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QUALIFICATION OF THE PRESSURE COMPENSATOR
SYSTEM FOR THE MANAGEMENT OF ACCIDENTS WITH
COMPLETE LOSS OF LONG POWER SUPPLY
FROM VVER POWER PLANT

B.1. Ckanosyboe, B.M. Cninos, /.C. Ilipkoscoxui, T.B. I'abnas, P.M. Paganvcoxkuii. KBanidikauis cucteMn KOMIEHCATOPAa THCKY
IJIsl YyOpaBJIiHHSA aBapisiMM 3 NOBHOK BTPATOI TPHBAJIOr0 €JIEKTPONOCTAYAHHS eHeproycraHoBok 3 BBEP. s po3poOku
e(eKTHBHUX CTpaTeriil yIpaBIiHHS aBapisMH 3 IOBHOIO BTPATOIO TPHBAJIOTO EJIEKTPOIIOCTAYaHHS Ha SICPHUX EHeproyCTaHOBKaxX HEOoOXixHa
kBaiikalis JIF0YMX 1 MEePCIEeKTUBHUX ITACHBHUX CHCTEM O€3IeKH, SIKi He HOTpeOyIOTh enekTponocTayaHHs. OHUM 3 MiIXO0/IB BUPILICHHS
miei mpobiemu € KBamiikalist CHCTEMH KOMIIGHCATOpa THUCKYy HAa YMOBH aBapili 3 IIOBHOIO BTPaTOIO0 TPHBAJIOTO EIEKTPOIIOCTAYaHHSI.
IpencraBnennii OpuUriHaJIBHUHE MeTOX KBamidikamii cHCTeMH KOMIIEHcaTopa THUCKY Ha YMOBM aBapiifi 3 IIOBHOIO TpPHBAJIOIO BTPAaTOIO
€JIEKTPOIIOCTaYaHHA 3 YpaxXyBaHHSAM CYTTEBOI JAMHAMIKM TEIUIOTiJpPABIIYHMX IIPOLECIB B peakTopi. B pe3ynbrari po3paxyHKOBOTO
MOJIEIIIOBAaHHS 32 PO3pOOJICHNM MeTOJOM KBamiikamii cHcTeMH KOMIIEHCAaTopa THCKY JUIi YMOB aBapii 3 IIOBHOIO TPHBAJIOIO BTPAaTOIO
€JICKTPOIIOCTAaYaHHsI BCTAQHOBJIEHO, MO e()eKTUBHA Jis CHCTEMU KOMIICHCATOpa THCKY 3 MIATPHMKH HEOOXiTHOTO PIBHS TEIUIOHOCIS B
peakropi 3ailicHIoeThCa 10 900 cex 3 movaTtKy aBapiiiHoro mpouecy. Ha 2000 cekyHIi 3 MOMEHTY IOYaTKy aBapiiiHOTO MPOILECY THUCK B
KOMIIEHCATOPI TUCKY 30UIBIIYETHCS 1O MAKCUMAJIBHO MPUITYCTUMUX 3HAUEHB 1 BilOYBa€ThCS aBTOMAaTHYHE BIIKPUTTS 3al00DKHUX KJIalaHIB
IMITYJIbCHO-3aII00KHOIO IIPHCTPOI0 KOMIIEHCATOpa THCKY. B pamkax po3poOieHOro MeTomy BH3HA4eHiI KpHUTepii, yMOBH Ta HACIiIKU
BUHHMKHEHHS TiJPOJMHAMIYHUX YJAapiB BHACIIJIOK II€PEHOBHEHHS TEIUIOHOCIEM KOMIIEHCATOPAa THUCKY, TPAHC3BYKOBHX DPEXHMIB Tedii
IBo(a3sHOTO MOTOKY B HPOTOYHIN YacTHHI 3aMOODKHHMX KJIAaHiB KOMIIEHCATOpa THUCKY 1 HENPHIYCTHMO IIPUCKOPEHOTO 3aKpPHTTS
3an00KHUX KIIANaHIB IIPY 3HIDKEHHI THCKY B IAPOBOMY 00CSI31 KOMIIEHCATOpa THCKY MEHIIIe MAaKCUMAIILHO JIOIYCTHMHX 3HaueHb. OTpHMaHi
KpHUTepii, yMOBM Ta HACJHIAKM TiIPOAMHAMIYHMX YyJAapiB B CHUCTEMi KOMIIEHCATOpPa THCKY J00pe Y3rO/UKYIOThCS 3 BIJIOMUMHU
€KCTIepHMEHTaIbHIMH JaHUMH. B pe3yibTati IpoBeIeHOr0 pO3paxyHKOBOIO aHaNli3y BCTAHOBIICHO, IO B TIPOIeci aBapii 3 HOBHOIO BTPATOIO
TPUBAJIOTO €JIEKTPOIIOCTAYaHHS MOXJIMBE BHHHKHEHHS TiIpOJMHAMIYHMX yJIapiB BHACHIIZOK IIEPENIOBHEHHS TEIUIOHOCIEM 00csry
KOMIIEHCATOpa THCKY IPU BIJAKPUTTI 3alOODKHUX KJIANaHIB 1 TPAHC3BYKOBHX PEKUMIB Tedii ABO(A3HOrO MOTOKY B NMPOTOYHIH YaCTHHI
BIIKPUTHX 3amOODKHUX KiamaHiB. E(eKkTHBHMM 3aX0f0M 3amo0iraHHS TiApOJHHAMIYHUX yIapiB y CHCTeMi KOMIIGHCATOpa THCKY €
301IBIICHHS TiAPOJUMHAMIYHOIO ONOPY Y BEpXHilf YaCTHHI KOMIIEHCATOpa THCKY LUIIXOM YCTaHOBKHM NHUCTaHIIHHHMX pemritok.HeoOxinHa
kBaniikallis albTEpHATUBHHUX INACHBHHUX CHUCTEM Oe3leku, 1o 3a0e3nedyroTh e(eKTHBHE YNpaBIiHHS aBapisMH 3 IOBHOIO BTPATOIO
TPUBAJIOTO eleKTpornocTadaHus 3 900 cexyHIU IOYaTKy aBapifHOro MPOIeCy.

Knrouosi cnosa: xBamidikarist, KOMIEHCATOP TUCKY, aBapii 3 TOBHOIO BTPATOIO TPUBAJIOTO EJIEKTPOIIOCTAYAHHS S/IEPHUX EHEPTOYCTaHOBOK

V. Skalozubov, V. Spinov, D. Pirkovskiy, T. Gablaya, R. Rafalskyi. Qualification of the pressure compensator system for the
management of accidents with complete loss of long power supply from VVER power plant. Developing effective accident management
strategies with complete loss of long-term power supply at nuclear power plants requires the qualification of existing and promising passive
safety systems that do not require power supply. One of the approaches to solving this problem is to qualify the system of pressure
compensator for accidents with complete loss of long-term power supply. The original method of qualification of the system of pressure
compensator for the conditions of accidents with complete loss of long-term power supply is presented, taking into account the significant
dynamics of thermo-hydraulic processes in the reactor. As a result of the computational modeling of the developed method of qualification of
the pressure compensator system for the conditions of failure with complete loss of long power supply, it is established that the effective
action of the pressure compensator system to maintain the required level of coolant in the reactor is carried out up to 900 s from the
beginning of the emergency process. At 2000 seconds from the start of the emergency process, the pressure in the pressure compensator
increases to the maximum permissible values and there is an automatic opening of the safety valves of the pulse-relief device of the pressure
compensator. Within the developed method defines the criteria, conditions and consequences of occurrence of water hammers due to
overflow of the pressure compensator coolant, transonic modes of flow of two-phase flow in the flowing part of the pressure compensator
relief valves and unacceptably accelerated closure of the safety valves at the maximum steam. The obtained criteria, conditions and
consequences of water hammers in the pressure compensator system are in good agreement with the known experimental data. As a result of
the calculated analysis it is established that in the process of an accident with a complete loss of long-term power supply, water hammers
may occur due to the overflow of the volume of the pressure compensator when opening the safety valves and the transonic modes of flow of
the two-phase flow in the flow part of the valve. An effective measure to prevent water hammers in the pressure compensator system is to
increase the hydrodynamic resistance at the top of the pressure compensator by installing remote grilles. Qualified alternative passive safety
systems that provide effective accident management with complete loss of long-term power supply with 900 seconds of start of the
emergency process.
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Introduction

According to IAEA terminology, qualification refers to a design, experimental, or design and ex-
perimental justification of the reliability and performance of systems/equipment in the operational,
transient and emergency modes of nuclear power plants (NPPs).

The consequences of the accident with a complete long-term loss of power supply (LLPS) caused
by the flooding of the tsunami at the Fukushima-Daiichi NPP site in 2011 were the following: nuclear
fuel damage, destructive combined-cycle explosions and catastrophic radioactive pollution of the envi-
ronment [1]. One of the most important lessons and conclusions of the Fukushima accident is the lack
of effective strategies of management of accidents with complete loss of long power supply at NPP.
This conclusion was confirmed by double inspections of the USA Nuclear Regulatory Authority
(NRC) at all USA nuclear power plants.

The development of effective strategies of accident management with a complete long-term loss
of power supply determines the need for qualification of both new passive safety systems (which do
not require power supply) and existing passive safety systems in the conditions of LLPS.

One of these pressing issues is the qualification of a pressurizer system for accident conditions of
accident with LLPS in a nuclear power plant. This article is devoted to this article.

Analysis of literature data

Design and beyond design basis accidents with deenergizing of nuclear power plants were con-
sidered in the reports of the operating organization for safety analysis of nuclear power plants with
VVER reactors (VVER) [2, 3, 4]. The main goal of these developments is to determine the acceptable
time for restoration of power supply and/or alternative means of accident management (mobile diesel
generators, filling the reactor with fire engines and others. However, the analysis of the Fukushima
accident determines the insufficient possibility and effectiveness of such measures to prevent damage
to nuclear fuel and destructive combined-cycle explosions. In addition, the methodological support of
the calculation justifications does not take into account the possibility of the occurrence and conse-
guences of various types of thermohydrodynamic instability in the equipment/systems of nuclear pow-
er plants. One of the dominant consequences of vibrational and aperiodic thermohydrodynamic insta-
bility is water hammers (WH), which can significantly affect the reliability, performance and equip-
ment life of systems that are important for the safety of nuclear power plants. WH are accompanied by
a pulsed high-amplitude increase in pressure and a sharp inhibition of the coolant flow [5, 6].

The use of the well-known Zhukovsky formula for calculating the maximum pressure amplitude
during water hammer, depending on the density and speed of sound in water, as well as the difference
in flow rates before and after the WH in the pressurizer system, is unreasonable for the following main
reasons:

— the formula does not determine the reasons and conditions for the formation of the WH in the
pressurizer system;

— the formula is justified for stationary conditions of thermohydrodynamic parameters.

For the pressurizer system of a nuclear power plant with VVER, the conditions of the WH on the
pressurizer case and on the shut-off elements of the safety valves of the pulse-safety device (SV PSD)
of pressurizer are priority. In [5], the boundaries of the regions of conditions for the occurrence of
WHs on the PS case were determined in the format of defining criteria Ky, K, Ks, Kg:

Z&i\/ ._il Vi Ko ZE; Ks ZEJ—K; K, =&
Go I HK 2 Gg
where p, — coolant density;

iy, Iij — specific (per unit mass) enthalpies of steam and coolant, respectively;

vy — the rate of rise of the level of coolant in the pressurizer when opening the SV PSD of pres-
surizer,;

Ho, Hk — the initial level of coolant in the pressurizer and the total height of the pressurizer, re-
spectively;

Ex — total coefficient of hydraulic resistance of pressurizer;

Kl (R/Ko _PO),
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Ik — coolant flow area in pressurizer;

G, — nominal coolant flow in the reactor loop;

Rk, , P —accordingly, the initial vapor pressure in the pressurizer and the pressure in the pressur-
ized tank / bubbler tank of the nuclear power plant, respectively.

In [6], the boundaries of the region of WH in the through section of open SV PSD of pressurizer VS-99
from Sempell were determined in the format of defining criteria:

PoVE . Lik
K5 Pmax X K5 Mo gradz(H”() ,
where Lix — SV confuser length;

grad,(ITi) — the average gradient of the change in the area of the bore along the longitudinal co-
ordinate z in the confuser part of the SV.

However, the boundaries of the WH regions defined in [5, 6] in the pressurizer system do not
take into account the dynamics of thermohydrodynamic processes directly in the reactor during acci-
dents with LLPS, which determines the relevance of the work presented.

The main objective of the study is to qualify the reliability and efficiency of the NPP pressure
compensator system in the event of an accident with a LLPS.

To achieve this goal, the following tasks must be solved:

— To develop a method for qualifying pressurizer in an accident with a LLPS taking into account
the dynamics of thermohydrodynamic processes in a reactor.

— Determination of the conditions for the occurrence of WH in the pressurizer system, taking into ac-
count the dynamics of thermohydrodynamic processes in the reactor in the event of an accident with LLPS.

— Determining the time of the effective operation of the pressurizer system for accident manage-
ment with LLPS.

The main provisions of the qualification method of the pressure compensator system for ac-
cident management with LLPS

Key points/assumptions of the method:

1. Timeline of accident sequences with LLPS:

— emergency shutdown of the reactor;

—a complete failure of active safety systems (ASS) using electric pumps to ensure the safety
functions for removing residual heat (SF RH) with power N(t) and maintaining the required level of
feed water in the steam generator (SF SG);

— accident management passive safety systems (PSS) that do not require long-term power supply

— the lack of the possibility of restoring the power supply of own needs and the use of effective al-
ternative means of ensuring the SF RH and SF SG within 72 hours from the beginning of the accident.

2. The failure of the ASS leads to a decrease in the flow of coolant through the reactor, the be-
ginning of vaporization in the active zone, an increase in vapor pressure in the reactor.

3. The influence of “run-out” of the stopped main circulation pump (MCP) and natural circula-
tion in the 1st circuit on the feasibility of SF RH and SF SG are not conservatively taken into account.

4. When the maximum permissible pressure values (Pnax) are reached in the steam volume of the
pressurizer, the safety valves of the pulse-safety device (SV PSD) automatically open and close when
the pressure drops below Pay.

For one channel of the PSD of pressurizer, Pnx=18.5...19.2 MPa, and for the other two channels
Pmax=19.0...19.6 MPa. Accordingly, at the closure of the SV —17.0 MPa and 17.4 MPa.

5. When opening/closing the SV PSD of pressurizer, three types of water hammer (WH) may oc-
cur, which are critical for the reliability of accident control with LLPS [5, 6]:

— WH on the pressurizer case due to overflow of the full volume of the pressurizer with the cool-
ant (WH type WH1);

—WH when closing the SV PSD of pressurizer, caused by condensation pressure pulses during
transonic flow regimes of two-phase flows in the SV flow path (WH type WH2);

— WH when closing the SV, caused by an unacceptable speed of closing the SV (WH type WH3).
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The design scheme of qualification of the pressurizer

2 system for accident conditions with LLPS is shown in Fig. 1.
10 The structural and technical data of the reactor and pressurizer
required for the design justification of the qualification are
given in Tables 1, 2. The structural and technical data of the
B SVPSD of pressurizer are given in [7].
-
Table 1
4 1 The main structural and technical data
of the nuclear reactor VVER 1000
No Structural and technical parameters Value
1 | Reactor height 10.897 m
2 | Inner diameter 3.680 m
) <
. Y 3 | Working pressure 15.7 MPa
5/ \3 4 | Design pressure 17.7 MPa
Fig. 1. Calculation scheme of 5 ;[)r;ei r;tleer?perature of the coolant at the reac 289.7 °C
qualification of the pressure compensator ~ g | The temperature of the coolant at the outlet 320 °C
system: 1 — reactor (R); 2 — pressurizer; in nominal mode
3 - reactor main coolant pump (MCP); 7 | Nominal thermal power 3000 MW
4 — vapor volume in the reactor; 8 | Maximum permissible thermal power 3200 MW
5 — the volume of coolant in the reactor; 9 | Hydraulic resistance (without inlet and 0.37+0.06
6 — steam volume in pressurizer; 7 — the outlet nozzles) MPa
amount of coolant in the pressurizer; 10 | The coolant level in the reactor at nominal 8.747 u
8 — safety valves of the pulse-safety device T rl\n/l(;?(?mum cosfficient of Tydraulic T8
of pressure compensator (SV_ PSD of sistance at the inlet / outlet pipes of the 1.1
pressurizer); 9 — connecting line of the coolant
pressure compensator with the 1st circuit; —12 | Total minimum flow rate from pressure 01
10 — tank bubbler compensator to reactor ‘
Table 2
The main structural and technical data of the VVER 1000 pressure compensator
No Structural and technical parameters Value
1 | Stationary mode nominal pressure 15.7+0.3 MPa
2 | Nominal coolant temperature of stationary mode 346+ 2 °C
3 | Working environment steam, 1st circuit water
4 | Capacity (full volume) 79 m’
5 | Water volume at nominal mode 55 m’
6 | Pressure Compensator Height 12.940 m
7 | Inner diameter 3.000 m
8 | Minimum flow rate at the inlet to the 1st circuit 1.0
9 | Coolant flow rate in the 1st circuit in nominal mode on the pressure compen- (20...27)-10° m*h
sator loop 5.55...7.5-m%/s
10 | Diameter of the bore of the connecting pipeline with the 1st circuit 0.35

Mass balance equations for volumes of steam and coolant in pressurizer:

d(PvVvK) =p, dVik +Vi dpv dRxk _ —pan E_GiK '
dt dt dPyk dt dt
dH
pillk o =—Gi .

)

)
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Start conditions:

Vik (t=0) =Viko;  H(t=0)=Ho(Vixo) , )
Pk (t=0)=PRr, —p1g(Ho +L). 4)

Mass flow from pressure compensator to the 1st circuit:
Gik =pxITr 2[Rk —Re +gpi(H + L)1, )

where p,, p; — the density of steam and coolant, respectively;
V,k — pressure compensator steam volume;
t—time;
Py, Pr — the pressure in the vapor volume of the pressure compensator and the reactor, accord-
ingly;
H, L —the height of the coolant level in the pressure compensator and the connecting pipe (Fig. 1);
respectively Tk, Iy — accordingly, the flow area of the pressurizer and the connecting pipeline;
g — gravity acceleration ;
ux—total minimum flow coefficient from the pressure compensator to the 1st circuit (see Table 2);
Gik — flow through the system SV PSD of pressurizer:

Ge — {uiKHiKJZp(PvK —R), for opened SV PSD of pressurizer (Rx = Prax)
K — ’

6
0, for closed SV PSD of pressurizer ©

where i — flow rate through SV PSD of pressurizer (Pux<Pmax);

ITix — minimum flow area SV PSD of pressurizer;

p — density of the medium ;

P, — containment pressure;

Pmax— the maximum pressure in the vapor volume of pressurizer.

Necessary conditions for the occurrence of water hammer on the body of the pressure compensa-
tor and SV PSD of pressurizer [5, 6]:

for WH1 — H=H; ()
. _ V(HiKo) i
for WH2 — Mach criterion M = ——>1; (8)
arr (HiKo)
. . [2(Px - R)pIT2
for WH3 — closing speed of SV PSD of pressurizer Al 21;[0'“ { (P Gljo)p = —§0:|, 9)
iK

where Hy — hight of pressurizer;
V(I Ti) — two-phase flow rate with fully open SV PSD of pressurizer with a minimum flow area ITj;
are — speed of sound in a two-phase flow;
&y — coefficient of hydraulic resistance when SV PSD of pressurizer fully open;
to —pressurizer design opening / closing time.
The condition for the effective influence of the pressure compensator on SF RH:

dH /dt<0 for t<tx. (10)
Mass balance and thermal energy equations for volumes of steam and coolant in a reactor:
d(vavR) =py dVvR +VvR de deR :Giv, (11)
dt dt dRr dt
dh
pillr pry =Gk —Giy +Gge (1) , (12)
. . ..dh
GiVIV(R,R)+p|HR(IV—I|)E: N(t). (13)
Under the initial conditions:
Vir(t=0)=Viry; Rr (t=0)=PRi,; h (t=0)=ho; iy (t=0)=lo; il (t=0) =1\, , (14)
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Ggr =Go(L—t/15), (15)

where Vi, Pyr — steam volume and pressure in the reactor;

Gi— vaporization flow rate in the reactor core;

ITg, h — flow area and coolant level in the reactor core, respectively;

iv, i) — specific (per unit mass) enthalpy of steam and coolant, respectively;

N(t) — residual heat power;

Ggp(t) — run-out flow of the stopped main coolant pump;

tz — full run-down time of the main recirculation pump.

The maximum water hammer amplitude (APgy,) on the pressure compensator body at H=Hy can be
determined from the energy conservation equation when the kinetic energy of braking of the coolant lev-
el is converted into the energy of the pressure water hammer pulse in the isometric approximation:

i{ﬂ(dﬂf ‘i } _o. (16)
dt| 2\ dt

After the transformations, it follows from (16):

tg tg 2
APgmzjd—Pdr:— pfdHdH (17)
o dt didP { dt dt?
where t; = Hg /&; & —the speed of sound in the coolant.
In the criteria (dimensionless) format of the equation of mass balance and thermal energy:

dVvK d pv d PVR

P4 +Vir P dt JK7 (P =P + KgH + Kg) -G, (18)
dVir dpv dPr
v +V =KGy, 19
oot T aRe dt (19)
dh
Kll_zGK_le+GgPa (20)
dt
K]_2G|Viv +ﬁ = N(t) . (21)
dt
Initial conditions:
Vio =1 Ho=1 Puo =Kuz Vi =Kiti ho=1i Py =% ip =1 i0="2,  (22)
VKo |v0
where are the similarity criteria:
K, = 2p3 Rico METTZ,TTRNEI2 (L~ iy / iy )?
P Vik, N&
V
Ks :_p|gHo ;Ko :_p|gL; Ko =%
I:{IKO P\/KO VvRo (23)
_ pmHRho . _ pVOVvKo .
Kll =T . K12 - N A ]
vaVvKo pIoHRhO(l_llo /lvo)
Ky = Pro — P19 (Ho + L),
I:3/K0

us — total flow rate at the inlet to the reactor;
I1g, — flow area of the coolant of the main circulation pipe.
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The system of equations (18) — (23) is nonlinear and in the general case can be solved by the nu-
merical Runge-Kutta method.

Analysis of the results of computational modeling

In accordance with (7), (8), (9) and the developed method, the criteria and qualification condi-
tions of pressurizer system for water hammers in the process of an accident with LLPS:

for WH1 - K1 :Hi(K7,...,K13)<1, (24)
K
for WH 2 at PVKZPmaX_ Kk2 ZM(HiKO, Ks, ..., K13) <1, (25)
2(Prax — RB)pIT2 N
for WH3 at Pyx=Prma— Kk =%{ ( Gz’o)p o —éo} <1. (26)
iK

The feasibility of qualification conditions (24), (25) is determined by the results of integrating the
system of nonlinear equations by the Runge-Kutta method.

To verify the proposed method for determining the conditions and parameters of water hammer
in a pressure compensator, the well-known experimental data of A.V. Korolev obtained on the model
of a pressure compensator VVER-440 were used [8]. Fig. 2 shows the experimental data [8] on the
relative maximum amplitude of WH1 APy,=APg,/P, for various shutter diameters of the pressurizer
VVER-440 model (SV PSD of pressurizer simulator ). From the presented results it follows that the
calculations according to the well-known formula N.E. Zhukovsky have underestimated APy, values
with respect to experimental data, and solutions of equations (17), (18) — (23) have quite satisfactory
conservative estimates.

The results of computational modeling of steam pressure (Py) and coolant level (H) in the pres-
sure compensator are presented in Fig. 3.

Fig. 3 shows the results of calculating the change in pressure at the outlet of the reactor (P,r) and
the coolant level in the pressure compensator during accidents

APy, with LLPS. At the initial moments of the accident, the pressure
u 3 in the reactor decreases due to shutdown of the main coolant

6 pump (MCP).
¢ ¢ =\ The rate of P, decrease is determined by the rate of de-
‘ i crease in pressure head and flow of the MCP during the “run-
5 /. < out” after the MCP shutdown. The pressure reduction in the re-
2 1/. actor, on the one hand, determines the corresponding decrease in
¢ the coolant level in the pressure compensator. On the other hand,
5 ¢ it intensifies the process of vaporization in the reactor core. The
intensification of vaporization determines a corresponding in-
3 crease in steam pressure at the outlet of the reactor. From 910
seconds of the emergency process, the second of the above fac-
5 N tors becomes dominant and the pressure at the outlet of the reac-
1 2 3 4 J, mm  tor, as well as the level of the coolant of the pressure compensa-

tor begins to increase. At the 1950 second of the emergency pro-

Fig. 2. The maximum amplitudes of  cess, the pressure in the steam volume reaches the maximum
the pressure of hydroblow when filling - sermjssible values and the pressurizer safety valves are actuated,
out the experimental model of the -\ iy, s accompanied by a sharp increase in the coolant level in

VVER-440 pressure compensator the pressurizer and water hammer on the inner surface of the
depending on the shutter diameter d pres :
pressurizer case (Fig. 3).

(SV PSD of pressurizer simulator ):

1 — experiment [8]; 2 - calculation by At the time of the opening of the SV PSD of pressurizer ,

the formula N.E. Zhukovsky; the qualification condition (24) for the absence of a water ham-

3 — calculation by formulas (17), mer due to the overflow of the full volume of the pressure com-
(18) —(23) pensator (WH type WH1) with the coolant is not provided.
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Fig. 4. The range of conditions for the occurrence
of water hammer as a consequence of aperiodic
instability in transonic flows of two-phase vapor-
2 liquid flows: 1 — experiment 2; 2 — VS-99 at the
rated power of the reactor; 3 — VS-99 during tests
at the “hot” shutdown of the reactor
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Fig. 3. Change in the pressure in the reactor P, = P,r/Pro
and the level of the coolant in the pressure compensator
H = H/ H, in the event of an accident with the LLPS:
1 - Pg; 2 — H; 3 - water hammer on the housing of the

pressure compensator; 4 — pressurizer SV activation

The qualification results for the condi-
tions of the WH type WH2 are shown in
Fig. 4 in the format of criteria Ks and K.
From the obtained results of computational
modeling it follows that the qualification
condition for WH2 (25) is also not provided.

The feasibility of qualification conditions (26) for the absence of water hammer due to the accelerated clo-
sure of the SV PSD of pressurizer (WH type WH3) is ensured.

Conclusions

1. A conservative estimate of the time of effective operation of a pressure compensator system
for management of accident with a complete loss of long-term power supply is about 900 seconds
from the start of the emergency process. The conservatism of this estimate is determined by the fact
that, according to the accepted assumptions, the influence of natural circulation in the reactor circuit
and heat transfer in the volume of the steam generator on the heat transfer conditions in the reactor
core were not taken into account in the calculation simulation of the emergency process.

2. In the framework of the developed method, the criteria, conditions and consequences of the
occurrence of water hammers due to overflow of the coolant of the pressure compensator, transonic
flow regimes of a two-phase flow in the flow part of the safety valves of the pressure compensator and
unacceptably accelerated closing of the safety valves when the pressure in the vapor volume of the
pressure compensator is less than the maximum allowable values. The obtained criteria, conditions
and consequences of water hammer in the pressure compensator system are in good agreement with
the known experimental data.

3. As a result of the calculation analysis, it was found that during an accident with a complete
loss of long-term power supply, water hammers may occur due to the overflow of the pressure com-
pensator when the safety valves are opened and the transonic modes of the two-phase flow in the flow
part of the open safety valves are opened.

4. An effective measure to prevent water hammer in the pressure compensator system is to in-
crease the hydrodynamic resistance in the upper part of the pressure compensator by installing dis-
tance gratings.

5. Qualification of alternative passive safety systems is required, providing effective management
of accident with a complete loss of long-term power supply from 900 seconds of the onset of the
emergency process.
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