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SUBSTANTIATION OF STRATEGIES
FOR THE MANAGEMENT OF BLACKOUT ACCIDENT
AT NUCLEAR POWER PLANTS WITH
WWER-TYPE REACTORS

B.1. Cxanosybos, B.M. Cninos, /[].B. Cninos, T.B. I'abnas, B.FO. Kounesa, 10.0. Komapos. OGIpyHTYBaHHS cTpaTeriii ynpaB/iHHs
aBapisMH 3 NOBHMM TPHBAJIMM 3HECTPYMJIEHHSIM Ha SIEPHUX €HeproycraHoBKax 3 peaktopamu tuna BBEP. Pospo0neno
KOHCEPBaTHBHY TEILUIOTiIPOAMHAMIYHY MOJENb aBapii Ha suepHId eHeproycraHoBui 3 peakTtopamu Tuna BBEP mms mpoektnol Ta
MOJICPHI30BaHOI CTpaTerii ynpaBIliHHS aBapisiMU 3 TIOBHUM TPUBAJIUM 3HECTpyMIICHHSM. [IpoekTHa cTpaterist ymnpaBiliHHS aBapi€lo 3 MOBHHM
TPUBAIMM 3HECTPYMIICHHSIM 3aCHOBAaHA HA MACHBHUX CHCTeMax Oesneku (SKi He MOoTpeOyIoTh HEepronocTadaHHs): CHCTeMa KOMIICH AL THCKY
Ta piBHA TEIUIOHOCIS B PEAKTOpi, a TAKOXX CHCTEMa MapOCKUIAIBHUX IPHCTPOIB JPYyroro KOHTYpy. MojepHi3oBaHa CTpaTeris yrnpaBIiHHSA
aBapi€io 3 MOBHAM TPHBAIUM 3HECTPYyMIICHHSM 3aCHOBAaHA Ha JJOJATKOBOMY 3aCTOCYBAaHHI MEPCIEKTUBHIX ITACUBHUX CHUCTEM O€3MeKH: CHCTeMa
aBapiifHOro JKMBUIIPHOTO HAcoca 3 MapoINPHBOJOM Bijl ITApOreHepaTopa i CHCTeMa NaCHBHOIO BifBOJY TeIUIa MPUPOIHO0 LUPKYILIE0 Yepe3
maporeneparop. IIpoBeneHo po3paxyHKOBE MOJETIOBAHHS I ABOX CTPATeTriif YNpaBIiHHS aBapissMM 3 IIOBHUM TPUBAIMM 3HECTPYMIICHHSIM:
TIPOEKTHO{, IO 3/IHCHIOEThCS MACHBHIMM CHCTEMaMM O€3IeKM KOMIIEHCAaTOpa THCKY i NMapoOCKUIANBHUX IPHUCTPOIB JPYroro KOHTYPY, Ta
MOJZICPHI30BaHOi, HIO 3AIMCHIOETHCS TNACHBHUMH CHCTEMaMM O€3MEeKH KOMIICHCATOpa THCKY, HapOCKUIAIbHHX IIPUCTPOIB, aBapiitHOro
XKUBIJIBHOTO HACOCa 3 MAapONpPHBOJIOM BiJl TApOreHepaTopa i MACHBHOTO BiJ[BOIY TEIIa BiJl aKTMBHOI 30HM peaKkTopa Yepe3 maporeneparop. Y
pe3ynbTaTi po3paxyHKOBOTO aHaNi3y Ha OCHOBI pO3pOOJEHOI KOHCEPBATHBHOI TEILUIOTiIAPOAMHAMIYHOI MOJET BCTAHOBJEHO, LIO NMPOEKTHA
CTpaTeris yNpapiliHHA aBapisMHM 3 TOBHHM TPHBAIMM 3HECTPYMIICHHAM HE 3a0e3ledye YCHIITHOTO BHKOHAHHS (DYHKIiH Oe3nmekH Iomo
BiZIBEICHHS 3aJMIIKOBHX TEIUIOBUJIUICHb BiJl AaKTHBHOI 30HM pEAKTOpa 1 LIOAO MIATPUMKM HEOOXIJHOrO pIiBHS J>KMBUWIIBHOI BOIU B
TIaporeHepaTopax. YMOoBH O€3IeKHn 010 MaKCHMAaJIbHOI TEMIIEpaTypH OOO0JIOHOK TEIUIOBU/IUIAIOUHX €IEMEHTIB i MAaKCHMAJIbHO IPUITYCTHMOTO
PIBHSL KUBHWJIBHOI BOIM B MAapOr€HEpaTopi MOPYLIEHI MPU MPOEKTHIW CTpaTerii ynpaBiiHHS aBapi€l0 3 MOBHUM TPHBAIUM 3HECTPYMIICHHSM.
MopepHizoBaHa CTpaTerist YIpaBIliHHS aBapisiMd 3 TIOBHMM TPHBAIMM 3HECTPYMIICHHAM 3a0e3ledye yCHilIHE BMKOHAHHS (YHKIIH i yMoB
Oe3neku. Pe3ynbraTit MOJETIOBaHHA aBapii 3 MOBHUM TPUBAIMM 3HECTPYMJICHHSIM, NPEACTABIICH] B 1ill poOOTI, MOXXYTh OYTH BUKOPHCTAHI ISk
BJIOCKOHAJICHHSI CTpATETiil yNpaBiliHHA aBapisMM B EKCIUTyaTalliiiHiil JOKyMeHTamil 3 yNpaBIiHHIO aBapiiMH Ta CHMITOMHO-OPi€HTOBAaHHX
aBapiffHUX IHCTPYKIISAX IS SIEPHUX SHEPTOYCTAHOBOK 3 peaktopamu Tuity BBEP.

Kniouosi cnosa: ctpaterist yrpapiiHHs aBapie€lo, s/iepHa €HEproyCcTaHOBKa, OBHE TPHBAJIC 3HECTPYMIICHHS

V. Skalozubov, V. Spinov, D. Spinov, 7. Gablaya, V. Kochnyeva, Yu. Komarov. Substantiation of strategies for the management of
blackout accident at Nuclear Power Plants with WWER-type reactors. A conservative thermohydrodynamic model of an accident at a
nuclear power plant with WWER has been developed for a design and modernized blackout accident management strategy. The design
blackout accident management strategy is based on passive safety systems (that do not require power supply): a pressurizer system, a reactor
level control system, and a secondary steam relief system. The modernized blackout accident management strategy is based on the additional
use of promising passive safety systems: a steam generator driven auxiliary feed pump and an afterheat removal passive system using natural
circulation through a steam generator. Two strategies of blackout accident management are modelled: the first one is design blackout acci-
dent management strategy implemented by passive safety systems of pressurizer and the secondary steam relief system, and the second is
modernized blackout accident management strategy that implemented by passive safety systems of pressurizer, by steam relief system, steam
generator driven auxiliary feed pump and afterheat removal passive system through a steam generator. Based on the developed conservative
thermohydrodynamic model, a calculation analysis has found that the design blackout accident management strategy does not ensure the success-
ful safety functions to remove residual heat from the reactor core and to maintain the required level of feed water in steam generators. The design
blackout accident management strategy violates safety conditions for the maximum temperature of the fuel claddings and the maximum level of
feed water in the steam generator. A modernized blackout accident management strategy ensures the successful safety functions and conditions.
The results of blackout accident modelling presented in this work can be used to improve accident management strategies in accident manage-
ment operational documentation and symptom-informed accident regulations for nuclear power plants with WWERs.
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Introduction. The initial accident event of blackout of nuclear power facilities (NPF) at the Fuku-
shima-Daiichi NPP because of site’s flooding by a tsunami became one of basic causes of the severe nu-
clear fuel damages and destructive steam-gas explosions [1]. One of the main lessons of the Fukushima
accident is to develop and implement effective strategies for blackout accident management at NPF.

The modernized blackout accident management strategy (MAMS) for NPF with WWER can be
based on additional use of the power-free passive safety systems: a steam generator driven auxiliary
feed pump and an afterheat removal passive system through a steam generator.

The analysis of the design and modernized blackout accident management strategies determines
relevance of the presented work.

Analysis of recent publications and problem statement. At present, there are no publications
about blackout accident modelling at NPFs with WWER.

Reports of the operating organization of NNEGC “Energoatom” have analysed blackout acci-
dents at NPF with WWER-1000 using RELAP 5/M3.2 Code. The results are the followings.

1. In the design mode, blackout accidents proceed without violating nuclear safety conditions if
auxiliary power supply is restored quickly [2]. However, this work does not consider blackout accident
modelling.

2. To provide nuclear safety conditions, operation of one system of emergency feed water pumps
(EFWP) is enough [3]. However, this work does not consider blackout accident modelling.

3. In case of the design blackout accident management strategy (DAMS) with passive safety sys-
tems, nuclear safety conditions for the most admissible temperature of fuel claddings are violated [4].
However, this work does not consider modernization of blackout accident management strategies.

Purpose and objectives of the study. The purpose of the work is to substantiate the blackout ac-
cident management strategies at nuclear power plants with WWERSs.

This purpose requires solving the following tasks:

1) Analysis of literature data on blackout accident modelling;

2) Development of a conservative thermohydrodynamic model of a blackout accident;

3) Analysis of the results and development of practical recommendations.

Conservative thermohydrodynamic model of blackout accident. The scenario of blackout accident:

Shutdowns of reactor, main coolant pump (MCP) and feed pumps of the steam generator (SG);

Closer of the main steam isolation valve (MSIV);

Blackout and failure of diesel generators;

Failure to restore power supply;

Failure of all electric pumps of safety systems;

Accident management by passive safety systems.

Design passive safety systems:

Pressurizer system in a reactor loop;

Secondary steam relief system (SRS).

Advanced passive safety systems:

Steam generator driven auxiliary feed pump (SGAFP);

Afterheat removal passive system through a steam generator (SG ARPS).

The rated scheme of systems at blackout accident is given in Fig. 1.

Main conservative assumptions:

To neglect the effect of a “run down” flow of a turbine feed pump on heat exchange conditions;

To consider nuclear fuel temperature in the central part of a fuel matrix as maximum.

The balance equations of masses and heat energy for the steam and coolant volumes in the reactor:

M:GVR; Ve =Vir +Vr, (1)
dt
Pr d;? = Gqgc (t) + G« (t) -G (t) —Gwk, (2)
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d(Pv iVVVR)
YV — Gl 3
dt VR v ( )
dVTiT » B
pr at = l:oRfol(Tf _T0)+aTFORf0(TO_TT)_FVGvae(TT _TL)- (4)
The heat balance equation for the reactor and the secondary SG volume:
N+ (t) = FoRFle(Tf —To) +arFRe, (To _TT) A AT (TT _TL) . (5)
The coolant equation in a reactor loop of length L, and throat area IT;:
d 1L & 2
_(G]_+GGC +GK)—_ PVR_ (G1+GGC +GK) +(p-|-—pv)gh1 y (6)
dt L prl1?

where Ggc(t), Gi(t), Gk(t) is a mass flow rate of MCP “run down”, at the entrance to a reactor loop and
between the pressurizer and a reactor loop, respectively, & is total coefficient of hydraulic resistance
of a reactor loop, h; is height of a reactor loop.

Fig. 1. The rated scheme of model of blackout accident: 1 — reactor, 2 — pressurizer, 3 — safety valves, 4 — SG, 5
—MCP, 6 — MSIV, 7 — turbine, 8 — deaerator, 9 — SGAFP, 10 - SG ARPS, 11 — SRS, 12 — feedwater tank

Time dependence Ggc(t) can be determined from numerical approximation of results of calculat-
ed modelling [4, 5].
Mass flow rate between pressurizer and a reactor loop:

G (t) {MKHTTNIZPTAPKT |f APKT :APVK + ng(HK + L) - PVR;
K =

7
—pK1/2pT|APKT| if AP <O. ()

Mass and energy balance equations for pressurizer volumes:

de dPVK dHK dHK
K ™ THKHK -, VHK_:_GiKi THK :_GK’ 8
(Vie=p )dP\,K dt P dt P dt ®)
d \Y% K ™ THKHK -V -
[p (V ([j)t )I ] =Gy, (9)

where t is time of accident progress, py, pr is density of steam and the coolant, respectively, Vg, Vr is
volume of steam and the coolant in the reactor, respectively, Gyr, Gk is flow rate of a steam genera-
tion in the reactor core (Gyr =0 Tt <T+s) and the coolant between pressurizer and a reactor loop, re-
spectively, iy, it is a specific enthalpy of steam and the coolant, respectively, ry is the latent heat of
steam generation, Ty, To, T, is the maximum temperature of nuclear fuel, a fuel cladding and feedwater
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in SG, respectively, Pyk, Pyr is steam pressure in pressurizer and the reactor, respectively, Fo, Fyg is
the total area of heat exchange of fuel elements and SG surface submerged in feedwater, respectively,
ar is heat transfer coefficient on a surface of fuel element [6], H is the coolant level in pressurizer, L
is height of the connecting pipeline between pressurizer and a reactor loop, pk is a flow coefficient
between pressurizer and a reactor loop, Iyt Ik is a throat area of the coolant between pressurizer and
a reactor loop and in pressurizer volume, respectively, Vi is the pressurizer volume, “free” of struc-
tures, N(t) is the power of the reactor afterheat, g is gravity acceleration.
Mass flow rate via pilot-operated safety valves (POSV) of pressurizer:

GiK — {MIKHIK 2pV(PVK PgO) If PVK = PmaX1 (10)

0 if Pk < Pux,

where pik is a flow coefficient of the pressurizer POSV, Tlik is the throat area of the safety valve, Pgy,
Pmax IS pressure in containment and the maximum allowable pressure in pressurizer (criterion of open-
ing of the pressurizer POSV), respectively.

Coefficients of thermal resistance of fuel element Ry and interloop volume Ryg:

Rf0:6f/7\4f+69/>\49+80/7\4[), (11)

RVG = SVG /7\4VG +1/7\«VG ) (12)

where Jy, 8y, 00, Oy IS thickness of a fuel matrix, a gas gap, a fuel cladding and heat-exchanging tubes
of SG, respectively, As, Ag, Ao, Avg IS @ thermal conductivity of a fuel matrix, a gas gap, a fuel cladding
and heat-exchanging tubes of SG, respectively, ayg is heat transfer coefficient on an outer surface of
heat-exchanging tubes of SG [7], Vr is the reactor volume, “free” of structures.

After transformation of the equations (1) — (9) we will receive:

= f,(R&,Vr, Ru, He, G1) (13)
d;? = £, (R Vi P, Hi,Gy) (14)
dP:K = fu(R Vi, P, Hi, Gy). (15)
d"l“ = f,(Rg,Vr, Ru, Hy,G1), (16)
dcil = £ (R Vi, Pac, Hi, Gy).. (17)

Initial conditions:
Rr(t=0)=Pro, Vi (t=0)=Vr, He(t=0) = Hyo, Gi(t=0) =Gy, R (t=0) =Pro+prg(Hwo + L), (18)
where Gq is a quasistationary flow rate of the coolant at a rated power of the reactor N,.
The equation of current temperature of fuel cladding in accident progress:
N(t) + (arF —RERG)Tr + RAT.(t)
F(ar — Ri) '
To(t =0) =Too, N({t=0)=N,. (20)
Power of afterheat N(t) was determined from known experimental approximation [6] for the

WWER nuclear fuel.
The mass and heat energy balance equations for SG volume:

To(t=0)= (19)
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dvave dpv dRs dVie
=G —Gua -Gy = + , 21
YT TR at Yt @)
dVie
PL =Ga +Gvc -G, Vo =W +Vi, (22)
dVLGiL . .
PL —dt =Fs Rgé (TO —TL) + Gala — Gy + Gyclic, (23)
W = Gk — (Gua + Guo)il - (24)

Motion equations in a steam drive of SGAFP and SG ARPS, respectively:

Gua = MVHVA\[ 2pV(PVG - Po) ) (25)

Gve :ch/(pL _pv)Phc /ac . (26)
The equation of a heat balance for a heat-exchange surface of SG ARPS:
Gvc[rc + G (TLS —Tic )] =ocke (TLS - TGO) ) (27)

where py, p_ is steam density and feedwater of SG, respectively, G.y, Gya, Gvc is a steam mass flow
rate in SG volume, in a steam drive of SGAFP and in SG ARPS, respectively, Py is steam pressure in
SG, Vg, Vve, Vig is the total volume of SG, “free” of structures, of steam and feedwater, respectively,
iL, ILa, ic IS a specific enthalpy of feedwater in SG volume, in hydraulic reservoirs of EFWP and at
the exit from SG ARPS, respectively, Ga =35kg/s is the rated flow of SGAFP feedwater correspond-
ing to a rated flow of EFWP, py is steam flow coefficient in a steam drive, ITya, Il¢ is a throat area of a
steam drive of SGAFP and SG ARPS, respectively, & is total coefficient of hydraulic resistance of SG
ARPS, C; is the specific heat capacity of condensate, rc is the latent heat of condensation, Ts, Tyc,
Teo is temperature of saturation at condensation, condensate at the exit from the SG ARPS and envi-
ronment in containment, respectively, o is heat transfer coefficient on a heat-exchange surface of
SG ARPS.

Thermohydraulic and constructional and technical parameters of the systems/equipment were de-
fined according to [2 -5, 7, 8].

After transformations, combined equations (21) — (27):

dP:G = fe(PVG, HLG;iL)a (28)
dHLG -

= f7 PVG,HLG,lL 1 29

™ ( ) (29)
di, .

- = fs PVG;HLGyIL . 30

m ( ) (30)

At initial conditions:
PVG (t = O) = Pveo, HLG :VLG / FLG (t =0) = HLGO| iLG (t = 0) = iLGO ) (31)

where G, is the throat area of feedwater in SG.
Analysis of results of calculated modelling. Conditions for successful safety functions of HR
SF and SG SF:

To <Tim, Hie > Humin, (32)

where Ty, is the maximum admissible temperature of fuel cladding, Hy, is minimum admissible level
of feedwater in SG. For WWER T;;=1474 K, Hpin =1.35m [4].

For blackout accidents the key parameters to fulfil safety functions:

Pressure in the reactor Pyg and SG Py,
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Level of coolant in the reactor Hy and feedwater H, ;.

Solutions of combined equations of conservative thermohydrodynamic model (13) — (18), (28) —
(31) are received with a known Runge-Kutta method. Results of calculated modelling of the key pa-
rameters and conditions for HR SF and SG SF are given in Fig. 2 — 4.

Two strategies of blackout accident management are modelled:

DAMS is carried out by passive safety systems of pressurizer and the secondary SRS,

MAMS is carried out by passive safety systems of pressurizer, SRS, SGAFP and ARPS.

I\F/)I\I/DG Hie To
a
1.0 M 1.0 1.0-
8.0 0.8 0.8 1D
6.0KL NN -k KK 0.6 0.6-
1D Hmin 1M
4.0+ 0.4 0.4
i 1M L i
2.0 2D 0.2 0.2
f f f f 0 0 f T t t 3
4 8 12 16 t10% s 4 8 2 16 t107s

Fig. 3. Pressure Py and feedwater level H c=H,¢/H.co
in SG: 1D — P\x/DAMS, 1M - P\x/MAMS,
2D - H,¢/DAMS; 1M — H, s/MAMS

Fig. 4. Maximum temperature of fuel claddings
To=To/Tiim in the reactor: 1D — DAMS, 1M — MAMS

Table 1 analyses results of calculated modelling of the key parameters and conditions for HR SF
and SG SF for DAMS and MAMS in different times of the accident.

Table 1
Results of modelling of the key parameters of safety functions

Time

Accident
management
strategy

Behaviour of the key parameters of safety functions

Availability of
safety function

2:10%s

DAMS

Pressure in the reactor decreases because of MCP shutdown.
Coolant level in the reactor is keep due to a "run down" flow
of MCP and decrease in level in pressurizer. Steam pressure
in SG increases up to actuation conditions for SRS. Feedwa-
ter level in SG significantly decreases because of an intensifi-
cation of steam generation up to maximum values

SG SFis not
available

MAMS

Pressure in the reactor decreases; coolant level in the reactor

is keep. Steam pressure and feedwater level in SG is keep due

to SG feed by SG ARPS and SGAFP without SRS actuation.

Feedwater level in SG decreases by 10% from initial one and
it is more than maximum permissible values

HR SF and SG
SF are available

Beyond
2.10%s

DAMS

Pressure in the reactor and SG increases up to the maximum
admissible values (periodic actuation of the pressurizer
POSVs and SRS valves). Coolant level in the reactor is zero

in 14.0- 10 s of the accident; and feedwater level in SG —
17.0-10°s. Temperature of fuel claddings sharply i mcreases
after 7.0-10% s and reaches maximum g)ermlssmle val-
ues (1473 K)in19.5-10°s

HR SF and SG
SF are not avail-
able

MAMS

Pressure in the reactor increases up to "hot shutdown™ condi-
tions without actuation of the pressurizer POSVs. Coolant
level in the reactor decreases by 30% from initial one before
10.0-10%s of the accident and then it |s constant. Pressure in
SG falls down to 0.3 MPa in 20.0-10%s of the accident. Feed-
water level is constant (10% lower from initial one). Maxi-
mum temperature of fuel claddings increases up to 360°C in
6.5-10% and then it fall down to its initial value. Causes of
violation of nuclear safety conditions of are absent before
72"h of the accident

HR SF and SG
SF are available
until 72"h of the

accident
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The analysis of results of calculated modelling based on conservative thermohydrodynamic mod-
el showed that DAMS does not ensure successful safety functions of HR SF and SG SF and safety
conditions (32). MAMS provides successful safety functions of HR SF and SG SF and safety condi-
tions (32).

Conclusions

1. A conservative thermohydrodynamic model of an accident at a nuclear power plant with
WWER-type reactors has been developed for a design and modernized blackout accident management
strategy. The design blackout accident management strategy is based on passive safety systems (that
do not require power supply): a pressurizer system, a reactor level control system, and a secondary
steam relief system. The modernized blackout accident management strategy is based on the additional use of
promising passive safety systems: a steam generator driven auxiliary feed pump and an afterheat re-
moval passive system using natural circulation through a steam generator.

2. Based on the developed conservative thermohydrodynamic model, a calculation analysis has
found that the design blackout accident management strategy does not ensure the successful safety
functions to remove residual heat from the reactor core and to maintain the required level of feed water
in steam generators. The design blackout accident management strategy violates safety conditions for
the maximum temperature of the fuel claddings and the maximum level of feed water in the steam
generator.

A modernized blackout accident management strategy ensures the successful safety functions
and conditions.
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