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Abstract

This study discusses ex-vessel debris bed coolability from safety analysis
perspective, espe-cially regarding level 2 probabilistic risk assessment
(PRA). The goal is to explore practical and risk-informed ways to deal with
debris coolability issues in plant scale risk considerations. Analyses exploit
deterministic accident progression simulations which are performed by
using MELCOR, and thus this study builds upon IDPSA (integrated deter-
ministic and probabilistic safety assessment) framework.

Literature part covers the most important debris bed parameters that can
affect debris coola-bility. Also mechanisms that provide cooling are briefly
presented. Empirical research on de-bris coolability has been performed at
VTT and also elsewhere, and some results relevant to this study are re-
ferred to. Analytical capabilities play a crucial role in coolability assess-
ment and some codes developed for that purpose are introduced in short.

Probability of failure to provide cooling for ex-vessel debris is evaluated by
using load vs. ca-pacity concept. Debris bed heat flux is used as load vari-
able and dryout heat flux serves as capacity variable. Two scenarios are
employed: pressurized and gravity-driven melt ejection modes. Analyses
indicate that when primary system is pressurized when vessel fails, the
probability of having non-coolable debris is smaller than in depressurized
cases due to e.g. less threatening debris shape and other properties that
favour coolability. However, it must be kept in mind that primary system
depressurization has other benefits to its name when it comes to severe
accident management. All in all, this study provides useful insights to ex-
vessel phase of severe reactor accidents with respect to PRA needs.
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Abbreviations

BWR Boiling Water Reactor

CET Containment Event Tree

COOLOCE Core debris coolability and environmental consequence analysis
DHF Dryout Heat Flux

IDPSA Integrated Deterministic and Probabilistic Safety Analysis

NPP Nuclear Power Plant

PRA/PSA  Probabilistic Risk/Safety Assessment
PRADA PRA Development and Application
RCS Reactor Coolant System

RPV Reactor Pressure Vessel
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1. Introduction

In Figure 1.1 are the main phenomena to be considered in management of severe accidents
after vessel breach has taken place. Steam and non-condensable gases generation and di-
rect containment heating can induce containment failure due to overpressurization. If melt is
ejected into a flooded cavity, steam explosions can occur and expose containment to high
instantaneous pressure impulses. Steam explosions have already been considered in
PRADA project [1] and the work is planned to go further in 2014. If containment remains in-
tact in melt ejection phase and debris bed forms on the cavity floor, the presence of coolant
is a necessary although not sufficient condition for avoiding containment threatening interac-
tions between molten corium and concrete. This work concentrates on debris coolability is-
sue in a flooded cavity, i.e. ex-vessel scenario.
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Figure 1.1: Schematic picture of main severe accident phenomena after vessel breach has
occurred (modified from [2]).
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In Nordic BWRs, the melt from the failed RPV is ejected into a flooded cavity, with water pool
depth in the range of 7-11 m. Some plants outside Nordic countries apply different cooling
strategies and flood the cavity just after the melt arrival. Phenomenologies of the two meth-
ods for melt cooling differ from each other, particularly with respect to melt-water interactions.
Newer designs, such as European Pressurized Reactors (EPR) have core catchers where
the melt is collected after vessel failure. The common objective of all methods is to reduce
interaction between molten corium and concrete and the subsequent basemat penetration or
containment over-pressurization. This study concerns the Nordic approach and considers
only scenarios relevant to BWR units operated by TVO in Olkiluoto.

Debris coolability is approached here from Level 2 PRA perspective, i.e. uncertainties in-
volved in the issue are taken into account in order to obtain a risk-informed overall picture of
the problem and its significance to containment integrity. Integrated deterministic and proba-
bilistic safety analysis (IDPSA) is the methodological framework utilized, i.e. deterministic
analyses are combined with probabilistic considerations.

First, phenomenological aspects, including cooling mechanisms and important parameters to
coolability, are introduced in section 3. Experimental results and analytical capabilities are
also discussed, and synergies with another SAFIR2014 project COOLOCE are exploited.
Section 4 deals with IDPSA approach and its application to level 2 PRA purposes. Integral
severe accident code MELCOR is used to obtain information on e.g. physical properties of
ejected melt. Probabilistic approach to debris coolability modelling is presented, and such an
approach could be implemented e.g. in a containment event tree of a level 2 PRA study. The
work is a direct continuation to [1] and the same MELCOR model and analysis cases for
Olkiluoto nuclear power plant (NPP) units 1&2 are used.

2. Goal

The objective of this work is to enhance ex-vessel debris coolability modelling and under-
standing in the context of level 2 PRA, i.e. obtain a practical and risk-informed way to deal
with coolability issues in plant scale analysis. This is achieved by developing better compre-
hension of the governing physical phenomena e.g. by exploiting simulations and experimen-
tal databases. Special attention is given to treatment of uncertainties. Another goal is to at-
tain methodological progress in IDPSA framework.

3. Ex-vessel debris coolability

If reactor pressure vessel breaches, the core debris (or corium), potentially together with lig-
uid water, steam and non-condensable gases, is released into cavity below the RPV. Pre-
ceding accident progression, including core degradation process and accident management
measures, affect melt characteristics such as mass and composition. Vessel failure mode,
RCS pressure at the moment of vessel breach, water amount and properties in the cavity
and cavity geometry all are issues to be taken into consideration in debris coolability as-
sessment. Debris coolability is decisive for containment survival because non-coolable debris
eventually leads to containment basemat melt-through or destruction of containment penetra-
tions. In addition, Molten Corium Concrete Interaction (MCCI) produces gases into contain-
ment atmosphere and may trigger containment filtered venting or over-pressurize contain-
ment.

Debris cooling behaviour is determined for a large part by dryout and quenching. Dryout oc-
curs when heat transfer from water-filled debris is not sufficient to retain debris in such state
that no dry zone is formed inside it. Quenching relates to already dry debris and the possibil-
ity to flood it and cool down to saturation condition instead of letting it heat up further. Long
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term coolability is associated to a steady state where all evaporated water is replaced by
water inflow everywhere in the particulate bed. [3]

High-pressure melt ejection effectively means that the melt leaves RPV in jet form, associ-
ated with energetic gas discharge. Consequently the melt is fragmented into small particles,
and it has a wide spreading area (subject to cavity area constraint). Fragmented corium is
more easily coolable than unbroken corium because there is higher total surface area avail-
able for heat transfer. Thus large spreading area and high fragmentation increase the possi-
bility to have coolable debris. Also steam explosions can cause melt fine fragmentation. On
the other hand, fragmentation can produce a wide distribution of particle sizes which is unfa-
vourable regarding coolability. Gravity-driven melt ejection associated with low RCS pressure
results in less dispersed and dense corium collected at the bottom of the flooded cavity, in
which case a thick, hard-to-cool particulate debris heap develops.

BWRs have control rod guide tube penetrations through the bottom of the RPV, which may
lead to earlier vessel failure due to melt discharge through these penetrations before the
steel of the vessel melts. If RPV fails from the bottom penetrations, there will most likely be
multiple melt jets, but the melt accumulation in the cavity can still be more gradual compared
to direct vessel melt-through due to small break diameters available for melt ejection. RPV
bottom penetration failure can also occur relatively early when the meltdown is not complete,
effectively meaning smaller melt amounts. Generally speaking, moderate melt pours are fa-
voured over large ones. Similar to other vessel failure modes, the fragmentation of melt
ejected through vessel bottom penetrations depends highly on vessel pressure when the
failure occurs. Melting of control rod housing and other large structures affects melt composi-
tion.

In Nordic BWRs the vessel cavity is filled with water before the arrival of melt, and the pool
depth is in the range of 7-11 m [4]. Another approach is to fill the cavity as soon as possible
after the arrival of melt. In both cases the water is substantially subcooled. The operative
difference between the two methods is in the melt fragmentation process, which affects heat
removal from the melt by increasing surface area of the melt. The Nordic approach supports
melt fragmentation into small pieces, thus promoting debris coolability, but with the expense
of the consequent increase in steam explosion risk. With already flooded cavity it is also
more likely that the melt forms a heap-like configuration on the cavity bottom, thus hindering
coolability, instead of spreading out more evenly. Of other cooling strategies, promising re-
sults have been obtained in experiments where water is added from the bottom of a melt
layer. More information of the COMET concept is available e.g. in [5] or [4]. This work fo-
cuses on pre-flooded cavity because of its relevance for Olkiluoto NPP units 1 & 2.

Corium and debris coolability issues are actively under research e.g. in SARNET (Severe
Accident Research NETwork of Excellence) framework. The project aims to reduce remain-
ing uncertainties and improve physical models in the simulation codes.

3.1 Main parameters affecting coolability

In [6], a thorough introduction to parameters that have influence on debris coolability is given.
Coolability itself is often expressed by a physical quantity called dryout heat flux (DHF, unit
W/m?), which means the maximum heat flux that can be removed from the bed through its
upper surface. The internal decay power produced in the bed is converted by evaporation of
cooling water, and the steam escapes the bed through the upper surface. The maximum
steam flux determines the DHF.

When debris is immersed in a pool of water, the produced steam and liquid coolant are in
counter-current flow. The steam flux impedes the water flux necessary to replace the evapo-
rated coolant, and when the evaporated liquid can no longer be completely replaced by the
inflow, local dryout develops in the debris bed. The main parameters that affect DHF are
briefly introduced next. These parameters include bed porosity, particle size, bed height and
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system pressure. However, generally it is not possible to determine the coolability of debris
by just using bed properties like height and pressure, and more detailed analysis is needed
[6]. Also heterogeneities such as differences in local porosities of stratified debris beds com-
plicate the coolability analysis.

Porosity

The porosity of a debris bed volume is defined as the ratio of hollow space and total volume
of the bed. For real debris beds (irregular particle size and shape) that might form during se-
vere accident the expected porosity is about 0.4 [6]. For high porosities more cooling liquid is
inside the bed, which increases heat transfer. Also friction losses decrease because there is
more space available for fluid flow. Thus a higher porosity always corresponds to better
coolability.

Particle size

Particle size is connected to the porosity of the bed and smaller particle size also means in-
creased friction for flows. Thus the DHF increases with particle size. The particle diameter
effect on DHF is more sensitive for small particles and is not that significant for debris beds
consisting of larger particles. Heat transfer process is limited due to small heat conductivity of
corium and is affected by particle size as well. However, for realistic particle sizes the heat
can be transferred from the particle without remelting in the centre. For multi-grain configura-
tions a mean diameter can be defined to be used in analyses. Experimentally observed parti-
cle sizes vary in the range of 1-6 mm [6].

Bed height

In case of fixed power density, the higher the particulate debris bed, the more vapour is gen-
erated and has to escape through upper surface of the bed. This means that counter-current
flooding limit (where just all evaporated coolant can be replaced) is reached at lower power
for deeper beds. However, when debris bed becomes deep enough, DHF becomes inde-
pendent of the bed height because in the end DHF is given by the total power of the bed, not
merely by its height. The limit of deep bed is reached at about 100 times the particle diame-
ter, and for realistic reactor scenarios only deep beds have to be considered due to large
corium total mass [6]. More important than bed height is its geometry, inner structure and
flow conditions that might enable coolant inflow also from other directions than just the top of
the bed.

System pressure

Starting from atmospheric pressure, there is a strong increase in DHF for increasing system
pressure, which is explained by increasing steam density: More steam can escape the bed
before reaching the counter-current flooding limit. At very high (7 MPa) pressures the latent
heat of the evaporation process is decreased which impedes heat transfer and results in de-
creased DHF. In reactor typical cases, the maximum system pressure is given by the maxi-
mum load the containment structure can withstand (around 1 MPa). Thereby in realistic ex-
vessel reactor conditions higher system pressure equals better overall coolability.

3.2 Cooling mechanisms

For corium melt layer flooded from top there were four principle mechanisms identified for
cooling in the MACE and MCCI projects. Each mechanism is described in [4] and a brief
overview of them all is given below.

Bulk cooling

Bulk cooling occurs before a stable crust is formed on the upper surface of the melt layer.
When melt attacks concrete, gas is generated at a high rate which leads to enhancement of
the interfacial surface area of melt in contact with water. The effective heat transfer coeffi-
cient depends e.g. on gas sparging® rate, bubble size, thermophysical properties of the mix-

! Bubbling of a chemically inert gas through a liquid. [23]
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ture, coolant properties and containment pressure. Bulk cooling continues until a stable crust
is formed. Stable crust forms when melt temperature decreases to melt solidus temperature
and gas sparging rate drops so that formation of a stable crust is possible.

Water ingression

Once a stable crust has formed the liquid melt is isolated from water and the only heat trans-
fer process is through the crust, which is an ineffective way of removing heat. However, there
are cracks and porosities in the crust formed by escaping gases which provide pathways for
water to ingress into the crust. Water ingression also leads to development of additional
cracks due to quenching of the crust. Water ingression can be understood as a process that
thins the thermal boundary between crust and melt and thus enhances heat transfer. Water
ingression is highly dependent on the crack propagation process.

Melt eruption

Because cracks present in the crust cannot vent all the gases produced by core-concrete
interactions, it is possible that pressure under the crust accumulates locally so that a vol-
cano-like eruption of liquid melt occurs through the crust surface. Erupted melt gets in con-
tact with water above the crust surface and fragments into a particle bed, which is then
cooled by the overlaying water. Therefore melt eruptions are effective events to transfer heat
underneath the crust surface to the water pool above the crust. Melt eruptions generally oc-
cur when heat removal rate from the liquid melt falls below decay heat generation rate. Thus
melt temperature increases, concrete erosion becomes more rapid and more gases are gen-
erated. Increased gas generation cannot be accommodated by the flow through the crust
and an eruption takes place. Melt entrainment coefficient is of great significance for evalua-
tion of heat transfer through melt eruption.

Crust breach

When crust is suspended and spans over the whole lower drywell/cavity of the containment
(attached to the sidewalls), it is practically a certainty that water masses above the crust in-
duce a crust breach. Once crust has breached, water gets in contact with liquid melt again
and a new debris cooling cycle begins, i.e. the processes of bulk cooling, crust formation,
water ingression and melt eruption. Repetition of this cycle enables extraction of great
amounts of heat from the liquid melt and can eventually lead to solidification of all liquid melt.
Analyses indicate that over one third of the melt needs to be in crust form so that the crust
would be stable in a 6 meter diameter cavity [4]. In case of crust floating over a liquid melt
pool without being attached to the walls, crust breach is out of question. According to [4], the
most probable configuration would involve crust attached to the cavity walls with a floating
crust area in the middle. However, no crust breach has thus far been observed in any melt
coolability experiments that have been performed.

3.3 Experimental research

There have been many research projects, some of them in Finland, where experiments on
different phenomena relevant for debris coolability assessment have been conducted. A
good overview is given in [4], and merely a list of some projects and their objectives is given
here. The objective of most investigations has been to determine the dryout heat flux dis-
cussed in section 3.1 [3].

MACE program run by Argonne Natural Laboratory (ANL) in late 1980s aimed to demon-
strate coolability of core melt pools by using large scale test facilities. MACE experiences
helped to identify the cooling mechanisms discussed in section 3.2. MACE project was fol-
lowed by the MCCI-1 and MCCI-2 projects, but these projects could not confirm debris
coolability with top flooding although they increased analytical capabilities and understanding
of the topic. Results from these experiments have been used in development of
CORQUENCH code. DEBRIS experiments performed at Istitut fur Kernenergetik und Ener-



VT RESEARCH REPORT VTT-R-02943-14
10 (27)

giesysteme (IKE) focused on constitutive laws, such as friction and heat transfer, under boil-
off and quenching conditions.

FARO experiments investigated the breakup of melt jet penetrating into water pool. An im-
portant outcome was the observation that realistic reactor conditions yielded significant melt
breakup. Also variations in conditions were observed not to have any significant influence on
particle size distributions. FARO experiments are considered most relevant fuel breakup ex-
periments using prototypic corium material, thick jets, large masses and long pours [4].
KROTOS experiments also concentrated on melt breakup, although smaller melt amounts
were used than in FARO, and results showed smaller particle mean sizes. DEFOR experi-
ments at KTH (Royal Institute of Technology) investigated debris bed formation from breakup
of melt and results indicated for example higher porosities in the debris bed than previously
assumed.

The STYX experiments [7] performed at VTT concerned mixed particle shapes and size dis-
tribution from FARO experiments to assess prototypic debris behaviour. Irregular gravel was
used as simulant material. Uniformly spread 60 cm high electrically heated debris bed,
cooled by top flooding, was used. The goal of the project was to qualify the use of a deep ex-
vessel water pool as a severe accident management measure. Experimental DHF results
were quite low, partly because of small effective particle diameter. At atmospheric pressure,
the measured DHF value was only 232 kW/m?, and in 0.7 MPa pressure DHF increased to
451 kW/m?. The study concluded that at low pressures debris coolability could be a problem
at Olkiluoto plant. STYX experiments may be considered more as yielding results for basic
investigations and code validation than directly usable for reactor scenarios [8].

Table 3.1: Some results from dryout heat flux measurements with top flooding conditions.
H=Homogeneous bed, S=Stratified bed. Reproduced from [7].

Test Pressure | Particle Porosity Bed depth [m] | DHF [kW/m?]
[MPa] diameter

[mm]
Purdue (H) [9] 0.1-0.24 8 0.386 1.016 821-1100
Winfrith (H) [10] | 0.1-0.9 0.2-5 - 0.05-0.15 960-1350
DCC-1 (H) 0.1-17.0 0.71 0.345 0.5 40-80
DCC-2 (H) [11] [0.1-17.0 |2.43 0.41 0.5 500-1100
KfK (H) [12] 0.1 0.2-0.5 0.395 0.2 58-60

2 700
SILFIDE (H) [13] | 0.1 i:‘?‘ 0.4 0.5 1288

7.1 1650
FS]MECO (H) 0.1 8:5 0.4 0.45 222
DCC-3 (S) [15] 0.07-6.9 4.67+1.18 0.41 0.5 117-285
[Pl(é]MECO (S) 0.1 0.9+0.2 2.36-0.36 | 0.37 54-122

Ref. [7] also lists results from earlier experiments on debris bed dryout heat flux, and Table
3.1 is reproduced from [7]. Most of the data in Table 3.1 concerns single-sized, spherical
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particles, but some data exists also for irregularly shaped multi-grain configurations. Gener-
ally speaking, the data is highly scattered and it is difficult to draw any explicit conclusions.

3.3.1 COOLOCE experiments

There is active research on coolability issues at VTT, and the STYX experimental facility has
been followed by COOLOCE test facility. First experiments covered top-flooded cylindrical
debris bed and a conical, heap-like bed. Later the test programme has been extended to
include e.g. a cylindrical bed with lateral flooding. The objective is to find out the coolability
limits in well-defined representative conditions. Table 3.2 shows different test configurations
that have been implemented.

Table 3.2: Summary of the COOLOCE experiments. [17]

Experiment Test bed Flow configura- | Particle material | Pressure range
tion [bar]

COOLOCE-1-2 | Conical Multi- Spherical beads | 1.6-2.0
dimensional

COOLOCE-3-5 | Cylindrical Top-flooding Spherical beads | 1.0-7.0

COOLOCE-6-7 | Conical Multi- Spherical beads | 1.0-3.0
dimensional

COOLOCE-8 Cylindrical Top-flooding Irregular gravel | 1.0-7.0

COOLOCE-9 Cylindrical Top-flooding Irregular gravel | 1.0

COOLOCE-10 Cylindrical Top-flooding & Spherical beads | 1.3-3.0
lateral

The COOLOCE facility consists of pressure vessel containing particle bed section, heating
equipment and feed water and steam removal systems. Conical and cylindrical test beds are
500 and 310 mm in diameter, respectively. Electrical resistance heaters simulate the decay
heat, and aim is to achieve volumetrically uniform power distribution. Geometry comparison
experiments were performed with spherical beads, whereas particle material effects were
studied with irregularly shaped and sized gravel particles.

COOLOCE tests have clarified that the coolability of conical debris bed is reduced around
50% compared to cylindrical bed of equal volume because of greater height of conical beds.
If debris beds are of equal height, the tests suggest that conical bed is better by 50-60% in
terms of coolability provided by lateral flooding.

The dryout heat flux measured for alumina gravel was low compared to the experiments with
spherical beads, and also slightly lower compared to experiments with the STYX facility. The
difference is explained by the greater average size of the beads, which increases coolability.
For gravel beds, the important parameters (particle diameter, porosity) to which dryout heat
flux is sensitive are not as well-known as for spherical beds [17].

Test configurations have also been analysed using 2D MEWA simulations [18]. The agree-
ment between results and experiments varies between very good and reasonable. For in-
stance it seems that simulations tend to underestimate coolability of conical beds. MEWA
simulations have been complemented by 3D calculations with in-house code PORFLO and
FLUENT, but these modelling capabilities are not yet ready for systematic prediction of dry-
out power [17].
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As an example, some experimental DHF results and corresponding simulation results are
shown in Table 3.3 for comparison. There were several simulation cases with slightly varied
input parameters for each experiment configuration, but results from just one simulation for
each experiment is shown in Table 3.3. Both experimental and simulation results seem quite
low in comparison to values in Table 3.1 but are of same order of magnitude with the STYX
experiment.

Table 3.3: Comparison of experimental and simulation results for dryout heat flux. Heat flux
unit is KW/m?2. [18]

COOLOCE-3-5 COOLOCE-8
Pressure [bar] Experimental | Simulated Experimental | Simulated
11 270 219 178 171
2.0 347 331 235 240
3.0 422 384 263 287
4.0 458 437 290 328
5.0 493 484 319 356
7.0 560 556 342 411

3.4 Modelling capabilities

Classical coolability analyses have mainly considered 1D homogeneous debris beds (uni-
form height) under top flooding. The bed is assumed initially to be filled with water and to be
in a guenched state, which in practice is not true even with deep water pools. If sufficient
water supply can be established to replace evaporated water and to remove decay heat from
the bed, no dry zones develop. Classical 1D approach underestimates coolability [4].

More realistic configurations, that is, heap-like heterogeneous debris beds with multidimen-
sional flows, can be analysed by using validated 2D/3D computer codes. Multiphase flow of
steam and surrounding water upwards and melt particles downwards requires special atten-
tion, as well as laws of friction and debris quenching. Modelling of friction forces is decisive
[3] because they determine how much water can enter the debris bed and how fast the pro-
duced steam can be removed. Well known classical friction models include Lipinski’'s model
and two phase friction models are generally based on Ergun’s law [3]. Level of detail in terms
of physical mechanisms in such codes makes them applicable for large spectrum of reactor
scenarios.

Some examples of codes used to analyse debris coolability and also other phenomena that
affect coolability are given next. The CORQUENCH code developed by ANL utilizes data
obtained from MACE project (see section 3.3) and its successors. It has models describing
different cooling mechanisms and it can perform analysis for coolability of a corium melt pool
interacting with concrete. IKEJET/IKEMIX is a combined jet breakup and settling code devel-
oped at IKE of University of Stuttgart. MC3D code from CEA and IRSN in France can be
used for similar purposes. IKE also has WABE module for cooling analysis and MEWA mod-
ule for combined melting and cooling analysis included in ATHLET-CD, which is used to as-
sess accidents resulting from major core damage. Data obtained from experiments has been
vital for validation of constitutive laws in codes mentioned above. Also integral accident
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analysis codes are useful because they can help to determine the initial conditions, such as
melt amount and composition for the debris to be cooled, as well as e.g. ambient pressure.

4. Risk-informed treatment of debris coolability

Coolability of debris/corium depends on many things, as discussed in section 3. The situation
is highly case and reactor-specific and as realistic consideration as possible is important. As
stated in [19], ex-vessel debris coolability is subject to large uncertainties and any “over-
simplified” conclusion on this topic should be avoided. However, some reasonable simplifica-
tions are needed for level 2 analysis so that the issue could be included in containment event
trees without giving it merely a probability value.

In [20], debris bed dryout probability is estimated by using the concept of load vs. capacity.
The analyses use Monte Carlo simulations and distribution functions for parameters that af-
fect heat fluxes, thermal power or melt mass which all can be used to define load and capac-
ity variables. A surrogate model that gives dryout heat flux is developed for cone shaped
debris bed by generalizing two dimensional dryout simulations. It is also highlighted that load
and capacity variables (e.g. heat flux and dryout heat flux, respectively) are often intercon-
nected through accident scenario and severe accident management measures taken.

Several debris bed geometries are considered in [20], including flat and conical shapes as
well as a cone that stands on a cylindrical base. A purely conical debris bed with mass M,
density p and porosity € has volume V = M/p(1 — €), and the height of such bed can be writ-
ten as

1

. <3M tan? a>§’ (1)
p(1 —¢)

where « is the slope angle. Heat flux HF produced by a flat debris bed of height h and spe-
cific decay heat power W can be expressed as

HF = p(1 — &)Wh. (2)

This expression for heat flux can be used also for conical debris beds by considering the lo-
cation most prone to dryout, i.e. the centre of the bed which corresponds to the top of the
heap. From numerical simulations and by considering an infinitely thin vertical cylinder pass-
ing through the top of the debris bed it can be assumed that most vapour escaping from the
cylinder exits from top of it, i.e. non-vertical flows can practically be neglected. However,
coolability of such debris configuration is better than that of a flat debris due to water pene-
trating the side walls. Thus for a conical debris HF stands for local heat flux instead of an
average value and h is the maximum height of the debris heap. By using equations (1) and
(2), the expression for heat flux at the top of a debris cone becomes

1

\242 2,.\3

F— <3M(1 5) P tan a>3 w. (3)
Vs

Specific decay heat power W is a function of melt release time t,,,- which is measured as

time elapsed since reactor scram. Also hominal thermal power Q,, total corium mass M, and

relative power p, are present in the expression for specific heat power:

Qo Pr(tmr)
W (tmr) =VO' 100%

(4)
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Relative power p, at the time elapsed since reactor scram t,; is defined with respect to
nominal power and ANS 5.1 standard tables provide values for it. In [21], an approximation of
the ANS curve is given as

p(tel) =5 10_3a[te_lb - (ts + tel)_b]' (5)

where t, is time of reactor scram measured from the time of reactor start-up (i.e. tg + t.; IS
the total time since reactor start-up). Parameters a and b depend on t,; as follows:

Time after shutdown [s] a b

0-10 12.05 0.0639
10-150 15.31 0.1807
150-8E8 27.43 0.2962

Recall that dryout heat flux (DHF) is defined as the maximum local HF so that no dryout oc-
curs. Similar to HF, also DHF in this formulation is attributed only to the top point of a non-flat
debris configuration. Surrogate models for dryout heat flux have been developed in [20] and
[22], and the idea of these models is to extend DHF concept of a flat debris bed to multidi-
mensional cases. For example in [20] the improvement of coolability of a cone-shaped debris
bed due to water inflow from the sides is taken into account by writing DHF as a product of
dryout heat flux for a flat bed DHF,,; and function @ that accommodates the shape effects:

DHF(d, &, Pys, @) = DHFfy4¢(d, €, Psys) - (). (6)

DHF; for a particular parameter set is obtained by solving one dimensional problem and & is
then approximated with help of two-dimensional DHF simulation results. Once this surrogate
model has been given its functional form there is no need for further time consuming two-
dimensional DHF simulations. Note that function & that describes debris shape is here a
function of only a but could be more complicated as well.

Reference [23] builds on the approach discussed above and aims at quantification of associ-
ated uncertainties by investigating different parameter ranges and distribution shapes. It was
observed that uncertainties regarding particle size and the slope angle of the debris heap
appear most significant uncertainty contributors. It is also highlighted that correlations be-
tween individual parameters should be taken a closer look at.

4.1 IDPSA approach

In this section the risk-informed approach to debris coolability issue discussed above is util-
ized together with results obtained from MELCOR simulations that were performed earlier
and reported in [1]. Thus the analyses are performed within the IDPSA methodological
framework. Those accident scenarios analysed in [1] that resulted in vessel melt-through are
revisited from ex-vessel debris perspective. Thereafter distributions for both heat flux and
dryout heat flux are determined by using Monte Carlo simulation in order to obtain a probabil-
ity estimate for debris coolability. In the end, an approach to deal with ex-vessel debris
coolability in L2 PRA context is suggested for two scenarios, namely high and low pressure
accident sequences.

41.1 MELCOR simulations

Six different cases were studied with MELCOR in [1], and they can be seen in Table 4.1. The
table contains time points for e.g. when the fuel cladding temperature exceeds oxidation
threshold for zirconium (1100 K) and when the core melt relocation starts. Only cases 2, 5
and 6 end up with melt ejection into LDW, and are therefore interesting for ex-vessel debris
coolability considerations. Other cases are not paid further attention here and the corre-
sponding columns in Table 4.1 are faded.
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Table 4.1 provides quite general information about the cases analysed and the most relevant
quantities for debris coolability analyses are the system pressure and the amount of melt
ejected. As discussed in section 3.1, high ambient pressure results in higher steam density
and thus improves coolability through increased dryout heat flux. In that sense, case 6 ap-
pears most favourable to debris coolability. However, case 6 also results in biggest melt
amounts, which hinders coolability, and pressurized melt ejections are generally less predict-
able than their gravity-driven counterparts.

Table 4.1: The analysis scenarios studied in [1]. Cases 2, 5 and 6 resulted in melt ejection
into LDW and are taken into further consideration here.

Case #
2 5 6
I Recovery
2

ECCS availability~ at 40005 No No
Depressurization
through ADS [s] 1821 1805 i
Core dry for the 2510 2510 4650
first time [s]
[Zsr] oxidation starts 2620 2620 3080
Core support struc-
tures start to fail [s] 5678 5093 7534
Vessel breach

17447 13706 19018
(VB) [s]
Filtered venting
(system 362) [s] i i 19087
LDW water
subcooling at VB 65.53 73.61 95.84
[K]
LDW water partial
pressure at VB 1.82 2.25 3.72
[bar]
Melt ejected [ton] 159.7 183.3 185.5

Some further MELCOR analyses for the three cases were conducted and graphs from Figure
4.1 to Figure 4.5 illustrate some results relevant to ex-vessel debris considerations. Horizon-
tal axes begin from the time of vessel failure which varies from case to case as can be seen
from Table 4.1. For each case the last observation is from time 36000 s, i.e. ten hours have
been simulated in total.

Heat flux was estimated as the ratio of heat loss from debris surface to debris pool upper
surface area, and the results are in Figure 4.1. It appears that case 5 yields the highest initial
heat flux over 2 MW/m?. Also case 6 reaches heat flux values over 1 MW/m?, and case two
seems most favourable to cooling, probably because emergency core cooling has been initi-
ated at the time 4000 s. In both cases 5 and 6 ECCS is unavailable but the difference is that
case 5 is depressurized and the melt heats up faster. After oscillating behaviour right after
vessel breach all the cases settle at around 0.20 MW/m?.

Figure 4.2 shows at which power heat is transferred from debris bed to concrete underneath
it. Also this time case 5 seems the most challenging and case 2 a little less severe. The
meaning of such a variable in MELCOR s to illustrate how much heat goes to ablation of
concrete. Figure 4.3 shows the thickness of debris bed for each case and it correlates almost
completely with the ejected melt amounts because MELCOR assumes melt to spread evenly
in the reactor cavity/LDW. Thus case 6 results in deepest bed. Debris is assumed to consist
of 5 layers in MELCOR, namely heavy and light oxide layers, metallic layer and heavy and
light mixture layers. In the simulations performed in [1] the debris bed consisted entirely of
the heavy mixture layer.
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Figure 4.1: Heat flux through the top surface of the debris bed.
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Figure 4.2: Heat loss from debris bed to concrete. Heat goes to ablation of concrete.
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Figure 4.3: Thickness (of the heavy mixture layer) of the debris bed.

In Figure 4.4 are temperatures of the debris beds formed in the analysis cases. Right after
vessel breach there is a temperature peak in case 5 and a smaller one in case 2 but they
even out quite soon. Only somewhat after vessel failure debris temperatures start to rise rap-
idly and reach values little less than 2000 degrees centigrade. Delay in temperature rise is
due to gradual growth of the vessel breach size which initially permits only small melt
amounts to eject. Eventually case 6 yields highest debris temperatures and case 2 has de-
bris temperatures notably lower because the melt was cooled already within the RPV.

Figure 4.5 shows densities of debris beds. Density maxima are attained right after all the
melt is released from the vessel and case 2 seems to produce the densest corium with den-
sity over 8000 kg/m°. After maxima have been reached the densities start to decrease in an
exponential manner because corium composition changes when concrete is ablated.

Table 4.2 collects the above discussed debris information from MELCOR simulations. Alto-
gether it seems that case 5 with successful depressurization and without ECCS is most se-
vere in terms of heat fluxes. Case 5 results also in thickest debris bed because of earlier
vessel failure which enables longer time available for concrete ablation. Case 2 appears
least threatening, thanks to ECCS which starts to provide additional cooling at the time 4000
s. With respect to safety analysis, it is interesting to see the effect of depressurization on de-
bris bed properties. By comparing cases 5 and 6, depressurized case seems more severe
regarding heat fluxes. At the same time it must be kept in mind that high pressure melt ejec-
tion was not implemented in MELCOR model. Thus the effect of different debris bed shape
and internal structure caused by pressurized melt ejection is not included in the results.
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Figure 4.4: Temperature (of the heavy mixture layer) of the debris bed.
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Figure 4.5: Density (of the heavy mixture layer) of the debris bed.
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Table 4.2: Case specific debris properties obtained from MELCOR simulations.

Case #

2 5 6
Maximum heat flux 1.518 2.148 1.020
[MW/m?]
Average heat flux 0.171 0.194 0.177
[MW/m?]
Average heat power | 4.64 4.23 5.11
to concrete [MW]
Bed final thickness 0.52 0.60 0.54
(flat) [m]
Final temperature 1879 2013 2018
[*C]
Maximum density 8245 7712 7869
[kg/m°]

The plots and results discussed above are provided by MELCOR’s CAV package, and there
are several details (introduced in [24] and [25]) worth knowing about debris bed modelling
used in MELCOR. In CAV package, it is assumed that water cannot break up or penetrate
debris and heat can only be removed from debris by conduction to the surface. Thus forma-
tion of a coolable debris bed is not feasible. However, quenching can be promoted by modi-
fying parameters that affect thermal conductivity. Concrete ablation affects debris composi-
tion so that molten concrete oxides and molten steel from reinforcing bars in concrete are
added to the debris pool. By default, debris formation is treated by enforcing complete mixing
where debris consists of a single layer, which is spread uniformly and instantaneously across
the cavity.

CAV package concentrates on corium attack on basemat concrete and lacks explicit models
for quenching and dryout of ex-vessel debris. However, such models are available for in-
vessel phase through the COR package. Heat transfer from debris bed to the overlying pool
of water following debris bed dryout is assumed relatively modest. Dryout heat flux is calcu-
lated with Lipinski O-dimensional correlation, and it is then applied as a limiting maximum
heat transfer rate from debris bed. 0-dimensional Lipinski model has been developed for uni-
form and homogenous beds and provides reasonable enough estimates for dryout heat flux-
es in most reactor application cases [26].

4.1.2 Probabilistic implementation

The probability of having non-coolable debris is evaluated for high and low pressure scenar-
ios using the risk-informed IDPSA approach that has been discussed in the preceding sec-
tions. The actual probability is calculated from load vs capacity (or stress vs. strength) con-
cept, where heat flux represents load and dryout heat flux is interpreted as capacity. Heat
flux is estimated by using equations (3)-(5) and Monte Carlo method, i.e. parameter values
used to calculate heat flux are sampled from probability distributions assigned to them. After
n heat flux values have been sampled, a hormal distribution is fitted into data. Distribution for
dryout heat flux is obtained principally from experimental results discussed in section 3.3, but
uncertainty is incorporated by formulating normal probability distribution for DHF.

In Table 4.3 are the parameter values that are used to sample a distribution for heat flux.
Nominal thermal power @ is common for both low and high pressure cases and the value
represents a typical Nordic BWR. Also total corium mass and corium density are independ-
ent of the case in question. Corium density has been given a value 7660 kg/m?in [27], and it
can be regarded as a typical value for a Nordic BWR. According to MELCOR simulations a
uniformly distributed density value between 7500-8000 kg/m® is used in this study. It is as-
sumed that the melt amount ejected is bigger for high pressure case because of additional
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forces pushing the melt out. Also MELCOR analyses indicate that high pressure cases may
involve higher proportion of fuel in a molten state when the vessel fails. High pressure cases
support finer fragmentation of melt which affects particle size and thus also debris bed poros-
ity. Therefore porosity is given a smaller value when melt is released at high pressure. An-
other feature of high pressure scenarios is the spreading of the melt. When melt is released
with high velocity it is expected to spread more evenly around the LDW and formation of
heap-like debris configurations is less likely than in low pressure cases. Thus slope angle
and its range is smaller for high pressure cases than for their low pressure counterparts.
Note that nonetheless in both cases a completely flat (a« = 0°) bed is considered feasible.
Time elapsed since reactor start-up is assumed to have a mean value of a year in both
cases, with upper limit of two years. According to MELCOR results it seems that in pressur-
ized scenarios it takes a longer time (measured from reactor scram) for vessel to fail than in
low pressure cases.

Table 4.3: Parameter values used to estimate heat flux for low and high pressure cases.
When a parameter is given a range of values, uniform distribution is assumed.

Parameter Depressurized case Pressurized case
Nominal thermal power @Q | 2500 2500

[MW]

Corium density p [kg/m°] 7500-8000 7500-8000
Total corium mass M, [tons] | 200 200

Corium mass ejected M | 100-200 150-200
[tons]

Porosity ¢ 0.3-0.4 0.2-0.3

Bed slope angle « [degree] 0-25 0-15

Time since reactor start-up | 0-2 0-2

[years]

Time of melt release since | 10000-20000 15000-25000
reactor scram [s]

Distributions for dryout heat fluxes that represent the capacity variable in the load vs. capac-
ity concept are derived principally from experimental results shown in Table 3.1 and obtained
in COOLOCE experiments. Dryout heat flux distribution mean is given quite high values,
partly because also the approach used to determine heat flux yields somewhat bigger values
than maybe expected beforehand.

It is not straightforward to assess the difference of pressurized or depressurized melt release
on coolability of debris bed. For high pressure scenarios the bed is less porous due to finer
fragmentation and smaller particles, which has a decreasing effect on dryout heat flux. On
the other hand the melt is spread more evenly and it is less likely that pileup of corium leads
to extreme local vapour generation which would impede coolant flow into the bed, thus lower-
ing DHF. Pressurized melt ejection, according to MELCOR simulations, is associated with
elevated ambient pressure which makes escaping steam denser and eases its way out of the
bed, and therefore it has an increasing effect on DHF.

Although there are rivalling mechanisms affecting dryout heat flux, it is assumed in this study
that pressurized melt ejection results in slightly elevated DHF values in comparison to low
pressure scenarios. To verify this assumption, investigation of combined effect of parameter
variations would be useful but it would necessitate a design of experiments type of approach
which is not possible at the time. Therefore one has to be content with the reasoning above.

Table 4.4 contains the normal distribution parameters for both heat flux and dryout heat flux
in both low and high pressure cases. Parameter values for heat fluxes are obtained by fitting
a normal distribution into heat flux data generated with a 10000 samples, whereas DHF dis-
tributions are determined by using own judgment and experimental data. DHF distribution for
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pressurized case is obtained from depressurized case by a linear transformation of normally
distributed random variable X by assuming a 5% increase, i.e. Y =a+ b - X, with a = 0 and
b = 1.05. Figure 4.6 and Figure 4.7 show the load and capacity distributions for low and high
pressure cases, respectively. Already from these figures it is easy to see that probability of
having a non-coolable debris bed is, according to this analysis, significantly higher when pri-
mary system depressurization has failed than for high pressure cases.

Table 4.4: Normal distribution parameter values for heat flux and DHF in both low and high
pressure scenarios.

Normal distribution pa- | Depressurized case Pressurized case
rameters
Heat flux Mean u [KW/m?] 475.0 350.3
Std. deviation o [kW/m?] | 221.6 157.3
Dryout heat flux | Mean u [kKW/m?] 800.0 840.0
Std. deviation ¢ [kW/m?] | 100.0 105.0
x10°

Heat flux
Dryout heat flux |
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n

—
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[
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Figure 4.6: Probability density functions for heat flux and dryout heat flux in low pressure
case.

With explicitly defined probability distributions it is possible to calculate exact probabilities of

having a non-coolable debris bed (i.e. probability of load exceeding capacity) by using ex-
pression

P(L>C) = f fe(o) [ f fL(l)dl] dc, ()
0 c

where f. and f; are the probability densities for capacity and load variables, respectively.
The probabilities were calculated using Mathematica and are shown in Table 4.5, and the
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difference is quite significant in favor of pressurized melt ejection scenario. Depressurized
cases result in non-coolable debris with 9% probability whereas in pressurized cases have
only 0.5% probability.
x10°
‘4 T T T T T Ll 1 1 1
Heat flux

Dryout heat flux |

35

Probahility density
N
[ o

—
M

0 02 04 06 08 1 12 14 16 18 2

Heat flux [WW/m2] w 10°

Figure 4.7: Probability density functions for heat flux and dryout heat flux in high pressure
case.

Table 4.5: Probabilities of having a non-coolable debris bed in depressurized and pressur-
ized cases calculated with eq. (7).

Depressurized case Pressurized case

Probability of a non-coolable

debris 0.090 0.005

Although results may suggest that pressurized melt ejections could be even desirable in
sense of managing severe accidents, this is of course not the case. First of all, RPV failure
should be avoided at almost any cost, and by depressurizing primary system low-pressure
spray can be used to provide core cooling. Pressurized vessel failure mode is also less pre-
dictable and ex-vessel steam explosions are often regarded more likely in high pressure
cases. The analyses in this study may also overstate the effect of high local heat fluxes as-
sociated with heap-like debris bed configurations and ignore the improved water in-flow
through the sides of the heap. Results are very sensitive to parameters used to determine
probability distributions and parameter ranges and distribution shapes should be paid more
attention to.

5. Conclusions

This study aimed at improving understanding of coolability of ex-vessel debris bed and its
treatment in safety analyses in a risk-informed manner. Phenomenology and physics of de-
bris coolability needs to be quite thoroughly understood, and therefore also influence of dif-
ferent debris bed properties and parameters as well as mechanisms through which cooling is
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attained have been discussed. An important part of this study was a review of experimental
work on the topic performed both at VTT and elsewhere. Especially results from another
SAFIR project COOLOCE were taken a closer look at. Also analytical capabilities for ex-
vessel debris bed treatment were briefly covered.

The main part of this study focused on formulating a risk-informed approach to deal with co-
rium coolability. IDPSA methodology was utilized, which in practise meant the exploitation of
MELCOR simulations. Probability of coolability was estimated with load vs. capacity concept,
i.e. probability distributions were assigned to debris bed heat flux (load variable) and dryout
heat flux (capacity variable). Two scenarios were considered: depressurized and pressurized
melt ejection modes. Results suggested that pressurized case produces coolable debris with
much higher probability, mainly because of less threatening debris bed configuration and
elevated ambient pressure. However, this conclusion should of course not be taken as a
guideline for severe accident management (whether to depressurize primary system or not)
because accident progression in its whole complexity necessitates many other things to be
taken into account as well. Nonetheless, many new insights into problems involved in ex-
vessel phenomenology of a severe accident were achieved.
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Appendix: MATLAB scripts

Script that samples distribution functions for load vs. capacity concept (with
high system pressure) and draws plots:

clear all

for i=1:10000

% Common params
rho=7500+rand*500;
M0=200*1000;
t=3600*24*365*2*rand;
0=2.5*10"9;

o°

Corium density

Total corium mass

Time since reactor start-up
Nominal thermal power

o° o°

o

% Low pressure
eps=0.3+rand*0.1;
alpha=rand*25*pi/180;
M= (100+rand*100) *1000;
tmr=10000+rand*10000;

o°
o°

Bed porosity

Bed angle

Corium mass

Time of melt release since scram

o°
o°

o°
o°

o°
o°

o

% high pressure
eps=0.2+rand*0.1;
alpha=rand*15*pi/180;
M= (150+rand*50) *1000;
tmr=15000+rand*10000;

o

Bed porosity

Bed angle

Corium mass

Time of melt release since scram

o° oP

o

% Debris bed height
h=(3*M*tan (alpha) "2/ (pi*rho* (1-eps))) "~ (1/3);
% Specific decay heat power
W=Q/MO*decay (t, tmr) ;
% Heat flux
HF (i) =rho* (1-eps) *W*h;

end

% Distribution functions for heat flux and dhf
x=0:2000:2*10%6-1;

% fitted pdf for heat flux
pdl=fitdist (HF', 'normal') ;
heatflux=pdf (pdl, x);

% pdf for dryout heat flux
% low pressure parameters
mu=0.8e6;

sigma=0.1le6;

% high pressure parameters
coeff=1.05;

mu=coeff*mu;
sigma=coeff*sigma;

pd2=makedist ('Normal', 'mu',mu, 'sigma',sigma) ;
dhf=pdf (pd2, x) ;

spdf plot

plot (x,heatflux, x,dhtf)

xlabel ('Heat flux [W/m2]");

ylabel ('Probability density');

legend ('Heat flux', 'Dryout heat flux');
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Function decay.m that gives relative dacay power:

% Decay power relative to nominal power at time of melt release
since
% start-up (t). tmr is time of melt release since reactor scram
function Prel=decay(t, tmr)
if t<tmr
t=tmr;
end
ts=t-tmr; % time of scram
if tmr<10
a=12.05;
b=0.0639;
elseif tmr<150
a=15.31;
b=0.1807;
else
a=27.43;
b=0.2962;
end
Prel=5*10"-3*a* (tmr"-b- (ts+tmr) *-b) ;
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This study discusses ex-vessel debris bed coolability from safety
analysis perspective, espe-cially regarding level 2 probabilistic risk
assessment (PRA). The goal is to explore practical and risk-informed
ways to deal with debris coolability issues in plant scale risk
considerations. Analyses exploit deterministic accident progression
simulations which are performed by using MELCOR, and thus this
study builds upon IDPSA (integrated deterministic and probabilistic
safety assessment) framework.

Literature part covers the most important debris bed parameters that
can affect debris coola-bility. Also mechanisms that provide cooling
are briefly presented. Empirical research on de-bris coolability has
been performed at VTT and also elsewhere, and some results
relevant to this study are referred to. Analytical capabilities play a
crucial role in coolability assessment and some codes developed for
that purpose are introduced in short.

Probability of failure to provide cooling for ex-vessel debris is
evaluated by using load vs. ca-pacity concept. Debris bed heat flux is
used as load variable and dryout heat flux serves as capacity
variable. Two scenarios are employed: pressurized and gravity-
driven melt ejection modes. Analyses indicate that when primary
system is pressurized when vessel fails, the probability of having
non-coolable debris is smaller than in depressurized cases due to e.g.
less threatening debris shape and other properties that favour
coolability. However, it must be kept in mind that primary system
depressurization has other benefits to its name when it comes to
severe accident management. All in all, this study provides useful
insights to ex-vessel phase of severe reactor accidents with respect to
PRA needs.
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