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The concept of optimization of reliability management strategies for equipment of safety related systems at nuclear
power plants is proposed. The concept is based on the principles of the priority of elements and phenomena critical for
reliability, as well as on optimization criteria in the “reliability — costs” format. An example of the concept of optimization
of reliability management strategies for the system with the pump (critical element) and the relatively minimal system
reliability when it starts (critical phenomenon) is considered. The result found that a complex technical decisions /
measures to reduce the inertia of the head-flow characteristics of the pumps and to install additional damping devices
determine optimal reliability management strategy for such a system.

RELEVANCE

Many years of operation of Ukrainian nuclear power
units with VVERs have confirmed their adequate safety
and efficiency. However complex problem to increase
safety and efficiency of nuclear power industry is now
actual in Ukraine, especially taking into account lessons
of Fukushima-Daiichi great accident in 2011 [1].

Development and implementation of the concept of
optimization of reliability management strategies
(RMS) of the power equipment (pumps, armature, heat
exchangers, etc.) of the safety related systems at nuclear
power plants (NPP SRS) is one of the directions to
increase nuclear power safety and efficiency. The
concept is based on the following principles.

1. Principle of priority of systems and equipment
critical for safety.

2. Principle of priority of the phenomena and factors
critical for reliability/operability.

3. The principle of optimization based on complex
accounting of reasonable reliability increase and costs.

The concept and the principles of optimization of
RMS are based on the following provisions.

The element with the minimum reliability
characteristics (a critical element) and priority of the
phenomena defining reliability of a critical element
(critical phenomena) determine reliability characteristics
of system.

It is required to exclude RMS with marginal increase
of reliability and unreasonable costs.

An example of implementation of the concept of
optimization of RMS for system with the pump (a
critical element) and reliability minimum for system at
its start is considered below (critical phenomena).

FUNDAMENTALS AND RESULTS
OF OPTIMIZATION OF RMS FOR NPP SRS
WITH PUMPS. EXAMPLES
OF APPLICATION OF THE CONCEPT
OF OPTIMIZATION OF RMS

The analysis of operating experience of NPPs with
WWER shows that pumping equipment is critical
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elements for NPP SRS, and the water hammers (WH)
accompanied with pulse high-amplitude impact on the
equipment and elements of pipelines are critical for
reliability (for example, [2-5], etc.).

The analysis of known results of operating
experience and modelling of WH in the equipment and
pipelines at NPPs with pressurized reactors
(PWR/WWER) allows concluding the followings.

1. An additional analysis of conditions and
consequences of WH in a reactor caused by various
types of thermohydrodynamic instability (THI) during
normal operation and normal operation trouble is
required.

Under normal operation, WH in a reactor can be
generated by thermoacoustic instability during surface
(subcooled) boiling of the coolant in the reactor core
[6]; the oscillatory hydrodynamic instability of the
coolant through an inertia of the head-flow
characteristic of the main circulating pump [7]; resonant
effects in the transitional modes of reactor start/
shutdown [8], etc.

Under normal operation disturbance or emergency
operation, WH in a reactor can be generated by:

the low-frequency oscillatory  hydrodynamic
instability during loss-of-coolant accidents through an
inertia of heat-mass exchange processes in two-phase
flows [9];

the oscillatory hydrodynamic instability through
inertia of the head-flow characteristic of pumps of
active part of an emergency core cooling system [7] and
other kinds of coolant THI.

Safety analysis reports of the Ukrainian NPPs with
WWER do not consider conditions and consequences of
possible WH for deterministic modelling of accidents.
But possible WH can be both an initial accident event
and a consequence of accident progress when design
basis accidents transit to beyond design basis accidents
with multiple failures of safety related systems.

The paper considers the characteristic (typical)
pipeline system of the thermotechnical equipment at
NPPs (Fig. 1). The pipeline is conventionally divided
into the supply line L; and pressure line L,.
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Fig. 1. Typical pipeline system of the thermotechnical
equipment

It is assumed that flow THI (a deviation of
hydrodynamic parameters from the steady-state (stable)
values) is a necessary condition for a water hammer
critical for reliability (CWH) on working parts of
pumps.

The flow (network) characteristic of dependence of
hydrodynamic pump head AP, on a mass flow rate G or
an average flow rate in a pipeline system v:

AP, = f(G); AP, =f(v). (1)
Sensitivity of the flow (network) characteristic to
flow discharge/flow rate changes:

dAP,

o _dAP,
dG

f'= : 2

v )

For force pumps, design sensitivity of the flow

(network) characteristic:

f'(G,v)<0. 3)

It is assumed that liquid is incompressible and

processes are isothermal. Therefore, equations of a flow

motion in the pipeline system and of the current change
of hydrodynamic pump head:

pL% =AP, (V) + P -F —AR (V) -AR(v),  (4)

t
AP, = AP, + j tr) e (5)
0 dt
Under initial conditions
v(it=0)=0, (6)
AP (t=0)=AP,_, @)

where p—flow medium density; L - length of the
pipeline; AP,, —maximum hydrodynamic pump head
related to its technical characteristics; t — current time;
v —average flow rate; f' — current sensitivity of the flow
characteristic of the pump; Py, P, —static pressure in
objects of a source and consumption respectively
(see Fig. 1).

The characteristic example of the decision in a
criteria form is given in Fig. 2. It allows concluding the
followings.

The inertia of the flow (network) characteristic of
force pumps of pipeline systems is the dominant factor
for conditions of hydrodynamic oscillatory instability of
single-phase flows and critical water hammers. It

determines “delayed” response of the flow-head
characteristic of the pump to changes of hydrodynamic
parameters of a single-phase fluid flow. At the
maximum  (critical) inertia of the flow-head
characteristic, oscillation amplitudes of hydrodynamic
parameters of a flow reach critical values when there is
an inoperative failure of working parts of pumps.
Generation of critical water hammers corresponds to
transition of oscillatory THI to the aperiodic THI.
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Fig. 2. Change of average flow rate
when THI with different sensitivity of
flow (network) characteristic of the pump
for coefficients of linear approximation 1> 1> K

The priority of use of pumps with the minimum
inertia of the flow-head (network) characteristic is
perspective approach for prevention of critical water
hammers.

As an example of optimization of RMS, we will
consider three characteristic strategies (Fig. 3):

RMS1 — strategy with the minimum costs of
modernization and rather small increase in reliability,

RMS2 — the strategy using only the maximum
effective modernizations,

RMS3 — strategy of the maximization of reliability.
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Fig. 3. Optimization criteria of reliability management
strategy



Optimization criterion of RMS [2]:
> KLAC,
K -

opt ZACI

where the index i corresponds to number of separate
modernization in specific RMS.

The ratio of integral measures of unavailability of
the specified functions for the modernized system K,
and design system Ko is the key RMS parameter for
reliability:

— max (8)

K, = ©
KHO

where generally during operation life t

t
K, =1 [P@)dr; (10)
t 0

P(t) — current probability of critical failure in the
different operation modes (working, transitional,
emergency).

The ratio of costs of modernization C and the cost of
design system C, is the key RMS parameter for costs of
modernization:

c=<.
CO

The following can be characteristic examples of
modernizations of systems of pumping equipment of
thermal and nuclear power plants.

RMS1 — installation of the damping pretanks in a
pump outlet to reduce oscillatory amplitudes of
pressure.

RMS3 — installation of the additional regulating
armature in pipelines of pumps of emergency core
cooling systems to prevent "thermal shock" on a reactor
vessel in emergency modes.

RMS2 — parallel duplication of channels of a
pipeline system including installation of damping
devices before and after pumping equipment.

Results of optimization of RMS are presented in
Fig. 3.

(11)

MAIN CONCLUSIONS

1. The concept of optimization of reliability
management strategies for equipment of safety related
systems at nuclear power plants is proposed. The
concept is based on the principles of the priority of
elements and phenomena critical for reliability, as well
as on optimization criteria in the “reliability — costs”
format.

2. An example of the concept of optimization of
reliability management strategies for the system with
the pump (critical element) and the relatively minimal
system reliability when it starts (critical phenomenon) is
considered. The result found that a complex technical
decisions / measures to reduce the inertia of the head-
flow characteristics of the pumps and to install
additional damping devices determine optimal
reliability management strategy for such a system.
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ONTUMUBALIUA CTPATETYMI YIIPABJIEHUS HAJIEXKHOCTBIO
SHEPI'OOBOPYJIOBAHUSA CUCTEM, BAYKHBIX IJI5S1 BE3OITACHOCTH
AAEPHBIX SJHEPI'OYCTAHOBOK

0.A. Yynkun

Hpe,unon(eHa KOHICIIIHUA OIITUMH3all1 CTpaTCl"I/Iﬁ yrpaBJieHU HAACKHOCTBIO O60pyﬂOBaHI/IH CHUCTEM, BAXKHBIX
JUIA 0e30IacHOCTH AACPHBIX SHEPIrOyCTaHOBOK. KOHL[GHL[I/ISI OCHOBAdHa Ha MpUHIHUIIAX MPUOPUTETHOCTU KPUTUYIHBIX
10 HaACKHOCTU 3JICMCHTOB H ﬂBHeHHfI, a TaKKC KPpUTCPUAX ONTHUMHU3AIIUU B (l)opMaTe «HAACKHOCTb — 3aTparbD».
PaCCMOTpeH IMpuMEp peaain3aliui KOHICHIUN ONTUMHU3AUU CTpaTGFI/Iﬁ yipaBjaeHUA HAACKHOCTBIO JAJI1 CUCTEMEBI C



HAcCOCOM (KpUTHYECKHH >JIEMEHT) W OTHOCHTEIHHO MUHHMAJIBHOM IJISI CHCTEMBI HAJIEKHOCTHIO MPU €ro 3aIycke
(xpuTHueckoe sBieHUE). B pe3ynbraTe yCTaHOBICHO, YTO ONTHUMAJIbHAS CTPATETHs YIPABICHUS HAZCKHOCTHIO IS
TaKO CHCTEMBI OIpEeAeIeTCS KOMIUICKCOM TEXHHUYSCKUX PEUICHUH/MEPOTIPHATHH 110 CHIKCHHUIO WHEPIIHOHHOCTH
HATIOPHO-PACcXOJHON XapaKTEPUCTHKN HACOCOB W YCTAHOBKE JOTIOTHUTENBHBIX JeMII(QUPYIOMINX YCTPOUCTB.

ONTUMIBALIA CTPATET'TH YIIPABJITHHSA HAIIMHICTIO EHEPTOOBJIAJTHAHHSA
CUCTEM, BAXKJIMBUX JJIS1 BE3IIEKU AJEPHUX EHEPT'OYCTAHOBOK

0.0. Yynkin

3anpornoHOBaHO KOHIENINIO ONTHMi3alii CTpaTeriii ympaBiiHHS HAIiHICTIO OONaIHAHHS CHCTEM, BaYKIMBHUX
Uil Oe3neKH SACPHUX SHEepProycTaHOBOK. KoHIemmis 3acHOBaHa Ha MPHUHIUIIAX NPIOPUTETHOCTI KPUTHIHHX IO
HAJIHHOCTI €JIEMEHTIB 1 SIBHII, a TAKOX KPHUTEPisX omruMizamii y ¢opMmaTi «HAmIHHICTH - BHTpaTH». PO3risHyTO
MIPUKIIAJ peasi3alii KOHIEeNIii onTuMi3arlii cCTpaTeriil yrpaBiIiHHA HAZIHHICTIO JIS1 CHCTEMH 3 HaCOCOM (KPUTHIHUH
€JIEMEHT) 1 BIiTHOCHO MiHIMAJBHOIO U CHCTEMH HaAIHHICTIO TpH Horo 3amycky (KpuTHdHe sBume). B pesymbraTi
BCTAaHOBJICHO, II0 ONTHUMaJbHA CTPATETisl YNpPaBIiHHI HAMIWHICTIO AJISl TAaKOI CUCTEMH BH3HAUYA€THCS KOMILIEKCOM
TEXHIYHUX pIIIEHB/3aX0MIB II0J0 3HWXKEHHS IHEpPIIHHOCTI HamipHO-BUTPATHOI XapaKTEePHCTHKH HAcoCiB i
YCTaHOBKH J0/IATKOBUX JEMII()YIOUHX ITPUCTPOIB.



