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

B.1. Ckanoszybos, B.M. Cninos, [.B. Cninos, T.B. ['abaas, B.FO. Kounesa, 10.0. Komapos. MonepHizoBaHa cTpaTeris ynpaBJiHHs
aBapisiMH 3 MDKKOHTYPHMMM Te4YaMH Ta NOBHHUM TPHBAJIHM 3HECTPYMJIEHHSIM SilePHUX eHeproycraHoBok 3 BBEP. IIposenenwuii
aHaJi3 BiJOMHUX PE3yJIbTATIB PO3paXyHKOBOro MozenoBaHHsa koqoMm RELAPS/V.3.2 aBapiii 3 MOBHUM TPHBAJIMM 3HECTPYMIICHHSIM Ta TeYaMU
JPYroro KOHTYpPY SIEpHHX eHeproycraHoBok 3 BBEP mnoxasaB, 1o mpoeKTHI CTpaTeril yNpaBIiHHS TakMMH aBapisiMH HPOCKTHUMH
IIACHBHUMHM CHCTEMaMH Oe3leKH He 3a0e3NedyroTh HeoOXiJHi yMOBHM Oe3IeKH IIOA0 MAKCHMAJbHO JIOIyCTHMOI TeMIepaTypu OOOJIOHOK
TBEJNIB, IIOJ0 MiHIMAIBHO JOIMYCTUMOIO piBHA TEIUIOHOCIA B peaKkTopi i JKMBWIBHOI BOaM B maporeHeparopax. IlpencrasiieHo
MOJICPHI30BaHy CTPATETIIO YIIPABIIHHS aBapi€ro 3 OBHUM 3HECTPYMIJICHHSM Ta TE€YaMH JIPYroro KOHTYPY Ha OCHOBI IIEPCIIEKTUBHUX CUCTEM
MIACHBHOTO BIiJBOAY TeIUa i MiATPMMKM HEOOXiZHOro piBHS TEIUIOHOCIS B PEAKTOpi i JKMBHIIBHOI BOAM B maporeHeparopax. Jlis
OOTpYHTYBaHHS MOJICPHI30BaHOI CTpaTerii YNpaBiIiHHS aBapisiMM 3 MOBHMM 3HECTPYMJICHHSM Ta TE€YaMH JPYroro KOHTYpy pO3poblieHa
KOHCepBaTHBHA TEILIOTiApOoJHHaMiuHA Mozenb. OCHOBHI KOHCEpPBAaTUBHI NPUITYIICHHS MOZIENi: IPHHMAEThCs IOBHA TpHUBaja BiqMoBa (Ha 72
POZIMHH) YCiX €IEeKTPOHACOCIB CHCTEM OE3MEeKH i MOIEIIOETHCSI MaKCHMaJIbHA MKKOHTYpHA Teda (eKBiBaJIeHTHA BiIpUBY KPHILKH KOJEKTOpa
naporeHeparopa). AHaji3 pe3yJbTaTiB PO3paxyHKOBHX OOIDYHTYBaHb IOKa3aB, IO MOJACPHI30BaHA CTPATEris YIPABIiHHA aBapisMH 3
MOBHUM TPUBAJIMM 3HECTPYMIICHHSIM Ta MDKKOHTYPHHUMH T€4aMH a00 PO3pHBAMH IapONPOBO/IiB/TPYOOIIPOBOIIB OCHOBHOI KMBUIILHOI BOAM
3a0e3neuye HEOOXiHI YMOBH O€3IeKH 100 MaKCHMAJbHO JOMYCTUMOI TEMIIEPAaTypH OOOJOHOK TBEINIB, IOJ0 MiHIMAJIBHO JOITyCTUMOIO
PiBHS TEIUIOHOCIS 1 *KUBMIbHOI Boxu. TIpencTaBieni pe3ynbTaTiH po3paXyHKOBOIO MOJICTIOBAHHS CTPAaTeriil yNpaBiliHHS aBapisiMM 3 TIOBHUM
TPUBAIUM 3HECTPYMIICHHSM SJIEPHUX EHEProyCTaHOBOK MOXYTh OYTHM BHKOPUCTaHi IJIsi MOJEPHi3alil i BIOCKOHAJIEHHS CHMITOMHO-
OpiEHTPOBAHMX aBapiHHUX IHCTPYKIiil Ta TOCIOHNKIB 3 yHPABIIiHHSA BXXKMMH aBapisMH Ha SJEPHUX €HEProyCTaHOBKAX i3 pEaKTOpaMM TUIIA
BBEP. 3acrocyBaHHS OTPMMaHHX pe3yibTaTiB PO3PaXyHKOBOIO MOJIEINIOBAHHS CTpAaTeTili yNPaBIIiHHA aBapisiMH 3 MOBHHM TPUBAIM
3HECTPYMJICHHSM Y 3arajbHOMY BHIIQJIKy HE OOTPYHTOBAHO Ul IHIIMX THIIB PEaKTOPHOI YCTAHOBKH. Y IIbOMY BHIIAJKy HEOOXigHA
po3pobKa pPO3paxyHKOBUX Mojieeil yNpaBiiHHA aBapisMM 3 TOBHHUM TpPHBAJIMM 3HECTPYMJICHHSAM, IIO BPaxXoBYIOTh CHEHU]IKY
KOHCTPYKI[IHHO-TEXHIYHHX XapaKTEPUCTUK Ta yMOB €KCIUTyaTallii CHCTeM, BaXIIMBUX JUIs OE3MEKHU AIEPHUX CHEPTrOyCTaHOBOK.
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Introduction

Analysing known results of calculation modelling of secondary loss of coolant accidents
(LOCAZ2) at WWER NPF with RELAP5/V.3.2 Code we can conclude the followings.

1. For initial accident events (IAE) with total loss of feedwater of the steam generator (LOCAZ21),
safety conditions for the maximum admissible temperature of fuel claddings (1200 °C) are violated in
18.0-10° s of accident process, the minimum level of feedwater in the steam generator (1.35 m) is
reached in 1.5-10%s, and full drainage of the steam generator is reached in 14.0-10° s of accident pro-
cess. Operability of systems of the emergency and auxiliary feedwater pumps (EFWP/AFWP) is criti-
cal for safety during LOCA21.

2. Possible uncontrolled primary cooldown (recriticality) stopping after emptying of the damaged
steam generator (780 s of process) is characteristic for IAE with steam line break in not isolated part
between the steam generator (SG) and the main steam isolation valve (MSIV) outside containment
(LOCAZ22). Besides, fast emptying of SG because of LOCA22 leads to increase in thermal stress in
heat-exchange tubes and to their possible destruction. EFWP or AFWP also is critical for safety dur-
ing LOCA22.

3. Irretrievable primary coolant loss is characteristic for interloop loss IAE (LOCAZ23). Calcula-
tion modelling of an interloop loss with the accepted maximum equivalent size of 100 mm (equivalent
to SG collector cover lift-up) and jamming of quick-acting pressure reducing plant of air discharge to
the atmosphere has revealed that safety conditions for the maximum admissible temperature of fuel
claddings are violated in 17.8-10° s of accident process, and feedwater level in SG increases to 3.2 m
in 1.5-10% s of accident process.

Electric pumps of an emergency core cooling system of the reactor (ECCS) and EFWP/AFWP
are critical for safety conditions during LOCAZ23.

For blackout accidents with failure of all electric pumps of safety systems at NPF with WWER, it
is recognized that full drainage of SG is in 6.0-10% s, and safety conditions for the maximum admissi-
ble temperature of fuel claddings are violated in 19.0-10° s of accident process.

One of lessons of great accident at the Fukushima-Daiichi NPP in 2011 is need to model and ana-
lyse accidents with joint IAEs and multiple failures of safety and control systems. As regards LOCAZ2,
joint LOCAZ23 and blackout accidents are the most conservative as to the critical systems providing
safety conditions. Known results of calculation modelling of 1AEs of LOCAZ23 and blackout accident
at WWER NPF with the RELAP5/V.3.2 Code showed that design accident management strategies
(DAMS) do not provide required safety conditions. It defines relevance of substantiation of the mod-
ernized accident management strategies (MAMS) to manage accidents with IAE "LOCAZ2 + blackout"
by the promising passive safety systems without long power supply.

Analysis of recent publications and problem statement

The work [1] presents results of loss-of-coolant accident modelling with ATHLET Code for nu-
clear power plants with WWER-1000. However, this work does not consider blackout accidents.

The work [2] presents summarized results of loss-of-coolant accident modelling. However, this
work does not consider accident modelling for simultaneous initiation of loss of coolant and blackout.

The work [3] analyses accidents at NPPs with WWER. However, this work does not consider
problems of simultaneous initiation of interloop loss of coolant and blackout.

The IAEA Report [4] presents the task program for investigating and analysing of NPP accidents.
This report also does not address accidents in case of simultaneous initiation of loss of coolant
and blackout.

The IAEA Final Report [5] summarizing results of NPP accident modelling also does not consid-
er IAE of simultaneous initiation of loss of coolant and blackout.

The work [6] studies the maximum design basis accident at NPP with WWER-1000 to substantiate
nuclear fuel diversification. This work does not consider loss-of-coolant & blackout accident modelling.

The work [7] analyses accidents of short-term power loss. This work does not address blackout
accident modelling.

The work [8] analyses blackout accidents at NPP with WWER-1000, but does not taking into ac-
count possibility of simultaneous initiation of interloop loss of coolant.
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The work [9] presents the accident management strategies at NPP with WWER. However, this
work does not consider blackout accident management strategies.

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 to substantiate the accident management strategy for combined initial
events of blackout and loss of coolant at nuclear power plants with WWER.

The work tasks.

1. To develop the thermohydraulic accident model for combined initial events of blackout and
loss of coolant (IAE “LOCAZ23 + blackout”).

2. To analyse results of calculated modelling and to substantiate the “LOCA23 + blackout” acci-
dent management strategy.

Conservative thermohydrodynamic accident model for IAE “LOCA23 + blackout™.
The key diagram of system of promising passive safety systems for management of accident with IAE
“LOCAZ2 + blackout” is presented in Fig. 1 and Fig. 2.
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_____ " From the steam generator
== 2/

Fig. 1. ARPS R: 1 — reactor, 2 — main circulating pump (MCP), 3 — pressurizer,
4 — pressurizer safety valves, 5 — ARPS R1, 6 — hydraulic reservoirs of ECCS,
7 - ARPS R2, 8 —armature

The structure of system:

a) The afterheat removal passive system of the reactor (ARPS R) consisting of two independent
subsystems:

ARPS R1 - a subsystem of the reactor steam-driven emergency pump (SDEP);

ARPS R2 - a subsystem of a closed circuit of natural circulation;

b) The afterheat removal passive system of SG (ARPS SG) consisting of two subsystems:

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

ARPS SG2 - a subsystem of a closed circuit of natural circulation.
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Fig. 2. Standard scheme of ARPS SG of WWER: 1 — reactor, 2 — SG, 3 - MCP,
4 — turbine feed pump, 5 — deaerator, 6 - AFWP, 7 — EFWP, 8 — EFWP water storage tank,
9 — MSIV, 10 - stop valves, 11 — containment, 12 — ARPS SG condensers,
13 — water storage tank (for water cooling of ARPS SG condensers)

Main conservative assumptions:

The maximum interloop loss conservative to steam line breaks is modelled:;

Complete long-term failure (not less than 72 h) of all electric pumps of safety systems is accepted;

Temperature of nuclear fuel Tr in the central part of a fuel matrix is accepted as the maximum
admissible for nuclear safety conditions (2800 °C);

Effect of “run down” flow of a turbine feed pump and the coolant level in pressurizer on accident
process is not considered.

The balance equations of masses and heat energy for the reactor volume Vy, free of internals:

d(pyrV:
(Pvgt ve) =Gy —Gy;r ~Gr» Vg =Vyr +V;, (1)
dv;
pTF:GK +Ggp +Gyig + G +Gge ~Goc (2)
d(pygVygi -
—(pVRdglR ve) Gryly = (G +Gag )iy (3)
_d(VTiT)—(G +Ggp —G o )i + Giring + Goripg — Gryhy +Geel (4)
Pr dt =k GP Loc/'t 1R1R 2R'2R 1WAY GE'GE *
The heat balance equation for ARPS R2:
Garle = 0oFor (Tyr = Tos) —CpGog (Tes —Tar) - )
The balance equations of masses and heat energy for SG volume Vg "free" of internals:
d(pygV,
(Pv((j;t ve) =Gy —Gyis —Gpe; Vo =V +V., (6)
av
pLd_tL:GlG +Gys =Gy +Goc ™
d(pyeVyel :
—(pVGd;/G ve) _ Guvlv = (Gyis + Gy )ive - (8)
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pL%:GlGilG +Gyglps ~Gryly - )
The heat balance equation for ARPS SG2:
Gy le = 04oFos (Tve = Tos) = CpGog (Tes — Toc) - (10)
The heat balance equation between the reactor and SG:
N1 (t) = FR; (Te = To) + F,Rig (To = T.) + Gyoci - (11)
Mass flow rates in subsystems in quasistationary approximation:
Gk = HT\/pT(pVR —pr) o /&y (12)
Gyir = HyITyry/2pve (Pr = Psa) » (13)
Gy =Tlp \/PT (Pt —Pve) g /&0r (14)
Gy =Hze\/PL(PL —Pve) I [ Exg (15)
Gee = {HGEHGE 2p1(Pog —FR), Poe > Pro t<tee, (16)
0, Pgg < B, t2tge,

Gyie = HyIlyg/f 2py6(Ps —Pp) s (17)

Gen, P, >0.3MPa,

G = R 7 e (18)
0, P, <0.3MPa,
Gae, P. >0.3MPa,

GlG = wr e = ! (19)
0, P, <0.3MPa.

Coolant mass break flow rate:

Gyoc = {“LOCHLOC 2p1(Fr —F5), GLoc <G, (20)
GCR’ GLOC 2 GCR'

Arrangement of ARPS R2 and ARPS SG2 in NPF containment dimensions these subsystems.
Limit operability of steam-driven pumps is defined from A.V. Korolev’s experimental data [13] and
operating experience of a turbine feed pump.

After transformation of the equations (1) — (11) taking into account:

dpy dp, dP di, di, dP
d¢ dP dt’ dt dP dt’
we get system of the nonlinear equations for key parameters of safety conditions:
dRg

e fL (PR V1, RV i i Tos NG o) s (21)
%: f,(Rr Vr: R Vi, Toe NLG o) (22)
dz\t/G = f3(Rr: V1, P Vi i To, NLGLoc) (23)
%: f,(Pr: Ve, R,V it Tos N, G oc) s (24)
%: fs(Rr: V1. Ry Vi i i Too NG Loe) (25)
%: fo(Rur Yy, Ry Vi1, Toe NLG o) (26)
To(t) = T, (Pr, Vi, Py Vi, i, To, NG o) - (27)
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Initial conditions:
PVR (t = 0) :PVRO' VT(t = O) :VTO’ I:)vc; (t = 0) :PVGO' VL(t = O) :VLO'

iT(tZO):iTOviL(t:O):iLOlTo(tZO):Too_ (28)

Combined equations (21) — (28) was integrated by a numerical Runge-Kutta method.

In the equations (1) — (28): t is accident time, pyr, pve, pt, pL IS density of steam in the reactor
and SG, of the coolant and feedwater, respectively, Vygr, Vve, V1, VL is volume of steam in the reactor
and SG, of the coolant in the reactor and feedwater in SG, respectively, ivr, ivg, iT, i1, i1r, i2r, ice IS @
specific enthalpy of steam in the reactor and SG, of the coolant and feedwater of SG, of the coolant in
EFWP tanks (ARPS R1) and feedwater at the outlet of ARPS R2, of the coolant in ECCS hydraulic
reservoirs, of feedwater at the inlet of ARPS SG1 and at the outlet of ARPS SG2, respectively, Gy,
GLv, GVlR: GVlG! GlR: GlG! GZR! GZG, GK, GGE! GGp, GSR: G/_\G, GCR is a mass flow rate of steam genera-
tion in the reactor and SG, for steam drive of SDEP and SDAFP, from ARPS R1 and ARPS SG1, from
ARPS R2 and ARPS SG2, of primary natural circulation, from ECCS hydraulic reservoirs, of MCP
"run down", a rated capacity of electric pumps of ECCS and EFWP, a critical flow under the transonic
flow conditions, respectively, ry, rc is heat of steam generation and condensation, respectively, Tyg,
Tve, Tcs, Tar, Toc, Tk, To, Tos IS temperature of steam in the reactor and SG, of steam condensation, of
condensate at the outlet of ARPS R2 and ARPS SG2, of nuclear fuel in the central part of a fuel matrix
and fuel cladding, of environment in containment, respectively, Pr, Ps, Psa, Pce, Pp is pressure in the
reactor, SG, ECCS hydraulic reservoirs and the deaerator, respectively, o, is heat transfer coefficient
on an outer heat transfer surface of ARPS R2 and ARPS SG2, F.r, F,s is the area of an outer heat
transfer surface of ARPS R2 and ARPS SG2, respectively, Cp is the specific heat capacity of water,
I, Tygr, Mye, Tge, Tr, Iy, I oc i the throat area of primary coolant, a steam drive of SDEP and
SDAFP, ECCS hydraulic reservoirs, ARPS R2 and ARPS SG2, interloop loss, respectively, F;, F, is
the total heat transfer area in the reactor and SG, respectively, g is acceleration due to gravity, hik, hor,
hys is primary, ARPS R2 and ARPS SG?2 pressure head, respectively, &1k, &xr, &6 1S primary, ARPS
R2 and ARPS SG?2 total drag coefficient, respectively, pv, Hee, Moc 1S @ flow coefficient in steam
drives, ECCS hydraulic reservoirs and in a leak, respectively, tge is time for emptying ECCS hydraulic
reservoirs, T, is feedwater temperature in SG.

Thermal resistance of fuel element and interloop volume:

Ry =8¢/ Ap +8ga/Agp + 0o/ Ag,
Ryg =1/0y + 019/ Mgy +1/ sy,
where Jf, ga, 0o, 019 IS thickness of a fuel matrix, gas gap, a fuel cladding and SG heat exchange
pipes, respectively, Ag, Aca Ao Ao IS @ thermal conductivity of fuel, a gas gap, a fuel cladding and SG
heat exchange pipes, respectively, oy, 0 is heat transfer coefficient to the coolant in the reactor and on
a surface of SG heat exchange pipes, respectively.

Analysis of results of calculated modelling. The main results of calculation modelling of acci-
dent with interloop loss of D, =100 mm (equivalent to SG collector cover lift-up) and blackout
(“LOCA23 + blackout™) using the modernized accident management strategy for ARPSR and
ARPS SG are given in Fig. 3 in dimensionless parameters:

To=To/Tim, V5 =Vi/Vg, VL =V Vg, Ps=Fs/Pin, (29)
where Ty is the maximum admissible temperature of fuel cladding, Py is the maximum allowable
pressure in SG (actuation of secondary steam relief valves).

At the initial moment of accident, the maximum temperature of fuel claddings increases at T, <1,
and coolant level in the reactor decreases without drainage of a nuclear core owing to pressure de-
crease and the start of steam generation in the reactor, and also an interloop leak (see Fig. 3, a). After
100 s of accident, coolant level in the reactor increases, and temperature of fuel claddings decreases
owing to operability the ARPS R and ARPS SG. Insignificant decrease in the coolant level at the final
stage of accident is because of shutdown the ARPS R1 and ARPS SGL1.
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To V7 Vi Ps
1.0- 11.0 1.04 +1.0
o.s-W-o.e 0.8 0.8
0.6 0.6 0.6 Vi 0.6
0.4- To 0.4 0.4 0.4
0.2-/_\K-o.2 0.2 Pe 0.2

0 1 T T T 0 0 1 1 1 | 0

10° 10° 10* 10° t,s 10° 10 10 10° t,s

a b

Fig. 3. MAMS with 1AE “LOCA23 + blackout”: maximum temperature of fuel claddings Ty
and the coolant level in the reactor V; (a); feedwater level V| and pressure Pg in SG (b)

At the initial moments of accident, feedwater level and pressure in SG increase (without actua-
tion of steam relief valves and water hammers on the SG vessel). After 100 s of accident, feedwater
level in SG is stabilized, and pressure in SG decreases owing to operability of SG ARPS.

Safety conditions for the maximum admissible temperature of fuel claddings and minimum ad-
missible levels of the coolant and feedwater are provided for not less than 72 hours.

Conclusions

1. 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 permis-
sible temperature of fuel claddings, the minimum permissible level of coolant in the reactor and feed-
water in the steam generators.

2. This work presents the modernized loss of coolant & blackout accident management strategy
based on promising heat removal passive systems, reactor level control systems and steam generator
feed water level control systems.

3. A conservative thermohydrodynamic model was developed to substantiate the modernized loss
of coolant & blackout accident management strategy. The main conservative assumptions of the model:
a complete long-term failure (for 72 hours) of all electric pumps of the safety systems is accepted and the
maximum interloop leak (equivalent to the steam generator collector cover lift-up) is modelled.

4. The analysis of the calculation results showed that the modernized loss of coolant & blackout
accident management strategy provides the necessary safety conditions for the maximum allowable
temperature of the fuel claddings, for the minimum acceptable level of coolant and feedwater.
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