Services and NASA
for the Failure Rate Data (FARADA) Program.

To have some appreciation of the need for the data belng exchanged
in these programs, one must consider the requirements of a comtractor
engaged in the design, development, and production of a missile or an
aerospace subsystem o equipment. It is during the design amd develop-
ment phase of a project that the engineers (at a contractor's plant)
who are responsible for the reliability, safety, maintainability, and
effectiveness of these subsystems and equipments have an urgent need
for considerable amounts of technical data including information on
parts/components (electrical, electronic, mechanical, hydraulic, pneu-
matic) intended for use in the equipment they are designing. This
information covets a wide spectrum--for example, who manufactures the
part/comp ; who purch them; why they were  purchased, 1.¢., for
what program and for what intended use; who tests them; what were the
results of tests (such as qualification tutl evaluation tests, engin-
eering and envirommental tests), and what was the "use~history" of these
parts/components when placed in operation and subjected to actual opera-
ting environments. And last, but not least, is the need for information
on fallure rates of these parts/components, which entails knowledge of
quantity used, quantity failed, operating time or cycles to failure, and
for other data including causes of failure, modes of failure, and gperating
stresges at time of failure.

The objective is, specifically, how to make all this information
readily available and useful to the emgineers who have need of this infor-
wation; this objective has been achieved by these two data exchange programs.

ORIGIN AND GROWTH OF DATA EXCHANGE PROGRAMS

Both IDEP and FARADA originated--or were d-~to fill the
specific needs of tha design engineers. Howevar, they were pot created
ipstantaneously nor by edict. They had their origin msny years agd
(1957-1958) as & ruall task assignment to FMBAEG. The substance of ths
assignment was to provide the design enginesrs vho werm engsged i the.
POLARIS (missile) program with all the svailable essential informstion
on parts/components. The schedula that wes eetablished fov ths DELARIS
program simply did not afford the time for the lengthy--asd costig-reffort
noreslly expendsd in purchasing psrte/conponents snd, subjecting - thew'ts
the various qualificatior, environmental, and engineering teats. lustesd,
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the experience that had been gained or learned in previous missile and
aerospace programs was tc be imparted to the POLARIS engineers through

the acquisition of all sorts of data on the parts/components that had been
tentatively selected for use in the POLARIS missile. The objective was to
obtain and utilize the most reliable "off the shelf" parts/components
available within the constrainte of time, funding, and state-of-the-art.

The results of this new approach revealed that many tests could be
truncated or eliminated; that a great quantity of hardware ilor testing
need not be purchased: and, finally, that many of the designs on the
drawing boards need not be scrapped later in the program due to some
deficiency in reliability, safety, maintainability because of the fact
that timely and useful information had been provided to the design
engineers as soon as it became available. For example, tests conducted .,
on a particular hydraulic device by another contractor for use on amother
program indicated there were serious problems associated with that device.
This information was immediately imparted to the POLARIS design engineers,
and as a result they altered an initial design which had incorporated
that same hydraulic device.

This early program, conducted by FMSAEG, was identified as the
Component Reliability History Survey (CRHS). Between the years 1958-
1963, it provided engineers of the prime contractors engaged in the
POLARIS effort with much useful information mainly obtained from con-
tractors' test reports generated because of the need for data on other
Navy, Army, Air Force projects. This program saved the Navy much time,
effort, and money, and the concept and techniques developed to acquire
and disseminate data sutomatically became the basis for the exchange of
aimilar data throughout the entire Navy, as well as the Army, and the
Air Force, In fact, the commanders of the ballistic missile agencies of
the three Services approved the Interservice Data Exchange Program in
1960. Sub ly, arrang 8 were made to exchange data with the
National Aeronautice and Space Administration (NASA) and the Canadian
Military Standards Agency (CAMESA). Thus in 1966, the name of the
program vas expanded to the Interagency Data Exch-nge Program (IDEP)
and was approved at the level of Assistant Secretary for Research and
Development in the three Services and by the Aesistant Administrator
for Industry Affairs of NASA.

The FARADA Program was a logical outgrowth of IDEP and came into
existence in 1961-1962. The specialty of this program is the dissemina~
tion of timely dats on failure rates and failure modes of parts/components
to user participante.

In the beginning, approximately 60 contractors and Goverument
Agencies participatad in the data exchange programs. Today, IDEP hae
210 participants, and the FARADA Program has 279 participants.



PROGRAM DIRECTION AND SUPPORT

Both programs receive direction from s Policy Board composed of
one representative from each of the military services and from RASA.
The Board develops and approves Program policies and management pro-
cedures for administration.

A Technical Coordingting Commitise assists the Policy Board om
matrers pertaining to FARADA; a Contractors' Advisory Board composed of
mepbers selected from the various participaurs provides information and
guidance to the Policy Board relative to the desires of industry for IDEP.

Funds to support these Prograns are obtained from the various
elements of the three Services and RASA.

MECHANICS OF OPERATION

Both IDEP and FARADA gre voluntary in pature, and no feee or assess~
ments are charged to the participants. Ho claseified imformstiom is
exchanged; neither is company proprietary information divulged.

IDEP

Participante in 1DEP submit copies of their purchase specifica-
tiong, test specificationa, and the results of controlled, "lsboratory type”
tests on electrical, electromic, mechanical, hydraulic, pneumatic parts/
components, as well as technical inforsation on materials, production
processes, and other data pertaining to tha relisbility of paris/components,
to a designated IDEP office. There are three INEP offices, one for esch of
the Services. The Army IDEP office at Buntaville, Alsbams, clso m
NHASA, The Air Force IDEP office is located at El Segundo, Californim, 2ud
the Navy IDEP office is located at PMSAEG, cum, California. m~ 1
and 2 show the flow of the data. R
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A typical IDEP report is illustrated by Figure 3.
format has been adopted as the standard in IDEP, and the use of this form
is vequired in MIL-STD-831, “Preparation of Test Reports.”
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After processing, the IDEP office provides this informatiom,
arranged generically, to all other participants in the form of microfilm
in cassettes. Certain data are alsc placed on visual coincidence cards,
to assist those searching for and desirous of retrieving information
relative to the effects of various environments upon the part/components.
Each card is coded in terms of hardware identification and test parumeters.

The placement of data onto microfilm and into cassettes and onto
visual coincidence cards is shown by Figure 4.

= ® :'—'__4

—= l("ﬂz": . -'\; : ] hJ

Fig. 4 Placement of Data onto Microfilm and Vieual
Coincidence Cards
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Figure 5 shows a display of visual coincidence cards. A computer
listing of IDEP reports (Index of Reports) arranged gemerically (i.e., a
unique nine-digit mumbering system) is furnished to all participants on a
periodic basis. An extract from such a listing is illustyated by Figure 6.
The lieting is structured to indicate the cassette containing the microfilmed

data desired in order that the cassette may be placed in a microfilm viewer
for viewing.

Fig. 5 Display of Visual Coincidence Carda
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Figure 7 illustrates how data is stored and retrieved at an
IDEP office. The IDEP information storage and retrieval system is de-
signed for rapid, error-free use without elaborate equipment. It ensbles
an engineer to have easy access to the information desired within a few
minutes. The microfilmed reports may be viewed or reproduced in easily
readable size.

Curreatly there are over 30,000 reports on file, estimated to
have cost at least $50 million to create. Each month approximately 250
nev reports are added to the data bank.

Fig. 7 Portiom of an IDEF Office Storage and Retrieval Center




FARADA

In contrast to IDEP which has three offices, there is only
one FARADA Information Center, and that 1s located at FMSAEG, Corona,
California. Participants in the FARADA Program submit inforwation om
field/fleet performance data om parts/couwponents to the FARADA Informa-
tion Center, where it is screened, analyzed, summarized, computerized,
compiled, and dissewinated, on a periodic basis, to all participants.
The inforwation is stored in loose leaf binder notebooks or handbooks,
rather than on microfilm. The FARADA handbooks contain failure rates,
generally expressed in terms of number of failures per million operating
hours. Also contained therein is information pertaining to where the
equippent was operated, what environmental conditions were experienced,
modes of failure, and stress curves (for electrical and elecironic parts/
components) .

The flow of data in the FARADA Program is shown in Figure 8.

PRIMARY SOURCES AND TYPES OF FAILURE RAYE DATA
SPONSORED BY ARMY, NAVY, AIN FORCE, AND MASA

o AND WAKIR TesTe
WLITARY WEAPDMS AMD SPACT PROGRAME

e termraredd
ACTIVITES

LTI, 0€LELTRONE aqCmAC A
ATORSIALK e reg e

F3s

m FALURE RATE DATA RARBPOOKS™
STALSS ARMLYIRE 5 APPLICATION PALTONS
Iw.‘lh $i SORT 0 FEATOMSANCE DNl GRADST D8

STORM o c-uv':‘- o FARURE RODF§
IPAT NTRACT {.1]
25 A% A TD

PESISN ¢ DEVELOPMENT ¢ APPLICATION
RELIASILITY o MANTAMADILIT Yo SERVICE VR

Fig. 8 FARADA Data Flow
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Figures 9, 10, 11, 12, and 13 illustrate the handbooks and
examples of the types of information pertaining to mechanical parts/
components (contained in the handbooks) which are distributed to program
participants. These handbooks presently contain approximately 45,000
line entries of tabulated failure rate data.

FARADA also provides an updating and expansion to the failure
rate data appearing in MIL-HDBK-217, "Military Standardization Handbook,"
which is presently being revised to include failure rates for mechanical
parts/components, as well as electrical/electronic parts/components.
Both FARADA and MIL-HDBK-217 provide a basis for reliability vrediction
as outlined in MIL-STD-756A, "Reliability Prediction Procedures."”

Fig. 9 Failure Rate Data Handbooks

11



- e
3
sanwe man- pass
AL MR ML M- Rl M
) . W uTie
"o 1
o e
" [y
o an
- »
1
H
s o
e u
ns

5EaRE5tEZ

o1y
-y

oy
re- N
o~y

3348 RN LSELL Y I

i ﬁﬁ; ﬁai
iRyt gttt R Rt H R H T H

casun raren

Fig. 10 Extract from FARADA Hendbook Showing Failure
Rates on Partisl Listing of Valves

n



am
3 a6 -Comima , C 2 masa ¥ ma
TR SIREID e ety S o Ls U
coss e
v wab
B rantsscaeaty - oML BT PRACINT OF TeUm BAILUMES

me PUbLPRESSuat a0 L 0n- aessl8 deay wea-g7
n I-wav- -P63ITIow-HLEE TRp-ugUmATIL.
H e
[T Wy MY B
. . sz Loy
tar
e
r CITUR S T
H
£l
»
H
3
H
- M
. wrir
i LR
3 s
e i et
I M- M Oee W
i
wras
g-e
o aer mud
- ey Hres
ey
- e
[ IR T
aep saey,
s
T~y L A

x4
bt

Failure for Partial Listing of Vslves

13

tnr b

tar,

Extract from FARADA Handbook Showing Modes of

iy ¥

/W;

R

\«e!r‘ﬁ



432

ALY - CONOMA, CALIFONNIA I SERVICE NG WASA FA,LURE RATE CaTA %S 262e0 rag 1 iser
TABLE BT WICHANICAL, NYORALIC, MEWNATIC, nn‘mﬂ € NISCELLANDIVS COMRORENT MIA? FAILURE 242K DATs
STAMSTICAL GAowP A

NAEET  WAKER  PaRT WRANS WATEX  FAILWE -nu.! i wul.-a PN BILLIOE WA

P el v - aarg-res 0 FERCII CoRPI0PNE INTORML,
BUACES  POINTE  mILLIORS  FARLVAE ML wad muz n.ow l-ll

5 [R11) 256 4n 103 .02 r Hl
1 12, s w0 1908
vanTS- Wi CONFO-

rurr, x3esas NOURS COM  WDNT
oWt OWIRIMNI,  CATE JF FAILUNE AAPL - m G sear
e o ] REPORT FAILUMES PUS WILLIGR  AILL-  PAfL-O%w-
acs PARTS /CIIOMENTS KCE AP [CATION MR GRENATING MOUAS 10N RS Latrom
615 LIC VALVES CmEXH.F{AE-EXTINGUISHIN-3YSTIN 10 AJRCESST 12-6) -
b1 LIE WAL AT CECR FIRE- LT INGMIAnER-BYS TIM 196 ajRCRATT 53-45 1 - o
Dia OIC VALVEL OwECR F(AC-£TTINGISHIR-5Y8TIN 130 AIFCRNTT v3-a3 T.000T) (6 o w
B1C LIC VALYES JOMTEL CIRECTIMA. PIRE-EETIMG-CTS tde AIRCRAST 1®-. 17 veay amre M

o
UIE OIL VALVES.CONTROL . DINECTIOMAL FIRE-EAT) & %5 198 AIFCRAPY o3-83 nem T I
TIE DI VALVER.COMTROL .DIRECTIONAL , FINE-ZXTING-5TS 190  AIRCRAFT o3-3 104 (L2 N B g0
015 015 VALYES.DINECTIONAL -PLOW.F IRE-EXT~8YS T arecuar? 10-83 10307 opee 0 1w
018 015 VALVES.DIARCTIONAL-FLOM.F INE-ETT-$7S 200 AIRCRST 0e-64 S.apnn 1643 6 E8
O1C DI VALYES,ORAIN.FINE-CIT-37S Y ArRcharT -0y ©.ewn Desa B 98
F1C D18 VALYES . DRAAIN.FINE-EVT-SYE 23 AIKCRAFT o] 1’.gan et 6 1w
OF DL VALVES.SYPAMSVDRANLIC-MANUAL ™ akewT v1-58 » e s
G D1 VALVES.SOLEWOSS .MVORMA IC o agkeANrt wie98 a3 18 @
0 g5 VAVER. muul: N axenrt o3-58 w ]
92 GiA VALVES.CONTAOL.WORMAL.TIR-PROTECTION.GEAR 121 AIRCRAT w»-8) w Sewrs =
314 VALVER.EYPARS. CUM-TURMCY.FIRE-CINTHL -SYST 343 AIKCRAFT 02-63 25t )
w v s, CONTAOL, TEOWERATURT.OTL TNGINE 111 AICIFT 283 15500 De¥ 0 e
UP 014 VALYES.WYORA [C AFTORZUNNEN- 168) T8 123 AtRONAFT o7-83 326,78 3003 33
U2 D14 VALVES.EYPASS.WYORMA 1C.STELN NG, NOSDWMET. 173 AIRCHAFY 18 ”a Wems 8 e

Fig. 12 Extract from FARADA Handbook Showing Converged Failure Rate Data
(with 90X confidence intervals) om Partial Listing of Valves

PARTICIPATION REQUIREMENTS

Eligibility for participation in these data exchange programe is
limited to Government agencies and contractors who are users of parts/
components procured for incorporation into the design, development, or
production of equipment for military and serospace programs. Both IDEP
and FARADA were established on a voluntary basis, and both continue to
be voluntary programs, with no fees or assessments levied against the
participants.

An important requirement stipulated to by IDEP participants is that
a part/component mapufacturer must be supplied & copy of sny test report
or results of a test performed on his product by the participant who per-
formed the testing, prior to the report's being circularized within the
progras.



#280xg VAVEYA - Alwmung wawg Spoq RanTei 1winqel €T °3nd

i 3
4 4
C e B
B
5 E
Cig o
SN A
- B 3
PERYN
¢l ] t riassin | awows|  ess-yocor w
TN [ SIUET U N
1 Tiu-_n vy cewtt :
493D NOLN Snn-vead-sme .
< uveousy -g20901
. MELAAS- I VIVIRAN-RRY-AITHA T .
Vo 1 9 | n 1 nissin | annows, or=¢ AL N
$570084 CRIRLN-TONR 4
ﬂ 1.y =AW=
1 3 9 9=CE46T N
. i BL00C0%L luﬂ-.a.l:..ﬁ..gal
poSI7H JTNd TIRY u
% . sl uazl  z1-zm SarL ” "
hooraM |-doar WS
.
i L z 1 wL ¥3L{10031-11 KNVES:
Moo1tan [-30011M| ~au DAV | N
t z i 1 3 t 11 Wivig) WALBAS
M ITINWGAR!
1 1 z < jnsssIn QRN wioL-2 TRIVALIN=OLMMOE
VA VLIONW
1 3 brizssiu | anncuo| 19-GLY8Y|
2156 MOILIVIAY| a1
iy NvOTuIWY
....
g
n L M m m § H u_m..m.m “M 1kl gyl h
o fva | i " gl g
m ] n am mm mm m g m 3 134 3 | aoolt wwwdass -l e B
g m g E l..mm..mmm ae HLIERE §irss P e
% = ) =2 2 8 ] ®¥]e H
AL AR IR anjan T A | el R
m . .
HIANIY S 4D WAURAN QMY 3300N BNTIY Pepisost 0q 35iR NRORE VAV DEOR JUANVA N0 WOLLYWNRAM SUASEIEIVA.
4967 L0000° 1 RAVINOD BOY
CETTT N .ﬂ WL CARD Ei 0aNre 3
WYRIGES YOVEYA  AEVWRIS YAVE DOOW BUN W4 3




438

SUMMARY

Through the media of these dats exchange programs, IDEP and FARADA,
the design engineer and the reliability/maintainability/safety engineer
have two powerful tools at their disposal. The proper utilizatiom of
data--as a dity--has a t d impact on the reliability/maintain-
ability, safety, and performance of a missile or an aerospace system. A
basic precept of the programs is that the information is waiting for the
engineer rather than vice versa.

These data exchange programs have benefitted Government, Industry,
and Taxpayers through a reduction in hardware development costs exceeding
many millions of dollars each year. A recent IDEP survey documented over
$5 million in savings attributed to the reduction of testing and the
congequent elimination of test hardware purchases. The time, money, and
effort saved was directed instead toward improving the reliability/
maintainability of the product.

The requirement that IDEP participants provide a part/component manu-—
facturer with results of tests performed on his product before the report
is circularized within the program has, in no small measure, helped to
create more reliable parts/components.

Other benefits and objectives of these data exchange programs are

- Realistic bid proposals through access to current parts
information.

- Reliable parts selection in designs to avoid possible systems
failures.

- Advance parts information to promote improved performance.

- Shortened delivery schedules.

- Improved test reporting with resultant higher output per test
dollar.

- Acceierated parts specification writing and test planning--
expediting introduction of standard improved parts.

- Provision for direct intercontractor inquiries in urgent cases.

- Suggested alternate vendor sources.

- Source of gemeral advice, confirmstion, and general education
ir ea:ly stages of program development.

The IDEP and FARADA data h prog p an outstanding
example of cooperation and team work between Government and Industry;
without these ingradients, achievement of program objectives could mot
have been successful.

Further information may be obtained by writing to

Ccamanding Officer

Haval Fleet Miseile Systems
Analysis and Evgluation Group
Corona, California 91720.
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Introduction

The pursuit of an ever increasing efficliency and of improved con~
struction and operation economy has in the past been very success-
ful as demonstrated by the deoressed power plant heat-rates and re-
ductions in specific costs and in operating expenses,

These improvements have been obtained partly due to higher tempera-
tures, preasures, reheat-cycles, etc. and partly due to increased
unit sizes., Inevitably the plant has become more complicated ~ and
thus more vulnerable to disturbances. Improvements in economy snd
installation costs have to some extent been paid by a reduction of.»
the operational reliability, especislly during the f:lrlt m yurl
of operation of not yet matured types, fomos
R T
This hes caused considerpdle congern in PeNeT; sOWPANiN 811 PYErs: .
the world and has turned the attention towards.Wore.dssalisd ske: »
dies of plapt avallabliity. apd reliabllity.. o fas.5he Aheioe,afasdo
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experiences and discussions as well as exchange of information nae
tionally and intemationally with colleagues having similar experi.
ences, It has now been realized that the decisions to be made can
be supported by objective statistical information collected on a
nation-wide basis in a uniform way and treated identically so that
the results can be exchanged and reliable comparisons be made.

The statistical information should cover a reasonable number of
yeara and the greatest number of units possible with a minimum of
‘time between the recordings of performance and the analysis of the
information. Bearing in mind that the emphasis placed upon the re=-
astoring of equipment to normal operational status after a failure
largely affects the reliability figures - expressed as outage rates -
some means of characterizing this emphasis should be devised.

The results should not only allow an &valuation of past and present
operating experiences, thersby determining the principal causes of
unavailability, but should also allow a projection for future in-
stallations by the provision of a sound basis for engineering stu-
dies leading to corrections of the weak points,

Statistical information about the behaviour of overhead lines and
electrical apparatus has been collected over a very long period of
years, and-results are regularly published. A comparison between
different systems and s recognition of defects have been possible
through these statistics, It 1s generally accepted that such stati-
stical information 1s valuable for system planning and operatian with
a view to the optimal economic result.

Siwilar view-points ought to be applied more widely on power plant
cowponents, where the objective of design and operation engineers
is the same: to aim at the highest possible relijability compatible
with sound economics.

Availability statistics are collected in every power company - but
. in many various ways. Much effort is 1laid down in attempts to uni-
form the methods of collection and of treatment of the data, and as
& first step an agreement about the fundsmental definitions must be
obtained. The work oarried out in the United Statee of the Edison
Elestric Institute, Prime Movers Committee {its Ejuipment Availadi-
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11ty Task Force) and the IEEE Joint Subcommittee on Application of
Probability Methods has been fundamental in this respect. In Europe
the definitions adopted by UNIPEDE have been limited, mainly with a
view to the application in determining necessary installed power,
Analysis of and comparisons between various definitions and meas-
ures of availabllity have been presented in a number of publica-
tions, and recently the Eccnomic Commission of Europe has compared
the definitions in the papers EP/WP,6/Morking Paper No. 42 and
EP/WP,.4/Morking Paper No. 19.

Whichever method 1s used tec gather information about avallability,
it 1s normal practice to indicate the availablilities for different
categories of power plant: low pressure; high pressure without re-
heat; high pressure with reheat and varicus unit sizes; etc. Fur-
thermore the main components: boller; turbine; condenser; genera-
tor; etc. are treated separately, and in some cases a limited num-
ber of auxiliary equipment as: cyclones; pulverizers; induced draft
fans; forced drart fans; condensate pumps; condenser circulating wa-
ter pumps; exclters; beiler feed pumps; etc. are studied in detail
in order to permit a separate analysis of their operational perfor-
mance,

The evaluation of the reliabllity of various components, as it can
be deduced as by-products of avallability studies, suffers general-
ly from one important drawback: only such inecidents that affect the
ecapability of the unit are recorded.

Repairs, which are carried out without affecting the capability -

e.8., repeir of a reserve feed-water pump, while the other suffice

to secure full load - or repairs carried out during a breakdown of
another component are not normally reported, as they do not influ-
ence the availability of the unit as such,

Some notes are, however, normally made in the power stations in con-
nection with repairs of equipment, but very often these notes are
made in a more of less casual way and without any systematic Stga-'
nization. This makes special studies of partiocular cowoncfi’ét “pra-
ticauy 1!908811’10. o g “"“f -

A systematic recording of all repairs,: Mer t.hey tnm %;&
. . - M 5 e )
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capability or not, has been introduced in Germany by RWE '). A
similar procedure is on trial in France and is also under discussion
in Great Britain and in the NORDEL-countries. The problem is to

find the golden mean between the easy simplification and the per-
fection that might impose too much extra work on the power station
operators,

Collection of Statistical Information

In the United States the main source of information about outages
has been the data collected by the Edison Electric Institute, Prime
Movers Committee, since 1938, Results covering a number of years
are regularly published. - The latest publication (EEI No. 68-24)
1ssued August 1968 covers ihe eight-year period 1960-67.

In cooperation with the IEEE Joint Subcommittee on Application of
Probabllity Methods a Manual for Reporting the Performance of Gene-
rating Rquipment has been made effective from lst January, 1968.
The reporting form is filled in by the operator on duty who uses
speclal code tables to indicate operating data, outage causes, in-
formation about manufacture, etc. Data giving information about
changes taking place in the operation (outages or deratings) are
filled in simultaneously with the events.

The aims of the reporting have been to make only one recording, de-
manding only & minimm of time - and in a form suitable for digital
computer treatment., The recorded data should be sufficiently detailed
to allow for other applications than jJust outage rates for the main
components in different categories of plant,

In Burope the member-countries of UNIPEDE (International Union of
Producers and Distributors of Electricity) have formed a working
group under the Statistics Study Committee to deal with the problem
of avallability of thermal power plant,

It has been agreed to collect and exchange information about avail-
able power giving monthly figures that are based upon the power

o
Verfligbarkeits- und Schadensstatistik als Entsoheidungshilfe fUr
Bau und Betried von Kraftwerken,

H. Vetter and K. Neuroth, Mitt. der VOB, 48 Heft 2, April 1968,
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avallable each day at eight a.m. {not including Saturdays, Sun-
days, and holidays). Unavailability is divided between planned main-
tenanre and all other causes, Information i1s collected separately
for thermal units 100-199 MW and 200-400 MW,

Although a considerable amount of data have been collected Irom
about 10 countries no figures have so far been published, A number
of studles have tried to reveal tendencies in the avallability with
age or size of the units, Furthermore some analysis of the availe-
bility of the main components has been carried out and more is in
progress,

Within the NORDt£l.-countries a systematic reporting procedure for
thermal power plant availability was started in Denmark - as the
pure thermal power country in Scandinavia - already in 1957. From
the beginning of the sixties a standardized reporting procedure
was tested and in January 1964 adopted nationally by all Danish
power companies. The reporting procedure is very much similar to
the US practice.

Simultaneous efforts in Sweden led to a close cooperation manifested
within the NORDEL organization, in which also Finland hzs later ex-
pressed great interest in thermal power availability, Smell working
groups within each of the three countries conduct the statistical
work and cooperate within the NORDEL working group.

The reporting forms used in the Scandinavian countries have only
minor deviations, and the results are published by NORDEL - tcgether
with other statistics on the operational performance of equipment
as lines transformers etc,

Even if results from all NORDEL-countries are included, the breadth

of these is very limited. Consequently it is important to 1nolup.(
results from other oountries (especially when the operational relia-
bility of future large units is estimated)., Great efforts are mede

by NORDEL to intensify the internationsl cooperation in this fleld .
and to make exchange of information more open-minded. In order. that
the results are comparable 1t is naturclly necessary that the statisti-
cal data are bases on comparable stendsrds, 'the NORDM:akabiWwtFsh 7

are therefore made sufﬁ.cinetly ﬂmblé to-enible cockpiiiibh Whithis
Dot Dam r,x it gibded M
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US results as well as results from the cooperating countries within
UNIPEDE.

Definitions of the Factors Characterizing Avallability

Two different approaches with respect to defining numerical figures
are at present in use., In the US (as well as in NORDEL) time is
used as the basis for determining availabllity and forced outage
rates.

On this basis the availability factor 1s defined as the ratio of

the time in which the plant has been availlable (it be in operation
or in reserve) to the total time, The tall, shaded colums in fig. 1
show the results obtained for all Danish power stations 1964-1968
end separately given for units, bollers, and turbo-generators. The
tapes show the accumulated values since 1964, The forced outage rate
is defined as the ratio of total outage time to the sum of total
outage time and total operation time. In rig. 1 the results in Den-
mark are shown as the lower (unshaded) columns, Numerical figures
corresponding to fig. 1 are given in table 1,

One difficulty in using time as the basls arised when outages are
only partial, in other words when deratings from full nominal power
are to be taken into consideration, Normally such deratings are
included as equivalent full forced outages having a reduced outage
time proportional to the relative amount of the derating.

While the availeble time or time on forced outage are normally easy
to determine, the question is often raised about scheduled outages
that 1s such outages which have not been planned at the time when

the maintenance programm is fixed, but which can be planned some

time in advance or for which the starting date is controllable beycnd
the week-end of the week in which some component trouble occurred.

In the UNIPEDE statistics such scheduled outages are considered as
unavellability due to other causes than planned maintenance. They
thus contribute to increase the unavailablility factor.

In UNIPEDE poper has been choren as the basis for determining availla-
bility feetors, taking as a measure of available power the morning
peak during which the load dispatcher has a knowledge of what is



441
-7-

actually at his disposal for the day. The availablility factor, e.g.
for a month is calculated by dividing the product-sum of available
power each working day by the total energy producible if all installec
power were avallable each working day.

Fig. 2 illustrates the results thus obtained for Danish units between
100 and 199 MW, The black columns include planned maintenance, and
the white sections of the columns indicate how much the maintenance
has contributed to reduce the avallability, The annual averages are
indicated in the figure.

Fig. D gives an example of a graph - often used in UNIPEDE - showing
the relative length of time during which the avallable power is
larger than or equal to the percentage indicated on the abscissa.
Very often such graphs will disclose the fact that the total in-
stalled power has never been available at any time - due to maln-
tenance or to outages,

In fig. 4 is shown a distribution function of forced outage power
showing the ratio of power forced out to total power plotted in
decreasing order, The curve 1s based upon the situation each working
day at £.00. The dashed curves have been drawn as the curves result-
ing from probability calculations assuming 7 % or S5 % forced outage
rate. By comparison between the theoretical 5 Z curve and the em-
pirically determined full curve it seems 1like a S5 % forced outage
rate 18 a reasonable assumption in the particular case,

Analysis of Results

Experiences outside Szandinavia have indicated that especially
during the first years after commissioning, the new large units have
significantly higher outage rates and lower availability than smaller
proven units. This is illustrated by fig., 5 (taken from EEI pudbl,
68-24) and 1s also confirmed by the unpublished figures collected

in UNIPEDE. Examples of an analysis according to age is given in
table 2 which seem to indicate a trend towards bad availaniiity and
foroed outage rates for the oldest plant., There are, however, no,
significant teething-troubles for the (1imited) mmount of Units—

q.ncluded in the table. : CPE .

g T
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The figures given in table 3 illustrate how an analysis according

to size can be performed, and in table 4 is shown an analysis according
to the number of operational hours per year., This clearly indicates

a better avallability of the plant having a higher operational time.

An attempt to disclose the maturing of units 1s made in table 5
arranging the availability factors for Danish units 100-199 MW accord-
ing to age. The mean values - and especlally the cumulated mean values
at the colums to the right show a rather quick maturing effect.

Component Fallure Analysis

While availabild ty and forced outage statistics are of main concern
for system planning engineers who have to determine the future amount
of installed capacity ~ including necessary reserves - an analysls
of component fallures is of concern to the design and operation en-
gineers.

An analysis of this kind is of the utmost importance in order to find
the potential sources of failure leading to technical improvements
or to a better understanding of the reserve requirements concerning
for instance fans, feed pumps, control equipment, ete.

A number of reasons for establishing component fallure statistics
can be given:

1)} An objective measure of each major component's responsibility
for the overall availability should be given. Weak points can
thus be found and characterized quantitatively, This must be
basic to all efforts undertaken to improve the overall avalla-
bility.

2) The determination of necessary reserve equipment is normally a
matter of judgement, The total reliability of a unit is a func-
tion of the different component reliabilities, and when these
are reasonab.y well kmown, reserves should be installed to such
an extent that an optimum of availability is achieved, Quantita-
tive information about the average unavailability factors, aver-
age duration of outages or mean time between outages of major
components such as feed pumps, fans, turbine blades, generator
rotors, etc. may give valuable guidance in the choice of reserve
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equipment deemed necessary.

3) The extent, to which annual overhauls are carried out, varies
greatly from one company to another, Damage statistics from
companies having different overhaul practice may by comparison
between the results lead to changes in policy.

4) Restricted to a national level - as an international exchange
of information is entirely impossible within official channels
a direct comparison of component behaviour for various types
or manufactures 1s desirable, This 1s not only true for the
power companies that order the components, but also for the
manufacturers, whose aim is to deliver reliable components,
and whose research and development work must depend upon the
operational experlences.

It has been found useful by everyone involved in this kind of sta-
tisties to develop some kind of outage code - 1n general & two or
three digit code characterizing the components.

When treating the collected data in a computer, printouts of the
number of faults and thelr duration for a given main group - first
digit - (e.g. boller) or subgroup - second digit - (e.g. economizer)
can be produced for the total amount of equipment in the country or
for any specified station. PFurther analysis with respect to age or
to manufacturer can be included. An example of a printout for a
particular unit listing all faults during a 3-year period in descend-
ing order of fault duration is given below:

1
> - ci s e TS
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, . i Hours ., Number !
Faulted part or symptom ,Code | Hours | in % of | | 0f
| : ! | total | faults !
{ Furnace room evaporator tubes 113 226.2 | lg.s ; g |
. Vibrations 19 © 216.3| 18,9 | 48 !
, Preheater flanges bhoz ; 145.3 | 12,7 | 1 i
Induced draft fan P 242 1078, 9.4 I 10 |
Condenser tubes ' 362 ¢ 107.0 9.4 | 3
! HP wall superheater i 122 92.6 | 8.1 i 3
| HP radiation superheater Y1a1! k7.8t a2 2
! Feed water and condensate valves P A7 B2,h 3.7, 2
| Steam valves or tubes i 470" 38,7 3.4 l 2
{ Valves for compressed air or . ' '
' underblast . 2k0 28,0, 2,5 | 5
l Preheaters feedwater pumps or tubes | 499 ; 18,2 1.6 l 1
i Peed water valve or tube 173 17.7 | 1.5 | 1
Not spec, part in security system 1 39 11.9, 1.0 ! 2
. Undefined cause in turbine L2590 103 O.g i1
| HP safety governor L 337 9,0 0.8 | 1
| Cooling water screen ' 372 | 8.2 0.7 1
| Safety regulator | AT 7.2' 0.6 1
: MP pick up valve . 336 | 4.6 0.4 1
| Undefined cause in feed pump 39 1.1} 0.1 1
; Primary electricity supply system | 626! L1, 0.1 1 }
| Other external causes 9% _05: 00 1
| | sum'1142.1 100.0 | 128

Graphically a simjlar analysis of main components causing outages or
deratings in Danish power stations over a three-year perdlod is shown
in fig. 6.

Within UNIPEDE 2 simple code 1list indicating the main components
has been applied to allow the (confidential) exchange of information
about the number of outages, their duration, and the energy lost
expressed in per thousands of the possible energy production, Only
outages which cause reductions in power are, however, included so
rar. The tendency is to accept some extra burden upon the power
station operators to obtain complete records of the performance of
the main components in a power station - independant of thelr in-
fluence upon power output.

Purther analysie, which yet has to be introduced, concerns a possible
correlation between preventive maintenance and forced outage rates,

By carrying out the preventive maintenance, some of the unit-availa-
bility is sacrificed - at a time when 1t can best be spared - in the
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hope that the unit then stands a better chance of being available,
when it 15 needed most,

As the problem of finding proper periods for preventive wmaintenance
is becoming more and more difficult in pure thermal power systems
having many large, highly efficient units, the repair effort - its
cost and the labour required -~ should be carefully analyzed.

Conelusion

Exchange of information about availability and forced outage rates
is undoubtedly of great value in system planning ~ provided that the
figures are based upon uniform definitions., A more free publication
of results obtained should be encouraged.

Fault analysis may not always be similarly interesting from one
country to another, because design and manufacture vary greatly.
Nevertheless information about methods used and general trends dis-
covered should be published regularly, preferably by some inter-
national organization.
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Fault analysis of all Danish power

stations for the 3-years period
1966 — 1968,

1200+

1000

400

2001

| Boiler

.accessories




452

TABLE 1
Avallebility Factors and Forced Outage Rates for Danish Power Statiops
Units
Speclfic Year . Accumulated Values from 1964 J'
Year T
Avannbil;ty Factor ' Forced Ou;zage Rete "A\-auabn;ty Factor 'Fnrced Ou;age Rate I
: ; +
1964 84.22 : 6.47 i 8h.22 . 6.47
1965 T76.75 i 11.58 ', 80.12 ' 9.23
1966 | 89.40 ; 2.50 ; 83.93 ' 6.46
1967 | 86.44 l 4,05 ; 84.80 i 5.64
1968 - 84.42 ' s : 8k.69 | 5.29
Boilers
. Specific Year Accumulated Values from 1964
Year
Avambu;ty Fector | Forced Ou;age Rate Avaihbil;ty Factor iForced m:age Rate
b
1964 83.04 1143 83.04 T
1965 80.22 12,37 . B1.64 l 11.89
1966 83,02 ; 11.19 82.08 l 11.65
1961 ! 82,08 ; 15.97 az.08 i 12.64
198 ' 84,24 i 13.22 82.50 i 12.7%
Turbines and Generators
. Specific Year Accumulated Values from 1964
[aar
Anu.lbuity Pactor | Forced m;ap Rate Avmnbn;ty Factor |Forced Ou;asa Rate
196% 9.8 3.00 90,68 3.00
1965 86.8) 3 6,42 68,73 4,70
1966.1 8.8 . Tial . 88,035 5.4
BE 88.9%- ' g - |, Bas 1 6.65
gy 88.41. ha: 654 R 2 6.70
} P . . i,
) =
& o
. bl

PR ovviirtators Wirimns 4 b oean o+ % o SN
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TABLE 2
Availability Factors apd Forced Outege Rates for Danish Power Statioms
The Plants Are Sorted According to Age
i Toits : Boilars ! furbines ond Generstors
i i Availa- L A - H -
R - e e e L
| | Units 4 Rate % | Units 4 Rate % | Units < Rate $
| wer| & 899 178 8 | B 2y | 3 | 85 | 292
| 12965 5 | 85.08 56.69 b7 8hee |8 s | 8619 (1.3
! o4 §19665 3 1 83.93 i 387 1 7 | 81L& 9.2 3 9.72 @ 7.2
! 1196T( 5 | BrTh k22 7 | 7686 ;1B.00 ; 2 | B6M g 5.86
i___lﬂ;l 9 | 8595 58 ! 3 |8670 ;sm | 2 | 6300 3508
; 9er] 1 | 85.m ; 3.61 . 12 18502 i 702 7 | %0.03 | 2:
{ ,1965i 2 60.50 .&.12 ;n BB i 6 79.59 |16.14%
1 59 | 1966 ; 5 93.05 1. - 10 ! 80.86 , B.67 6 85.89 4,39
| 1967 5 85.20 | 3.87 9 | 18.27 ;1&.75 8 91.17 | 5.68
! 198 : & : P86 235 9 | 79.64 8.4 A | 86,93 | 2.m
. 1964 [|] - - 26 85.08 | 7.83 17 89.2% { 1.56
1965 0 - - 7 i T9.52 § 9.23 19 8h.04 | 281
10-1% | 1966 [ - - 1 a2 i B3 653 16 86.83 | 3.1
el ¢ - - g 22 | 8150 {936 15 | 8.0 | 7.5
; by .20 | 3.00 4 13 83.20 |13.81 n 87.67 | 0.82 |
| 1964 0 - . - } y 89.90 | 8.60 6 93.39 | 3.22
(1965 | © - - 5 | o3 |303] T |8 e
15-19| 1966 | © - - i 10 | 86.23 1180 | 1C T6.9% |23.80
19671 o S - 12 | 88.99 (w22 | 10 | 8230 |28.76
9 = 25 | 87,65 1952 | 16 | 8675 11090
1964 0 - - i 6 86.£2 {15.%3 5 95.09 | 2.27
1965 (4] - S 1 79.78 | 1.83 1 80.81 | 1.88
20-24 1966i o - - 1 ' 83.37 | 3.2% o - -
967 © i 0 | - o - -
296! o CO [ - - 2 26,55
1964 | O - . 0 - - 2 | 99.96 ; 035 |
° - 5 | 89,15 ;18,04 5 ﬁg-ﬁ 2.6 | °:
25429 ° - 5 | 8622 (25.8%.) 6 ¥
0 - [ R07T {852 5
'] - [
0 & 8
651 0 v 8
- Pyge ] e 4 i s
° - 4
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TABLE 3
Availability Factor and Forced Qut Rate for sh_Powver Stat:
The Plants Are Sorted According to Size
Units Bollers
2099 MW 20-99 MW
; ] [Availa-  Forced | ’ . Taveila~ |Forced |
! Yesr .Number | bility  Outage  Year | Fuzber | billty |{Outage ’
| Factor % Rate ‘ ‘ 'Factor 4 |Rate §
a6 2 8283 618 | 1964 M [ 63.2h 9.9 )
tges: 2 'seds lzsor | 1965 | m |78.64 8.1
l1966 ' 3 19638 !ade 1966 | . °| 82.8 | B.56 -
!1967 K R 67| m ! 80.86 113,18 |
11968 . 3 8.0 3.83 ! 1968 | 41 | 83.60 ‘ 9.66 |
100-199 MW
) Availa- |Forced :
Year :Bumber | bility |Outege i
T Rate % .

i Turbines anl GJenerators !
64| 3 8509 | 6.66 | s |
2365 ¢« 5 87.11 | .01 | T |

1o oee ; - e
19661 5 18591 | 2.55 i iyeer mumber | bility loutage
1967 1 T 87.64 3.56 ; - Factor % |Rate %
198 | 8 89.76 { 202 | 1964 | 31 | B9.89 | 2.5
i1965 » 85,28 7.06
200499 MW '1966 » 85.06 7.52
{1967 37 87.1%  110.99
Availa- Forced | |1968 k14 86.51 T.42
Year |Number | bility [Outage |
Bate
1968 | 3 7.8 1687 |
+
:;;'yaa
e,
o :
fhow I 3 .

O S
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TABLE 3

Availebility Factor and Forced Quiage Rate for Damish Power Stations
rational Hours/Year

The ts Are Ac 1o

Operational Time 1000-3999 Bnurs/!e Operationa.l Time > 4000 Hours/Year

: ! Avnila- | Forced j i Availa~ | Forced
Year Muaber | i bility Outsge ;Yea.r smmber: bility | Qukage |

i  Factor % | Rate Factor % | Rate % |
(1964, o . - ' - 11964 | 5, Bh.22 | 6.7 !
»1965! 1 295 | 5475 !1965[ 6 8643 | 5.8 |
J1966: 0 - - 966 | 8 8.0 | 2.50
J96Th 0 . b . 1967 | 10 | 86 | k.05
f08] 1 | sem : €.96 | we ! 13 | esa | 2.8

Boilers Turbines end rators

0999 Hour! 7Yeu 0-999 Bours/Jjear
f Thvaila- frorced ! : Availa- | Forced
Year .Mer j bili‘y I i Year llunber bild ty IOl:li:aaa

| Rate i Factor § |Rate $
196, 6 |7658 [ 38.55 liges | 6 | o7.m [3h89
1965 2 |81 6026 11965 | 6 | 95,50 | T.07
1966 1 | 83.16 | 39.01 1966 | 10 | .91 |56.77
1967, 9 | 8297 602 l1967 ] 7 | 9611 |bL72
1968 19 : 85.08 | be.57 11968 I8 | ot lzas

1000-3999 Hours/Year

1000-3999 Hours/Year

Availa~ | Forced ‘ T t Availa~ | Forced
Year Mn'ber] bility |Outege !Year [Wumber | bility |Outage
| Bate % | : Rate % a
1964 | 31 83,28 |18.5% 1964 | 16 90.26 5.17 o
1965 | 37 .01 |22,00 1965 | 20 83.65 1083 | _
19661 %2, | 8h.02 (16,41 1966 | 1T 86,38 |12.64
19671 30 i 82.55 [19.44 1967 | 1B | 89,31 |20
1968 | 18 | 86.8% l19.59 1963 | 16 | 86.78 071

Operational Tme > 400¢ Hours/Year
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BELIABILITY ASPECTS OF SAFETY EVALUATION
OF NUCLEAR FOWER PLANTS

K. TAKEMURA™ s, mtrRr™
Tokyo University of Mercentile Marine Chubu Elsctric Power Co.
1, Introdactim

In 1958, we had keen discussions on the reasmn why we did not need a
container for & graphite moderated gas cooled reactor, for the canstruction
project of Tolai nuclear power plant.

Soon later, the Hrﬂﬂn Japan had mede public a report on the safety
avaluation of & nuclear power plant.

The report lad envisaged the importence of the reliability analysis on
the safety assesament of & nuclesr power plant and furthermore a fault -
tree liles approach to follow a reactor accident step wise,

The cnsms“.mm its activity four years ago with the project purpose
as following.

(1) To clarify the relation between the reliability of the eafety
aystem and reliability waiue of the gystem coamponent.

(2) fTo study the tasis of judgement for the safoty of nuclest power
plants.
is paper presents some interesting results obisined ty the
oo ttos,

B Yanaging staff of the CRESERES
o mum&mwmmnw
---c«-mu @ Reaoiar unmu-uum
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tion of the e Nu

Recently, interest is increasing in discussions an the reliabilitiss of
engineered safety features, But who could pronowce that present dasigns
are suitable, not being over or lesa.

To cbtain a proper target for the safety design of nuclear power plants
or a reference value for the reliability of engineered safety features,
the present effart of our cammittee is the first step of the approach.

It is extramely important for the human 1ife in recent sclentific
civiligation to endeavowr t¢ establish a proper Jjudgement basis not only
o nuclear safety but also o industry safety,

Our éammjttes has fallowed ordimary paychological process which gemerel
people experience when they have to judge the safety of a certain thing,
Namealy, wo compared the risk of nuclear power with the various fisks that
surround us by using statistical data, "In what sorts of risks do we,
human being, have daily life?® Survey activities to this question have
been the first step of our works.
2= 1 Rigk study

We surveyed the various risks that surround us and followings are main
survey data in Japan.

(1) _Jeturel hagapdp

—Severe naturel hasards experienced in Japan are earthquake,
typbom and flood., The statistics over 60 yeare wmtil 1965
shows that aversge death rete by the earthqualks is 3 x 107>
death/man year.
While the desth rate by typhom and flood 1s 1,2 x 105 death/mn
youy. '
" We btained the disease desth 1ete of the Japness for each sge
otk fra stetistics;

#71y

; ' 4

g ) -
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age disease desth/man year age disease death/man year
o~4 4.7 x 203 5~ 43 x 107
15 ~2 4eb x 2074 25 ~ 3 9.5 x 1074
35 wlih 2.0 x 1073 45 ~ 5 5.2 x 1073
55 ~6 1 x 072 é5 ~ 6. x 1072

The risk of disease death changes by age. The disease death rate of

the young age is decreasing year by year in Japan.

Generally, diseases of high death rate in Japan are various cancers,

heart diseases and vascular lesions affecting centrel nervous system

such as apoplectic strokms.

Thege data show that yearly death risk by disease is about tme

thousandth in the thirties and nearly me hundredth in the fifties.
£3) _Industpial hosaNg

In taking statistics of hazards dats of induetrial activitiss, we

had fallowing standpoint. That is, "How many human lives are toh.'l.:l;.

lost by the existence of a certain industry ?® !euly.hmm rates

(the retio of total yearly victims to the population) are listed

bealow,
reil road 2 x 107 (deati/omn year) 5 g 4 357Xinjury/aen year)
motor ar . 2z 307 L5x 107
ship 9 x 107 9 21075 ,
uining 8x 10 [E 310 S
chemimd plamt 1220 . amaok, .o
elactrie por 5 x 107 1;5‘1?%?? ”*:, 34’

coomtrweion, A XMy 14 b ~%ﬂ&“’i¥ ‘a9l oot
a Wmmmﬁ Cadta e MR iR
BLoea, T B .o St % AN gt tadile L Wm‘*‘

Suan. Wl phele pEbAvitles of mev LN rdue Ao
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In treating statistics, we also paid soms attention to devide people
cncerned into the fallowing three parties;

the lst party : people who are exployed and at
work for the industry concerned.

the 2nd perty : people such as passengers of
traffic facilitiss
the 3rd party :  public in generel

As for the question whether we should treat these partiess semrataly

or not, the cmclusion of our Cammittee has not been reached as yet.
riske 9

Death rates of the public by all sorts of accidents are listed below.

motor car 2 x 10™% (dsath/usn yesr)

rsil rad 2x1075 ( » )

ship wreck 1x1075 ( * )

naturel hasards 1 x 1075 ( ’ )

others 1x10™% ( " )

A1l sorts of 4 x 107 ( n )
accldents

{5)_leuksda, thyxold cancer, abnorsel birth

In relation to rediation hagards, special attentioan should be paid
to leuksnia, thyroid cancer, malformation, and stillbirth.

The yearly death rate by naturel lewkeats is 3 x 1075 leath/man
yoor in Japan, It is said tint the mtural risk of thyroid cencer
is 2 x 2075 man yeur.

The rate of abuomill birth such is malforeation, feébleninied and”
StALIBATh 48 4~ 5 x 207 wich may not be wach differest 4 -
welsis doutriss.
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{6) Iedistiam and jts hagard

It is really difficult problem to get a risk value corresponding
to a lox Javel dose because 'ot the lack of the infarsation and of
the wcertainty whether the hasard is caused hy irrediation or not.
Following the well imown canservative assumption that the dose -
effoct curve is linear even below the irradiation level af 100 rem,
@e rem dose correspnds to the leukemia risk of 2 x 1075 death/men
yoar and the thyrold cencer risk of 1~2 x 105 pstient / man yoar.
As for gmmtic effect, it is said that me rem dose giwes the risk
of 107 ~ 107 in relatim to mtatims and stillbirth, This
figure is almost negligible campared with natural abmormal birth
mte of 5 x 102, Figure 1 shovs our survey data in Japmn.

202 Accestable rigk level

Industrial activities must be continued toc accomodate more enhanced
living standards. Then, in what extent should the "Safely” of those sctivi~
ties be pursned ? What is the target value of the safety design of the
nuclear power plamts ?

There may be fdllowing approaches.

A

Through the troad and mrofound survey, all sorts of risks surromding
our uman being such as mtiupal bhasards, dissases and aocpidents am
be studied scimtifically, historically, geogrephicslly and socdclo~
gally.

Giving the analysis m the futum etatus, and investigating e - ,
differencs of those risks betwesm circuastances, b referaiee wile -
for the tasis of safviy ewmlmtiim winkd be st iy Tiiding Ehe
wiuw sisquiely lower tom thoes sl swis-ad Tl 77
wmmummxmmwb
mmnﬂmwwmm
industay, Of mase sslivitios of

Yma thees W d
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C. In the case of the nuciear industry, it is a way to investigate the
natwel risks of leukemia, thyroid cancer and so on, Additional
risk by nuclear industry should be adequately smaller than those
risks of naturel surroundings.

D. Safety and public hazards of a nuclear power plant could be discussed
and Judged in comparison with a conventional thermal power plant,

Let us apply our swvey data to those sorts of appraaches.

A.__General human risk
The yearly disease deth rate is the smallest in the age from tem

to thi!-;.y, and it is about 5 x 107% death/mn year. The accidental

risk of the publjc is different by year, by comtry and by circumstance.

An average valwe of the accidental risk of the public is 4 x 107 death/

wan year.

B. Comparismn with other industries
The figare, 2 x 10% dsath/man year, of car dccidents is by no means

acoeptable. Tt is even a big problem to be solved as soon as possible.

Then we take the figures 2 x 10™> death/mn year of rail roads, 2,5 x 1075

doath/man year of constructions and 5 x 107C desth/man year of electric

- power as feferences.

L. _Leuenia snd sl formption
The patural risk by levksmia is 3 x 10™> death/mmn year in Japan.

The naturel abuorsal birth rete of 5 x 1072 is too big figure, which

can by no msins be a referencs.

The tigure § x 1075 deatlymen year by Lhe sleciric. powsr. industry
is comparstively smll. Besides, the contridution of the gocidents of
thpeml powsr plguts is wiy Mitle in &t. Than, lst 1w think & the
Pﬂg’k?&ﬂ the: fuel conewed. in the plaot.

\ = N R AN
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The havards rate of coal mining people in Japan is one (hath/los tons
of coal produck, A 500 MW coal burning power plant needs sbout 15 x 10°
tones of coal to operats for ane year. So, e year operation of & 500 MW

coal burning power plant eventually conswnes the fusl which ia obtained
by raising victimes of fifteen deaths and of mors than ane thousand
injuries. This is too formidable present situation, so it is ky no
means allawed to take the figure as a reference, As for putlic hazards
preblems by bwning fossil fuel in the ordinary cperstion of thermal
power plants, we do not have gquantitative conclusion yet.

We have obtained a status reference figure of 106 ~ 107 death/mn
year, by means of genersl survey on natural risks and risks caused ty
industrial activities.

But when e comes to settle an acceptable standard wlus of the
risk for the nuclear power industries, there are many important factors

to be considered,

Therefore, the standard walue might be some crders of mgnitude less
than the figure of 1075~ 1075 death/man year. We have to investigate
these factors to be considered in betwesn the standard valus and the
status reference figure,

We never forget to emphasize that the substantial effort of the
safety asgurance in the industrial activitiss must be continwsd sndlessly
for the prosperity of humen being in the scientific age.
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b; taof s Cam;

The engineered safety featwres such as core sprey systems and safety
injection systams are not required to operate during the narmal operatim of
Plants, but are required to surely perform their functions in case of an
accident., Therefoare, in calculatian of the reliability of their systems,
it is reasmable to divide the duties into three categories, i.e. stand-by,
start-up and operation. Reliabilities corresponding to the duties of these
systems are derived fram their failure data, ’

However, judging fram the field dots, we think it is impossible to
separate the stand-by failures fram the start up failures, because the
stand~by faijlures can be discovered aly at the time of next start.

The data of emergency diesel clectric power generating facilities were
obtained from the maintenance records and accident reports of Japan Broad-
casting Corparatim.

Resulting failure retes of 5KVA and 75K wiits are 6.9 x 103/hr,

4.3 x 1073/hr during operation and 6.7 x 10™5/hr, 5.6 x 10~5/hr in stand-by
cndition, respectively.

-1

Japen Broadcasting Corporation hed a failure survey of stand-by diesel
alectric power genorating facilities Lo settle cousistent maintemance system,
Capacitiss and mmbers of thess dissel wits are SKVA~TSOKVA and 272 mits,
respectivaly, and 205 of those are 5EVA~ 75KVA units, . ~r
Vo espocially examined the failure data of these SEM (90 mise)-mnd:i:
755W (52 wits) facilitiss, Most of these facilities installvd ab wllug
sistions, S L £ 8Te e ey, Lieg &
Tese Pacilities ware overheiled poriodimlly by wpeshow Sammson i
CnRadl simiien; and widsTicgpbeind ; =
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overhauled or inspected ance or twice a year, Yoreover, atamatic start-up
testing had been dme remotely from the local statian once a month, These
inspections were made following a check list in maintenance records, and
this check list was camposed of 114 components parts colume with five
failure modas and three repairing treatments.

Operating hours, start-up times, repairing and miscellaneous were recarded
on another sheet in maintenance records. In the case of a starting miss or
a unpiand stop, the details of the affair were mentioned on an accident
reporie

Table 1 and 2 show numbers of the failures of 5KVi and 75KVA units. In
these Tables, "A" means a minor trouble, and "B" a serious faillure,
nBe failures are 10 =~ 20f of all troubles. There was no difference an the
failure modes due to the lapse of time.

Failure rates during operation and in stand-by condition for 5KVA and
75KVA wnits are calculated fram "B" failures, and they are shown in Table 3.
The stand=by hours in Table 3 were obtained by substracting the operetiam
hours fran the calender hours. The judgement whether the failure had been
occured during operation or in stand-by condition was made by checking up
the maintenance records and the accident reports.

In general, a reliability of a stand-by facility is reascnably divided
into three oategories, namaly reliability of stand-by duty, start-up duty
and continuous operation duty. However, since the failures in stand-by period
are discovered anly at the time of next stert, it is impossible to separate
the stand-by failures and the start-up failures. Then we could not get the
start~up failure rates, no matier how total start~up trisls during two md

‘ s half years an SKVA units and 75KV. wmits were 8389 times and 13hh times,
respactively, PN

3 - @b i8 renscoable to think thet the stand-hy feilure Tates are affecked

s ey o #ientAy Tome; e Swviroowte. and 2be Wy of the minWEIRIR:

pTi] bt
ot

—a
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It was shown that rumbers of the failures per me unit-year regarding
all troubles (A + B) of the 5KVA wnit increased linealy with years.
However, we could not get exact data to clarify the effects of stand-hy
hours and the other factars on failure rates. If the operator watched
the facilities adequately, most of the detericrating failures could be
removed, However, most of these facilities had been ummaned, and a few
detericreting failures are included in Table 3. Table 4 shows the faillure
rates excluding deteriorating failures, so these failure rates depend amly
o chance failures. These failure rates in Teble 4 are almost canstant
through the period surveyed.

Operaticn failure rate of 5~7 x 102/hr and 1~2.5 x 107/hr in Table 3
and 4 are rather large campared with operation failure rate of about
3x 10""/hr which was obtained from our ancther suwrvey on merchant marine
dynamo engines, It can be said that the difference of these failure rates

depends on the different maintenance aystem.
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Pilures per unit

83 192507 51 082605 78 15 54

Table 1, Failure of 5KVA units
Inspection year F1963 L1963 Fl94, L1964, F1965 Total
Bumbers of unit 9 » 29 n 19 80
Failure grade A B AB AB A DB AB AB
Bngine min parts 2% 5 2 2 5 9151 6719 183 36
Fuel oil system 132 41 3% 2 s02a1 7 6
o|Lub. ofl system 60 0023 0 4 0 0 47 O
'gconungntersyam 11 11 41 00 70 13 3
‘i.lsbut.mgcsllmotcrparws. 100 0211 10180 K 3
Safety device sensor 00 00 20 00 20 4 0
Safety device relay & meter 541 00 70 22 23 15 6
Bogine bed & foundation 40 00 20 00 4 0 10 O
Engine stopmech, &FO, LO, CW | 9 6 1 1 6 6 2 0 18 2 36 15
supply system
Gas exhaust system 00 00 01 01 00 O 2
Auto switching system 02 01 22 011 04K =210
Miscellaneous 20 30 01 011 00 7 2
Total 75]-!7_3131!.232961&9291;3383

1.04

L
PO : Pl oil
LO s

cCW

.
I gy .
E- sl o

Lubriceting oil
Cooling water

PRe7aN.

First half, Last alf of ths year
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Table 2, Failure of 75KVA units

Inspection year F1963 11963 F1964 L1964 F1964  Total
Hoabers of wnit 21 1 20 [ A 52
Pailure grade A B A B AB A B A B A B
BEngine main marts 28 4 103, 310110 8 8
Fuel oil system 60 60 50 00 00 nmwo
ol Tub, oll aysten 5100 70 10 10 21
Cocling water system 30 00 20 00 10 60
.surtingenumotormsy. 41 00 20 00 21 8 2
Safety device sensor 30 00 01 00 00 31
Safety device relay & meter 70 00 51 10 206 251
Engine bed & foundation 10 60 00 00 00 10
Bngine stopmech, £ ¥0,10,CW | 8 2 2 0 70 00 3 0 20 2
Supply system

Gas exhaust syetem 00 00 02 10 10 22
Auto switching system 20 00 00 00 10 31
Miscellansous 00 00 00 00 01 ©00O0
Toteal 768 3067131272 118
Pailures per mit | 3.6 04 30 0 31 0422 02 68 G5 35 035

i

F, L 1 Pirst half, last half of he year
FO 3 Puel 04l

~bQ 1 Librimting oll
TCW 3 Cecliag weter




table 3, *B* Ailure rates of SKVA and 75KVA units in otand - by,start - up
. conditions and during operatiom

C : Namber of failures -L -

In stand=ty * start-up conditims During operation Start
Tear & D ke C/A /B o b Nas C/A b/B Nors
P1963 3Jes1o. 38510.8 8 8 2,070 2.07107% [1017.2 1007.2 9 9 8.7 07 8.7 07 | 1283
L1962 57218.5 89729.3 3 1L 5.86x10° 1.12:107% |1397.5 247 4 13 2.86x207 5.4 x207 | lasa
E P 196, 1255707 215300.0 7 18 5.58x1075 8.3521075 | 1797.3 4212.0 14 27 7.8 x103 6.41x1073 | 1759
L1964 A62.1 262042,1 119 2.14x1075 7.25x1075 [1305.9 5517.9 4 31 3.05x1073 s5.62x1o™3 | 1215
F1965 813934 313375.5 4 23 4.9Lxl0™S 6.70x1075 | 2114.6 7632.5 22 3 5.95x03 6.95x103 | 2om
Tokal 343375.5 B 6.71x1075 | s 695210 | 8389 |
!
P96 9046.0 9046.0 3 3 3.31x070 33107 | 7710 770 5 5 6.48x107 uusxdoS | 496
QL1963 313.0 13390 0 3 0 22431075 | 550 8260 0 5 O 6.050°3 | 27
Hiriow, 06860.9200227.9 4 7 4.6x107° 7. x075{ 9m.1 1797.1 3 & 3.08x1073 hotsxdod | ug
L 1964 25938.8 126166,7 0 7 O 5.55x107° | 169.2 1966.3 1 9 5.91x1073 L.5ex103 | 153
1965 17m0,.7 11857]_..‘5 1l s 5.75!10-5 5.57110'5 163.3 2129.6 110 6.12!10-3 b7 xlo'3i 178
Total L3STL4 e 5.57107 | 2129.6 10 w7807 [ s
Note; A : Stand-by hours ar operating hours D : Cumilative number of failures
B : Cumilative stand-by hours or C/A : Failure rates por hr.
operating hours /B : Cumilative failure rates per hr.

oLy
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Table 4. "BW yailure rates excluding deteriorating failures

5KV 75KVA
In stand-by + start-up canditians | 1.76 x 30™5/mr | 3.48 x 10"5/hr
During operstim 1.18 x 1073/br | 2.34 x 203 /hr
- 1o J

JRIR(Japan Powsr Demanstratian Reactor) is a naturel circulation, direct
cycle BAR plant with 12,500 KWe electricity generation,
1 o8 on_cantinu 9]
Troubles infiuencing on cantinuous operation of JPIR fram March 1965
to February 1967 were as follows :

wnecheduled shutdown 2
(scheduled shutdown 10)
start-up delay 7

It is seen that the scheduled shutdown of the plant was only 30

percent, though this figure is much improved at present,

The clases of troubles which gave plant shut-downe are shown in

Table 5. Leakage of steam or water fram the primary coalant system

was observed eight times and this correspmded to slmost ane third

of shutdown causes. FRailures of components and malfunctians of

compenents caused flant shut down seven and four times, respectively.

Tt is ncted thst the ruptwe of diaphrem velves in the soran alr

system was aveided after the inspoctim intervels iad mm -

fron mos s day to cnce & ek, ’ - *

i

Tabls & ofumohrt 4 m
= » the caimes \W‘ \m.msk'v %

mabmmm.‘ﬂﬂ? Mﬁm "
mem\m Blims 3 et
o 8P T 3«4:4:5% X T T
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{2) Maigtenance records of JPDR

In review of maintenance records of an electricity generating plant,
the cancemn is not with calendar days or accwmlated hours of reactar
operation, but with accumlated hours of electricity generatiam,
because it could be said that aimost hundred percent of caspanents
were pat 3in service during this period.

The relatians between the accumilated hours of electricity gemeru-
tion and the numbers of maintenance sheets are shown in Fig. 2,

regarding mechanical, electrical and instrument camponent, respectively.

Total numbers of maint heets are also shawmn, Stepwise increases
of fujlures at 2,200, 4,400, 5,200, 7,400 and 9,900 hours correspond
0 the periodic inspection of the plant or refueling work and so m.

It can be said that th: mumber of failures are nearly proportimal

to the accumlated hours, 1f failures during omly power generation

are picked up, and initial failures are excluded. Total failure

rates of compment groups are derived as follows, based an the slope
at the end of cach curve shown in Fig. 2.

mechanioal cimpunent 1.0
eleciric compment 0.2
instrument 1
total 2.6

(unit : failures/days of power peneration)

Dominate causes of these failures are (1) water leaimgs from valves
(8,1 fallures/month), pumpe (4.1 failures/month) in mechanical
compaaents, (2) failures of molor contrel pamls or anwieistor pansls
{4+5 railures/uonth) in electric compornents and (3) sslibestion or
readjusthent of nuclear asd process indicatars, eatrallere in instrus
™ot conponents, It covd be scsidered thit the feslure dicde of most
ogmpanents 1s & mda nﬂm, excluding initial 1,000 hours.

PP
i il
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ilure data of c nis in JiR

Trial to review the relisbility of the emergency codling system in JFIR
had been made to survey which camponent was daminant for the reliabdlity
of the systes, 2)

The dats of failure rates used tLo evaluate the system reliability

were shown in the last report. Same of them were derived fram the
maintenance record of JPOR during 27 months from July 1964 to September
1966, and exprossed in the form of failure per wnit time or wnit actiom.
In Table 7, failure numbers of the main components of the system are
shomn, Judging from the number of failure samples, derived failure rates
shoud include considerable statistical deviatim, and high confidence
level can not be expected. But it can be said that the overall relia-
bility of an emergency cooling system is much dependent m the operation

reliability of motor driven velves. To get & more wseful failurs rete
o a motar driven valve, operatim counters have been installed to both
relays for open and close valves. HNumbers of valves whose operetion
are counted are as fallows.

IC &otor valves 25
AC motor walves 8
‘The ber of comte ie ded every week in check stwets, with

respect to all valves, When same abnormal situation is found at
esither open or clcre action of & valve, operstion people or maintenance
peogile should describe the situstion and repairing work in detail,
After preliminary exanination of the counters, the failure rate of
& motor driven valve was cbtained fram the data for ane year (up to
Merch 1969), Recorded faulty operations of & walve ars iwe for close
ose actim snd sero for open sction. The tutal cowts If close
ammm1m.-ngm4w:mngipi_:tg@ﬁ: ~

-

e
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The confidence level of this figure can not be discussed because the
number of failure sample is very smull for statistical treatment.

It is hoped that this kind of surve; would be continued for longer
time, for instance, five years, to obtain more relisble informations.

Table 6. Causes of start-up delay

. OF

CAUSES CAUSES
Failure of CIC Range Switch 1
Displacement of Limit Switch 1

for Scram Wlve

Atnormal Indication of 1
Reactar Level meter

Rupture of Disphram Velve 1
in Scram Air System

Leaknge through Wlve m 1
Core Spray System

Water Lealkage fram Cool

System of Ih~core Monitor 2
Total Delay 7
ol

BBt b i Lo




Table 5. Causes of plant shutdown

low pressure on oil system for primary bypass valves

CAUSE OF TROUHLE NUMEER REMARKS
steam leakage from the root valve of reactor level gauge 2
steam lsalmge from the valve on core spray syetem 3
water leaimge fram a union of seal coolant of control rod 1
steam lealage from a drain line of MSV 1
water leakage from incore monitor cooling system 1
turbine trip -from malfuction of MSV 1 Scram
malfunction of primary bypase valves 1 Scram
malfunction of period meter 2 Scram
rupture of valve dlaphrem on scram air system 3 Rod Run In
low suction pressure of FWP 1 Scram
air inflow to condensate during replacing strainer 1 Scram
high condenger pressure during start-up 1 Scram
NSV atick 1
fault coptact of-operatiom mode switch 1 Scram

1

1

aupture of diaphrem in off-gas canpresssor

BRYTAGR 01 HTI0L <

e
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Table 7. Railure Mode fram Maintenance Record

NODE OF FAILURE
1) thermal relay tripped from
hardening

packing

2) motar cantrdl center
burnt

3) fuse melting in cantrol
elrcult

&) terminal loosened in
camtral circutt

5) insufficient adjustment

FAILURE RATE REMARKS

9 (failures) N

= 5.4 x10
1 1650 (opens)

of torgue switch 1
6) failure of auto-manual
mdtch 1
total 9
1) thermal relsy tripped fram
packing hardening 2
2) insufficient adjustment
of tarque switch 3
3) failure of cantactor in
control circult 2
L) IC system gromd 1
5) cthers 1
total 9
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NODE OF FAILURE

1) failure of contact
{for start-up duty) 3

2) teminal to battery loo-
o 1
total 4
1) IC aystem groumd 1

2) deviated indicatin during

1
total 2
1) thunder 4
2) earthquale 1
3) sthers 5
total 10

FAILURE RATE

start up duty
start 9.8 x 10-3.

operaetion duty
1 »1.0 x 103 %%
stand by duty

-1,3 x 2075 %%

]
;31;%2 l(hrsl.') -6 x 207"

SLEd (hre. 5.1 x 10

w fallure rete depsnding on number of actuation

wm fcilure rate depending an time

(c) mmbers of swbject are shown in parenthesis in "ITEM®

same to diesel
generator
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Lo Conclusion

An approach for the safety evaluation basis, reliability data of mechanical
companents, these subjects presented here are topics of our committee,

Our committee will continue the activities for the wark to establish a
probabilistic procedure on the safety evaluation of the nuclear power plant,
alng with the work for the cdllectian of the failure data of various
camponents cmcerning nuclear safety.
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BELIARTLITY CONSIDERATIONS
FOR
KECHANIGAL COMPONSNTS OF CONTROL BOD DRIVE SYSTENS
OF GAS-COOLED POWLE EEACTORS

OPEZATED IN TH: EUROPEAN COMMUNITY

Sunm:ry

Different principles adopted ty various suppliors of mechanical parte

for control-rod drive systems in gms-cooled power reactors operated in
the Buropcan SCommunity are descridbed on a comparative basis. Tho funotion
of the different systems is domonetrated by reliability block diagrams
and the reliability analymsed for both normsal and soraam mode of operatiom,

The following subjeots ara traatcd in detalls

1. Bstivation of possidle failure rates of mechanical system compoments.
Comparison of the =malytically determined inkersnt systom relisbility
with the operational systom reliability.

2. Reliability analysis of the oomplete control and safety systems
(total mumber of control and safety rods), on the basis of the ana-
lysis of individual rod drives.
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Contanta

1

2

w
.

Control Rod Drive Kechanisms for Gas-Cooled Power Reactors

Doscription and Analysis of Control Rod Drive Systems for
Reliability Considerstions

2.1. The EDF-2 Roactor Jontrol Rod Drive Mechaniem
2.2. The EDF-3 Reactor Cantrol Rod Drive Mechaniem
2.3. Tho Latins Reactor Control Rod Drive Kechanism

Reliability Analymis of Sontrol Rod Drive Systems of Gas-Cogled

Povar Reactors .

3.1. Failure Rste Bstimation of Control Rod Drive Unit Compononts

3,2. Reliability Analysias of Individual Control Rod Driwve Units

3.3. Comparison of Betipated and Qperationally Determined Control
Rod Drive System Feilure Ratcs.

3.4. Roliability Analysias for the Entire Control Rod Systea
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CONTROL ROD LRIVD MECEANISMS FOR GAS~-COOLED POWER REACTORS

In gas-cooled power raactors more than 100 logg (8-10 m) and heavy £50-
500 kg) control rods are moved in hot gas. A drum end cable or a
sprooket and chain arrangement is used in the drive mechaniaa system.
The powar chain to operate the drive hanise is d
electric motor and & gear system, but even a pnsumatic operated pistom
has been used to rotate the cable drum via the corresponding gearing
(Rer. 2).

of an

At:Pirst cadles were utilized to lift or to lower the control rods.
Later, in England, b of i & it rod weight end insertion
velocity with the more sophisticated Magnox stations (e.g., Dungeness,
Sisewell, Oldbury and 'ylfa), the cables were replaced bty chains.

Threa control rod drive mechanisms of different deaigns used for the
EDF-2, the BDF-3 and the Latina reactor have beem chomen for an analysis
tc svnluate data characterizing their operational reliability.
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2. DESCRIPPION AND ANALYSIS OF CONTROL BOD DRIVE SYSTENS FOR BRLTABTLITY
CONSIDZIATIONS

2.9, The EDF-2 Reactor Control Rod Drive Mechaniem

The Pronch BDP-2 plant at Chinon is aquipped with a coz—coolad power
reactor. Individusl cable and drum mechanisms installed in a pressure
casing are used to raise or to lower the 104 abeorber rods in the

reactor core (Fige. 1 ani 2).

A pneumetic and mechznioal system is employed to drive tho cable drum.
Powaer to rotete the drum is obtained from a pnéumatic aylinder which
18 actusted by tho differantisl preseure between the coz blower and
the recctor core. The actuatod movement of the pistom rod is trans—
ferred into drum rotation by a difforential gesr and a set of bevel
dears and shafis.

T™wo 8p -got, p ioally rel d, drun-type brakes are incor-
poreted in the drive mochanism. Their funotions are the followings

- tc koop the rod in a given position

~ transformation of alternative rack movesent into oontinuous
rotation dn one directiom or the other

~ realisation of & controlled rod drop.

Piston movement is transmitted to the mechanisw by the reck (1)
(Pigs. 3 and 4). The mechanism is linked to the &rus bty thé iftiime~"

diate gesring (4). The different rod m nte. are ‘aﬁ itk [

Cavomi
the two brekes A (2) sma W (3). . . . x\;agg:,,
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The rack (1) rotates the sector (6) supporting shaft (11) of the
satellite shich is gearsd into the gear rim (10), vhich rotatec the
drum Yy the intermediate gearing (4). The gear rim (10) is elso
gearad into sector (6) vwia suctor (8), the satellite pinion (9) and
the conical pinion (7). A centrifugal friotion regulator (13) witk
the governor weights fixad to (5) rubs on the inner surfazcs of (10)
and limits the rod drop velocity to 2 m/s.

Rod operationm:

- Rod lifting

Bach pieton stroke corresponds to an el tary rod movement of
10 om called a "quantua". The change of action of the tvo brekes
allows a ocontimious rod movement with mlternating piston movoment.
The time necessary for a 10 cm 9lomentary movemont is 0.6 s.

= 1a Diroction A of piston (fiz. 7) brake FA (2) set, breke F3 (3) open.

When brake (2) is set, ths whole shaft (5) is blocked. Tkc reck (1)
drives ihe sesctor (6) and Yy means of the piniom (7) the mecter (8)
in the opposite direotion. Sector (8) drivee eatollite-pinion (§),
which rolls on the blooked pinion on sbaft (5) and in this wey
drives the gear rim (10), i.e., the drum also, so that the comtyol
rod is lifted.

Yhen the piston reaches the highest position, the brake PA (2) is
opened and the btrake FB (3) is set. The brakes are opirated by
olectric valves.

1b Direction B of piston

The brake FB (3) is set and hence the brako pulley (12) bloaked.
The rsok (1) drives the ssctor (6) in the opposite direction in
Telation t0 moveaent 1a. The shaft (11) rolls om (12) dlockcd and
drives the gear rim (10) in the same directicn s in case 1n.

.= - b € u;yﬁ



487

8322/x11/69-%

« Rod insertion

The rod is moved downwards in the same way ae when lifted, the
only difference being that the trake action is inverted, 8:8.,

piston in direction A brake FB (3) eet.
piston in direction B brake FA (2) set.

Controlled rod drop

Rod 4rop is caused by outting the power supply to the elestric
velves. Botk brakes are released and motor action ie no lomger
possible. The motor piston ie still moving to its highest or deepest
position.

Tho gontTol rod rotates the drum by its woight, whioch means that

the gear Tim (10) alsc turns. Then, by meens of the satellito-pinion
(9), the shaft (5) is rotated with the centrifugsl regulater (13)
which is fized to it. The spoed of (5) and (13) is much higher than
in normal operation, so the reguletor weights move cutwerds and
start to Tub on the drum (10), thus stabiliming the movement; (10)
and (13) rotates in the opposite direction. Rod braking and stopping
at the end of the rod travel is performed by metting bowke FB (3).

The order %o brake FB (3) is given by a ocontaot, which closes whem
+ha rod reaches e prodetermined position.

Rosting position ,oa T

In the resting position the Tod is fizsd, possiBly iz ap ' shtssmidiate
positione In this cass there is not air supply to'ths nﬁhi‘m’ ?)
motor and both brakes 12 (2) sni ¥B (3) aze applied. Thé -un o
the rod tries to turh ts peairid {10): # gbid T | "
sector (5) by seats of th saveIritel (4 )‘ Foupeiti;
mzwumpmau(é?‘iﬂivﬂ’ Sl
90 that Fod blocking is sssured,
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All parts of the mechaniem are h d inside a 3 oasing, whiah
is divided into three parts

- the upper part contains the electrie valves (pressure s reector
pressure + 10 b

= the middle part contains ell the comp ts of the haniem
(pressure s reactor pressure

- the lower part contains the drum (pressure : resctor prossurs).

The middle part can be opened for maint purposes. Leakiigkiness
between this and the lower part is ensured by an adjustablz doudle
rotary gas seal on the drive shaft botwean the gear rim and tbe cadle
drum.

The lower part of tkLe control rod drive mechanism is installed in a
sloeve tube £ix¥#d to the reaotor preesure vessel. The Dressuve casing
with the drive machaniem is supported by the upper part of th: slaeve
tube. Leaktightness is guarantesd by e flange seal (Pigs. 1 and 2).

The oontrol rod dimensions are:

active length (12 parts) 6.T14 =
total length 7.016 o
maxioun diameter 68 =
weight 36 kg

The control rod is fixed to s cable and oonsists of 42 cylindrical
sbsorber parts intercomnected by hinge couplings and snother cable
(safety cadle) (Figs. 5 and 6).

Two types of oontrol rods are availsbles blaok amd m onas.
The black ones uss beral (boren/sluminium oarbide) and the grcy opes
stainless stesl as the sbsorber meterial.
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The control rod moves in a grephite cb l. & te 4 is
instslled on the core support plate,

The position indication system comprisesa:

~ & pinion mounted on the shaft (item 4)
- a sorew and 8 wheol geared in the pinion mentioned

= a runner on the sorew to close final poeitiun oontaota
and the contact for brake setting

- a pelsyn driven bty a systam of wheel and ondless sovew
connected to the above-mentiomed screvw.The selsyn is used
to indicate rod position - the total rod travel correspands
to J46°,

Cable rupture is indiocated by the slack cable switch.
Piz. 8 shows a block diagram for s EDP-2 reactor sontrol rod drive

umt drafted for the following reliability considsrations. “stimated
failure rates for the difforent parts have bdeen included,
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2.2. The EDP-3 Beaoto} Control Rod Prive Mechaniem

The BIP-3 cemtrol rod drive mechanism consists of an electri:z motor
winch mounted on the upper part of the biological shielding plug
(Fig. 9).

Bach wirch is composed of

a power chain with
motor (3 phase asynohronous) with brake (closed when not umdcr
tension) and speed 1imit device, reduction gear, differentisl gear
and drum

a sscurity shein with
drum, differential gear, specd regulator and diso braks and its

control

a transmission chain with
drum, cables, slack ceble control, cable guide and conaaciing
link

a position reproduction chain with
gears, cam orown, selsyn (eelf-synohronized motor) end microewitchas

and aurilieries.

The gear bty whioh motor rotation is transmitted to the drum is ocomposed
“ .
« a double reduotion geer train betweca the motor shaft and the
differential gear shaft with the pinion (item 3) (s2e Piz. 10)

- & diffarential gear with a rim (item 4) which can bde fixed bty
i*> brake (item 13) (of the safety ohain), a centrsl pinion (3),
an intsrsediste (sstellite) differemtial wheel (5) and & cetellite
carrier (6).
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the junotion between the differential gear and tho drum, com-
sisting of & pinion (7) driven by the aatellite carrier (§), a
shaft and & bevel gear (8) to transfer motor t to the
drum (9).

Trese parte belong to the powsr chain,

Rod opaeration

- rad stop (Pig. 11)
both btrakes are closed, the motor brake is clomed automatically
because there is no tension and the gear disa bhrake is olosed
electrically. Therefore pinian (3), rim (4) and satellite (5)
can not move and the drum and the control rod are blocked.

~ normal operation (Fig. 12)

The control rod is lowered or lifted by changing the directiom

of motor rotation.

The 4isc brake (of the ssfety cbain) vests set slectrically (ss

statad above).

The motur brake is open because motor and brake sre under tensiom.

Operating are
tho double reduction gear (2), the pinicn (3), the sstallite (5)
zolling on the rim (4), blocksd by tbe safety brake (13), tbe
satellite~carrior (6), the transmiesion gear (7, 8) end the drus (9).

¥ormal rod velooity ins 15 on/s.

¥hen in case of an electrical supply failurs rod movemens is Toquiced,
the control zad drives he motor Wy 343 weight and via she.Ams.and ..
the power chain. Sog e oabw . Gild BpLEe
The motor spead is u-nu s untﬂm speed u-u dovioce ¢
1500 rps. Vhen the -m; rnuvu +he nn signal the motox Yonle

stops the om:ol rode ¢
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The safoty chain is ocomposed of

- the junction betwesn the differential gear and ths drum (sce
desoription of the power chain) and

= a rod drop speed contvol device with the satellits carrier (6),
the satellite pinion (5) and the rim (4), on which are fixed:
e contrifugal regulator (12) (the regulator weights rub on
the surface of the stationary casing)
a disc of the brake (13) end the brake shoes (with Firodo
linings) to braks both pides of the disc.

The disc brake is set electrically in normal operetiomn enl moche-
nically at the end of the control rod travel.

The safety chain is used to soram the reactor. The motor brake is
set (because there 1s no supply tension) ani the safcty brake is
released because thece is no powor eupply to the coil (15) (no tensiom).

Then the drum drives tho satellito-carrier (6) over (8) and (7).

The pinion (3) is blocksd by the motor brakes, on which the satellite
(5) rolle rotating the planetary gearing (4).

The woights of the centrifugal regulator device fixed om tha plenetzry
rin start to rud on the surface of the gear casing. Contsdi rod speed
1s 1limited to 2 »/s) the starting acceleration 1s 0.5 /s,

At the ond of the rod travel a cam on s rim of the position ropro=-
dustion obaift acts on a shaft, which oloses the safety drak? and
stops the comtrol zod.
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The contro]l rod cable has a diamoter of 4.0 sm and consista of meven
cordons of seven wires each 0.5 mp in diapeter.

The salayn (item 21, Fig. 10) of the position reproduction chain ie
driven by the cem crown (20) and gives the exact rod position at
any moment. Tha rotor of the pelsyn is supplied with 127 V, 50 Bs
current and turns 346° between the two extrume rod pomitions.

4 tatal of 138 comtrol rods are aveilable to ensure safe operation
of the ZDM™-3 reactor.

The motor wanch is imstalled in the upper part of the biologzical
shielding plug (Pig. 9).

The control rods kave an outer dlamster of 62 mm, a total lengtk of
7354 mm (7203 mm active 1ongth) and a weight of 40 kg.

Tkore are T5 "grey® and 63 "black" rods. Black rode contain horom
carbide but grey rode only stainlesa gteal as the abeorbing material.

np

The active part of the control rod is d of nine el ts with
a length of 765 mm each. The elements are interoonnacted by Linge
couplings. For safety reasons a continuous cable is also fitted.

A Zijwsmic uasupui 28 mvallable for each control rod om the core
support plate.

Thoe working conditions of a control rod drive mechanisa and the con~
1rol rod in iis graphite chamnol aras
00, pressura 30 b (nominsl 25 ¥) K

tomperature sochanisas 80 - 120°C
pontrol_zods 400°0 .o
sbodk absorbers . 22%°¢ - .

coclant flow 200 g&/s 00, at 240°0

sax. neutron flux 4 106 n/uz »
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Pig. 15 showe a block diagram for the following reliability studios

on control rod drive mechaniema for gas-oooled pover reactors ircluding
the EDP-3. Estimatod failure rates for the different items of tle

unit are indleated.
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2.3, Tro Latina Beactor Control Rod Drive Kechanisa

The Latinn reactor control rod drive mechaniesm comsists essantially
of a motor-driven, geared chain winding drum, housed in a pressure
casing (Figs. 16 and 17, item 5).

A permanent magnet induction (eddy current) brake is fitted co~axiaily
to the upper and of tho motor shaft (item 4).

The waight of tke control rod 1s entirely supported by the motor torgue,
whethar ths motor is moving or staticnary.

The drlving motor of the normal inductiom type, is designed for three-
phase lov frequency supply. Changes in control rod speed and direotiom
are sirply carried out bty varying the rod motor supply frequenay and
reversing its polyphase rotation. At gero frequency the rod moter
remains statiomary, holding tbe rod suspended in the required positiom.

When it is desired to initiate a reactor trip the motor-windings are
de~energised and the torque at the drum, because of the rod woight,
is then sufficient to accelerate the moving parts to allow the control
rod to fall into the resctor core from any withdrawn positiom.

A freevheel device {item 7) ie included to prevent reverss vinding of
the chain if the motor contimues driving sfter the rod has reacked
the fully lowered position.

A winding gear {item 8) conmects the motor shaft with the chein drum
(1tem 9).

'

The rod ond of the chain is passed over s spring losded pulley, the
novement of which operates a mi itch in a slaock chain indicster ot
devico. The pulley slse drives s geared rod position tzanambséer.. . .oC. -5
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The pressure casing of the control rod actuator is of welded comstructiom.
All joints have double O-ring scals and provision is medo for testing
tho inmer eoal whore required.

The upper cap of the pressure cover can be removed to alloy attectment
of a hand winding gear.

The contrcl rod consists of a number of absorber inserts (the active
position) betweon a liner end a sheath. The rod ie epproximately 8 m
long and its weight ie approx. 120 kg. It is suspended by a chain from
the sotuator and ie restrainsd sideways by a guide tube extending
between the actuator etandpipe and the oore plate. Ths roactor is
equipped with 100 control rods.

The inserts are ferro-boron sintered compects in ths form of hollow
oylinders with an outer diamet»r of ~,75 mm, an inner diametcr of 62 mm
and As 25 me long. They are etacked to form an active length of T n
with 2 boron centent of ~/0.58 kg/m.

The sheath is a seamless 18/8 stainless steel tube, and = thin etcinloss
steel liner is fitted on the inside to keop the inserts in poaition
should epalling occur in servico.

If the comtrol rod hoist chain faile, the emergency arresting device
incorporated at the lower end of the rod would bring the rod to rest
without damage to permanent reactor P ts. The ing device
ie capable of absorbing the energy in a drop from the fully witbdrawn
position plus cne accidentel drop during subsequent recovery fros the reac*~r.
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The clsarance between the control rods and the chanmels has baen
detcrained for the worst conditicps of differential movemant due to
prossuc veagel and core temperature, gas pressure and core distortiom,

In no sese is the clearance sero. But even if the effectivs clearance
wers 10 becope reduced 10 2arc in some of the channels Yy scoident
copdaitions, the inmhereat flexibility of the control rods should still
permit full insertiomn. The guide tubes between the atapdpipos and the
top of the core prevent any tomdency for the oontrol ‘rods to jam in
the event of & top duct brench failure ceusing latorel gss loadings
in the pressurc vosesl top dome space.

Accelarated 1life tests havo boon carried out on the conmtrol rod actustors,
[-2¥: 2% )

raisiag and lowering s 0 -~ 27 ft travel
minirin speoificd 80 operations, equivalent to four stert-ups
end shut-downs per ysar for 20 years
sotufl mumber oflteats carried out (for Bradwoll) 306

rod emorgoncy trip s 27 £t to O travel
ninimm specified 160 ocperatioms,eguivalent to eight trips per
year for 20 yesrs
actual sunber of tests carried out (for Bradwell) 462

bent test at 27 £t
the load on the mechanism is the maxisum snd is continuously
o8:illated through A/ 14 ms; minisun specifisd 500,000 oparetiams,
actusl mambor of tests oarried out (for Bradwell) 541,174 operations,

eutc control test at 13 £t
tho control rod ie oscillatsd at 4+ 200 mm shove this poins,
minimum speoified operations 500,000,
asotual maber of tests carriod aut (for Mnll) sore than 509,000,

S e

i

. Cated BT el
RPN it ek 52~ A ot
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From tho reeults of the Bradwoll acoslerated life tasts it vas con-
oluded that many wear ocoocurring in the actuators will not ~ffa. t their
1rip reliability or other aspects relating to reactor szfoty.

The actuator moving parts are of corrosion resistent material; and
other ferrous parts are protected by epoxy resin metal-frse paints
(e.g.; the pressure casings). High-temperature lower standpine yerts
whioch are not corrosion resistent are coated witk colloidal zrartite.

Corroding conditions become significant omly during reactor start-up
with a fresh charge of carbon dioxide and higher than normel smaier
and oxygen oontent.

Life teets in moist carbon dioxide on actuators are performed in an
atnosphere of commercial-grade bottled carbon dioxide at A/ 10 atll
(moisture content normally 400-300 ppm by weight).

Fo evidence of corrosion or of doterioration of surfacee and firiskos
(other then by mechanical wear of rubbing parts) has buen found. Ho
seiging of chain links was observed. No significant changus in tko
resistances of windings or of tho insulation were found.

The rod position imdication systom oonsists of a selsyn transoittor

in each mechanism which rotates 320° mechaniocal for the total contral
rod trevsl. The transmitter is directly geared to the rod chain without
slip. The becklash in the gears is small. Rach actuator transmitter

is Mmtl]. oonnected to its individual rod position receivzr vhich

1t drives s s slave (positiomal srror 0.5° mechanical).

Pig. 19 shows a block diagram for relinbility studies on the Latina

oontrol rod drive mechanise. Estimated fallure rates on the unit
coaponents are indicated.

e



3.

499
8322/X11/69-8

- 18 -

BELIABILITY ANALYSIS OF CONTROL ROD DRIVE SYSTEMS OF OAS-COOLSD

POYSR RELCTORS

3.1. Failur: Bste Bstimation of Comtrol Rod Drive Unit Components

3.2

The failure rates (see Tabls 1) used for the reliebility analysis
are based on an operating time of 106 reactor hours, Ho defect sta~
tistics for tho drive eystems investigated were available, so the
failure rates were estimated on tho dmsis of experiemce with similar
cogponents omplayed in other branches of industry. In no case was it
possible o examine thu critoria oo which the failure rates wore
based. Far this reason tho empirical dats teken from the literature
(Rofs. 8 and 9) are subject to a high margin of uncertainty.

Tho analyels perforued is not intonded to give a guantitative assessaent
of tha roliability of the differemt comtrol rod drive systems. It

pay ouly be conmeidered as a comparison of the reliadility of the three
difforont systens obogen. The failure rates of those compoments which
ars used in all three systems are therefore of no importance for the
comparison.

Beliability Anslyeis of Individual Control Bod Drive Units

The results of the numorical snslysis are listed in Tabls 2 and are
based both on weckly inspection gyoles of the cantrol rod drive umits
and on quarterly omes in order to descustrate the importandse of the
inapaotion period, mainly for units which are not continuously in
oporation, such as the bulk avd soram rofis.

F A K o oo MR LodarE o e i
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The analyeis was performed for the mechanical system compuacnts only
and can tkerefore mot b rcgarded as complete. For 2 cosplat. rclae-
bility analysis sll thke parts of a system must bo takan ints account,
i.0.; the mochanical part as well as tke electrical and elscirocio
parta, and the human factor should be included too, The gonaidaration
of tho hupan factor is of amportance for safety systems wher: 1ircorrect
action by an operator can be s contributing factor in respect to systez
failure, especially in the case of a completely memual saf:ty cystem
where an operator'e action could dirsotly lead to failure of the systam.

The rosulte of tho analysis show that the Latina comtrol rod drive
syeten seema to be Bomewhat more relisble (ses Tabls 2) than ile two
EDP-control rod drive systems, tkis being possible beceusa of its
uncomplicated camstruction.

To improve the reliasbility of thc eystem it is not posseible ia ‘kis
ocasa to arrange parts with redundancy since this would complizzte the
whole system oven more without improving it. It may even by imposeibls
to arrange double parts because no additionanl space would be aveiladle.
The only poesibla suggestion regarding the results of thy asalyseis ie
to shortan the teat frequency for parts with Ligk failura reiss, such
as brakos, ocontrifugal friction regulators and goars.

If such componenta could be inspectad daily instaad of weekly tia
availability of the EIP-2 control rod drive machanism, for insiance,
could be improved to 0.9998,

Yor this daily inspection it would be eufficient %o operats tho drive
system for a sbort rod movement.







3.3.

504
8322/X11/69

- 20 -

Conparigon of Bstinated and Operatiomally Petermined Comtrol Red
Drive Systen Failure Rates b

Only sparse information is available on the operational reliability
ol control rod drive actuators in gas-cooled reactors.

The following velues were cbtained fron a publication (Ref. 5) on

the operaticnal reliability of t.ha AEA magnox reactors {Calder Hall

and Chapel Cross) for the five-year period 1961-65, which was unaffected
by early cormissioning and teethimg trouble, From the distribdution

of faults in relation to plant areas it wes poseible to calculate thes

total control rod system fault gccurrencess

-6 faults
as 3.08 10 _—sy-tu &

control rcd system fanlt occurrences ocausing interruptiom of
operations

as 0.59 10-6 faults

systen . h

- total control rod system fault occurrences related to human
errorss

as  0.59 10"6 %

(the human error faults auount to approximately 106 of the totel
fault ocourrencesy 4% of the human error faults wers respenethle
for interruption of reactor operation). o

Another article {Ref. 6) gives information on the perfcraskca of the
Borkeley, Bradwell and Hunterston nuclear pewer stations for twe or

ons year's (Eunterston) operstion. Thepe stations belong $p thl;,”.'

equipment opsration are coneidered, ihia "JANMH'W‘:}?OW'
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boilers and reactor fuelling. As far as the control rod systams

ars d, it is stated that the aystems have provsd sutirely
satisfactory and flexible. Actuator inspectioms led to the suggestion
that this good performance might oontimue. From Hunterston's first
yoar of operation it was reported that teething troubles with the
control rol system have been experiencad btut that thoreafier the
sytem was perforaming well and no diffioulties were envisaged. From
the information given in the article no quantitative figures for
oontrol rod drive aytem reliability oould be evaluated, but quali-
tatively one gots the impression that control rod drive systez
avallability should be high and possibly even kigher tian that eva-
luated for the Calder Hall and Chapel Cross reaotors.

Wore recent information follows from table 4.

The figure.given for the total control rod aystem fault cscurzences

of the eight Calder Hell and Chapel Croes reactors of 3.08 4C
are based on 1920 syetem~ycars of operational experien.e.

Thie figure compares very well with a valvs evalucted for waier
000led power reactors (Dresden {, Humbold Bay, Indian Point,
Shippingport and Yenkes) of 1.4 107° failures per h of soatrol
rod operation (Bef. 7). This value is based om 775 oontrol rod years
of operation.

No quantitative operational experience was availablo for the comtrol
rod drive systess of the EDF gms-oooled reactors.

Operational sxperience with the Latina muclear power station ias,
however, available so that failure rates for the control rod drive
systen could be evaluated. Plant operating data for 1967-55 wers
oonsidered, e.g., £or the £ifth year of operstion, which should

b £r06 of testhing troubles, the following veluss being fourd (Ref, 19)s

6 _fault:
syster.

e

b
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= total control rod aystem fault coccurzonces

-6 faults
as 19.4 10 m

(17 occurrences, 100 control rod drives per reactor)

- control rod system fault ocourrences causing reactor shut-down
(35% of the totsl occurrences)

~5 faults
as 6.85 10 Pyoten.E

Nost vf the total number of defucis, e.g., 16.41‘ (representing
1. 1076 %“%% ) relate *o the electrical part of the systemj
only 23.65% (representing 4.6 w076 a;::i:’h) are due to defeots

with mechanical parts.

The failure rates estimated for the Latina reactor control rod

draves are very useful for a comparison with the analytiocslly
detsrpined ores. As was stated before, the analytiozl analysis
performed only tekes the hanioal ts into t. A failure
rete of 8.64 10-6 estimated for tte Latina drive systom must be
oomsarcd with 4.6 100 obtaised for mechanicel feults from ope=
retional experience., It must be stated that both valuas correspond
vory well, comsidering that the failure rates of most of tho 16
oomponents of the drive aystem oould have been estimated only with

& high margin of unoortainty.'

It can be concluded that an analytical spproach to sontrol rod
drive system relisbility is powsidle, as wes shown 1ast year 00 .

for water-coaled power resctors (Ref. 1). Ra Wwﬂw

= ©ET >

of calculated Teliability figures, failure rstes £ wil cosdaments
used in a system must be sysilsble. N

Jollection and trostmpent of muclesr power plant part sod systey

. oveliabllify.
Table 5 giyes a susmesy of 95
fallure ruts. -

il
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3.4. Beliahility Analysis for the Entire Control Rod System

Until now the reliability of ons single comtrol rod meckanism arly

has been cansidarod. In & gas-cooled reactor approximately a hundred
control rods with their drive mechanisms are arrang>d in parellel,
leading to & redundant system with inorevased reliability. But only

a fov units are allowed to fail, so that safe reactor control ie possible
and shut-down capacity is alweys available.

The relirbility of an entire system for tho most important screx case
of operation and r stuck rods permitted can b ostimated using Foisson's
law (Ref. 1)s

i -t
I g ®)
= it
Por the three control rod drive mechanisms considered, a eoram funotion
reliability analysis has been performed for a complete system ueing
analytically deterxined failure ratee A - whioh differ only slightly
from the onee valid for mormel cperation Ay (see Tablo 2) bocauce

post of tha unit oomponents are involved in scram operation zlsc. The
corresponiing mean time between failures determinsd by

@, -t

needed for the relisbility evaluation with Poisson's law are lieted also.
Er-2 EDr-3 Latina

of A Bl .0 1.09 .34

T @D (woeks) M2 455 713

- . N P B . -
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Th3 ctalculation of systom reliabdility was perfurmed for two sore
failurc rates and mean times betwven failuree

a.2. A -3 10 a2 06 (s;:‘:::h
© = 2000 smd 10,000 (weeks),

which ropresent data obtained frow British magnox reactor experience

for total fault ocourrences srd for fault occurrences causing intorx;nniu
of operation. Tha caleulstions are performsd for no, ons and tuo stuak
rods permitted.

The rusults of the reliability calculations are listed in Table 3
and plotted in Pige. 20-22.

Fig. 20 indicates total mystem roliability for the estimated failurs
rate of tho EDP-2 control rod drive unit. System reliability decreases
with oparating time But only if no stuck rod is permitted for ike
ecram oase, The decresse in reliability is emmll for ome stuck yod
permittod and approximatoly sero for two stuck rods permitted.

Pig. 21 shows aystem reliability for the estizated failure rates of
the thive control rod drive hani considcred dependently of the
length of uninspooted operating tiss T.

A syatem reliability greater than 0.9990 ia obtainable for all-tbres
comtzol rod drive types for an uninspested oparuting tims of less thes
12 woeks. v
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In Fig. 22 system reliability ia presented verrus msen time botvern
failurea & or failure rute )\ , uninspasctod oporatinz timiy ¢ end
number of stuck rods permittod r. System reliability increases vkun
the uninepccted operating time ie smaller but mainly when one stuck
rod (r = 1) is permitted. Tha syetem reliability is then approximately
equal to unity for ome week and also for six weeike of uninspeoted
operating time for failure rates of betwsen 3} 10-6 and 20 10-6
range of possible valuos estimated both by amalysis and on the basis
of operational experiemce with oontrol rod systoms in gas-cooled
reactors. System reliability decrcuses for & longer uninspectcd ope-
rating time t and one stuck rod purmitted onmly if the failuro reto

ie higher than 20 10-6 (mean time between failures less than 200 weeks).

It can be concluded that a high {almost 1007) Teliability of an entire
control rod systom ocan be expected; muolear reactor design normally
allows ons etuck rod and reactor operatiomal experience shows tiat
failurc rates smaller than 20 10 are attainablae, Purthermove,

the untested operating time of a 4drivo unit will bo less than six
weaks. It oan be aseumed that the indjividual control rod is oxcicissd
in a ane or two weok uycle, mo that any tendency to stiok can be
recognizzd early om.

P . - o
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Table ¢

Estimated Failure Rates of Drive ten Components

Cogponeat (see Pigs. §,15,19) Failure Rate
Failures per million h
EDF-2 flange or plug EIF-3 with joint 0.02
pneusatic cylinder and piston 0.0G4
0il regulator 0.006
rack (see item 1 of EDF-2 uystsm) ‘2.0
Planetary gear 0.05
drum type brake .0
shaft 0.1
centrifugal friction regulator 3.0
bevel gear and shaft 2.0
rotary gas seal 0.7
cable druam 0.5
cable J.4
cazle guides ez slzox 2alls Zevise Tt
@ile "u:‘...ec:i:;' izg 3.3
control rod wing coupling Q.1
shock absorber 0.2
ocontrol rod ohannel 0.02
EDP-3 asynchrone or syncbroncus (Latima) -moter 9.3
electrical brake .1

speed limit device (corresponding to cen- 3.V
trifugsl friotion reguletos)

reduction gear frain 2.0
LATINA pressurs casing 0.2
eddy ourreat brake 0.-
wvinding gear 2.0
spring leubd palley 1.2
control rod shock sbsorber assembly 0.5
(Ret. 8, 9) g

g
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Systea Karmal operation by weekly inspections Normal operation by quarterly inspeotion oyocles
Fail: Bate bovi-%im Availability Fellure Rate Dovzn-tine Aveilability
in 105 operationalf(2 wBgp) |4 =1 -AT A (¥=1008 B) | & =1 - AT

hrs h

-2 19.10 1604 0.99340 19.10 19253 0.98075

ue-3 18.39 1545 0.99846 18.39 18537 0.98146

TAPYHA B.64 7126 0.99927 8.64 8708 0.99129

Qs
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Table )

Sontrol Rod System Scram Reliability R
caloculated by the Poisson Distribution Law
for mesn time between failures = end r stuck rods permissible

t (weeks) B(r=0) R{z=1) B(z=2)
) @ @, = 312 weaka ( A= 194 . 10"5)
1 0.996E 1.0000 120
4 0.9873 0.9999 1.0
6 0.9610 0.9998 1.0
12 0.9622 0.9992 0-9999
16 0.9500 0.9987 0-9999
24 0.9260 0.9972 0.9999
) @, = 455 veeka ( A = 13.09 . 10°6)
1 0.9978 1.0 1.0
4 0.9912 0.9999 1.0
6 0.9869 0.9999 1.0
32 0.9740 0.9997 1.0
16 0.9654 0.9994 1.0
24 0.9486 0.9986 0.9999
s) @, = T13 weeks ( Ag= B34 . 10'6)
1 0.9986 1.0 1.0
4 0.9944 1.0 1.0
6 0.9916 0.9999 1.0
12 0.9833 0.9998 1.0
16 0.9718 0.9997 1.0
24 0.9670 0.9995 1.0
a) @, = 2000 vukl(h'.-B . 10_6)
1 0.9995 1.0 1.0
4 0.9%60 1,0 1.0
6 0.9970 1.0 1,0
12 0.9940 1.0 1.0
16 0.9920 0.9999 1,0
24 0.5881 0.9999 1.0
.’ o, .mooow.m(,\ 0.6 . 1075
1 0. 9999 1.0 4,0
4 0.9956 1.0 1,0
6 ©.99% 1.0 e
12 0.9988 1.0, . - #0 =
16 . C.958 s 1t B %0
2 0.9976 fal 00
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Control Rod System Fault Occurences and corresponding

Fallure Rates resvonsible for forced Outages of UK Reactor Stations

lon Operatlonal |Reactor | No of outages per Number of control control rod system failure
.Perlod Years control rod asyst. rods per reactor rate (fault/system.h)
1963 ~ 68 12 4 152 0.29 . 1076,
1963 ~ 6F 12 2 120 0.15 , 1678
‘ 1965 - 68 7 3 130 0.33 . 1078
f 1965 - 68 ? 6 110 0.98 , 1076
. 1966 - 68 5 3 120 0.57 . 107¢
! 1966 - 68 L 3 107 0.80 . 1075
; 1968 1 [ 101 [+]

‘ting experience - detalled outuge analyais from the auclear power atations operating in the U.XK.

(131



CCKTROL ROD SYSTEM FAULT OCCURENCES (FAULTS/SYSTEM h)

JABLE 5

DERIVED FROM OPERATING' EXPERIINCE WITH GAS AND WATER SOOLED REACTORS

s

P s B

OCCURENCEs RESPONSIBLE FOR

i

OCCURENCES RELATED TO

{5 PRATION TOTAL OGCURENCES INTERRUPTION OF OPERATION HUMAN ERRORS (% OF TOTAL)

UR~GCR .. . ¢

| Calsssmall ) 308 107 0.59 10 0.59 1078

)(1920 system years of ope-
W Groes ) rlt:lon) p
Iagipe. (1n Jtaly) 15.6 107%(electr.p. -6 6.85 107
14.8 10
LR mech.p. .6 10~ -6
Vs s “ mech.ccle. 8.6 107%)
Boricaley 0.29 1078
;ﬁ&h 0.15 10-6
?ﬁfﬁi;”lﬁout A 0.38 1076
Mavifyiydd 0.98 10'6
Duligéneas A c.s7 1076
Hizewell 0.80 1076
Oldbury o
WCR

Dresden 1 ) -6
Huwbold Bay ) 1.4 10
Indian Point ) (775 system years of
Skippingport _) operation)
Yankee )
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oontrol rod

1 = Rack 8 = Sector .
2 = Brake A 9 = Satellite piniam

) -3Brake B 10 = Gear ris

4 - Intermediate gearing 11 - Shaft

5 - Shaft 12 = Brake pulley

[ 1) = Qentrifugsl frictiocm regulator
7

Big., 3 ¢ BDF-2 Reactor Control Rod Drive Mechanism ~
Perspestive View of Oear and Drua System.
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1 - Rack 8 - sector
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E.D.F. Juillet 1969

AGENCE EUROPEENNE POUK L'ENSRGIE NUCLEAIRE
COMYTE DES YLCHNIQUES DE SKCDRLTE DES REACTEURS

Béunion de spécialistes en matidre ds Zfisbilité
des P at das @y wécaniques
destinés 3 sssvrer la sécurité des réacteurs

QUELQUES MODELES MARKOVIENS DE FIABILITE

par M. CHATELAIN
1.- 0BT

Trés géuéralement une unité d¢ production est formés d'un ensemble
de compogsaty ({dentiquss ou non identiques) orgacieés en un systdme gelon ume
certaine structure.

Daas les wmoddles présentés, on 4é sous 1 P
les caractéiristiques de fiabilité du systime, connaissant °

« les caractéristiquess de fiabilit¢ dea compasents
= 1s structure du systdme



PLAN

—n——— =

2.1, Processus seni-markoviens
2,1.1, Définitions
2,1,2, Principuias relations satricielles
2,1,), Bspéravces des temps de premier Passage  ,....coocereacoc
2.1.4. Résultacs en rigims lisite hu s ReeRELN BAB BRI AR
2.2, Processus de vie et ds wort
2.2.1, Déginition
2,2.2, Lois des towps de premier PASSARE ..., .c.pce-anatagarues
2,2.3, Mowents des temps de premiexr passage sevriosun maranaan
2,24, Probadilités en régime limite ssemeerovamtan nasasnasan

.3.- RIROTNESES COMNES ET CLASSIVICATION DFS MODELES
1.1, Hypothlses
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do-012 da cotte techmique do prévision, besuceup de prodlémss &
tisbilicsé m mmuu ls structure gptimgle d'we aystise do compo-
saats relati 1 doand . $i, per emsmpie, le crithre retous ast
calul deo colit ll.llnl . aa atfectuars s bilea Gcomonique : colits d'wa perfec

tionmement de umtm d'ume part, coilts que ce parfectionmsment permet
4 ¢oitar d’'antye port

. C'ant précielment pour spprécier ls escound terms de co bilsa qu'on
doit savoir préveir las carsctéristiques da fisbilitd d'cn systdms de
conposasts

2 - MAPIRLS TMRORIQUES

2.1, ) ien:

211 Difiniticas

sond (P B.M ) est un processes aldatoire
pisﬂphud'n&ucun.un.eudmom muu-u—.u‘
dincubrsble 4'6tats ; les états successifs visités formmst van chalne &
Harhow ot ls processus statiomms dans wa ftat doms pendsat wae duris
dont 14 loi dfpemd de cat dtat wals suss! du suivest qui sera visitf Aloed,
on P 8.8 est we chaine d¢ Markov pour lageelle 1°dchelle dus tompe s Ouf
transfosmiis d¢ manilive aléatoire.

Plus préciptment, lo "durés de vie” T do 1'éear £ admee Fyy(c)
pouz fomction ds répartition, sachant que 1'état suiveat sexrm 1'écat §'3 B la
fin d'wnn duzés do vie d¢ 1'dtat §, la chodz ds 1 '¥cet suivent est sowmnds B 12
matrics 4o trameftion P = ((Pf;)) ab P;; ast la probabilité de passage de
1°6cat 1 B 1°6tat J. Le pruceasus est complitement ddfini si 1'ce commalt do
plus 1o vactasr A das probabilités imitiales de chagee Stag.

De manidre fquivalents le procsssus ast difinl par ls msterice des
répartitions de traspition Q(t) :

qu(:) - r“ lu(t)
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qu(t) = 0 pour :go

130499 By
e
La matzice F(t) = ((Pu(t))) eot alers définie par
- -1 [y ‘N
Fy %y Qe st B, B0

!'“(t) quelconque . si Eu -0

Le P $M st donc défini par le criplet . (§ . A, Q)

k: da 13 (P.A.R.) ast un procassus
aléaroire qd Teceass le oombre da fols Mg(t) od 1'on a visité chaque dtar
poseible 1 pendant 1o tewps [0, t] avec 1*bypothise qu on se dbplace d'état
om #tat solon un P 8 B Un processus de renouvellement (c'est-j-dire une oé-
quencs de variables aléatoires non-pégatives, indépendsntes ot ds loi identi-
que) appazalt ainsi comms wn P MR Ilnunl deat ll:hloruquuu
utun-l.nnlta——-tup héord dt de Markov et de
cslle & [1] doune Cous les dftails sur ls lien
umz«numrlu -t les PM.R.

Ba fait, on s’intéressers uniquamsat su cas od ls nombre ¢ égats
est fini et dans les deux modiles traités. qu(t) sera de la forws :

A

Y=, mxol o VH w0 A1 D> 0

I1 s'egit alors d' un processus uarkovien eo cemps contiou ou ples
simplemant coantiou.

h-nhplu:ru-O.VL
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Hais. on verra que dans certains cas ob peut iever 1 hypothdse
de loi ezponentielle

L exemple qui suit sontrera que la richesse de la théorie das
P SN est blen adaptés sua problimes de fiabilité el 1'entretien préventi:
se boros 3 un entretien systématique au bout d un temps t da fouctionnsment

{
L N A Y
I’.“\t) = 1 af ¢t }to
en notant 1 le fonctioonement et 2 | entrecien préwvencif

2121 Priocipales relstions marricielles

Las Tésultats suivants sont relstifs av cas d’ un nombre tioi
d états

Notons P[A/8] la probabilité ds i ¢sdnsment A comditionnde per
1 evhoement B

81 2(t; représente 1 &tat dans lequal e t.:ouv'g‘_ll proceasus &
1 instant ¢ .

Gy =k [N(e) > 0/2(0) =1} pour t 30

en npotant que pour 1 » § la fouction Gy;1t) in.lut la probebilité pour que
le processus reste dens 1 &tat i
De manitre dquivalente

S =P T e/ EO) ~ o] i 1 L0

ob t’ et 1'instent o pour ls premidre fole 2 = §

. voelet sz 4 P A4
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s .
{t) nt due l. fonction da rdpartitica du temps Ti) de

1
premier mud ob 1 sotre dans 1'étet 1
Juequ's 1'instent od u -ntn pour 1a premidre fois dans 1'4tat 3

i _ - R N

/////I .
o
Temps de premier passsge da { en §
|
t=
r”(x)-![z(e)-, /%0) =1] goure 30
UFOR l[lj(t) /7 20) = 1]

81 1’on note q*(s), g*(s), p*(s), u*(s) les wmatrices symat pour
&1 les formfes de Laplece-Stieltjas de Qu. Gu, Pyy et llu, i1
est montré A la réfévence [1] ¢

@ = ew[1- ¢ ]! [d [ a-een ]} -

ob dA veprésents la watrice obtenue 3 partir de A en remplagant les éléments
sn-dshors de la diegonale principale par des séros

Po) = (- qr(ent (1 - ne (D)

R, = 3 Q“(t)

lu(:) w 0 o1j #14

w s oW [1-¢0] !« [1-0]? -1
od I est la mstrice unité correspondsnte :



Dans le cas particulier d'un processus marhovien costimm

tel que
- An
'u(t) = 1l-e . 81 1'on difinit 1s metries :
~1
A - ((Juh »n Ju-l o f=}j

«0 81 14}
e« ara A>T p

et les seuls problimes pratiques deviemoneut

1°) - dfnverser lamatrias I - (1 +s/\)! »

2°) -~ de reveuir aux matrices originsles sans qu om soit assuré 3 motre

cotnaissance que les polyndmms en dénominateur des images aisot tous lewrs
s#ros riela

2.13  Eapirsnces des tespe du promier passage

Notamt .. e 1‘ o3 espirances das varisbles aléstoires
ayant vespect ivemsat r“(t) ot llu(!) pour fonctioss da répartition, ea past
déterninar 1)

— Dans le cas positivesent régulier (1), 11 eaiste ws vecteuwr-
ligna N e (ﬂ‘l)mnmuunum.nmamm

11 est montré 3 1a vetdrence (2], page 133 ot suiveates -

) -t l[f.l‘l -ne!-‘O.an&u

i1

On peut Ggalement caiculer dizectemsnt la arisnce correspendaste f‘u

(1) C'est-d-dirs quand {1 v existe qu'me sevie clouse 4'Stans; Himsle
ot aryclique.



Pour calculer 1“(3 ¢ 1) dans ls cas ob tous les dtats

“communiquent™ on peut wodifier P de fegom 3 randre iétstr | sbsorbamt ;
actons P la matrice de passage des sutres étets non-absorbants

211 - g; ny Uy

A ((u)) = (1 - »l, wy ropré 1espéraice du nombre da visices

2 i'étar K svec ddpart dens 1 €tat { vour la chalne de Markov associde

216 RMeultats eu régime limite (c'usn-a-dice quand = __3on)

Powr un procassus markoviea contiau (en fait sous des hypothdse.
plus ginérales. vois [1])

(S

. o4 L% TS .Y T

Py - P ()~

k] t_’L-w 1) 2“ Zﬁlb‘l
K

s premiey membre représsrte ap régime limite, 1'espirance du
sombre de efsites b 1'dtet § par unité de temps

2.2, Pyoregeus de vie st de mort (rétérence [3))

2.21 pafiniticn

LR  2¢t) = 3/ 2(0) = 1] est celle qus, quand t —3 ©
ot queile que soit I'origine du temps,
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8t +00) sijeie+l
Pu(c) - b, t +0(¢) sl Jag -1
1-(u‘-vb1)l. + o(t) O Y

o(t) dans les autres cas.

oft 0(c) sst un inftuisent patic d'ordre supfrieur 3 t

Un gprocesgus de via at da wort est donc un processus markovien
continu particulier od, en utilisant ‘es propriétés classigques de la loi
eazponsatielle :

a b

? - —_— - i
i, 1+ ., 4»!:t 1,11 LN +bl

(les autres 4lémsats da 1z matrica P étant auls) et A‘ - lt'f b‘

2.2.2. lots des temps de premier passage

Soit A la matrice :

-8 a3 [ 0 ... ] [}

b, ~(a%) a 0 ... 0 °

A= ) T by '(‘I“ILTZ < eeeen @ °
° 0 o o - oy ) &y

o o o o " by
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$.-
Utilisons la matrice A pour dﬂ.nlr un systdms de polyalees
[Ql(t)] & 1'aide desquale o'exp 1mp les dristiques
da tisbilité du systime :
Qo(x) =1

- xQ(x) = ~ &, Qyu) + & Q) (x)

- xQu(x) = by Qp ,tx) - (a + b)) Q(x) + ap Qp,, (x)
oy

Une représentation intégrale des probabilités de transitiom
Pyy(t) en fonction de ces polyndmes et d'upe mesurs discrdte par rapport
f q.(nn. les polyulmes soat orthog a €té ob 2 la référencs
3 1937).

I1 est dtabli X la référence [3) (1935) que :

Q(-8) -
gy - ﬁm sy >1

Q J( )
ob [Q‘(l)" est le da 4 J s wles p
mais oo rémumérotant las étate da tells sorte qu 1'ézat ¥ dnunn
1'atat stxo, ote ...; les p valent :

ot bpg e 5oy,
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12 ssul problime A réscudre pour revenir & 1'origindle 0g4le)

est de dfterminer les siroe du polyudws en dé pouxr &bk
q’(l) an §1l¢amuty simples (1).

-

2 ‘-3- Nowence _des temps ds premier passags

1a dftaruination das s (enpé ot varisoee) du tespe
Tgy est explicits en resarquant qus ol |2> 1§, Ty o ‘l‘“ - Ty

Notons SJ - I(‘roj) L v.l - “(toj)‘

On sait, en revansnt 3 la d8finition de la transforwie de
Laplace, que §; sat égale, au signa pris, 3 Ls valeur pries A 1’origi 1 par
la ddrivia premiive & f° (8) :

.‘ - - ——‘5:-)—- ]

Diffdrentisat la velation de récurrence définissant les polynB-
uas, faisant x = O at résol par deux 4 s 00 obtismt
finalenens :

g ¢
L (l
v, - l; -2 S i e, s
2=0 & ¢ x ™0
(régirence [3]), 1959).
(1) On montse que cas zéroe somt tous réels et positifs, la demefté (¢)
oat done unjcuo soastituls 'u- soams 4'exponsntislles “cnuulw
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2.2.6. Probabilicée en ré, limite

La processus de Merkov étant positivemant régulisr, notons
seulemant le résultet intérassant :

&
Ho- s R g
t—o
K
v C S T € 2 &
i byby oo by 3%

Ca résultat provient de 1: relation simple obtenue par
récursence :

Ly TRI B PPN ¥

3 - NXPOTNESKS COMMINES LT CLASSIFICATION DES NOOELES
3.1. Hypothigey

Dans les rappels théoriques, nous venone d'utilisar le sot
"gcat™ s sens 4'"étar &u processus”,

Fous alloms maintensnt utiliser le mot “&tat” en un cons trds
différent, celui 4""€cat des composants”, "état du systime” pour caracté-
risez la chargs disponible par rapport b la charge nominsle (des composants
ou du systhms).

On sppelle disponibilicé (4°un comp ou du evstias) ls
Tapport de ls quaaticé produits & ls quanticd produccible 2 chargs nominale.

Dans 1es applicaticns aux modiles, le ssus du wot “$mat™ sera
précisé pour évitexr toute comfusion.
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3.1.1. Bypothises sur_les_cowposants

1°) Chaque compossut ue peut prendre que $rofs états . e fomcticunewsat
» chargs oomimale, 1'indisponibilice :onll. 1s rdsarve :'m-l-ﬂn 1a die-
ponibilicé totale sans fopctioonement. .

um que la durés de résstva dipend da la structore du systime,

les duné ot t'mnpamuu us Cnntu qu da tn- dn
m. 28 _carscté que ORPOSAS pach
de biliec€ as_de £ tiomt r by~
1ice.
La durée d'indisponibilité d'un composant s'avire $tre en effet
une grand susei imp qua sa durée de fonctiounamant.
2°) Les des duré L sxpousntisiles, c’est-B-dire
que les lltunlumtmu-ihtﬂnonmmhmth
C'Mﬂm . Laa cas oh la théoris gend-

rale s'applique avec des lois non wulm seront signslés st carsc~
térisls. En paxticelier, i1 paut s’avirer réaliste o suppeser wee probabi-
1ité non nulls ds tomber ea penme au dfbut du fonctionnement .

Au sein ¢'un wine composant, 1es durdes da fonctiomnemeat et
o'mmtumummm.;%mnmu
Jcé. Les durdas velats » oo 9 supposées jpdfpep-
dontag de toutss ¢cwllas relaci o conp .

3.1.2. Bypothlses eur s structure

1°) I1 faxt 4'ebord comsltre les couposqnts donc est coustitel le
systhus : types, ncwbres & chague type. Soit ¥ 1o moabre total de composects

2°) 11 faxt emsuite comattre lgp rigles 40 Anation du systiss o’sst-3-
dire conment se mudifisnt leas ftats & tOus 169 Composants quand wa CONpUSINE
tombe sa pamns ou vedevient dispouidle.

ceFxtsag)

e s e e o
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Pour priciser cea rigles, représsntcons la syathme 3 l'side de

daux “gervices".:

ts disponidles formf lul-mfue

= ua service D oo
de daux sexvices

Cmmp

que das

. un sexvics F de composants en fonctiounement
. m service 5 ds compoeants em stock (on dirs aussi en rizerve).

Les composants qul sortaat du axrvice D sont eocs.dirés ~oere

avariés,

~ un service I ne comprenant que Jes compcocots indisponibles Cormé Lui-

wlse de deux services
. um sexvics R ob

, un sarvics A ob

sount

les

onp

les

a avariés

ou remplects

Aa

1as composauts qui sortent du servics 1 soot considérés comms
mufa, c'ast-d-dire qu’ils ot mimes lois de durée de fonctionnement qu'su
dbut gual qua soit le nombre de passages en R.

(fonction-|

]
(Piaponibl nement)

- - - - -

> TS

-

. S

8
(Stock)

\ Composents dispouibles
___Benfe

svarids
s = . - -ﬁ
: N e
aﬂmblﬁ (actents) - = =K = ~ Yréfparst
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Les flichep syabolisent les possibilités de passage d'm
composant d'un service ) un qutre ; cas passages soot supposés
B ¢o eens on dira que lumimsmuﬂmmuu«.

s flichesy en trait plein sysbolisent las poseibilités dc
possages qul ne dipendent que du composant (ou plutdt de som type) :
{astsat doond wa comp a une probabilité de devenir lnd!.uo-
nible 8’1l sat en F ot une certaine probabilité de devenir disponible 8'il
est eu R, Co type de passage d*un composant entre D st I sera appelé un
k.

On a fait les bypottidses ré€alistes suivances
~ aucun ssut n’est possibls A partir de A et de $, autrement dit :

« Un composant né ss répare pas en d

m uurvn ne tambe pas en penne gsans pascer su pria-
lailn par F wise 3°il y reste va temps tris covrt (voir les hypo-
thikses sur les lois des durfes).

= 8 un instast doomé, i1 se produit un saut au plus (la probabilitd de deux
ssuts ou plus est su moins du secoad ordre),

~ las sauts cosmandenc les sutres passages, clest-B-dirs que tous les ins~
tants de passags sout des instants d¢ ssut.

Les {laches ea traft pofatillé sywbolisent les possibilités de
passage qui se produisent su woment des suuts et sont diterminfes per lep

== concernsat l¢ ssrvice 1 les rigles da gestion se rdsumsat en une
seule : h vervies A ast un)au vids, e'ut-l-nn que 1'on SuUpDORE @Ue
ia

afceseitd de cotte lypotun vlont. dn fatc qu'n uc diffietle llnulyuz
1s greads df 6 das of ismobilisstion d¢'un
netézis) (voir le paragrepbe 4.1 1). Les m-ltru du lois ds derée
d'tadisponidilicé devroat Stre dfterminds eu temsst compte de cette hypo-
thiss fondamentals sn “intégrant” la dispersion des durdes : i) suffic
pour cola d'chserver les duréss réelles d'indisponibilité ger cempesant.
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15.~

Les modiles prédseatés suront dooc le sché d
ob les trois "ssrvices™ P, A st 8 aymbolisent les trois états pentblu

des - fonecti . indisponibilité et réserwe
S
0 r I — s
\ - .—’/
| 3

~w=§r concernant 1 servics D las rdgles ds gestion dfpwndsat du modhle.

3°) Bufin 17état du systdms ne dépend que des états des composants par

1'intermidiaire de la foncrion de structure f. Catte fouction sst certaine.
81 x4 Teprésents 1"6tet du composax (1) f(:l,xz, Camy)

veprésente 1'fcat &y pystime.

Las 6tats du systdes ssrout carsctérisés dans chaque moddle pax
1a chargs disponible du systime comprise eatre séro ot la chargs nominale .

A 1'fuverse dus composiants l¢ systdme peut prendre un ou Zes étuie & charge
véduite,
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us ble da doondes (x,, %, <ees Ryg) sara nsvurelle-

msnt appelé un point. Un point carsctérise une configuration des états des
composants du systhms et ls foncticn de structure est uoe fomction O
points. Bn rasson da 1'existence des rigles de gestion, il n‘est gfofrale-
ment pas possible d'atteindrs tous les points.

3.2, put rechercit

On & défini ce qu'on entendait par earactéristiques de fiabi-
1ité d"un composant. De mime les carsctiristiques de fiabilicé du systime

sont les lois des durfes des €tats du systdme et les probabilités de pes-

sage d'un €tat B un autre quand la systime peut prendre plus de Jeux états.

Ce sont cas loie et ces probabilités quieon a’efforcere da
diterminer sous les hypothd les plus g les en h biag que cette
formulation qu'ua sy de coup s msrkovien,
8 loi-wise un comportement merkovien, cs qui n'est pas le cas en géaéral
(voir § 6.2.4, ot 5.4.),

L fic da .
3.3.1. Définicion da 1'identité de deux compossnt

Déux comp s sont réputés identiques (ou de wime type) ol
les trois conditions suivantes sont réalises :

« ils ont mime loi des durfes de foncti ot wins loi das durdes
4'indisponibijiité et en particulior mémes valeurs des parssitres,

- 1a fonction de structurs et donc 1'£cat du systime ne sont pes modifide,
quasd un dea ¢ompossats prend 1'état de 1'sutre (et vice-versa) quels que
solent ces &tats.

84, dans 1s cas de deux couposants., 'i:l"*, sst la fomction
de do systdza, 1a de condition s’ t

“‘1' 'l) - f(lz, 'l.) \ 4 %, v %

- 1ls out mimss rigles ds gestion.
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332 Premier typs de

g R

le  cowpossnts identi

L 6tat du systdws ve dipend alors que du nombre (ou des nombred
de compossnts dans tel ou tel état Dans le moddle présenté la fonction de
structure ne dfpendra que dv nombre de composante iadispomiblas. c'est-2-
dire du nombre de compossats dano le sexvice R

Cs modble classiqua recouvre una partis das pro.lémes perfcis
connus sous le nom "Problimes du r(;nnnnr"(r] pages 119 et suivantes)
ot se rartache sux moddles de files d attente puisque tous les "clienta™
sout 1dentiquea

Lorsqus toutes les lois des durfes sont exponemtielles. on &
atfsire b un processus ds vie ¢t de mort

Lorsque les lois das dur€es us scut pas toutes exponsntielles,
certeins cas seulemmuot oot été résolvs sn en dvid un
seai~markovien (P S ¥ )

331 Secoud type de modile - cosposants non idantigues

Pour connaftre 1'€tat du systéme 11 faut slors préciser guels
camposants sont dans tal ou tel étar ¢ est-s-dire compaftre eu quel point
1o systdme o¢ trouve. La nombre da varisbles dont dpend La fonctiom de
structuze et d‘sutant plus élevd que le nomdre de types &0 compossmts est
plus grand

L'cutil mathéwmtique utilief est ls théoris des P S K & m
nombre fini d’'états Catte théoris permest de lse
ds Lapiace des distributions des durfes des états du systiss

L'idée géndrale da ls thicrie est da conserver le carectire
an du du dms ; plus pricisémect de choleir las
instants de transition d'un #tat A un autre pour qu’se chacun de cee ive-
tants le nouvel dtat "réeume" exbsustivement 1'histoire du syscims







Quand toutss les lois des durfes des ftats dee composaats Sost

» 1elles les réeul de 1a référence [1"| o'sppliquent perfsitsmnt .

Oans lo cas irs, on sboutit seul "1 wa cheix ¢'lastants
ds tremsition qui me ditrulss pas 1le caractdre aarkovian du grocessus.

4.~ MOELE A CONPORANTS IORNTIQURS
4.1. Rypothbess du wodile
4.1.1. Sypothises sur_les compoesute

lag durées de foncticunsment des composants st des variables
alfatoires indépendantes de loi axpooentielic de parsmitre & Cals signi~
fie que le quantité a. A t est la probabilité conditicumslle qu’un compos
sant tomba en peaune dang 1'intsrvalls théoriquemsst infinitéaimal
(e, & + /A t) sechant qu'1l &teit encore en fouctiomnement 3 1'instast t.
1e nombre a, eppeld tsux ds panne, 8st supposé comstant ot commut A tous
les éliments.

D wine las durdes 4'indisponibilicé das compossnts somt des
17 4 1ot 1le de s

tabl res inds ™

appelé taux de “préparation”.

4.1.2. Bypothises sur_le struct

¢
i
1

1°) - 1o a preund ¥ comp tdentiques.
2%) - L'état du eystdes ne dépand qus du uombre { de composests indispo~
aibles.

Solent i1 ot iy deux valeurs de i telles que ! ‘lﬁc‘fn
Wotant B1, By st B2 les trois états du systime respsctivemsat
ticomemtut A charge nominsle, le fonctionnemeat ) charge réduits dgals B
£/, 48 1a charge nowl ot 1'iodisponibilics totale, 13 fopskien 49
serugtuse £ o'derit

) =3 o 1<1l
=5 o LY

-5 s 1. Lxm-ucu-onholb
cut}tz n’sst pas possible

#oag}

waw s
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3°) - Termieons per les rigles de gestics , notons
couposants foocticoasnt sismltanément an F Cing
salon ls valevr de 1 précilant imsfdiatemsnt uos
4’ indisponibilits ..

b

1e oonbre sszims]l ds
ou

sont b savisager
in ds fouctiownemsot

a) -1 < ¥ - u (3 non vide, ¥ plein)
Tout composant sortest dea B va an §.

Tout composant sortant da F va en R ; 1]l est instantanément
remplacé par un cowposant venant de 8

b) -4 = W -a (8 vide, ¥ plein)

Tout compossut sortaat de A ve en 8.

Tout composant sortant de F ve eu R ; il n'est pss vemplecé.
-n-0 <1 L f- 1 (S vide, 7 oon pleln en fouctionnement)

Tout compossot sortent de Rva en F.

Tout compossut sortant de 7 va eu R ; L1 n’sst pas remplecé.
d) -1 = tz + 1 (8 vida, P non plein en fonctiounement limite)

Tout composant sortsot de R va en F,

Tout composant sortant de F va en R ; 11 n'est pas remplact ;
las ¥ - i’ sutres composants de ¥ vont en 8.



559
20.-

® - 14 (3 non vide sauf st 1, =& F totalemnat indisponible et
vida).

rcukwuﬂmtﬁlv.nr;l-.l~~llwm.
de § wont égelement oo F

Aucun compossot ue peut! tomber em panve puisque F est vide ;
le cas § - iz o' eat douc pas possible

Resarques

1°) - F comprend toujours le nexisum de .ompogants dispraibles sans toute-
fois dépssser o

2*) = Il peut étre logique de poser { ofl, »i 1'on adwet que b est
cslculé tout juste pour que F sssute l- charge ucxinale ou biem & 1l
s'agit d'un systdwe dic “an série™ (oo devra slors poser de plus i+ §])
Hais en rigle giofrale 1) } n odl

3°) - Pour un systime dit "es paralleis™ on aurs . 11 ci, N

4°%) = Plus gindxalemsnt on pourrait introduire d’asutres sauils f

otc corresp L diff s typss de fonctlicemement 3 el-r— l‘hln

42 cation dee ra ! 1 u. -

Utilisons ls théorie des processus de vie et de mort ob
1‘6tet du processus sst défini p-r le 1 da comp s indisponibles
on co stus 1°¢tat § du p poad 4 un bl ’Eﬂ..!

(toutes les cnulunttou das ltatl des composants eotrn
composants iudisponibles)

4 2.1 Détermination des @j et by

13
$1 T) sot une durée aldatoira de loi exp 1elle do p e A1

un . . ; Az
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2l -

et ol 'l'l et T, sout indépendantes en probabilité

e T —e >
A ————
PR Y

- ¢

ajors la durfe T commune aux deux durées Ty Q' ., guit quand elle n est
pes nulie une loi exposentielle de paramdtre.A; + Rz Ceci risulte
simplement

1°) - de 1 invarfsnce par troncature 3 gauche d'une lol exponsatielle

2°) = du cslcul du minimue de deux variables aléatoires indépsudantes

Par suite -
a = va ol 1 W
= 1) e ol RaQt <Y,

= 0 -l!-lz

b, = 4ib

8i ces résvltats parsissent discutables, ¢'est que les hypo-
thises sur lesquelles ils reposent le scnt, 3 savoir

« lois ezponentielles
« {ndépendance des durdes
= "capacité™ toujouts suffisante du service R.
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Bo particulier si 1l indépendance dos durdes ¢ tadisponibilité
qui eatraine la linfarité du teux bi parait irréaliste, il femt estimer
les by pur cbservation du systime a0 lisv d'estimar b par dumru-
d‘va conposant ; d ailleurs 1 aypothdes classi d ena
lisitée du service R (¢ < ) mmn-ﬂh)mulu‘tm
ser une dipendance tris torn entre les durfes d4’'indisponibilité & partir
d’un cectain seuil

- ‘.'./.7'_.—.-_.

Nais on paut de manidre tout sussi réaliste fmegine: .- tsux
bg qui soit modolé en fonction de la situvation par exemple

b‘A\

N

= I
'R i

un service R d‘sutent plus efficace que la situstion est plus tendue.



Ba premidze analyss, 11 fsudrait voir si oa peut distin-
guer eatre las composasts qu'oa répars ot ceux qu'om remplace. Peur
etux qu'cn remplace, Sl sersit alors imtéressast ds voir ceux qu'on
poot stecksr on magasin (eemstituent siwmei des compossmts en wisarve
oo {nstellée pmr lasquels durda d'isdispoaidilits = d6lai ds rempla-
comant ot lea sutyes pour lesqusls durée 4'indispouibdilitéd = dflai
‘approvisiommensat, woire ds fedricatios).

Dems cos exemples, c'est la manidre dont by dépend de &
que 1'on wet &8 cewss (c'est-d-dive, sn fait 1'hypothise d'iaddpendance
dap durées d'indispomidilité) et nom 1'hypothiss de loie expomentielles
(suivant laquelle by ne dépend pas du temps).

4.2.2 Probsbilités et _disponidilité du systime en régime limdte

rmemumasen Py r-g

(et rétirence [4]).

Exprimons les mum.r;- iin !u(t) <campte temu
- e
des valours dn a; ot b :
. ]
1 3¢ [ona] o pee (32, Sy
(tromceture d'use lot de Polssoo s parrmbtre B2 ).
3 -3
- - b -
) 3¢ [va 1] - 1 °z‘:’ P
(tromcature d'uns loi dinowinals de parsmbtre -.-E.- adtinie

sz [o0].
¥ 3=y imery

Las constantes C) et Cz sont choisies pour que les expres-
osions précédmtes soient égales en M-n at pour que !

mel
]
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4.~
Ba régime limite la disponibilité du systime vaut alars :
i1-1

1 iz
""'['1]*‘1%6"[':]'2"3*'1'0% Z ",
j=0 "-‘l

4.2.3. Probabilités de passage du systdms (en régime limite)

CnearremIn - L+-4a-rd

g Br By
———— 3 > °
=0 1,71 N 1,71 i,

Le systdue pouvant prendre irois €tats Ej, Ey et Ey, on va
déterminer uns de ses cavactéristiques de fiabilité : 1a matrice des pro-
babilités de passage d'un état & 1'autre Quittant 1'état B, le systdme a
la probabilité 1 de prendre 1'$tat Ey ; de miime quittant E3 il entre ndces-
sairement ¢u K;. Mais quittant E., ls systime peut aller soit en ), soit
on E2 avec des probabilités Py et ¥2 que nous allons déterminer sm mous
plagsnt en migime limite.

La nécessité da se placer en rl’s- lizite vient de co qua la
conndlesasce ds 1'4tat de afipert, fci By, a'est pas suffiseate pour ddtar-
miser P} ou P2 dans le cas gfodral ; en effet quand le systdme quitte
1'6tat By entre 1’'inatant t et L'instant t+dt, lea proce3sus se trouve en t.
g0t dens 1°dtat 1 = 1) , goft dany 1'tet 1 = i,-1.

Or on géudral la probsbilitd pour que le processus ss txouve
dans un $tat dommé dépend des dtars antérieurs (Iu(c) dépeud ep génfral

de 1) si bien qus le détermination de P} et ds Py exige une informstion plus
fios que la seule commaigsance de B, ; mais puisqus nous désivons Etudiex
les #tats du systime 1l faut ter que le p u'est en plafral
plus markovien b ce nivsau d4'identification.

Rn revanche, 81 1'on ss place on régime liwits; on sait déter-
winer dans le cas positivemant régulisr la probabilité ds se trouver dams

uo état dooné du processus - P:" = lm l“(:) qui 0o dbpend plus de £ .
t—geo
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Alors 1'éviosssat conditicnoant A' "le eystime quitte Ir entre
t ot t4dt" a pour probabilivé :

P . b . de + P¥ s, . dt
il il 11-1 iz-l
La probabilité de 1°¢ A1 "le oy va en B; entre t

n
at t+dt" wvaut !;l. h‘_l. [ 13

La probabilité de 1 fudremsnz Ay “le systime va em Ez entre t
et t+de” vaur B} ., A, dr
2l i)

Las probabilités cherchées sont les probsbilitds condicionnelles

P(Al IAt) ot I(Az / A‘_)

P o.b
o SO 1
". -
mob P e 1,1 !)
L7 4t Tyl 1+ ! (; :
\.‘1)
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Dsns le cas particulier obd il«l - 11 + un retrouve les
valeurs classiques

qui eont exactes mime en régime won limite puisque 1°€tar By du systdse
se réduit 3 un geyl &tat du processis d2 vie ot Je moxt.

En résusé la aarrice des probatflités de passage s’écrit :

‘1 ] 1 o
By 'l o 173
LY [} ! 1 0

4.2.4. Lois_des durfes des états Ju gystime (en régime limite)

81 1'état initial du systiwe asc Er ov K2, la fonction de xé-
partition de la durfe de 1’érat E) ezt Jomnée, avec le: notatinos précé-
dentes, par c"l 1, 1,00

8i en revaache, L'état inirial du lyll:l-! est By, il faut
préciser 1'état initial i, du p la idre juzée de'1°Gtat B]
a pour fonction de réparcition G, , (F) er lel durées suivances G, |
14 Y l.ll(h

La fonction de répartiiion de la durée de 1'écet £) vaut
G .
- [ Mtre
1.1, 1.2 1(t) et 1'0n la lol exp elle de "2.

s
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Le cas d¢ 1'¢tat E; est pius camplexs : les fonctions Gl]_"’l'l
et Gy,-1, 1, sont en effat relatives aux durfes des dtecs (2 ‘U g) et
(l'u ll). 11 est né ire de dé la durée de 1'état ll, salon
qu'elle est précédée at suivie de durées des Gtaty ll L] lz ; cstte remarqus

dent & ter que le au oi des états du systdme n'est
plcs ssrkovien ou plutdt qu 11 est markovien d'ordre deux :

Ecat précédent : Bl. Bz Cadre du Calcul
g € .
Lt il 47t N
Btat sui
G G i i
2 -"l' iz __11-1, !.z > 1

(Lse fonctions intervenant dans 1s loi de durfes de B sont
callss du tablsau. On les a surlignfes ou soulign/-s pour -unﬂht qus
leur détermination doit §tre effectud soin de ré les
€tats du processus de manidre A rendre lu dtats l2 o l insccessibles) .

Plagons-nous en régine limite pour pouvoir lever le comdition-
nsment eur 1'état précédant et retrouver un syscims markovien.

In régims limite (reletion P* (R hj = P+ ) la probadbllité

ds veniz de B) sachsut qu'on entre en I est lulc & la probabilité d'aller
en B; sacheat qu'on vient de Ky ; de mila pour X,

Par conséquent, le fonction de répartition de la durée ds 1'6tat
By suivie ds 1'4tat B} »'bcris ¢

PG, , ()R, & ()
1%,,84 2 Cp1, 1,01
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%e wime la fonction de répartition da la durée de 1'dtes B,
suivie de l‘lur. B vaut

(¢) + 27,6 ®)
H 11. 1, L R P OO Y

On dispose alusl des deux watrices {celle des probabilicés de
passags st cnlle des fonctions de répartition des durées) caractérisaat
u P semi kovien 2 3 écats.

Ca type da calcul 3'étend eans difficulté B un aombre quelcon-
que d'états tels que B, comwpris entre K; et By, les seuls passagss vers les
2 &tacs adjacents #tsat possibles.

4.2.5. Durdes woyennes des €tsts du sys

eRevsrsrrheteranransatpsen

La détermination das durées moyennas de E) peut s'effectuer
grlce aux formules fudiques dans les rappels théoriques.

ici une withods directe qui paswet ds plus de déter-
niner la tlm moyenns de i'dtst By ¢t 1'inspire de le référencs (+)-

Ls durds moyenne de 1'état 'i peut s'éeriral

Durée moysnne par unité de temps da 1'6tat By

Hombre moysn par unité ds temps de passages par 1'état l‘

Le numfrateur est égal A la probabilité Limite P*(R;) de
1'6tat By .

Ls dénominsteur est €gal 3 la probadbilité limite diviede par
4t pour que le systéwe prenns 1l'éctat B; entze t ot t + dt .

cer
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la durde moysnne de 1'€ial B, vaut donc -

11 1,1
< 5 e
A 2 M
3=ty . =1,
Ha " *h % P A
1 1 v 4 Y U]
4 ). Exemples

a
k)

]

25 -

Tzzitons 2 exemples triés simples wettent en évidence la

facilité d’odbtenrior: des polyndees Q(x)
3

@31.CoaN=npmw2 § =i =2

Sansmsn menereemete——s Sunn

8 - da be = 0

s - . "l = b

.2 - 4] bz = 2b
3 A3

pe [ | o2y -k

3 3 athd a + b
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1
or : dse 1—:—1 est 1a disponibilicé en régime limite d'us
a’ b
composant puisque % repré sa durés moy ds foncti % sa

durés moyeuns 4'indisponibilité at que L'état de réserve n'existe Pas
(cas N = o) 2
1=D = (1=~d)

c'est en ct sens que pour calculer 1z disponibilitd du systdse,
l.. seule caractéristique d da fiabilité des composants suffic danr ce

cas ; mais 11 st clair que, dbs gu'il y & réserve (N > n) s bi-
lité 4 des compogants est une donnée inguffissnte poug u;su;g_uj_-
ponibilité du systdme (voir 1l'exemple 32 ).

leé Telations ds récurrence dounées dans las rappsls thfori-
ques permsttent d'dcrire :

qo(x) -1

= -

1 2 1
(‘) - e g o —— (3‘ +b)a+1l
Y 1-z 2-1

vérifions d'sbord que la durée de 1'état :z (u.u.,.uauuu)
du systdms suit vos loi ielle ds p e 2b ; la t
Laplace ds la densité de cette loi vaut :

_2 2 (-s) 1 2o

e - 30

i) b+s
b
s dtnnlu vast dooc gpy(t) = 20 . et ot 1a durde woyssms

de 1'état l, /2 b,
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De mims 1a trensformde de laplece ds la densité de la durde de
1'dtat B) (fouced )} du systdme veut

2a+p

3 2a
W g - 7wl
( o r (Ga+d) s+l
2? 243

a(2a + )

o » ——

(o +0,)(a 40y

ob o, ot s, sont ies Béros da Q) (s)

e+ [,,1]

.’ - .1 s+ ll. .+ .’
83 —_— e\ “8,t
ot g,,(¢) = (@2 -2) o -Qs-e)e
L s

hm-mull““'lw=

2
(-] 898, s 3 e

oD
j‘ t-sute)«.__‘_(,'_‘_‘!:;_ u;:‘ ey
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432 CeMel n=l, 421,22

wonssnsicernanl.

.D - a llo - Q
.1 - a bl - b
g, = 0 b, =
2
oo 2 -
° 2" + 2ab & ¢ 2
n? + 20
Depr+pr =
"1 i +d
iab
L S
2 + 2ab + &
2
',n -»
262 + 2ab + o
z
a
'. . S ————————
2 alsaabaat

La val del -D vée est plus patits que daus 1'exssple

précédent (—-L—-—— ) ; la disponibilicé du systime de 1'exsmple
v + 200 + 0 ‘

432 ast ’luuahquuucdu-nu-bll w

u puup dl lnﬁum au fonctionnessnt {(1s commutstion) se !nltnn
sucun risque 4'indisponibilité, le aysthms “avec réserve™ & wes meidlewrs
disponibilité

a
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Déterni les polynd 5
Q) =1

qx) - E

@ - 4 2.4 aemyxen
a a

Ls durée de 1'é6tat By suit. dans cet exemple aussi, une loi
ielle de 2 2b.

Le transformés i Laplace de la densité de la durée de ‘l.
a'dcrit

ats
a
(s) =
.b lz+‘g-+b2u+az
2
a

. a "i. a-e,
LSRN s+ o tay
oﬁllnol sont h.ﬂmez(l)

a
82(0) = —— [(a-u) M- (a-y) o
2°9 [ !

Ls durfe moyenns de B; vaut 5-*?!-}4-"—: quti-t
& a

supfziours ) 1a durds correspondsnte de 1'sxample pricédemt qui valait

e 3.
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[ ¥ now: ielle;
is cap glufral (W et n quel lois 1 dus
ma‘mmm)umnuunduhll'ubbh
thiorie das C—1 puisqu'en glafral i1 n'existe pas

-de'tm-ama-aa.mmum-:-
hoviea du processus ; en effet, 1'étet da systime dapiul e= glafral des
qud'.uﬂ.ﬁ-lnml-:h-uunlul:hmh“lu

dn fouctionmemeat st de dfut de “répersiioa™ des différests compossats.

11 existe capendant q-lpu cas yarunlun qui oot été
résolua apris awoir mis en &vid 1'ext ? somd~
markovien ; nous en citercus deux.

441, cas¥manl, 1) =i 21, lois gulcongues day_durées ds_fome-

cas ¥ ol i c oo

tioonemsnt et d’indisponibilite.

1s systime est constitul d'wn seul composent qui est mis ea
“umu-"dl"utﬁ.-_- ot en fonctionnement dds qu*il re-

dispouible. On s affaire & un processws dit da rescuvellesment
ol.unl(ulﬂm[s] elmm7 ) ob les 2 ftats (fomctionmement et
indisponidilitd) n-uln munidze systéastique sams qu'on ait aloxs
besoia de déterminer la mstrice & na.h’ntunb-quu-
valente qu'il o'agit d'um vond vmark

On pewt alors utlllnr las résultats de 1°uns ou 1'sutre
théorte (! svell sl ) pour obtenir les caractéristi-
quas du f1SB111t6 du systdus. Ca cas wet Craité & ls référence (2],
chapitre 3, section 6.
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3 bis.-

£.8.2. Cas B guelcongue; u = 1, 1, =i, = N, loi queleonqas des durées

2 w2oSougde Cog qurta

da_foncticonemeat . loi exposentielle das durées d’indispoutbilire.

Des_cas syant méme structure stochastique oat été résolus
aux références [6] ot [7]

Oo indiquers seulement gucls soat ies i{nstants de passage de
1a "chalns" oe Markov associée au processus . ces instants sont ceux
précéd {urdi {on guivan:t imméiidtemsnt) une panne {c’'est-a-
dire une fin de fonctionnement) de ]‘unique composant qui peut &tre en
fonctionnement ; eu effet. X(r) repré 1le bre de
indispoaibles, si t, et tn-ri. sout deux instants consécutifs du type

précddent, la probsbilité .

x> =~ 31X =1]

na dipend que de 1, § ot de ls différence (;”l - In).

Bun effet :

3 = i - oosbre de composante "iéparés” sntre t, et :nﬂ-rl ; O ia proba-

bilité 4'un nocbrs K donné de compossats “réparés” pendant le temps
- t') est donnfe par la fonction de répartition da la varisble

aléatoire U : kidms par ordre crofssaat de i réslisstions indépendantes
d’uns wariable aléatoire de iol exponentielle aver ls relation K = i-j41.
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§.~ JODIRSS A COMPOSANTS MO -IDENTTQUES
S.1. Rrporhiess des mnddles
Dans les deux moddles traités on ne considéxera que deux compossnts

(1) et (2), dout les durdes de fonctionnement suivront dcs lois exponsntiallies
s respactifa a) et a3 et les durées umqmunu des lois

-pen-ttol.m de 1fs b et by, Toutsfols, dans le premier
wddle, oo pnnu considérer une prob-blutd non nulle d¢ tomber en paane av
d6but du fonctt Les £ de ot les rTigles de gastion

sazont précisées pour chacun des moddles.
Nous allons utiliser la théorie des processus seml-markoviens. alors

que dans le cas de composants ldentiques 1'état du p étale érist
par le noabra de composauts indisponibles et corréspondait 3 un ensemble de
yoints, 1'étst du procossus sers ici caractérisé par la ation des étits

contigus
dos conposants, c'est-i-dire pdr un point :c’get cec wot "point” que llon eaplote
va dans les modilas pour fviter toute confusion.
L'sssentiel des rdscliats, obtemus sous unoe forme et yar uns mithods
différentes, figure 2 ls réfdrance [¥] .
5 2. Premier modble
3.2,1, Yonctlon de strucrurs ¢t rigles de gestlion

Lam grats du gystdme sont su pombre de 2 2

| 3] foncel 2 eb e
'2 s indlsponibilité totala

Les polats sont au noubre de 3

&;: (1) et (2) fonctiomnent

$: (1) est en réserva, (2) ast indlsponible
¥ (1) est fodisponidle, (2) est en réserve.

1A non-identité das 2 composants sxigs m point de plue,

1a fopcticn de structure £ s'dorit :
t(A)=py
INEBEENS SRR



12gles de gestion -

) - Point ek

Tout compogant sortant de [ va ep R.
L'autre cowposant va em S,

5 - Botats Bou ¥

Le coaposant sortant de R va en F.

Liavtre, solt (1) va de S en ¥ wals 8 la probabiiité ‘»”l d'y rester
un temps nul pour allar en R (donc pratiquamint d'aller divectement en R), Le
composant sortant de B a donc la probabilité ¥ ; d'aller en F, d°y rester un
temps nul pour aller en $, Le compossnt (i), 2 la probabilitd 1 - by de séjour-
ner eu F pendaat une duxée oom nnlle,

Sutrement dit, si ¥,4# 0. la commtaticn véserve~-) foncticnnament
du composant (i) n'est pas pn'hi:nent fﬁ!.-le,

On peut rdsumex ces hypoth2sas en disant quon a affaire A wo sya-

thme “en séxis" ; A ce niveau la généralisation du monddle A N compoasnts nom-
identiques ne pose pas de problime.

5.2,2, 1a patxice ¢* (s)

¥ i)

Traduisons ies hypothdses précédentes A 1'aide dc la thécyic Jas

P.8.H, o0 les états du processus sout les points o , B 3
A P ¥
/ L5 20 S
d [} e e 5

1 ] 1- ¥4 o < x o
wl1al ¢ | oo //
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P B ¥
~(aytag) t =(ajieg)t
o] svtertize j1e ? D E e
byt 3
HYQL l-e 2 arbitratre l—-:‘z
=byt by t
Y 1-e } & arbitraire
dh 1a matrice des formées de LAFLACE des dmnsités
de transition, en cmettant dfsormais d'expliciter les états du pocessas :
r 1
o a 1
5 +ay+48y s +a; tay
dw= |a- o, ° L b2
a+h, s+by
a- B2 b €2 U1 °
L [ Y s+l

5.2.3. lois des dardes des State du systime

1a 1oi de 18 duxfis ds 1l4tac By est, sans calcul, une 1ol expementielle
de parsmitrs (-11-02).
ummumaum«uuaul'cmhc'uu:

Pap M DRy e @
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En affer ssule la loi marginale de la durée de 1'étet E; dmporte puis

qu'on ne désire pas distinguer les poi.nu P at ¥ au sein ds L état Ry du eys:

time ; par ailleurs la trsnsformstiom de LAPIACE est lindaire.

[x-& (-)]

E.-t -i.wl-nt g lad. (a) et s ¥ol (») en éerivant la macrics

x n 5
1
.1 -1
f-dwt -— z, v, %
A
83 ¥3 EBq

Soit, aprds csleul
- ¥ x
fpa - a- epb, tibz 232

l"bz l+bz l‘

e fya @=0-¥Ih , b o |
s+b) 840y x)

od xl, x; &t x3 sont les cof des £1& s de la premidre ligne de
1-¢" .

Soit pour la tyansformde de LAPLACE de la densité de la durée de Bz

1 o [0 G- €D +aby (- g)] +bb, (g +0)0-¥ €

2
8+, o rs () +D) +bd, a-e, ¢

Lea vacines s ot s du dénominatewx nont réelles, négatives et - b,
= b, appartiecasat 2 1'ingervalle (s, 5,). ls densité eat une combinatson
Lindsize de doux exp Lellas dfcroi

G
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Dans le cas particulier o - = 0, la transformée de
D % Ca=o0, LAPLACE

he SN by . o) . h
l1+l2 |+bl .1“'.2 li-bz

c:h‘-lllu_dchht‘athl"utkzt

bt N )
e} bl.' 1 + ‘z bzc &
Hte y+ey

3.2.4. Yalegrs moyennss et dispooibilitd du_systims

Flutlt que d'obtenir les durdas moyeunss A partir des transformées de
LAFLACE des lois par les moyens classiques, on psut las calculer dfrectament em
utilissnt 1s chalas de Msrkov associde dont on ddtsxwine les prodebilités ea
rdgine limite :

(o +s) Q- ¢, &)

T, =
§ Lyt gy tQ-gy Y B re)
p = b Thole W7
& By t5, Bt Ry Y B+
e +a, §
xy - Lre ¢y

8 bata g+ Q- £y b @ +ap
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1 1
[ et Uy les durées
N P T; ¥ 'q '
moymmnes des points o, P et ¥ sans qu'il y ait da confusion possible svee
t,lcttz.mnttqu:

1
B = a * 8

-t
Luw o -4, B.¥ e Yy

A-L b b+ e r@mts S0
(+apa-t, Biv,

fuun™

Lrp 2O-b, EAlL vra Bt ra B,
(o ra g h,

-(1~¢4l B) by b, + (s, +a c’:“l"’";*';."'l.“'z
(llflz \’,1) b !72

tuy

Ces durdes moyennes oot wn intérft pratique important en régisme limite .

1 P 1'esp do nonbre de démarrages offectifs par
L
units de temps,
» par ezsmple; représante 1'enpé du noabre ds réperati (ou do rem-~

8
placements) sffectufes sur ls compossut {(2) par unitd ds temps,

Y
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la durés moyame da 1'Geat By te ddduic de A‘numte“ H

htu® Laptmb,+ab, ¢,

CRA PRSP RRIA

Luc- by, =2

On & vu quon peut également obtenir cette dorée moyenne en rendaat le
point o sbscrbent ot wn coosidérant la matrice :

| 8 »el
r-F - ot scn jnverse .
. ]
ll".
jr
(g = L |

’ -

A (7

1a durde moyenns ds Ep est alors ls dévde des

pondent aux enrrées soft dens 1'état B . soit dans 1'4tat ¥ ;

>

. Gz FE
L% S -8 .Y "By Gz *Purx ._P_.,'t x

expressicn qui redoone le résultat précédent,
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On peut snfin expriuer la digponibliité D du syscdme or -égime limite 2
1’aids des durdes moytnnas des étata E; et E; -

1

i ]
D = ——
1 . nzbl-o-l‘b‘ t'lz""lbz"‘zbz El
8, +a, (.l + az) [¢ 51 |,2) bl bz

by b, (- Gy 7Y
bl bz (L« | 2 uz) + 8y v_bz + ¥, bl) +a, ('b1 + ul bz)

De manidre dquivalents D eat €gaie A ls probabilicé limiee BY pour
que 1s processus semi.markovien esoit dans 1'4tat o :

i . bt
g -

Dans Le cas particulier od el - ez' 0. notons la relation simple,
évidente A généraliser :

4 -
Durés moyeone d’indigponibilité du systime z :‘H::‘mu"::" :Mi
i»1,2

Duxds moy de fonct! t du systi durée moysnns de fonction-
nement dy compossat i
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5.3, moddle
5.3.1. foction de structure et rigles de gestion
Il ya 2 étets du aystdme :
- By & foncti A charge nominsle

« By : indisponibilité totale

Il y a 4 points :
% : (1) ot (2) fonctioment
P : (1) fonctionns, (2) est indisponible
¥ : (1) ast indisponible, (2) fonctiome

La &iiﬂah(an?%%i un point de plus,

La fonceion de structore s'éerit 3

fWM)=£{P)=2(¥)=F

()=,

Las rigles de gestion sont simples : 1l n'y & pas de riserve (B est
toujouts vide) ; quel que soit le point od l'cn se , DOUt comp
de 7 va en R ot tout compossnt sortant de B va en F ; cus sauts n’ont sucune
incidence sur ceux de l'autrs : les ti des 2 comp soat

fodépendantas, En bref, 11 s'agit d'un systime "en paralldle”,

-----

Comms pour le moddle préctdent, 1g P,S., 8 pour dtats lap points X,
_E.._.L_!.LL :
Pl & X s
a ] ]
0 w5k T | ' ’
b 0
[ .1-—}5-2 ° ° . +b,
t a
[
Y b ° 8, +h
2 1 ]
2 o
$ 0 I +Lb'z' eI
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Durées moyennes dgs &taty

Pl P ¥ Fy
=(a,4a,)t =-{a,4a,
S N ol el tegin
- {byte) ¢ =(bte,) t
Plie 2V A A he 21 " 1
() = ' b2+|1
v x-.-“‘“zn A A 1.-."0’1*;"’l R |
4% by e,
~(b,4b,)t (b #b,)¢t
3| A te L 2 |1e t ? a t‘-"l't"z
A : fonction ds répsrtition nbtmu.'-.
2 o | |
o Bia 4, stbte, ° ,
b s [
‘.(.)- l+i2+11 o ° ""bz""t
b, Py 0 [ 3
'+b‘+az |+bl$l2
b, b
i 2
o -+bl+B; s+b +b, °
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5.3.3. Loy des durdes das &tats du systias

B N U a il

ulnl.dohchrahl est évidesment wne loi exponentiells de para-
dm(bl-l-bz) e

utrmﬁui-humuhmtuuhmul‘l'lﬂttz
- >
'JF € png (')*‘!‘7 [ $°71 (s)

Soit, sprds siaplification, pour la transformfe de la denstté de la
durde de B

2 » "
r (uxb‘-r 'z"z)“L‘l"l“l"' bl+ z-z)-nibz(-z«t "z"‘ 2 '1)‘ +(b‘+ bz)n‘ni (-l+ a +b‘ + sz).l

* bz)lu ) 202 at 24t bib bt {(p1+ a,) (a4 1b, 45,4 '1':“’1‘:]"‘1‘2“1*‘1’ b+ bz)J

Dans le cas particulier od : a, »a, e a8

1 2

L =bpeb

c'est-d-dixe le cas de 2 cmposents identiques, la queatité - (pfb) est zéxo 3
la fois du mmérateur et du dénominataur dont les LEET h d¢'une
unité 3 mmhmhﬂohhmtuhhmuhllob:ml
l'mleb.ﬂe

b,

5.3.4. Faleurs moyemnes et disponibilits du systioe

Comme pour le soddle précédent, on calcule les probabilités en rigime
1imite de Li chafne de MARKDV associde :

1,

L
S Sas s ol e s e e
et TSI T IR
2

2 1
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On se proposs donc de déterminer ea rédgims limite la matrice
das répartitions de transition das State 'L du systdms.

5 / |
/
a > ——rt

La quanticé Pa. l',r -4t TePréacate la probebilité a pricri pour
qu'en régime limits le systims pasee du point a au point § pendant le temps &

Sll'anpou'cu- Z Z P‘".L.P”

-1 -1
ast™ (X)) et (8,)

La probabilité de passage de l‘ on l, vaut

Comme en 4,2.3., le calcul de ne peut Stre effectul qu'en

e

173
régime 1imite car il ndeessite 1'identification des points @ sysat 8 pour
imege dans 1'applicstion £; ia probabilité pour que le¢ systims se trouve ea
i'un 48 cos points dépend en rigime quaiconq: s points précéd
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12 caleyl de P‘ L n'est exsct en régime quelcongue que i l‘
13
n'est 1'image que d'un seul potnt.

Ia Joi !l 3 (t) das durées da 1l'¢tst l’_ suivi de lj paut
173
s'obtenir 3 partir das loie 'hlj ol ies a sont les points aysat !' pour
image deus 1'application £ ; les lois 8,5 tout dternindes dans le cadre

d'un processus syant pour états : les points a et 1'état l’ ; ¢ processus

ast obtenu A partir du processus ipitisl en d les ¥ inec~
csgaibles.

Pour obtenir "1 'j (t) , 11 suffit de pondérer las &, g Par

les probadilités sn rigime limite d’aller en a vensat des étets du systims
autres que l‘.

5.3. cap de lois npn-exponentislles

Baprésentons, daus le cas du premier moddle, les diagremmes
fonctioonsment-arrdt das 2 composants ot du systdme :

tl t’. t ts
Composant (1) = M [oueen)- A
Composant () :  -ceec... N 1 A—
Systime s - —it—
e fonccionnemsnt
1IN testspontbilics
cessmes ThsATVE



file:///imi/-

1 ‘:‘ + EL 1
‘,('._—' 1 2 1'['7.——
2 i O O S 1
4 Yy b b,
Soit @
1
es mo.g-y.d
S 1(‘ - '
! (a; +1,) (az-l-bz)
8"

() +b)) 4y 0y

cthdurhnymnullmt:

css "t

. :I+I!bi+b!b

@ +b)a s,

lzb"l-l‘bii'b! bg

“1 + bl) ('z + bz)

avec 1a ralation, puisqu’il n'y & pas de réserve :

A«D)w{i.

g a-

l! ot ‘2 zeprésentant les disponibilités des composants (1) at (2),

4

“‘-
1 1
I S |
2 e 8
4,1 ,L 1
4 R
" < B
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3.4. Tentative da généralication en régime linite

Ls -nduo markovien do n.mm qui géotralise les modiles
étudids est sché le

= les caractéristiques dss composants et iss rdgles de gesticn sont résumbes
par le procassus semi-markovien de départ dont les &tats sont les points
a, B, stc ... du systims.

= la fonction ds structure est une applicatioun de 1 ensemble des points
duns 1'susemble des états E, du systime.

« le processus d'arrivés dont les étate sont les états du systime répulte d&u
processus de départ par 1'intermfdiaire de la fonction de structurs.

Dans les deux exemples précédents le processus d'errivée est
markovien sans qu'on ait besoin de se placer en régime limits,

¥ais nous allons voir quil s'agit 1) de cas particuliers et
que dun le cas d'une fonction de st re qual le p d'arri-
vée n'est plus sarkovien en régime qull.unqu- wafiy I- nduu-l on végime
limite.

Fous resterons deus le cadrs d'un proceseus markovien continu
& un nombre fini d'états tel qus :
-Aat

la’(t) = l-e

? - O,Va

Da plus le procsssus est positivemsnt régulist t on peut doms
calculer les probabilités P" pour que le systdme se trouve su un point
donnd en végime limite.

Iodiquons comment génfraliser 3 ce type de processus les résul-
tats das paragraphes 4.2.3. et 4.2.6. relatifs aun processus de vie st é8
mort .
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30.

Supposons qu'on sa trouve estrs las instents ty at tg et que
1'on cherche ) détarminer avec quelle probabilicsé le systimm sera danz un
dtat dooons A 1'instant tg4. Le dernier lustent de changement d'état du ays-
thme ast ty : en (t3 + £) 1'étet du comp (2) "rd " conipld son
histoire puisque le compesant (2) supposé “remis 3 neuf™ vient justs de
comsncer uns durfe de fonctionnement. En (t3 + ¢) ls composant (1), en
revauche, & un cartain &ge égal b (t; - t;) (car il est en réserva de t3 &
t3) ; = loi 13 nt n'e ntiejle, 1'écat
du composant (1) ne “résume” pas parfaitement son histoire : il faut lui
ajouter eon fge, ce qui cblige & recenser les dates des 3 dernisrs changs-
mants d°dtat du aystize.

Par conséquant 1'état du systime, fonction des étate dey compo-

ne_suit un epsus markovien (dont 1°'évolution future ns dépen-
dreit que du dernmier état et de la dernidre date de changement d'4tat), La
thiorie exposfe ne peut donc plus nous servir st il faut avoir recours
des processus "3 mémoire”,

$5 18 loi da durde de !mtl%- at_du compossat (1) est
atielle, on sait qu®elle est inveriante par troncature & geuche ot
qu'an (t3 + ) le composant (1) est aussi "neuf” qu’en (ty + ¢) : son écar
“ré, " alors parf, son histoirs.

Par couséquant, en (:} + ¢) dire qua (1) ot (2) fonctionment
depuis t3 "résuma® parfaitemsnt 1'histoire du systdme,

Pour dtudier les durées d'indisponibilité, plagons-nous mainte-
nant en (tz + &) ; 1%uniqua loi gouvernant slors 1'évoluticn du systdms est
celle de la durée 3'indisponibilité du composant (2) puisque (1) est pagsi-
vessat ec réserve : (2) vensnt juste ds débuter une durde d'indisponibilice,
son état "résume" compldtemsnt 1'histoire du systime, quslle que soit ss lot
ge durde d'indispontdilité.

Las rBles dn‘(l.) et (2) pouvant 8tre inversés, on couclut au
t '$voluticn du systime.

~ & conditicn que les lois des durdes de fopctionnemest de tous les compo-
sants gojent expooentielles
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- weis guslles gue solent ey lots des durées ¢'indisponibilice.

On surs cepandant toujours lutdrt b cholgir des lois b trena-
formfes de Laplsce rationnslles (voir la référence [9])pour faciliter le
Tetour auk originales.

Les résultats pricéd s'étend C N Aaun b
quelconque 48 composants non-idantiguss.

Su rhgle ginfrale, chaque fois qus 1'évolution futuge de 1'dtat
stéwe o8 dépend, momentanément, qua de 1a lof d'un seyl compasant, gette
loi peut 8trs quelconqus ssns détruire le carsctire marhovien ; cette
el se produit sywtématiquemsot dans 1'sxemple 4.4.1. od le systiume
o8 comprend qu'un seul composant ; on & vu deux sutres cas : 1'ezemple 4.4.2.
at la moddle 5.2.

Chaque fols, tu coutrairs, qus 1'dvolution future immédiate du
systhma dipand des lois de durfe de 1 composants ou plus, ces lols doivent
Stre P ielles pour er le A kovien dans 1s ces
gindral ; catte hypothise permet, su qualque sorts, la “remiss 3 séro des
compteurs des durées” dout las origines dtalent en glokral différentas. le
moddle S.3. est un exsmple de cette ci ilep a’est mar-
kovien qus ¢f les & lois da durés sont axponsutisllas.

Dans les moddles présentés, on se donne

« las caractéristiques de fisbilité des composants, c'est-2-dire les lois de
probabilité des durées de fonctionnement et 4'indispouibilité ; ebagwe
composant paut prendre trois états : le fonctionnement, 1'indispoanibilité,
1a réssrve (disponibilicé sans fonotiomnemsut)

= 1a manidre dout 1° ble des P st orpanisd sp systhms. Cotts
organisstion comprend :
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- lea riglas de gestion : comment sont gérés les compossnte lors d'une
averis ou d'uns remiss em état ?

. 1a fonction de structurs : comment 1'état du systime dépend-il des
ftats dss tampogants ?

On détermine alors :

. 1es lois de probabilits des duries des Etats du systime (ou du moins
leurs transformies da Laplaca) ; ces durfes sont des tempa ds premier
pessags.

. 1a metrice des probabilitds de pessage d'un état du aystdas & uvn
autre,

. lon probabilitds limitus pour que le systdma soit dans tel ou tal
dcat, puisque les processus ds Markow lllllll" soat positivemsnt
réguliers. Oa en déduir df - dont la disponi-
bilitd du systime en régime laite.

Pour effectuer cs travail, on est parti du nml e la :Moth
txds :lunqu- des processvs da vie at da mort qui tus 1'outil sdap
sut leg deux hypothises :

- tous les composants sout identiquss (wimes lois des durdes, zimss rigles
da gestion, mlme incidence sur la fonction de structure)

~ tous les composants ont des lois de durée expomnsntislles.

Ce mod2le a été perfectionnt pour pexwattre au ays-Zza de pren=
dre trois £tats dont ym dtat de disponibilité partislls. Cette amélioration
s parmis de constater que 1'état du systdms ne suivail un processus marko-
vien qu'en rvégime limite.

Aprids avoir remarqué qus la thdorie des processus sami-
asrkoviens permet, dans emuu ul, de hm 1* hypothh dn ‘cls toutes
h > a .
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Dans le css d'une fonction de structurs qualcomqua, on & eous~
taté édgalemsat que l'6tdt du systhme n'szvait ua comportement surkoviea
qu'en régime limite,

tofin, ou & indiqué un cas od 1'cn peut lever les dewx hypo~
thises L la fois tout en continuant h utiliser 1'outil markowvien.

Des moddles da ce type semblent 3tre adaptés ) la ditermination
de la fiabilité des chatnes de duction doat les comp ne soot pee
identiques en glofral.
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A. Cuocd, R_Galvagm *, F. Leoneln ¥ ™

Cone

GIneial principies o1 4 satety agsessiment through reliability
anmalysis of the E5SOR plant.

SUMMARY

For the mrpoge of 2 safety analysis of the ESSOR plant ag com
prehensive as possible, a probabilistic classification of both
accident causeés and engineered safeguards of the réactor plant

has been prepared

Accident causes have been classified within broad fault rate in-
tervals, using as 1 basis beth component design analysis and
normal industrial practice.

Engineered safeguards have been classified according to their
probability of dangerous faults

This approach has made possibie an homogenceous solution to
the problem of the credibility of multiple faalts,

INTRODUCTION

Faults or malfunctions in a nuclear plant could, if not prevented,
evolve 16to accidents causing damages to the plant, to the operating
stalf or to the general publc,

Lacking direct experience 1n the amount of risk derfving in such a
w2y to the plant, to the cperating slaff and to the general publie,
analytical methods were deviged to extrapolate existing experiences
and criteria were sel up to compare from a safety point of view
different plants or different solutinns

Such a comparison requests in any cage criteria of judgement of
the probabilities along with methods for the appraisal of the da-
mages of the envisaged accidents,

Therefore an ideal safety evahation of a nuclear plant should consist
for each of nuclear accident, of:

- the identification of its simple or muitiple causes and the
determination of ageociated failure rates;

x Safety and Control Division - CNEN
x x ORGEL design group - EURATOM
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- the identification of the interventions able to modify its
evaluation and the resulting final damage and the deter-
mination of their rel: .ive dead times;

- the appraisal of the agsociated damages and probabilites
for each accident evolution way.

F rom such an analysis the risk evaluation takes the form of a
damage-probability spectrum.

The main difficulty in applying in a rigorous way such a method
of safety evaluation is the enormous amount of information and
experiences necessary in order to obtain actually consistent
results in keeping with the method promises and the paid ana-
lytical effort,

C omparison and acceptability criteria eannot in any case abstract
from experience on accident evolution paths and from uncertainties
on extent of resulting damages and associated probabilities.

These considerationg were the basis for the development of a
schemntic method aimed to give an hazards avaluation accept-
able in the framework of the present state of experience on
expected extent of damages and probability figures and to be
applicable to complex and even not fully proven plant in any stage
of the gafety analysis.

The schematization of the method consists in using probability
a8 a discontinuous 1ndex rather than 1 continuous parameter.

In order to do go , hoth the accidents initiating faults or mal-
functions and the protective actions are divided into four probability
ranges,respectively fault rate categories and relative dead time
classes.

Categories and clasees are related to the standard eachcomponent
or protective system has nr should have from the point of view of
the fiult or malfunction considered. The accident analysis 2long
with the indexing procedure should be able to point out in schematic
form the critical plant components that have to be examined more
carefully from the point of view of accident probability or accident
consequences,

The use of categories and classes related to design, construction
and control standards should also give a common underetanding
basis for the designer, the constructor and the safety analyst.



The method, originally thoight 18 a multiple [allures credibility
set of criteria, had its initial development and its first thoroughly
application in the final safety analyels of the ESSOR reactor. At
that stage ind in view of the complexity of the annlized plant it
was deemed neceseaty to wokrk out 2 simbolic system in order

to analize the toreequencesa of 1 humber as large 3s possible

of malfunctiona. taking due 1ccount of their mutual dependence
or independence and of the fina] resulting probability of the examined
course of events F rom the probability point of view, the usc of
criteria bascd on design, construction and control standards was
the only solution to overcome in a rational way the lack of data
based on a firm and direct experience on plants of the same type.

The method worked out had therefore the characteristics of a method
of analysis of a plant as it is bujly

The results of the application of the method were judged so encouraging
that it was thought worhwiile further developing it in order to get it
applicable through the whole design stage, when it could develop its
full usefulness

In the following both the method used in the safety analysis of the
ESSOR reactor and the method at its present stage of development

will be described,
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ESSOR METHOD

Components and protective systems have to be clasaified
according their rehability; such a clagsification is obtained
ueing four reliability groups having from 1 to 4 increasing
reliability, Groups 1 and 2 are representative of standards
used in normal industry; group 3 is representative of an

higher type of standards and can considered as nuclear standard;
group 418 Tepresentanve ol componems and protective 8y -
stems absolutely relhable,

Protective systems are aggignedto four reliability classes
according to the result of the analysis of the momtoring 8y -
stem. of the signal elaboreting system and of the actuating
system. The protective action is classified in the class
of thet having lowest reliability of the three.

The criteria for class definition are as follow g

a) Classl normal ndustrial systems from design,
construction, control and maintenance
points of view; possibility of having fail
to danger and not revealed type of faults
not minimized;

b) Class 2 high standard industrial systems;possibility of
having fail to danger type of faults not
minimized,

c) Class 3 the higher reliability 18 obtained by the
higher degree of fail-safe or by redun-
dancy;

8) Class 4 intrinsic characteristics of the plant or
class 3 systems redundancy,

Components are agsigned to four reliability categories with
regard to any specified failure way, The criteria for categories
definition are quite similar i¢ those for classes definition, In
a more definite form the y can be found in the description of

the developed method, that 1s given in the followang, and in Ap-
pendix 2,

The accidents analysis 18 carried on hypothizing the successive
malfunctions or failures of the components of caiegory 1,2 and 3,
of each subsystem of the plant and the concomitan’ malfunctions
of the protective interventions of class 1,2 and 3,
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Particular attention must be paid to the spurious actions of
protective systems which could cause accidents or increase
probability of components malfunctions.

The aim o the 1yisis to the adequacy of the gafety
preventions and protections along any path of evolution of
foreseable accidents, taking into account as  far as posmble
also the minor accidents which could develop into serious ac-
cidents, increasing the serious accidents probability.

The fundamental criteria of such an asgsessmer.t are the following:

- an accident caused by a fault or a malfunction ¢f’ a com-
ponent of category 4, as long as the fault or malfunction
of the envisaged type 1s concerned, should be looked at
ag incredible;

- ap accident caused by a fault or a malfunction of a compo-
nent of category 3 shauld be analyzed for the consequences
to the environment, In g such Q es the
protéctive actions on the accident path should be evaluated
both for capability and reliability. As long as the reliab -
lity i8 concerned, 1t should be looked at missing interven-
tion of protective systems of class 4 or at missing interven
tion of redundant andind ependent clazs 3 protective systems
as incredible, If the independent class 3 protective systems
are not equivalent from the paint of view of damage reddac
tion, it 18 hypoth-zed that the active one 18 the less effective
on damage reduction;

- an accident caused by a fault or a malfunction of a compo-
nent of category 2 should be analyzed for the conss uences
both to the environment and to the operating staff. In agsess
ing the consequences to the environment the criteria should
be thoseforementioned but the resulting damages should
be of one order of magnitude less than those arising from
the most geriqus ~f category 1 accidents,

In ing the to the operating staff full
advantage can be taken of the protective actions of class 3
or of equivalent redundance of class 2 { redundance from
the reliability point of view, with effectiveness of the e 38
effective on damage riduction),
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The reliability assessment of the ESSOR reactor protective
aystems is carried out for each of the three fo lowing main
plant systems:

1) Nuclear and cooling system

2) Preasure and fire protections and containment
system

3) Fuel handling system

The components are then classified into categories and com-
ponents categories and protective actions classes are listed
for each of the following subsysteme of each of the main gystem

1. Nuclear and cooling system

- Reactor

- Driver 2zone cooling system

- Moderator zone cooling system

- Ezperimental organic zone cooling system

- Experimental light water zone cooling syetem
- Electric power sypply system

2) Pressure and fire protections and containment system

- Containment system
- Pressure and fire protective systems

3) Fuel handling system

- Charging and discharging machines
- Handling stations system

An example of the classification of the protective actions and
components of the Driver zone cooling sy :tem 1s given in
Appendix 1,
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DEVELOPMENT OF THE METHCD

The aim of the extension and of the recrganization of the
method is to keep the designer fully informedof the safety
evaluation criteria, setting those 1n a form as precise as
possible at the present stage,

The method should therefore s upply a working tool for
the definition of design solutions which are equivalent from
a spafety s.andpoint.

The procedure to be followed for the assessment ig divided
into the following steps:

a) Listing of allfforeseable eccidents with the fault or
malfunction ol the components causing them;

b} Classification of accidents causes into categories
according to faiire rates criteria,
If a specific failure rate value is not available, the
category is defined according to design critenia, to
contruction, test and control standards antl to type
and periodicity of conirols and mainterance during
operation, taking into account their bearing on the
gpecific component failure congidered;

c) Division into classes of protective systems, capalle
of preventing or limiting the listed accidents; the
classification should be made according to relative
dead time criteria,
If the relative dead time is not availabk the clase
is defined according to design criteria, construc-
tion test standards and to type and periodicity of controls
and meintenance during operation;

d) Evaluation of the riske associated with the listrd ac-
cidents, taking into a t tegories and
effective protective actions classes.
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a) Accidents 1dentification

The accidents 1dentification and the evaluation of their
consequences are carried out accordingt > traditional
safety analysis criteria and methods,

But 1n order to have a meaningful probabilistic arges-
sment 1t is necessary to analyse in a fully systematic
way all foreseable accidents and the effects on their conse
quences of  each protective system which can modify -
the accident evolution.

During the application of the method at the deeign stage
it is necessary to re-examine centinuosly both the

cl and the conseq of accidents as the compo-
nents and the protective systems gain a better defini-
tton and ag one makes a selection among a number of
possible equivalent solutions.

b) Accidents causes classification

The axm of the components categorization 18 to put

| c ts having parable reliability in
from of the exammed type of fault or malfunction, Such
a collection should be based as far as possible on prac
tical industrial criteria,

At the present stage, it ia proposed to use 1n the components
classification four categories, characterized by increasing
reliability:

- Cat, 1: nermal industrial . type reliability
- Cat, 2: high industrial-type reliability

- Cat, 3: aeronautics. type relability

- Cat.4: almost absclute reliability

Cat,1

This is among the four the category whose boundaries are most
difficult to define precisely and probably the largest one,
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All industrial components both those which have not been and thoge
which cannot be subjected to standard specifications, to

standard tedts or to effective inspections and maintenance,

are clagsified into cat, 1, Components that can malfunction

as q of bad maint during plant operation

without possibility of effective and timely control are also
classified 1nto cat, 1,

From a gafety point of view such kind of components should
be demonstrated not to cause nuclear accidents,

Cat.2

Components clasgified into this category should have # high
industrial standard with respect to the examned functional
requirement, Characteri1zing components are those which

in the working conditions sausfy official normal industrial
type standards both as fabrication and tests and as periodical
inspections are concerned, Components in cat, 2 are also
those which are used as a consequence of a selection derived
from a sigmficrut experience on their behaviour in the work-
ing conditions, In any case missing official {ests and control
standards, appropriate standards must be defined and adopted ,
Components which could have better claasifration but which
are liable to malfunction as conseq of bad ma

are also claseified in cat, 2 if not protected against by appro-
priate alarms or interventions,

Cat. 3

Components clasgified into this category should satisfy higher
standards than normal industrial official standards,

The larger safety margins could result from:

- workang conditions sensibly legs stringent than the cor-
responding ones admitied by normal industrial official
standards

- preventive maintenance [ e.g. of aeronautics type)

if there are multiple components of category 3, which are in-
dipendent, separately proof-tested and singly assuring the
complete requested function, los® of such a functior: can be
clageifed in category 3,
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Cat, 4

This category 1s tipical of functions of almost absolute relia-
bility. It 18 referred to the expected rate of a specific and we:1
defined fault type of the component, rather than to the compo-
nent failure rate, The almost absolute reliability can be
obtained by:

- redundancy of components of category 3, which are
independent, separately proof tested and which can
indgendently assure the complete requested function;

- demonstrated and szfe 1mpogsibility in the particular
wor lang conditions of the happemng of the type of fault;
unless this may develop as an evolution of faults of
the lower categories. A further condition is that the
lower category fault be detected in due time, so to
avoid a further fault evolution,

On the basis of the definition of reliability, the criteria is
proposed that, from a safety standpoint, the happening of
faults or malfunctions of category 4 be considered incredible,

Protective systems classification criteria

A clagsification of components into four categories, with
respect to their possible malfurctions, should allow the
subdivision of the causes which could initiate accidents into
four classes, homogeneous fram an extimated rate standpoint,

In order to continue the analysis of damage probability it is
necesasary to evaluate safety protective actions,

In any of the protective systema we can identify a detection
aystem, which can pick out abnormal situatians, a process-
ing system, which can transform a detection into a logic
decision, an actuating system which actuates the logic deci-
sion in such 2 way as to correct or contain the evolution of
the abnormal situation,

The detector, the processing system and the actuator can be
classified independently on the basis of the respective relative

dead time, In doing o, a reliability class is attributed to any
one of them. The entire protective action has a characteristic
reliability class which is the lowest of the three,
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In the first stage of the setting up of reliability criteria the
classification of detectors, processing systems and actuators
can be made by arranging them according to prattical criteria,
using as far as pogsible industrial-type concepts in more or
less homogeneous reliability intervals,

At the pregent gtage, we propose to uge for them too a
classification into four classes, defined as follows:

- Claga 1: normal industrial-type reliability
' - Class 2: Iigh industrial-type reliability

- Class 3: aeronautice-type reliabilty

- Clags 4:  almost absolute reliability

Class 1

Claas 1 is typical of those systems in whose design has
not been deemed appropriate to use particular design pre-
cautions and particular choice of components in order to
drastically reduce the relative dead ime, Thiy class has
the distinctive features of a normal industrial standard, has
no fault detection 8 ystem, is subject to maintenance after
the fault has been detected; this detection is carried out
at time intervals suggested by normal use. This class
includes all those interventions which without following any
particular procedure or initiating alarms, could either be
by-passed or be made inoperative by wrong maintenance,
Furthermore, this class includes operator interventions
which should be carried out in emergency conditions and
which are not univocally defined,

Clasa 2

Class 2 has the distinctive features of a high industrial stan
dard, is not supposed to have a high fail.safe degree, and

is subjected to very attentive and frequent maintenance, This
claes includes all those interventions which could be by-pas
sed during operation with particular procedures which involve
multiple responsiblities; it does include as well those inter-
ventions which could be made inoperative by wrong maiatenance
and which, even though in this condition do initiate contrel
alarms, do not initiate an automatic exclusion or fail-safe ac-
tion. It does also include operator interventions which shounld

U e
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carried out in times of the cruer Hf scveral minutes on
the basis of written orders.

Class 3

Class 3 is typical of those systems where not only a particular
choice of camponents and preventive mamntenance, but also
redundancy, an high degree of hil-safe and autoche:k system,
reduce the relative dead time to values which can not be obtain
ed by an industriai standard, even by a high one,

These systems are typical of nuclear plants (e.g. high flux

trip systems, etc); they have been defined "aercnautics standard”
only to point out the results which can be obtained trough an
analysig of failure rates, preventive maintenance, an appropriate
testing system, and the importance of obtaiming such results,

A common need of these systems is that the y should not be by-
passed in normal plant operation, but only during shut-downs,
to program particular operating cycles,

Class 4

Class 4 is typical of those systems which use, in order to

obtain protective actions, orwell known intrinsic characteristics
of tae nuclear reactor or of the plant itself or are obtained
through redundancy of independent class 3 sy . or which
have 80 advenced and wel defined fail-safe or autocheck cha-
racteristics to be equivalent from a relative dead time point

of view to redundancy of independent class 3 systems.

Speaking about the whole classification system, it can be of
intereat to note that if there are anyuncertainties deriving

from alack of specific experience on a given syatem, on its
effective working conditions on its independ from ihe 8y

with which it does redundate a degradation of the reliability class
of the action to which the system belongs is mandatory,

On the other hand, redundancy, testing methods at meaningful
tume intervals and a counterchecked preventive maintenance
can upgrade the reliability class,

A bher of les of P t claseification into cate-

gories and protective systems into classes are given in Appendix
2.
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Risk evaluation

By defimtion, risk is the product of damage and i1ts probebility
Damage evaluation is performed through an analysis of the
typical accidents with the usual approximation.

Probability evaluation can be performed for any typical ac-
cident taking into account the category of the accident cause
and the clagses of the associated interventions. It 18 thus
possibile to reach a symbohic definition of the probability
interval of the d ge. This technique lends itself to an ela-
boration of acceptance criteria based either on the multiple
failure cencep{MCA - type criteria) or on the definition of a
tolerance interval in the damage vs, probability field.
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DEFINITIONS

1.

Equivalent solution: technical solutions through
which it is possible to obtain values of risk {da-
mage times probability) of the same order of mag
nitude.

Cemponent: gystem which has a complete and well
defined physical function with respect to the type
of accident under consideration,

Type of accident: accident defined through ita
nature,evolution in time and ecnsequences,
taking under examination capability and effec-
tiveness of single and multiple 1nterventions which
could prevent or hmit it,
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A ddenduwme I

APPLICATION EXAMPLE OF THE METHOD ON THE ESSOR REACTOR

ACCIDENT ANALYSIS ON THE DRIVER ZONE COOLING CIRCUITS (Fig. 1)

In table 5 are listea all causes of accidents o the
DRIVER ZONE cooling. To any componént failure will be associated the rela-
tive category;, following the criteria already explained before.

In table 4 are listea and classified all protective
actions, degigned to prevent or reduce the accidents of loss of cooling of
the driver elements.

The parts of the protective systems are classified in
the following tables :

- Table 1 : monitoring systems
~ Table 2 : elaborating systems
- Table 3 : actuatars.

With the aim to keep the example simple, it will oot
be extended to other protection systems as f.e.

-~ emergency cooling systea
- containment, etc.

Ve have limitea the analysis to the most severe acci-
dents of the family A.

LOSS OF PLOW ACCIDENTS IN THE PRIMARY CIRCUIT

The most severe accident of family A listed in table 5
is 3 HA4. "All primary pumps stopped and no suxiliary pumps started®, ubich




—— e

612

may be regarded as well as the maximm accident of this femily.

Safety Interveations linked to MA4

a) Power setback or coatrol rod run-down

1) one primary pusp stopped - 3IxY¥4
2) two primary pumps stopped - 5
3) CORE outlet low Flow - 3
4) nigh outlet temperature and low cutlet flow .

for each channel - 16 x K1
5) CORE outlet high temperature - | &)

b) Bcram

1) three primary pumps stopped - A6
2) COPE cutlet lov flow - A3
3) high outlet temperature and lov outlet flov

Ffor each channel - 16 x A
4) COSE outlet high temperature - A2

The probability of a reactor siut-dowm is represented
by the independant interventions : 1 . C2 + 2 . C3.

These protective actions and their relative class of
reliability assure that the reactor will be shut~down following the failure
WA4,

Evalutation of the accidents

Under agsumption that no protective sction is forseen
for accident MA4 and considering only the inertion of the pumps fly wheels,
with the reactor at nominsl pover, the temperature of driver zone hot spot
will encrease with 2.5°C/sec and the coolant outlet temperature with 0,8°C/
sec.,

Given the reliability of the pr inter
and the slov ness of the temperature increase, the reactor will be shut down
bafore any fuel damage &as occurred.

ofoe
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After a complete stop pf all primary pumps, uscural
circulation will occur vith the improbable possibilities of nucleate boiling

during the first minutes.

This the accident will mave wo Tamologital tonde-
quences vhile no fuel damage will occur.

Table t : CLASS OF HONITURING SYSTEMS

Mc iitoring system Symbol Class Notes

CQutlet channel temperature kel 2 Momatored for minimum reading

{16 channels)

Outlet core teﬂperatur: 1% 3 2/16 combination of T1

Outlet chamnel flow ] -"—;1—".2 Monitored for minims reading

Cutlet core -unw P2 3 1 2/16 combination of F1

Expansion tank pressure P 3—‘ 2/3 monitored pressure switches

Expansion tank level L1 2 dP=celi monitored for minimum
reading '

Primary pusp stop signal m 2 Closed to open confact on pump
braker

Seconnary pump Stop signal ;4 2 laem

Moderator ;;:;-_ T L2 3 | 2/3 Level switches

w

bt S o
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Table 2 : CLASS OF ELABORATING SYSTEM

Elaborating System lsylbol Class Notes
Scram logic system S8~In| 3
Pover set-back system 852 2
Coutrol rod run-down system 85~3 2
Preasure reduction system 58=5 2
Auxiliary pumps starting system S8=6 2 2/3 pamps
Feeding pumps starting systes 55-7 2 1/2 pumps
Primary pumps etopping system S3-8 2
Table 3 1 CLASS OF ACTUATORS
Actuator Symbal{Class, Notes
Safety rods group 1 or 2 | R~ 3 The safety rods are divided imte
2 independnt groups (drop of 2/4
has class 4)
Control rods R-2 2
Motor driven valves V-l.n 2
Feeding pumps start v=2] 2 |2
Auxiliary pumps start v-3 | 2 | 2/3
Primziy pumps brakers V-4 2
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Protective Actica Ii‘;' :h:‘ :i:; “1:;‘
Ecras A
High outlet temperature and low
outlet flow for each channel |[A-1{T1.F1/2 | ss=1.1/3 |B-1/3
Core outlet high temperature [A-2]{T2 /3 [ $8-1.2/3 (B-1/3
Core outlet low flow A-3|F2 /3] 85-1.3/3 {R-1/3
Expansion tank high pressure [A-4!P1 /3 | §5-1.4/2 |R-1/3
Expansion tank low level ad
chamnel outlet low flow A5 | L1.F1/2 | 85-1.5/2 |B~1/3
3 primary pusps stopped A6 B /2 | 85-1.6/3 |R-1/3
3 v pumps stopped A7l /2] 85-0.7/3 |R-1/3
Moderator high level AB[L2 /3] 85-1.8/3 (R-1/3
Ryun_down and set back X
High outlet temperature and
lqw outlet Flow FPor sach
chamnel -1 | TV.P1/2 | BB-2 2 [R-2/2
Core outlet high temperature |[K-2|T2 /3 | 88" /2 |2-2/2
Core outlet lov flow x-3]r2 /3] 882 f2 |n2f2
Primary pumps stopped 1/3 x-4|Bt /fe | 882 /f2 |3-2/2
Prisary pusps stopped 2/3 S5|1m /2| 883 /2 |s-2/%
Becondary pusps stopped 3/4 |X-S|m /2] 883 A2 |n2/2

'/"
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Protective action symbo)| M. 8. E. 8. Ac.

Claas Class Class

Depressurisation of the 2
Expansion tank
Expansion tank low level and
moderatar high level D1 [11.2/2) S8-5/2 v-t.1/2
Expansion tank low level and .
channel cutlet flow pe2 [L1.M/2]| ss-5/2 v-1.1/2
Pri ize s
Expangion tank low level and
noderator high level 8-1 |L1.L2/2| 8s-8/8 V-4 f2
Expansion tank low level and
channel cutlet low flow s-2 |LI.FI/2]| 88-8/2 V-4 [f2
Feed 8 start E
Expansion tank lov level B L1 /2] ss-1/2 v=2/ 2
Expansicn tank minimas level | B~2 11 /2] 88-7/2 v-2 /2
Auxiliary pumps srart H
Expansicn tank low level and | H~1 |L1.Pif2]| 88-6/2 v=3 /3
channel cutlet lov flow
Expansion tank low level and
soderator high level H-2 {L1.L2/2| 88-§/2 v-3 /3
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Table 5/1 : CATEGORY OF CAUSES OF ACCIDENT

Causes of accident Sym-[Cate] Hotes
bol_jgory

A - lLoss of flow
= Primary pumps stopped MAT 1
- 2 primary pumps stopped MA2 2
= 3 primary pusps stopped WAY | 2
- 3 primarv pumps stopped and no auxiliary MAS 3

pump started
~ Feeding pump not stopped MAS 2
~ Peeding pump not started MAG 2
- Primary circuit valve accadentally closed MA7 2
~ Primary circuit completely blocked MAS 4
B - Loss of coolant
= Leakage from primary circuit to reactor

tank MB1 2
- Pump sealinp letkage np2 2
- Valve sealing leakage ¥B3 2
- G.A.A,A. joint leakage NB4 2
- Flange leakage nB5 3 Double O ring and

interface monitored

- Instrumentation pick-up leakage MB6 2
- Leakage through B.S.D. MB? 1
-~ Loss of coolant due to an accident heat MBS 3

exchangar dumping valve openin;
- Expansion tank overflow valv: openming ND9 2
~ Expansion tank depressurization valve

opening mBIo} 2
- Instrumentation pick-up breakage uBI1} 3
- Heat exchanger breakage ng12] 2
= Primary niping breaksge mii 3
=~ Inlet primary circuit collector breakage uB14| 3
~ Qutlet primary circuit collector breakage npis| 3
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. [ Cat:
Causes of accident bm gory Notes
~ Channel inlet piping breakage HB‘IS‘F 3
- Channel outlet piping breakaje MB17| 3
C - Loss of cooling
-~ Secondary pamp stopped
2/a WY 1
3/a MC2
4/a Moy | 2
- Secondary pmaps stopped without emergency
system started mca | 3
~ Secapdary coolant of heat exchanger iso—
lation 5 2
~ Drainage of secondary coolant from heat
exchanger MCH 2
- Losses of secondary coolant through piping
breakage MC7 2
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A ddendunm 11

ACCIDENT CATEGORIES AND CLASSES QF PROTECTIVE SYSTEMS

1) EXAMPLES OF ACCIDENT CAUSES_CATEGORIES

A) Components, causes of accidents of the first category (61}

b)

Bearings

Seals

Valves

Static components

Control valves

Normal, not monitored and not subjected to preveative
maintenance (at intervals defined by endurance !elu)

Seals on moving systems, without leak detection, and
not <ubjected to preventive maintenance (at intervals
aefined by endurance tests)

Normal valves, operating under enviroumental coaditions
different from commissioning conditions, and without
preventive maintenance

Tubing, expansion joints, supports, not specfally
tested by commissioning institutions (ANCC-T.B.V.
etc.) overating under not exactly kmown conditious,
and not rubjected to periodic 4 ion or pr ive
maintenance

Operating under stressed conditions and not subjected
to inspection or oreventive maintenance

Electrical compohents

Relais

Circuit breakers

Operating wider stressed conditicns and not subjected
to inspection and preventive maintemance

Uperating under stressed conditions, and pot installed
in closed cabinats
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Electric cables

Electronic equip-
ment

Electric motors

~—

[~3

U ed and unp! 4 cables iastalled in
damaging euvironment

Not subjected to inspection or preventive mainte-
nance

Not protected, operating under damaging environmen-
tal conditions and under overload - frequent start
and stop under load.

Operator interventious

- Positioning of actuators, not equiped vith out of range alarms

- Manual setpoint adjustments

« Direct interference on interbdlock by-passes.

B) Components, causes ot accidents of the 2nd category (G2)

a) Mechanical components

Bearings

Seals

Valves (check and
control valves)

Safety valves

Special bearings operating according comaissioning
conditions monitored for temperature and lubrifica~
tion, and equiped with alarm trips permitting in
time corrective incervention ty the cperator

Seals on moving parts operating according commissio-
ning specification monitored for leaks and equiped
with alarm trip permitting corrective interventicu
by the operator

Quality valves, operating according comsissioning
specification, subjected to inspection and preventive
maintenance

Safety valves dimensioned end designed according the
rules of national safety institutions (ANCC - T.0.V.
etc.) or equivalent



Circuit breakers

Electronic circuits

Electric sotors

-3-

Quality relais in base curremt, installed in cabinets
or at least in non aggressive environmental condi-
tions, and subjected to inspection sod preventive
maintenance

Operating in non agqgressive enviromment and installed
in closed cabinets

Subjected to preventive maintsnance
Operating in non aggressive environment, largely over-

dimensioned and not subjected to frequent starts and
stops under load

C) Component failures, causes of third category accidents (G3)

a) Mechanical components

b)

- Positioning of actuators, equiped with out of range alarms

- Setpoint adjustmeiit or by-pass consent with key interblock

~ Gripping of lubrifirated and monitored bearings, vhen bearings are at
least of the 2nd category

~ Major rupture of primarv main tubings when these tubinys are at least
2%%-30% overdesignzd with respect to the effective operation conditions,
taking into account thermal and vibrational stresses

- Double seals of the second category type, vith monitored interspace.

Electrical components

Cables

Short circuit on armoured or protected cables, ims-
talled in non aggressive envircmments

I A L AU UGS =3 e A o e o <1
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Distribution Short circuit on busbars installed in clesed ca-
busbars binets

D) Pailures, causes of fourth category accidents (G4)

a) Accidents due to mechamical failures

- Contemporanecus rupture of a dou .e walled tubing, each containment
independ and of 'y 3 and each coutinuously monitored

- Major rupture of the reactor vessel vhich is designed and commissioned
according auclear standards and regularly inspected

1I) CLASSES OF PROTECTIVE BYSTEMS

Toe raliability of a control system or of a measuring channel depends nearly
exclusively on the deasign critsrious and on the working comditions of the va~
ricus elementary components.

The following elements are taken into imsideration to juidge the realiability

1) Type of failure : - fail-safe
~ fall %o danger signalized or not signalized
2) Possibility and procedares of switching off

3

e

Possibilitias and conditions of inspection and verification.

A) Systems of clasg 1

Protective systems of class 7 do not require a reliability evaluation

B) Systems of class 2

All components of. a protective system of class 2 must be of a proven type
and adcquately tested under effective operation coaditions
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a) 4 _and

- Protected th es (vell d) of an ample life time under
the operation conditions, and vith preventive substitution

- Instruments of good industrial standard. tested under.ePfective ope~
ration conditions, subjected to preventive maintenance

b) Elaboration systems and control circuits

- Simple solid state logic, or relai. without base current, equiped
with a control system "a posteriori®

~ Relais logic with base current, subjected to preventive maintenance
and equiped with a Failure alam

All logic of class 2 should be installed in closed cabipets.

<) Actuators
- Electrical motors operating in noh aggressive environsent and of &
proven type with regards the effective operation conditioms

= Circuite breakers, operating in non aggressive exvirommemt and installed
in closed cabinets

- Valves, control valves or resote controlled check valves, subjected to
praventive maintenance

C) Protective systems of class 3

For these systems a reduction of the relative desd time to values not re-

gularly obtainable with cosmon industrial standards may de realized vith

the following rules ¢

1. The use 07 overdesigned componsats (resistor, diode, stc. At 60%)

2. The use of "fail-safe® logic cr the addition of an autocontrol systes
vhich translates pon fail-safe failures in fail-safe ones

3, Redundancy ~ beside an increased reliability, redundancy ia general
pernita maintenance during operatian ’
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4. FPreventive nmaintenance by which single components will be sulmitted
at 70X of their guaranteed life time.

Rule 4 may be applied vhen it is not possible to design according to mule 2.

a) Measuring systea

Congituted of r ber of ing ls of good industrial
standard, equiped vith a continuous sutocontrol system. In cage of fai-
lure, the autocontrol systea triggers an intervention equivalent to the
level trip. Beside that, the system must be equiped vith s comuon alarm
to indicate any channel failure or any alarm trip.

b) Elaboration system

The logic and control system should be with base current, and equiped
vith an autocontrol system, vhich translates any non fail-safe failure
in a fail-safe cne.

The logic circuits associated to more than one intervention pf class 3
beside being extremely reliable, eventually has to be duplicated inm
order not to impair the degree of redundancy of the interventions. The
autocontrol system should test all duplicated lines separately and in-
dependantly,

€} Actutors
The actuators have to be fail-safe as far as possible and of the base
current type,
In a detail study all possible failure should be examined, passive as
w2ll 28 active. From this detalled study can be deduced vhether a re-
dundancy of the actuator is neCessary.
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1 = INTRODUCTION

Le bref exposh qui va srivre est 1o résumé, d'une part des remarrues Que
nous avons pu faire au cours de 1'axercice de nos activitée quotidiennes
qui 8'exercent dans des domaines coimwe 1'adrodynamique, 1'électronique,

la themique, l'automatique, et d'autre part des anslyses bibliographiques
que nous faisons d'une fagon contimue et eu sujet desquelles on trouvera
en anmexe quelques références.

De tout tempo les sonstructeurs ont cherché A oonférer A leura fabrications
upe sfirecé de fonotionnement satiafaisante pour les utilisateurs, mais
pendant trds longtemps cetie sfreté de fonctionnement déteruinés pir des
essais de labortoire oit 1os résultats de fonctionnement en clientdle ne
présentait qu'un caractére qualitotif ou si une valsur quantitative en
était doonée sucun traitement mathénatique ne permettait d’en généraliser
la signification.

- ‘est depuis la seconde guerre pondiale qu'sst spparu ls besoin de
quantifier 1a slreté de fonctiomement. Ce besoin a domé neissance X
une discipline nouvelle que mous appelons er francais flabilitd et que
les anglais nomment reliability.

Bien qu'inséparable de la notion de concention de systimze, ls fiabilité
a'en distingue par les commaissances m-thémat: ques et statistiques qu'slle
roquiert, C'est une branche ds la recherche opfrationnslle,

Parmi les nosbreuses causes qui sont A l'origine du besoin de quantifier
1a slireté de fonct nous retiend t

- la naissance de tachniques nouvellss dont la rapidité 4'évolution ne
permet pas aux techniciens de se référer h des résultats d'expériences
passées 4'oh 1a nicessité 4e posséder des méthodes qui permetvent de
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prédire, puis d'eméliorer lg fiab litd dc svetimes nouvesux.

- la ¢ vplexité crcissante des systimes no ~:rmettent plus 4'estimer les
sfiretés de fonetiomnwie 't grice X 1'unique ber scas

- des p.rfurmances de s st mes touours plus élevées, impliquant 'utiliser
1-8 matérian aux lunrites de leurs posa b.lit’s ¢~ qui exclue 1'utilisation
de larges coefficients de séc.Tité ou 4'ignorance.

- uns congurrence écontmligue trds vive obligeant 1'industric A optimaliser
ses choix pour réduire lce cofits, A crganiser rationncllement la mainte-
rance, & réduive los stocks, le:. temps d'imwbilisation des machines, etc...
4'0l la naissance dc nosbreur concepts dérivés do celui de fiabilité,
telles 12 disponibilité, la pertinence, ete...

- la concention d'jnstalletion ou do machines dont la défaillance peut
entrafner la mort (avions, fusées, riacteur mwcléaire, otc...) &vec en
plus des implications fimanciérec ot psychologiques.

Avant d'aller plus evant, mus essaierons de classer lus systémos que
1'on d compone généralement ez sous systimes ou m0us enserbles eux-sfmes
dé és en ts ou pidces élémentaires.

4

s F




2 - DIFFIDOTS TYUTS DE STSTENS

lious proposons dc dist:nguer deux familles de syetimes 3
138 systmes styucturaux ot les systémcs infornctionnels
les premiers sont ceux dont 'a fonet on preneivale consiste A transmettre

des efforts ou assurer des positionmements tels la poutre d'un pont, la
membyane 3'une aile d'svion ou le tube d'un télescope.

Le forction principale des ds est de t o des irformations
qui peuvent 8tre : une foroe, \m débit, ume pressioz, un dérlacement,
eiCass On rangera 3avmp cette famille les systimes Slectriques et Slectro-
niques et ausel les systimes mécaniques comle los asservisseuents hydrgu-
liques per exsmple,

Ces derni. yati s nt mosés d'organes de struotures qui trans-
mettent des efforts, le corrs d'une vanne p:r exemple, et d’organes de
liaison coome les jointe d'étanchéité.

Lo type de pames sub s pir les svetemes powvant, d'une part carecté-
riser ces syst'moe et, d'avtre part définir les néthodos ce caloul do

la fiabilité » utiliser, nous rappellcroms, dans la n ragraphe suivant,
des définitions relatives aux défaillances telles qu'elles sont exprimées
par ilessjeurs CHAPOUIIL, et I' I'22ZIS dang la référence B 6 page B.
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3 = DI'FIFITTOF D 5 D.FAILLAES

requise.

Défaillance soudaine : Défaillance qui n'aurait nos pu $tre -révue par un
examan aztérievr des caractéristiques.

Défaillanca progreasive :Défaillance qui aurmit pu 8tre prévue par un
oxamen antér eur des caractérietiques.

Défaillance partielle :Défaillancs résultant de déviations d'uns ou des
caractéristiques au-deli das liultes sdécifides mais telles gqu'ulles
n'entralnent pas une dispar tion corpldte de 1a fonotion requise.

Défaillance compldte : Défaillance résultant de déviations d'ume ou des
ecractéristiques, tellos qu'clles entrefnent une disparition de 1a fomotion
requise, Los limites pondant A cette catégoric sont des limites

spécinles spicifides daxs ce but.

Défaillnnce cataleptique s Défaillonce qui est A 1a fuis soudnine ot
complite,

Défaillance pir dégredntion s Défaillance qui est 3 la fois progressive

et partielle,

Défajllance 4'exploitation s Défaillance éo par le poot des
raglos d'exploitation spéeifides ou por des influences extérieures dépas-
sant lse limites préwine dans los condiiions d’exploiiation du &ispositisf
considéré.
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4 - M7MH D'S GITIALSS UTILIS. S TN DLECTRONIQUD

Lep études do fiabiliié se sont conmdérublement développées avec 1'esaox
de 1'électronique et cels pour trois ra.sons principales t

- los systimes électrouniques sont congtituds de centeinea de composenta
et en raison de la complexité qui on découle, leur fiabilité ne peut 8tre
déterninés que grce & des méthodes trés élabordes.

~ les composents éleotroniques ont généralement un taux de panne conatant
clest-l~dire une loi de survie exponentielle, forme mathémrtique qui ne
conduit pas A des calcula trop inextricables.

- le zrand nowbre de composants gui confire une extréme complexité aux
systimes, mrésente 1'avantage de permettre des estimstions statistiques
nréc .ses en raison mfus de ces grands effcetvifs.

Nou:s avons vu dans les défindtions que 1'on 4istinguait les défaillances
soudaince ot les défalllances progresaives.

A cea dexx types de dffaillance on peut faire correspondre deux femilles
de calcul,

hns le preuinr cas on décompose le aysiime en sous aystimes ou modules

et on roprésente les liens entre ces derniers du point de vue de la
fiabilité par un schéme Ait bloc-diagrmmme de fiabilité auguel on eppliqus
les rdgles du calcul des probabilitée, Pour améliorer la fiabilité d'un
systdne, on peut, d‘une part cholisir des composants plus fiables ou les
relier sudvant un schémn plus elr c'est-i-dire en utilieant par exewple
la redondance qutelle soit active ou de subetitution.
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Dans lo cas des d¢“fai’lences nrogressives, 1'étude de fiad 1ité c-naiste,

A pertir du disgrwmue fongtionnel , & ““finir comment v-Tient lea p-rem ives
de sortic 2 fonction de Ja variation des 2:raaitres d'entrde, ce que lon
amfricains sppellent VA ou p ramitre valu snalysia.

On peut classer les m=tlodes de ¥ A er deux fam]les sujvant que 1lton
ae fait —as ou au contrzire que 1'on f:it iatervenir 1a 4 stribution
probabilicste des parambtres,

Ltanalyse de 13 sensibilité et 1'étudc du cas le plus défavorable (worst
case) so présentent dans le premier cas, 1'amlyae des moments, la méthode
de convolution et les .:éthodes de Monte Carlo apparcissent dans le second,
1 - tude de senmibilicé
Lz sensibilité d'un systé:e caractérise 1. variation d'un ou dss parawbtres
YJ de sortie en fonction de la variation d'un ou des paramdtres 4 entrée
xi. T 1le correspond & la notion d'élasticité en Sconomie et peut 8tre
définie mathématiquement par @

Y
3 oy ST
s = e _—
A
X Lxyfx

Son étude pemmet de déterminer les saramdtres dont la dérive influencera
le plus les performances du systime.

Dens ce type d'étude, les variations dea parawdtres d'entrée sont faibles,
51 au contraim on donne 3 ces vuaremdtren des smplitudes de variation
extrémes on fait uw analyse du oas ls plus 3éfzvorsble (ou worst case
analysis) qui correspond A 1a vérification d'un fonctlonremeat matisfei-
sant du syatime au cas ob le prinoipe bien conmu de 1'enmui meximm
8'appliquerait,

20V e A



http://fonctionceme.it

(32

2 - Loreque 1'on désire conanftre 1o probabilité de voir la valewr
dos paramdtres de sortie ddnasser 28 toldrunces, on fait appel i la
métiode dite des maments, nommée ici car elle porte sur les deux premiers
wome:ta de la distribution des peramdtres d'entrée, c¢'est-i-dire, ‘a
moyenne et la variance, cette réthode est aussi dénommée mdthode de la

co. Blle suppose d+8 distributions normales et
dos paromdires de sortie variant lindeireme..t en fonction des nirenttres
d'entrée.

La méthode de¢ convolution n'impliqie pas unc 4 stribution normsle des

paramétres d'eutrde, elle a pour tase 1'hrpothdse que 18 variation totale
d'un parspdtre de sort & est la somie des variations »artiollee de co

nBue para.-tre de sortie, caueées par chacun des varanitr-s d'entrde,

Dans le cas .r's général oh les d:stributions sont quelconques et les
systdmea trés compliqués on seut faire appel aux &t.odes de Monte Carlo
qui ont pour base le théordme de Glivenko- Cantelli et correspondent 2
une véritable expérimentition sur ordinstour. 1.1les conduisent souvent
A deg tamps de caleul élevém ot 3 des dénassemants de capacité, Flies
sout par contre trés générales.

Enfin, une néthode générale qualitative consiste A znalyser les causes
ot les sffets d'un certain nombre de défaillsnces de composants (failurea
mdas and effects analysis).



5 « FIABILITE MECANIQUD

Aprds avoir bridvement reppelé les méthodes utilisées pour les calculs
de fisbilité en électronique, nous abordercns ls cas de la f£iabilité en
mécanique.

Nous eseaierons d'asbord de distinguer en quoi la fisbilité mécanique yré~
sente un caractire original, nous émumérerona ensuite les méthodes utili-
sables dans les étundes de fimbilité mécaniqus, nous concluercns enfin am
suggérant les travaux qu'il nous semble soubaitable d'entreprendre pour
faire progreaser la fiabilité mécenigue.

La particularité essentislle des systimes mécanigues réside en la diffi-
culté d'obtenir des résultats statistiques significatifs. Cette narence eat
due su fait que les syntimee nécaniques sont généralement conatruits en
nombre restreint et que de plus leurs conditions d'utilisation ot de main~
tenance sont extrémoment veriablas. Cette difficulté de faire da la statis-
tique en fimbilité mécanique apparalt bien si 1'on compare la définition

de la fisbilité donnée par les électromiciens b celle énoncée par 1*Académie
des Sclences et qui se veut plus générale.

Déginition en électronique.-
"Probebilité quiun dispositif accomplisse ime fonction requise dans das con~

ditions d'utilisation et pour une période do temps dSterminés”,

Définition de }'Acedémie.~
"Grandeur caractérisent la edourité de foncti o % la
probabilité de fonotiormement d'un appereillsge selon des normos prescrites”.

Outre cette différence formells, notons que 1a fisbilité des compowants
. ques 4¢ copme los électroni ds 1'enviromnement

(température, vibrations) mais est de plus sensible A 1'interaction des

S
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pibces voisines et des caractéristiques de leur liaison.

Mnsi on peut canstater une forte différence entre la fiabilité intrinsdque
d'w: compeaant telle au'elle est déterminée au laboratoire et la fiabilité
opéretionasllc du dit composant. Un exemple signaficatif est celul des roule-
ments & billes dont la durde de vie peut &tre singulidrement écourtée par

un montege inadéquat.

Une autre particularité de la fiabilité des sysilmes mécaniques est que
ces derniers sont réparebles, ce qul s des conséquences, en particulier pour
los aystimes informatiomnels, que nous évoquerons plus loin.

Abordons maintenant lea différentes étapes de la détermination de la fiabilité
méoanique. Reppelons d'ebord que la fisbilité se prédit eu stade du projet,
s'estine au nivesk du prototype et s'évalue au nivean de la série.

- Piabilité des organes

+— Batimation do la fiabilité

Larnque 168 composants sont tris nombreux, les méthodes géndrales utiliades
on lectronique et en contrfle de qualité efappliquent blen pour estimer 1a
£iabilité intringdque. Le meilleur exmuple ost celui des roulements A billea.

I1 peut aussi 8tre intéressant,lorsque l'on a affaire A wmo lignée d'organes
oenblables, de déterminer, su lsboratoire, sur do grande effectifs, la famille
b laquelie appartient la loi de fiabilité., Des essais en nombre réduit sur
1'ergane particulior qui nous intéresse suffiront ensuite A déterminer les
parembtres de 1a loi dans ce cas particulier. Nous pensons ici tout spéola-
lement au cas ob 1a loi de Woibull s*appligue, 1l'on sait qu'elle se repré=
sente por uno droite avec les ées du dingr a'Alan Plait, ce qui
réduit théoriquoment A deux les essais nécossaires,
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-~ Prédiction de 1a fisbilité d'un orgae

Lion sait que le noshre doe corps simples ast de 1'ordre dé 102, le nombre
des orgenes de 1'ordre de 103 et lo nombre des ensembles de 1'crdre de 105.
Purtant de cette constatation, il semble plus simple dfaborder 1tétude de la
finbilité su niveau des matériaux constituants plutét qu'em nivesu des
ensembles.

Pour ce faire, on est conduit 3 comparer ln position respective de la loi de
distribution des charges A& la loi de distribution de la contrainte admissi-
ble pour le metérisu.

Ce point de vue est original car d*ordinaire on se contente de comparer

une veleur moyenne de contrainte & wne valeur moyenne de la résistance du
motériau en ayant pris la précsution d'introduire im coefficient de edourité
ou d'ignorance qui permet de meintenir celle-ci inférieure & celle~1A.

Cotte méthode préecnte un agpect statistique implicite qui rdaide dans le
ohoix répété d'une valeur donnde pour le coefficient de sécurits.

Lorsque 1'on désire une finbilité Slevée et de hautes performences, ce pro~
¢édé apparatt inadéquat car ne tenant pas compte de 1z dispersion des efforts
et des résistances.

Les forves appliquées sont dispersées en raison des hypoiheses de la "Résie-
tance des Matérimn” (homogénéité et isoiropie des matérienx) et de ln dis-
persion des oarantéristiques géométriques des structe

Dfputre part, le dispersion des caractéristiques des matérisux s'explique
par 1o nnture wéme de oes derniers. Leurs caractéristiques sont fonoticn
des lacunes réparties aléatolirement em leur sein, On sait, en effet, quo
dans le cas des matériaux trds purs et trde homogimes, cas des trichites

ey

e
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(ou viskers), on constate des résistances des dimaines des fois supérieuree
aux vileurs courmntes.

Ellp est justiclable des mémes méthodes statistigues qus celles utilisdes
en électronique,

+- Prédiotion de lo fiabilité
81 1z flabilité dem composants est compue, les méthodos utilisées en élec~

tronique sont applicables, c'est-d-dire établi t d'un diagr bloc
de fiabilité auquel on applique le caleul des probabilitds.

Lo notion do redondance utilisée en &lectronique se traduit per la notion
do aystime foil-safe pour 1es structures méceniques. Cela signifis par exem~
ple qu'une poutre metiresse sera remplacée par n poutres plocées en parale
1dle de tollie sorte que i 1'ume vient 3 se rompre, les efforts sont repris
por les n - 1 poutres restantes avec toutefois un coefficient de séeurité
moindro, 11 est vrai, mais suffisant pour achever 1a mission.

Le principe fail-safe est particulidrement utilisé en céronautiqus.
Outre o type do redondance, un soyen dlaméliorer la fichilité sst de déta-

rer los organes, ¢'esi-d-dirc de les utiliser acus des charges inféricures
& leur charge nominale, .

Pour les systd | 1s, les méthodes A'analyse de variation des
paramdtres somt applicnbles dds que 1'on dispose d'un moddle de fonoticune-
ment, Cb mdblo ost généralement mathéontique. Dans lo cos 4'un systime
hydwauliqus, per exeuple, i1 s'agira des quations de 1 mécanique des
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fluides, Lorsque les phénomdnos sont en partis inconmus, il est possible
de construire un moddle physique ou moquette & partir duguel om met ou point
une expression mathémetique convensble pour la fonctior de tranafart.

La possession d'un moddle est extrfmement intéressont car 31 permet de
déterminer 1'évolution des performances du systéme en fonctfon de Ifétat
des organcs composants, Cette cunnnissance permet d'appeirer les organics
composents d'un diepositif neuf pour avoir les perfornances optinalss ou de
déterniner les cotes d'une pilte de rechange pour maintenir i 1'optimm les
perfornonces d'un systine qui n'est pas totalament rénové,

Co genre de déterminntion nécessite généralenent iiusege d'un ordineteur.

Anélioretion de 1a fipbilité.~

L'analyse dea sources de panne et de leurs éq Peuar un systime,
et 1z commnissance des sources de pemne et de leurs comséquances pour des
systémes semblables permettert d'améliorer lc fiabilité des systimos méco-
niques en spflforant los rigles de l'art pour la construction et lo choix
des partics les plus vulnérables.

A titre d'exemple, on 2 ci 1elqY renseignenente de cette
nature tirds do la référence A.2. pour deux types d'installntion, c'estwd-
dire ln répartition des pourcentoges des promiers organes défaillantas.

8 centri 4'inst; 1 d'air conditionné.~
- Paliers do tutée % %
- Vamns 4'admiseion 2%
= Paliers portant des ollnrgus
radiales 4%
- DAffuseur "%
~ Aagouplement 8%

S

"R o P R i S
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s 62,4%
- :“"" 18,8 &
~ Btanchéité sur 1'arbre st

plecent 18,8 %
atcou]

- 14 -
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6 - SUGSESTIGNS FOUR UN _PROGEAMME D'BTUDE

De ces quelques q ngus conel que, pour axéliorer la fisbilité
des ensexbles néecniques, il ost scuhaitadle

- d'établir des scotistiques sur les ot les éq des ddfail-
lances d'organss dans des installations existentes.

-~ d%obtenir une weilleure connsissance de ln dispersion des carcctéristiques
des matérimux et celn griice & des essois systénatiques.

-~ d'étudier 1a loi de finbilité des organes les plus courants.

—~ d'étuiier les fonctions de transfert des syetd 1ss plus

~ d'entreprendre une étude tibliographiqus sur tous les sujets ci-dessome
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A practical approach to reliabjlity in turbomachinery

James C. RIFLE (Carrett Corp. hir Research Memfacturirg Miv,
Loa Angeles, California)

Society of automotive engincers, National Aeronautic and space
engineering and mamfacturing

¥eoting Los Angeles, Cal.

Sept. 23-27, Paper 744 D, 11 p (1963)

Reliabllity of a singlo degree of rrecdom mechanical system

W.H, BLPUZL Jr (Endevco Corp. Pasadena, Calif,)

Institute of Eisctrical end electroni i , International
Conf, exhibit oo ssrospsce support, Washingten, D.C. Aug, 4-9, 1963
IEEE ~ Transactlons on serospece, vol. AS - 1, Aug. (1963)

ps 5T5-579

eliability through statisticsl materisl property definition
H.G. POPP (Gemeral Slectric Co, Large jot Engine Dp)

Society of tive engi tional tics and space
Engineering. Mamfacturing meeting

Los Angeles. Calif. Oct, 8-12, paper 580 B, 9 p, 1962

Statisticsl investigation of the fatigue life of deepw-growe ball
bearings

J. LIEBLEYN and ¥, ZELEN

J, Res, Nat. Bur. Stend 57, n® 5, p. 275-316 (1956)

New concepts in the prediction of mechanical and structursl
reliability

Armold A, ROTESITIN (AVCO Corp. WILMINGTCN, Mass)

AJAA - SAE -~ ASME, ferospace relisbility and maintainability Conf.
1st, Washington DO, May 6-8 (1963)

New York, American Instltute of tics and astrongutics,

Po N7 = 11 zef, (1963)
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25, Kuclear power plant reliability
HEFTLRSCN G.
Ruclear engineering Apr. 1963
26, Estimates of error for design reliability
by Bruce L. BAIRD and William N. Mc LEOD
Proc. 20th National Symposium on reliebility avd quality Control
(A%C) Jan. 7-8-9 1964 Washington
Be Sur 1a fiabilité en général
1a Reliability handbook
Edited by Grant IRESON
Mac Graw Hi1l Company
2, Méthode pratique d'estimation statlstique des lois de survie
par J.L. EELLON
Revue Frangaise de recherche opératicmnelle
Gimo année ~ 2dme trimestre 1965 — n° 35
3,  Systems relishility
bty N.D. GOLOVIN
Inquatrial Quelity Comirol - May 1964
4. A survey of techniques for analysis and prediction of equipment
relisbility
by EIMOBE BLANTON end Richard M, JACOBS
Industrial Quality Cantrol - Dec. 1962
5.  Relisbility Data processing and reporting in industry
By IRVIN R, WHITEMAN
Industrial Quality Control, Dec. 1964
6, la fisbilité des syetdmes

par P, CHAPOUILIE et R. de PAZZIS
Ed. MASSQN 1968



