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1. Introduction

Analyzing and estimating risks is an integral parbaththeindustrialuseand the public
debate omuclear powerAt the same time, global climate change is increasing the demand
for low-carbon sources of electricjtgnd the nuclear induststrivesto maintainand expand

its share of global energy productidiith these observations mind, it is reasonable to
expectthat the need falechnological advances anetiction of uncertaintiesn both

financial and radiological risks related to nuclear power withd®ig as ever in the coming
decades.

An importantpart of the riskprofile of nuclear power relates to-salled severe acciderits
I.e.,, events leading to a partly or fully damaged (melted) reactor Stateof-the-art
assessmesdf radiological risks related tguch eventsely on estimabnsof two
fundamentafjuantitiesther frequency and theconsequenceé\s simple as these notions
may seem, their quantification depends heavily on input data as well as on scope and
complexityof the mathematical modellingsed

In so-called level 2 probabilistic safety assessments (L2 PSA), the main frequency estimate of
interestis the large release frequen@®RF), or sometimeshe large early release frequency
(LERF). Assessing tbsefrequenciedbased orsummation ovea large number of possible

event sequences implies, among other things, that radioactive rétbasssurce ternmeed

to be calculated for a set of representative scentadzesand compared to a predefined
threshold to classify them as large or not lafigeeseassessmestaretypically performed

with integral plant response codes, sucAS83EC,MAAP or MELCOR, andarein
themselvesubject to uncertainfyooth regardinghe accident scenarios (aleatorycertainty

and inthe modeling of phenomena (epistemiaicertainty. Aleatory uncertainty arises from

the natural variability of stochastic processes and cannot be reduced beyond this level, while
epistemic uncertainty relates to our knowledfjeystems, processes or parameters and can
therefore be reduced by gathering more knowledge.

Typically, thesource ternevaluation is performed for a limited set of accident scenarios,
using pointestimate values of epistemic uncertain parameters in theusedd~urthermore,
such analyses typically do not consider the effect of epistemic uncertainty on interactions
between physical phenomeoiaprocesseand transient accident scenarios, iden

different samples on thepistemic uncertaintysangecan significantly affect the course of the
accident progression.

Forsomeaccidentsequenceghe standard practicdor the sake of conservatisis to define

the source term as everything escaping the containment. This creates a situation where a
potentially very diverse family of realistic scenarios is represented by a set of assumed
sequences thatay contribute substantially to tHeRF in a typical PSA L2. In this case, the
uncertainty lies in the level of applied conservatism.

In both cases described above, source term uncertainty presents a challenge for any attempt to
develop, use or increase the level of detail in L2 PSA results and merits targeted research
solely on the basis of this.

Within the field of nuclear emergency preparedness towards severe accidents, the main goal is
ultimately to be able to perform relevant and efficient actions to protect the public. The
International Atomic Energy AgencyAEA) states on the one hand tldatisions on these

actions should be based observations oplant conditions, and on the other hand that

decisions or protective actions should not be delayed by attempts to perform detailed source
term estimatefL,2]. It is acknowledged that performing source term assessments with

integral plant response codes is sufficiently complicated outside of accident conaiticsis



creates a need for simpler and faster tools for assessment of plant condition and source term
estimation. One such tool is tRapid Source Term PredictioRASTEBR methodology,
developed by Vysus Group. This method relies on a database @alculated source term
scenarios together with a probabilistic Bayesian Belief Network (BBN) mateltool has

the ability to take observed plant conditi@mlrescale results from LL2 PSA using
conditional probabilitieslogical relationsand expert judgement§he output is @omplete

list of scenarios ranked by likelihoodghich iscontinuously updated with any new
observationsln this way, current plant conditions can always be mappeddprasentative
class of scenario®\ problem arises if a RASTEP model anyapproactbased on pre
calculated source terins used with overly conservative or uncertdata. Within emergency
preparedness planning, source term uncertainties therefore also come with an operational
aspect, directly impacting decisions taken in a stressful situation.

Within this project, the analysis of severe accident progression and fission products release to
the environmenareperformedusing MELCOR MELCOR is a fully integrated, engineering

level computer code that models the progression of severe accidents in light water reactor
nuclear power plants. A broad spectrum of severe accident phenomena in both boiling and
pressurized water reactors isdted in MELCOR in a unified framework. These include
thermathydraulic response in the reactor coolant system, neeatity, containment, and
confinement buildings; core heap, degradation, and relocation; ca@ncrete attack;

hydrogen production, transport, and combustion; fission product release and transport
behavior. Current uses of MELCOR include estimation of severe accident source terms and
their sensitivities and uectainties in a variety of applicatiof7].

It is our hope that thigroject will be able to sheasomdight on all of the abovenentioned
aspects othesource term uncertaintiimited to Nordic Boiling Water Reactors (BWR).



2. Project scope and goa

The overall goal of the project is to generate a bodgnofvledge regarding the uncertainty in
the magnitude of fission products releasthmevent o potential severe accident in Nordic
nuclear power plants. The woakns toprovide insights into the effect of various types of
uncertainty on the source term predictioRse results will be useful for both probabilistic
and deterministic safety assessments, as well as for emergency response applications

Within the firstphase of the project (s§3]) the participating organizations performed the
analysis of thesafety design o8wedish and Finnish Nordic BV#Rnd respective MELCOR
modelling, review of the PSA L2 for a typical Nordic BWR design and identification of risk
significant accident sequences, as well as the-sfete-art review of the modelling of

severe accident phenomena and identification adipkessources of uncertainty in severe
accident progression and the source term.

In the second phase of the project (E&¥) the participating organizations focused on

evaluating methods and tools to perform sensitivity and uncertainty analyses. Using these
methodsand tools they identified the main contributors to the uncertainty in the source term
released to the environment and quantified the source term uncertainty due to the most
influential MELCOR code modeling parameters. In these analyses, the uncertain modeling
paraneters involved the modeling of core degradation and relocation, fission product release
from fuel, debris behavior in the core region and vessel lower head, vessel lower head failure,
fission product behavior in the RCS and the containmentedsas/modeling of the filter

trapping, containment sprays, and pool scrubbing.

The main goal of the third phase of the project and this report is to perform:

Z Analysis of containment bypass sequences, witlidtieson the sequencesvolving
failed isolation of main steam valves and release paths through the turbine system and
condenser.
Z Sensitivity and uncertainty analysis including #féect of release path in case of
containment failure due to asxessel phenomena.
Analysis of the effect of mitigative actionsfiltered containment venting scenarios
Z Development an@nplementatiorof a morerefinedmodelling of the filtered
containment venting system usitige MELCOR pool scrubbing mod¢SPARG90
code.

N

Thethird phase of the NKSTATUS project is expected to provide important insights into

the effect of the MELCOR code modelling uncertainties on the accident progression and
radioactive release to the environment in the accident scenarios that lead th\fétetiag of

the containment and filtered release to the environnasniell ascenarios where

containment failure occurs. Additionally, the projachsto provide the insights on the effect

of potential mitigative actionsnahe source term releabé the environment, and tirapad

of limiting factors, such as structures, systems and components (SSC) located outside the
containment, on the source term release to the environm#d accident scenarios where
containment barrier is bypassed (containment bypass sequences) or fails (sequences where
containment failure due to energetic phenomena in the containment can occur).



3. Background onNordic Boiling Water Reactors

Designed by ASEA/ABB Atoma total 0of10 BWRshave been commissioned in Sweden and
Finland since the first uniOskarshamn,was brought online in 197Zwo of theoriginal
design familiesBWR69and BWR75are in operation todagjstributed asour units in
Sweden and two units in Finlarall with planned lifetimes extending swound 2040

Over time, theereactors have evolvad partly different directionsTheconfigurationsof the
sister reactors Forsmark2las well as Olkiluoto /R are stillmore or less identicatithin the
sites while thedifferences between the sites arere marked

3.1. Safety design

The Nordic Boiling Water Reactor (NBWR) will hereby be used as a common name for
~3300 MWh BWRs designed bASEA/ABB Atom. A summary ofmaintechnical datdor
thecurrentlyoperational NBWRSss givenin [3].

Table3-1. Main technical dta foroperatingNBWRSs, somenumbers rounded

0O3/F3
(BWR75) F1/2(BWR69) | OL1/2 (BWR69)
Thermal power[MW] 3900/3300 30003250 2500
Reactor operating pressyidPd 7.0 7.0 7.0
Numberof fuel element$-] 700 676 500
Numberof control rodq-] 169 161 121
Gas volume irtontainmenfm?] 8300/8500 6800 7600
Capaciy of systemkg/q:
Containment dywell spray 300 360 250
Containment wtwell spray 400 N/A 120
Containment design pressuiP4d 0.6 0.5 0.5
ContainmenbperatingpressurgMPa] <0.1 <0.1 <0.1
Filtered containmenventing pressure
setpoinfMPa] 0.5 0.57 0.2/0.50.6*
Unfiltered containment venting pressurg
setpoint [MPa] 0.65
ContainmentupturepressurgdMPa] ~1 ~1 ~1

*For wetwell venting in OL1/2, the drywell pressure needexceed the defined overpressure that depends on
drywell gas temperatuigotal pressure 0:8.6 MPa) The drywell venting takes place if the water level in the
wetwell is too high to allow venting from there, and the drywell pressure is higher than 0.2 MPa.

The safety design of the NBWHRsdesctedfurtherin the following

Thereactor pressure vessel (RRdMnsists of carbon steel clad by stainless steel on the inside.
The reactor containment is of theessuresuppression (PS) type with vertidabwdown

pipes and itsouter cylindrical shell is made of pstressed concreth.is sealed at the top by

a large steel cupolahich sits at the bottom dle reactor service pool. The containment also
functions as a radiological shield to the environmBating normal operationhe



containment gas volume is filled with nitrogen to prevent ignition of hydrdggemerated
during a severe accident.

Details on he NBWR safety systems relevant feevere accidemrogressior{and source
term) areprovidedbelow:.

1 Hydraulic control rod insertion: The hydraulic actuating power-sffiisystem gives
full insertion of all control rods within a few seconds after initiat®hould this
system fail, an electromechanic system irsstég rods within a few minuteH. this
also fails, boric acid can be added to the reactor vessel via a dedicated injection
system.

1 Pressure control and relief system: This system has sepenating modeandcan
operate with battery backumly:

o TA Function: Thespringoperated part of the overpressure protection system
will open valves stepwise, starting at slightly abowdHato release steam
and protect the RPV from catastrophic failure. After a properly controlled
pressure transient, the system will continue to control the pressure to around 7

MPa.
o TB Function (ADS): Activation of TB initiates steam discharge into the
wet wel | ( WW) o n top eftaghive fuel TAF)1Thepressered i® w

reduced to a level sufficient for water injection by the emergency core cooling
system (ECCS)r the independent core cooling system. The TB function is at
the same time leading to coolant being lost from the primary system quite
rapidly, which leads to core uncover.

1 Emergency core cooling systdaBCCS) This is an AC power drivenlow-pressure
coolant injection systermomprised of four independent traimg)ich canpumpwater
to the reactofrom the suppression podihe systenihas activation setpoints water
level2 m above TARand low reactor pressur&ctual water injectiorwill not occur
unlessthe pressure difference between WW and downcomer (DIgssstharl.25
MPaand thenjection capacitys, in general, dependent on this pressure difference.

1 Independent core cooling system: This is, in the Swedish configuration, an AC power
driven injection system comprised of one independent train with one or several
separate water sources as well as a dedicated diesel generator. In the Finnish
configuration this is a separate steam turbine driven injection sygting suction
from water storage tanks the system fodistribution ofdemineralizedvater.

1 Auxiliary feedwater syster(AFW): This is aa AC power driverhigh-pressure coolant
injection systentomprised of four independent traimghich provideswaterto the
reactorfrom the wetwell or from a separate storégekinto the downcomer. The
systemactivation logics includes several different setpoints. Water injection is more or
less independent of reactor pressure

1 Drywell flooding system: Flooding afirywell from thewetwellis initiated to provide
cooling ofmelt fragmentation and debris in case of melt release frome&wtor
pressureessel.The system igypically actuated omlowncomer water level 2 m below
the TAF for more than 10 minutesr 30 minutes after containment isolation,
depending on plant

1 Nonfiltered containment venting system: This is a pressure relief directly to the
ambient atmosphere designed for LOCA events with failing PS function. It is



activatedby the openingof arupture disat around.65 MPa containment

pressureThe line is automatically closed by a sludit valve 20 minutes after
containment isolation signdt.should be noted th#is containment isolation signal

is triggered individually by any of the typical conditions that are indicative of a serious
event e.g. low reactor water level, high containment temperature, high containment
pressure or triggered TB function.

Filtered containment venting system:the Swedishconfiguration this is &hieved

from the upper drywell to the atmosphere viaw@ti-venturi scrubbing system

situated in a separate buildirgguipped with a dedicated sta®lenting is activated

by arupture disc openg around 0.55 MPa containment pressimeparallel with this
rupture disc, twwalves for manual depressurization are also installedaf®es where
additional capacity is required, ewghenmanual operation of the filtered venting is an
option due to for instandavorableweather conditions.

In the Finnish configuration, filtered venting can be done both from the wetwell and
drywell to the atmosphere via a SA8drubber placed inside the reactor building.
Wetwell venting is possible if the water level is below 14.5 m. The drywell pressure
needdo exceed the defined overpressure that depends on drywell gas temperature. At
a drywell temperature of 293 K, the threshold overpressure is 0.5 MPa.

The drywell venting through a ruptudésk takes place if the water level in the wetwell
has been higher than 14.5 m for longer than a specified time (which precludes
possibility of venting from wetwell) and the drywell pressure is higher than 0.2 MPa.

1 Suppressiopool: The suppression padbcated in thavetwell, is an inherently

passive system designed to limit tentainment pressut®y use otheso-calledPS
function, Steam leaking or blown out from the primary systerthéodrywell will be
pushed through blowdown pipeadingin the wetwell poolvherethe steanis
condensed. Vacuum valves in large pipes between wetwelbaed drywell ensure
that the wetwell pressure will not be higher than thahetirywell.

1 Residuaheat removal andontainmenspray systeniRHR and CSS)This is an AC

power driversystem comprisedof four independentrains withheat exchangersll
recirculating water from the suppression pddl.four loops are connected feed
spray nozzle®cated in theontainmentThe safety functions of the system are to
reduce the containmeptessure by condensing steam in case of a LOCrentove
heat from the suppression pool through a series of heat exchanddoprovide
scrubbing ofairbornefission productgrom the containment atmosphere in case of
core damage.

Independent containment heat removal and spray sy$tamis an EOP/SAMGspray
system in theipper drywell (UDW)hat takes water from andependengéxternal
water sourcelt can beused to reduce pressure in the containment as wllpgisvide
scrubbing of airborne fission products. Wdearel controlis provided in order to not
damage the containment.

3.2. MELCOR models

3.2.1. Swedish MELCOR modeling of NBWR

The MELCOR model of NBWRused in this projeas the further development of the input
deck originally developed for the analysis of accidents in power uprated [@amginly



maintained by KTH. In this modehe core is represented by five raniform radialrings
and eight axial levels. Thé"ging represents the downcomer reg{figure3-1).

Thereactor pressure vesg€igure3-2) and the containmenfigure3-3) arerepresented by

27 control volumes (CV), connected with 45 flow paths (FL) and 73 heat structures (HS). The
vessel is represented byifgsand19 axial levels, with the first 10 axial levels representing

the lower plenum; the IMaxial level represents the core support plate; levels 12 and 19
represent the core inlet and outlet regions and structures; and leMé&gédfesent the active

core regionLower head penetrations f66 instrumentatiorguidetubes(IGTs) are

distributed between rings3 proportionally to the crossectional area of these rings.
Containment leakage is modelled from the drywell directly to the environment.

The containment is subdivided into control volumes for upper and lower drywell, wetwell,
blowdown pipes and overflow pipes from lower drywell to wetwell.

‘IIII ..IIII'S M Ring 1176 assebmlies
-- [J Ring 2 - 176 assebmlies
“HIII--IIIHV’ [] Ring 3 - 176 assebmlies
‘I.. --..|' [ Ring 4 — 80 assebmlies

-_—-r g [[] Ring 5-—92 assebmlies
_72 (] Ring 6 — Downcomer

Figure3-1. Swedish BWR modelCOR nodalization.
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The following safety systems are implementethemodel

T

Hydraulic control rod insertion

0 The effect of this system is modeled in MELCOR by fission power decrease
(during 3.5 s) according to a tabular functaitime zero

Pressure control and relief system

o Both TA and TB valves as well as pipeliregimplemented as a single flow path
(FL314)from the steamlines to the wetwealfntrolled by a set of control and
tabular functionsSPARC pool scrubbing model is activated at the pool discharge
end of the 31pipes.

Emergency core cooling system

o All 4 trains are modeled by a single flow pé&#iL323) to the downcomewith the
number of trains and flow managed by a set of control functions. Flow rate vs.
back pressure is controlled by a tabular functibhe wetwell is used as water
source for the system in the modeldthe injection is stopped on high suppression
pool temperature.

Auxiliary feedwater system.

o All 4 trains are modeled by a single flow p&#iL171) to the downcomemwith the
number of trains and flow managed by a set of control functions. It is assumed that
thesystem injecdwater with constant flow ratef 26 kg/sregardles®f the
pressure difference between DW and Wlie wetwell is used as water source
for the system in the modahdthe injection is stopped on high suppression pool
temperature.

Drywell flooding system.

o0 The ystem is implemented as a single flow p@h205) from the wetwell to the
lower drywell the valves are controlled by a set of control functidiegiether
with the drywell flooding system an overflow pipe is modelled connecting the
lower drywell and the wetwell to prevent lower drywell overfilling.

Drywell blowdown pipes

o A total of 24 drywell blowdown pipes are modelled from the drywell floor to
the suppression pool. The diameter of the pipes is about 60 cm. The SPARC
pool scrubbing model is activated at wetwell discharge at the end of the
blowdown pipe. The blowdown pipese purposed for the LOCA situations,
when rapid and large steam release is able to clear the water in the pipes, and
steam is driven into the suppression pool for condensation.

Vacuum breakers

o Vacuum breakers are modelled as a single flow path (FL204) that connects
wetwell gas space with upper drywell to prevent wetwell pressure exceeding
the drywell pressure.

Non-filtered containment venting system.

o Implemented as a single flow pgtiL361) from the upper drywell to the
environmentthe rupture disk and shaff valves are modelled as a set of control
functions.
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1 Filtered containment venting system.

o Implemented by a set of flow paths and control volumdsKigure3-3). The
rupture disk and valves are controlled by a set of control functibims.actual
filtering of substances containing radionuclides is modelled by simple filter
factors based on system requirements.

1 Residuaheat removal andontainmenspray system.

0 Currently modelled as two sprays (SPR2 in the wetwellStP3 in the drywell)
The wetwell spray (SPR2) represents up to 4 trains of the containment spray
system with 00 kg/s per trainwith a possibility to reroute up ®spray trains to
the upper drywell. Control volume CV251 represents the heat exalsanghe
residual heat removal system and used as a \@atdrtemperatureourceby the
containment spray system and enthalpy sourcthéresidual heat removal
system.

1 Independent containment spray system

o Implemented as a single train systesth flow path SPR2J ending in the upper
drywell. The capacitys 100 kg/sassuming @onstant water source temperature at
293.15K

The MELCOR model does not include thewly implementedihdependent core cooling
systemAs the aim is to study source termsefere accidents, i.e. cases where all core
cooling fails this is judged to be acceptable.

The MELCOR model is not built to treat cases with failing hydraulic control rod insertion, as
sequences with failing reactor shutdown also require the electromechanical insertion and the
boron injection to fail, thereby rendering this core damage modeyawell contributor in

the PSA.

Note thatsteam linescondenser antirbine plant are not modelled, as is also the case for the
reactor building and its ventilation system. This implies that containment rupture or bypass
cases will be conservative in terms of the source term, as any retention and delay in the
turbine systm or building structures will not be taken into account.

In the last few year&TH has developed and demonstrated a systematic approach to
guantification of uncertainty in severe accident scenarios and phenomena based on the Risk
Oriented Accident Analysis Methodology framework (ROAAM+). The approach combines
themost recent development in the areas of sensitivity analysis, uncertainty quantification and
surrogate modeling approaches. In the previous ROAAM+ work the focus was on the
quantification of uncertainty in containment failure probability. The nextistée

ROAAM+ development is application to quantification of uncertainty in the source term.

3.2.2. Finnish MELCOR modeling of NBWR

VTT's MELCOR model of Olkiluoto 1&2 was developed for code version 1.8.2 in 1994. The
model has been updated several times when new code versions have been taken into use. The
latest update was made in 2017 by Magnus Strandberg who converted the mddeCiOM

2.1 with funding from the SAFIR2018 research progfamSystematic checking of the input

deck or comparisons to current plant configuration have not been made for at least 19 years.
The model is somewhat outdated because it does not follow current best modelling practices,
and plant modifications are not inded in the model.

12



The core nodalization is presentedrigure3-4 (left). The core is modelled with five uniform
radial rings; the sixth ring represents the downcomer region. The first three axial levels
represent the lower plenum; the fourth axial level represents the core support platej levels 5
14 represent the active caegion; and level 15 represents the core outlet region.

The reactor thermdiydraulic nodalization is presentedrigure3-4 (right). There are 7

control volumes and 10 flow paths, plus one flow path from the core to the bypass that is
opened upon failure of the channel boxes. The steam lines are not modelled as a separate
volume. Instead, the steam to the safety relief valves is thkesily from the downcomer
volume. Thanstrument guide tube penetrations in khveer headvere added to the model
during the current project
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Figure3-4. Finnish NBWRcoremodelCOR (left) and CVHright) nodalization.
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Thecontainment is modelled with four control volumeseFigure3-5. The biological shield
volume represents the space between the RPV amdticeete wall around it. The RPV
lower head is interfaced with the biological shield volume. In addition, the model has six
volumes representing rooms in the reactor building and aitidependent volume
representing the environmeitte control volumes of the reactor building represeajor
potential leakage routes from the containment to the reactor buddthwere purposed for
hydrogen spreading and combustion analyses. The rdagkding model is not purposed to
model theentire compleXRB confguration. Containment leakage is modelled from the
drywell to the reactor building.
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Figure3-5. Finnish NBWRmodelcontainment nodalization.

The following systems are implemented in Bienish NBWRMELCOR model

l

Hydraulic control rod insertion
0 Reactor scrans assumed to take place at time zero.
Containment isolation

o Closure of the main steam isolation valves (system i3ldgtivatedoy I-isolation
or at a predefined time.

Reactomainrecirculation,
0 Modelled as a coastown curve during the first 94 of the calculation

Pressure control and relief system

o Relief valves controlled by downcomer pressure are modelled to discharge from
the RPV downcomer to the suppression pool in the wetwell as four different
groups: Group 1 opens when the downcomer pressure exchtes 8nd closes
when the pressure decreabetow 7.4 MPa. The second group opens at 7.4 MPa
and close at 7.1 MPa, the third group of valves opens at 8.5 MPa and closes at 7.6
MPa and the fourth group is open at pressure higher than 7.0 MPa and otherwise
closed. The vertical discharge lines are seitged 4.5 meters in the suppression
pool. SPARC pool scrubbing model is activated at the pool discharge end of the
314pipes.

0 Automatic depressurization system of the reactor{30&)
Automatic depressurization is initiated on any of the following three signals:
1) automatic TB signal
2) manual TB signal
3) on L4 signal lasting for the delay of 906 s.

The automatic TB signal is generated if L4 signal is obtained and

drywell pressure simultaneously exceeds 95 kPa and the drywell pressure
increases faster than 130 Pa/s. The valve opening generates a delay of 15 s. The
ADS blowdown takes place from the downcomer to the suppression pool at water
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submergence of 4.5 m. SPARC model is activated at the pool discharge end of the
314 pipes by input parameter.

1 Emergency core cooling system

0 The system 323 injects water to the Upper Plenum (UP node) and takes suction
from the suppression pool. The injection starts when L4 signal is obtained
(downcomer water level goes below 28.25 m (0.5 meters above TAF)) and the 323
pumps run until the watéevel in the downcomer reaches 32.25 m (= 4.5 meters
above TAF). There are four (4) pumps with each having the capacity ranging from
a maximum of 115 kg/s to zero at respective downcomer counter pressure range
from 0.1 MPa to 1.0 MPa. The initiation of3ihjection to core spray requires
also that suppression pool heat removal recirculation mode (system 322) is first
lockedoff.

1 Auxiliary feedwater system

0 System 327 injects coolant to downcomer (50%) and to upper plenum via core
spray spargers (50%). The system incorporates foymigtndriven pumps that
produce constant water flow rate of 25 kg/s per pump independently of counter
pressure up to the pressure 2.0 MPa. The signals L2 and L3 are received when the
collapsed water level in the downcomer becomes less than 2.9 m atithfe$s3
m above the top of active fuel (TAF), respectively (i.e. DC water height is less
than 30.65 m and 29.55 m). Two 327 pumps start to inject water to downcomer
when L2 signal is reached and adpump delay has elapsed. The DC injection
continues util the collapsed water height in the DC reaches 4.0 meters above
TAF. The 327 injection with two pumps through core spray spargers initiates from
L3 signal with a 16s pump delay and continues until the DC collapsed level
reaches 4.5 meters above TAF.

9 Failure of reactor lower head

o A flow path from the reactor lower plenum to the pedestal is opened when
MELCOR calculates lower head failure. The flow area is determined by
MELCOR.

1 Vacuum breaker between wetwell and drywell

o Vacuum breakers are modelled as valves between the wetwell and the drywell near
the ceiling of the wetwell. The vacuum breakers are purposed to relief wetwell
pressure in situations where roondensable gases accumulate in the wetwell thus
diminishing steam suppression in the wetwell pool. The valves open when the
pressure in 10 kPa higher in the wetwell than in the drywell. After pressure
balancing to the level 1000 Pa the valves are fully closed.

1 Drywell-wetwell leak

o A small leakage between the wetwell and drywell is modelled, the leak area is
assumed to increase with drywell pressure being at least 0.01 m2 at drywell
pressure highghan0.5 MPa.

1 Drywell blowdownpipes

0 A total of 16 drywell blowdown pipes are modelled from the drywell floor to the
suppression pool withsubmergence depth of 6.5 m. The diameter of the pipes is
about 60 cmTheSPARC pool scrubbing model is activated at wetwell discharge
at theend of theblowdown pipe The 316 pipes are purposed for the LOCA
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situations, when rapid and large steam release id@blear the water in the
pipes and steam is driven into the suppression pool for condensation.

1 Containment heat removal and spray system

o Drywell spray starts onikolation signal or by manual activation of the operator.
The 322 system is also used for wetwell pool cooling in recirculation mode. A heat
exchanger aligned in the 322 recirculation loop removes 172 kJ/K/kg from the
pool water vith flow capacity of 4%kg/s. The cuff pool temperature for
recirculation cooling is 291 K. Manual starting of spray requires that the water
level in the drywell is lower than 2.5 m. The drywell spray flow ratéikgss.

0 The 322 spray caalsobe aligned to sprinkle wetwell airspace. The flow rate is
then 3 kg/s. The initiation signal isisolation or manual start.

1 Drywell flooding.
o0 Assumed whin 30 minutes in atation blackout situation.

1 Filtered containment venting system

o Wetwell venting is possible if the water level is below 14.5 m. The vent line
elevation in the wetwell is 17.5 m. The drywell pressure needs to exceed the
defined overpressure (to ambient pressure) that depends on drywell gas
temperature in the followingay: at a drywell temperature of 293 K, the threshold
overpressure is 0.5 MPa and at 453 K the threshold is 0.4 MPa. The actual filtering
of substances containing radionuclides is modelled by simple filter factors based on
system requirements.

o The drywell venting through a rupture disk takes place if the water level in the
wetwell has been higher than 14.5 m for longer than a specified time (which
precludes possibility of venting from wetwell) and the drywell pressure is higher
than 0.2 MPa.

1 Reactor building blowoff panel
0 opening at a pressure difference of &?a to the environment.
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4. Methods and Tools for Uncertainty Analysis with MELCOR code
4.1. Methods used forsensitivity and uncertainty analysis

4.1.1. Sensitivity analysis

The sources of uncertainty in analysis of severe accident progression are numerous and it is

impractical to address all of them quantitatively. Experience in performing uncertainty studies
of severe accident phenomena (§1$,16,17,18]) suggests that the effects of uncertainties

from some sources are larger and more dominant than the effects of uncertainties from other
sources. In an integral sense, then, the aggregate uncertainty ifigmaga of merit FOMs)

can be estimated by selecting the dominant sources of uncertainty and treating them in detail.
The dominant sources of uncertainty should be identified by sensitivity analysis.

A review of global sensitivity analysis methods (EEH for more details) presents a brief
summary on a great variety of different sensitivity analysis metltagiste4-1 provides a
synthesis of SA methods presented in the paper.

Needs some a priori Main effects (1% order) I All effects (at all order) |
knowledge . . P .
Main and total effects Visualization of main effects

Complexity/Regularity Screening Variance
of the model ol
decomposition
Non ‘ )
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discontinugus | : Morris P e quasi-MC Mot Garla
Non [ Metamode! | | ;
| E 3 i FASTand |
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Monotonic ‘ ! |
with I Fract. fact. E dzsl',\ij i i
interactions ‘ Rl design g 3
Monotonic E;ﬂquet!jlial : '
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interaction ; i
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Figure4-1. SA methods graphical synthe§l2].

Based on the review, the Morris method has been selected as an appropriate tool to perform
sensitivity analysis. The Morris method is a screening method that can be applied to models
with nonrmonotonic and discontinuous behavior. Furthermore, basgiXft] the Morris

method should give reasonable results given relatively low computational effort (from
approximately2d to 10d model evaluations, wherkis the number of uncertain parameters).

4.1.1.1. Morris method for sensitivity analysis
The Morris method9] is a global sensitivity analysis method. The Morris method performs
analysis of the model outputs along different trajectories in the input spacepahaneeters

ar e v acfrfacterdtafiomeo ( OAT) and the effiect of <cha
evaluated through elementary effec® @ calculated by:

"Qc "Qc (1)

Q <
M
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where"Qo i is the model functionp i "Gh input vectorY - variation step, which is linked
to the number of levels)j as follows:
y 1 @)
¢n p
The number of levelsn and number of elementary effeits, are defined by a user. The
large values of) will require large number af to be calculated to have reasonable coverage

on input domain. Based ¢8] the recommended choice for the number of elementary effects
isi p moratleast Tt , and the number of levels should be equa) tot.

Wheni 1 elementary effects are calculated for each input parameter, two sensitivity measures
are used:

, 3)
‘ g‘:‘n Q T

where the values of , substantially different from zero, indicate significant overall
influence of Q input; and large values ¢f indicate possible interactions with other input
parameters and ndimear behaviour of the output with respect to the input.

The number of model evaluations to be performed is calculated by
O iz Q p (4)
whereQis the number of input factors ands the number of elementary effects.

The Morris method for SA is available in the Dakota pack&@p A pyDakota coupling

interface for Morris SA has been developed and implemented in pyMELCOR simulation
platform (see sectiof.1.3. It performs processing of the user input and generation of the
sampling set, as well as processing of the results and generation of sensitivity analysis results.

4.1.1.2. One-way ANOVA

Oneway ANOVA can be used to perform analysis of variance in the data set produced by
Morris method for SA. The levefsand variation stey divide the space of the model input
parameters into the subsets where each parameten tiagjae fixed value. The variance

within each subset can be analyzed whether the subsets means are equal (null hypothesis).

The Fstatistic can be used to judge the effect/importance of the parameter in question, i.e., as
F-value is defined as variation between sample means vs. variation within the samples, large
F>>1 values can indicate that the parameter has significant effelse results.

4.1.2. Uncertainty analysis

Uncertainty quantification (UQ) is the process of determining the effect of input uncertainties
on model responses. These input uncertainties may be characterized as either aleatory
uncertainties, which are irreducible variabilities inherent in naturepistemic uncertainties,
which are reducible uncertainties resulting from a lack of knowledge. Since sufficient data is
generally available for aleatory uncertainties, probabilistic methods are commonly used for
computing response distribution statistieséd on input probability distribution

specifications. Conversely, for epistemic uncertainties, data is generally sparse, making the
use of probability theory questionable and often leading tepnobabilistic methods based
one.g.,interval specificationsifempsterShafer evidence theorj0].
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The objective of evidence theory is to model the effects of epistemic uncertainties. Epistemic
uncertainty refers to the situation where one does not know enough to specify a probability
distribution on a variable. Sometimes epistemic uncertainty is eefésras subjective,

reducible, or lack of knowledge uncertainty. In DempStieafer theory of evidence, the

uncertain input variables are modelled as sets of intervals. The user assigns a basic probability
assignment (BPA) to each interval, indicating Hixsly it is that the uncertain input falls

within the interval. The intervals may be overlapping, contiguous, or have gaps. The intervals
and their associated BPAs are then propagated through the simulation to obtain cumulative
distribution functions obelief and plausibility. Belief is the lower bound on a probability
estimate that is consistent with the evidence, and plausibility is the upper bound on a
probability estimate that is consistent with the evidghOg 4].

Alternatively, ROAAM+ methods can be employed, which make use of the second order
probabilities[13]. The ROAAM+ framework for Nordic BWR employs the concept of
secondorder probability in quantification of the conditional containment failure probability.
The need for the secormider probabilities comes from the realization of the nature of
epistemic unertainties in prediction of failure probabilityg., partial probabilistic
knowledge). Epistemic uncertain parameters in ROAAM+ framevgs&parated into two
groups, depending on the degree of knowledge:

1 Model deterministic parameteirssomplete probabilistic knowledged., range and
probability distribution).

1 Model intangible parametefsincomplete or no probabilistic knowledge, one can only
speculate regarding the possible range.

Based on ROAAM+ formulation, since probabilities are designed to handle uncertainty, it
would be logical to consider representing uncertain probabilities with probabilities. Thus, in
order to assess the importance of the missing information about thieudiists of intangible
parameters the distributions itself are considered as uncertajpdrameters that

characterize distributions, as in hierarchical Bayesian models).

4.1.2.1. Sampling-based uncertainty propagation

An analysis outcome of a model will have an uncertainty structure that derives from the
uncertainty structure of the model input parameters. For uncertainty propagation through a
model, it is important that the sampling set of model input parameters gsandadequate
coverage of the space of these parameters. Adequate coverage of the uncertainty space of
model input parameters depends on various factors, such as the number of samples, selected
probability distributions as well as the choice of samplipgyreach.

4.1.2.2. Number of samples

Wilks' nonparametric method for setting tolerance limits is one of the common choices to
determine tolerance limits with some confidence level for input parameters with unknown
distributions in computational applications in the nuclear indu$tly.e advant age of
method is the required sample size is independent of the number of input parameters and all
input parameters can be sampled simultaneously.

Table4-1 provides the minimum sample size N required to obtain various
tolerance/confidence upper bounds (one sided) and intervalsi@ea) for ranks from 1 to
10. It shows that larger sample sizes N are required to increase the tolerance and the
confidence. Iraddition, higher rank order statistics require an increase in the number of
sampleg19].
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Table4-1. Minimum sample size required for tolerance/confidence Wilks tolerance limits and bounds. Results
are shown for four common tolerance/confidence combinations for ranks from 11®]10

95%/95% 95%/99% 99%/95% 99%/99%

' Bound Interval | Bound Interval | Bound Interval Bound Interval
1 |59 93 90 130 299 473 459 662
2 |93 153 130 198 473 773 662 1001
3 | 124 208 165 259 628 1049 838 1307
4 | 153 260 198 316 773 1312 1001 1596
5 |181 311 229 371 913 1568 1157 1874
6 | 208 361 259 425 1049 1818 1307 2144
7 | 234 410 288 478 1182 2064 1453 2409
8 |260 458 316 529 1312 2306 1596 2669
9 | 286 506 344 580 1441 2546 1736 2925
10 | 311 554 371 631 1568 2784 1874 3179

Higher rank Wilks' estimates correspond to using more centrally located order statistics to
estimate the desired tolerance limit. These estimates require larger sample sizes but estimate
the same tolerance with approximately equal confidEtle

4.1.2.3. Random and LHS Sampling

Random sampling is a part of the sampling technique in which each sample has an equal
probability of being chosen.

A sample chosen randomly is meant to be an unbiased representation of the total population.
Latin hypercube sampling (LHS) is a statistical method for generating -aareim sample

of parameter values from a multidimensional distribution. When sampfungction ofN

variables, the range of each variable is divided Mtequally probable interval® sample

points are then placed to satisfy the Latin hypercube requirements; this forces the number of
divisions,M, to be equal for each variable. This séingpscheme does not require more

samples for more dimensions (variables); this independence is one of the main advantages of
this sampling scheme. Another advantage is that random samples can be taken one at a time,
remembering which samples were takefieso

Bothrandom and LHS sampling techniques are available in the Dajaxtkagg10]. A

pyDakota interface for random and LHS sampling in Dakota hasdexatoped. It performs

user input processing (parameters, ranges and distributions) and generation of the sampling
set. Currently, the interface supports truncated normal, truncated lognormal, uniform,
loguniform, triangular, exponential, beta, gamma areddl distributions, as well as

discrete real and integer sets with predefined probabilities. Furthermore, the sampling
accounts for correlations among the variables, which can be defined bysapgked

correlation matrix.

1 Dakota isan open-source Multilevel Parallel ObjectOriented Framework for Design Optimization,
Parameter Estimation, UncertaintyQuantification, and Sensitivity Analysigleveloped by SNL.
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4.1.2.4. Importance sampling

Importance sampling is a method that allows one to estimate statistical quantities such as
failure probabilities in a way that is more efficient than Monte Carlo sampling. The core idea
in importance sampling is that one generates samples that are pgralfgrplaced in

important regions of the space (e.g. in or near the failure region edefseed region of

interest), then appropriately weights the samples to obtain an unbiased estimate of the failure
probability[10].

Importance sampling technique can be applied when performingpstssing of the
uncertainty analysis results, to assess the effect of missing information regarding probability
distributions of intangible parameters (see sectidr?).

4.1.3. MELCOR simulation platform

A simulation platform (pyMELCOR) has been developed in Python to perform sensitivity and
uncertainty analysis with MELCOR code.

Based on the user input, the pyDakota interface generates an input file for
sensitivity/uncertainty analysis using Dak§it8]. The simulation driver (pyMELCOR)
generates a set of MELCOR input decks and performs parallel execution of the MELCOR
code. In case of code convergence issues and crashes, pyMELCOR performs adaptive
refinement of the maximum time step and restarting $& od crashed simulations. The plot
data (FOMs and other MELCOR code plot variables defined by the user) is extracted using
the pyPTF extraction script, written in Python based on the MELCOR plot file format
described if11]. The extracted data is stored in the MELCOR database of solutions, while
FOMs are analyzed in the Dakota packHd#.

Dakota analysis results

| |
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Input 1 |
: Dakota : AN
List of uncertain | ¥ | ~
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Figure4-2. pyMELCOR simulation platform.



4.2. Methods used for sensitivity and uncertainty analysis by VTT

VTTO6s method of choice for both the sensitiwv
plug-in, which was used to sample the model parameters and tpnpasiss majority of the
results.

SNAP (Symbolic Nuclear Analysis Package) is an analysis tool developed by ISL

(Information Systems Laboratories), and it consists of multiple integrated analysis code
applications such as MELCOR, CONTAIN, and TRACE. It enables the creation and editing

of model inputs, as well as setting up job streams and running the models and the other codes.
SNAP also provides a robust visualization of the mogBatk

Dakota (Design Analysis Kit for Optimization and Terascale Applications) toolkit has been
developed by Sandia National Laboratories (SNL) for optimization and uncertainty
quantification[38]. The SNAP plugn for Dakota enables the addition of the uncertainty step
in the job stream in SNAP. The main tasks of the uncertainty step are parameter sampling
according to the usenput data (sampling method, target probability and confidence levels,
bounds of the parameter values, probability distributions) of which Dakota calculates the
adequate number of samples using the Wilks method mentioned in chape? and post
processing of the resulitsto a report form.

Using Dakota with SNAP is not necessarily straightforward. OnekmeNvn issue with the

plug-in is that if even one of the generated MELCOR input files thiting the MELGEN

step, no Dakota uncertainty report is generated at the end of the simulation run. Crashes
during the MELCOR step might not prevent Dakota from generating the rbpbthey may
produce incomplete results, whielill affect the final results of the sensitivity and

uncertainty studiesvoreover, even though the SNAP plugfor Dakot uses the actual

Dakota code, the features within SNAP are rather limited. For example, there seems not to be
an intuitive way to use other sensitivity analysis methods sutttedorris method.

To combat these issues, Python directed job streams were set up in SNAP. With Python, it is
possible to extend the definition of the failed cases to cover the crashed cases as well and to
utilize SNAPO6s fArepl acement sphanmant rerandingfole at ur e
the failed cases. To use other sensitivity methods, it should be possible to run Dakota with

Python. However, that was unsuccessful, so SALib Python library was used instead to

perform the Morris sensitivity analysis.

For SNAPs default sensitivity analysis methDdkota calculates multiple correlation
coefficients that can be used in assessing the sensitivity of the model against the input
parameters. The first one is called simple correlation coefficient in Dakota, but it is also
known as Pearson correlation cegént. It measures the linear correlation between two
datasets, in this case between the parameter and the FOM. Pearson correlation between
variables x and y can be calculated WaA].

. B w dw w
0 € idw al (5)

Bd fBw o

The second coefficient is called partial correlation coefficient. In addition to the linear
correlation between two variables, it also considers the effect of the other parameters. Both
coefficients also have a rank form. The rank form of Pearson cooretaiefficient is called

simple rank correlation coefficient in Dakota and Spearman correlation coefficient elsewhere.
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The difference between the original correlation and rank correlation is that instead of actual
values, rank correlation coefficients are calculated from the ranks of the datasets. This way,
the effect of possible outliers in datasets can be minimized.
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5. Results
5.1. Analysis of ontainment bypassscenarios in Nordic BWR

5.1.1. Release pathways in case of containment bypass scenarios in Nordic BWR

Boiling Water Reactors are singtgcle systems where the water in the primary system is
converted into steam in the reactor vessel. The steam from the reactor pressure vessel travels
through the main steam lines to the turbine building, where it spins the turbiaehieve

better efficiency,he turbine is subdivided into a higinessure turbine and lepressure

turbine bothsitting on the same shaft connected to the genefiterhighpressure turbine

steam exhaust is typically passed through a setoidture separators and steam reheaters

before itentersthe lowpressure turbine. The steam from kine-pressurdurbine is then

directed to the condenser, condensed, and finally reused by the main feedwater system,
forming a closed loop.

Furthermore, during normal operation, part of the steam produced by the reactor is used by
other systems, such as the turbine gland sealing system, to prevent leakagepassigie
steam along the turbine shaft or the ingress ofcmmensable gasesthe lowpressure

turbine exhaust due to the vacuum in the condenser.

Reactor building

Primary containment Environment
RPV MsIvV | MSIvV Turbine building /‘
~r
PR T I e
7
ADS v
Fuel SRV Xl
Wetwell
ADSSRYV discharge

Figure5-1. Release pathways in case of failed isolation of ras@am lines

The main steam lines are equipped within steam isolation valves (MSIVs), with one

MSIV located just inside the containment and one MSIV just outside the containment. In case
of an accident, the MSIVs should close and isolate the containment from the environment.
Outside the containmerthe main steam lines are equipped with turlsitopvalves(SVs)

and turbine bypass valvéBVs). Furthermoreaccording44], some reactors designs are
equipped with a drainage lingth drainage isolation valves (IVsjonnected to the main

steam linesMSIVs close automaticalln response tocontainment isolation, isolation of

main feedwater lines or isolation of main stelames signals.

In case of an initiating event that results in a turbine trip, the reactor power will be decreased
(partial SCRAM), the turbine will be isolated by the turbine stop valves (SVs), and the steam
will be diverted to the main condenser by opening the turbypads valves (BVs). Loss of
condenser vacuum (due to loss of cooling water) will trigger a turbine trip, reactor shutdown
(SCRAM), and isolation of the main condenser by closing the BVs and MSIVs. The steam
will then be diverted to the condensation poal trie safety relief valves (SRVSs). Failure to
isolate the condenser may result in high pressure in the condenser, leading to the opening of
the rupture disks and steam release to the turbine building.
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In the case of a severe accident, unisolated main steam lines can lead to a large early release
to the environment. According to analyses performgd0m 3], containment bypass

sequences, including accident sequences with open MSIVs, are one of the largest contributors
to the unacceptable reled$equency in Nordic BWRs.

Release path to the environment

Possible release paths to the environment in case of leakage from the MSIVs are discussed
in [44] and depicted ifrigure5-1.

Some modifications ifrigure5-1 include rupture disks in the condenser, which can be
relevant in case of failed isolation of the main steam lines, and failed isolation of the BV
valves These failuresan lead tahepressurein the condensebove the opening pressure of
therupture disksn the condenser/LP turbine exha(et~0.30.5 Bar overpressure).

The analysis performed [A4] suggestsvith all valves in the main steam lines and in the

steam systenm closed positionall leakages through the MSIVs would be along the main

steam lines, through the turbine SVs and control valves, through theregsgure turbine,

into the turbine steam seals (which are no longer sealed because of the lost steam) and into the
turbine bulding (the turbine stop and control valves are not as tight sealing as the MSIVs, so
any leakage past the MSIVs would be expected to leak past the turbine stop valves and

control valves]44].

An alternative path could be through the turbine bypass valves (BVS), if the valves fail to
close or leaking, to the condenser. Without AC power, the vacuum in the condenser will be
lost and pressure will increase to normal atmospheric prefgisijré.eakage from the

condenser would be through the LP turbine s} or, alternatively, through the rupture

disks if the leakage rate from the MSIVs, BVs exceed the leakage rate through the LP turbine
seals, which may lead to condenser pressure increase and opening of the condenser rupture
disks.

In all cases, the fission products will be released to the turbine building. BWR turbine
buildings have a large volume and are completely enclosed, which promotes deposition of
fission products.

5.1.2. MELCOR modelling

Due to limited information available regarding the design and operation procedures for
Nordic BWRs, the analysis conducted within the scope of this project will be limited to a
sensitivity analysisusing the information available for other BWR reactors designga®.g.
presented if45] for Browns Ferry NPP Units 1,2,3 (GE BWRMark | reactor design).

The existing version of the MELCOR model of Nordic BWR wasdated to include
additional volumes and heat structures representing thephégisure turbindurbine casing
and turbine building, as illustrated kiigure5-2.

2 Releases over 0.1 % of the inventory of the cesium isotopes-€34 and Cs137 in a core of 1800 MWh,
excluding noble gases, which corresponds to a release of 160 TBq ofi3d and of 103 TBq of G437 [48].
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Figure5-2. Modelling of the highpressure turbine and the turbine building in the MELCOR model of Nordic
BWR.

Some of the modelling parameters were assumed due to the lack of available information, as
discussed in the text below.

Modelling of the sal leakage flow pat{HP turbine to Turbine building)

Z Turbine otor diametei 0.5 m (assumed)

Z Radial clearance between the rotor and caisibgnm (assumed)

Z Number of fins in the se&l10,50, 100 and 15@assumegtreated as uncertain
parameters, see sectibri.3.

Z Flow geometry and form loss coefficients were adjusted based on the calculations
performed in6.1.2.] using the process variables from MELCOR code simulations of
the Nordic BWR at steady state conditions.

Modelling of the highpressure turbine and turbine building:

Z HP turbinefreevolume, Turbine buildindgreevolumei Browns Ferry BWR data was
used[45].

Z Geometries of the heat structures representing the HP turbine casing and turbine
building were assumg@ssumed)

Z No credit taken for the HP turbine internal parts (turbine blades) and other equipment
in the turbine building

Z Release from turbine building (0.126 inassumed)

Z No credit taken for theurbine buildingventilationand filteringsystem

5.1.2.1. Steam ®alsleakage

Estimation of leakage rates through steam seals is very important for poedictionof the
reactor coolansystem response, fission products transport along the release pathways from
the reactor coolant system to the environniemihe MELCOR code

Various approaches exist for estimating leakage rates through steam seals. For more precise
results, particularly for complex seal designs, detailed empirical data or computational fluid
dynamics (CFD) simulations may be necessary to obtain accuratetestimawever, these
approaches require-thepth knowledge of the system design and operational data.

Alternatively, several analytical models for estimating leakage rates through labyrinth seals
are availablg46,47]. Since most of these approaches require relatively detailed data
regarding labyrinth seal design, the Martin's model was selected for this project:
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Figure5-3. Mass flow rate through the labyrinth seal as a function bilNmber of fins in the seal.

Mass flow rate though the labyrinth seala function ohumber of fins asteady state
conditions (as predicted by MELCOR)the steam lines and turbine inlet was calculated
using the Martin’s modeThis calculation was performed for two turbine rdtaurbine
casing clearance values, as illustrateBigure5-3.

The form loss coefficients in the turbine sé#akage flow path in the updated MELCOR
model of Nordic BWR were adjusted to match the mass flow rate calculated by the Martin’s
model atl0, 50, 10 and 150 fipand 0.5mm and 1mmlearance.

5.1.3. Accident scenarios

The source term analysis was performed using the MELCOR coftaufagiccident scenarios,
summarized imMable5-1.

All considered scenarios originally belong to the RC3 release cate@Gamntainment bypass
due to unisolated RPailure to close main steam or main feedwater isolation val28%)

It the default scenarib Case DEF, the accident is initiated by a guillotine break in the steam
lines outside the containment with failed isolation of the MSNés credittaken for the
components and structures outside the containmiigtype ofscenario leads talarge

early release to the environmeand typically assumed as a representative source term in the
L2 PSA for Nordic BWR for all accident sequences with failed isolation of MSIVs, regardless
the type of initiating event.

Case 1,2 and J &ble5-1) employrefined MELCOR modelling discussed in sectofh.2
Theaccidenis initiated by a transient, with all active safety systems being unavailable
(SBO). Furthermore, it is assumed that the turbine BV and IV valves are closed, while the
turbine SV valves remain opehhe valves in the steam reheating system are closed, meaning
that there is no steam flow passed the {pggssure turbinélhe reactor coolant system
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depressurizatioandflooding of the lower drywell are initiated according to the standard
logic (see sectioBl). Containment pressure relief through MVSS is initiated

Z Case I automatically when the pressure in the containment exéeddBar(a);

Z Case 2 manually by operators when the pressure in the containment exBdghr(a);
Z Case 3 manually by operators when pressure in the containment exceed 2.5 8adl(a)

theindependent spray system is activated after the failure of the RPV lower head

The radidclearance between the rotor and casihthe highpressure turbine was assumed to

be equat = 1 mm.

Reactor building

Primary containment

REV MSIV | MSIV Turbine building
_ B S
£ £ L
ADS
Fuel
srv (N

Wetwell
ADSSRYV discharge

Figure5-4. Containment bypass release path considered in the an@hysasl)

Table5-1. Accident scenarios considered in Hrealysis of the containment bypass scenarios.

Description N fins in the seal | Case ID

Case DEFUnmitigated SELOCA outside the N/A DEF

containment with failed isolation of MSLs

(representative scenario for all containment bypass

release categories in the PSAfo2 Nordic BWR).

Case 1Unmitigated (automatic opening of the MVSS| 10 Cic1

scrubber) 50 c1C2
100 Ci1C3
150 Ccic4

Case 2Mitigated 1 (manual opening of the MVSS filt§ 10 c2C1

at 2.5 Bar overpressure) 50 C2C2
100 c2C3
150 Cc2C4

Case 3Mitigated 2 (manual opening of the MVSS filt§ 10 C3C1

at 2.5 Bar overpressure and spray in the containmen

with the independent spray system) 50 C3C2
100 C3C3
150 C3Cc4
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5.1.4. Results

The results of the analysssesummarized irmTable5-2 andFiguress-5 - 5-8.

Figure5-5 andFigure5-6 show the fraction othecore inventory of Cs released to the
environment in the accident scenarios considered in the an@gbie5-1). The default

scenario (DEF) leads to a large early release (over 10% of the core inventory of Cs) with over
80% of the core inventory of Cs released to the environment

Table5-2. Analysis of containment bypass scenaiiosesults summary.

Case ID Cs release Cs release Cs release Csrelease | Cs
over after 6 h after 12 after 24 release
acceptable hours [-] hours [-] hours [-] after 72
release hours [-]
threshold [h]
Case DEF 0.15 8.15E01 8.17E01 8.18E01 8.19E01
DEF
Casel | Ci1C1 1.42 3.32E03 4.71E03 5.13E03 5.29E03
cil1c2 2.75 1.26E03 3.03E03 3.58E03 3.84E03
C1C3 5.96 4.71E04 1.52E03 1.92E03 2.20E03
CilC4 28.81 6.97E05 1.96E04 3.63E04 5.91E04
Case2 | C2C1 1.44 2.11E03 3.92E03 5.22E03 5.43E03
c2C2 2.46 7.56E04 2.22E03 2.87E03 3.30E03
C2C3 5.64 5.72E04 1.73E03 2.22E03 2.54E03
C2C4 21.00 7.57E05 4.06E04 5.08E04 7.47E04
Case 3 | C3C1 1.44 2.59E03 5.84E03 7.18E03 7.56E03
C3cC2 2.46 5.90E04 2.57E03 4.20E03 4.96E03
C3C3 11.78 9.69E05 4.84E04 1.39E03 1.69E03
C3C4 16.72 4 .43E05 4.13E04 6.99E04 9.77E04

The total release of Cs to the environment in C&sislbelow thdarge early release
threshold, however above the acceptable ref¢aseshold.

Overall, the results for Cas&lshow that the magnitude of @dease to the environment
depends on the mass flow rate through the steam seals (depends on the number of fins), which
can change the releaseeddy over one order of magnitude.
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Figure5-5. Fraction ofthecore inventory of Cs released to the environment.
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Figure5-8. Fraction ofthecore inventory of Cs deposited in the turbine building (deposited on HSs, pool and
airborne).

The deposition ofission products inside the turbine building is significantly affected by
extensive steam condensation during the early phases of severe accident progression. In all
accident scenarios considered in the analysis, a substantial amount of steam is rel@ased f
the reactor coolant system through the turbine seals into the turbine building during the early
stages of accident progression. When the core is completely uncovered and starts to heat up,
degrade, and release volatile fission products, such as €#énteactor coolant system and

via the main steam lines, higitessure turbine, and turbine seals into the turbine building, the
steam flow from the core is significantly lower than during the earlier phases. This results in
subatmospheric conditions ie turbine building, causing air ingress from the environment,
which essentially limits the release of volatile fission products from the turbine building into
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the environment, and provide additional time to deposit the fission products inside the turbine
building.

Another important observation from the analysis is that iffierences between accident
scenarios considered in Cas8 are noassignificant compared to the uncertainty in the flow
rate from the higipressure turbine to the turbine buildifmpmber of fins in the steam seals
and flow path geometry).

5.1.5. Discussion and Conclusions

The analysis shothatthe SSC located outside the containment can significantly reduce
conservatisnin the source terms in the case @oatainment bypaqfC3 release category

[23]). The results indicate that further reducing the uncertainty in the release path geometry,
the effect of components and structures (such as turbine internals and turbine building
internals), and systems (such as the turbine building ventilation system)adadgpdeen

greater reduction of the conservativism in the analysis.

Finally, the analysis was performed using the best estimate/recommended values of the
MELCOR code's uncertain parameters, which can affect accident progression and the
environmental source term. Therefore, it is recommended that future analyses be
complemated by sensitivity analysis and uncertainty quantification.
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5.2. Analysis of the effect of mitigative actions in filtered containment venting scenarios
in Nordic BWR

The uncertainty analysis performed within #eeEond phase of tidKS-STATUS project

[49] showed that the magnitude of the source term released to the environment in unmitigated
filtered containment venting scenarios initiated by allBBCA may lead to exceedance of the
acceptable releadthreshold for some MELCOR modelling parameters combinations, such as
the mode of debris ejection from the vessel (IDEJ) and decontamination factor for radioactive
vapors (MVSSDFV), for further details refer[&8,49,50].

This, however, contradicts the grouping of accident scenarios into release categories (RC) in
the L2PSA for Nordic BWR, where these accident sequences belong to theakGaptable
release categof23].

This issue can be addressed either by revising the PSA modeling of the MVSS in the PSA L2
or by considering additional mitigative safety functions in the analysis.

One of the mitigative safety functions that can limit fission products release to the
environment in these scenarios is the independent containment spray system, which is
typically activated after RPV failure, to scrub the containment atmosphere, redasarprin

the containment, and flood the containment to ensure debris coolability. The purpose of this
paper is to evaluate the effect of the independent spray system on the containment pressure
response and the source term released to the environmenidard scenarios initiated by a
LB-LOCA that leads to filtered containment venting to the environment.

5.2.1. Uncertain modelling parameters

Table5-3 summarize MELCOR code uncertain modelling parameters considered in
uncertainty analysis of filtered containment venting scenarios.

Sis
Accident scenario

Table5-3. MELCOR code modelling parameters considered in uncertainty anal
Parameter ID | Parameter description and proposed distribution

Particle sticking probability. Scaled beta (2.5, 1.0), scalg

STICK [-] on [0.5, 1.0[31] "
Radiative exchange factors. Truncated normal (0.1, 0.0]
FCELRA [] truncated on [0.020, 0.3(}7] i
Initial bubble diameter correlation coefficient in SPARC | LOCA-IDEJO

SC71521 [m]

model. Triangular M 7 .E-3, range [5.E3, 8.E3] [EJ]3

LOCA-IDEJO-SPR

Multiplication factor for time constant for radial solid and

LOCA-IDEJO

(K]

[30]

SC1020{] molten debris relocation. Scaled beta (1.33, 1.67) scale
range [1.0, 4.0[29] LOCA-IDEJO-SPR
CORNSBLD | NS failure temperature threshold. Uniform [15PT00]

All

VFALL [m/s]

Velocity of falling debris. Scaled beta (0.85, 1.14), scale
on range [0.01, 1.QR9]

All

TZRSSINC
[K]

Solidus temperatures for ZR/SS and ZR/INC eutectic p&

Scaled beta (2.0, 1.0), scaled on range [1210, 1700] [EJ

All

3 EJz expert judgement.
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Parameter ID

Parameter description and proposed distribution

Accident scenario

Scaling factor for SPAR®0 model vent exit condensatio

SC7150104 | decontamination factor. Triangular M = 2, range [1.0, 3.( All
[EJ]
CHI[] Aerosol dynamic shape factor. Scaled beta (1.0, 1.5) sc Al
on [1.0, 5.0]31]
MVSS decontamination factor for radioactive vapors.
MVSSDFYV [-] | Lognormal (4.6, 0.916) truncated on [10,1000], Q.99 All
correlation with MVSSDFA [EJ]
Multiplicative constant in a temperature correction
SC71568]] correlation in the SPAR®O model. Triangular M = All
0.00232, {2.6691e03,-1.9728e03] [EJ]
Penetration failure temperature. Scaled beta (2.0, 2.0)
TPFAIL [K] scaled on [1273, 1600] [EJ] Al
HFRZZR Refreezing heat transfer coefficient for Zr. Lognormal All
[W/m2K] (8.9227, 0.55962) truncate on [2000, 2207]
SC7170CSM | Saturation solubility at high and low temperature refererj LOCA-IDEJO
[ka/kgH20] for CsM. Triangular M = 0.67, range [0.5695, 0.7705] [E| | OCA-IDEJO-SPR
SPARG90 model multiplication constants in the DF fact
SC71555] correlations for and large Stokes numbers. Triangular M All
1.13893, range [0.9681, 1.3098] [EJ]
RHONOM Aerosol density. Triangular M = 2000, range [870,4500]
All
[kg/m3] [26]
SC7111CS2 Characteristic energy of interaction between the molecu | oca-IDEJO
K] divided by the Boltzmann constant for Csl/CsM. Triangu
M = 97, range [82.450,111.550] [EJ] LOCA-IDEJO-SPR
SC7170CS | saturation solubility at low/high temperature reference fi LOCA-IDEJ1
[kg/kgH20] Cs. Triangular M = 3.95, range [3.3575, 4.5425] [EJ] LOCA-IDEJ1-SPR
SC7111CS1 | Characteristic diameter of the molecule for Cs. Triangul{ LOCA-IDEJ1
[A] M = 3.617, range [3.0745,4.1595] [EJ] LOCA-IDEJ1-SPR
TURBDS Turbulence dissipation rate. Uniform [78E1.25E3] LOCA-IDEJ1
m2/s3] [28][EJ] LOCA-IDEJ1-SPR
LOCA-IDEJ1

SC711111 [A]

Characteristic diameter of the molecule for I. Triangular
=4.982, range [4.2347, 5.7293] [EJ]

LOCA-IDEJI-SPR

Aerosol agglomeration shape factor. Scaled beta (1.0,1

GAMMAL-1 | scaled on range [1.0, 5.[81] Al
MVSS decontamination factor for radioactive aerosols.
MVSSDFA [-] | Truncated normal (500, 250) truncated on [100,1000], 0 All
T correlation with MVSSDFV [EJb4]
Particulate debris porosity. Truncated normal (0.38, 0.1
PDPor {] truncated on [0.25, 0.5(27][EJ] Al
HFRZSS Refreezing heat transfer coefficient for SS. Lognormal All
[W/m2K] (7.824, 0.40547), truncated on [1000, 507
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Parameter ID | Parameter description and proposed distribution Accident scenario

Initial spray droplet diameter. Triangular M = 13range | LOCA-IDEJO-SPR
[1.E-4, 2.E3]. LOCA-IDEJ1-SPR

Furthermore, the MELCOR code has two options for core debris ejection from the vessel,
determined by a solid debris ejection switch (IDEJ). In the default option (ON, IDEJ = 0), the
masses of each material available for ejection are the total debris &ad pawl material

masses, regardless of whether or how much they are ni@|ig¢nin the second option (OFF,

IDEJ = 1), the masses of steel, Zircaloy, and UO2 available for ejection are simply the masses
of these materials that are molten; the masses of steel oxide and control poison materials
available for ejection are the massegath of these materials multiplied by the steel melt
fraction, based on an assumption of proportional mixing; the mass gb¥&aable for

ejection is the Zr@omass multiplied by the Zircaloy melt fraction. Additionally, the mass of
solid UG, available for ejection is the Zircaloy melt fraction times the mass oefthid could

be relocated with the Zircaloy as calculated in the candling model using the secondary
material transport modéb,7]. Furthermore, the MELCOR code puts additional constraints on
the mass that can be ejected at vessel failure: (i) to initiate melt ejection, the mass of molten
materials should be greater than SC1610(2) (5000deafault value), or a melt fraction

shouldbe larger than SC1610(1) (0.Mefault value). Here, the values of sensitivity

coefficients SC1610(1,2) were set to zero, so any amount of melt available for ejection would
be ejected. In the event of a gross failure of the vessel lower head (e.gcceaptapture),

it is assumed that all debris in the bottom axial level of the corresponding ring, regardless its
state, is discharged linearly over-adcond time step without taking into account the failure
opening diametd6,7].

DIAMO [m]

The results of the sensitivity and uncertainty analyses perfornj2d,2b,49,50] showed that

the mode of debris ejection from the vessel (IDEJ) has a dominant effect on the code
predictions of the debris ejection from the vessel and magnitude of the Cs and 12 source terms
released to the environment in case of an accident initiatad_BCA. As it is not feasible to

treat this parameter probabilistically due to a lack of knowledge, it will be considered as a
phenomenological splinterConsequently, the uncertainty analyses will be conducted for the
accident scenarios considered in the analysis and two IDEJ parameter combinations, resulting
in 2 sets of calculationger single accident scenario.

5.2.2. Accident scenaris

Two accident scenarios were considdrethe analysis

i. an accident initiated by a Loss of Coolant Accident (LOCA) that leads to filtered
containment venting, with all active safety systems unavailable, such as Emergency
CoreCooling Systems (High and Low pressure ECCS) or containment sprays;

il.  an accident initiated by a Loss of Coolant Accident (LOCA) that leads to filtered
containment venting, with all active safety systems unavailable, such as Emergency
Core Cooling Systems (High and Low pressure ECCS), however with activation of the
independat containment spray system.

“In ROAAM formulation a splinter scenario is a phenomenological scenario where relevant epistemic
uncertainties arbeyond the reach of any reasonably verifiable quantification
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The independent spray system is activated one hour after the initiating event and before RPV
lower head failure to limit pressure and temperature in the containment. It is deactivated when
the water level in the drywell reaches a predetermined setpoegwiud excessive reduction

of the gas space in the containment that can lead to containment overpressure due to FCI
phenomena at RPV lower head failure. After RPV lower failure and melt/debris ejection into
the cavity, the system is activated again uhgl water level in the containment reaches the

level where the RPV lower head hemisphere is covered by water. In both accident scenarios,
the lower drywell is flooded with water from the condensation pool, to prevent failure of

cable penetrations and ens@xvessel debris coolability. Containment filtered venting via
MVSS is initiated automatically when the pressure in the drywell exceeds 0.55 MPa
(absolute)23].

To conduct uncertainty analysis, a set of MELCOR code modelling parameters, along with
their respective ranges, which can influence severe accident progression and the source term
released to the environment was identified. This identification was baseliterature

review conducted if23]. Subsequently, a screening analysis was performed to eliminate
MELCOR code modeling parameters with a negligible effect on the predictions of severe
accident progression and source terms. Additional details on parameter selection and the
screening analysican be found if23].

Typically, the sources of uncertainty in a Level 2 PSA are numerous and it is impractical to
address all of them quantitatively. Experience in performing uncertainty studies for limited
aspects of severe accident phenomena suggests that the effectstafniresefrom some

sources are larger and more dominant than the effects of uncertainties from other sources. In
an integral sense, then, the aggregate uncertainty in R&&A results can be estimated by
selecting the dominant sources of uncertainty tagating them in detail. To identify the

dominant sources of uncertainty, the Morris method for sensitivity analysis was employed.
The detailed results of the sensitivity analysis are presented and discygg€idTihe most
influential parameters identified by the Morris method are summariZeahile5-3 and will

be utilized in the uncertainty analysis presented in this paper. Furthermore, it should be noted
that the sensitivity analysis was performed for unmitigated scenarios, without consideration of
the independent spray system. The uncertainty asalfshe LOCASPR scenario will be

based on the same set of the MELCOR modelling parameters as for the LOCA scenario,
however including the spray water droplet diameter (DIAMO) as showabte5-3.

For every accident scenario, the MELCOR code simulations are performed for two options of
the mode of debris ejection from the vedsHDEJO and IDEJ1. In total 4 sets of calculations
are considered in the analysis:

Z LOCA-IDEJO7T Accident initiated by a LOCA that leads to filtered containment
venting via MVSS with IDEJO.

Z LOCA-IDEJ1i Accident initiated by a LOCA that leads to filtered containment
venting via MVSS with IDEJ1.

Z LOCA-IDEJO-SPRI Accident initiated by a LOCA that leads to filtered containment
venting via MVSS with IDEJO, and activation of the independent spray system.

Z LOCA-IDEJI-SPRi Accident initiated by a LOCA that leads to filtered containment
venting via MVSS with IDEJ1, and activation of the independent spray system.

For the uncertainty analysis, a sample size of 100 MELCOR code calculations was chosen for
each accident scenario and IDEJ parameter combin@ati¢otal - 400 MELCOR codeuns.

This sample size is expected to yield adequate results based on the 95% tolerance/confidence
levels for upper boundand lower bound@wo sided), as discussed in sect.2
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5.2.3. Results

The results of MELCOR code simulations atgenmarized imable5-4 andFigure5-9, which
illustrate the time of automatic activation of the MVSS (via rupture disk, when pressure in the
containment > 5.5 Bar), and the time delay between vessel lower head failure and MVSS
activation; and irfFigure5-10, which illustrates the fraction of the core inventory ef C

released to the environment after 4, 8, 12, 24, 48 and 72 hours after initiating event.

Table5-4. Summary of uncertainty analysis results (mean/median values and [range])

ScenaridEOM MVSS Vessel lower Cs release | release
Time (h) head failure (h) | fraction® (-) fraction® (-)
LOCA-IDEJ1 6.55/6.39 2.39/1.92 1.83E3/1.26E3 2.49E3/1.61E3
[1.75, 18.39] | [1.18, 7.20] [2.27E4, 1.65E2] [2.8E-4, 2.16E2]
LOCA-IDEJO 3.79/3.70 2.45/1.98 2.56E4/1.67E4 2.67E4/1.51E4
[1.78, 8.02] [1.08, 7.64] [5.03E5, 1.82E3] [4.78E5, 2.49E3]
7.52/6.58 2.01/1.90 4.07E5/3.69E5 4.39E5/3.92E5
LOCA-IDEJI-SPR [4.10, 18.22] | [1.06, 3.92] [1.49E5, 1.11E4] [1.86E5, 1.06E5]
13.58/17.05 | 2.11/2.02 2.93E5/2.55E5 3.34E5/2.99E5
LOCA-IDEJOSPR [1.57, 20.83] | [1.40, 6.10] [1.22E5, 8.78E5] [1.60E5, 9.04E5]
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Figure5-9. (a) MVSS activation time [h] after IE; (H)ime delay between MVSS activation and vessel lower
head failure [h].

The results indicate that the effect of the containment spray system has a relatively low impact
on the timing of MVSS activation in LOGMEJ1 (LOCAIDEJ-SPR) scenarios. This can be
explained by the effect of the mode of debris ejection from the veBd&l)bn debris

ejection rate and activation conditions of the independent spray system. Typically, when the
modelling option IDEJ=1 is used, debris ejection from the vessel is protracted in time and
typically starts with dripping mode directly after thduee of vessel lower head penetrations,
followed by massive debris ejection from the vessel due to global failure of the vessel lower
head wall due to creepipture, which typically occurs after <115 h after initial failure of the

lower head penetratigifil7,18]. The activation of the independent spray system is triggered

5 Fraction of the initial core inventory released to the environment.
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manually by operators, when there are clear indicators that the corium and debris are ex
vessel, to maintain an adequate gas space in the containment and avoid containment over
pressurization due to FCI phenomena in the wiited drywell after RPV failue. Both these
factors contribute to the late activation of the spray system, and, thus, relatively low impact of
this system on the pressure response of the containment during the first hours after the vessel
lower head failure and timing of activationtbe MVSS in LOCAIDEJ1(SPR) scenarios.

On the contrary, when the IDEJ=0 option is used, debris ejection from the vessel occurs
gradually over time directly after the initial failure of the vessel lower head penetrations. This
triggers the activation of the independent spray system relativéyyieshe sequence.
Consequently, it can reduce pressure in the containment by condensation of steam and delay
the activation of the MVSS by ~12 hours when compared to the MBE30 scenario (vs.
MVSS-IDEJO-SPR).

The fraction of the core inventory of Cs released to the environment d&ft& 12h, 24h,

46 h and 72h after the initiating event, illustrated kigure5-10a-f, show that in the case of
LOCA-IDEJ1 the acceptable release threshold is exceeded already after 8 hours in a few cases
and12 hours after initiating event in over 50% of simulated cases. After 72 hours, the fraction

of Cs released to the environmentrgeses to 90% of simulated cases in the LODBJ1

scenario and 16% in the LOGI®EJO scenario.
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Based on the simulation results, spraying inside the containment with the independent spray
system can significantly reduce the fraction of Cs released to the environment below the

acceptable release threshold in all simulations performed for LIDEAL-SPR and LOCA

IDEJ-SPR scenarios, regardless uncertainty in the MELCOR code modelling parameters
considered in the analysis.

The analysis performed [A48] suggest that elevated temperatures inside the RPV and the

drywell in the accident scenarios initiated by a LOCA, especially in the case of IDEJ=1, is the
main driving factor for remobilization of Cs deposited on the heat structures inside the reactor
presure vessel and the containment, resulting in a larger release of Cs released from the
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containment to the MVSS and to the environmEigure5-11illustrate the speciation of Cs
released to the environment in different accident scenarios considered in this analysis, which
clearly show that Cs is majorly released in form cesium hydroxide (MELCOR RN Class 2
[6,7]).
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Figure5-13. Fractional distribution of Cs between different control volumes groups7teours after initiating
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When it comes to the filtering efficiency of the MVSS, it depends on the state of Cs being
released from the containment into the MVSS (vapor or aerosol) and, for aerosols, aerosols
size, since thecrubbingefficiency of the seHpriming venturi greatly depends on aerosols

size. Smaller aerosol particles are trapped less efficiently in the venturi scrubber by the
processes dmpaction interception and diffusion with water droplets.
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Figure5-14a illustrate the mass fraction of CsOH vapor (vs. the total mass of CsOH) released
from the containment to the MVSS as a function the temperature in the drywell averaged
against the mass of CsOH released from the containment to the MVSS (as illustEajed in
(7))
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It shows that the mass fraction of the vapor form of CsOH increase with increasing
temperature inside the containment, and becomes dominant when the temperature exceeds
800K. A similar trend can be observed in the fraction of Cs deposited in the scasboder
function of the mass averaged temperature in the drywell.
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Figure5-15. Size distribution of CsOH aerosols released from the containment to the MVSS in-LNKEJA
scenario.

This is also evident frorRigure5-15 (LOCA-IDEJ1) andb-16 (LOCA-IDEJO), which show
that the major part of CsOH is released in vapor form in the LAREA1 scenario, and
approximately ~15% in the LOGHMEJO. It is also important to note that in the LOCA
IDEJO scenario, and the LOGIBEJO-SRP and LOCADEJI-SRP senarios, the major bulk
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of aerosols released into the scrubber is composed of very fine aerosol partiele's .1
Therefore, the scrubbing efficiency of the MVSS and its decontamination factor can on the
lower end of the range of the MVSSDFA parameter considered in the analysis. However, this
aspect is not considered in the present analysis, and the same deatiaarfantor is

applied to all aerosol sizes.
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Figure5-16. Size distribution of CsOH aerosols released from the containment to the MVSS in-LEJA
scenario.

Another important observation froRigure5-17 and5-18, is that, even though the fraction of
the vapor form of CsOH is significantly higher in LOGBEJ1-SPR than that in LOCA
IDEJO-SPR, the major part of CsOH in LOABREJO-SPR is released from the containment
to the scrubber in the form of fine aerosol et (0.10.2° @), whereas in the case of
LOCA-IDEJ1-SPR, the aerosol particles are distributed in a wider range between 0.1 and
10 * & This difference can positively affect the scrubbing efficiency when using a more
detailed filtering model in MELCOR, where the MVSS decontamination factor will depend
on the aerosol size (in the MELCOR code, different values of decontamination faotbes ca
assingned for every aerosol size secf&n]).
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Figure5-17. Size distribution of CsOH aerosols released from the containment to the MVSS in-LIEJ&
SPR scenario.
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Figure5-18. Size distribution of CSOH aerosols released from the containment to the MVSS in-LEEIA
SPR scenario.
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Figure5-20. Fraction ofthetotal Cs release to the environmeijtgs a function of time [h] in LOCADEJ1
scenario.

Figure5-19 andFigure5-22illustrate the release rate of Cs to the environment in the form of
the fraction of the total release for every simulated case for the accident scenarios considered
in the analysis, accompanied by the timing of key events (dashed lines representimgdange
distributions are presented in box and whisker plots), sucti as i timing of MVSS

activation,”Y i time when the water pool in the MVSS start to bodl, i timing of the

vessel lower head failure aitd i timing of activation of the independent spray system (in
spray scenarios). The release rate in LAIDEJO Figure5-19) follows quite a similar

pattern in all simulated cases, where a significant fraction of Cs is released after the initiation
of the MVSS release (within first 106 hours after the initiating event), gradually increasing
and reaching 100% towards the eridhe simulation (72 hour). The release rate in LOCA
IDEJ1 Figure5-22) follows two slightly different patterns. In the first it behaves similarly to
the LOCAIDEJO scenario, where the release occurs rather gradually over time, after MVSS
activation. In the second pattern the release plateaus in the ra8§@e2&fter apprarmately

10 hours after initiating event, and then starts to increase rapidly af8€r 20urs after

initiating event, approaching 100% towards&Dhours after the initiating event.

Spraying inside the containment reduces the Cs source term released to the environment in
both LOCAIDEJO-SPR and LOCADEJI-SPR scenarios. In the LOGWEJO-SPR scenario

the major bulk of Cs is released within the first®hours after the initiating ent and the
release plateaus afterwards. In the LOIDAJ1-SPR scenario, we still observe a more
protracted Cs release to the environment, with a significant fraction of Cs being released
during several hours after the initiation of the MVSS release igtagiafter 3650 hours.
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Figure5-22. Fraction ofthetotal Cs release to the environmeijtgs a function of time [h] in LOCADEJ1-SRP
scenario.

Furthermore, Figures-19to 5-22 show the timing (bottherange shown in dashed lines and
thedistribution, illustrated inhe box-andwhisker plot) when the water in the MVSS reash
saturation condition"{ ); thewater level in the scrubber drops below the venturi qutlet
leadingto the loss of pool scrubbingY( ); andthewater level in the scrubber dropped
below the elevation of the venturi throdtsading to thdoss of venturi scrubbingY t
shouldbenoted thathese resultare not conservativasthe decay heat from the fission
products deposited in the simple filter model implemented in the MELCOR model of Nordic
BWR is not transferred to the MVSS pplgading to underestimation of the energy
transferred to the pool and the pool heptand evaporation rate.

These results indicate that manual operator actions to maintain the water inventory in the
MVSS in both mitigated and unmitigated scenarios need to be evaluated and implemented in
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the models. Additionally, the MVSS model can be refined to account for fission product

vapor condensation in the MVSS system pipes and venturi assembly. Aerosol scrubbing in the
self-priming venturis can be implemented using an analytical model thatitdiesccount

aerosol size and pool properties (€91,52,53]), as well as the effect of pool scrubbing,

using models such as SPARC90.

5.2.4. Discussion and Conclusions

The uncertainty analysis results considering the MELCOR code's epistemic modeling
parameters and options, show that spraying in the containment with the independent spray
system can significantly limit fission products release to the environment. Incideraic
scenarios with the independent spray system (LOQRIO-SPR and LOCADEJI1-SPR) the
release of Cs to the environment is below the acceptable release tHressimidiess
uncertainties in the MELCOR code modelling parameters. To compare, the fraction of Cs
released to the environment in unmitigated scenarios (LMEANO and LOCAIDEJ1)

exceeds the acceptable release threshold in 16% and 90% of the simulafans=oe
respectively.

Furthermore, the results of this analysis emphasize the importance of a more detailed
modelling of the multventuri scrubbing system (MVSS). This includes modelling of the
structures and components between the containment and the scrubber, and-trentuuilti
manifold This can be done in the form of control volumes and associated heat structures to
account for cooling and condensation of gases released from the containment. Additionally, a
more detailed modelling of the venturi scrubbing is necessary, where scrutficiegey

accounts for the size of the aerosols.

Another crucial aspect that needs to be considered in the future analysis is #t&rfong
behavior of the scrubber. This involves consideration the effects of scrubber water
temperature and level, as well as the impact of decay heat from fission paepasged in

the filter pool on the scrubbing efficiency of the MVSS. This may necessitate modelling of
additional operator actions, such as scrubber inventory makeup, which are currently not
considered in either the MELCOR model of Nordic BWR or in tha B&for Nordic BWR.
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5.3. MELCOR modelling of the Filtered Containment Venting System

The airrent MELCOR model of the Nordic BWR emplagimplified MVSS model that uses

the simple filtering modah the MELCOR codavith constant decontamination factor

defined for aerosols (MVSSDFA) and vapors (MVSSDV). Furtherntbegurrent model

does not take into account the pool properties and the size of aerosol particles released from
the containment into the MVSS. Both of these factors can affect significantly the scrubbing
efficiency of the MVSS, as illustrated the results presented $ection5.2

The simplified filter model of the MVSS ithe MELCOR model ofheNordic BWR
employs:

Z The cecontamination factor for aerosol fission produd#V/SSDFA = 500 (best
estimate value)Theuncertainty ranges taken from 100 (conservative DF) to 1000
(optimistic DF)

Z The decontamination factor for fission products vapoMVSSDFV considered to be
distributedin the range [10, 1000] accordingdadognormal distribution, as specified
in Table5-3, in Sectiornb.2.1 The ranges and parameters of the probability
distribution of the MVSSDFV are based on expert judgement, and not necessarily
conservative.

To increase realism of the MELCOR code analysis results of the filtered containment venting
scenarios inhe Nordic BWR it was proposed to perform more detailed modelling of the
MVSS.

The work was split into 2 separaiarts

Z Uncertainty analysis using tt8PARG90 model in the MELCOR code evaluate the
effectiveness of pool scrubbing in the MVBSection5.3.2

Z Implementation of the refined MVSS mode in the MELCOR modéheNordic
BWR1T Section5.3.3

5.3.1. Accident scenario

Based on previous resu[#9,50] the scrubbing efficiency of the MVSS filter was identified

as one of the major factors contributing to the uncertainty in the source term released to the
environment and the exceedance frequency of the unacceptable release threshold in accident
scenariosnitiated by a LOCA that leads to filtered venting of the containmerthei®lVSS.
Therefore the present analysis will focus on evaluating the scrubbing efficiency of the MVSS
in an accident initiated by a Loss of Coolant Accident (LOCA), with all active safety systems
unavailable, such as Emergency Core Cooling Systems (high and low pres@8edtC
containment sprays, which lead to filtered venting of the containment and release through the
MVSS.

Furthermorefor every accident scenario, the MELCOR code simulations are performed for
two options of the mode of debris ejection from the vas#8EJO and IDEJ1. In totdl sets
of calculations are considered in the analysis:

Z LOCA-IDEJO7T Accident initiated by a LOCA that leads to filtered containment
venting via MVSS with IDEJO.

Z LOCA-IDEJ1i Accident initiated by a LOCA that leads to filtered containment
venting via MVSS with IDEJ1.
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5.3.2. MELCOR Simulations using SPARC90 model

To evaluate the efficiency of pool scrubbing in the MVSS the original model of the Nordic
BWR was modified as follows:

Z Flow path FI-362 decontamination factors MVSSDFA (aerosols) and MVSSDFV
(vapors) were set to (keeFigure3-3).

Z SPARG90 model was enabled for the B62 with RN aerosol and vapor scrubbing
for all RN classes.

The analysis was performed for 2 accident scenarios, denoted as:

Z LOCA-IDEJO-SPARC- Accident initiated by a LOCA that leads to filtered
containment venting via MVSS with IDEJO and SPABCmodel.

Z LOCA-IDEJ1-SPARC- Accident initiated by a LOCA that leads to filtered
containment venting via MVSS with IDEJ1 and SPABTmodel.

For the uncertainty analysis, a sample size of 100 MELCOR code calculations was chosen for
each accident scenario and IDEJ parameter combination (in #@@IMELCOR code runs).
This sample size is expected to yield adequate results based on the 9&ftedtenfidence

levels for upper bounds and lower bounds (two sided), as discussed in 4ecfion

5.3.2.1. Results

The results of the analysis of the effectiveness of pool scrubbing in the M8 nted in
Figures5-23to 5-37 are compared to the results obtained with the original model, that employ
constant decontamination factére OCA-IDEJ1 and LOCAIDEJO, as discussed in Section

5.2
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Figure5-23. Fraction ofthecore inventory of Cs-| released to the environment after (a) 4 hours; (b) 8 hours; (c)
12 hours; (d) 24 hours; (e) 48 hours; (f) 72 hours after initiating event.
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Figure5-23 show the fraction of the core inventory of Cs released to the environment 4, 8, 12,
24, 48 and 72 hours after initiating event. The difference between the SPARGdel and

the constant decontamination factor model becomes significant already aftes &ftexhe
initiating event.

Figures5-24 to 5-31 show the fractional distribution of Cs among different control volume
groups considered in the MELCOR model of the Nordic BWR.

The groups are defined as follows:

Z Cs_F/DB: the fraction of the core inventory of Cs that remains in the fuel or debris.

Z Cs_RCS: the fraction of Cs in the reactor coolant system

Z Cs_DW: the fraction of Cs in the drywkll

Z Cs_WW: the fraction of Cs in the wetwll

Z Cs_MVSS: the fraction of Cs deposited in the MVSS (both the simple filter and

MVSS CVs)’.

Cs_ENV: the fraction of Cs released to the environment.

Z Cs_ENV_DL: the fraction of Cs released to the environment via diffuse leakage from
thecontainment.
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Figure5-24. Fractional distribution of Cs between different control volumes groups after 2 hours after initiating
event; (a) LOCAIDEJ1, (b) LOCAIDEJI-SPARC.

The results presented in Figute24to 5-31 show that the difference in the fraction of Cs
released to the environment between the constant DF model and the SPARC90 model
becoms significant after 8 hours afténeinitiating event A similar trend can be observed for
the fraction of Cs deposited in the MVShis difference can be explained tine relatively
low release rate during the first 8 hours after the initiating event{gee=5-36 andFigure
5-37).

6 Airborne and deposited in the pool and heat structures
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Figure5-25. Fractional distribution of Cbetween different control volumes groups after 4 hours after initiating
event; (a) LOCAIDEJ1, (b) LOCAIDEJI1-SPARC.
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Figure5-26. Fractional distribution of Cs between different control volumes groups after 8 hours after initiating
event; (a) LOCAIDEJ1, (b) LOCAIDEJ1-SPARC.
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Figure5-27. Fractional distribution of Cs between different control volumes groups after 12 hours after initiating
event; (a)LOCA-IDEJ1, (b) LOCAIDEJ1-SPARC.
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Figure5-28. Fractional distribution of Cs between different control volumes groups after 16 hours after initiating
event; (a) LOCAIDEJ1, (b) LOCAIDEJI-SPARC.
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Figure5-29. Fractional distribution of Cs between different control volumes groups after 24 hours after initiating
event; (a) LOCAIDEJ1, (b) LOCAIDEJI-SPARC.

Cesium distribution after 48 h

Cesium distribution after 48 h

= e e
= = == == ;T; A
=) o
] 1.0e-01 4 i
1.0e-01 gy == =
= o = 1.0e-02 4 l
5 1.0e-02 A c
o h=]
g e g
a a
] % @ 1.0e-03
T =l (o]
§10e03y s
% i
o) 1.0e-04 A
8 - T
1.00-04 1 = l
) T 1.0e-05
Y & <& 2 ™ ) ) o] N v
{(\0 & %§$ 3 \g\(’) & A7 ((\Q & {Q?$ {\& ‘,ﬁb’ & Q7
e A - I R o2 A O SR Ve &
(f;/ (5';/

a

b

Figure5-30. Fractional distribution of Cs between different control volumes groups after 48 hours after initiating
event; (a) LOCAIDEJ1, (b) LOCAIDEJ1-SPARC.
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Figure5-31. Fractional distribution of Cs between different control volumes groups after 72 hours after initiating
event; (a) LOCAIDEJ1, (b) LOCAIDEJI-SPARC.

Another important observation from the results presented in Figt#2é$o 5-31is that the
fraction of Cs deposited in the MVSS starts to decr@ése 24 hours after the initiating
event, which can be explained by the evaporation of water in the MM&®$.72 hours, the
fraction of Cs deposited in the MVSS drops below4, hich effectively means that all
water in the MVSS scrubber has evaporated, and the Cs suspended in trespool
resuspended and been released into the atmosphere.

This behavior correlates witheevolution of the water level in the MVSHBustrated in
Figures5-32 and5-33. The water level drops below thienturi pipes' outlet height 15 to 20
hours after the initiating event, depending on the model of debris ejection and the filtering
model being used. Venturi throats are expected to be uncovered within 35 hours after the
initiating event, and the total gearation of water in the MVSS is estimated to occur
approximately 40 hours after the initiating event, depending on the mode of debris ejection
(IDEJ) and the filtering model being used.
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Figure5-32. Evolution of water level in the MVSS in (a) LOGWEJO, (b) LOCAIDEJO-SPARC.
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