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An original method has been developed for predicting the operation life extension period of thermal mechanical
equipment of safety systems based on the assessment of the residual resource by the number of thermohydrodynam-
ic and mechanical cyclic loads and the test frequency during design operation life. Based on the developed method,
as well as the results of technical inspection of pump and armature bodies of emergency core cooling and steam
generator emergency feedwater systems, it was found that the permissible operation life extension period is 4 years
for the design test frequency, 8 years if the test frequency is reduced by 2 times, 16 years if the test frequency is re-
duced by 6 times, 20 years if the test frequency is reduced by 10 times. However, the possibility of reducing the test
frequency requires additional substantiation for optimizing the test frequency, taking into account the effects of
equipment wear and the accumulation of critical defects between tests. The need to optimize the test frequency de-

termines the relevance of further research.

INTRODUCTION

Typical programs for the extended operation life of
thermomechanical equipment (pumps, armature) of
safety related systems (SRS TME) at nuclear power
plants (NPP) include the following main stages [1-9].

1. Analysis of design documentation, reliability and
operation experience, testing, maintenance and repair.

2. Technical inspection of the condition of SRS
TME structures.

3. Analysis of strength reserves of metal structures
of SRS TME during extreme external effects (earth-
quakes, floods, falls of large objects, etc.) taking into
account the results of inspection of the technical condi-
tion.

4. Qualification (substantiation) of ensuring the reli-
ability and operability of TME in the event of accidents
and disturbances in normal operating conditions at the
NPP (for example, [10-12]).

5. Summarizing the results of the implementation of
the main stages of programs for the extension of the
operation life and predicting the allowable operation life
of SRS TME.

Active safety systems with electric pumps include:

High pressure safety injection system and emergen-
cy core cooling system (HPSIS and ECCS);

Boric acid injection system;

Steam generator emergency and auxiliary feedwater
systems (EFW and AFW pumps);

Containment spray system.

The main feature of the operation of such active
safety systems is that they operate in standby, test and
operation modes. To reveal and restore possible “hid-
den” failures, the design documentation and the Techno-
logical Regulations for Safe Operation (TRSO) of
WWER reactors provide for periodic tests of each inde-
pendent channel of the active safety system during the
operation of the reactor at power, during the exit of the
power unit from repair or after the restoration of re-
vealed failures/disturbances.

The analysis of the results of the programs for the
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extension of the operation life of SRS armature and
pumps at NPPs with WWER showed that the prediction
of the extended operation life is the least substantiated.
In most cases, the time of the extended operation life in
the over-design period was determined subjectively on
the basis of “expert assessments” without analysis of the
actual condition of the equipment at the end of the de-
sign life and experience of operation, tests, maintenance
and repairs. The lack of sufficiently adequate methods
for predicting the time of extended operation life is the
possible reason for this situation. It determines the rele-
vance of this work.

MAIN PROVISIONS OF THE METHOD
FOR PREDICTING THE TIME OF THE
EXTENDED OPERATION LIFE OF ACTIVE
SAFETY SYSTEMS

1. Periodic tests during which there are cyclic me-
chanical and thermohydrodynamic loads on the equip-
ment are the dominant factor in the wear and degrada-
tion of TME structures of active safety systems.

2. Pump and armature bodies are critical design ele-
ments to substantiate extended operation life.

3. The stress-intensity factor K(a, o) is the key pa-
rameter of the allowable reserve of load cycles for the
TME bodies in active safety systems during the over-
design operation life. It depends on the size of the de-
fects in the metal « and the stress of cyclic loads under
normal operating conditions (NOC), disturbances in
normal operating conditions (VNOC) and accidents (for
example, [13, 14] et al.).

Fig. 1 presents the known results of the dependence
of the rate of propagation of fatigue cracks K.

It is possible to identify three characteristic areas of
propagation of fatigue cracks of equivalent size a de-
pending on K (see Fig. 1):

| — stage of threshold growth of fatigue crack
(0 < da/dn < 5-10"° mm/cycle),

Il —stage of stable fatigue
(5:10®° < da/dn < 10 mm/cycle),

crack  growth
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Il — stage of accelerated growth of fatigue crack
(da/dn > 10" mm/cycle).
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Puc. 1. Kinetic diagram of fatigue failure [13]

The distribution of defects by their size from the ex-
perience of operation for pump and armature bodies is
determined from the known semi-empirical dependence
[13]:

n=241.7a*%.

Cyclic load stresses o during NOC, VNOC and ac-
cidents are determined by the rate of change of dynamic
and thermal actions.

As an example Fig. 2 presents the calculated values
of the rate of change of dynamic and thermal loads for
the start/stop of the pump (NOC), reducing the supply
of feed water to the steam generator (VNOC) and the
accident with the armature not closing [8].
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Fig. 2. Rate of change of dynamic and thermal loads
during NOC, VNOC and accidents [8]

Taking into account the accepted assumptions, the
residual resource for the number of activations of the
active safety system Nog at the end of the design opera-
tion life Tp:

Nor =Np —=N(Tp) +AN(K, Tp), 1)
where Np — design permissible number of actuations
during tests, VNOC and accidents, which is regulated
by the design and technical documentation of the
equipment and WWER TRSO; N(7p) — total number of
actuations at the end of the design operation life Tp;
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AN(K, Tp) —allowable reserve of the number of actua-
tions at the end of the design operation life, which can
be estimated by the formula:

AN (K, TD) — ND K(amax’ Gmalx,t - O) ) (2)
K(amax’ Gmax,t = TD)

Critical values K are calculated by the maximum
possible operation load o, and the maximum size of
the revealed defects apmay.

Predictable frequency of cyclic loads in the over-
design operation period for a time At;

_N(t>Ty)
fo YR ®)

Then the maximum allowable operation period fol-
lows from equations (1) — (3):

I\ID[:I'_'_I(max(t 20)/Kmax(t =TD)]_ 1:DTD (4)

f,(t>Tp) ’
where fp = 12/(channel-year) — nmpoektra 3a TPBE me-
plomUYHICTh BHIIPOOYBaHb 1 CIPalbOBYBaHb KaHAJIB
akTHBHOI cucremu Oesnexu design frequency of tests
and actuations of active safety system channels accord-
ing to TRSO.

Fig. 3 shows the results of the calculation justifica-
tions (4) of the allowable period of continued operation
life of the pump and armature bodies of HPSIS, ECCS
and AFWP at NPP with WWER, taking into account the
results of technical inspection [8, 13].
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Fig. 3. Predicted maximum allowable time

of the extended operation life of HPSIS, ECCS, AFWP
depending on the test frequency

Subject to maintaining the design test frequency
(fo/fo = 1) the maximum admissible time of extended
operation life, multiple of overhaul frequency of power
units, is 4 years. Subject to reduction in test frequency
by 2 times time of extended operation life is 8 years, by
6 times — 16 years, by 10 times — 20 years.

However, the possibility of reducing the test fre-
quency of active safety systems during over-design op-
eration life requires additional substantiation. Reducing
the test frequency reduces equipment wear and, conse-
quently, the probability of failure to perform assigned
safety functions. While time of “standby” modes and
the probability of failure due to the accumulation of
“hidden” critical defects are increased. Therefore, it is
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necessary to optimize the test frequency of active safety
systems during the over-design operation life, taking
into account the above effects.

CONCLUSIONS

1. An original method has been developed for pre-
dicting the operation life extension period of thermal
mechanical equipment of safety systems based on the
assessment of the residual resource by the number of
thermohydrodynamic and mechanical cyclic loads and
the test frequency during design operation life.

2. Based on the developed method, as well as the re-
sults of technical inspection of pump and armature bod-
ies of emergency core cooling and steam generator
emergency feedwater systems, it was found that the
permissible operation life extension period is 4 years for
the design test frequency, 8 years if the test frequency is
reduced by 2 times, 16 years if the test frequency vy is
reduced by 6 times, 20 years if the test frequency is re-
duced by 10 times. However, the possibility of reducing
the test frequency requires additional substantiation for
optimizing the test frequency, taking into account the
effects of equipment wear and the accumulation of criti-
cal defects between tests. The need to optimize the test
frequency determines the relevance of further research.
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PU3UK-OPIEHTOBAHUM METO/I ITIPOTHO3YBAHHSA CTPOKIB ITPOJOBXKXEHHS
EKCILTYATAIII AKTUBHUX CUCTEM BE3NEKHU SIJIEPHUX EHEPTOYCTAHOBOK

B.1. Cxano3zyoos, O.M. Bepinos, C.1. Kocenko, M. Anani, B.JO. Kouneea

Po3po0iieHo pu3HK-0pieHTOBAaHWI METO MPOTHO3YBAHHS CTPOKIB ITPOIOBKEHHS €KCILTyaTalii TeIuIOMeXaHIuHO-
ro o0yaHaHHS CUCTEM Oe3NEeKH Ha OCHOBI OLIHKM 3QJIMIIKOBOTO PECYpCy IO KUIBKOCTI TEIIOTiAPOANHAMIYHUX 1
MeXaHIYHUX IUKJIIYHIX HaBaHTAKEHb 1 YaCTOTH BHIPOOYBaHb y MPOEKTHUHA CTPOK ekciuryaramnii. Ha ocHOBI po3po-
O1IeHOTO MEeTO/a, a TAKOXK PEe3yNbTaTiB TEXHIYHOTO JOCII/UKEHHS KOPITyCiB HACOCIB i apMaTypH CHCTEM aBapiiHOTO
OXOJIOJKEHHSI aKTHBHOI 30HH PEAaKTOpa Ta aBapiiHOTO Mi/KUBJICHHS MaporeHepaTopiB YCTAaHOBICHO, 10 MpH 30e-
PEeXEHHI MPOEKTHOIT NepioJUIHOCTI BUIPOOYBaHb MPUITYCTUMHNA CTPOK NMPOJOBKEHHS eKCIUTyaTallii ckiiagae 4 poku,
IIPY CKOPOYEHHI YaCTOTH BHIIPOOYBaHb y 2 pa3u — § poKiB, y 6 pa3iB — 16 pokis, y 10 pa3ziB — 20 pokiB. OxHak Mo-
KITUBICTh CKOPOYEHHS MEPiOAMYHOCTI BHNPOOYBaHb MOTPedye TONATKOBUX OOIPYHTYBaHB IOJO ONTHMI3allii Jac-
TOTH BUIIPOOYBaHb 3 ypaxyBaHHAM e(eKTiB 3HOCY 00J1aJHAHHS 1 HAKOMMYEHHS KPUTUYHUX Je(EKTIB Y Iepiofn Mix
BUNpOOyBaHHAMH. HeoOxinHicTh onTuMizamii nepiognyHOCTi BUNPOOYBaHb BH3HAYAE aKTYaJbHICTh MOJAJIBIIMX
JIOCITIJIKEHB.
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PACK-OPUEHTUPOBAHHBIIA METO/] ITPOTHO3UPOBAHUS CPOKOB ITPOJIJIEHUASA
IKCINIYATAIIMU AKTUBHBIX CUCTEM BE3OIIACHOCTH
AAEPHBIX SJHEPI'OYCTAHOBOK

B.U. Ckano3yboe, A.H. Bepunoe, C.U. Kocenxo, M. Ananu, B.IO. Kounesa

Pa3paboTan opurnHaIbHBIA METOJ] MPOTHO3WPOBAHUS CPOKOB IPOJUICHHS IKCILTyaTalld TEeIJIOMEXaHHYECKOTO
00opynoBaHus cucTeM O€30MaCHOCTH Ha OCHOBE OIEHKH OCTATOYHOI'O Pecypca MO KOJIMYECTBY TEIUIOTHIPOJMHA-
MHUYECKHX U MEXaHWYECKUX NUKINYECKUX HArpy30K M YaCTOTHI UCTIBITAHWN B IIPOEKTHBIN CPOK IKCIIITyatanuu. Ha
OCHOBE pa3pabOTaHHOTO METOJIA, a TAK)KE PE3yIbTaTOB TEXHUIECKOTO 00CIIeI0BaHNS KOPITYCOB HACOCOB M apMaTy-
PBI CUCTEM aBapUIHOIO OXJIAXKACHUS aKTUBHOM 30HBI PEAKTOpA U aBapUWHOM NOJIUTKU NapOreHEepaTOpOB YCTAHOB-
JIEHO, YTO NPH COXPAaHEHUH MPOEKTHON MEPHOANYHOCTH HCIIBITAHUI OMYCTUMBINH CPOK NMPOATICHUS HKCILIyaTaIlH
cocTaBisieT 4 rosia; MpH COKpalleHWH YacTOThl MCTbITaHUK B 2 pa3za — 8 jert, B 6 pa3 — 16 jer, B 10 pa3 — 20 ner.
OpHaKO BO3MOXKHOCTH COKpAIEHUS IEPUOJUYHOCTH HCIIBITAHUI TpeOyeT NOMOIHUTENbHBIX 000CHOBAaHHMHU IO OTI-
TUMM3AIMH YaCTOTHI UCTIBITAHUHN C y4eToM 3 EeKTOB N3HOCa 000PYIOBAHUS U HAKOIJICHUS! KDUTHYECKUX Je(EKTOB
B MEPHO/BI MEXIY HCIBITaHUSIMH. Heo0X0MMMOCTh ONTHMHU3ALUY TIEPUOJUYHOCTH HCIBITAHUI ONPEIENseT aKTy-
aNbHOCTh AAJbHEHIINX UCCIIEOBAaHUI.
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