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An original method to determine the onset of conditions for reliability-
critical hydraulic impacts for reliability analysis of active safety systems
of nuclear power installations is proposed. The suggested method is based
on determining the effect of head-flow characteristic delay onto hydraulic
impact preconditions during the changes of pipeline system hydrodynamic
parameters under transitional modes (e.g. in pump start-up). The delay time
of responses to change in the hydrodynamic system parameters embodies
the determining factor of head-flow characteristic’s inertance, depending
on both design and technical parameters of system components (including
pumps), and the hydrodynamic parameters change rate under transitional
modes.

Using the proposed method, the analysis of conditions for critical
hydraulic impacts is performed for the primary high-pressure safety
injection system of serial WWER-1000 nuclear power plants. The analysis
results allow a conclusion that for this system the conditions leading
to hydraulic impact due to the pump start are not reached.

The developed method can be applied to any thermal and nuclear
power facilities’ pipeline systems equipped with pumps.

Keywords: pump, hydraulic impact, response delay, head-flow
characteristic.
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esearch relevance. Increasing the reliable operation
of thermal and nuclear power plant pumps represents
a high relevance task for ensuring safe NPP operation.
A large number of scientific studies has been devoted
o the increase in the reliability of power system
pumps, being aimed primarily at developing more reliable and
improved pumping equipment, upgrading pumping system
individual components, reducing their vibration level, with
the increase of steady performance level, qualifying pumps’
performance in accident conditions etc. [1—12].

In analyzing the reliability probabilistic indicators, given
in the Safety Analysis Reports of Ukrainian nuclear power
plants (NPP), for WWER-1000 NPP active safety system
(ASS) components, the study showed that the least reliable ASS
components are pumps and valves, and the greatest probability
of failure takes place in pump start-up. Therefore, the issues
of increasing the ASS pumps’ reliable operation are relevant for
ensuring the required safety level of WWER-1000 NPPs.

Assessing the possible reasons for the relatively low reliability
of ASS pumps, we consider among most probable the hydraulic
impacts (HI) on pumps’ operating components in transient
and operating modes. The HI is accompanied by impulse
hydrodynamic impact on equipment and local hydraulic
resistances of pipeline systems. At critical hydraulic impacts
(CHI) the failure of respective equipment (including pumps)
occurs.

In addition, numerous studies have been devoted
to the conditions of HI occurrence and elimination in pipeline
systems (ec.g. [13—17]). However, the main limitations for
the application of known results on determining the conditions
for HI occurrence and elimination to ASS pumps are related
to the following provisions.

1. We assume that resonant effects are the mechanisms
determining fluctuations in hydrodynamic parameters
(pressure and flow velocity): coincidence between the pipeline
system natural frequency and the one of pumped working fluid.
However, the resonant mechanism corresponds to extremely
particular cases of HI occurrence and is not critical for most
of the pumps in transient and emergency modes.

2. CHI emergence conditions which result in the pump
failure during its start-up or operation are not defined.

3. Technical measures to reduce fluctuations
in hydrodynamic parameters to avoid HIs are mainly
implemented for the pipeline system components located
downstream the pumps. These technical measures do not
eliminate the preconditions for CHI at pumps.

The methods to identify the HI onset conditions due
to the pumps’ inertance under stationary modes are discussed
in references [18—20].

Thus, the relevant problem consists in both definition and
analysis of conditions leading to safety-critical HI in NPP ASS
transient modes.

Main provisions of the method for determining
preconditions at pumps.

The CHI determining mechanism at pressure pumps refers
to the pump’s head-flow characteristic (HFC) delay:

CHI

AP, = f(G); AP, = f(v), (1

where APp is the pump head; G, v are the flow rate and average
velocity, respectively.

The HFC is determined by the specific pumps’ design and
technical characteristics.

The pump HFC delay here means the response time lag
needed for change in the pipeline system hydrodynamic
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parameters under transient modes (e.g. at pump start-up).
The pump HFC delay determining parameter is the delay time
At of system feedback to the change in system’s hydrodynamic
parameters, which depends both on the design and technical
characteristics of system components (including pump) and
on the hydrodynamic parameters’ change rate in transient
mode.

Figure 1 shows an example of HI conditions formed
at a pressure pump, taking into account the HFC delay
in the transient mode (starting the pump).

At the pump’s start, the head is the maximum. Further
increase in the pipeline system flow according to the design HFC
should lead to a feedback reducing the pump head. However,
this HFC feedback does not occur instantaneously, but because
of the hydrodynamic processes’ inertance, with some delay At.
Therefore, at subsequent time moments (Af < 7 < 2Af), there will
be a decrease in flow rate and a corresponding HFC increase
in the pump head. Further, due to the hydrodynamic processes’
inertance in the time interval 2Af < ¢ < 3A¢, the corresponding
HFC increase in the flow rate and pump head drop will occur
with a delay.

Thus, due to HFC inertance, the pipeline system
hydrodynamic parameters fluctuate relative to the HFC
design curve. The effect of HFC inertia on the hydrodynamic
parameters’ fluctuation amplitude will be insignificant under
the condition (see curves 1 and 2 in Fig. 2):

_ MG,

I=
pFL

<<1, @)

where 1 is the HFC inertia parameter; G, is the mass flow
in the system under steady-state conditions; p is the fluid density;
F is the pipeline section equivalent area; L is the pipeline total
length.

The inertance parameter can be presented in the simplified
form by A.V. Korolev’s formula:

MGy AW -F.p AW A

1 = - =
pFL  p-F-L L AT’

(©)

where At is the delay time and AT is the time required for fluid
element passage along the whole pipeline at constant flow.

As inertia I parameter increases, the hydrodynamic
parameters’ fluctuation amplitude increases and reaches
the limits, values determining preconditions for CHI occurrence
(see curves 3 and 4 in Fig. 2).

CHI — area of mode parameters that correspond to the CHI
conditions
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Under the assumptions of fluid incompressibility and
isothermal processes, the flow equations for the considered
pipeline system and the current change in the pump
hydrodynamic head are:

d
pLG = AR+ A== AR(M) - ARK)., @)

‘
,, . dv
APy= AP+ j f (v)adt 5)
0
At initial conditions

APt =0)= AP, %)

where p is the medium flow density; L is the pipeline length;
APpm is the maximum possible hydrodynamic head of the pump,
determined by its technical characteristics; ¢ is current time; v
is the average velocity; f” is the current sensitivity of the pump’s
flow characteristic; P,, P, are static pressure in the source and
target, respectively.

Pressure losses in suction line L, and charging line L, can
be calculated using the following formulas:

AP :{ Spr %+ 2 &ni (Ll)} ALY h/Sign[ Vj (L)} ®
i=1 J=1

AP, =[ Sor %+ 2 i (Lz)jl pv2 -~ pg X hysien| v; (L)} ©)
i=1 J=1

where Epf, Eﬂ]- are the pipeline friction and form loss factors,
respectively; D is the pipeline cross-section diameter; g is
the gravity acceleration; hj is the height of the pipeline system
vertical sections;

1, descending _ flows;
-1, ascending _ flows.

sign(v) = {

The supply (network) characteristic sensitivity to changes
in flow rate/flow velocity is:

f’ dAp, f’ dAp, 10

= or =—.

dG dv (10)
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For pressure pumps, the supply (network) characteristics
design sensitivity is:

f(G,v)<0. 1D

CHI conditions for the pump at the maximum permissible
(critical) velocity are:

max —

2[AL) - A
p
where N, is the maximum admissible hydrodynamic load

on the pump working components.

Pump CHI conditions at pump minimum permissible head
AP, are:

. 12)

2< AFyin = A - K - AR - AP (13)

Results of computational modeling. The above method for
determining the pumps’ CHI emergence conditions was applied
to the following ASSs of WWER-1000 NPPs:

high-pressure safety boron injection system TQ13;

high-head safety boron injection system TQ14.

Structural and technical characteristics for components
of the TQ13 and TQI4 systems (including pumps and their
HEFCs) are presented in [22].

Pumps’ HFC are defined with the approximation of design
relations:

n
AP, =Y a', 14)

i=1

\trvhere a; are the approximation coefficients for a specific pump
ype.

Conservatively (in relation to HFC inertance), the hydraulic
resistance coefficients of pipeline systems and pumps are
assumed constant.

Equations (4) — (14) for the TQI13 and TQI4 systems have
been solved using a mathematical model with the Runge-Kutta
numerical method.

V= VVinax | I AP, = AP,/AP,,
_/
, 4
1
05T
-------- :‘;_"_"""""""""""""" APpin (PT)
______________________________________ AP, (CN)

0 20 40 60 80 t = tAPpm/pLVmax

Fig. 3. Results of computational modeling
of fluctuations in hydrodynamic parameters
in start-up of TQI13,14 safety system pumps:

1 — relative average velocity at starting
pumps CN 150—110, CN 160—110;
2 — relative pressure of pumps
CN 150—110, CN 160—110;
3 — relative average flow rate at
starting pumps PT 6/160-C;
4 — relative head of pumps PT 6/160-C
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The main results of computational modeling are shown
in Fig. 3 and are as follows.

1. For both TQ13 and TQ14 systems, there are no conditions
for CHI occurrence in pump start-up:

1
VVL) <1y APy(t) S APy, 15)

max

2. Variations in the hydrodynamic parameter amplitudes
and oscillation frequencies for different types of pumps are
determined by their HFC differences: for CN50/160—110
pumps, HFC is similar to the HFC curve shown in Fig. 2; and
for PT16-C pumps, HFC is much less inertial.

3. The obtained results testifying that there are no conditions
under which the CHI would occur in start-up of TQ13 and
TQI14 pumps are quite conservative, since the assumptions
accepted in computational modeling determine the limiting
conditions for the CHI emergence. Thus, for example, when
the nonstationary nature of hydraulic resistance coefficients for
valves is more realistically taken into account in pump start-
up, the effect of HFC inertance onto preconditions for CHI
occurrence is less significant.

Conclusions

1. To analyze the reliability of nuclear power plant
active safety systems, an original method for determining
the conditions for the critical (for operability) hydraulic impacts
at pipeline system components in transient operation modes is
proposed.

The proposed method is based on the inertance of the head-
flow pump characteristic determining the effect on the conditions
involving hydraulic impact occurrence when the pipeline
system hydrodynamic parameters change in transient modes
(for example, when pumps are starting). The determining factor
for inertia of the pressure-supply characteristic is the delay
time of response to the change in the system hydrodynamic
parameters, which depends both on the structural and technical
parameters of system components and on the hydrodynamic
parameters’ change rate in transient modes.

2. It is established that with a sufficiently large inertance
of pumps’ pressure-head characteristic, the critical hydraulic
impact may occur on the pumps both at the maximum
permissible flow rate in the system and at the minimum
allowable pump head.

3. Using the developed method, the conditions for the CHI
occurrence at components of the primary emergency boron
injection systems of serial power units with WWER-1000
reactors have been analyzed.

The analysis shows that for all systems considered, there are
no conditions for the critical hydraulic impacts in pump start-up.

4. The proposed method can be applied to any pipeline
systems of thermal and nuclear power plants that include
pressure pumps.
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AHanNu3 KpUTUYECKUX YCNIOBUIA HAaAEXHOCTU NMpU ruppo-
yAapax B aKTMBHbIX CUCTeMax 6e30nacHOCTU fAA4epHbIX
3HepreTuyeckux yctaHoeok c BBOP-1000

Ckano3y6os B. U., Koanos WU. J1.,YynkuH O. A.,
Komapog 0. A., NMuoHnTtkoeckun O. U.

Onecckuii HaLMOHaIbHBIV MONINTEXHUHYECKUIA yHuBepceuTerT, r. Oaecca, YkpavHa

[na aHann3a HanexHoCTU aKTUBHbLIX CUCTeM 6e30MacHOCTU SAEPHbIX
OHEepPreTMYyecknx yCcTaHOBOK IPEAJIOXEH OPUrnHaslbHbIii MeTod ornpene-
JIEHUSI YCJ10BUIi BO3BHUKHOBEHUSI KPUTUYECKUX (A1 paboToCrnocob6HOCTH)
rugpasanyeckux yaapos. lpeanaraembiii MeTon OCHOBaH Ha ornpeness-
oLemM BINSIHUN WHEPLMOHHOCTY HAaroPHO-PacxXoaHOW XapakTepucTuku
Ha yc/10Bus BOBHUKHOBEHWS MAPOYAapO0B Mpyu U3MEHEHUN MapOoANHAMU-
4eckux napameTpoB B TPY6ONPOBOAHONM CUCTEME B NMEPEXOaHbIX PEXUMAX
(Hanpumep, npu 3arnycke HacocoB). Onpeaensowmm GakTopoM NHepLm-
OHHOCTU HaropPHO-PacxoaHOM XxapakTepUCTUKK SBJIIETCS BpeMs 3anasbl-
BaHWsI 006paTHbIX peakuuii Ha 3MeHeHNe ruapoaNHaMNMYecKnux napamer-
pPOB B cUCTEME, KOTOPOEe 3aBUCUT Kak OT KOHCTPYKLIMOHHO-TEXHUYECKUX
napameTpoB 3/1eMEHTOB CUCTEMbI (B TOM YMCJ1E€ M HACOCOB), Tak U OT CKOPO-
CTU UBMEHEHWS TNAPOANHAMUYECKMX TapaMeTPOB B NePEX0AHbIX PeXUMaX.

Ha ocHoBe pa3paboTtaHHOro metosa rpoBeaeH aHaan3 ycsioBuii BO3-
HUKHOBEHUSI KPUTUYECKUX TMAPOYAapoB B CUCTEME aBapuiiHoOro BBOAA
60pa B nepBbIi KOHTYP CepuiiHbiXx 3HepProb1I0KOB ¢ peakTopamu Tura BBOP-
1000. B pesynbTate npoBeAEHHOro aHanu3a yCTaHOBJIEHO, YTO AJis1 pac-
CMOTPEHHOWV CUCTEMbI OTCYTCTBYIOT YC/I0BUSI BO3HUKHOBEHUSI KDUTUHECKUX
ryuapoyAapoB npu 3anycke HaCoCOB.

lpensnoxeHHbIi METOA MOXET ObiTb PacrnpoCTpaHeH Ha Jobbie Tpy-
60MpPOBOAHbLIE CUCTEMbI TEMJIOBbIX U IAEPHbLIX 3HEPreTUYECKUX YCTaHOBOK,
B COCTaB KOTOPbIX BXOASIT HANMOPHbIE HACOChI.

Knwo4esBbie cJ10Ba: Hacoc, rugpoyaap, MHePLUNOHHOCTb, HArOPHO-
pacxoaHasi XxapakTepucTuKa.

AHania KpUMTUYHUX YMOB HaAiMHOCTI npu rigpoyaapax
B aKTUBHUX CUCTeMaXx 6e3neku 0epHUX eHepreTUudHux
yctaHoBok 3 BBEP-1000

Ckanosay6os B. I., Kosnos I. J1., Yynkin O. O.,
Komapog 0. O., MioHTkoBcbkuu O. I.

Onecbkuii HauioHabHWI NoniTexHiYHWi yHiBepceuteTt, M. Ogeca, YkpaiHa

Ana aHaniay HagiiHoCTi akTUBHMX cuUCTeM 6e3neku saepHux eHep-
reTMYyHNX yCTaHOBOK 3arporioHOBaHO OPWriHasIbHUI METoA BU3HA4YEeHHS
YMOB BUHUKHEHHSI KDUTUYHUX (4151 Npaue3aaTtHoCTi) rigpaBiidyHuX yaapis.
lMpornoHoBaHWi METOA 3aCHOBAHO Ha BU3HAYaJsIbHOMY BINBI IHEPLIHOCTI
HamnipHO-BUTPATHOI XapakTepuCTUKN Ha YMOBU BUHUKHEHHS Tigpoyaapis
npu 3MiHi rigpognHamidyHux rnapameTpiB y TpyOonpoBiaHik cuctemi
B riepexigHux pexmax (Hanpukaan, npy 3anycky Hacocis). BuaHadanbHum
YUHHUKOM  IHEPLINHOCTI  HarnipHO-BUTPATHOI XapakTepucCcTuku € 4ac
3ani3HI0BaHHS 3BOPOTHUX PeakLivi Ha 3MiHy rigpoAnHaMid4HNX napamMeTpis
Yy CUCTEMI, KU 3a71eXnTb SIK Bifi KOHCTPYKUIMHO-TEXHIYHUX rnapameTpiB
efleMeHTiB cuctemu (y TOMy YUCAI | HAcocCiB), Tak i Bif LWBUAKOCTI 3MiHU
rigpoanHamMidHUX napameTpiB y NepexigHnx pexnmax.

Ha ocHoBi po3pob61eHOro MeToAy rnpPoBeAeHNI aHai3 yMoB BUHUKHEH-
HS1 KDUTUYHUX rigpoyaapiB B cUCTeEMI aBapiriHOro BBeeHHs 6opy B nepLumnii
KOHTYp cepiliHux eHeprobokiB 3 peaktopamu Turny BBEP-1000. Y pe3ysib-
TaTti NPOBEAEHOr0 aHasidy BCTaHOB/IEHO, LLO 415 PO3IJISSHYTOI cuctemu Big-
CYTHIi YMOBY BUHUKHEHHSI KPUTUYHUX riapoyaapis rnpu 3anycky Hacocis.

3anpornoHoBaHwii MeToa Moxe OyTu MoLUMPEeHui Ha 6yab-ski Tpy6o-
poBiAHI CUCTEMY TENI0BUX | SAEPHUX eHEePreTU4HNX yCTaHOBOK, A0 CKa-
AY SIKNX BXOASATb HaripHi Hacocu.

KnwouyoBi cso0Ba: Hacoc, rigpoyaap, iHepUiiHiCTb, HamnipHoO-BUTPAaT-
Ha XxapakTepucTuka.
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