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PREVENTION OF HYDRODYNAMIC INSTABILITY
CONDITIONS IN SAFETY SYSTEMS WITH PUMPS
OF NUCLEAR POWER PLANTS

B.A. Kownopamiwk, B.H. Ckanosyoos, H0.A. Komapos, C.H. Kocenxo, /J.O. Dedopos. Tloneper:keHHs1 YMOB TiApogMHAMI4HOL
HecTiliKoCTi y cHcTemMax 0e3NeKH 3 HACOCAMH SIIEPHAX €HEProyCTaHOBOK. BHBYEHHS IifpoMHaMIYHOI HECTIHKOCTI y cucTeMax Oesrekn
SIIEPHUX CHEeprOyCTAaHOBOK € akTyanbHUM. Ilpu nerepminicTuunoMy aHamizi Oesmeku AEC Ha OCHOBI MOJETIOBAaHHS aBapiii HEOOXiTHO
BPaxoBYBAaTH MOMJIMBICTB TiIPOIMHAMIYHOI HECTIHKOCTI B poOOYOMY Ta IEpEeXiTHOMY pexHMax chcTeM Oesnexd. Hacniigkamu BHHHKHEHHS
TiJPOAMHAMIYHOT HECTIHKOCTI B CHCTeMax Oe3MeKr MOXKYTh OyTH: 3Ha4HE HOTIPIICHHS YMOB TEILIOMACOOOMIHY B pEakTOpi Ta maporeHepaTopax
y TPOLIECi HAarpiBY, MiABMILEHHS MOTYKHOCTI TepMoriapoyaapy Ha obnagHanHi AEC. BcraHOBIIeHHS Ta iHIII HeraTHBHI Haciiaxn. HerarnBanmu
HaC/iIKaMU TiIPOJMHAMIYHOI HecTikocTi B cuctemax Oesnekn AEC MOXyTb OyTH 3Ha4YHE MOTIPIICHHS YMOB TEIIOMAacOOOMIHY Ta TETLIOBI
TiZpoyJapy MiJBHINEHOI HOTyXHOCTi. OCHOBHMMM NPUYMHAMHU TiJJpOJIMHAMi4HOI HecTabiIBbHOCTI B cHcTeMax Oesleku € iHepuiiHe
3aIi3HIOBAaHHS PEaKIlii PeryJIO0d0i apMaTypy Ta HAIIOPHOI XapaKTEPUCTHKU HACOCIB Ha <«ILBHUKI» 3MIHH TPOANHAMIYHHUX MAPaMETPIiB CHCTEM
AEC. Meroto 1i€ei poOOTH € BU3HaYeHHS METO/IB MiHIMi3allil BIUIMBY NPUYMH BUHMKHEHHS T1IPOJIMHAMIYHOI HECTIHKOCTI y CHCTEMaX Oe3MeKH.
HaBeneno meromm oOrpyHTyBaHHS €(EKTHBHHMX KOHCTPYKTHBHO-TEXHIYHHX IMapaMeTpiB AeMI(epHUX MPUCTPOIB Ui 3amoOiraHHS YMOB
TiZpOJIMHAMIYHOI HECTifiKOCTi B CTaIiOHApHMX pPOOOYMX 1 MEpEeXifHMX peXnMax cHucTeM Oesneku 3 Hacocamu. IIpencTaBieHO METOIMKY
OOIpyHTYBaHHSI €()eKTHBHMX KOHCTPYKTHMBHO-TEXHIYHHMX NapaMeTpiB JeMI(epHUX IPUCTPOIB JUIs 3aroOiraHHs YMOB TiAPOJMHAMIYHOL
HECTIMKOCTI B IEpPEXiHUX PEKHMaxX ITyCKOBHX HACOCIB cHCTeM Oe3rekd. BU3HAa4eHO YMOBH CTIHKOCTI B CTAlliOHAPHHX PEXKHMax poOOTH
MOYaTKOBOI'O TApOra3oBoro 00’eMy nemnepHUX NPUCTPOiB. Bu3HAaueHO MiHIMAJIBHO JOMYCTHMI pO3MipH JeMII(EpPHHX MPUCTPOIB, IIO
BIJIIOBIZIAl0TH YMOBAM Ti/JPOJMHAMIUHOI CTIHKOCTI B TIEPEXiTHIX PEKNMAaX HACOCIB CHCTEM Oe3MeKH.

Kniouosi cnosa: rinpoauHaMiyHa HECTIHKICTB, HACOC, CUCTEMa Oe3MeKH, sepHa EHeProyCTaHOBKa

V. Kondratyk, V. Skalozubov, Ju. Komarov, S. Kosenko, D. Fedorov. Prevention of hydrodynamic instability conditions in safety
systems with pumps of nuclear power plants. The study of hydrodynamic instability in the safety systems of nuclear power plants is
relevant. In the deterministic analysis of the safety of nuclear power plants based on accident simulation, it is necessary to take into account
the possibility of hydrodynamic instability in the operational and transient modes of safety systems. The consequences of the emergence of
hydrodynamic instability in safety systems can be following: a significant deterioration of the heat and mass exchange conditions in the
reactor and steam generators during the heating process, an increased power of thermo-hydro-shock on the equipment of the nuclear
installation and other negative effects. The negative consequences of the hydrodynamic instability in the safety systems of nuclear power
plants can be a significant deterioration in the conditions of heat-mass exchange and the thermal water hammers with increased power. The
main reasons for the hydrodynamic instability in safety systems are inertial lag in the response of control valves and head-flow characteristic
of pumps to “fast” changes in hydrodynamic parameters in nuclear power plant systems. The purpose of this work is to determine methods
for minimizing the impact of the causes of hydrodynamic instability in security systems. The methods of substantiating effective structural
and technical parameters of damping devices to prevent conditions of hydrodynamic instability in stationary working and transient modes of
safety systems with pumps are given. A method for substantiating effective design and technical parameters of damping devices to prevent
conditions of hydrodynamic instability in transient modes of starting pumps of safety systems is presented. Stability conditions in stationary
operating modes of the initial steam-gas volume of damping devices are determined. The minimum permissible dimensions of damping
devices that meet the conditions of hydrodynamic stability in the transient modes of SB pumps are determined.

Keywords: hydrodynamic instability, pump, safety system, nuclear power plant

Introduction

In the deterministic analysis of the safety of nuclear power plants (NPP), based on accident simu-
lation, it is necessary to take into account the possibility of the occurrence of hydrodynamic instability
(HDI) in the operational and transient modes of safety systems [1, 2, 3, 4,5, 6, 7, 8, 9, 10].
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In the case of HDI, there is an oscillatory or impulsive (aperiodic) deviation of the hydrodynamic
parameters of the flow (flow rate, pressure) relative to the equilibrium values. The consequences of the
occurrence of HDI in safety systems (SS) can be following: a significant deterioration of the condi-
tions of heat and mass exchange in the reactor and steam generators in the process of evaporation; in-
creased power of thermal hydro-shocks on nuclear power plant equipment and other negative effects.

Analysis of recent research and publications

Based on the analysis of published research results the negative effects are inertia (incomplete-
ness) of heat and mass transfer processes in acoustic waves of two-phase non-equilibrium flows [11];
impulse braking of the flow at supersonic modes in the armature [12]; inertial delay of the response of
the pressure-flow characteristic (PFC) of pumps to changes in hydrodynamic parameters in transient
modes [13] and other reasons [1].

The main reason for the occurrence of HDI in the operating modes of the SB is the inertia of the
adjustment parameters of the regulating armature to relatively “fast” changes in hydrodynamic param-
eters during nuclear power plant accidents [1].

The main reason for the occurrence of HDI in the transitional regimes of the SS start-up is the in-
ertia of the delayed response of the PFC to the “rapid” change in hydrodynamic parameters in the SS
channels and NPP equipment [14].

The purpose

The purpose of the article is to determine the cause of hydrodynamic instability in safety systems
and to develop methods for substantiating effective structural and technical parameters of damping de-
vices to prevent conditions of hydrodynamic instability in safety systems in stationary operating modes
as well as substantiating effective structural and technical parameters of damping devices to prevent
conditions of hydrodynamic instability in transients modes of starting pumps of safety systems.

Presenting main material

There are various types of damping devices (DD) have been widely used in the industrial power
industry to prevent high pressure in equipment and pipeline systems

Analogue of DD for NPP with VVER is a pressure compensator in the reactor circuit. At the base
of the DD is a closed vessel (capacity), in which, in the process of deviations of the hydrodynamic
parameters from the equilibrium state, compression/expansion of the steam-gas volume of the DD
and the corresponding “compensation” of the deviations occur. Thermohydrodynamic processes in the
systems and their structural and technical characteristics determine the effective structural and tech-
nical parameters of the DD.

This paper presents the methods of substantiating the effective structural and technical parame-
ters of the DD to prevent HDI in the working and transitional modes of the SS with pumps.

Conditions for the efficiency of the DD in the work modes of the SS

The equation of flow movement in the SS channel in stationary operating mode [14]:

2
AP (Gy) =P, B, + 8,2 ®
where AP, is the pressure of the pump;

Pe, Pin — pressure at the pump inlet and outlet;

& is the total coefficient of hydraulic resistance of the SS channel;

Gy is the mass flow rate in the SS channel;

p — flux density;

F is the cross-sectional area of the flow in the SS channel.

The equation of state of the steam-gas volume in the DD [15]:

RV, =f,(P), )
where V, is the steam-gas volume in the DD in the stationary mode, respectively.

In the form of fluctuating perturbations of pump back pressure 6P, and flow rate G in the chan-
nel of equations (1) and (2):
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1,56 = 8P, +2¢, 3G, 3)
pF
df

V,6P, + P8V, =—* 3P, (4)
dP

where Ig < 0 is the sensitivity parameter of the PFC pump [13, 14].
Conditions of hydrodynamic stability in the SS channel with DD [11]:

oG
—<0. 5
P, ©)
After transforming equations (3) and (4), the stability condition (5):
e <0. (6)

) e ©
- e )

Conditions for the effectiveness of the DD in the transitional regimes of the SS with the DD

The transient mode of pump start-up is limiting in terms of the rate of change of hydrodynamic
parameters in SS channels. As a result of the inertial delay in the reaction of the PFC pumps SS, a rap-
id increase in the flow rate (flow speed) occurs at the maximum pressure pressure AP, Of the pumps.
During the delay time t, when the pump is started, the maximum average flow rate in the SS channel
[13, 14]:

2 pum
V. =
" [l

In the SS channel from the DD, part of the flow, which increases when the pump is started, Gp
goes directly to the DD. The condition of hydrodynamic stability when starting the pump:

G, -Gy =G,. (8)

AP, —P +P,
— @

where G, — estimated pump flow.
The equation of conservation of mass, energy and pressure in the DD:

v, deV) g

, 9
dt dt ° ®)
.dV, d(pV,i .

j—1 4 vV G, 10
p at dt D (10)
Gy =uFy/p(R. —R) (11)
V,(t=0)=V,; V,(t=0)=V,; P, (t=0)=PR,; Py(t=t,)=maxP,; V, (t=t;) >0, (12)
where V,= Vp -V, is the volume of the liquid phase in the DD;
Vp — “free” volume of DP from structures;
u is the hydraulic coefficient of flow in the DD;
Fp — the area of the through section in the DD;
t — time;
Pp — pressure in DD;
i, iy — specific enthalpy of the liquid and vapor-gas phases in the DD, respectively.
After transforming equations (11) and (12):
av, dr,
K,—+K,—2=G,, 13
1 dt 2 dt D ( )
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dv dP .
K,—+K,—L2=G,i, 14
> dt i (14)
where: K, =—(p—p,);
VV .
Kzza—s,
Ky =—(pi—p,i,);
Vi di
K, =—5Y+pV, =%
4 3.5 pv vdP
2_ dP
dp,
Results

In part of conditions for the efficiency of the DD in the work modes of the SS:
Taking into account PV, ~ P, V,, the condition of hydrodynamic stability in stationary “working”
modes of the initial steam-gas volume of the DD:
max P, df,
o> ————.
P, dP

In part of conditions for the effectiveness of the DD in the transitional regimes of the SS with the DD.

In a result of equations integration (7) — (14), the minimum allowable dimensions of the DD are
determined, which satisfy the condition of hydrodynamic stability in the transient mode of starting the
pumps of SS.

Assuming:

V,

dsz_V_D; dizmaxpe_Pi"; toszF,
dt t, dt t, G,
an approximate solution for the minimum dimensions of the DD:

I:D = I:D (Kl’KZ’K3!K4!maXPelPin’uyto)a

Vo =V, (KK, Ky K, max P, Pty

Conclusions

1. Negative consequences of the occurrence of hydrodynamic instability in the safety systems of
nuclear power plants can be a significant deterioration of the conditions of heat and mass exchange
and the occurrence of thermal hydroshocks of increased power.

2. The main causes of hydrodynamic instability in safety systems are the inertial delay in the re-
action of the regulating fittings and the pressure-flow characteristic of the pumps to “rapid” changes in
hydrodynamic parameters in the systems of nuclear power plants.

3. The method of substantiating effective structural and technical parameters of damping devices
to prevent conditions of hydrodynamic instability in safety systems in stationary operating modes is
presented.

4. The method of substantiating effective structural and technical parameters of damping devices
to prevent conditions of hydrodynamic instability in transient modes of starting pumps of safety sys-
tems is presented.
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