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SUBSTANTIATION OF MODERNIZED BLACKOUT &
LOSS-OF-COOLANT ACCIDENT MANAGEMENT
STRATEGY AT NUCLEAR POWER PLANTS WITH WWER

B.I. Ckanosybos, B.M. Cninos, /.B. Cninos, T.B.[labnas, B.FO.Kounesa, [0.0. Komapos. OOGIPYHTYBaHHSI MOJepHi30BaHOI
cTparerii ynpaBJiHHS aBapisMH 3 NOBHMM TPHBAJINM 3HECTPYMJIEHHSIM INPH Te4aX PpPeaKTOPHOIO0 KOHTYpY silepHUX
eHeproycTaHoBok 3 peaktopamu BBEP. IIpoBenenuii aHaii3 BitOMHX pe3yJIbTaTiB pO3paxyHKOBOro MojemoBanHs kogoM RELAPS/V.3.2
aBapiil 3 MOBHHUM TPUBAIUM 3HECTPYMJICHHSIM Ta TE€YaMH APYroro KOHTYPY sAepHHX eHeproyctaHoBok 3 BBEP moka3zaB, mo npoekTHi
cTparterii ynpaBiIiHHS TAKUMU aBapisMU NPOSKTHHMH ITACHBHUMH CHCTeMaMHy Oe3leKH He 3a0e3MedyroTh HEOoOXiIHI yMOBH OE3MEeKH MI0J0
MaKCHMAJIbHO JIOIyCTHMO]I TeMIIepaTypHy 000JI0OHOK TBEINIB, 100 MiHIMAIBHO JOIIYCTHMOI'O PiBHS TEILUIOHOCIS B PEaKTOPi 1 JKUBUIBHOI BOJH
B maporeHeparopax. Po3po0iieHO KOHCEpBATHBHY TEILIOTIIPOAMHAMIYHY MOJENb MPOEKTHOI I MOJAEPHI30BaHOI CTpaTerii yHpaBiHHS
aBapisiMH 3 TeYaMH PEaKTOPHOTO KOHTYpPY Ta IOBHUM TPUBAINM 3HECTPYMIICHHSM siiepHOi eHeproyctaHoBku 3 BBEP. IIpoekTHa cTpareris
YIIpaBIIiHHS aBapisiMH 3[IHCHIOETHCS TPOEKTHIUMH NTaCUBHIMH CHCTEMaMH O€3IIeKH: 3al001KHUMHU KIIallaHaMH CHCTEM KOMITCHCALlil TUCKY i
[APOCKHUAAJIBHUX IPHCTPOIB 2-TO KOHTYPY, @ TAKOX TiJPOEMHOCTAMH CHCTEMH aBapiiHOrO OXOJIODKCHHS aKTHUBHOI 30HHM peakTopa.
MonepHizoBaHa CTpaTerist YNpaBJIiHHSA aBapisiMH 3 TeYaMH PEAKTOPHOTO KOHTYpPY Ta IIOBHHM TPHBAIMM 3HECTPYMJICHHSM SICPHOL
eneproycranoBku 3 BBEP. IIpoexTHa cTpareris 3[iiCHIOETbCS IEPCIIEKTUBHUMYI CHCTEMaMH ITACHBHOTO BiJIBOAY TeIUIA BiJ aKTHBHOI 30HH
peakTopa i MATPUMKH PIiBHSA TEIUIOHOCIS B PEaKToOpi Ta >KUBUIIBHOI BOOW B maporeHepatopax. OCHOBHI KOHCEPBATHBHI IOMYIICHHS
IpeJCTaBIeHoi MOZENi aBapiif 3 Te4aMH PEaKTOPHOrO KOHTYPY Ta IIOBHMM TPHUBAIHMM 3HECTPYMIICHHSM: ITIOBHA TpHBala BiJMOBa YCiX
@JIEKTPOHACOCIB aKTHBHUX CHCTEM Oe3IeKH; TeMIepaTypa siIepHOro IaliBa B [EHTPAJIbHII YacTHHI ITAJMBHOI MAaTPHIIi TBEJIA MPUHMAETHCS
MaKCHMaJIbHO JIOITyCTUMOIO; HE BPAaXOBYEThCS BIUIMB Ha aBapidHMI NpOIEC BUTPATH «BHOITYy» TypOOXXMBHIIBHOTO Hacoca Ta PIBHS
TEIJIOHOCIsI B KOMIIEHCATOPI THCKY. B pe3ynbTaTi po3paxyHKOBOTO MOJIENIIOBAaHHS BCTAHOBJIEHO, IO MPU MPOEKTHil cTpaterii ynpapiiHHSI
aBapisiMH 3 TeYaMH PEaKTOPHOTO KOHTYpPY Ta NOBHHUM TPUBAINM 3HECTPYMJICHHSM MOPYIICHHS YMOB O€3II€KH BH3HAYEHI U BCHOTO
niama3ony po3mipis Teu. [Ipu MozepHi3oBaHiii cTparerii yrpaBIiHHs aBapisiMH YMOBH Oe3eku 3a0e3IedeHi MPOoTAroM 72 TOAUH aBapiiHOro
npouecy Ta Oinbure. [pencraBieHi pe3ynbTaTH PO3PaXyHKOBOIO MOJETIOBAHHS CTPATErid yNpaBiHHS aBapisMH 3 MOBHUM TPHBAIUM
3HECTPYMIICHHSIM SIICPHHUX €HEPrOyCTaHOBOK MOXYTh OYTH BHKOPHCTaHI IS MOAEPHi3alii i BIOCKOHAIECHHS CHMITOMHO-OPi€HTPOBAaHHX
aBapiiiHUX IHCTPYKIIM Ta TMOCIOHMKIB 3 YNpPaBIiHHS Ba)KKUMU aBapisiMHM Ha SJEPHUX EHEProycTaHOBKax i3 peakropamu Tturna BBEP.
3acToCcyBaHHS OTPUMaHHMX pE3YyJIbTaTiB PO3PAXYHKOBOTO MOJICIIOBAHHS CTpATerii ympaBiiHHS aBapisiMd 3 IOBHUM TPHBAJIUM
3HECTPYMIICHHSIM Y 3arajJbHOMY BHIIQJKy He OOIDYHTOBAHO UM IHIIMX THIIIB PEaKTOPHOI yCTaHOBKH. Y IbOMY BHIIAJKy HEOOXiTHa
po3po0Ka pO3paxXyHKOBHX MOJENEH YIpaBJiHHA aBapisMH 3 TOBHHM TpPUBAJIUM 3HECTPYMJICHHSM, II0 BpPaXOBYIOTh CHELU}IKY
KOHCTPYKI[IHHO-TEXHIYHUX XapaKTEPUCTUK Ta YMOB €KCILTyaTallii CHCTEM, BaXJIMBUX s OE3MEKHU SICPHUX CHEPTOYCTaHOBOK.

Kniouosi cnosa: cTpateris ynpaBIliHHs aBapi€ro, 3HECTPYMIICHHS, Te4a PEaKTOPHOTO KOHTYPY

V. Skalozubov, V. Spinov, D. Spinov, 7. Gablaya, V. Kochnyeva, Yu. Komarov. Substantiation of Modernized Blackout & Loss-of-
Coolant Accident Management Strategy at Nuclear Power Plants with WWER. The analysis of the known results of RELAP5/V.3.2
simulation for loss of coolant & blackout accidents at WWER nuclear power plants showed that the design accident management strategies
with design passive safety systems do not provide the necessary safety conditions for the maximum permissible temperature of fuel clad-
dings, the minimum permissible level of coolant in the reactor and feed water in the steam generators. A conservative thermohydrodynamic
model for a design and modernized blackout & loss-of-coolant accident management strategy at a nuclear power plant with WWER has been
developed. Design passive safety systems carry out the design accident management strategy: pressurizer safety valves, secondary steam
relief valves, and hydraulic reservoirs of the emergency core cooling system of the reactor. Promising afterheat removal passive systems and
the reactor level and steam generator water level control systems carry out the modernized blackout & loss-of-coolant accident management
strategy. The main conservative assumptions of the presented model of blackout & loss-of-coolant accidents: complete long-term failure of
all electric pumps of active safety systems, the temperature of nuclear fuel in the central part of the fuel matrix is assumed as the maximum
allowable one, effect of “run down” flow of a turbine feed pump and the coolant level in pressurizer on accident process is not considered.
Computational modelling has found that violations of the safety conditions are over the entire range of leak sizes for the design blackout &
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loss-of-coolant accident management strategy. For the modernized blackout & loss-of-coolant accident management strategy, safety condi-
tions are provided for 72 hours of the accident and more. The presented results of computational modelling of blackout accident management
strategies for nuclear power plants can be used to modernize and improve symptom-informed emergency instructions and guidelines for the
severe accident management at nuclear power plants with WWER. Application of the results of computational modelling of blackout acci-
dent management strategies is generally not substantiated for other types of reactor facilities. In this case, it is necessary to develop calculat-
ed models for blackout accident management taking into account the specifics of the structural and technical characteristics and operating
conditions for safety related systems of nuclear power plants.
Keywords: accident management strategy, blackout, loss-of-coolant accident

Introduction

Improvement of blackout accident management strategy for nuclear power facilities (NPF), and
modelling and analysing of combined initial accident events with multiple failures of the safety related
systems is one of the main lessons of Fukushima-Daiichi accident in 2011.

Design blackout accident management strategies for NPF with WWER come actually to the staff
actions to recover power supply, to decrease the reactor and steam generator pressure, and to connect
low-head cooling systems. Such approach has the following shortcomings according to Fukushima-
Daiichi lessons.

1. Recovery of power supply of the power unit can be impossible as for the objective reasons be-
cause of accident conditions and for the subjective reasons because of inadvertent wrong staff actions
in stressful situations.

2. Preventive pressure decrease in NPF loops can have also negative effects. For example, pre-
ventive pressure decrease in containment of the Fukushima-Daiichi-1 led to destructive explosions.

After Fukushima-Daiichi accident, nuclear powers (including Ukraine) came to a conclusion
about expediency of modernization of blackout accident management strategies. Alternative passive
(without power supply) safety systems are developed to modernize these strategies: systems of after-
heat removal passive with natural circulation and steam-driven emergency pumps.

Implementation of such alternative passive systems demands to substantiate their efficiency for
blackout accident management. Substantiation of efficiency of the modernized blackout accident man-
agement strategy can be based on results of calculated modelling of accidents. It defines relevance of
the offered work.

Analysis of recent publications and problem statement

The work [1] considers the safety of the NPP with WWER and modelling of possible accidents.
However, modelling of blackout accidents are not considered.

The work [2] generalizes results of modelling of accidents at different NPFs. Modelling of black-
out accidents is also not considered.

The work [3] considers verification of calculated thermohydrodynamic codes for conditions of
NPF with WWER-1000. Verification of codes for blackout accidents is not considered.

The work [4] presents results of modelling of loss-of-coolant accidents in WWER with the
ATHLET Code. Modelling of blackout accidents is not considered.

The work [5] presents the overview of results of accident modelling at the USA NPFs. However,
results of modelling of blackout accidents are also not provided.

The work [6] presents results of modelling of loss-of-coolant accidents at NPF with WWER-
1000 to substantiate diversification of nuclear fuel. Modelling of blackout accidents is also not consid-
ered in this work.

The work [7] provides results of blackout accident modelling with the RELAP5 Code. It was re-
vealed that safety conditions as to the maximum admissible temperature of fuel claddings are unam-
biguously violated during blackout accident. Results of this work defined relevance of further im-
provement of blackout accident management strategies for NPF.

The work [8] defines the general problems of forming of accident management strategies. How-
ever, forming of effective accident management strategies is not considered.

The work [9] provides loss-of-coolant accident management strategies. However, forming of ef-
fective blackout accident management strategies is also not considered.
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The work [10] proposes methods for modelling the conditions for water hammers during acci-
dents in a pressurizer. However, these methods are not substantiated for blackout accident conditions.

The work [11] analyses the conditions for water hammers in active safety systems with electric
pumps. However, the results of this work are not substantiated for passive safety systems in the black-
out accident conditions.

The work [12] determines the conditions for water hammers in the transonic two-phase flows in
the NPP armature. However, the results of this work do not cover the conditions for water hammers in
other heat engineering equipment during blackout accidents.

The work [13] proposes an original approach to blackout accident management using a steam-
driven emergency feed pump. However, the conditions for the effectiveness of such a pump for black-
out accident management are not defined.

Purpose and objectives of the study

The purpose of the work is calculated and analytical substantiation of the modernized blackout
accident management strategy for nuclear power facilities with WWER.

The work tasks.

1. To develop conservative thermohydrodynamic model of blackout & loss-of-coolant accident
(LOCA).

2. To analyse the results of calculated modelling and to substantiate efficiency of the modernized
management strategy for loss-of-coolant & blackout accident.

Conservative thermohydrodynamic model of loss-of-coolant & blackout accident. The con-
servative thermohydrodynamic model of loss-of-coolant & blackout accident is considered for two
accident management strategies:

— the design accident management strategy (DAMS) with design passive safety systems;

— the modernized accident management strategy (MAMS) with design passive safety systems and
prospective passive safety systems:

— the afterheat removal passive & level control system of the reactor — ARPS R;

— the afterheat removal passive & level control system of the steam generator — ARPS SG.

ARPS R includes two subsystems:

—the afterheat removal passive subsystem of the reactor with steam-driven emergency pump
(SDEP) — ARPS R1;

— the afterheat removal passive subsystem of the reactor with natural circulation — ARPS R2.

ARPS SG includes two subsystems:

— a subsystem with the SG steam-driven auxiliary feedwater pump (SDAFP) — ARPS SG1;

— a subsystem with the SG closed circuit of natural circulation — ARPS SG2.

Main conservative assumptions.

1. Complete failure of all electric pumps of a safety system, and impossibility of restoration of
auxiliary supply of the power unit within not less than 72 hours from the initiation of accident are
modelled.

2. Nuclear fuel temperature Tr in the central part of a fuel matrix is accepted as the maximum
admissible one for nuclear safety conditions (2800 °C).

3. Accident effect of “run down” flow of a turbine feed pump and the coolant level in the pressur-
izer is not considered.

The mass and heat balance equations for the reactor volume, “free” of structures, Vg:

dp.Von) _ s

a0 —Gur —Gopry V=V +Vy, (1)
dv;
pTT:GK +Gy, +Gig +Gyp =Gy =Goc + Gy, @
d(p Vi ;
% - GTvrv - (GlR + GZR)IV ! (3)
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d(V;i;) . . . .
T % = (GK +Ggp _GLOC)IT +GlRI1R +GZR|2R _GTvrv +Gge|ge . 4
The heat balance equations for system “reactor — SG” and ARPS R2:
N(t) = F.RA(Te —To) + KRG (T = T) + G ocr ®)
GZch = 0(OFZR (Tv _Tos) _CpGZRTcs _TZR) . (6)

Motion equations as a quasistationary approximation for systems of a primary loop, a steam drive
of SDEP and ARPS R2:

Gy =I1; \/pT (Py —Pr) Oy /&g (7
Gur =101 \f 2p,(Pz —Psa) (8)
Gor =Ty \/pT (Py —P71)ONe /& 9)

eHe,/Z P —Pgr), P, >Pg, t<t,;
Gge:{ug g pT( g R) g R g (10)

0, P,<Pq t>t,

Coolant loss flow as a quasistationary approximation:

F 2p; (Pr—P,), Goc <G,;
G o = HiocFloc 27 (Fr =Fy), Gioc (11)
G GLOC 2 Gcr’

cr?

G, P, >0.3MPa;
GlR:{ . R : (12)

0, P, <0.3MPa,

where p,, pr is a steam and the coolant density, respectively, Vg, V1 is a steam and the coolant volume
in the reactor, respectively, t is time, Gy, Gur, Gzr, Gk, Ggp is @ mass flow rate of steam generation
intensity, steam in a SDEP steam drive, in ARPS R2, primary natural circulation, “run down” of the
main coolant pump, respectively, Gsr is the maximum output of electric pumps of emergency core
cooling systems of the reactor (ECCS), G, is a critical loss in the transonic modes of a two-phase
flow, Pr is the reactor pressure, iy, i, i, ior IS @ specific enthalpy of steam, the coolant in the reactor,
in ARPS R1 and ARPS R2, respectively, r,, r¢ is the latent heat of steam generation and condensation,
respectively, To, T), Ty, Tos, Tor is temperature of fuel cladding, feedwater in SG, steam, environment in
containment, the coolant at the outlet of ARPS R2, respectively, N(t) is the afterheat power, F;, F; is
the total heat-transfer surface area in a nuclear core and SG, respectively, oy is heat-transfer coefficient
on ARPS R2 surface, Fz, har is a heat-transfer surface area and height of ARPS R2, respectively, C, is
the specific heat capacity of condensate, T¢ is condensate saturation temperature, g is acceleration due
to gravity, Iy, TTy, ITyg is the throat area of the primary loop, ARPS R2 and the ARPS R1 steam
drive, respectively, hyk is the primary leveling height, Ps, is pressure in hydraulic reservoirs of ECCS,
Eik, Ear IS total coefficient of hydraulic resistance of the primary loop and ARPS R2, respectively,
Uioc, Wy is a flow coefficient of a steam drive and the loss, respectively, F oc is the equivalent throat
area of a 10ss, pge, [ge, Pge, tge, e 1S @ flow coefficient, the throat area, pressure, outflow time and a
specific enthalpy of the coolant in hydraulic reservoirs of ECCS, respectively.

Coefficients of thermal resistance of fuel element and interloop volume:

Rig=08g /Ag +8, /Ay +56, /%y,
Ry =1/0, + 05 / g +1/ a1,y

Where J, dg, 3o, dsc IS thickness of a fuel matrix, a gas gap, a fuel cladding and heat-exchange tubes of
SG, respectively, A, Ag, Ao, Asc IS @ thermal conductivity of a fuel matrix, a gas gap, a fuel cladding
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and heat-exchange tubes of SG, respectively; a1, a, is heat-transfer coefficient in a nuclear core and on
a pipe surface of SG, respectively.
The mass and heat balance equations for SG volume, “free” of structures, Vsg:

d(p VvV
% =Gy, =Gy —G,y; Vs =V, 1V, (13)
dv
Pi d_tl = Glg + GZg _Giv , (14)
d(p V.i .
%:Givrv _(leg +G29)Iv J (15)
d(v,i . .
Py # = Glg Ilg + GZg'Zg - lerv : (16)
The heat balance equations for ARPS SG2:
GZgrc :a0F2g (Tv _TOS)_CpG2g (Tcs _T2g) : (17)

Motion equations as a quasistationary approximation for subsystems of SG ARPS:
leg = HvHvlg N| 2p,(Psg —Pp) (18)
G,y =1y, \/pl Py —pOhy 1€y (19)
B {GAP, Py > 0.3 MPa;
g —

0, P, <0.3 MPa,

(20)

where Gy, Gyig, Gog, Gig is @ mass flow rate of steam generation intensity in SG volume, steam on a
steam drive of ARPS SG1, steam in ARPS SG2, SDAFP of ARPS SG1, respectively, V,, V, is steam
and feedwater volume in SG, , respectively, iy, i, lig, g is a specific enthalpy of steam and feedwater in
SG, respectively, Ty, is condensate outlet temperature of ARPS SG2, Il,44, I, is a throat area of a
steam drive ARPS SG1 and ARPS SG2, respectively, Gap is a rated output of the emergency feed wa-
ter pump, Pp is the deaerator pressure, hyg is height of ARPS SG2, &, is total coefficient of hydraulic
resistance of ARPS SG2.

After transformations of combined equations (1) — (6), (13) — (17) taking into account compressi-
bility of steam dp, /dt =(dp, / dP)-(dP / dt) we get the nonlinear combined equations:

dP,

d:[/R = fi[Pr Vs it Py Vi1, G loe, N(D], (21)
%: f2[Pr Vit Py Vi1, Groe s N, (22)
%: f3[Pr: Ve ir Py Vi1, G o, N(1)] (23)
dZ:[’g = f,[Pr Vit Py Vi1, Groe, N(B)] (24)
% = f5[Pr:Vr i, Py Vi1 G o, N ()], (25)
Ty = fs[Pr: Ve ir Py Vi1, G o, N(D)] (26)

Initial conditions for combined equations (21) — (26):
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Pr(t=0)= PVRO ; Vi (t=0) =VT0;
I (t=0)=ly,; Ry (t=0)=Ry,; 27)

VI(tZO):V|0; N(t=0)=N,;
To(t=0):T00.

In the general case, combined equations (21) — (27) can be solved with a known Runge-Kutta
method.

The analysis of the results

The main results of calculated modelling of combined equations (21) — (27) for the design and mod-
ernized loss-of-coolant & blackout accident management strategies (DAMS/MAMS) are given in Fig. 1.

Fig. 1 presents an calculated time of violation of safety conditions t., as to the maximum admissi-
ble temperature of fuel claddingts (T;m = 1200 °C, Ty = To/Tiim) and as to the level of complete drain-
age of the reactor core (H.r = Hy/Hyro) for DAMS. Violation of safety conditions as to Tp > 1 and
Hy, = 0 are determined for full range of primary loss 0 < F oc = Froc/Fger < 1 (Fgcr is the throat area of
the primary main coolant pipeline).

Fig. 2 presents results of calculated modelling of maximum temperature of fuel claddings and the
coolant level in the reactor for DAMS with a large loss-of-coolant accident (LLOCA) and blackout.

103 s To Hur
1 0.8} 2
14}
: 0.6
10 2
0.4 1
6 -
0.2}
VAS
0 0 2 3 T
0 02 04 06 08 Fioc 10 10 10 10 ts
Fig. 1. An calculated time of initiation of violations Fig. 2. Maximum temperature of fuel claddings and
of safety conditions t., for DAMS with LOCA and the coolant level in the reactor for MAMS with LLOCA
blackout: 1 — as to temperature of fuel cladding, and blackout: 1 — To=T¢/T}im, 2 — Hir=Hw/Hyro

2 — as to drainage of the reactor core

At the initial stage of accident (before 100 s), the coolant level in the reactor decreases, and tem-
perature of fuel claddings increases. After 100 s of the accident, the maximum temperature of fuel el-
ements claddings, and the coolant level increases because of effect ARPS R and ARPS SG. After 10*s
of the accident, the coolant level in the reactor decreases because of shutdown of ARPS R1, but safety
conditions as to temperature of fuel cladding and the coolant level in the reactor are provided for 72 h
of the accident.

Conclusions

1. A conservative thermohydrodynamic model for a design and modernized blackout & loss-of-
coolant accident management strategy at a nuclear power plant with WWER has been developed.

Design passive safety systems carry out the design accident management strategy: pressurizer
safety valves, secondary steam relief valves, and hydraulic reservoirs of the emergency core cooling
system of the reactor.
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Promising afterheat removal passive systems and the reactor level and steam generator water lev-
el control systems carry out the modernized blackout & loss-of-coolant accident management strategy.

2. The main conservative assumptions of the presented model of blackout & loss-of-coolant acci-
dents: complete long-term failure of all electric pumps of active safety systems, the temperature of
nuclear fuel in the central part of the fuel matrix is assumed as the maximum allowable one, effect of
“run down” flow of a turbine feed pump and the coolant level in pressurizer on accident process is not
considered.

3. Computational modelling has found that violations of the safety conditions are over the entire
range of leak sizes for the design blackout & loss-of-coolant accident management strategy. For the
modernized blackout & loss-of-coolant accident management strategy, safety conditions are provided
for 72 hours of the accident and more.
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