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QUALIFICATION OF STRATEGIES FOR MODERNIZING

TEST FREQUENCY OF SAFETY SYSTEMS AT NUCLEAR

POWER FACILITIES WITH EXTENDED TIME OF FUEL
CAMPAIGNS

B. Cranosy6os, FO. Kayapcoxuti, €. Masyp, B. Kounesa, I Bepouno. Kpaiidikauis crpareriii MoaepHizauiii nepioquunocti 1ono
BHIIPOOYBaHb CHCTEM 0e3NeKH sIIePHAX eHepProycTaHOBOK IIBHILEHOI TPMBAJIOCTI NMAIMBHUX KaMmnaHiii. Po3po0neHo pu3uk-opieHTOBaHUI
Meton KBamidikawii (0OrpyHTYBaHHS) CTpareriii 30UIbILCHHS MEpiOUYHOCTI BUIPOOYBaHb MACHBHUX CHUCTEM OE3MEKHM B PEXHMAX ITiBUILCHHS
TPHUBAJIOCTI MAJIMBHUX KaMIaHIN SIEPHUX eHeproycTaHoBOK. Kputepiii kBastidikarii — IMOBIpHICTb BiIMOBH CHCTEM YIPABIIHHS aBapisiMU UL TPy
BHXIJTHHX aBapiiHUX TOAIN 31 «I[IBHAM» Ta HEIITbHIMY» PEaKTOPHUM KOHTYPOM. YMOBH KBasiiKaliil — He IEepEeBUILICHHs] HMOBIPHOCTI BiZIMOBH
CHCTEM YIIPaBJIiHHS aBapisiMA MOJIEPHI30BaHOI cTpaTerii BUPOOYyBaHb OO MPOEKTHOI cTparerii BumpoOyBaHb. Ha 0a3i po3pobneHoro meromy
BCTaHOBJICHO, IO OOIPYHTOBAaHE 30UIBLICHHS NEPIOJMYHOCTI BUNPOOYBaHb NMACHBHUX CHUCTEM O€3MEKHM B 3arajlHOMY BHIIAJIKY 3aJICKUTH BiJ
MOZIEpHI3allii MOKa3HUKIB HAAIMHOCTI Ta MEPiOIMYHOCT] BUNPOOYBaHb aKTHBHUX CHCTEM OE3MEKH Ha MOTY)XHOCTI peakTopa. Ha ocHOBI oTprMaHnx
pe3ynbTatiB KBatidikallii BCTAHOBJICHO, 10 HAWOUIBII OOIPYHTOBAHOIO CTPATETIEI0 30UIBIIEHHS MEPIOAMYHOCTI BUMPOOYBAHb MACHBHHUX CHCTEM
0e3reKy € MiBUILCHHS HaIIMHOCTI CHCTEMU aBapiiiHOTO ITi/PKUBICHHS HaporeHeparopiB. Lle Moxe 3abe3neunTr aBapiiiHMil KUBUIBHUI HACOC 3
TTApOIIPUBOJIOM BiJl TAPOTE€HEPATOPIB, KU HaJae MOTPIOHI /T epEeKTHBHOTO YIIPABIIIHHS aBapisMU yMOBH ITi/UKUBIICHHS TapOreHEpaTopiB Ha BCIX
eramax aeapii mpu THCKy B maporeHeparopax He Menie 0,3 MITa. Po3poOnenuii Meton kBamidikarii crpaterii mepioqudHOCTi BUIPOOYBaHb
MacHBHUX CUCTEM Oe3NeKH B pEeXUMax ITiJBUILECHHS TPHUBAIOCTI MANTMBHUX KaMIIaHIH SACPHUX EHEProyCTAaHOBOK MOXKE OyTH peani3oBaHO 3a
JIOTIOMOT OO JIOCTATHIX €KCINTyaTallifHMX JIaHKX 1010 HAJiHHOCTI clcTeM Ge3reKn 3a TOBHUH TepMiH eKCIUTyaTallii.
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V. Skalozubov, lu. Katsarskyi, Ye. Mazur, V. Kochnieva, 1. Verbylo. Qualification of strategies for modernizing test frequency of
safety systems at nuclear power facilities with extended time of fuel campaigns. A risk-informed method for qualifying (substantiating)
strategies for increasing the test periodicity of passive safety systems in the regimes of increasing the time of fuel campaigns of nuclear
power facilities has been developed. The qualification criterion is the probability of failure of accident management systems for groups of
initial accident events with a “tight” and “loose” reactor circuit. The qualification conditions are not to exceed the probability of failure of
accident management systems of the modernized test strategy as to the design test strategy. Based on the developed method, it was
recognized that a reasonable increase in the test periodicity of passive safety systems in the general case depends on the modernization of
reliability indicators and the test periodicity of active safety systems at reactor power. Based on the qualification results, it was recognized
that to increase the reliability of the emergency feed system of steam generators is the most reasonable strategy for increasing the test
periodicity of passive safety systems. This can be provided with an emergency feed pump with a steam drive from the steam generators
which get the required conditions for feeding steam generators at all accident stages at a pressure in the steam generators of at least 0.3 MPa.
The developed method for qualifying strategies for test periodicity of passive safety systems in modes of increasing the time of fuel
campaigns of nuclear power facilities can be implemented using sufficient operational data on the reliability of safety systems over the entire
operation life.

Keywords: test periodicity, safety system, fuel campaign, nuclear power facility

Introduction

In general, the following safety systems manage accidents at nuclear power plants (NPPs) with
VVERs at the in-vessel stage:

— the active part of the emergency core cooling system using high and low pressure pumps (HP
ECCS and LP ECCS);

— a passive system of hydraulic accumulators for supplying boron solution to the coolant in case
of leaks in the reactor circuit — YT;

— passive protection system of the 2nd circuit (high-speed shut-off valve) — TX;

— passive steam discharge system of steam generators, which includes a pulse safety device of steam
generators, high-speed reducing devices for steam discharge to the atmosphere and a turbine condenser;
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— a passive pressure compensator pulse safety device for pressure control and protection against
excessive destructive pressures in the reactor;

— active emergency steam generator feeding system with emergency and auxiliary pumps
(EFWP/AFWP);

— passive system for emergency steam and gas removal from the coolant — YR;

— the passive part of the ECCS, consisting of the reactor core cooling water tanks.

The initial accident events can be conditionally divided into two main groups:

— initial accident events with reactor circuit depressurisation (initial accident events with a
“leaky” reactor circuit);

— initial events of an accident with a “tight” reactor circuit.

The group of initial events of an accident with a “leaky” reactor circuit includes reactor circuit
leaks into the NPP pressure vessel and into the steam generator, including the maximum design basis
accident with instantaneous separation of the main circulation pipeline.

The group of initial events of a “tight” reactor circuit accident includes power outage of power
units, jamming/failure of main circulation pumps, failure of reactor emergency protection, external
extreme events (earthquakes, hurricanes, tornadoes, flooding of the NPP industrial site, fall of
large/explosive objects), etc.

The main mode of operation of safety systems is the “standby” mode of performing safety func-
tions during accident management. Therefore, regulatory and operational documentation regulates pe-
riodic operational tests to confirm the performance and reliability of safety systems.

Regulatory and technical documentation provides for the following frequency of operational tests [1, 2]:

— for active safety systems — 720 hours during reactor operation at capacity and annually during
scheduled outages;

— annual operational tests for passive safety systems.

When implementing strategies of extended fuel campaign duration that are promising for improv-
ing NPP operation efficiency, it is necessary to modernise strategies for testing passive safety systems,
which will provide the necessary conditions for reliable accident management of NPPs with VVERs.
This determines the relevance of the presented work.

Analysis of known developments on the topic and problem statement

Paper [3] presents a risk-based method for qualifying the frequency of operational tests of the
pressure compensator and steam generator pulse safety devices in the mode of extended fuel cam-
paigns of NPPs to bring them into compliance with regulatory requirements — operational tests of the
pressure compensator and steam generator pulse safety devices at least once a year. The method is
based on the assumption that additional operational tests of the pressure compensator/steam generator
pulse safety devices are possible at reactor power.

The condition for acceptability of changing the frequency of operational tests of the pressure
compensator/steam generator pulse safety devices [3]:

{5-10-3, P<5.107;

P <Fo =

1
P, P>5-10"°, W)
where: Py — the probability of failure of the pulse safety devices when changing the frequency of op-
erational tests; Pp — the base value of the probability of failure of the pulse safety devices at the
scheduled frequency of operational tests, determined by the statistics of failures/violations.

In the general case, the probability of failure of pulse protective devices [3]:
P=f (At tpm, oy, Ogoms Nor) 2

where: X is the parameter of the intensity of the failure flow according to the statistics of fail-
ures/violations of impulse safety devices; t is the current time between inspections (4 years for impulse
safety devices); tspm is the time between scheduled preventive maintenance; o, asem IS the restoration
rate of impulse protective devices as a result of operational tests at capacity and in the process of sched-
uled preventive maintenance; nor is the number of operational tests during the period of operation.

Finally, work [3] established the following.

1. Admissibility of operational tests of VIVVER-1000 pressure compensator pulse safety devices at reactor
power without coolant emissions into the pressure vessel (except for Unit 1 of the South Ukrainian NPP due
to the lack of technical capability to disconnect the tested channel from the pressure compensator).
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2. For technical reasons, it is not possible to conduct full operational tests of steam generator
pulse safety devices at reactor power without emissions into the pressure vessel and the environment.

This conclusion is also justified for passive safety systems: the system of steam discharge devic-
es, ECCS of hydraulic vessels, YT, TX.

The following comments can be made regarding the results obtained in [3].

1. Operational tests with the disconnection of the pressure compensator’s impulse safety devices from
the power pressure compensator do not correspond to the actual conditions of accidents with maximum
coolant pressure and temperature. In addition, the uncertainty of the recovery parameters is significant.

2. Conducting operational tests of the pressure compensator’s pulse safety devices requires re-
ducing the power level and disconnecting one main circulation pump.

3. It is also necessary to develop alternative approaches to modernise the frequency of operation-
al tests of the pressure compensator/steam generator pulse safety devices in modes of extended fuel
campaigns.

Papers [4—10] present an analysis of the known risk-based approaches to modernising strategies
for operational testing and scheduled maintenance of safety systems based on the results of probabilis-
tic safety analysis to determine the probability of a nuclear (severe) accident — core meltdown fre-
guency. As a result of the analysis carried out in [4—10], the inadmissibility of such approaches was
established for the following main reasons.

1. Modernisation of the frequency of operational tests of safety systems is based on an “artificial”
reduction of the overall level of nuclear safety.

2. The overall core melting rate may be “insensitive” to the modernisation of the frequency of
operational tests of safety systems in modes of extended fuel campaigns.

The analysis of the above developments in the field of modernisation of strategies for operational
testing of safety systems in extended fuel campaigns determines the need to develop alternative ap-
proaches that eliminate the need for operational testing of passive safety systems at power and do not
reduce the overall level of nuclear safety.

The aim of the study is to develop a risk-based method for qualifying the frequency of testing of
NPP safety systems under conditions of extended duration of NPP fuel campaigns with VVERs.

Main objectives of the study

1. Analysis of known approaches and methods for qualification of NPP safety system testing
strategies.

2. Development of the main provisions of the risk-oriented method for qualification of the safety
system testing strategy under conditions of extended fuel campaigns.

3. Analysis of the obtained results and practical recommendations.

Method for qualifying the frequency of operational tests of passive safety systems in modes
of extended fuel campaigns

Key provisions and assumptions.

1. Accident management systems are defined by a set of safety systems critical for ensuring the
functions of each group of initial accident events.

Critical safety systems for the group of initial accident events with a “loose” reactor circuit are
active HP and LP ECCS, passive system of YT hydraulic accumulators, passive ECCS of hydraulic
tanks, passive system of steam generator steam discharge devices, passive system of steam generator
feeding EFWP/AFWP, passive system of pressure compensator pulse safety devices.

Critical safety systems for the group of initial accident events with a “tight” reactor circuit — steam
generator steam discharge system, EFWP/AFWP, TX, pressure compensator pulse safety devices.

2. Qualification criterion — probability of failure of the accident management system for each
group of initial accident events.

3. Qualification conditions — the failure probability of the accident management system of the
modernised frequency of operational testing of safety systems should not exceed the failure probabil-
ity of the accident management system in the design strategy of operational testing of safety systems.

4. Necessary operational tests of passive safety systems shall be performed only in the power unit
outage mode, and active safety systems shall be performed in reactor operating and outage modes.

In the general case, the probability of failure of the accident management system with a “leaky”
reactor circuit:
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PSAl = PAH PPS PAP Pg PPR Pge PAS ) 3)

where: Pag — the probability of failure of the active part of the HP ECCS; Pps — the probability of fail-
ure of the steam generator steam discharge system; Pap — the probability of failure of the emergency
feeding systems of the EFWP/AFWP steam generator; Py — the probability of failure of the YT; Ppr —
the probability of failure of the pressure compensator pulse safety devices; Pge — the probability of
failure of the hydraulic reservoirs’ ECCS; Pas — the probability of failure of the LP ECCS.

In general, the probability of failure of the accident management system with a “tight” reactor circuit:

PSAZ = PPS PAP PTX PPR ) (4)

where: Prx is the probability of failure of a high-speed shut-off valve (TX).
For a characteristic limited number of critical failures/violations of safety systems, a linear ap-
proximation of the probability of safety system failure is acceptable [3]:

P=At, (5)
where: t is the time interval between operational tests, A is the intensity of the flow of critical fail-
ures/violations:

A=nIT,, (6)
nk is the number of detected failures/violations during the operating period Te.
Taking into account (3) and (5), the probability of failure of the accident management system
with a “leaky” reactor circuit:
Poar = 7\‘AH7\‘PSKAP;\‘QKPRkge;\‘AStAHtPStAPtgtPRtgetAS : (7

Taking into account (4) and (5), the probability of failure of the accident management system
with a “dense” reactor circuit:

Pz = Apshpphry Ao st ap g - (8)
Conditions for qualification of the accident management system when modernising the frequency
of operational testing of safety systems:

Poa (M) < Py (d) ©)
PSAZ (m) < PSAZ (d) ’ (10)
where m is the modernised strategy, d is the design strategy.

Taking into account the qualification conditions for the accident management system (8) and (9),
the qualification conditions for the test frequency for accidents with a “loose” and “tight” reactor cir-
cuit:

Asar (M)tsa; (M) < Agpy (d)tsa,(d), (11)
Agpo (Mg, (M) < Ay (A, (d) (12)

where: 7"5A1 = A‘AH)\'PSXAPkgA‘PR}\‘ge}\‘AS ; 7\‘SA2 = 7\‘PS7\’AP7\’TX}\’PR o = tAHtPStAPtgtPRtgetAS; tSA2 = tPStAPtTXtPR .

In the format of conditional separation of passive and active safety systems, the qualification
conditions (11) and (12):

Aenr (M)t (M)Agas (M), (M) < Ay (d)ten, (d) A, (d)EE5 (d), (13)

hegnz (Mo (MG (MG, (M) < Ay (A, ()G, ()15 (d), (14)

where: X;’Al = XPSkg}\’PR}\'ge , (15)
7\‘SAA1 =M ahapPas (16)

7"gAz = Apshrxher » (17)

ngz =App s (18)

tgAl = tPStgtPRtge , (19)

tSAAl = Lanltaplas (20)

tSPAl = Loty log » (21)
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A . (22)

tspo =Tap

After transforming (13)—(22), the conditions for qualifying changes in the frequency of opera-
tional tests of passive safety systems:

Ba(M) _ A50(d) 250,(d) £ (d) (23)
tear () Agas (M) Ags (M) t5, (M) ,
tsF,)Az (m) < )\’gAZ (d) K?Az (d) téAAZ (d) (24)

tone (d)  Aén, (M) A&y, (M) 5, (M) '
Thus, in general, it is necessary to increase the frequency of operational tests of passive safety
systems:
P P
tSF;Al (m) >1’ tSF;AZ(m) > 1' (25)
1:SAl (d) tSA2 (d)
due to the increased duration of fuel campaigns can be ensured:
— increased reliability of passive safety systems:

{xé’m(m 1 Ma(d) >1}
ha(M) 7 Agpp(m) )7
—and/or increased reliability of active safety systems:
{xg‘m(m p M) >1}
hoaa(M) " Agp(m) )
— and/or reducing the frequency of operational tests of active safety systems:
{t;i\l(d) L1 () >1}_
tSAAl(m) tSAAZ (m)
Strategy 1: Increase the frequency of operational tests of passive safety systems due to reduction
of the frequency of operational tests of active safety systems.
Conditions for implementation of Strategy 1 — unchanged reliability indicators of passive and ac-
tive safety systems during operation:
1a(d) _280(d) _28(d) _25,(d) 26)
}\‘:Al (m) ngz(m) }\‘gAl(m) 7"sAAz (m)
In this case, the qualification conditions (23) and (24), taking into account (26):
t{Al(m) < thl(d) , tSr;AZ (m) < té:AZ (d) ) (27)
tSAl (d ) tSAl (m) tSA2 (d ) tSAZ (m)
Assuming the same periodicity of operational tests for all passive trss and all active tass safety
systems and taking into account (15)—(19), the qualification conditions for strategy 1 follow from (27):

bss (M) _[ tass(@) T (28)
toss (@) [ tass(M) |
tyss (M) _[ tass(@) | (29)
toss (@) [ tass(M) |

Formulas (28), (29) reflect the required change in the frequency of testing safety systems for two
different groups of accidents with different sets of critical safety systems in the accident management
system. Based on the results of calculations using formulas (28), (29), a conservative value of the fre-
guency of testing of safety systems is used.
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In particular, the obtained qualification conditions for Strategy 1 (28) and (29) conservatively
imply that when switching to an 18-month fuel campaign, the frequency of operational tests of active
safety systems should be reduced by three times compared to the design frequency.

Strategy 2. Increase the frequency of operational testing of passive safety systems due to the in-
crease in reliability of active safety systems.

Conditions for implementation of Strategy 2:

}\’gAl(d) _ ngz (d) _ tsAAl(d) _ téAAz (d) -1 (30)
X:Al(m) ngz (m) tSAAl(m) tsfxz (m) .

In this case, the qualification conditions (23) and (24), taking into account (15)—(19):

tpss(m)< Aass(d) ™ (31)
toss (d) | Mass(M) |
toss (M) _[ Dpss (@) (32)
toss (4) | Mass(M) |

In particular, the obtained qualification conditions for strategy 2 (31) and (32) conservatively im-
ply that the reliability of active safety systems should be increased threefold when switching to an 18-
month fuel campaign.

Analysis of the results

1. The strategy of increasing the frequency of operational testing of passive safety systems due to
an increase in the frequency of operational testing of active safety systems at reactor power can be
qualified (justified) at long design stages of power unit operation under the condition of quasi-constant
reliability indicators of safety systems. However, the increased frequency of operational tests of active
safety systems may lead to premature wear/degradation/reduction of the residual service life of active
safety system equipment.

At the end of the design life and during the extension of the service life, such a strategy of opera-
tional testing of passive safety systems is not justified, since the reliability indicators of active safety
system equipment may significantly depend on the residual life.

2. The strategy of increasing the frequency of operational testing of passive safety systems by in-
creasing the reliability of active safety systems is qualified for any stages of design and post-design life.

This strategy can be implemented by increasing the reliability of the emergency feeding system
of the steam generator for the following reasons.

1. The emergency steam generator feeding system is the only active safety system for the groups
of initial accident events with a “tight” reactor circuit, as well as one of the critical systems for the
groups of initial accident events with a “loose” reactor circuit.

2. The deterministic analysis of the initial accident event “Complete long-term power unit out-
age” (analogous to the initial accident event at Fukushima NPP) for NPPs with VVVERs established
that a nuclear accident (with damage to nuclear fuel) may result in failure of the emergency steam
generator feeding system during the accident [6].

Paper [6] presents the qualification of the modernisation of the emergency steam supply system
of a VVER steam generator by an alternative emergency pump with a steam drive from the steam gen-
erator. It is established that the pressure-flow characteristic of the emergency pump with a steam gen-
erator drive can be similar to the pressure-flow characteristic of the turbo feed pump of a NPP with a
VVER and provides the necessary steam generator feed to a pressure in the steam generator volume
not lower than 0.3 MPa.

In addition, the emergency pump system with steam drive from the steam generator eliminates
the need to trigger the steam discharge system in the course of any accident and ensures nuclear safety
conditions in the conditions of the initial accident event “Total Long Duration Blackout”.

Conclusions

1. A risk-based method for qualifying (justifying) strategies for increasing the frequency of test-
ing passive safety systems in modes of increasing the duration of fuel campaigns of nuclear power
plants has been developed.
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The qualification criterion is the probability of failure of accident management systems for
groups of initial accident events with a “tight” and “loose” reactor circuit. Qualification conditions —
not exceeding the probability of failure of the accident management systems of the upgraded test strat-
egy relative to the design test strategy.

2. Based on the developed method, it was established that a reasonable increase in the frequency
of testing of passive safety systems in general depends on the modernisation of reliability indicators
and frequency of testing of active safety systems at reactor power.

3. Based on the obtained qualification results, it was established that the most reasonable strategy
for increasing the frequency of testing of passive safety systems is to improve the reliability of the
emergency steam generator feeding system.

4. The necessary increase in the reliability of the emergency feeding system for steam generators
can be provided by an emergency feed pump with a steam drive from steam generators.
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