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ABSTRACT

The research field focussing on the investigatiang the analyses of severe accidents is an
important part of the nuclear safety. To maintai@ safety barriers as long as possible and to
retain the radioactivity within the airtight prerassor the containment, to avoid or mitigate the
consequences of such events and to assess théhaskigh studies are needed. On the one
side, it is the aim of the severe accident rese&wchnderstand the complex phenomena
during the in- and ex-vessel phase, involving m@aphysics, thermal-hydraulics, physico-
chemical and mechanical processes. On the othertselinvestigations strive for effective
severe accident management measures.

This paper is focused on the possibilities for @eot management measures in case of severe
accidents. The reactor pressure vessel is thédaser to keep the molten materials inside the
reactor, and thus to prevent higher loads to the@atoment. To assess the behaviour of a
nuclear power plant during transient or accidemidtttons, computer codes are widely used,
which have to be validated against experiments esxcbmarked against other codes. The
analyses performed with the integral code ASTECGectwo accident sequences which could
lead to a severe accident: a small break loss @bnb accident and a station blackout. The
results have shown that in case of unavailabilitynajor active safety systems the reactor
pressure vessel would ultimately fail. The discdsssues concern the main phenomena
during the early and late in-vessel phase of tieedant, the time to core heat-up, the hydrogen
production, the mass of corium in the reactor pressessel lower plenum and the failure of
the reactor pressure vessel. Additionally, possilglerator’s actions and countermeasures in
the preventive or mitigative domain are addres$ée. presented investigations contribute to
the validation of the European integral severedstss code ASTEC for VVER-1000 type of
reactors.



1. INTRODUCTION

It is the main objective of the nuclear safety taimmin the barriers for the retention of
radioactivity in order to protect the workers ar tpublic from the hazards of nuclear
radiation. The safety functions required to achigs fundamental protection goal are
implemented by operational and safety systemsth&lie systems are elements in a staggered
safety concept, known as the defence-in-depth @inaeehich is meant to optimize the
interaction of the manifold systems with respectheir effect on the safety of the nuclear
power plant, i.e. the ultimate goal to maintain éffectiveness of the physical barriers. In case
that during an accident the borders of this safetycept are violated (e.g. due to multiple
failures of safety systems or due to external ls)aa progression into a severe accident,
characterized by a degradation of the reactor copgssible.

Usually, the safety case has to be demonstrateddsign basis accidents (DBA) and for
beyond design basis accidents (BDBA) /IAEA: 23AHA: NS-R-1/. The design basis
accidents represent a class of postulated accitentich the safety systems and functions
of the nuclear power plant had been designed iardadcontrol the event and to exclude the
release of harmful amounts of radioactivity. Forydred design basis accidents with
unavailability of major safety systems, accidentnagement measures can be applied to
terminate the progression of the accident intovergeone or to mitigate the consequences of
the severe accident. Two accident management nesasare discussed in detail:
depressurization of the reactor coolant circuit andsequent feeding of the primary side by
use of passive systems.

For the current studies the ASTEC code, which iistlpdeveloped by IRSN and GRS since
several years, was applied for the investigatiothefwhole accident progression till failure of
the reactor pressure vessel. With the help of tB&#EC code simulations the course of the
events without application of accident managemesdisures has been investigated for a loss
of coolant accident and a station blackout accid@art 2). As an example of possible
accident management measures and strategies, fded of the primary bleed and feed
strategy has been analysed for the station blackase (Part 3). This investigation has been
performed within the framework of the SARNET Proj#¢P4 RAB under the EURATOM
6™ framework programme.

2. ACCIDENT MANAGEMENT SCENARIOSWITHOUT APPLICATION OF
AACCIDENT MANAGEMENT MEASURES

2.1. Small Break L oss of Coolant Accident (SBLOCA)
The ASTEC v1.2 version of the code has been applied activated modules are CESAR for

the thermal-hydraulic behaviour in the circuitsVVBIfor the core degradation and CPA for
the containment. In order to achieve proper initiahditions for the transient calculation



steady-state iteration has been applied. AfterHaGstable stationary state has been obtained.
The imposed reactor nominal parameters are coedradluring steady-state by regulation
procedures for pressurizer water mass, primarysaedndary mass flow, as well as system
pressure and temperatures.

A 60 mm leak in the cold leg of the pressurizemplo@xt to the reactor pressure vessel was
simulated. All active emergency core cooling systeand the hydro-accumulators are
assumed to fail. Failure is assumed also of thergkry side heat removal (BRU-K valves,
BRU-A valves, secondary cooldown procedure). Thikwdation has been performed for a
total “problem time” of 8.3 hours (about 30000t®refore it is focused only on the “in-vessel
phase” of the accident (up to vessel failure).

At 0 s simulation time a 60 mm SBLOCA occurs in tiedd leg. The SCRAM, TURBINE
TRIP and MCP OFF signals are actuated by the regmtaection system. The turbine
isolation valve closes 10 seconds after the rea8@RAM signal. As a consequence, the
feedwater supply to the steam generators stopsg peovided by the turbine driven pumps.
Figure 1 to Figure 4 depict the general trend efdbcident sequence.

In the beginning of the accident sequence (durhmg first 250 s), the primary pressure

decreases very rapidly due to the loss of coolamiugh the break. In Figure 1 are depicted
the reactor coolant system primary and seconda&gspre. With P-prima is noted the primary

pressure, with P-secon — the secondary side peeasakr UP-plenu stands for the pressure in
the upper plenum of the reactor. The leak mass featls to a decrease of the pressurizer
level as well as the water level in the reactor.

At the beginning of the accident the secondary queesis immediately increasing and at
around 60 s, when the set points for opening os#wndary side safety valves are reached,
the steam generator safety valves open and stmgyFrom approximately 250 s till 2500 s
the primary pressure follows the secondary presstte decreasing primary inventory and
the increasing void fraction at the reactor outad to deteriorated primary to secondary heat
transfer. Due to the increasing void fraction ie #team generators’ primary side (U-tubes)
after 2500 s the primary to secondary heat transfeaks down and the primary pressure
decreases below the secondary pressure. Froniniggtie decay heat is only removed via the
leak. The steam generators are in hot standby.cbhénuous loss of coolant leads to the
beginning of core heat-up. With the propagatiothefdry out, and without injection from the
emergency core cooling system, the core starteab-tp, the fluid and the rod temperatures
start rapidly to increase.

The break behaviour can be described as followshébeginning of the transient only single
phase fluid (water) is released through the briéals the reactor pressure vessel level starts to
decrease. Voiding is observed in the reactor upfgum and in the primary loops and starts
to increase. The void fraction at the break pasifia the cold leg) starts also to increase and
after that there is a release of two-phase flurdugh the break. Later on only single-phase
fluid (steam) is released through the break.



From approximately 4000 s the continuous loss aflastt leads to heating-up of the core
(Figure 2). After core uncovery the fuel temperatincreases due to the low heat transfer to
steam. At about 6000 s up to 10000 s the simulatmws an increase of the primary pressure
due to corium slumping (Figure 1 and Figure 3).eBglied dry-out in the reactor core is
observed. The exothermic reaction of steam andafiding at elevated temperatures results
in oxidation, hydrogen release and intensified {ugat The beginning of the noticeable
hydrogen generation (time moment by which > 1 %yadrogen is released) corresponds to
4900 s. Figure 4 shows the in-vessel hydrogen mesased during the degradation of the
core. Fe stands for the hydrogen released by tie axidation, B4C for the amount of
hydrogen released by the boron carbide oxidatio@24Zr for uranium dioxide-zirconium
oxidation and Total stands for the total hydrogelease. The total mass of the released
hydrogen by the end of the reviewed time inters&52 kg.

If the accident is unmitigated, the molten mateofathe degraded core relocates to the lower
regions of the core. Figure 3 shows the mass ofdlueated corium in the lower plenum of
the reactor pressure vessel. In the bottom hedbeofeactor the molten corium pool starts
slowly to ablate the reactor vessel wall.

From the thermal-hydraulic point of view the typipdases of a SBLOCA accident like the
depressurization phase, the coupling of primary seawbndary pressures and the break down
of primary to secondary heat transfer followed lwearease of the primary pressure below the
secondary pressure are predicted very well. Theomagrts of expected severe accident
phenomena in VVER-1000 were modelled in ASTEC hRulation, namely the core heat-
up, the cladding oxidation, the degradation of ¢bee components, the melt relocation and
the vessel failure. The lower head vessel failumee tpredicted by ASTEC is at around
17995 s[5 h) after SCRAM.
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Figure 1. ASTEC v1.2, SBLOCA 60mm, Figure 2: ASTEC v1.2, SBLOCA 60mm,
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Corium mass in the lower plenum H2 production in the core
kg kg
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Figure 3: ASTEC v1.2, SBLOCA 60mm, Figure 4: ASTEC v1.2, SBLOCA 60mm,
Corium mass in the lower plenum Hydrogen production

2.2 Station Blackout (SBO)

The ASTEC v1.3.0 calculation has been performedrasgy an SBO event (loss of the offsite
electric power concurrent with a turbine trip anthwailability of the emergency AC power
system), leading to unavailability of all major imetsafety systems /TUS 2010/. The analysis
has been restricted to the “in-vessel phase” witbtal “problem time” of 8.3 hours (about
30000 s). The simulation has started at nominatatimgy conditions. The BRU-A valves, the
pressurizer relief and safety valves and the pasgagfety injection system (hydro-
accumulators) were assumed available. The actifetysajection systems were assumed
unavailable, too.

The main parameter trends are depicted on Figtod-tgure 8. After the reactor SCRAM and
main coolant pumps coast down, the gravitationatef® are dominating the flow and the
distribution of coolant inside the primary systérhe primary side pressure is decreasing for a
short time as a result of the reactor SCRAM andig@easing reactor power.
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and secondary pressure inlet and outlet temperature



Corium mass in the lower plenum H2 production in the core
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Due to the isolation of the secondary side, thersgary pressure increases and the decay heat
is removed from the primary circuit via the steaemgrators by opening the BRU-A valves,
leading to a continuous decrease of water inventorythe secondary side of the steam
generators. During this phase the primary pressmains nearly constant at around 15 MPa.
After the depletion of the steam generators (431@he primary to secondary heat removal
breaks down and an instantaneous pressure incogaige primary side occurs (Figure 5).
Later on, the core undergoes a high-pressure [ffoilko Figure 5 P-prim stands for the
primary pressure and P-sec stands for the secopdesgure. After reaching the set point of
the pressurizer relief valve continuous depletibthe primary coolant inventory through the
valves uncovers the core and leads to temperatarease in the core (Figure 6). In Figure 6
T_out_lig/T_out_st correspond to the outlet ligetdam temperatures and T_in_lig/T_in_st
are the inlet liquid/steam temperatures, respdygtivehe fuel cladding temperature is also
increasing and at temperatures above 1100 °C tieerdum in the fuel cladding is oxidized
by steam.

The amount of energy that is released during thenstoxidation reaction is comparable to the
residual power. A layer of ZrO2 is forming on thae¥nal cladding surface. Strong hydrogen
production is observed (Figure 8). Because of ttpaifecant decay heat and the high pressure
in the primary side of the reactor coolant systand due to the unavailability of emergency
coolant injection, the necessary core cooling ispnovided. At approximately 8750 s the core
starts to heat up and subsequently the maximumveticcladding temperature threshold of
1200 °C is exceeded. Without any additional measthie accident is turning into a severe
accident. The reactor pressure vessel failure 15452 s from the beginning of the transient
simulation. Figure 7 depicts the relocated coriuassin the lower plenum.



3. ACCIDENT MANAGEMENT MEASURES

3.1. General Overview

During severe accident sequences it is of primeontapce to depressurize the primary circuit

in order to allow injection from the passive andiotive safety injection systems and to avoid

reactor pressure vessel failure at high pressatectiuld cause direct containment heating and
subsequent challenge to the containment struoho@dent management procedures are to be
applied both in the preventive and in the mitigatilomain of an accident sequence. The main
objectives are to preserve the integrity of thenarly circuit, the pressurized premises and to
create conditions for cooling down of the core bthe debris after core damage. The time

factor until core damage is a key issue when asgeascident management procedures.

To make available the water delivery to the coren@ans of active or passive safety systems,
or by external sources, in both the preventiveraitgative domain two accident management
measures can be applied to reduce the pressutee ineactor coolant system and to start
subsequent feeding of the primary and/or secongldey primary side depressurization (PSD)
and secondary side depressurization (SSD). In LOs&4uences, secondary cooldown
procedures can be activated to reduce the presaureth the secondary and the primary side.
In case of unavailability of the cooldown proceduitepressurization by manual opening of
relief or safety valves can be applied. EspecialsBLOCA sequences with limited decay
heat removal via the steam generators and the &akunavailability of the high pressure
injection system, the depressurization of the wracbolant circuit could help to delay a
possible core heat-up by earlier injection fromhlgdro-accumulators and/or the low pressure
injection system.

Overview on the basic severe accident managemdéianads given in /SARNET 2006/,
ISARNET 2008/, /IRSN 2007/. Cooling a degradateic éoto the primary circuit would help
in the process of stopping the core degradationratehtion of the degraded core materials
inside the reactor pressure vessel. The proceduveaier delivery to the core as soon as
possible. Another strategy is flooding of the reagpressure vessel compartments. The
strategy of in-vessel retention by ex-vessel caplis one of the adopted strategies for
mitigation of a severe accident /KYM 1997/, /BEQD80 For the containment management
of the combustible gases is applied. This stratsgapplied to reduce the H2 and CO
inventory in the containment. Management of thet@ioment temperature and pressure is
performed for keeping the containment integrityisT$trategy is realized by the automatic or
manual usage of the containment sprays. Managenfetite radioactivity releases is an
additional measure. The purpose is reduction ottimtainment pressure.

3.2. An example of the application of accident management measures

For the SBO accident the effect of the depresstimizaf the primary circuit as an accident
management measure is studied in an additionallaiion. The accident scenario is an SBO,
as the general trend of the sequence without aijgit of accident management measures is
described above in Part 2.2. The primary side dsprézation is applied when the core outlet



temperature reaches 68D/TUS 2008/, /TUS 2010/. The measure is realizefiity opening

of the pressurizer relief and safety valves. Tresgurizer valves are activated intentionally to
reduce the primary pressure. After their fully open the primary pressure drops rapidly
below the hydro-accumulators’ pressure allowingspasfeeding to the primary circuit.

Figure 9 shows the primary pressure behaviourhfertime till failure of the reactor pressure
vessel. The blue curve describes the case withpptication of accident management
measures. The red curve describes the case wilicamn of accident management measures
i.e. primary side depressurization. The two barwethe pressure curves visualize the
temperature evolution and indicate the time mardimscore heat up and initiation of the
accident management measure as well as the vadset time. The heating up of the core is
calculated approximately after 2 hours and 26 neiswuThe two accident paths show vessel
failure under high pressure after 4 hours and I&ites (blue curve, the case without accident
management measures) and vessel failure under lessyre after 5 hours and 48 minutes
(red curve, the case with primary side depresstimiza With application of the accident
management measure ASTEC predicts a prolongationthef vessel failure time by
approximately 90 minutes. Slowing the core damageldvallow more time for systems to be
recovered to mitigate or terminate the accidenis Mould give more time and different
possibilities for operator interventions.
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Figure 9: ASTEC SBO, without and with AMM, assesatr# the time margins till vessel
failure

4. SUMMARY OF THE RESULTS

The work presented in this paper has focused oitysasaof the in-vessel phase of two
hypothetical severe accident sequences in a nupt@aer plant with a VVER-1000/V-320
reactor with the integral computer code ASTEC. $tod an SBLOCA and an SBO scenario



without accident management measures has beemeagalihe code results have shown that
in case of unavailability of active safety systeamsl without additional measures in both
scenarios the reactor pressure vessel would fay. d@plication of primary side
depressurization as an accident management medstng the SBO scenario, the reactor
pressure vessel failure can be significantly delapeit without restoration of power supply it
cannot be fully avoided.

The results demonstrate the applicability of thegral code ASTEC for the simulation of
entire severe accident sequences, covering all ptamomena including the application of
AMMs.
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NOMENCLATURE
AMM Accident Management Measure
ASTEC Accident Source Term Evaluation Code
B(DBA) (Beyond) Design Basis Accident
BRU-A Steam-Dump to Atmosphere
BRU-K Steam-Dump to Condenser
MCP Main Coolant Pump
(SB)LOCA (Small Break) Loss of Coolant Accident
SBO Station Blackout
PSD Primary Side Depressurization
SSD Secondary Side Depressurization
RAB Reactor Application and Benchmarking
SARNET Severe Accidents Research Network
WP Work Package
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