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Results of a scoping study to quantify the ex-vessel severe accident risks for the Swedish
boiling water reactors (BWRs) are reported. The study considers that a pool of water
is established in the containment prior to vessel failure, as prescribed by the accident
management scheme for the newer Swedish BWRs.

The integrated methodology developed and employed combines probabilistic and de-
terministic treatment of the various melt-structure-water interaction processes occurring
in sequence. The potential steam explosion, and the melt attack on the containment base-
mat, are treated with enveloping analyses. The uncertain parameters in the models and
the initial conditions are treated with random (Monte Carlo) simulations. Independent
models are developed for melt coolability and possible attack on the concerete basemat.

It is found that, with current models, the melt discharge scenarios, in which a large
amount of accumulated melt may be released from the vessel, could subject the contain-
ment to large steam explosion loads. The uncertainties in the steam explosion models,
and in the in-vessel melt progression scenarios, however, are so large that no definite con-
clusion can be drawn. The assessment of ex-vessel core debris coolability is disturbed by
similar phenomenological uncertainties. Presently, coolability of the core debris cannot
be demonstrated.

It is essential to reduce the uncertainties in the modelling of the risk-significant pro-
cesses before significant improvement in risk-estimation can be achieved. The experimen-
tal programme at KTH is focused towards providing data for validation of the models on
the key melt-structure-water interaction phenomena involved.



SAMMANFATTNING

I denna rapport presenteras resultaten av ett "scoping" studium, som kvantifierar ex-
vesselfenomen och risker i svåra haverier. Analyserna genomförs på moderna kokvatten-
reaktorer (intempumpsanläggningar), där inneslutningens nedre primärutrymme (dry-
well) tillförs vatten vid en härdsmälta.

En integrerad metodik utvecklas för evaluering av härdsmältans samverkan med vat-
ten och inneslutningens strukturer. Smältans kylbarhet och möjliga ångexplosioner värderas
genom att kombinera deterministiska och probabilistiska metoder. De osäkerheter som
finns i viktiga parametrar tas till hänsyn i random (Monte Carlo) simulering.

Om stora mängder av smälta rinner snabbt ut från en genomsmält reaktortank, kan
det orsaka relativt stora dynamiska (ångexplosion) belastningar på inneslutningens struk-
turer. Osäkerheterna i tankgenomsmältning och ångexplosionsmodeller är däremot så
stora att några definitiva slutsatser inte kan dras. Evalueringen av smältans kylbarhet
är lika svår och osäker. Med dagens modeller kan kylbarhet inte säkerställas.

Det är viktigt att förbättra våra kunskaper om riskdominerande ex-vesselfenomen.
Innan detta kan åstadkommas kan evaluering av ex-vesselrisker inte väsentligt förbättras.
Mer experimentell data kommer att tas fram i t ex KTHs pågående experimentprogram
inom svåra haverier. Där utvecklar och validerar man även detaljerade modeller för de
viktigaste ex-vesselfenomenen.



FOREWORD

This study was funded by the APRI (Accident Phenomena of Risk Importance) project,
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APRI methodology group) and Erik Soderman (ES-KONSULT AB; leader of the APRI
project).
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Chapter 1

INTRODUCTION

The newer Swedish-type boiling water reactor (BWR) plants located in Sweden and
Finland employ a severe accident management procedure in which a deep water pool
is established under the vessel, as soon as it becomes clear that the water level in the
core may fall below the top of the core. The guiding principal for this procedure is that
the core melt jet will fragment during its passage through water and the coarse particles
formed will be cooled permanently in the water pool. The success of this procedure
is also based on the judgment that a large steam explosion, which could threaten the
containment integrity during the melt-water interaction, will not occur.

Much research has been performed in the intervening years since the above guiding
principals and judgments were established. They have not been proven wrong, however,
it has become clear that due to the large uncertainties in the characteristics of the core
melt discharges and in the phenomenology of melt-water interactions, a re-evaluation of
the decisions made earlier would be prudent. A thorough re-evaluation of the accident
management procedure should be based on a consistent approach, which would consider
various core melt scenarios and their frequency, determine containment failure probabili-
ties and, if necessary, determine external doses and health effects. In the case of ex-vessel
accident progression, the evaluation should fix a conditional containment failure proba-
bility goal (e.g. < 10~3) and determine if it can be met considering the different (but
enveloping) core damage states; and the uncertainties in the physics of the controlling
phenomena.

The present study is performed for the purpose described above, yet the limitations
of this scoping study have to be clearly acknowledged. We will focus on the main phe-
nomenological relationships, instead of trying to account for all details related to various
accident sequences, severe accident management (SAM) actions, and consequences out-
side the containment. The phenomena will be scoped by explaining the main physical



principles involved, reviewing the current knowledge base of analyses and experiments,
and building some parametric models to be used when presenting the uncertainties in
phenomena. The final goal of a definitive study (performed perhaps later) would be to
determine the probability of success (or failure) in maintaining the containment integrity,
as far as the quality of data available would justify such quantifications. The primary
objective of this study is to develop the framework and methodology for quantifying the
probabilities and uncertainties. Less emphasis is placed upon the first numerical values,
which are obtained but probably have to be much refined, later on.

In Chapter 2, we will first describe, in overall terms, the features of the Swedish-
type BWR plants, and of the reference plant type in focus of this study. The integral
assessment framework, developed to present the uncertainties related to ex-vessel severe
accident risks, is introduced in Chapter 3. In Chapters 4 through 10, the phenomena and
issues related to the ex-vessel containment failure mechanisms are examined; more specif-
ically, the phenomena, the current knowledge and existing uncertainties, as well as the
models developed in the present study, are described. The integral analysis programme
is discussed in Chapter 11, and the results obtained are reported in Chapter 12. Finally
in Chapter 13, a short summary of the results of the study is given.

Due to the broadness of the study, all references relevant to the subject can not be
consulted nor included in the reference list of this report. As mentioned above, the
objectives are to identify the main principles and to estimate some of the phenomena
considered as most critical. Consequently, where the uncertainties are considered to be
large for major factors, the specific items are not examined in detail.



Chapter 2

The main objective of this study is to scope the ex-vessel severe accident phenomena
and risks in Swedish-type boiling water reactors (BWRs). The plant design features and
severe accident management (SAM) aspects are, therefore, not examined in every detail.
The general features of the newer and older Swedish-type BWR designs are described in
sections 2.1 and 2.2 of this chapter. In section 2.3, a somewhat closer look is taken at
the Forsmark Unit 3 (F3), which is used as the reference plant for this study. The core
meltdown accidents selected to determine the accident progression-related parameters are
described in section 2.4.

2.1 Newer plants

The second-generation BWRs of the Swedish ABB-ATOM (former ASEA-ATOM) design
were brought into commercial operation mainly during the 1980's, and they introduced
some (at that time) new features such as reactor pressure vessel (RPV) designs with
internal reactor coolant circulation pumps. The following plants are considered to belong
to the group of newer BWR types [101]:

Plant abbreviation
03
F3
F2
Fl
TV02
TV01

Thermal power (MW (J
3300 MW
3300 MW v

2928 MW
2928 MW
2160 MW
2160 MW

Location
Oskarshamn
Forsmark
Forsmark
Forsmark
Olkiluoto (Finland)
Olkiluoto (Finland)



In the containments of these plants, the containment pedestal region below the RPV
is normally dry; see Fig. 2.1. In a severe accident the pedestal would, however, be flooded
by gravity-driven water flow from the annular suppression pool. The pedestal flooding
would be conducted prior to a vessel lower head melt-through in order to enhance core
debris cooldown and to prevent direct melt attacks against electrical and mechanical
basemat penetrations, which, however, are protected by special shields; see, e.g., ref.
[48] and section 2.3. Depending on the design-specific containment geometry (and the
accident sequence), the pedestal water pool depth would rise to several meters (about
4-10 m) in less than half an hour. Later in the accident the containment water level
would be slowly increased by pumping water from ex-containment water sources to the
containment spray lines. This would be done to achieve long-term stabilization of the
plant state.1

2.2 Older plants

The first-generation BWRs of Swedish design were brought into commercial operation
during the 1970's, and all these plants include RPV designs with external reactor coolant
circulation loops. The following plants are considered to belong to the group of older
BWR types [100]:

Plant abbreviation
Rl
B2
Bl
02
01

Thermal power (MW(/,)
2500 MW
1800 MW
1800 MW
1800 MW
1375 MW

Location
Ringhals
Barseback
Barseback
Oskarshamn
Oskarshamn

In these plants, the whole containment cross-section is covered by a suppression pool;
see Fig. 2.2. In case of a vessel lower head melt-through, the core melt would first fall
onto the pedestal floor and from there drain into the suppression pool about seven meters
in depth [48]. Some part of the core debris could remain on the pedestal floor and cause
slow erosion of the floor concrete as well as heating of the containment atmosphere. As
in the newer BWR types, the containment would be slowly filled with water by the use of
the containment spray lines and ex-containment water sources. The pedestal floor would,

*For more information on severe accident mitigation strategies in Sweden, see, e.g., ref. [73].



thereby, be flooded, and all core debris released into-the containment would be covered
with water.

2.3 Reference plant

In this study, we shall concentrate on the newer BWR plants with intentional flooding of
the containment pedestal in a severe accident. The Forsmark Unit 3 (F3) is selected as
the reference plant, and the F3 containment is shown in Fig. 2.3. It is emphasized that
all numerical values given in the following should be taken as approximate.

The F3 reactor coolant system (RCS) consists of the reactor pressure vessel (RPV),
steam lines and various injection lines connected to the RPV. In accident situations the
RCS would be isolated by the main steam isolation valves (MSIV) which would form
the containment boundary as well. In most of the potential severe accident sequences,
the loss of coolant injection into the RCS would be the cause for severe core damage
and thus also the coolant injection lines would remain closed. The RCS releases (water,
steam, hydrogen, core debris, fission product vapors and aerosols) would, consequently,
be completely contained by the containment. The RCS fluids could enter the containment
through a structural RCS failure (e.g. a pipe break or a stuck-open SRV) in a loss of
coolant accident (LOCA), or through intermittently opening safety/relief valves (SRVs)
which control the RCS pressure when there are no breaks depressurizing the system.

The RPV is a large steel vessel of inner diameter 6.4 m and height 20.8 m [101]; see
Fig. 2.4. Coolant circulation through the core is effected by eight internal circulation
pumps placed in the periphery of the RPV lower head. The free RCS volume is 544 m3,
and the normal operating conditions are approximately the following: pressure 70 bar,
coolant temperature 277-286 °C (subcooled at core entrance and saturated at core exit),
and water volume 360 m3. Core thermal power is 3300 MW, which is removed from the
RCS by a steam flow rate of about 1800 kg/s to the turbine, and, of course, compensated
for by an equal feedwater injection rate. The features of the emergency core cooling
systems (ECCS) are not within direct interest of this work because their inoperability
would be the most potential reason for core meltdown.

The reactor core consists of 700 fuel bundles, each of which includes 8x8 or 10x10 fuel
rods with an active fuel length of 3.68 or 3.75 m, and a rod outside diameter of 12.25 or
9.62 mm, respectively [7]. The fuel bundles are contained in rectangular cans (canisters,
boxes) with an inside dimension of about 13.4 cm; in the 10x10 fuel bundles there is also
"a water cross" in the middle and it is formed by Zircaloy walls dividing the fuel rods to
four 5x5 regions (inside dimension of one region is about 6.6 cm). The total masses of
fuel bundles are approximately the following: 144000 kg UO2, 32000 kg Zircaloy in fuel
cladding and 22000 kg Zircaloy in fuel cans. Four fuel bundles form a so-called "super



cell", in the middle of which there is room for a control rod. Most of the control rods are
held in the control rod guide tubes below the core during normal operation, and they are
pushed into the core in a reactor scram (shutdown). The control rods are of a cruciform
type ("a cross" in the middle of four fuel bundles). The blades are made of Stainless
Steel (SS; total mass about 15000 kg ) and the neutron absorber material (B4C powder)
exists in horizontal bores. After core meltdown, the in-vessel core debris could contain
also other material than molten core components, due to failure and ablation of internal
RPV structures (mostly SS).

For the progression of a core meltdown accident, and the core melt-induced failure of
the RPV lower head in specific, the lower head design is of great importance; see Fig. 2.5
taken from ref. [65]. The RPV lower head wall at F3 is about 18 cm thick. It is made of
carbon steel (A533B) and it has an internal Inconel liner of thickness 5-8 mm. The lower
head wall is perforated by 169 control rod drive (CRD) guide tube penetrations and 72
instrument guide tube penetrations; the CRD guide tube is also called as "the thermal
sleeve" and the instrument guide tube as "the detector housing tube" [65], but we will
call them all as "guide tubes". Inside the RPV lower head, the CRD guide tubes are
welded to the nozzles that are then welded to the lower head. The CRD guide tube-nozzle
welds exist at the top of the nozzles, about 35 cm above the lower head. If this weld,
or the guide tube below the weld, failed in a single CRD guide tube, the tube would be
held in place by the radiation protection plate (beneath the RPV) supported only by the
undamaged CRD housings. The CRD guide tube penetrations are about 10 cm in inner
diameter, and the inner lower head penetration hole diameter is about 13 cm. The CRD
guide tube (Inconel) wall thickness is 12 mm and the nozzle (Inconel) wall thickness is
15 mm; the nozzle is covered by an Inconel liner of a minimum thickness 2 mm. The
instrument guide tubes, on the other hand, are not supported by other measures than
the in-vessel welds to the nozzle top at about 15 cm from the lower head. The guide
tube could be ejected after weld failure provided that variations in components' thermal
expansion did not prevent this. In fact, below the nozzle top, there is a gap between the
guide tube and the nozzle and lower head wall both in the CRD and the instrument guide
tube penetrations; the gap is about 3 mm thick and it is interrupted only by a short "flow
limiter" inside the lower head wall. The instrument guide tubes (SS) are about 4.5 cm in
inner diameter and the inner lower head penetration hole diameter is about 6.5 cm. The
wall thickness of the instrument guide tube penetration is 10 mm and that of the nozzle
(carbon steel SIS 2103) 15 mm. Both the CRD and instrument guide tube penetrations
have internal structures, the former a control rod shaft (SS) and the latter an instrument
casing tube (SS). In addition, between the guide tube and its internals, there is normally
water at the RCS pressure. 2 Below the lower head, there is an insulation layer of about

2In the majority of the instrument guide tubes (Lx>cal Power Range Monitors), the instrument casing
tube contains water and also four copper wires and an internal tube (SS) that is closed at upper end but
opens to atmospheric pressure at its lower end. In about one sixth of the instumentation guide tubes
(Source and Intermediate Range Monitors), the instrument casing tube contains, normally, only steam
at 6 bar pressure.



10 cm.

The F3 containment is of a so-called pressure suppression type referring to the fact that
steam released to the containment would be condensed to the suppression (condensation)
pool. The containment volume is thus significantly smaller than in the "large dry"
containments, which do not have passive condensation devices. The prestressed concrete
walls of the F3 containment are about 1.5 m in thickness and they are leak-tightened
with a steel liner placed inside the wall (at depth of about 30 cm). The concrete walls are
perforated by several small penetrations and a few large ones, most notably the air-locks
(manways) in the lower drywell (pedestal) and the upper drywell, and the steel top hatch
(drywell head; removed during refueling). The free volume of the containment is about
11900 m3, including the suppression pool 3200 m3. The free gas volume 8700 m3 is divided
as the following: upper and lower drywell (DW) 5850 m3 and wetwell (WW) 2850 m3.
In normal operation, the containment is slightly subatmospheric and nitrogen-inerted to
prevent hydrogen combustion in accident situations.

The severe accident mitigation strategies, and systems dedicated to them, in the
Swedish plants have recently been described by Lowenhielm et al. [73]. The most im-
portant severe accident management (SAM) measures for the BWR plants are the RCS
depressurization (prevention of high-pressure core meltdown), pedestal flooding (core de-
bris quenching and cooling), filtered containment venting (control of slow pressurization)
and containment water-filling (long-term stabilization).

From the viewpoint of this study, the lower drywell (or pedestal) region of the con-
tainment is of biggest interest, because the ex-vessel melt-structure-water interactions
would take place in there. The vertical distance from the F3 vessel lower head to the
pedestal basemat is about 13.5 m, and the inner diameter and cross-sectional area of the
central pedestal region are about 8.4 m and 71 m2, respectively. In a severe accident, the
pedestal would be flooded with suppression pool water to enhance quenching and cooling
of the melt discharged from the RPV. Depending on the drywell-wetwell pressure differ-
ential (could exist in LOCAs due to steam generation into the DW and the blow-down
pipes' submergence in the suppression pool), the water pool depth/gas space height in
the pedestal could vary from about 4/9.5 m (LOCA) to 7/6.5 m (no LOCA) at the time
of RPV lower head melt-through.

As shown in Fig. 2.3, the pedestal includes also a tunnel leading to the air-lock (with
two leak-tight steel doors) as well as secondary extensions from the central area; the
outer annular region indicated in Fig. 2.3 is not really annular but broken into eight
parts, which are separated by (radially oriented) concrete blocks. The distance from the
cylindrical periphery of the outer pedestal wall to the inner air-lock door is about 6 m,
the width of the tunnel is about 6 m (the additional floor area is not included in the value
given above for the central pedestal). The outer "annular" of the pedestal is about 12 m
in outer diameter (about 1.8 m in width); the additional floor area is about 60 m2. The



thickness of the outer, concrete pedestal wall is about 0.8 m, and that of the concrete
basemat about 2-3 m (thicker in the centre). It is important to notice that the part of
the pedestal-wetwell (outer pedestal) wall covered by water after pedestal flooding has
water also on the wetwell side. This wall is not part of the containment boundary but it
separates the dry well and wetwell gas spaces and also carries the RPV weight.

Additional design-specific details that have to be taken into account in the ex-vessel
risk assessments (concerning melt-structure-water interactions, in particular) are, first of
all, the intervening structures between the vessel and the lower drywell water pool. They
could have some influence on melt behaviour both in the lower drywell gas space and in
the water pool. When assessing the steam explosion loading effects, and the potential
consequences of a non-cool able debris bed, also the structural details of the lower drywell
walls and basemat could have a major influence. At F3, there exist instrument penetra-
tions and a (larger) drainage pipe going through the basemat, and special shields have
been constructed to prevent leakages due to direct debris contact. Beneath the basemat,
there are some reactor building compartments. The lower drywell walls that could be
exposed to direct steam explosion loadings, or erosion due to debris non-coolability, do
not form a containment boundary, but the integrity of basemat and penetrations (in-
cluding the access hole doors) is important in confining the radioactive materials to the
containment.

In the other newer Swedish BWR designs, the containment and pedestal geometry
differ somewhat from those of F3; see Fig. 2.1. The differences in most important
parameters (melt fall height in pedestal, water pool depth, cross-sectional area, etc.) are,
however, small enough that the results of this study could be, with some modifications,
applied to various designs. In this context, any structural details that might change
the melt behaviour (intervening structures in the pedestal), the potential consequences
of steam explosions (fragility of the pedestal walls and penetrations; RPV support),
direct melt attacks (location and structural design of pedestal penetrations) and debris
coolability (basemat design) would have to be considered plant-specifically. In the older
Swedish BWR designs, on the other hand, the containment topology is so different that
the present study would require considerable modifications before the results could be
used even for scoping purposes.

2.4 Accident sequences

We consider it reasonable to focus our ex-vessel evaluations on low-pressure core meltdown
situations. This is because the ex-vessel containment threats, such as steam explosion
loadings and core debris coolability, are most important for accident sequences within
the design scope of the severe accident mitigation systems (and measures) that presume
a shut-down reactor, a leak-tight containment and a low RCS pressure at the time of core



degradation. In other severe accident types, a number of other concerns3 would probably
be of much greater importance, and the primary objective, always, is to prevent such
situations.

From the core conditions point of view, one could see at least two basic meltdown
accident types to be evaluated: a core meltdown sequence with a fast (depressurization-
induced) vessel coolant boil-off and a sequence with a slow (purely decay heat-induced)
coolant boil-off. Fast coolant boil-off would induce "dry-core" conditions and a larger
possibility for gradual core melt relocation during core melting. Slow boil-off, on the other
hand, would lead to "wet-core" conditions, with enhanced crust and blockage formation
at lower parts of the core, which could have lower temperatures due to longer contact with
water. A large melt pool could thus be formed into the core and it could, after failure
of the crust surrounding it, relocate into the vessel lower head in a coherent discharge
process. At the moment, it is considered possible that even the dry-core conditions lead
to a larger melt pool formation in the core, especially in Swedish BWR designs where
the flow paths through the lower core plate and the inlet nozzles of the fuel bundles are
tighter than in the U.S. (General Electric) BWRs. Thus, the uncertainties in core melt
progression (section 4.2) may outweigh the effects of the specific accident sequence. The
sequence called Station Blackout (SBO) is selected as the main focus of the study, though
the vessel melt release and containment conditions will be varied to include some other
low-pressure sequences as well. The RCS dryout phase of the SBO sequence, and some
variations to it, will be described in the following.

The SBO sequence would be initiated by a total loss of (on/off-site) electric power,
causing isolation of the RCS and containment, tripping of the RCS circulation pumps and
shutdown (scram) of the reactor. The RCS coolant inventory would then be lost through
decay heat-induced boiloff, because the loss of electrical power would preclude all coolant
injection into the RCS. The steam generated in the RCS would be driven via SRVs to
the suppression pool in the containment, which would form the only RCS outflow route
until the vessel lower head melted through. The SRVs, and the pressure relief function,
are assumed to operate correctly, which means that at the time of core top uncovery, the
RCS is depressurized to prevent core melting at high pressure. The RCS pressure relief
would cause coolant flashing, total core uncovery from water, and dry-core conditions at
the time when core starts to degrade.4

3Consider, for example, an ATWS (Anticipated Transient Without Scram) leading to core meltdown.
Such an accident could also involve containment over-pressurization due to continuous fission power
generation, hence the steam generation could exceed the filtered venting capacity. A high-pressure core
meltdown scenario, on the other hand, could induce much too energetic ex-vessel phenomena due to
high-pressure melt ejection. In these special sequences, the cause for (or the course of) the accident
might even coincide with inoperability of the dedicated severe accident mitigation systems, such as no
pedestal flooding.

4The exact RCS water inventory and the accident timing, when the (automatic or manual) RCS
depressurization would occur, would depend on the plant design and operator actions invoked (if manual).
Nevertheless, even if the depressurization were started slightly before core top uncovery, the coolant



The following plant conditions, at the time of in-vessel melt progression, are typical
for the SBO sequence at F3:

• RCS over-pressure about 2-7 bar relative to the containment5

• Containment pressure about 2 bar6

• Pedestal water depth about 7 m, and

• Pedestal water temperature about 50 °C (323 K).

The pedestal conditions could vary according to the core melt-down seqence. The
water pool temperature, for instance, could depend on pre-core-damage accident pro-
gression, should the suppression pool heat up prior to the loss of coolant injection into
the RCS (and consequent needs for pedestal flooding). Furthermore, the depth of the
pedestal water pool could be only 4 m in a F3 severe accident initiated by a LOCA, with
a dry well-wet well pressure difference equal to the blow-down pipes' submergence in the
suppression pool7. In some newer Swedish BWR designs other than F3, the pedestal
water pool depth could, on the other hand, rise up to about 10 m before the vessel failure

flashing would lead to total core dryout and dry-core conditions at the time of core degradation. Wet-
core conditions could be caused by an early depressurization (a LOCA) or if coolant injection into the
vessel were lost only after the RCS pressure relief.

5The RCS over-pressure would remain between closing (2 bar) and opening (7 bar) levels of the
SRVs provided that there were no RCS breaks (LOCA; stuck-open SRV; other structural failure caused
by high-temperature gases during core degradation) that could lower the RCS pressure down to the
containment level. In the SBO sequence, some additional, though small, pressure differences between
the RCS and the containment could be caused by submergence of the relief lines in the suppression pool.
The likelihood that all SRVs were malfunctioning (common cause failure due to a structural fault or loss
of electric power) should be small, since the RCS pressure control and depressurization functions are
crucial for BWR safety (both for prevention and mitigation of severe accidents).

6Containment pressure depends mainly on in-vessel hydrogen generation, because the suppression
pool and the pedestal water pool would be at low temperature (indicating low partial pressure of steam)
at the time of vessel melt-through. If all Zr in the core became oxidized in-vessel (54000 kg of Zry at
F3) and the hydrogen produced were distributed uniformly into the containment (free gas volume 8700
m3; gas temperature assumed to be 80 °C), the partial pressure of H2 would be about 4.0 bar. Taking
into account the initial amount of N2 in the containment (at an initial temperature of about 40 °C), and
a Zr oxidation fraction of 10-60 % (or 17-100 % of fuel cladding if no canister oxidation assumed), the
non-condensible gas pressure would be about 1.5-3.5 bar. With dry-core conditions, the code results are
usually closer to the lower Zr oxidation range, and so the containment pressure is about 2 bar. After the
vessel melt-through (or before in case of LOCA), the steam generation could lead to partial steam-filling
of the containment dry well. Depending on the volume available for non-condensible gases (nitrogen
and hydrogen, in particular), the containment pressure could get higher than estimated above. Filtered
venting of the containment would be started at a pressure of about 6 bar.

7Too late flooding could also lead to shallower pools, but this has to be improbable already from
the standpoint of system design. In the present study, the pedestal flooding is assumed to be initiated,
automatically or manually (depending on plant design and perhaps also on accident sequence), so early
that the pedestal water level would rise to its equilibrium value before vessel melt-through.
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(SBO sequence). In order to examine the sensitivity of ex-vessel phenomena to the water
pool depth, the following cases are studied in the analyses of this report: "shallow" (4
m), "normal" (7 m) and "deep" (10 m) pool.
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Figure 2.1: Containments of the newer BWR types.
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BWR 75 - REACTOR CONTAINMENT
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Figure 2.3: Containment of the Forsmark Unit 3 (F3).
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BWR 75 - REACTOR VESSEL AND INTERNALS
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Figure 2.4: Reactor pressure vessel of the Forsmark Unit 3 (F3).
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Chapter 3

FRAMEWORK FOR
INTEGRATED ASSESSMENT

In this chapter, we will describe the general framework developed for the integrated
assessment of the ex-vessel severe accident risks in Swedish BWR types. The analysis
programme is described later in Chapter 11.

3.1 General

The BWR core melt scenarios and the resulting vessel failure modes form the starting
point of our evaluations, since they provide the initial conditions for the subsequent
accident progression in the containment (with the water pool). The BWR core melt
progression phenomenology has recently been subjected to increased analytical and ex-
perimental research; and the same is true for the mode of vessel failure. The results
obtained can be employed in estimating the characteristics of the core melt discharge
into the containment, i.e., the mass flow rate, composition, metal content, jet diameter
and jet velocity as a function of time. Obviously the uncertainties in those parameters
also have to be estimated.

Core melt interactions with containment, and water pools, have also received increased
research attention in the last few years. The experimental programs of major interest
are the FARO and the MACE; however, the former has so far obtained data on in-vessel
melt-water interactions and the latter has not produced definite results so far. Analytical
models (and codes) have been developed for melt-water interactions with specific focus
on steam explosions. The models developed have not been validated so far. Nevertheless,
the new data base and the models developed, and the phenomenological uncertainties
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identified, will be factored in our evaluation.

The overriding questions for the severe accident management scheme of the Swedish-
type BWRs are the following:

• Under what conditions can a containment integrity-threatening steam explosion
occur?

• What is the fragility of the containment?

• If the containment survives after the steam explosion, can the resulting fine particle
debris bed be cooled?

• If the melt jet fragments without a steam explosion, what is the fraction of the melt
jet that will not fragment and will form a melt pool under water?

• If a substantially deep melt pool is formed under water, can it be cooled perma-
nently?

• If the melt jet suffers substantial fragmentation, can the deep debris bed formed be
cooled?

• Will the containment floor penetrations suffer damage?

The above questions are basically phenomenological and the answers are prone to the
phenomenological uncertainties. There are also bifurcations and splinters in the scenar-
ios, for each of which fractional probabilities should be assigned. Basically, a consistent
framework has to be established to quantify the ex-vessel severe accident risks. This
framework, which may be similar to the containment event tree in the parlance of the
probabilistic safety analysis (PSA), should employ realistic models for the controlling
phenomena and assign probability density functions (distributions) to the uncertain pa-
rameters which affect the phenomena.

The present study will be scoping in nature and will employ the ideas expressed
above. An essential part will be the consideration of the existing methodologies and
codes for application in this work. A more definitive study could be carried out later, and
may have to wait until the knowledge-base about the controlling physical phenomena,
and about the uncertainties in the parameters affecting the controlling phenomena, is
sufficiently advanced. We believe that the experimental program on melt-structure-water
interactions, that we have initiated at KTH, will be providing substantial support to the
definitive study envisioned.

In what follows, we will not place special emphasis on obtaining definite probability
ranges for the safety issues involved, which is due mainly to the above-described phe-
nomenological uncertainties. In addition, such design-specific estimates would require
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far more technical plant information (such as structural capability of the containment
boundaries under highly dynamical loadings) than what is currently available. The con-
siderations and analyses are aimed, first of all, to provide a basis, better than today's,
for estimating design-specific concerns of ex-vessel severe accident phenomena. As what
comes to the issues involved, the steam explosion effects (on loadings and fragmentation)
and core debris coolability form the primary interests. Other aspects, in particular melt
attacks against containment penetrations, depend strongly on the debris conditions and
coolability upon the containment basemat. They can thus be deduced, more or less di-
rectly, from the other estimates by comparison to the location and design of basemat
penetrations and their shields. Although numerical probability values are not the first
goal, the basic framework (and programme) is developed for integrating, quantifying and
presenting the uncertainties.

3.2 Methodological aspects

In this section, we will describe the general methodology of the integrated assessment
framework, which is depicted in Fig. 3.1.

The assessment framework can be divided into three different parts: (i) various sce-
narios of core meltdown and vessel melt discharge, which form the starting point of the
phenomenological ex-vessel studies, (ii) physical processes from vessel melt discharge to
formation of a debris bed on the containment basemat, and (iii) evaluation of severe ac-
cident safety issues such as steam explosion loadings, direct melt attacks and core debris
coolability. We separate between these three "fields" in order to highlight the fact that
the evaluation methods used for them can differ a great deal.

First of all, the core meltdown and vessel failure scenarios (splinters) are highly un-
certain. Some limited number of scenarios thus have to be selected in such a way that
they envelope the conceivable cases. The numerical values of various parameters (melt
masses, etc.) have to be assigned for specific designs, using the results of core degradation
analyses (see Chapter 4).

Secondly, given the vessel melt-through, the progression of the scenario leading to melt
(debris) deposition on top of the containment basemat can be treated as a set of more or
less continuous (progressive) phenomena (Chapters 5 through 7). Any bifurcation-type
possibilities in these phenomena are treated through the parametric probability density
functions; e.g., the effect of crust/no-crust on lower head ablation, or the contribution of
steam-explosion-induced tiny fragments to debris bed formation, can be modelled in this
way. In fact, one should note that the predictive modelling does not mean that the mod-
els are hard-wired to produce only definite numerical values. By including parametric
uncertainties, also the results are subject to probability distributions. Monte Carlo simu-
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lations are performed to sample the parametric values and to propagate the uncertainties
through the models. The various starting points (selected core meltdown and vessel fail-
ure splinters) are dealt with separately, and the input from in-vessel core degradation
analyses is employed in the form of probability density functions.

Thirdly, the primary issues related to the loss of containment integrity are the ex-vessel
steam explosion loadings (early containment failure) and the core debris coolability (early
penetration failures or late basemat melt-through). These safety issues could be treated
as direct extensions of the continuous process modelling, and by using such "direct-
prediction" method, the bifurcative nature of the questions (Does the containment fail or
not? Is the debris coolable?) would lead to some distribution of "digital" answers (yes or
no). The assessment would require extensive dynamical analyses on melt-structure-water
interactions, and the most important parameters would be varied to see the sensitivities;
see, e.g., the source term analyses of Khatib-Rahbar et al. [68]. This method would
suit best in case of continuous processes, for which there already exist reasonably reli-
able analytical methods. For bifurcative issues of considerable uncertainty, however, the
results could become very sensitive to any unknown (still hidden) factors. Such is the
case, typically, for severe accident issues related to containment failure [96].* We have,
consequently, decided to follow here another route than "direct prediction", namely one
we call the "enveloping-type" method. It derives from the formalism of the Risk-Oriented
Accident Analysis Methodology (ROAAM), which has been developed by Theofanous et
al. [109], specifically for the type of issues in question; for various ROAAM applications
(and demonstrations), see, e.g., refs. [83], [108], [110], [111] and [113]. The results pro-
vided by the above-mentioned models (from vessel failure to debris bed formation) are
utilized only to provide estimates of some of the physical magnitudes (melt mass flow
rates, etc.). The safety issues, such as steam explosion loadings and core debris coolabil-
ity, are then looked upon from an enveloping perspective, trying to address and evaluate
the principal limits related to the phenomena, as well as the necessary conditions for
containment failure. Despite the fact that such consequential relationships are aimed to
be as compact (easily tractable) as possible, the parametric values have to be, typically,
validated by experiments and (detailed enough) analyses; see, e.g., ref. [113]. In this
respect, the present scoping study needs much more refinement, and the most crucial
research needs will be identified in chapters that follow (see especially section 12.6 and
Chapter 13).

The primary goal of the integral risk assessment methodology (not this study as such)
is to calculate probabilities, or, more precisely, probability density functions (PDFs), for
containment failure due to steam explosion loadings (early failure potential), direct melt

*For this study, in particular, consider the potentially complicated interrelations between the following
phenomena (and their uncertainties): vessel lower head failure and ablation, melt jet discharge and
breakup in gas and water, melt droplet behaviour in the water pool and sedimentation on the pool
bottom, debris bed formation and coolability, and the steam explosion effects (on melt jet, water pool
and melt droplet behaviour). Any detailed (often called realistic) predictions of these processes would
be, realistically, impossible.
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attack-induced loss of containment leak-tightness (early failure potential), or basemat
melt-through (late or perhaps very late failure potential). The numerical values could
then be assigned to the corresponding accident progression branches of the containment
event trees (GET), or accident progression event trees (APETs), which are constructed
for the Level 2 (containment) analyses of the probabilistic risk and safety assessments
(PRA/PSA); see, e.g., ref. [118]. An example of a part of a CET is included in Fig. 3.2,
which also shows the main focus of the present study.

We will not evaluate items related to the Level 1 (probability of various core meltdown
sequencies) nor Level 3 (accident consequences outside the plant) PSA. Neither do we
enter into details of full-scope, plant-specific Level 2 PSA studies. The connection points
of this study to Level 1 are the core meltdown accident sequences selected when determin-
ing sequence-specific parameters (see section 2.4). The relations to Level 2 were already
described above. The importance of Level 3 investigations, for the type of issues under
consideration here, would also depend on the likelihood estimated for various contain-
ment failure modes. Whereas the environmental consequences would be minor without
containment failure (including bypass and major leakages), an early containment failure
due to ex-vessel steam explosions would be of considerable concern. This is both due
to the timing and the potential for large radioactive fission product releases out of the
containment; a failure of the containment boundary might also lead to coolant escape,
debris dryout, and further fission product releases into the containment gas space. A
late, or very late, containment failure due to non-coolable debris penetration through the
basemat could be very different in nature, especially if the release path went through the
soil (if there were no open rooms beneath the basemat). Without a direct gas flow route
to the atmosphere, the ex-plant consequences would be related to longer-term processes
in soil, and the concerns of acute health effects may be much smaller than those in the
case of large atmospheric (vapor and aerosol) releases. Anyway, in-depth evaluations of
fission product releases and off-site consequences are not a part of the scope of this study.

3.3 Model description

In this section, we will describe, in overall terms, the integrated model developed for
connecting the phenomenological models, importing the data and parametric selections,
and analysing them.

The various scenarios related to in-vessel melt progression and ex-vessel debris bed
formation, in the manner we treat them in the present study, are shown in Fig. 3.3; the
scenarios and the phenomena will be discussed in detail in the following chapters. The
distinct scenarios for the vessel melt release are treated separately, as depicted in Fig.
3.4. In this way, the model inputs and parameters (such as the melt mass discharged
coherently or gradually) of the specific melt release scenarios can, and will, deviate from
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each other. In Fig. 3.3, also the main phenomenological aspects of the ex-vessel assess-
ment are indicated. The different configurations for the debris bed are important when
assessing the debris bed coolability (and also direct melt attacks against containment
boundaries and penetrations), and the actual configuration would depend on a number
of phenomena, including steam explosion effects on the particle size distribution. The
steam explosion loading potential is estimated based on the vessel melt release and the
bounding phenomena related to interactions of the melt (jet, batch or droplets) with
water.

The general structure of the programme integrating the various parts of the assessment
is depicted in Fig. 3.4; the structure of the analysis programme (called QUASAR-SBWR)
will be described later in Chapter 11 (see, e.g., Fig. 11.1). Some model inputs (in the
form of probability density functions) are required, and they come from the analyses and
judgments on in-vessel melt progression, and any other parameters (such as containment
conditions at the time of vessel failure) needed in the ex-vessel assessment. The inputs also
include the distributions of the parameters related to the phenomenological and safety
issue models, because there exist uncertainties whether the physics or technical aspects
(such as containment loading capability) are considered. Using the input, the continuous
process models calculate, deterministically, such phenomena as vessel lower head ablation,
melt jet breakup and melt sedimentation on the water pool bottom. If (when) the
parameters affecting the results are independent (not correlated), the Monte Carlo runs
can be done simply by randomizing the parametric samples from the probability density
functions (PDFs) and inputing them to the deterministic models. As a result, one gets
PDFs for different quantities of interest, which can be the particle and melt fractions
of the debris bed, for example. The PDFs can then be used in the safety issue models
that should yield (conditional) probabilities for the issues related to containment failure.
Because the distinct melt release scenarios (Scenarios 1-4) involve different parameters,
and even qualitatively different phenomena, the containment failure probabilites can also
differ significantly. The relative likelihoods of the melt release scenarios are not assessed
in a quantitative way, which means that (not just the inputs but) all the results will be
treated separately for Scenarios 1-4. For the Level 2 PSA studies (that is, to get split
fractions for the questions of Fig. 3.2), numerical values should be assigned also to the
relative likelihoods of vessel melt release scenarios based on the judgments on in-vessel
melt progression.

A couple of important methodological, or perhaps philosophical, aspects of the se-
lected PDFs have to be mentioned, and they concern the whole report. The PDFs are
usually (not always) chosen as simple even (flat) distributions, although a profile with one
or several "humps" could be justified to emphasize the most probable ranges or physical
bifurcations. However, in a scoping-type study the flat profile better reflects the level of
detail used in the assessment, and, in this respect, more sophisticated forms could very
well be misleading. Furthermore, for one PDF as such, it would hardly make any differ-
ence if the upper or lower parameter range were selected as somewhat less likely than the
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mean value, because the uncertainties in severe accident phenomena do not, typically,
allow comparisons within small factors (say, less than one or several orders of magni-
tude). What is, in fact, much more important is that even with flat distributions, the
Monte Carlo runs make such combinations, where several independent parameters have
unfavourable (conservative) values, unlikely. As a matter of fact, it may also be question-
able if this simple result of using distributions, instead of definite numerical values, in
computing justifies direct (blind) use of the results, but this "problem" of interpreting the
low-probability distribution "tails" adds to the motivations for careful result criticism.2

2Consider, for instance, a combination of three parameters, each of which is selected as an even
distribution for a certain interval. If each distributions contained about 10 % of the probability mass in
such a range that could - when combined with similar values of other parameters - yield unfavourable
results for a certain issue, the probability for a bad result would be only 0.001. If the parameter
values giving this result were not very conservative, it might be questionable to interprete the result as
acceptable in the sense that the issue is of a low likelihood. The resulting distributions should, therefore,
be carefully interpreted.
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Chapter 4

PROGRESSION

In this chapter, we will take a quick look at the in-vessel core melt progression from the
start of core degradation to the melt-through of the vessel lower head.1 The first two
sections of the chapter describe the physical picture and current knowledge of the melt
progression processes. The last two sections on assessment methodology and modelling
utilize the analytical and experimental data available for in-vessel melt progression in
BWRs. In particular, the analyses of the ABB-ATOM experts, which have been per-
formed specifically for the Swedish BWRs, are used to select the quantities needed in
vessel melt ejection analyses (Chapter 5) and in ex-vessel studies that follow. As dis-
cussed in section 3.2, the vessel melt-through forms the starting point of our analyses.
Thus, in this chapter, also the various vessel failure and melt discharge scenarios are
described briefly; and a few distinct cases are selected for the ex-vessel analyses.

4.1 Physical picture

If coolant injection into the RCS were not enough to keep the reactor core cooled by
(covered with) water in a reactor transient (e.g. no injection due to total loss of electric
power) or accident (e.g. a LOCA with ECCS failures), the uncovered fuel would start to
heat up. When the fuel temperature would exceed about 1400 K, the zirconium (Zr) in
fuel cladding (Zircaloy) would start reacting with steam. Zr-H2O reaction could be limited
by solid-state diffusion (oxygen diffusing through the oxide layer), gas-phase diffusion
(steam diffusing through the hydrogen-steam layer) or inadequate steam generation in

more detailed information on in-vessel melt progression, see, e.g., refs. [56], [69] and [93].
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the vessel (steam starvation). The cladding oxidation reaction would produce hydrogen
and a lot of heat, thus accelerating the fuel heatup started by the stored heat and the
decay heat generation (decay of radioactive fission products) in the fuel pellets (UO2);
hydrogen could be generated also from stainless steel (Fe, Ni, Cr, C) oxidation, the
heatup contribution of which is much smaller than that of Zr. The onset of Zr oxidation
would, typically, lead to a fast fuel temperature escalation at about 1800 K because near
this temperature the solid-state diffusion-limited oxidation would get highly accelerated.2

Core degradation would then proceed through melting of various metallic and oxidic core
constituents, and this would, finally, lead to core relocation down to the vessel lower head.

In-vessel core degradation can be characterized by three approximate temperature
regimes (limits): localized core damage at about 1500-1700 K, extended core damage
at about 2000-2300 K, and total core degradation at about 2900-3100 K [69]. Local
core damage refers to fuel cladding failures and chemical (eutectic) interactions between
various core materials, and extended damage due to eutectic interactions between fuel
metals and oxides (UO2, ZrO2). Total degradation would, at the latest, occur when
temperatures reached the melting point of ceramic core materials; see Fig. 4.1 derived
from refs. [93] and [69]. In different parts of the core, the initial heatup phase could
start at different times (axial uncovery of the core depends on coolant boil-off) and
also the initial heatup rate could be different due to variations in decay heat generation
(related to radial and axial power profiles). The core melt progression would thus not be
coherent. Core melting would, typically, start at the central axis of the core (highest radial
power) and at the middle (highest axial power) or top (uncovered first) elevation, and
spread from there laterally and axially downwards. In addition to regional core heatup
differences, the various core components (fuel pellets, fuel cladding, fuel cans, control
rods, etc.) would experience somewhat different temperatures due to heat generation
in the pellets (decay heat) or cladding (oxidation), the incomplete (radiative, convective
and conductive) heat transfer between the components, and the material-specific melting
(relocation) temperatures.

Before the core melted down to the vessel lower head, the melt progression could
differ in various parts of the core (locally). Some regions of the core could become fully
molten and relocate downwards, while some other parts could remain as shattered, non-
molten pieces (of fuel, etc.) that would later fall down from the degraded core. Even
the whole process could (globally) follow at least two different paths, namely a gradual
or coherent melt relocation down from the core. Coherent relocation could occur if the
melting material first solidified at the lower regions of the core, creating the possibility of
a crust-supported, large melt pool. Crust (flow blockage) formation would be enhanced
especially if the lower parts of the core remained significantly cooler (due to slower coolant

2The oxidation-induced temperature escalation could be milder if there were not enough steam (vessel
water level below the core and no melt relocation-induced steam generation), or if the oxide layer on
cladding had already got relatively thick when fuel temperatures reached 1800 K (could occur at very
low decay heat levels or due to considerable heat losses caused by natural circulation of in-vessel gases).
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boil-ofF and wet-core conditions, as in the TMI-2 accident) when the middle and top core
regions had already started melting. The crust surrounding the large melt pool would
finally break up at some point, which would lead to melt relocation; the BWR cores are
supported by more than one hundred plates (one for each "super cell" consisting of four
fuel bundles) placed on top of the control rod guide tubes, and thus a global core collapse
does not appear credible. "Dry-core conditions", on the other hand, might lead to more
gradual melt relocation, at least for the metallic constituents that melt first.

In most severe accident sequences, there would be water in the vessel lower head (lower
plenum) at the time of core melt relocation. Melt-water interactions would generate
steam and thus feedback some also to the core degradation process. The manner in
which melt relocated down from the core, as well as the efficiency of melt fragmentation
and quenching in the vessel water pool, would greatly affect the timing and the potential
mode of vessel lower head failure (due to excessive, meltdown-induced thermal loads).
In addition, the state of core debris (molten and solid fractions, etc.) would determine
the melt discharge potential after the vessel melt-through. In the lower head of a BWR
vessel, there exist more than hundred penetrations for control rod drives (CRDs) and tens
of penetrations for instrument guide tubes. If enough non-quenched melt arrived at the
lower head and melted through one or several penetrations, it could travel through the
vessel lower head. Whether this would lead to significant melt discharge from the vessel
or not, would depend on the melt flow into, and the subsequent failure potential of, the
penetration part located outside the vessel. Another cause for local melt discharge could
be that the penetration would be ejected by the vessel over-pressure after melting of the
supportive welds. However, if the melt were not released through a local penetration
melt-through, the dryout and heatup of in-vessel core debris would, at some point, heat
up the lower head wall so that it lost its strength. A local heatup of the lower head steel
would lead to a localized failure (though probably somewhat larger than a penetration
melt-through), whereas heatup at the vessel periphery (cylindrical part) might loosen the
whole lower head (called a catastrophic, or circumferential, lower head failure mode).

4.2 Current knowledge and uncertainties

From the nuclear safety point of view, the most important uncertainties are those that
affect the assessment of the phenomena threatening containment integrity. In this con-
text, one also has to acknowledge that some of the uncertainties in (details of) code
predictions are not that important if they are outweighed by the variety of different ac-
cident sequences (including operator actions); the containment should stay intact in all
conceivable sequences. For this study on ex-vessel BWR risks, the most important, un-
certain, factors and phenomena related to in-vessel melt progression are identified as the
following:
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• mass (core materials and other in-vessel structures), composition (melt vs. particles;
metals vs. oxides), mode (jet vs. batch) and temperature of core debris relocating
into the vessel lower head as function of time

• interactions between the core debris and water in the vessel lower head (melt
breakup and quenching, debris bed coolability by overlying water)

• interactions between the core debris and the lower head wall and penetrations
(direct melt attacks if no quenching, interactions during dryout and reheating of
quenched debris)

• timing, location and size (mode) of vessel lower head failure, and

• state of core debris in the vessel lower head at the time of melt-through (mass, melt
and solid fractions, composition, temperature, melt superheat).

For in-vessel melt progression in Swedish BWRs, the primary data sources are the
following:

• code calculations (MAAP, MARCH/STCP, MELCOR, APRIL, BWRSAR, SC-
DAP/RELAP, etc.),

• experiments on core degradation [CORA (1987-), FLHT/NRU (1985-1991), DF/ACRR
(1984), SFD/PBF (1982-1985), FP/LOFT (1984-1985), CSD/PHEBUS (1986-1989)],

• experiments on late-phase BWR melt progression under dry-core conditions, in
particular [MP and XR at SNL (1990-); CORA (1987-1993) at KfK], and

• separate effects studies on melt-structure-water interactions.

The current uncertainties in the above-mentioned factors can be included in risk as-
sessment by distinct scenarios (accident progression paths or bifurcations) and paramet-
ric distributions (probability density functions). The code predictions and experimental
data, typically, have to be combined with critical judgment, because the quality (accuracy
and validity) of data available is often inadequate for direct (blind) use.

The early-phase core degradation, or core heatup until some core components start
to melt, is rather well understood and can thus be predicted by the severe accident codes
[69]. The heatup differences between various core regions are influenced by the initial
core dryout phase, the axial and radial decay heat (power) profiles in the core, as well
as oxidation of the Zr cladding (and fuel cans in BWRs). The spatial resolution in
code calculations depends on the core nodalization, where the number of radial zones
(rings) and axial levels (slices) are, typically, selected from the ranges of 1-10 and 5-30,
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respectively. In the recent APRIL code calculations-of ABB-ATOM [7, 8], for example,
the core was divided into 10x10 nodes, and the MAAP-4 analyses [121] utilized a 5x13
or 7x23 nodalization.

The predictions become much more uncertain when core components start to melt,
first the low-melting-point materials (SS; Zr; eutectic interactions such as SS-B4C) and
finally the ceramics (UO2, ZrC^). Melt relocation and solidification (crust and blockage
formation), eutectic interactions between metallic and oxidic materials, and oxidation
of shattered and molten metals (Zry, SS), are among the phenomena complicating the
core meltdown process. The current analytical models can not predict late-phase melt
progression dynamics to high accuracy [69], and all codes include a number of parameters
that affect the results but are left to the code user. Considering the integral core meltdown
process, one of the most important questions is the manner in which core melt would
relocate down from the core into the vessel lower head. Without recovery of coolant
injection into the RCS3, core meltdown would eventually lead to melt-through of the
vessel lower head. The timing and mode of lower head failure would be influenced by
melt breakup and quenching in the vessel water pool and the subsequent interactions
between core debris and the lower head wall and penetrations. It can be concluded that
at the moment the whole in-vessel core meltdown process, from the start of core melting
up till the vessel lower head failure, has to be assigned high uncertainties. In addition to
the failure site, one of the primary questions is the time of lower head failure, since with
late failure the melt mass accumulating in the lower head could be potentially larger, due
to slow heatup and remelting of quenched debris.

Although the uncertainties are large, the latest studies have, at least to some extent,
clarified the picture of core melt-induced failure of the vessel lower head. In the Lower
Head Failure Analysis performed for the U.S. LWR designs [90, 91], it was found that
the BWR drain line penetration, which has a relatively large cross-sectional flow area
for melt flow (inner diameter 5 cm; wall thickness 7 mm), is probably the most vulner-
able penetration type. At low RCS pressure (below 20 bar), an ex-vessel tube failure
was indicated for the drain line penetration if it were filled with enough ceramic slurry
or melt to maintain heat fluxes in excess of 0.05 MW/m2; the Swedish BWR vessels

3It should be noted that the potential effects of reflooding of a degraded core (core quenching and
coolability, metal oxidation and hydrogen generation, potential for recriticality in core regions without
control rod absorber material, core melt relocation and vessel failure potential, etc.) are not examined in
the ex-vessel part of the present work. It is merely noted that the reflooding situations are particularly
challenging for code predictions on core degradation. Some reflooding cases were included in the MAAP-
4 analyses of ABB-ATOM [121], but there appears to be no reason to believe that the ex-vessel melt-
structure-water interactions would be greatly affected by core reflooding. The vessel melt release could
occur at higher pressure, but the melt quenching would be enhanced by reflooding and could decrease
the melt masses released immediately after the lower head failure (if this occurred despite reflooding).
One particular aspect related to containment thermal-hydraulics would be the possibility of vessel melt
and water discharged coherently through the lower head failure site (after melt pool height had become
low) at somewhat elevated RCS pressure; here one should also note that the lower head failure mode
might differ from low-pressure cases.
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do not, however, have drain lines. Higher heat fluxes (up to 0.2 MW/m2), which are
characteristic for high-temperature ceramic melt under thermal equilibrium conditions
with the penetration, were not predicted to fail any other type of the LWR lower head
penetrations at low RCS pressure. No definite conclusions were made about the relative
importance of various lower head failure modes (jet impingement-induced ablation, tube
ejection, tube rupture, localized creep rupture or global vessel failure), as they depend
on a number of uncertain factors (phenomena, in-vessel debris conditions and material
properties of penetrations). In general, the more time it would take to fail a penetration,
the more probable would the local or global creep rupture of the lower head wall become.
It would, however, take several hours after debris attack to develop a large lower head
creep rupture even at high RCS pressure. The fraction of debris that would be in molten
form at the time of lower head failure has been estimated to be small [15].

Quite recently, detailed thermal analyses of the lower head penetration behaviour
inside the Swedish-type BWR vessels (or those of TVO I/II, specifically) have been per-
formed by Ikonen at VTT (Finland) [65]. The primary conclusion was that the instrument
guide tubes are most prone to core melt-induced failure because of the thin SS wall (fast
heatup and loss of strength) and the lack of other support than in-vessel welds (possibly
ejected after weld or tube melt-through). Compared to those of the instrument guide
tubes, the times taken for in-vessel melt-through of the CRD guide tube penetrations
(thicker Inconel wall) were predicted to be longer. The CRD housings are, in addition,
supported by the CRD support plate that prevents single tube ejections. The lower head
creep rupture would be expected to occur much later (say, half an hour or later) than the
penetration failures. The possibility of instrument tube holding by the friction caused
by different thermal expansion of the tube and lower head wall material was not quan-
tified in the VTT study; the results of the U.S. study [90] indicate a contact that could
be tight enough to hold the tube especially at low RCS pressures, but in Swedish-type
BWRs there is a gas gap between the guide tube and the nozzle or lower head wall. The
initial, direct melt attacks against penetrations (assumed in the VTT study) also could
be mitigated by melt fragmentation and quenching in the vessel water pool. The debris
dryout and remelting would then expose the lower head to new thermal attacks, but the
main failure modes could remain the same as if the initial melt relocation lead to a direct
melt-head contact; however, instead of jet impingement, local heatup of the vessel lower
head wall might now be caused by spatial irregularities of the debris heatup process.

The BWR lower head has, usually, been predicted - and sometimes just assumed - to
fail due to a penetration melt-through also in calculations with integral severe accident
codes, such as the recent ABB-ATOM analyses with the APRIL code [7, 8]. The APRIL
code (new version APRIL.M0D3) includes models both for a penetration (a drain line
or a CRD or instrument guide tube) melt-through or a global lower head failure [7, 120].
The in-vessel melt-through of the penetration tube in contact with core melt outside (and
perhaps water inside), the melt flow into the inner tube region, as well as the ex-vessel
penetration tube melt-through, are treated with parametric models. Depending on the
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penetration, one or several of these conditions have to be met before the melt discharge
from the vessel begins. If the melt did not cause a local lower head melt-through of
rupture, the further increase of the lower head temperature might cause a circumferential
creep rupture; this could, actually, occur also after local melt-through, and the solid
debris remaining in the vessel could then be released through a larger lower head failure.
In the MAAP-4 code, five different lower head failure mechanisms are considered [119]:
(1) heatup and failure of the CRD and instrument guide tubes and the drain nozzle, (2)
ejection of the penetration tubes due to heat up-induced loss of weld strength, (3) creep
rupture of the lower head wall divided into radial rings, (4) jet impingement-induced
ablation of the lower head wall and (5) locally high heat fluxes caused by a molten metal
blanket on top of the in-vessel melt pool. The melt ejection is followed by in-vessel water
and gas discharge, and also the lower head ablation during melt discharge is predicted.

In general, the APRIL results indicate initial melt discharge through a local lower
head melt-through, either a penetration failure or a local wall creep rupture. For low-
pressure dry-core cases (such as the SBO sequence) calculated with the APRIL code,
the first vessel melt discharge mainly consist of metallic material from the core and
other in-vessel structures (SS, Zry); for high-pressure wet-core cases, also partially oxidic
compositions have been predicted [8]. However, in the recent MAAP-4 calculations [121],
large melt masses have been indicated at the time of lower head failure. It is yet to
be confirmed, whether these predictions result from the particular modelling choices of
the new MAAP-4 code versions, or if the debris-wall heat transfer could be so inefficient
(before debris remelting) that a large melt pool could be formed prior to the lower head
wall or penetration failure.

The recent MAAP-4 results mentioned above appear similar to the first results of the
debris heatup and remelting models of Hodge et al. [57, 58] (these BWR lower plenum
models are now part of the MELCOR programme), in the sense that they indicate poten-
tial for large melt masses existing in the vessel lower head at the time of melt-through.
Such results are, however, in contradiction to several other in-vessel investigations, some
of which were already surveyed above. In order to reach a more solid basis for ex-vessel
assessments, we recommend that future in-vessel studies on Swedish-type BWRs focus
on giving more definitive answers to the following questions:

• Is it possible that the in-vessel (welding and tube) sections of the instrument guide
tubes melt through before the debris could cause so high lower head wall tempera-
tures (and gradients) that the lower head would fail?

• If the instrument guide tube is not anymore supported by the in-vessel welding
(which has been melted), could it be supported by the contact between the tube
and the lower head (nozzle, vessel wall, flow limiter or debris crust)?

• If the instrument tube is not ejected, could the instrument or control rod guide tubes
fail by melt-through first inside the vessel and then in the tube section outside the
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vessel (perhaps in the section surrounded by the vessel insulation layer)?

• If one cannot demonstrate a local penetration melt-through (control rod or instru-
ment guide tube) or ejection (instrument guide tube), how does the lower head wall
fail?

• What are the debris characteristics (molten mass, composition, etc.) at the time of
lower head failure?

By answering these questions, one could assign probabilities and more definitive pa-
rameter distributions for the vessel melt release scenarios discussed in the next section. As
shall be seen, the ex-vessel results are highly dependent on the in-vessel melt progression
characteristics, and so the questions above can, still, be assigned high priority. Especially
the amount of melt available for the first discharge phase is of paramount importance.
The assessment of such parameters should be conducted with a systematic consideration
of the core degradation and melt-vessel-water interaction dynamics. Various lower head
failure modes should be considered separately, that is, by including only the core degra-
dation and relocation scenarios that could lead to a certain lower head failure type. The
maximum melt mass discharged through a local penetration failure could, for instance, be
dominated by coherent (massive and non-quenched) melt relocation from the core, while
maximum masses after a lower head creep rupture could be caused also by gradual core
melt relocation, quenching, reheatup and remelting. We feel that the models available
in severe accident codes and assessment are generally applicable, but their validity and
uncertainty ranges have not been assessed carefully enough, so far.4

4.3 Assessment methodology

4.3.1 In-vessel melt progression scenarios

In the present study, the uncertainties in in-vessel melt progression are dealt with by as-
sessing the ex-vessel phenomena for a few distinct vessel melt release scenarios, as shown
in Fig. 4.2. In addition, the parameters that are used in ex-vessel analyses (such as
discharged melt masses and compositions) can be assigned as probability density func-
tions. The approach of using distinct scenarios ("splinters") and parametric distributions
is basically similar to that of Theofanous et al. [110, 113] to the Mark-I Liner Failure.

4In addition to analytical studies, further experimental data will become available, in near future, on
late-phase BWR melt progression [50] and on rupture of lower head wall exposed to internal pressure
and heat flux [19]. The melt-structure-water interaction experiments under design at KTH can also be
applied to the assessment of in-vessel melt progression and lower head failure.
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Scenarios 1 and 2 correspond to a core melt progression scenario where a large melt
pool would be formed into the vessel lower head, either by remelting of debris quenched
in the lower head or by relocation of a large in-core melt pool without quenching in the
lower head. The melt in the vessel lower head would be released to the containment
coherently either through a local lower head failure (Scenario 1) or through a larger lower
head creep rupture (Scenario 2). By coherent melt release we mean that the melt is
released from the vessel during one continuous discharge process (all melt available for
ejection and the ejection rate governed by outflow velocity and failure size); the release
is more or less instantaneous only for the global lower head failure mode.

Scenario 3 is defined as a case where the core melt relocated into the vessel lower head
would be partially quenched in the vessel water. This could occur, in particular, if the
melt relocation down from the core was gradual (instead of coherent). The vessel melt
release could then occur gradually, with some part of the melt released first through a
coherent discharge process. The gradual melt release from the vessel would be governed
by remelting of the debris, which had been quenched and retained in the vessel lower head.
The lower head failure mode is selected to be local for Scenario 3, because a considerably
large failure would, of course, remove most of the debris into the containment even without
remelting.

Scenario 4 could be initiated by a local failure of the vessel lower head during early
phases of gradual core melt relocation (if the melt were not efficiently quenched in the
water). As for Scenario 3 described above, some melt could be released first with a greater
discharge rate, and the rest of the melt would be discharged gradually from the vessel.
The mass of melt available for discharge would be determined by relocation down from
the core, and perhaps also by remelting of the debris quenched into the lower head (if
any). The lower head failure mode is again selected to be a local one, which would be
more probable for an early lower head failure caused by a limited mass of core melt.

The in-vessel accident progression cases selected above do not cover all possibilities,
yet they are considered to envelope situations of most interest here and to form a reason-
able set of distinct scenarios for vessel melt discharge. The emphasis of this study is on
ex-vessel phenomena, and melt-structure-water interactions in particular, so the vessel
debris release is assumed to consist of molten material (corium). As a matter of fact, if
the vessel lower head failed as a larger creep rupture, some of the debris released into
the containment could be in solid form, but the contribution to the potential concerns
of ex-vessel phenomena (steam explosions, direct melt attacks, debris non-coolability)
would likely be much smaller than that of molten corium. An additional assumption is
that, for local vessel melt-throughs, the failure site is thought to be at the centre (near
the pole) of the lower head.5

5Although a local failure at the lower head periphery could not discharge all melt, this possibility
could (if desired) be accounted for by changing the melt masses available for first coherent rnelt release
(Scenarios 1 and 3), for example. On the other hand, if the first core melt relocation and attack against
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As discussed above for the present scoping study, we had to restrict the number of
scenarios for vessel melt release. In fact, we will also lump Scenarios 3 and 4 together by
using the same probability distributions for in-vessel parameters, as discussed in section
4.4. More variations to the in-vessel melt progression and vessel failure scenarios (if really
needed) can be included later when extending and refining the present scoping study.

4.3.2 Code calculations

The mass and composition of melt available for discharge through (and immediately after)
the lower head failure site would depend, above all, on late-phase core melt progression,
the time and mode of melt pool relocation down into the vessel lower head, as well as
the efficiency of melt quenching in the vessel lower head. As further discussed in section
4.4, the parameters of vessel melt discharge are selected from the ranges considered to be
potentially reachable.

We will use the results of the MAAP-4 code calculations of ABB-ATOM (Waaranpera
et al.) [121], which included the SBO sequence at F3 (section 2.4) and also some variations
to the basic scenario (such as LOCAs with a failure of ECCS after some time under
injection, or reflooding of a degraded and partially molten core). These code analyses
indicated considerably large melt masses to be ejected out of the vessel after the lower
head failure (up to 200-300 tonnes). In this sense, the analyses constitute the upper range
of the melt masses to be considered.

In the recent U.S. studies on the Mark-I Liner Failure [113, 110], the melt volumes
released from the BWR vessel during the initial, coherent, melt discharge process were
considered to be in the range of 7-15 m3. These are much lower values than those of
the above-mentioned ABB-ATOM analyses. The differences can be explained by the
contribution of internal vessel structures (structures above the core collapsed in the
ABB-ATOM/MAAP-4 calculations, while the Mark-I-Liner/APRIL.MOD3 calculations
included only thermally-induced ablation) and by the specific new models employed in
the MAAP-4 code (delaying the lower head failure).

It is emphasized that the melt mass ranges used in the present scoping study are
selected to see the influence on ex-vessel results. For a definitive study, the realistic mass
ranges should be assessed with much more care than what was possible for the first-order
evaluations of this report (see the recommendations at the end of section 4.2).

the lower head lead to a peripherial penetration failure (Scenario 4), most of the water would be released
and this could then lead also to a penetration melt-through at the lower head centre. For the larger
lower head failure and almost instant melt release from the vessel (Scenario 2), the failure should be of
a considerable size, because otherwise the initial creep opening could, probably, eject most of the melt
out of the vessel (as enhanced by lower head ablation) before the creep developed to a large diameter.
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4.4 Model description

Because the in-vessel part of accident progression is treated as "known" in this study, only
the values selected for various parameters concerning vessel melt release are described in
this section. The parameters are chosen separately for each of the vessel melt release
scenarios (section 4.3), with the exception of Scenarios 3 and 4 which are, currently,
treated within Scenario 3; the varied parameters are summarized in Table 4.1.

4.4.1 Scenario 1

For Scenario 1, the large in-vessel melt pool discharged through the lower head failure is
thought to consist of mainly oxidic material followed by metallic melt material (a blanket
formed on top of the molten corium pool).6

For the (mainly) oxidic melt pool, we will use the same melt composition as Sienicki
et al. [99] used in their ex-vessel jet breakup analyses, which were also performed for the
F3 unit. The composition is thus assumed as the following: 55.2 % UO2, 5.2 % ZrO2,
23.3 % Zr, 15.5 % SS and 0.8 % B4C (mass fractions). The properties shown in Table
4.2 are also taken from ref. [99].

The freezing temperature of the oxidic melt is selected as 2500 K and other properties
are taken approximately as the mixture properties of Table 4.2. The (fully) metallic
melt is assumed to contain mostly SS with some traces of Zr, and the properties are
selected correspondingly (see Appendix C on properties of various debris constituents).
The properties of the oxidic and metallic melts selected for the present study are shown
in Table 4.3.

The varied parameters are the melt mass and superheat, as well as the initial diameter
of the lower head failure site. The discharged oxidic melt mass is treated as an even
distribution in the range of 40000-160000 kg (average 100000 kg), where the upper range
is probably quite conservative - yet included to scope the sensitivities.7 The superheat of
the oxidic melt is taken as an even distribution 10-190 K (average 100 K). The metallic
melt mass, on the other hand, is assumed to be 20000-100000 kg and superheat 10-390
K (average 200 K). The metallic melt mass is, in addition, treated as if it were directly

6In the discussions concerning the vessel melt release scenarios, "oxidic melt" refers to melt that has
a considerable fraction of oxidic constituents (but may contain a small fraction of metals, too); "metallic
melt", on the other hand, refers to fully metallic melt.

7Here it should be noted that for Scenarios 1 and 2 only the initial discharge of the large melt pool
is considered, since if a large melt release occurred first, it would form the most challenging phase in
respect to ex-vessel issues. The total amount of debris released into the containment would be larger,
but the later mass release would probably occur gradually and favour quenching and coolability in water.
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correlated to the oxidic mass (large metallic melt masses with large oxidic ones, for
example), which yields total melt masses in the range of 60000-260000 kg. The initial
diameter of the lower head failure site is varied in the range of 5-15 cm (average 10 cm),
from a partial opening of an instrument guide tube penetration to a full opening (or
ejection) of a CRD guide tube penetration.8

The properties of the lower head wall material are shown in Table 4.4, and they are
also taken from ref. [99].

In all vessel melt release scenarios (Scenarios 1-4), the lower head wall thickness is
taken as 18 cm. In addition, the lower head is assumed to be hemispherical with an inner
diameter of 6.4 m and the failure site at the bottom elevation. The vessel over-pressure,
on the other hand, is assumed to be 2-7 bar (even distribution), as discussed in section
2.4.

4.4.2 Scenario 2

The parameters selected for Scenario 2 differ from those of Scenario 1 only with respect
to the mode and size of lower head failure. The initial failure site diameter is randomized
now from an even distribution of range 0.5-4.0 m, which corresponds to the possibilities of
a localized (bulge/cusp-type) or global (almost circumferential) lower head creep rupture.

4.4.3 Scenario 3

For this scenario, the vessel melt release is assumed to occur in three phases: (1) metallic
melt release, (2) oxidic melt release and (3) gradual, oxidic melt release. The first two
releases are allowed to occur right after vessel lower head failure, and the third one to
occur gradually as the debris remelts in the vessel lower head or relocates down from
the core. The oxidic and metallic melt properties and superheats are assumed to be
the same as described above for Scenarios 1 and 2 (Table 4.3), with higher superheats
allowed for metals (10-390 K) than for oxides (10-190 K). The first metallic melt release
is varied in the range of 20000-60000 kg and the oxidic one in 20000-100000 kg, and these
two values are treated as directly correlated (yielding pairs such as 20000/20000 kg and

8An even distribution is used instead of a double-humped one, which could be more realistic, though.
The instrument guide tube failure would perhaps be more likely than the CRD guide tube failure, but
both possibilities are kept along here. The ex-vessel phenomena are not too sensitive to the initial failure
size anyway, because it requires a lot of melt mass, most of all, to reach large jet diameters (say, lower
head holes larger than 30-40 cm in diameter), and in this case the initial failure size (if small) is not so
important. In addition, the upper range of the initial failure size can be seen to represent (coherent or
consequent) failure of several instrument guide tubes. For more discussion, see Chapter 5.
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60000/100000 kg). The gradual, oxidic melt release is assumed to be 160000 kg minus
the first oxidic release, and its release rate governed by a decay heat level of 0.5 %.

4.4.4 Scenario 3b

One variation to the Scenario 3 parameters described above is also included, and this
case is called Scenario 3b. The main idea is to show the effects if the first (coherent)
melt releases were limited to lower masses than the upper ranges chosen above. In
addition, most parameters related to vessel melt releases are set to one definite value,
which makes it easier to observe the influence of phenomenological uncertainties. The
following parameters are selected for Scenario 3b:

• vessel over-pressure 4.5 bar,

• initial diameter of the lower head failure site 6.5 cm,

• mass and superheat of the first, metallic, melt release 10000 kg and 150 K,

• mass and superheat of the second, oxidic, melt release 40000 kg and 100 K, and

• mass and superheat of the last, gradual and oxidic, melt release 120000 kg and 100
K.

Other parameter values of Scenario 3b are equal to those of Scenario 3.

4.4.5 Scenario 4

This scenario is not assessed separately, because the parameters are thought to be con-
tained by the distributions selected for Scenario 3 (and 3b). Therefore, Scenario 4 will
not be discussed anymore in the chapters that follow.
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Table 4.1: Varied parameters.
Parameter || Case 1

Ap (bar)
Dhy0 (cm)
mmii (tonnes)
A^ u P i l (K)
Composition
mm 2 (tonnes)
&Tsup,2 (K)
Composition
"̂ m,3 (tonnes)
ATSUP)3 (K)
Composition
Pcont (bar)
Tpool (K)
hpooi (m)

2-7
5-15

40-160
10-190
oxidic
20-100
10-390

metallic

-

2
323

4,7,10

Case 2

2-7
50-400
40-160
10-190
oxidic
20-100
10-390

metallic

-

2
323

4,7,10

Case 3
2-7
5-15
20-60
10-390

metallic
20-100
10-190
oxidic

160-mm)2

10-190
oxidic

2
323

4,7,10

Case 3b

4.5
6.5
10
150

metallic
40
100

oxidic
120
100

oxidic
2

323
4,7,10

Masses mm>i and mm)2 are directly correlated.
Melt mass mm^ is released gradually.
"Oxidic" composition refers to mainly oxidic melt.
"Metallic" composition refers to fully metallic melt.

Table 4.2: Properties of the oxidic melt pool from Sienicki et al.
Property

Liquidus temperature
Solidus temperature
Specific enthalpy
- Liquidus
- Solidus
- 298 K
Liquid specific heat cap.
Solid specific heat cap.
Liquid density
Liquid thermal cond.
Dynamic viscosity
Surface tension
Emissivity

Unit

(K)
(K)
(MJ/kg)

(J/kgK)
(J/kgK)
(kg/m3)
(W/mK)
(kg/ms)
(kg/s2)
(-)

Oxide phase

2673
2613

1.28
0.892

0
513.
385.
8370
3.4

4 > 10"3

0.52
0.83

Metal phase

2173
2093

1.18
0.917

0
563.
511.
6110
31.

2.110"3

1.60
0.39

Mixture
-
-

-
-
-

534.
479.
7320
9.6

3.710"3

1.02
0.62
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Table 4.3: Properties selected for the (mainly) oxidic and (fully) metallic melts.

Property

Liquid specific heat cap.
Liquid density
Liquid thermal cond.
Liquid thermal diffusivity
Dynamic viscosity
Surface tension
Freezing temperature
Specific heat of fusion
Solid specific heat cap.
Emissivity
Zirconium mass fraction
Stainless steel mass fr.

Unit

(J/kgK)
(kg/m3)
(W/mK)

(")
(kg/ms)
(kg/s2)
(K)
(J/kg)
(J/kgK)
(-)
(-)
(-)

Oxidic melt

530
7300

10
2.610-6

410"3

1
2500

350 103

480
0.6
0.23
0.16

Metallic melt

500
7000
30

8.610"3

2-10-3

1
1700

300 103

500
0.6
0.1
0.9

Table 4.4: Lower head wall properties.
Property

Melting/freezing temperature
Specific enthalpy
- Liquidus
- Solidus
- 298 K
Solid specific heat capacity
Solid density

Unit

(K)
(MJ/kg)

(J/kgK)
(kg/m3)

Value

1700

1.29
1.05

0
761
7320
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TEMP INTERACTIONS DAMAGES

3120 K Melting of fuel pellets (UO2) TOTAL

2980 K Melting of oxidized cladding (ZrO2)

2810 K Formation of (U,Zr)O2 liquid ceramic phase

2620 K Melting of control rod absorber material (B4C)

2245 K Melting of Zr(O)

2170 K Formation of Zr(O) and UO2 eutectic EXTENDED
2130 K Melting of fuel cladding and cans (Zry)

1815 K Acceleration of Zr-H2O reaction

1720 K Melting of control rod blades (SS)

1650 K Melting of Inconel fuel spacers

1500 K Inconel-Zircaloy liquifaction

1500 K Control rod melting (B4C-SS eutectic) LOCAL

HOOK Zr-H2Oreactions

Figure 4.1: Some of the chemical interactions taking place in a degrading BWR core.
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Chapter 5

VESSEL FAILURE AND

The mode of vessel lower head failure has attracted increased attention during the last
few years, due to its role in severe accident progression in general, and for ex-vessel
consequences in specific. The ablation of the lower head wall around the melt discharge
site also has been studied, but the most focused work has been started quite recently at
KTH. In the first section of this chapter, we will give a compact physical view of vessel
lower head failure, melt discharge and lower head ablation. Then we will examine the
current understanding of the processes and the uncertainties involved in analysing them.
The last two sections describe the assessment methodology and the modelling used in
our integrated framework. The analyses of this section, and those that follow, will be
performed for a few vessel failure and melt discharge scenarios. Whereas the in-vessel
melt progression and vessel failure scenarios were already discussed in Chapter 4, this
chapter will focus more on the vessel melt release and lower head ablation phenomena.

5.1 Physical picture

The core melt relocating into the vessel lower head might cause a fast lower head failure if
the melt did not quench efficiently when falling through the vessel water pool. The failure
could be due to melt jet impingement against the lower head wall (ablated by the high
melt jet-wall heat fluxes), due to melt-through of one or several lower head penetrations,
or due to guide tube ejection caused by ablation of the tube and welds (if welded to
the lower head internally). If the lower head did not fail fast after the first melt attack,
the further accident progression would depend especially on the state of core debris bed
in the lower head (melt and solid fractions, material composition, porosity, coolability).
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While a local lower head failure could still occur due to penetration melt-through or a
localized heatup and creep rupture of the lower head wall, the dryout and heatup of the
debris (if not melted and ejected through a local vessel failure) would eventually lead to
heatup of the vessel walls and thus a smaller or larger creep rupture of the lower head.

Depending on the interrelations between the vessel lower head failure and core melt
relocation into, and quenching in, the lower head, the in-vessel debris could comprise
various configurations at the time of lower head failure. For a local lower head failure
mode, the debris ejected first would likely be in the form of molten material, perhaps
mixed with some limited amount of solid constituents. The in-vessel debris not released
during the first batch would be discharged later, when the debris had remelted in the
lower head or relocated down from the core into the lower head, which would be dry at
this moment due to coolant blow-down through the initial failure site. With a larger lower
head failure, also a significant amount of solid debris could enter the containment, but for
the ex-vessel phenomena challenging containment integrity the molten part is of primary
concern. The melt composition in the beginning of release could vary from metallic to
oxidic, and most of the decay heat-generating ceramics (UO2) would be released to the
containment - if not fast, then gradually (presuming no recovery of coolant injection into
the RPV).

The vessel melt ejection would be governed by the driving forces (vessel over-pressure,
hydraulic head of the melt pool) as well as the melt flow and heat transfer-induced ab-
lation of the lower head wall around the initial failure site. Also the lower head failure
location affects the discharge process but it would, eventually, become such that most
heat-generating material could be ejected. The melt discharge rate and other charac-
teristics (composition, temperature, superheat) would be important for the ex-vessel
interactions, which means that the lower head ablation, during the initial melt discharge
through a local lower head failure, forms an important factor. The ablation could also
play a significant role for larger creep ruptures, if the initial creep opening were small, the
characteristic creep opening time scale were larger than that of ablation, and the initial
creep allowed ejection of most of the melt [97]. If, however, the lower head ruptured at
once from a larger area, the ablation would play a minor role in increasing the melt mass
flow rates. For any later, gradual melt releases through the smaller or larger failure site
in the (dry) vessel lower head, the melt would not be discharged as a jet due to lower
mass flow rates, but instead the melt would probably flow as an annular film through
the failure site; such rivulets would then be readily fragmented due to relatively large fall
heights in the containment gas and water. As what comes to local lower head failures,
the possibility and outcome of several lower head penetrations failing at the same time,
or as a consequence of the first failure and start of melt ejection (and perhaps increased
melt-penetration heat transfer), has to be considered as well.
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5.2 Current knowledge and uncertainties

The evaluation of lower head failure characteristics (timing, location and size of failure)
is associated with large uncertainties (section 4.2). From the ex-vessel point of view, this
means that the phenomena has to be assessed for a set of different scenarios for vessel
melt release, as selected and discussed in section 4.3. The set of scenarios is aimed to
be enveloping in the sense that they should reasonably elucidate the range of various
possibilities and that the ex-vessel phenomena should not be more challenging in other,
perhaps somewhat different, scenarios. For each scenario, also the parameters, such as
melt masses discharged from the vessel, are assigned as probability distributions in order
to see their effect on the results (see section 4.4). In the following, we will discuss the
vessel melt discharge and lower head ablation phenomena.

Vessel melt ejection and lower head ablation around the failure site have been exam-
ined in connection with the U.S. Direct Containment Heating (DCH) Study [83]. In their
assessment of the DCH issue, Pilch et al. also acknowledged the lack of experimental
data relevant to conditions, where the initial lower head failure site was small (compared
to the vessel melt contents) and the ablation process could thus play an important role in
increasing the melt release rates. Lower head ablation models have already been included
into the integral severe accident codes, such as MAAP and MELCOR. In the THIRMAL
code, the vessel melt discharge and lower head ablation can be calculated and the results
are used as input to the ex-vessel jet breakup simulation (see section 6.2).

The most focused work on the lower head ablation subject have recently been started
at KTH, including experiments [97], their scaling analyses [78], and mechanistic H AMIS A
code development [29, 30]. The work objectives are to obtain data and develop methods
that could be used for predicting the melt discharge and lower head ablation process for
reactor situations, including also low-pressure cases and BWR-specific interests (previous
DCH studies related to high-pressure PWR cases, in particular). The most important
uncertainties related to the thermally induced lower head ablation process (no mechanical
erosion assumed) have been identified to properly focus the KTH research on the subject
[29, 30, 78]. These factors are listed below in an approximate order of importance:

• volume of the discharged melt pool;

• formation and stability of crust between the discharged melt and the lower head
wall; thermal and mechanical crust balance; crust relocation behaviour;

• convective, entrance-region heat transfer characteristics for the melt-crust-wall in-
teraction; melt-wall heat transfer during rapid wall ablation if no crust in between;
entrance-region turbulence development;
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• composition and composition-dependent properties of the discharged melt and crust
(liquidus and solidus point, conductive and convective heat transfer properties,
mechanical properties of the crust);

• melt temperature and superheat; superheat important especially if melt-wall heat
transfer is limited by crust formation or if the melt is metallic and has a melting
point close to that of the lower head wall;

• flow fields and pressure losses in the discharge hole; melt discharge rate;

• initial conditions of the lower head wall (temperature) and possible crust above
(thickness);

• temperature dependence of melt properties (viscosity, conductivity); and

• melt pool flow fields and interactions with other fluids ejected out of the vessel.

One should note that the initial size of the failure site, as well as the vessel over-
pressure, were treated above as if they were known. While the model used in the present
work will be designed to be compact (simplified), the most important uncertainties will be
included by parametric variations, as described in section 5.4. The melt mass available for
initial discharge was included as the first one in the list above, and it should be reminded
that it is related to the large uncertainties in lower head failure timing after start of core
melting and relocation.

5.3 Assessment methodology

The various in-vessel melt progression scenarios, and parameters at the time of lower
head failure, were already described in Chapter 4; the vessel melt release scenarios and
quantities were selected to scope different possibilities that are related, primarily, to the
uncertainties in predicting the in-vessel melt progression phenomena up to the vessel
lower head failure. Given the in-vessel conditions at the time of lower head failure, the
vessel melt ejection rate and the possible ablation of the initial failure hole have to be
predicted to obtain the melt release characteristics.

The combined process of vessel melt discharge and lower head ablation is calculated
only for the coherent melt release phase, because the later releases would be governed
by in-vessel debris remelting or melt relocation down from the core. Furthermore, for
gradual melt releases with small mass flow rates, the size of the lower head failure site
is not of great interest, because the melt would not enter the containment as a jet but
rather like intermittent rivulets. After the first melt release through a local lower head
failure, the possibility of a large creep rupture is not considered. In fact, later release

48



of a large mass of solid debris would hardly challenge containment integrity more than
large initial melt releases. The water and gas discharge from the vessel are not estimated;
it is merely assumed that the vessel would dry out, at last, when the lower head failed.
The same models of vessel melt release are used for both the local and global lower head
failure scenarios, though the influence of lower head ablation is minor in case of a large
opening.

In the present work, we shall not examine the mechanical containment loadings that
a global vessel failure could cause, nor estimate the potential influence of falling lower
head structures on ex-vessel core debris behaviour. Whether the vessel melt release is
presumed to occur through a local or a global failure, the melt is assumed to be released
freely to the containment (without falling inside a circumferentially failed lower head
hemisphere, for instance).

5.4 Model description

The vessel melt discharge and lower head ablation model applied in the integral assess-
ment framework is designed to be compact, yet adequate for representing the current
uncertainties in physical mechanisms and experimental data. The selected parameters
(such as melt-wall heat transfer coefficient, etc.) can be refined after more detailed mod-
els have been developed and validated, which would also allow to include more paramet-
ric dependences (such as dependence of discharge and heat transfer coefficients on hole
length/diameter and on driving forces). The following subsections describe the mod-
elling of vessel melt discharge and lower head ablation, as well as the manner in which
the dynamics of the process is dealt with.

5.4.1 Vessel melt discharge

The melt (m) discharge velocity (vd) through the lower head failure hole is given by Eq.
(5.1), in which Ap' refers to the pressure difference over the lower head wall.

(5.1)
V Hm

where
Ap' = Ap + pmghm

A p = PROS ~~ Pcont

CD ~ 0.6
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The melt pool height (hm) is based on the total melt volume inside the vessel, and the
lower head is assumed to be a hemisphere with radius Rm ~ 3.2 m. The melt discharge
hole is treated above as an orifice with a typical discharge coefficient. If the discharge hole
diameter were not very large compared to the lower head wall thickness, the wall friction
would also play a role. On the other hand, the melt mass release would be dominated by
the end of the process where the hole is already larger.

The vessel melt mass (mm) changes according to the discharge velocity and hole
diameter (Dd).

(5.2)

The pressure difference between the RCS and the containment (Ap) is treated as
constant during the initial melt release. The debris remaining in the vessel after the first,
coherent release phase is assumed to be discharged upon remelting, as shown below; the
gradual melt release rate (or melting power P^ec) is evaluated at the end of coherent
melt release phase and kept as constant.

(5.3)
dt ~ Ah

where
P* — m™'°xid P ni / — /

m,dec — dec ^l ^ — ̂ end—of—cok

~~ C~p,m,sol\-L mp,m ~~ -Lm,o) i ^iljus \ Cp,Tn,liq\-Lm,d ~~~ J-mp,m)

Pdec ~ 0.5%'3300 MW ~ 16.5 MW

Tmp,m — Tm}0 ~ 300 K

While the superheat of discharged melt (Tm^ — TmPtTn) is selected based on the in-
vessel studies (section 4.4) and treated as an input parameter, the average "subcooling"
of the debris not discharged during the initial release (Tmp,m — TmiO) is treated with one
definite value that reflects the inhomogenuity of the in-vessel debris at the time of lower
head failure. Only one value is assigned because it is not of considerable interest, and
the exact rate of vessel melt release would actually depend on a number of other factors
as well; more detailed modelling would be needed only if the ex-vessel debris evaluations
were highly dependent on gradual melt release rate, which is not expected to be the
case. The same applies to the decay power level, which is selected as 0.5 % (depends on
accident timing and fission product release from the debris) of the full power.
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5.4.2 Lower head ablation

The lower head ablation rate is estimated by Eq. (5.4), where hmfW is the melt-wall heat
transfer coefficient and ATmiW is the controlling temperature difference.

d Dd __ A __ 2/imttI,ArTn|tl,
it r (HT* rT* \ i L 1 \ " /

where

Tii;,o = 700...1500^ (euen distribution)

ATm<w = Tm - Tmp,m ; sta&/e crust (50 %)

ATm>u; = Tm — TmP|11, ; no crust (50 %)

771 XL/ ~™* "̂  TTl t O ^-

NumyW = 1000...3000 (even distribution)

Heat conduction from the wall ablation front to the lower head wall is omitted, and
the lower head is assumed to be initially at a uniform temperature (TWj0). The temper-
ature driving melt-wall heat transfer is assumed to be the melt superheat for half of the
simulations, and the difference between melt and wall melting points for the other half.
The former choice corresponds to existence of a stable crust between melt and wall, and
the latter to rapid wall ablation caused by direct (though perhaps intermittent) melt-wall
contact. The convective melt-wall heat transfer coefficient is expressed in terms of the
Nusselt number defined for the discharge hole length (Ld). The Nusselt number range
is selected to represent typical values obtained with available correlations; see, e.g., refs.
[29] and [78], and they correspond to coefficient minima controlling the enlargement of
the minimum discharge hole diameter.

The simplified modelling described above has to be considered against the limited ex-
perimental data available to validate mechanistic models. More detailed modelling and
supporting data are expected, in near future, from the experiments and code (HAMISA)
development underway at KTH. Additionally, the inter-coupling of discharge hole enlarge-
ment and vessel melt ejection rate make the end result [final hole diameter (Ddj) and
total discharge time (td)} less sensitive to some factors than what one would expect at first
sight. As a matter of fact, for significant lower head ablation [(Ddj — Dd,o)/Dd,o > > 1],
the following relationship was obtained in ref. [78].
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The parametric sensitivities also have been taken into account when selecting the
modelling approach proper for the integral assessment. There is not much reason for
highly mechanistic treatment (in the present assessment) until some of the critical ques-
tions have been answered. For lower head ablation, such critical phenomena are related
to the total melt mass discharged and the factors controlling the melt-wall heat trans-
fer (crust stability, entrance-region heat transfer). The work in progress at KTH will,
hopefully, lead to more exact assessment of the phenomena in question.

5.4.3 Discretization

The vessel melt release and lower head ablation models described in previous subsections
are progammed into the QUASAR-SBWR programme (Chapter 11), which takes care of
running the calculations with randomized input and model parameters. Each random
simulation involves a deterministic melt release and lower head ablation calculation with
the parameters picked for that specific run, and the effects of uncertainties can be seen
after the user-defined number of random (Monte Carlo) runs.

The vessel melt discharge is divided into a number of discrete intervals, and the time
taken for each interval can be calculated by the total mass release and the mass flow rate
(depending on failure hole size and driving forces, or on decay heat level during gradual
release). While the coherent melt release phases pass rather fast (in some minutes, at
most), the gradual, decay heat-controlled, releases can take a few hours. The number of
mass release intervals is selected in the input of the QUASAR-SBWR code, and the same
number of intervals is used for each of the different melt release phases (section 4.4).

During the first coherent releases, the ablation of the lower head around the failure site
is estimated because it affects the melt discharge rate and further melt-related processes
in the containment. The ablation is omitted during the last, gradual release phase (if
any), since it is not judged to affect the melt release characteristics (melt release at
considerably low rates).

The vessel melt release characteristics enter directly into the models concerning jet
acceleration and breakup (section 6.4), that is, the jet breakup calculations are performed
in parallel with the melt release estimates (using the same mass/time discretization).

The most important result of the lower head ablation calculations that is saved in the
distribution form is (1) the final failure hole diameter (after the initial, coherent, melt
release phase). Also (2) the total vessel melt release during the coherent and the whole
discharge process, (3) the oxide and metal masses released to the containment, and (4)
the time taken by the coherent and the whole melt release process, are saved as discrete
probability distributions.
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Chapter 6

Core melt jet breakup in boiling water has been studied actively during the last ten years.
Several models and concepts, and a few computer codes, have been developed, but the
biggest problem is their validation through prototypical experiments. Despite the large
uncertainties, we still consider that the main physical picture of quasi-steady breakup of
a melt jet stream in water is maturing. In the first section of this chapter, we will discuss
the physical picture of a jet breakup process that is considerably long (quasi-steady),
as typical for ex-vessel cases of interest here. In the second section, we will describe
the current knowledge base and the uncertainties involved when estimating jet breakup.
As in the other phenomenology chapters, the last two sections present our assessment
methodology and the quantitative modelling used in the integrated framework. In Ap-
pendix A, we will also examine the potential for jet breakup due to intervening structures
existing between the vessel and the containment basemat; the inclusion of these effects is
deferred to later refinements of the integral assessment framework. The main part of the
discussion of this chapter is focused on breakup of a coherent melt jet, while the other
types of melt release into the containment are examined in lesser detail.

6.1 Physical picture

The leading edge of a core melt jet entering a water pool would first experience high drag
and pressure forces caused by the melt-water velocity difference and heat transfer-induced
vapor generation. The leading edge, when decelerating in lower-density coolant, would
be prone to Rayleigh-Taylor instability, and the high vapor velocities could strip off small
melt droplets from the leading edge (boundary-layer stripping). Because the melt droplets
would fall slower in the coolant, they would get behind from the leading edge, and this
is usually observed as the formation of a so-called "vortex ball" containing both melt
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particles and coolant mixture and travelling together with the jet leading edge through
the coolant.1 At low jet velocities and with low jet diameters (low Weber numbers), the
jet penetrating the coolant pool also could be broken by large-wave instabilities (capillary;
varicose or sinuous), creating such waves on (and droplets from) the jet stream that have
wave lengths and amplitudes of the same order as the jet diameter.

For the ex-vessel jet conditions of interest in this report, on the other hand, the small-
wave, Kelvin-Helmholtz instabilities induced by the relative jet-coolant velocity difference
are probably the most important hydrodynamic instability mode affecting the jet breakup
efficiency. There are basically two reasons for this. First, the melt jet-water interaction
transients could take long enough that a quasi-steady situation would be formed after
the first leading edge attack. This situation would be characterized by a coherent jet
stream, reaching a certain depth in the water pool (perhaps even travelling throughout
the whole pool), and by jet erosion through instabilities on the jet column. Second,
the jet would have a significant velocity difference to the coolant that could be formed
by either a more or less continuous vapor-gas film caused by jet-water heat transfer, or
then water if the film were not thick enough to contain the instability waves on the jet
surface. Water would be rather stagnant, but the jet velocity itself and the high water
density (compared to that of vapor) would cause efficient jet breakup. Vapor would have
a much lower density than the jet or water, which would tend to decrease the growth
of dynamically induced instability waves, but the vapor velocity driven by the hydraulic
head of water could be high and, in part, compensate for the low ambient density.

The melt jet breakup in the water pool would also depend on the bulk pool conditions
and especially the behaviour of melt-water mixing zone surrounding the jet stream. Under
subcooled conditions, the melt-water heat transfer would not produce much voids, though
some additional contribution to coolant voiding could result from metal oxidation and
subsequent (non-condensible) hydrogen generation. If the melt jet breakup process were
long, and enough melt got dispersed into coolant, the pool could become saturated,
and the high melt temperatures could lead to significant voiding. For long jet breakup
transients, the interplay between jet breakup and melt-water mixing has to be accounted
for. The debris bed formation characteristics (Chapter 7) would depend on the size of
melt droplets generated by jet erosion, especially if the droplets were very small and could
not, therefore, fragment anymore during interactions with coolant. Small melt droplets
might be generated by Kelvin-Helmholtz waves that were induced by high vapor film
velocities or a high ambient coolant density (thin vapor film with water conditions as the
ambient driving conditions).

Additional complications would arise if the potential effects of dynamical shock loads
and bulk pool motion (slug generation) caused by steam explosions, or the influence

LIn this report, the term "melt particle" is used to refer to both "melt droplets" and solid "debris
particles". "Coolant mixture" can contain water (coolant liquid), steam (coolant vapor) as well as
non-condensible gases such as hydrogen generated by metal-water reactions (product gases).
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of intervening structures, had to be accounted for. As discussed in Chapter 8, steam
explosions would likely occur under subcooled, low-pressure conditions typical for the ex-
vessel melt-water interactions. The triggering frequency of the explosions and the mass
of melt taking part in them would mainly determine their potential influence and energy
release, but at least the latter of these factors would be interrelated to jet breakup, as
well, and the first one would be very uncertain anyway. Any structures existing in the
water pool could certainly disturb the jet, the survival of which also could be doubtful if
there existed heavy structures above the pool.

6.2 Current knowledge and uncertainties

The codes that have been most frequently used to predict core melt jet breakup in water
are THIRMAL and TEXAS, but the uncertainties related to the code results are difficult
to quantify due to the lack of experimental data. We will not review the experimental data
and correlations available here, because such reviews are readily available in literature
and also through our recent work on the subject; see, e.g., refs. [11], [22], [52] and [79].
It is merely noted that the most interesting information on the situations of interest in
this report have recently been received from the FARO melt quenching tests performed
at the JRC-Ispra [62, 63, 74]. The features of the THIRMAL and TEXAS codes will be
briefly described in the following, and the way selected to deal with the uncertainties in
jet breakup is described at the end of the section.

The THIRMAL code has been developed specifically for analyses on the non-explosive
core melt jet breakup in water; for some examples on code features and applications, see,
e.g., refs. [90], [98] and [99]. In the new code version THIRMAL-1, the modelling is based
on four fields: Eulerian vapor and liquid droplet fields, and Lagrangian melt stream and
melt particle fields. Melt stream erosion occurs mainly due to the Kelvin-Helmholtz
instabilities driven by the vapor film around the jet or the continuous steam flow if
coolant mixture is at the dispersed-liquid regime. Also boundary layer stripping at the
melt jet leading edge, and large-wave instabilities on the jet column, are estimated. The
larger melt particles produced by large-wave instabilities can undergo further breakup
when falling down in coolant, and steam-induced oxidation of the metallic particles is
calculated as well. A one-dimensional formulation of water and steam is employed in
the melt-coolant mixing zone. The mixing zone radius is taken as the distance of lateral
melt droplet movement after erosion from the jet; alternatively, the mixing zone radius is
chosen as the radius of two-phase coolant mixture at the dispersed-liquid regime whenever
the vapor generation is large enough to cause this in the melt-water mixing zone around
the jet. The new code version THIRMAL-1 also contains features that were not described
above, such as a model for vessel melt release and subsequent lower head ablation.

The TEXAS code is a one-dimensional multiphase fluid model, including two Eu-
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lerian fields for coolant liquid and vapor, and one Lagrangian field that treats discrete
particles moving through, the liquid and vapor fields; for more information on features
of the TEXAS code, see, e.g., refs. [17] and [18]. Separate conservation equations of
mass, momentum and energy exist for each fluid. The equations are written in a one-
dimensional form and can effect both thermal and mechanical non-equilibrium. The melt
jet is modelled as discrete spheres, or globules, entering the coolant pool. The discrete
globules upstream are not allowed to break up until the leading edge globule has broken
up and swept away due to the fact that the produced particles are smaller, and fall slower
in coolant, than the large jet globules. When the particle cloud produced by the leading
globule gets behind the next globule, the breakup continues with this new mass, and
the process continues sequentially for each discrete mass simulating the jet. The leading
edge breakup modelling is based on Rayleigh-Taylor instabilities; the Kelvin-Helmholtz
instabilities and shear-induced boundary layer stripping on the surface of the jet were
neglected, because it was originally considered that this mechanism is suppressed by the
low-density vapor film surrounding the jet. For dynamic melt particle fragmentation, the
new-time particle size is calculated directly from the old-time conditions with a simple
correlation. Because the TEXAS code is being continuously developed, also features not
mentioned above, yet relevant to the melt jet breakup phenomenon, have been brought
into new code versions; these include modelling of metal oxidation and hydrogen gener-
ation, new breakup correlations, etc.

The basic differences between THIRMAL and TEXAS are in modelling of the melt
jet column (stream vs. globules), the hydrodynamic instabilities (various modes), and
the melt-water mixing zone (simple model for the radial spreading vs. completely cross-
section-averaged conditions). The THIRMAL code is perhaps closer to the current state-
of-the-art of the jet breakup knowledge, especially when considerably long, ex-vessel melt
jet-water transients are considered. The THIRMAL code and also the TEXAS code,
however, lack (adequate) experimental verification.

The Kelvin-Helmholtz-type predictions can be seen to yield similar results as the
experimental correlation of Saito et al. (see section 6.4). In fact, the THIRMAL results
of refs. [90], [98], [99] agree rather well with the correlation of Saito et al. [79]. The results
of the first three FARO tests (SCT, QT2, BCT) are, even quantitatively, consistent with
Saito's correlation; the first FARO tests with higher Froude numbers and lower pool
height yield incomplete breakup, whereas the last reported test gives complete breakup.
In any case, the judgments on jet breakup uncertainties are bound to be quite subjective
when the phenomena are not well understood and there exists no mechanistic model
validated against experiments. One could use the jet breakup codes (THIRMAL and
TEXAS, in particular) and vary the parameters to span the uncertainties, but this is
hard to justify, since enough experimental data on conditions of interest in ex-vessel
cases are not available. One also has to accept that some phenomena may be stochastic
(or prone to "Butterfly effects") in their very nature, which has to be taken into account
also when interpreting the few experimental data points available. With respect to jet
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breakup, the problem of experimental reproducibility probably applies best to small jet
lengths, while for longer quasi-steady jet ejections there could be better chances of a
well-measurable jet breakup length (maximum). Finally, in the present work, the size of
melt droplets generated by Kelvin-Helmholtz-type instabilities on the jet column will be
estimated by a method similar to the above-described approach to jet breakup length,
that is, by using analytical expressions instead of code predictions. For this purpose, the
jet-film-liquid instability analyses performed by Epstein and Fauske [33] and by Wang et
al. [124, 125] are the main sources, as described in section 6.4.

As mentioned in section 6.1, steam explosions could affect jet breakup, but the un-
certainties in steam explosion frequency are very large. Quantification of the potential
influence of steam explosions on jet breakup is, therefore, not attempted in this scoping
study. The potential effects of intervening structures on ex-vessel melt behaviour are
discussed in Appendix A.

6.3 Assessment methodology

If the melt were released as a jet from the vessel lower head, it would first travel through
the gas space between the vessel and the pedestal water pool. In the beginning of the
jet ejection process (at least), the jet could also interact with the CRD structures (tubes,
drives, support plate, maintenance deck, etc.) and the grid plates that exist at various
elevations in the pedestal. As a first estimate, we will neglect the potential influence
of any intervening structures, and also any jet erosion or breakup that might occur in
the pedestal gas space; the potential effects of intervening structures on jet breakup are,
however, examined in Appendix A. If these effects were accounted for, the jet breakup
would be more efficient, but the exact effects would, in any case, be difficult to assess.
Furthermore, the thin structures with a low melting point (such as aluminum grid plates)
could be ablated and relocated soon after the beginning of the melt jet attack. There exist
no massive (thick) steel structures, perhaps with the exception of the CRD support plate.
It would be hard to show that intervening structures could be relied upon to break up a
high-temperature melt jet, especially an oxidic one at later phases of vessel melt discharge.
The jet breakup will, consequently, be assessed by assuming only jet acceleration and
contraction in the pedestal gas space, and by estimating the (hydrodynamical) jet breakup
in the pedestal water pool, as discussed in the following.

When estimating the debris bed formation characteristics (Chapter 7), the jet breakup
is estimated for three different regimes: (1)"breakup during coherent jet-type melt dis-
charge from the vessel with considerable mass flow rates, (2) breakup during slow rivulet-
type melt discharge from the vessel with low mass flow rates, and (3) breakup during an
almost instant release of a melt batch or clump through a large failure of the vessel lower
head. The jet breakup (1) is estimated by allowing first jet acceleration and contraction
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in gas space, which change the jet diameter and velocity from their initial values at vessel
exit. The jet conditions at the water pool top are then used in the selected breakup
correlation (see section 6.4), and the jet diameter is assumed to drop linearly (mass flow
rate parabolically) from full to zero during the predicted breakup length. The same pre-
diction method is applied also to the initial penetration of the jet leading edge. The
rivulet breakup (2), on the other hand, is assumed to be complete. For batch breakup
(3), the jet-type approach is used as the first estimate, although the spectrum of most
efficient instability modes would probably deviate from those of a quasi-steady jet.

For steam explosion effects (see Chapter 8), the melt droplet generation rates for
the jet, rivulet and batch breakup are obtained by the methods described above. A
contradiction can be seen in the fact that steam explosion effects are not taken directly
into account in estimating the jet breakup. The subsequent effects this could have on
melt droplet generation, debris bed formation and potential new (second-stage) steam
explosions are discussed in Chapters 7 and 8, however the complexity of the problem
requires more studies before the effects can be included in the assessment framework.
The splashing-type breakup of a melt jet colliding with the water pool base are not
examined either in the present study.

6.4 Model description

The jet breakup model applied in the present study is described in the following sub-
sections that deal with jet acceleration in gas, jet breakup length in water, melt droplet
generation into water, initial melt droplet conditions, and jet breakup boundary con-
ditions. The last subsection describes the methods of taking into account spatial and
temporal jet breakup dynamics.

6.4.1 Jet acceleration in gas

Jet acceleration in the gas space between the vessel and the water pool is assumed to be
frictionless. Jet velocity at first contact with the water pool surface is thus the following;
Ud is the velocity at discharge from the vessel lower head and hgas is the fall height in
gas.

Ujt0 = \Ju2
d -f 2ghgas (6.1)

The initial discharge velocity is assumed to be less than terminal, which is typical for
RCS over-pressures of interest here. Jet acceleration would also cause the jet diameter to
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decrease as shown below; Dd is the jet discharge diameter and Do is the diameter when
the jet hits the water pool surface.

(6.2)

The acceleration of melt rivulets in the containment gas space is estimated by Eq.
(6.1), assuming negligible discharge velocity (ud ~ 0 m/s). The rivulet diameter at the
water pool surface is not of direct interest, because the rivulet breakup is assumed to be
complete; the estimation of the initial droplet diameter caused by rivulet breakup will be
discussed in the following subsections.

As already mentioned, the potential effects of intervening structures in the gas space
are neglected; see Appendix A.

6.4.2 Jet breakup length in water

The jet breakup length in the containment water pool is estimated by the experimental
correlation of Saito et al. [92]; uncertainties are included in the coefficient that was
determined originally as Csaito ~ 2.1.

(6.3)

where
tx?

gDo

0'saito — 1---3 (even distribution)

The reasons for using the correlation of Saito et al. are discussed in the following
(also in ref. [80]). The main premise is the assumption that the jet is broken up by
Kelvin-Helmholtz instabilities created on the jet stream surface surrounded by a thick
vapor film.

Epstein and Fauske [33] performed an inyiscid, linear Kelvin-Helmholtz analysis for a
melt jet surrounded by a vapor film and coolant liquid. By assuming that the size of the
melt droplets eroded from the jet surface is equal to the inverse of the fastest growing
wave number (1/A;p = AP/2TT), and by estimating the radial erosion velocity by the ratio
of this length scale and the exponential wave growth time scale (uer0 = l//:prp), the
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correlation shown below can be obtained for the jet breakup length. Jet acceleration due
to gravity and friction is neglected when calculating the breakup length (travel length
until complete decease of the jet stream) based on the breakup time (L = uhoteTO\ tero =
Do/2uero = Dokprp/2).

1

K ~-fyi ~* 7A
PJ

 u 2

pc (uc - ujfO)2 \
PJ U

2

pc(uc~ Uj,
(6.4)

In the approximation above, we have omitted the first terms that are almost equal to
unity with typical coolant and jet conditions. In the original quantification of Epstein and
Fauske, the coolant velocity was assumed as negligible, which resulted in a correlation
that depends only on the density ratio of jet (j) and coolant (c). The neglect of coolant
velocity is probably reasonable if the coolant surrounding the jet is continuous liquid or
low-velocity vapor, but under film-boiling conditions the vapor film velocity may get high
enough to start enhancing the breakup.2

By writing a continuity equation for a continuous vapor film developed from an ini-
tially film-free condition, and using the approximate length-averaged buoyancy and fric-
tion values in the vertical momentum equation, one obtains the following equations.

pvuv8v = -~~—zv (6.5)
An

pvu
2
v6v = [(pi - Pv)9-~ ~ ^PvCv-~-)zv (6.6)

In the order-of-magnitude estimates above, the vaporizing heat flux (q"g) is assumed
as constant and the friction between vapor film and jet/liquid is estimated by using a
constant drag coefficient and assuming that the average vapor velocity is much higher than
the interface velocities between vapor film and jet/liquid. Droplet entrainment or vapor
condensation caused by liquid surface instabilities are neglected, and the heat flux causing
vapor generation is taken as independent of liquid subcooling. Under subcooled conditions
part of the heat flux could be convected to subcooled liquid. Wave formation on the vapor
film-liquid interface could also cause bubble entrainment into bulk coolant, and the part
of radiation absorbed into the immediate vicinity of the film-liquid interface would be
influenced by the interface boundary layer behaviour. In any case, large uncertainties, in
this type of idealized analysis, are caused also by the fact that the vapor film development

2Without the velocity terms, Eq. (6.4) is of the similar form as the classical Taylor correlation,
although the coefficient is determined usually as about five, instead of unity above. The deviation could
be, e.g., due to non-linearities and phase shifts between the melt and coolant liquid instability waves, or
simply due to the analysis assumptions.
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is dragged by the melt droplets and waves - and even interrupted by "fingers" - pulling
out from the jet.

When the vaporizing heat flux is high and coolant liquid much denser than vapor
(pi >> pv), the friction part of the vapor momentum equation (6.6) can be neglected and
one can estimate the vapor velocity as shown below; note that the vapor film thickness
can be obtained from the continuity equation (6.5).

Inserting this into Eq. (6.4) and using the vapor film velocity as the jet-coolant veloc-
ity difference [pc{uc — Uj)2 = PvV-l]-, the (dimensionless) breakup length can be presented
as function of the vapor film development length (zv).

L
- r^i

pi gzv/2

If one selects the length scale, arbitrarily, as half of the initial jet diameter (zv =
2DO/Csaito ~ Do/2 when Csaito ~ 2), one obtains the original correlation of Saito et al.
(6.3).

Finally, in the analysis above we assumed a thick vapor film, for which Epstein and
Fauske used a criterion that the vapor film thickness should be of the order of, or larger
than, the fastest growing wave crests (6V > 2/kp — \p/ir => kp ~ 2pv(uv — Uj)2/3<Tj >
2/8v) [33]. Using again Eqs. (6.5) and (6.7), the following thick-film criterion is obtained.

yPlPv9 yl/3 / 6 9 x

Under atmospheric steam-water conditions (pi ~ 1000 kg/m3; pv ~ 1 kg/m3; Ahiv ~
2 MJ/kg), and high heat fluxes (q"g > 2 MW/m2), one gets zv > 12 cm as the length
scale of vapor film development effecting a thick vapor film on the jet surface (<7j ~
1 kg Is2). Thus, for typical ex-vessel reactor cases, the thick-film estimate appears to
be reasonable, though not fully confirmed due to the above-mentioned factors related
to the net vaporizing heat flux (radiation and convection through the film; heat lost to
bulk coolant by radiation transmission, liquid convection and wave-induced vapor bubble
entrainrnent).
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In ref. [79], we have also compared the results obtained with correlations of Saito
(6.3) and Epstein and Fauske (6.4) to the results of the THIRMAL code [90, 99] as
well as the film-boiling instability studies of Wang et al. [124, 125, 126]. Although
more dependences on specific jet and coolant conditions can be seen in code analyses, the
THIRMAL results are close to Saito's correlation, and the reasons should be obvious from
the discussion above. At the moment, it is, therefore, considered reasonable to model
the jet breakup length with one correlation, inasmuch as the various jet breakup codes
(THIRMAL, TEXAS, etc.) have not been extensively validated against prototypical data.
The uncertainties included in Eq. (6.3) are thought to cover - at least partially - also the
effect of coolant voiding, which could first increase the breakup length due to decrease
in surrounding coolant density; the breakup length would finally decline if the vapor
velocities got high enough to effect dispersed-liquid regime in coolant and atomization-
type jet breakup. Whereas most of the past experiments have been non-prototypical with
respect to quasi-steady jet breakup in reactor situations, the results from the first four
quenching tests in the FARO programme are consistent with the range of jet breakup
lengths given by Eq. (6.3).

6.4.3 Melt droplet generation into water

Melt droplet (p) generation rate into water is based on the estimated jet breakup length
(L), in which the jet diameter is assumed to drop to zero linearly from the value it has
at the pool surface. Jet acceleration or deceleration in water is neglected, hence the melt
droplet generation goes as follows.

D = D0(l-j) (6.10)

dmv d .IT ~ . 7T ^dD
f = rtD W ) = r u w z (6-n)if = rti

h ^ h D ° ' h{L ~z)

Above, the axial co-ordinate (z) is measured (downwards) from the surface of the
water pool. If the breakup length is less than the pool depth (Lpoo{), no melt droplet
generation occurs below this point (z = L).

As already mentioned, the breakup of melt rivulets is assumed to be complete. The
corresponding melt mass flow rate is, therefore, taken to be tranformed to droplets already
at the water pool surface, as discussed in the next subsection.
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6.4.4 Initial melt droplet conditions

The initial temperature and composition of the melt droplets are assumed to be equal to
the corresponding values for the melt discharged from the vessel, and the vertical velocity
equal to the initial jet velocity. The radial velocity component is taken to be equal to
the erosion velocity, as also used by Wang et al. [126]. Wang et al. [124] developed the
following erosion velocity formula based on an inviscid Kelvin-Helmholtz analysis of the
system of a vertical melt jet, surrounding vapor film and liquid coolant.

_ [Kpvpj(uv - Ujf ~~ ajkp(KPv
Uero —

where
1pvu\

" ~ Zo,

1 -f cosh(kp8v)
J \ rTT"° ~~ "-" • • • • »

sinh(kp6v)

When the vapor film thickness is large (thick-film approximation; kp6v >> 1; K ~ 1)
and the jet density is much higher than that of the vapor film {pj » pv), Eq. (6.13)
yields the following result for the erosion velocity.

uf
\

pv(uv-Uj)2

Pj 3
(6.14)

If this erosion velocity is used to estimate the jet breakup length in the same manner
as the Epstein and Fauske analysis [(L/Do) = UjtOtero/Do = Uj<o/2uero] [33], one obtains
Eq. (6.4). To be consistent with the jet breakup length of the previous subsection, we
use here the hydraulic head-accelerated vapor film velocity [Eq. (6.7)], which results in
the following formula.

(6.15)
Pj ^Saito

The initial melt droplet size is estimated to be of the same order as the inverse of the
wave number.
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Because the wave number of the fastest growing wave (kp) corresponds to only one of
the possible wave lengths, also larger droplets could be formed, but the estimate above
suffices for order-of-magnitude estimates.

One particular feature of the above-described treatment is that the initial melt droplet
diameter is uniform, which it would not be in a real case. However, it does not seriously
undermine the objectives of the present study, because the uncertainties included in
the Saito's coefficient yield a significant range of droplet sizes. Furthermore, large melt
droplets could not survive in a subcooled water pool without further fragmentation (if
they leave the jet at typical jet velocities) and this would also limit the largest stable
droplet size; see section 7.4. Another peculiarity is the fact that for large jet breakup
lengths, the initial melt droplet sizes are large and the initial radial velocities small. This
is a direct consequence of the Kelvin-Helmholtz instability analysis, where large erosion
velocities (short breakup lengths) are related to large velocites of the surrounding coolant,
which, on the other hand, effects interfacial instabilities with large wave numbers (small
wavelenghs) and small growth time scales (high frequencies); the net result is reduction
in the breakup length because the frequency increases faster than the wave length (initial
droplet size) decreases [uero — l/kpTp) kp oc (uc — Uj)2\ rp oc (uc — Uj)~3] [33].3

The initial diameter of the melt droplets generated by rivulet breakup is estimated by
an equivalent diameter yielding the rivulet mass flow rate (mp = rhj) with the falldown
velocity upon arrival at the pool surface [u0 ~ (2ghgas)

ll2}\ in this way, the rivulets are
thought to form a continuous chain of spherical particles ("pearl necklace").

U

D =
7T PjU

The initial melt droplet conditions enter into the models of melt-water interactions
discussed in section 7.4.

3One should recall from the previous subsection that the coefficient Csaito was actually introduced
as a measure of the vapor film development length (zv = 2Do/C|a t t0). It is an average value over the
whole jet length and a detailed analysis could yield different droplet sizes at different pool elevation,
especially if the pool got saturated and started voiding. The use of the initial jet radius as the basis of
the length scale may be somewhat questionable, too. After further studies on the thick-film jet breakup,
it may become justified to modify the Saito's correlation; the dependence on initial diameter might be
removed by multiplying the correlation with a factor of (D0/2zv)

1^2, and the vapor film development
length could then depend on various factors related to instabilities under film boiling conditions (such
as jet temperature and heat flux, coolant liquid/vapor properties, liquid subcooling, jet properties, etc.).
This would remove also the dependence of melt droplet size on the initial jet diameter [Eq. (6.16], which
yields smaller droplets for larger jets.
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6.4.5 Jet breakup boundary conditions

As boundary conditions for the jet breakup model, one needs to know the melt discharge
velocity and diameter as well as the water pool conditions. The melt discharge character-
istics follow from the in-vessel input data (section 4.4) and predictions for the vessel melt
discharge and lower head ablation (section 5.4). As the water pool conditions, we will
use the initial water pool depth and subcooling (pressure and temperature). The reasons
for employing these, in most cases constant, values (instead of dynamically varying ones)
are explained in the following.

The feedback from the melt-water mixing zone are not included in the present model,
because the jet breakup length and other characteristics are treated with considerable
uncertainties. Under highly subcooled water pool conditions, the feedback would prob-
ably not be excessive (small voiding potential in the melt particle-water mixing zone)
and the jet would be surrounded by a continuous liquid phase throughout the most of
the jet length in water (some voiding could occur especially at the pool surface). On the
other hand, with large amount of melt dispersed into the water pool, the pool could get
saturated and this could decrease the jet breakup efficiency. The uncertainties, however,
appear to be larger than the predicted sensitivity to coolant voiding. Bulk coolant void-
ing could increase also the effective depth of the pool (swell level higher), which would
decrease the effect of voiding even further. Hydrogen generation from metal-water in-
teractions could induce additional void generation both under subcooled and saturated
conditions, though oxidation of metallic melt particles has typically been observed to
be more efficient in saturated water. Finally, even with saturation or hydrogen-induced
void generation in the water pool, the containment thermal-hydraulics could act against
excessive voiding provided that the containment pressure did not reach filtered vent-
ing levels; hydrogen generation, in itself, would cause containment pressurization, and
efficient steam generation would also raise the (BWR) containment pressure by filling
the drywell with steam and forcing more NCGs into the wetwell (see section 2.4). In
summary, it is considered justified to keep the current modelling approach simple and
to use more detailed evaluations when their validation becomes possible through better-
defined experimental data (expected, e.g., from future FARO tests at JCR-Ispra and tests
planned at KTH).

Although the water pool conditions are taken as constant during the quasi-steady jet
breakup process, one needs to consider some limits due to the fact that the water pool -
when acting as the heat sink for melt droplets dispersed and quenched in there - possesses
a limited heat capacity. This is done by examining the total energy trasferred into the
water pool, as estimated and discussed in the next chapter (section 7.4).
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6.4.6 Discretization

Jet acceleration and breakup models are programmed into the random simulation part
of the QUASAR-SBWR programme (Chapter 11). As already discussed in section 5.4
(in the subsection on discretization), the melt release is divided into a discrete number
of intervals.

For each of these discrete melt masses released, the jet acceleration and contraction
are first estimated. During coherent (jet-like) release phases, the jet conditions at the
water pool surface are used to estimate the jet breakup length, which determines then
the fraction of melt dispersed into the water pool as discrete melt particles. During
gradual (rivulet-type) releases, the breakup length is assumed to be zero, that is, all melt
is tranformed into droplets at the water pool surface.

Melt droplets can be generated at various pool depths, except for the complete rivulet
breakup at the pool surface. Each discrete melt mass dispersed into water is thus divided
into a user-defined number of "jet nodes". Further behaviour of the melt particles gen-
erated (fragmentation, solidification, oxidation, sedimentation) is estimated by models
described in the next chapter (section 7.4).

The first important information saved in the distribution form are (1) the mass-
weighted jet breakup lengths, which are integrated both for the whole melt release process
(complete breakup of rivulets included) and for the coherent (jet-type) release exclusively.
The same rationale - differentiation between the early coherent releases and the averages
over the whole release process - is applied also for some other figures of merit concerning
ex-vessel melt behaviour. This is because the first, more or less fast, releases may be
different in nature, and also associated with different uncertainties, than the whole release
process including also late, gradual, releases. In addition to the jet breakup length, (2)
the fraction of jet broken up (particle formation fraction), and (3) the masses of melt jet
and particulate debris falling upon the containment basemat, are saved in the distribution
form (both for the coherent and the whole melt release).
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Chapter 7

DEBRIS BED FORMATION

This chapter will concentrate on debris bed1 formation, that is, sedimentation of the
core melt material on bottom of the water pool. Needless to say, this process is highly
dependent on the phenomena examined in previous chapters. The jet formation, breakup
and steam explosions determine how much of the melt reaches the pool bottom in the form
of melt stream, melt droplets or solidified particles. The nature of melt-water interactions
also affects the size distribution of the particles that have been quenched enough to form
a particulate debris bed, and the time order in which various constituents join the debris
bed. In the following sections, we will examine the current physical picture of this process,
the knowledge and uncertainties involved, and the way we factor and model the process
in our integrated framework.

7.1 Physical picture

The size of the melt droplets generated into the water pool would be governed by the
instabilities created between the melt and coolant (Chapter 6) and the composition would
depend on in-vessel melt progression (Chapters 4 and 5). The further behaviour of the
melt droplets in water would be characterized by the following processes: hydrodynamic
fragmentation (perhaps with some thermal eiFects), acceleration (deceleration), oxidation
(metals) and solidification (quenching). The outcome of these processes would depend on
the initial melt droplet conditions and the boundary conditions in the melt-water mixing
zone. While the boundary conditions could stay almost unchanged under subcooled
conditions, with not much voids in the coolant, the coolant pool saturation could change
the picture considerably. As discussed for jet breakup in Chapter 6, the breakup efficiency

lrThe term "debris bed" is used to refer to "a melt pool", "a particle bed", or some combination of
these configurations, as discussed in Chapter 9.
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and melt-water mixing zone behaviour would be coupled, particularly under saturated
pool conditions but also in the manner that efficient jet breakup could more easily lead
to saturation of an initially subcooled pool.

Melt droplet fragmentation and acceleration would be competing processes, if the
initial droplet-coolant velocity difference (ambient Weber or Bond number of the droplet)
were high enough to make the droplet unstable. Fragmentation and acceleration are
typically fast processes compared to metal oxidation and droplet solidification, which
would be mainly governed by the final stable melt droplet size, the coolant conditions in
the melt-water mixing zone, and the residence time of the melt droplet or the solid debris
particle in the water pool before sedimentation on the pool bottom. Under saturated
coolant conditions, the generated steam and the voiding-induced coolant recirculation
could levitate small melt particles, which, on the other hand, could be efficiently quenched
(cooled down) even with lower residence times in pool. Thus, the small, cooled-down
particles would not, anymore, contribute to the overall melt-water behaviour. Larger
melt particles would have terminal velocities exceeding the coolant pool velocities and
they would, consequently, fall faster through a containment water pool (within some
seconds).

Of particular interest for the initial debris bed configuration would be the jet stream
penetrating the water pool without breakup, as well as the melt droplets that would
not be solidified (even partially on the surface). If the fraction of melt penetrating
the pool were large, the debris bed could become a partially molten "cake", with some
particulate debris on top due to slower sedimentation or later, gradual relocation from
the vessel. If the melt were, on the other hand, efficiently fragmented and quenched when
it travelled through the pool, it would form a particulate debris bed with a certain "pile"
geometry. Particle sizes would be affected by the melt droplet generation, acceleration
and fragmentation, all of which could be enhanced by energetic melt-water interactions.
A steam explosion would typically shatter the melt participating in the explosion into
sub-mm-sized fragments (see Chapter 8), while the debris particles would otherwise be
within the range of, say, 1-10 mm. Because the particle bed coolability would be highly
dependent on particle size distribution, it would be necessary to know the fraction of melt
shattered by steam explosions. Furthermore, when assessing the long-term coolability of
either the melt pool or the particulate bed configuration, or some combination of these
two, the spreading area and bed geometry would also form an essential factor. Spreading
of particles would be governed by their flight paths and water pool motions, whereas the
melt spreading would depend, above all, on vessel melt release rates and melt superheat.

The time dependence of the sedimentation of melt jet, droplets and debris particles
on the pool bottom (pedestal basemat) would be important for the debris bed formation
itself and for the long-term coolability of the debris bed (Chapter 9). Whereas the main
principle would probably be that a non-fragmented melt jet (or a bigger batch or clump
of melt in case of larger vessel failure) would land first and the melt particles with lower
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terminal velocity later, the detailed picture would depend on the duration of the first,
coherent melt release from the vessel (compared to particle sedimentation times) and the
fraction of melt droplets quenched to form solid debris particles. Small droplets would
be more readily quenched and also fall down slower, so one could think that the coarse
debris bed configuration would go from bottom to top as the following: melt, large debris
particles (perhaps agglomerated with melt material from the melt jet and unquenched
droplets), smaller debris particles, and tiny debris particles (created by steam explosions).
Of course, some of these layers might not exist, such as in the extreme cases of a melt pool
(e.g. due to almost instant release of a large melt mass from the vessel) or a particulate
debris bed (e.g. small coherent melt release and most melt released gradually from the
vessel). Finally, the time dependence of the sedimentating melt composition could affect
the long-term debris bed coolability, since the heat generation characteristics of the oxides
(decay heat-generation mostly in UO2) and metals (chemical reactions with water and
concrete) would be different.

7.2 Current knowledge and uncertainties

In this section, we will discuss the current knowledge of the main physical mechanisms
related to the melt particles sedimentating in the containment water pool2 and molten
corium spreading on top of the pool bottom (containment basemat). The melt droplets
are assumed to be formed by melt jet or rivulet breakup, which means that the melt-
water mixing zone can be assumed to be free of large clumps of melt. The release of
a large batch or clump of melt from the vessel would be expected to lead to a melt
pool-type configuration at the pool bottom, because the limited melt surface area could
not effect good fragmentation and quenching. In this case the melt droplet and particle
behaviour would be of a smaller interest, and, in fact, these aspects will be examined
only in connection with the steam explosion effects in Chapter 8. Melt spreading, on
the other hand, would be most important for possible jet penetration through the water
pool, for the spreading of a large batch of melt would probably be quite efficient. While it
is clear that all experiments and analyses performed for the melt-water interactions can
not be reviewed here, the studies referred to in the following should be taken as selected
representatives of the current state-of-the-art.

In order to estimate the final melt droplet size, one needs to know the initial di-
ameter and velocity, as well as the properties, of the melt droplet introduced into the
coolant, and also the ambient coolant conditions such as density and velocity. If the
relative droplet-coolant velocity and the coolcint density (or the ambient Weber number)
were not high enough, the melt droplet would not start fragmenting due to hydrody-

2A short discussion on the related time scales, with a special emphasis on experimental scaling, have
been given in ref. [80].
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namic instabilities, which are considered to dominate under the conditions of interest
here. Thermally induced fragmentation could become particularly important in high-
void-fraction coolant, where the melt droplet could meet both low-density steam and
high-density water droplets, however we will focus on subcooled coolant conditions and
assume that the final droplet conditions would be uncertain enough to contain the effects
of two-phase water-steam mixtures and thermal fragmentation. One should also note
that the detailed melt droplet fragmentation dynamics is not in question here, whereas
the final result of such process is; this is because the fragmentation is typically a fast
process compared to the thermal and chemical behaviour of the melt droplet.

When determining the final droplet size, one has to take into account the competing
effects of droplet fragmentation and deceleration. This has been investigated particularly
for liquid droplets introduced into high-velocity gas streams. The results and methods
available have been applied also to the melt droplet interactions with water and steam,
although the film-boiling conditions characteristic for high-temperature melt droplets in
water could change the results; in this context, also the rapidity of the fragmentation
process could be an important factor due to the fact that the film-boiling development
takes some time after the melt droplet is suddenly introduced into water. Based on the
acceleration-induced fragmentation data available, Chu and Corradini [17, 18] developed a
droplet fragmentation model for the TEXAS code, and the same model has been employed
in other codes such as THIRMAL. Though based on the data on shock wave-induced
melt droplet fragmentation, the recently published fragmentation correlation of Yuen
and Theofanous [133] appears to give similar orders of magnitude for the fragmentation
time scale as that of Chu and Corradini [80]. Pilch et al. [81, 82], on the other hand,
developed a simplified method to predict the maximum final droplet size after acceleration
and fragmentation. With the correlations of Pilch et al., the maximum stable droplet
size, which is first obtained by simply dividing the initial diameter by the ratio of initial
and critical Weber number (thus neglecting acceleration), is corrected by factors related
to the droplet fragmentation and acceleration rates. The maximum stable droplet size
thereby obtained has been shown to compare well with the experimental data, and it can
be used to estimate the mean droplet size (usually about one half of the maximum) as
well [82].

The quenching (solidification and cooldown) of the melt droplet is related to melt-
water heat transfer but also to chemical heat liberation due to exothermic metal-water
reactions. First of all, both quenching and oxidation are strong functions of the melt
particle size, because the total melt surface area is inversely proportional to the particle
diameter. The heat transfer rates from melt to water would be characterized by radia-
tive and convective film-boiling heat transfer when the coolant was in continuous-liquid
regime. At high coolant void fractions, the melt droplets would transfer heat into the
dispersed water phase by radiation and to the continuous vapor phase by convection.
Film boiling around spherical particles have been studied quite extensively. Forced and
free-convection correlations exist both for saturated and subcooled conditions; see, e.g.,
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for the work of Witte [127, 128] and of Dhir and Purohit [28]. The vapor film behaviour
has been numerically analysed, e.g., by Epstein et al. [31], Fodemski [47] and Bang [9].
Because the high-temperature melt could create high void fractions in saturated coolant
(especially at low pressures), the characteristics of melt-water heat transfer under both
single and two-phase coolant conditions have been experimented with by Liu et al. [72].

Due to the analogies between heat and mass diffusion, the correlations and numerical
methods developed for convective heat transfer have been applied to predict gas-phase
diffusion-limited metal oxidation as well; see, e.g., for the work of Epstein et al. [32] and
Young et al. [131]. If, on the other hand, the oxide layer on a metallic melt particle
could grow without being cracked and stirred, the solid-state diffusion would typically
begin to limit oxidation already with a rather thin, intact oxide layer, which further
highlights the importance of the particle size; see, e.g., the discussions in refs. [43], [80]
and [131]. The solid-state diffusion-limited oxidation would be strongly dependent on
particle temperature, and the correlations available for Zry and SS oxidation include
considerable uncertainties especially at high temperatures. For particles with significant
fraction of metallic Zr, the start of melt particle-water contact would be characterized by
competition between heat losses to coolant and heat generation by highly exothermic Zr
oxidation. The particle could first even heatup, but the growth of an oxide layer would
eventually turn the oxidation rates to decline and the cooldown could begin. Hydrogen
generation during FCIs have been discussed in detail in the recent review of Fletcher
et al. [43]. Despite the uncertainties in oxidation phenomena, we consider the main
mechanisms to be understood well enough - in particular when compared to the effects
of particle size - to make reasonable (order-of-magnitude) predictions for non-energetic
melt-water interactions.

In addition to the particle size, the melt particle quenching and oxidation would
largely depend on their residence time in the coolant pool. Under subcooled low-void-
fraction conditions, the pool would be more or less stagnant, and the flight path and
time of the melt particle could be tracked by using simplified methods related to radial
(deceleration-dominated) and axial (terminal velocity-governed) displacement; see, e.g.,
for the simplified methods introduced by Wang et al. [126]. Under saturated conditions,
void formation in the pool would induce recirculation flows and, most importantly, high
steam velocities in the pool; non-condensible hydrogen generation and the limited rate of
steam condensation could cause similar effects also under subcooled conditions, but they
would be expected to be mild compared to those of core melt-induced steam generation
in a saturated, low-pressure water pool. For long melt jet-water transients in deep and
initially subcooled water pools, one would be interested in simulating the water pool
behaviour from a subcooled to a locally - or perhaps even bulk - saturated pool. This
transition could be enhanced by the fact that jet breakup could be more efficient, and also
the particles smaller and more readily quenchable, under subcooled conditions (see section
6.4). As evident from the discussion above, the one-dimensional coolant formulations of
the THIRMAL and TEXAS codes (section 6.4) are not fully satisfactory from the melt
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particle-coolant interaction point of view. On the other hand, more detailed models have
been developed for the steam explosion premixing analyses. The most extensively used
premixing codes, namely the PM-ALPHA and the CHYMES, will be briefly described in
the following.

The PM-ALPHA code has been developed for transient analyses on premixing of
molten fuel and coolant in a two-dimensional geometry; see, e.g. refs. [2], [3] and [4].
The modelling is based on three separate phases: coolant vapor, coolant liquid and molten
fuel drops. Each phase is represented by one flow field with its own local concentration
and temperature, and these are governed by three phase-specific continuity, momentum
and energy equations. The fields are allowed to exchange energy and momentum with
each other, but mass exhange is allowed only between coolant vapor and liquid. Code
predictions on steam void fraction of a water pool have been successfully compared to
experiments where high-temperature solid spheres were dropped as a stream into a water
pool. In reactor scale, the PM-ALPHA code has been applied to fuel-coolant premixing
by assuming that the melt enters the water pool as a stream of droplets; this is considered
to maximize the premixing potential and, therefore, suffice when examining the potential
energetics of steam explosions. No studies with melt jet breakup limitations, or transient
modelling of further melt droplet divisions, have been made, though the basic code fea-
tures, two-dimensionality in particular, might facilitate a more integral approach. Quite
recently, ex-vessel steam explosions in the deep and subcooled water pool of a Swedish
BWR containment have been studied by integrating the PM-ALPHA'S predictions on
melt-water premixing and those of the ESPROSE.m code on explosion propagation [114]
(see Chapter 8). These methods constitute the current state of the art of steam explo-
sion modelling, with considerable uncertainties particularly in boundary conditions for
the rates and mode of melt delivery into the water pool (melt ejection down from the
vessel), as well as for pre-explosion melt jet breakup (melt particle formation).

The CHYMES code models the mixing of melt droplets with saturated water in a two-
dimensional geometry; see, e.g., refs. [40], [42], [44] and [55]. Melt is assumed to enter
water as spherical droplets, similarly to some other premixing codes, and, in addition, the
multiphase flow transient is calculated by assuming that water and steam are saturated.
Each of the three fluids, namely melt, water and steam, has its own velocity field, and the
flow is assumed to be incompressible. Melt temperature is calculated from the enthalpy
equation, and the melt and water length scales are tracked in order to model further flow-
induced breakup of the liquid droplets. The code has been validated against isothermal
and non-isothermal melt-water experiments, and its predictions have been compared to
those of the PM-ALPHA code as well. The CHYMES code can be viewed as basically
equivalent to the PM-ALPHA code, and the largely independent development efforts of
these codes complement each other, for example, in studies for steam explosion premixing.
In the latest code versions, also the assumption of saturated coolant conditions has been
removed [116].
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For melt particles, the particle flight path and water pool flow fields would mainly
determine the area over which the particles would spread when arriving at the pool
bottom. For the part of melt jet perhaps penetrating the water pool and impinging
against the water pool bottom, the extent of melt spreading would be an important
factor related to debris bed formation and later behaviour. For a large batch or clump
of melt released through a large vessel failure, on the other hand, the spreading would
probably be quite efficient and the melt pool would use most of the area directly available.
The melt spreading dynamics have been in focus particularly for the U.S. Mark-I Liner
Failure Issue, where the spreading efficiency would largely determine the melt-induced
thermal loadings against the steel wall of the Mark-I BWR containment; see, e.g., refs.
[118], [110] and [113]. At the moment, melt spreading is studied also for the future LWR
concepts; in some designs, the long-term core debris cooling is planned to be facilitated
by spreading the core melt to a large surface area.

A transient, one-dimensional finite-difference code called MELTSPREAD-1 has been
developed to predict melt spreading across horizontal surfaces that are either submerged
or free of an overlying water pool [35]. The code calculates transient melt hydrodynam-
ics and heat transfer which determine the spreading and freezing of the melt. Heatup
and ablation of the concrete basemat is also modelled, with chemical melt-concrete reac-
tions and enhanced heat transfer caused by gases sparging through the melt layer. The
leading edge immobilization can be effected by crust growth or bulk freezing, and the
melt delivered later can flow over the previously solidified material. The code output
can be imported into molten core-concrete interaction (MCCI) analyses with the COR-
CON code, or, alternatively, the MELTSPREAD-1 code contains simplified models for
quasi-stady MCCI and melt coolability calculations. The MELTSPREAD-1 code was
used also in the recent Mark-I Liner Failure Study [113]. The code results were seen to
be bounded by the simplified (consequential) relationships that were used in the prob-
abilistic ROAAM framework to envelope the spreading efficency or, more precisely, the
melt pool depth in contact with the peripherial steel wall. The experimental validation
of the MELTSPREAD-1 code is still so limited that its use for scoping the uncertain-
ties (by varying the code input parameters) could, perhaps, be justified only after more
experimental data came available.

In conclusion, the major uncertainties in predicting the melt conditions upon arrival at
the water pool bottom appear to be associated with the vessel melt release characteristics
(Chapters 4 and 5), the melt jet breakup including the size of melt droplets produced
(Chapter 6), as well as potential melt droplet fragmentation into tiny pieces by energetic
steam explosions (Chapter 8). There are uncertainties also in the fragmentation and
quenching behaviour of the melt droplets after they have been formed by melt breakup,
but the accuracy of the predictions probably suffices for the purposes of the present study.
Furthermore, such factors as post-quenching particle sizes would - even without explosive
fragmentation - include distributions also in real situations, as has been demonstrated
through several experiments with real and simulant melt materials. For melt spreading,
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reasonable assumptions and predictions can probably be made, especially when the effects
of uncertainties on the integral picture of core debris coolability are considered, but the
accuracy of the predictions can only be confirmed after more experimental data comes
available.

7.3 Assessment methodology

Three different regimes can be identified for the assessment of debris bed formation: (1)
coherent melt jet penetrating the water pool, (2) melt rivulets entering the water pool
and (3) a large batch or clump of melt released almost instantly from the vessel. These
regimes are the same as discussed for melt breakup in Chapter 6. In case of a large melt
batch (3), the debris bed is assumed to be formed mainly of a well-spread melt pool,
and in case of melt rivulets (2) the debris falling down is taken to contain melt particles
only. The large pool depths relevant to the present study would typically lead to efficient
rivulet breakup and subsequent melt droplet quenching, and so the melt would come
down in the form of solid debris particles; the only exception might be particles with
high Zr contents and oxidation heat release potential, but with efficient oxidation the
formation of an oxide layer on particle surface would promote solidification due to the
higher ZTO2 freezing point. It is thus expected that the release of melt rivulets from the
vessel would lead to solid debris particles arriving at the water pool bottom. Finally,
depending on the jet breakup and melt particle quenching efficiency, the jet release (1)
could lead to a purely particulate debris bed or some part of the melt droplets and jet
stream entering the pool bottom as molten material. For the jet, in particular, one also
has to estimate its lateral spreading on the concrete basemat.

The time dependence of melt particle sedimentation necessitates a dynamical analysis
coupled with the vessel melt release prediction. In fact, the vessel melt release, the melt
breakup and spreading, as well as the melt particles' sedimentation on the water pool
bottom, will be treated as a quasi-steady process, which makes it possible to see the effect
of time-dependent factors (melt release rate, melt composition, etc.) but also to perform
fast calculations that allow the propagation of parametric uncertainties (PDFs). In this
way, the continuous process modelling shown in Fig. 3.1 (Chapter 3) will be programmed
with a parametric, quasi-steady approach. The results will be distributions for various
figures of merit that are then taken directly, or after some judgment and data reduction,
to the safety issue-related assessment methods; the methods of using these deterministic
predictions for safety issue considerations will be described accordingly in Chapters 8, 9
and 10.

As discussed for jet breakup (Chapter 6), the influence of intervening structures or
energetic steam explosions is not taken into account directly when predicting the pro-
cesses from vessel melt release to the debris bed formation. The influence of intervening
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structures are examined in Appendix A, without including the results in the integral as-
sessment framework. The steam explosion effects on debris bed formation characteristics
will be examined in Chapter 8.

7.4 Model description

Only the part of melt dispersed into the water pool as melt particles is assumed to interact
with water. A melt jet stream penetrating a water pool is considered to maintain molten
form, and, further, jet fall-down velocity is assumed to remain unchanged from the value
at the pool surface, because the exact value of velocity is not of direct interest here;
the mass flow rate would remain the same anyway. The estimates on melt jet breakup
(section 6.4) give the melt droplet generation rate at different pool depths as well as
the initial melt droplet conditions (axial velocity equal to jet velocity; temperature and
composition equal to those of the jet; diameter and radial erosion velocity from the jet
instability analysis) to be inserted into the models described below.

If the melt droplet size and speed were too high, the droplet could undergo further
hydrodynamic fragmentation. Pilch and Erdman [82] developed a method for taking into
account the competing effects of droplet acceleration and fragmentation, when estimating
the largest stable droplet diameter {Dpj) after acceleration in liquid or gas. The correla-
tion of interest here is presented below (in a somewhat modified form), with assumptions
of constant dimensionless fragmentation time scale {t*jra) and drag coefficient (Cp)3; ur>o
and urj (Dp>o and Dpj) are, respectively, the particle-coolant velocity differences (droplet
diameters) initially and when fragmentation processes decease.
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3For more details and best-estimate correlations on fragmentation times scales and drag coefficients,
consult, e.g., refs. [17], [18], [81], [82] and [133].
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One can see that the final droplet diameter could be larger than if sudden fragmenta-
tion based on the traditional Weber number criterion (without accounting for acceleration
during fragmentation) were assumed. The correlation above gives the maximum droplet
size, while the mass-median diameter has been observed to be about one half of the
maximum [82]. In fact, the uncertainties in final melt particle size are treated here by
assuming a post-fragmentation size between one half and the maximum stable diameter;
the diameter is, of course, equal to the initial diameter if no fragmentation is indicated
(Wec,0 < 12).

Dp = Cp,ave DpJ (if Wec,0 > 12) (7.2)

where
Cp.ove ~ 0.5... 1 (even distribution)

Dp = DPi0 (if WeCt0 < 12) (7.3)

The fragmentation correlation is used by assuming liquid conditions for coolant (c),
that is, water density and stagnation (zero velocity). This is considered reasonable with
the emphasis on subcooled liquid conditions, and with the uncertainties in fragmentation
correlations developed mostly for non-boiling situations (neglecting thermal effects as
well).

After fast acceleration (and possible fragmentation) in coolant, the melt particles are
assumed to travel at terminal speed through the water pool.

The melt particle heat balance (change of specific enthalpy hp) is shown below; q" is
the particle-coolant heat flux, dwH2/dt is the hydrogen generation rate per surface area
and Qmet is the heat of metal oxidation reaction (generating hydrogen).

6 dt "" <W + ^ m e t dt [ }

In the present scoping study, the contribution of metal oxidation is omitted, and the
particle-cool ant heat flux is estimated by radiative heat flux, which dominates at high
particle temperatures.

<lp',c ~ tfp'c.rad- ~ epaBTp (7.5)

The time taken for solidification (tsoi) of the melt particle is first estimated by assum-
ing a uniform temperature field inside the particle. The initial particle temperature is
used to estimate the heat flux during solidification period (q'p\Cy0), as shown below.
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n II

— cp(Tp0 — TmP)P) -f AhjUStP ~ Lr- tsoi (7-6)

The final particle temperature (Tpj) can be calculated from the following formula;
the available time corresponds to the difference of particle falling (sedimentation) time
{tfaii) and solidification time (tsoi).

(7.7)
1mp,p

In case the solidification time is smaller than the falling time, the final particle tem-
perature will be above or at the melt freezing temperature (superheated or partially
solidified).

The falling time is estimated with the terminal particle velocity (vPit).

Ipool

VP,t

where

(7.8)

Water density is used for coolant density (pc), and the falling height corresponds to
the specific depth where particle was generated (zPt0; measured downwards from the pool
surface).

The initial radial movement of the melt particles could be estimated by using the
radial erosion velocity from the jet, but also the water pool convection could move the
particles to a wider area. Consequently, the particle spreading is assumed to be complete,
that is, the bed will be assumed to cover the whole pool area. Melt jet spreading is also
assumed to be complete.

In a definitive study, the details related to melt particle quenching and oxidation
(multi-dimensional melt-water interaction dynamics), as well as formation of the debris
bed (non-uniform spreading of particles and melt), should be better quantified.

77



7.4.1 Discretization

The discretization of the debris bed formation models is determined by the discretization
of vessel melt release (divided into discrete masses or "jet lengths") and melt jet or rivulet
breakup (discrete masses divided into different "generation depths").

The exact time order, in which various melt constituents would fall upon the con-
tainment basemat, is not quantified in the present scoping study. The general principle
would be that any melt jet penetrating the water pool would land first and the particles
generated by jet breakup would be sedimented on top of the melt (cake). However, if
the first coherent (jet-type) melt release phase were very long (several tens of seconds),
as it could be, some melt (jet or unquenched droplets) could land on top of particulate
debris. The exact time dependence would not, perhaps, be too important in this case
either, because with considerable amounts of melt in the debris bed, the configuration
would be closer to a (partially quenched) melt pool or cake than a particulate debris bed
(see Chapter 9). Finally, the later, gradual, releases from the vessel are assumed to be
completely fragmented, and so they always fall on top of the debris bed (be it particulate,
molten or conglomerate) formed during the gradual releases.

The most important information saved in the distribution form are the mass-weighted
averages of (1) temperature of melt jet penetrating the water pool (if any), (2) temper-
ature of melt particles falling on the containment basemat, (3) "subcooling" of the melt
particles (temperature below freezing point), and (4) diameter of the melt particles. These
four figures of merit are integrated both for the whole vessel melt release process and the
first coherent part exclusively. The values are simple mass-weighted averages; the melt
particle temperature upon landing, for instance, does not include consideration of the
latent heat of fusion. In addition, (5) the final subcooling of the containment water pool
is calculated based on heat released due to quenching of the melt particles (heat from the
jet is negligible due to limited surface area). The final subcooling is calculated both for
the end of the coherent melt releases and the end of the whole melt release process. If the
subcooling is negative, bulk saturation has been reached and the water pool voiding could
be excessive; in fact, local saturation could be reached before, but the effects of voiding
could be more moderate. One should recall that the voiding effects are not included in
current modelling of melt jet breakup and melt-water interactions, and that the neglect
of metal oxidation (particularly zirconium) decreases the potential heat released from the
melt particles to the coolant.

78



Chapter 8

Steam explosions [or energetic fuel-coolant interactions (FCIs)] have been investigated
for more than two decades, with the main focus on in-vessel explosions caused by a melt
mass pouring from the core down to the vessel water pool. The understanding gained in
these studies can now be used for ex-vessel cases as well, and, indeed, also the analytical
capability has been pushed considerably ahead during the past few years. The conditions
and phenomena, and the structural capability of the interaction space in the containment,
can differ significantly from the in-vessel characteristics, creating new challenges for pre-
diction methods. In the first section of this chapter, we will examine the main physical
relationships related to potential ex-vessel steam explosion loads, depending also on the
melt jet formation and breakup behaviour (Chapters 5 and 6). The current understand-
ing and uncertainties are discussed in a more quantitative way in the second section. The
last two sections describe the assessment methodology and modelling developed for our
integrated assessment framework. The main idea here is to envelope the steam explosion
loads, that is, to look for maxima instead of modelling the melt-water interaction process
in a fully dynamical, deterministic sense. Consequently, the methodology of the present
chapter and Chapter 9 (core debris coolability), related to bifurcative safety issues, differ
from the other chapters, in which the phenomena are treated as more continuous pro-
cesses; see also section 3.3. In the present chapter, also the steam explosion effects on
debris particle sizes are discussed, in order to examine their potential significane with
respect to debris bed formation and coolability modelling (Chapters 7 and 9).1

Similarly to the other parts of this study, all the relevant references cannot be appropriately high-
lighted when using the information they have provided. Indeed, this applies especially well to our
discussion of the field of steam explosions.
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8.1 Physical picture

A steam explosion - or, more generally, a vapor explosion - can be divided into four
stages: premixing, triggering, propagation and expansion. In order to liberate heat from
a high-temperature liquid (fuel) to another low-boiling-point liquid (coolant) with a time
scale that would support the propagation of an explosion shock wave, the fuel would have
to be first mixed within the coolant. Actually, this "premixing" is characteristic for any
detonation process, such as that in a hydrogen-air gas mixture with chemical, instead of
direct thermal, energy release during the explosion. Premixing would occur, typically,
in a non-explosive (non-energetic) manner, though the driving force could sometimes be
a preceding (perhaps local) explosion, too. During fuel-coolant interactions (FCIs), the
melt constituent could be dispersed into the coolant mixture as discrete melt droplets
generated by melt jet breakup in the RPV or in the containment. These "pouring-mode
FCIs" form the most generic melt-water interaction mode in LWR severe accidents, while
also other types of interactions could be foreseen to be possible.2 The amount of melt
premixed with coolant would determine the potential energetics of, or the amount of
thermal energy released during, an explosion.

"Triggering" refers to the fact that an explosion in a metastable fuel-coolant premix-
ture would have to be initiated by some limited release of energy, which would then start
the process of rapid heat release. During melt-water interactions, the metastable premix-
ing state would be possible due to the limited rate of heat transfer from a melt particle
falling in water under film-boiling conditions. Consequently, the triggering would have to
be strong enough to destabilize the film-boiling state in some part of the premixture by
causing vapor film collapse or increase in melt surface area by melt droplet fragmentation.
Both of these heat transfer-enhancing processes could, probably, occur more or less in
parallel, and the local vapor generation-induced pressure increase could then lead to a
build-up of a pressure wave, and so the explosion "propagation" would begin. Depending
on the melt material and coolant conditions in question, the triggering of an explosive
melt-water interaction could, however, be far from certain. During pouring-mode FCIs
(and during the stratified mode, too), the triggering could be spontaneous or inherent,
that is, the impulse could result from the melt-structure-water interaction itself. One
triggering candidate could be the first melt particle contact with the pool base, or some
local pressurization effect caused by the sudden introduction of melt into water. During
stratified interactions, eruptions and disturbances at the melt-water interface could lead

2"Stratified-mode FCIs" could result from coolant delivery on top of a melt pool in the RPV or in the
containment, and "burst-mode FCIs" from a sudden melt dispersion into coolant which could be caused
in-vessel by a reactivity accident or ex-vessel by high-pressure melt ejection (HPME) from the RPV. The
refilling of an overheated and partially molten LWR core by water could be called "a retlood-mode FCI",
inducing perhaps a combination of the other interactions. The pouring mode is considered to carry the
largest potential of serious consequences under conditions of interest in the present study, and therefore
it is focused upon in here. However, if the formation of a large melt pool upon the containment basemat
were possible, also the stratified explosion mode would deserve some attention.
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to premixing and explosion, but in this case, probably, only a limited depth of melt could
take part in the explosion efficiently.

The propagation of the explosion throughout the melt-water premixture would shatter
the melt (participating in the explosion) into tiny particles and the constraining walls
would first experience the high - yet very short, say some milliseconds - pressure pulses
and their possible reflections. The fast melt-water heat transfer would also generate
steam, the non-condensed part of which would lead to the "expansion" of the melt-coolant
mixture. The expansion could cause the water pool, or parts of it, to be ejected upwards
as a slug. If, on the other hand, the room were closed and full of water (not the case
in cases examined here), the generated steam would cause quasi-steady pressurization of
the explosion cavity, and this pressure would be decreased relatively slowly until thermal
equilibrium was reached. As mentioned above, the amount of melt premixed with coolant
would be the primary factor determining the energetics. However, the high-temperature
melt droplets would, under saturated conditions, also induce high vapor generation rates,
coolant voiding and liquid water escape from the melt droplet "cloud". This excessive
voiding would, especially at low pressures, decrease the amount of melt premixed with
liquid water, which is needed for fast heat liberation from the melt, and the voiding could
also affect the pressure waves propagating through the premixture due to compressibility
of steam. Coolant voiding is currently accepted as the most important limiting mechanism
for in-vessel interactions, inasmuch as steam explosions are considered to be possible
only at low pressures (below, say, 10-20 bar). For ex-vessel cases, the significant coolant
subcoolings could efficiently suppress void formation. Consequently, some other limiting
mechanisms - such as melt delivery rates, melt breakup into droplets and melt droplet
solidification - become more important when estimating the loading maxima.

For the situations of interest in this study, the dynamic pressure-wave impulses would
be of most concern as it comes to containment integrity, but in other types of situations
also the quasi-steady pressurization or even the slug generation could challenge the con-
tainment structures. For the immediate pressure-wave impulses, also the location of the
explosion (depth in the water pool) with respect to melt pool surface would be an impor-
tant factor, because near-surface explosions could be partially "vented" before the waves
collide with the constraining containment walls. The explosive fragmentation could also
lead to oxidation of metallic melt constituents, producing hydrogen and more heat to be
released into water. Finally, depending on the geometry of the interaction cavity, the
post-explosion melt particles and upwards ejected water slugs would settle down in some
seconds, and the tiny melt fragments could fall on top of the debris bed.
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8.2 Current knowledge and uncertainties

Because the major interests of the present study are limited to the propagation phase
of the steam explosion, the expansion phase is not examined here. In what follows,
the current knowledge and uncertainties will be discussed for the first three explosion
subprocesses, namely for premixing, triggering and propagation. Comprehensive reviews
of the steam explosion theory [22] and experiments [23] have been made a few years ago by
Corradini et al., and an up-to-date picture of the current FCI research status (including
both non-energetic and energetic interactions) can be found in the Proceedings of the
latest CSNI Specialists Meeting [24]. In this section, we will focus more on the limiting
mechanisms than on dynamical prediction techniques, especially when considering melt-
water premixing; for triggering and propagation, experimental data and code predictions
are examined by reviewing the latest information available.

8.2.1 Premixing

Premixing of melt and water would depend, first of all, on the rate of melt delivery
into the water pool and the efficiency of melt breakup into discrete droplets. The current
knowledge of these processes have been described in Chapters 4 through 6, and the effects
of intervening structures are examined in Appendix A. After the melt droplets would be
formed and introduced into coolant, they would interact thermally and mechanically with
the coolant mixture, which could lead to melt acceleration, fragmentation, oxidation and
solidification. These processes were examined in relation to the debris bed formation
in Chapter 7, where also the most frequently applied premixing codes PM-ALPHA and
CHYMES were briefly described. Melt solidification would eventually render the melt
particles non-explosive, because a melt particle with an intact solid surface could not
efficiently contribute to the millisecond-scale explosion wave. Finally, the amount of melt
mixed with liquid water would be limited by coolant voiding under saturated coolant
conditions, which could be created locally within the melt particle "cloud" or at bulk
saturation of the pool (if saturation were reached). The location and depth of melt
droplets premixed with water would be important when predicting the dynamical loadings
on the containment walls, because near-surface shock waves could be partially "vented"
by the free surface.

In summary, the limiting mechanisms related to premixing can be identified as the
following: melt delivery, melt breakup, melt quenching and coolant voiding. The uncer-
tainties in melt delivery and breakup rates are considerable, as discussed in Chapters 4
through 6. Given the melt particle size and composition, the cooldown and solidification
of the particle can be predicted rather well (Chapter 7).
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Coolant voiding is not as important for ex-vessel cases as for in-vessel ones, however
the predictions of the state-of-the-art premixing codes PM-ALPHA and CHYMES can
be used to study local saturation and voiding created under subcooled coolant conditions
as well. The results of these codes have been compared to each other, and the PM-
ALPHA code has recently been undergoing extensive validation through experiments
with a stream of metal spheres dropped into a saturated or subcooled water pool. These
MAGICO experiments have included sphere temperatures up to 1000 °C before [3, 4]
and new experiments with higher temperatures are underway [5]. In future, it would
be interesting if the two-dimensional capabilities of the PM-ALPHA code, for instance,
could be utilized to study the behaviour of melt droplets stripped off from a jet as well as
the subsequent heatup and voiding of the surrounding coolant mixture. In the previous
analyses, such as those in refs. [2, 3, 4, 114], the melt droplets were assumed to enter
the water pool as a stream of discrete droplets. The two-dimensional behaviour of the
melt-water premixing could be clearly seen and some local voiding was created also under
subcooled conditions.

8.2.2 Triggering

The currently available information on steam explosion triggering has recently been re-
viewed by Fletcher [46]. His review includes, among others, the following conclusions and
judgments:

• Triggering probability: The available data and modeling do not justify making
strong claims using triggering arguments in steam explosion assessments. They
do, however, allow modest claims for the lack of an effective trigger and allow
the relative likelihood of triggering during the various stages of the melt-water
interaction to be estimated. Any estimates of triggering probability are subjective,
but there is a relatively large pool of data from experiments of the order of 10 kg
of prototypical melt on which to base this judgment.

• Influence of pressure and subcooling: Data available do not support the hypothe-
ses that early triggering is virtually certain and that triggering at high pressure
is impossible. The available data do, however, suggest that triggering becomes
more difficult with increased pressure. Experimental results show that even a small
increase in pressure from 0.1 to 0.5 MPa can inhibit spontaneous triggering. If
melt-water mixing occurs in subcooled water, as is likely in ex-vessel melt-water
interactions, the likelihood of triggering is increased significantly.

• Models and mechanisms: No validated triggering model exists. Experimental ob-
servations suggest that triggering is associated with the local collapse of the vapor
layer around a melt droplet followed by rapid fragmentation of the droplet. Vapor
film collapse may occur for a number of reasons: interface contact temperature falls
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below minimum film boiling temperature (unlikely in core melt-water interactions);
water is forced into contact with melt by applied pressure pulse (used often in ex-
periments), by forced flow of water collapsing the vapor film (low melt temperature
or high water subcooling) or by local coolant entrapment (water entrapped within
the melt or against the pool base).

It should be noted, from the review of Fletcher, examined above, that the ex-vessel
conditions in the Swedish BWRs could lead to frequent triggering also near the pool sur-
face. In fact, this high melt velocity and water subcooling-induced triggering sensitivity
has already been suggested by Theofanous [114]. He also acknowledged the fact that only
in special cases can one predict the occurrence of triggering, and it is thus reasonable to
consider a spectrum of timings and positions.

In the present scoping study, we will assume one triggering at the worst possible
moment with respect to melt masses premixed with water. Although it is, perhaps, im-
possible to predict triggering, it is emphasized that frequent triggerings near the water
pool surface could lead to a very complicated melt-water interaction process (recall the
present assumptions of non-energetic jet breakup, etc.), including significant melt frag-
mentation into tiny pieces (detrimental to particle bed coolability). If the vessel melt
discharge process were long and the water pool surface got saturated, triggerings (not to
mention melt droplet penetration) even might be transferred deeper.

Depending on the future progress in decreasing the phenomenological uncertainties
(associated with vessel melt release characteristics, structural capability of the contain-
ment structures, debris bed coolability, etc.), it may be necessary to include also triggering
arguments in the ex-vessel risk assessments. In this respect, the on-going research, espe-
cially the KROTOS (JRC-Ispra) [61, 63] and ALPHA (JAERI) [76, 102, 130] experiments,
are of major interest.3

8.2.3 Propagation

The PM-ALPHA (premixing) and ESPROSE.m (propagation) codes developed by The-
ofanous et al. have recently been combined to deal with the integral steam explosion
characteristics in two-dimensional domains; see, e.g., refs. [112], [114] and [132]. To
support the constitutive relations related to explosion propagation, the melt-water mi-
crointeractions (rapid melt fragmentation and mixing with water) also have been exam-
ined experimentally by Theofanous, Yuen et-al. [133]. The applications of these models
to ex-vessel reactor cases have demonstrated the influence of "explosion venting" (free
water pool surface mitigates the pressure waves), two-dimensionality (radial cylinder

3It should be noted that the potential influence of coolant additives is not examined in the present
study; see, e.g., for the critical review of Huhtiniemi on surfactant experiments [64].



with explosion in the middle region) and local voiding (compressibility). This analytical
capability can be seen as the present state-of-the-art of dynamical steam explosion pre-
dictions, without underestimating the value of other models that have a varying degree
of detail in respect to the premixing phase and pool geometry.4 Especially the recent
KROTOS data, which have been used for several model validation efforts, have given
more confidence in propagation predictions. The estimates concerning contribution of
chemical reactions (aluminum or zirconium oxidation) also have been brought further
by the studies of Epstein and Fauske [34] and Uludogan and Corradini [117], and an
experimental program on molten Zircaloy-water explosions has recently been initiated at
Argonne National Laboratory [16].

8.3 Assessment methodology

The assessment methodology on steam explosion loadings is based on mechanisms limiting
melt-water premixing and on a functional (consequential) relationship between premixing
configurations and potential loadings against the walls. By using the estimates on melt
droplet generation by jet formation (Chapter 5) and breakup (Chapter 6), the maximum
loadings can be estimated. The loadings are then compared to a containment fragility
curve, which is selected from orders of magnitude that represent typical values. It is
emphasized that the present evaluations are tentative, and they can be refined when more
specific, quantitative fragility estimates come available; such structural investigations,
sponsored by SKI, are currently underway [49].

Only single explosions are considered in the present assessment; potential effects of
multiple explosions (on melt breakup, premixing, structural behaviour, etc.) are not
examined for the moment. Also the limitations of the current assessment regarding melt
jet breakup should be recalled; melt jet breakup and melt droplet generation into water
are taken to be limited by breakup of a quasi-steady jet in water and the influence of
intervening structures is not accounted for. Structures between the reactor vessel and
the water pool base might enhance dispersal of melt (compared to mere jet breakup
in pool) should the vessel failure site be (initially) or become (through ablation) large.
Another omitted aspect that might make the outcome, concerning melt-water premixing
and potential steam explosion loadings, worse, is the annular release of melt at the end
of the vessel melt discharge. This type of a jet could have a considerably high mass flow
rate and the annular form ("hole" in the middle) would probably enhance instabilities
and breakup. In later studies with more definitive objectives than those of the present
scoping study, the effects of multiple explosions, "deformed jets", jet "splashing" against
the basemat, and initial melt leading edge penetration into the water pool, should be

4See, e.g., refs. [14], [22], [25], [26], [41], [45], and [105] (incl. Proceedings of the CSNI Specialists
Meeting on FCIs, Santa Barbara, January 1993), for a more complete picture.
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explored in more detail.

8.4 Model description

In this section, the modelling of steam explosion loadings, as realised in the present
scoping study, is discussed. It is emphasized that the present approach is designed for
first-order evaluations. Although most of the salient limiting mechanisms are included,
the neglect of several details (particularly those related to transient, multi-dimensional,
melt-water premixing and explosion propagation) calls for further, more in-depth, inves-
tigations.

8.4.1 Melt droplet generation and movement

The melt droplet generation characteristics are obtained from the melt jet breakup models
(section 6.4). The most important information needed and used here are the melt droplet
generation rates at various pool depths. In the melt jet breakup modelling, the melt jet
diameter is taken to decrease linearly, which means that the breakup rate is much larger
near the water pool surface than at the bottom (if the breakup length is not many times
larger than the water pool depth). Possible melt droplet generation, in case the jet
penetrates the water pool and "splashes" at the base, is not included.

Melt droplet sedimentation is not accounted for, which means that the unsolidified
melt droplets are assumed to participate in a potential explosion at approximately the
same depth where they were generated. This would tend to underestimate the potential
loadings, but, on the other hand, solidification of small melt droplets (as predicted by
models described in sections 6.4 and 7.4) is very fast and they could not fall long distances
in molten form. Local voiding of the water pool could lead to longer quenching times,
but it also could "levitate" small melt particles.

8.4.2 Melt droplet quenching and oxidation

Melt droplet solidification times are estimated in the debris bed formation modelling
(section 7.4), and so they can be applied directly as a mechanism that could limit melt-
water premixing. In fact, the minimum of melt particle solidification and sedimentation
times is used as the time scale that (together with melt droplet generation rates) gives
the premixed melt mass at various pool depths.
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It should be noted that the solidification time used here corresponds to complete so-
lidification (removal of superheat and heat of fusion) of a melt droplet. The solidification
time scales could be considerably shorter if only melt superheat (the removal of which
causes the melt to become "slurry") was accounted for. For a more detailed treatment,
one would have to take into account the combined influence of heat contribution of metal
oxidation, limitations of heat conduction inside the melt particle, and voiding-induced
decrease in melt-coolant heat transfer.5

8.4.3 Premixed melt mass and depth

As described above, the premixed melt masses at various pool depths are obtained by
the melt droplet generation rate and the time scale of melt removal (either through
solidification or sedimentation). The average premixing depths are then obtained as a
mass-weighted average of the depth-dependent melt mass. Only dispersed melt droplets
are assumed to take part in the explosion, that is, the jet column or melt pool at the
water pool base are excluded.6

5A brief discussion of the reasons for a detailed melt particle treatment will follow. First of all, the
heat of fusion typically corresponds to a specific enthalpy step over a temperature range of 600 K; see
Table 4.3 in Chapter 4. If the melt superheat is only 100 K, for instance, the superheat removal time
scale (t$up) would be only about one seventh of the solidification time scale (<«<,/); if the melt particle is
Dp ~ 1 mm in diameter and the melt-coolant heat flux is q'p'c ~ 2 MW/m2 (pp ~ 7000 kg/m3; cp ~
500 J/kgK; AhfUitP ~ 300 kj/kg), the corresponding time scales are t3Oi ~ 0.2 s and tstip ~ 0.03 s.
An approximate conduction time scale (Ap ~ 10 W/mK; ap ~ 3 10~6m2/s), on the other hand, is
tcond ~ (A>/2)2/4ap ~ 0.02 s, which means that the melt heat removal and quenching could be limited
by conduction, as well. In fact, a thin layer on the particle surface could solidify completely before
superheat could be removed from the whole particle; note also that the above-given solidification time
scale is equivalent to solidification of a 1/6-mm-thick (Dp/6) layer on a flat surface. Last but not least,
zirconium oxidation could generate a lot of heat, especially in small melt particles. As an example, if the
melt contains Xzr ~ 20 wt-% zirconium, of which Xoxi ~ 20 wt-% is oxidized (Qzr ~ 6-4 MJ/kgZr),
the specific heat contribution is A/iox, ~ X0XiXzrQzr ~ 260 kj/kg, which already is comparable
to the heat of fusion. If the particle is fully metallic, surface oxidation can also raise the freezing
temperature significantly; the net solidification effect depends on the balance between heat generation
and removal rates. It is also interesting to examine the dependence of the above-given time scales on
particle size: tt0\ oc Dp; t3up oc Dp; tcon oc Dp. The metal oxidation fraction has been observed to
increase with decreasing particle size, and another interesting feature is that under saturated coolant
conditions the oxidation has typically been more extensive, which could mean that in locally voided
regions the solidification time could be increased by oxidation (in addition to, or because of, the decrease
in melt-coolant heat flux). From the discussion above, it is easy to see that the solidification time
scale (for "de-energizing" the melt), as used in the present study, is only instructive; further studies are
underway at KTH to address the details of the melt droplet quenching process.

6The additional amount of melt might be estimated by taking into account the surface layer of such
larger melt clumps. If, for example, the average melt jet diameter and velocity are Dj ~ 5 cm and Vj ~
15 m/s (pj ~ 8000 kg/m3) in a water pool of depth hpooi ~ 7m, there is m;- = pj(irD? /4)hpooi ~ 110 Ary
of melt in the melt jet form; a 1-cm-thick layer on the jet surface would constitute more than 80 % of this
mass. On the other hand, for a melt pool with a surface area of about 10 m2 (equivalent diameter about
3.6 m), a surface layer of thickness, say, 1 cm would include about 800 kg of melt, the participation of
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Coolant voiding is not included as a limiting mechanism in the present steam explo-
sion loading modelling. Highly subcooled water pool conditions, of interest here, could
suppress excessive voiding, though local voiding could be created especially when the
melt droplet generation rates are high. The fast solidification (of small melt droplets), on
the other hand, can be seen as a mechanism that is somewhat complementary to voiding,
because both increase with melt-water heat transfer. In later, more definitive, studies,
the transient melt-water premixing behaviour should be analysed more carefully.

8.4.4 Impulsive loadings on the walls

In the present scoping study, the impulsive steam explosion loadings on the walls are
treated by using the premixed melt mass and average depth of premixed melt as the
main parameters. As discussed by Theofanous et al. [114], the impulsive loadings could
be more sensitive to the depth at which the explosion occurred (ratio of premixture
depth and distance to bounding walls) than to the melt mass involved, because venting
of the explosion waves through the free water pool surface could decrease the loadings
significantly.

The most serious situations considered in the present study are related to melt jet
breakup and melt-water premixing throughout the whole water pool depth - not to men-
tion the collision of a jet against the water pool base (splashing is, however, not examined).
In addition, the main objective here is to get some feeling of the orders of magnitude
of potential impulses on the water pool boundaries, depending on several pre-explosion
phenomena (vessel melt release, melt breakup by water and structures, steam explosion
triggering). The uncertainties in these phenomena and the lack of a specific containment
fragility curve would not enable accurate estimates, which carries some support for the
tentative approach described below.

The calculational (PM-ALPHA and ESPROSE.m) results of Theofanous et al. [114]
are used as the basis for the simplified relationship of premixing melt mass/depth and
the total impulse on the pool boundaries. For a premixture of about 1000 kg, triggered
when the leading edge had reached a depth of about 5 m in a water pool that is 10 m
in diameter, the total wall-average impulse was estimated to be about 100 kPa-s. The
following impulse (Imax) function will be used here; Lave is the average melt premixing
depth, Dpooi is the pool diameter and mmax is the maximum melt mass premixed with
water.

(8-1)

which could, of course, be prevented by a stable crust (if not erupted by some mechanism).



where

/ = ( - ^ - ) n with n ~ 2

g =

A-e/ ~ 50... 150 kPa's (even distribution)

As described in previous subsections, the average premixing depth is integrated to be
about half of the pool depth for situations where the major part of the jet penetrates
the water pool (almost equal droplet generation rates through the pool), which yields
the maximum value for "the premixing depth function" [/ = (2hpooi/Dpooi)

2). The pool
diameter is selected as Dpooi ~ 10 m [between the diameters of the inner (about 8 m) and
outer (about 12 m) pedestal walls; see section 2.3], and so the depth function gets the
following maximum values with various pool depths: / ~ 0.64 for "shallow" pool (depth
4 m), / ~ 2 for "normal" pool (depth 7 m) and / ~ 4 for "deep pool" (depth 10 m).

More detailed insights into the steam explosion loadings could be obtained by further
applications of the PM-ALPHA (premixing) and ESPROSE.m (propagation) codes, for
example. As obvious, also the calculational boundary conditions (melt mass flow rate,
superheat and breakup characteristics) form significant sources of uncertainty (subjects
of further investigation). Of special importance are the form in which melt contacts the
water pool surface and the subsequent melt breakup efficiency, as near-surface breakup
could prevent melt from penetrating (in molten form) deeply into the initially subcooled
water pool.

8.4.5 Containment fragility

No specific, quantitative estimates are available on the fragility (loading capability) of
the flooded pedestals (lower drywells) of the Swedish BWRs, when challenged by steam
explosion shock waves; first such investigations are underway under the sponsorship of
SKI [49]. Consequently, only a tentative fragility curve can be selected here, as shown
below.

lmax
50 — 200 kPa's (even distribution)

Failure if Iwau > Imax

A structural failure is effected, if the steam explosion impulses (Iwaii) are greater
than the maximum loading capability (/m a i) . It is emphasized that the present selection
is mainly illustrative. Several design-specific features, such as the lower drywell wall
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and penetration designs, have to be taken into account for a definitive study. It is also
important to differentiate between a real structural failure (collapse) and formation of
cracks that could cause leakage through the wall or penetration. While the first one
would be of most interest to structures inside the containment (supporting the RPV, for
instance), the second one could cause loss of containment efficiency if the structures were
part of containment boundary. For the F3 containment specifically, the most important
aspects are the survival of the lower dry well walls (between lower dry well and wetwell),
floor (containment boundary) and penetrations (drain pipe, instrument penetrations,
access hole; all part of containment boundary).

The steam explosion loading calculations of Theofanous et al. (with the PM-ALPHA
premixing code and the ESPROSE.m propagation code) have recently been combined to
dynamical structural analyses [87], concerning reinforced concrete walls in specific. The
steam explosion calculations were first performed by assuming a melt flow rate of 1000
kg/s (1-cm-particles; temperature 3100 K and superheat 100 K; pour diameter 0.61 m;
velocity 10 m/s; melt volume fraction 0.05) to a water pool of depth 3.05 m, diameter
7.62 m and subcooling 20 K. The explosion was triggered in the middle of premixture
when the first particles contacted the water pool base. The pressure time histories on
the walls showed maximum pressures up to 600 bar (depending on the elevation) and the
duration of the pulses was 2-3 ms; from these, one obtains a maximum impulse of the order
of 100-200 kPas. The structural analyses indicated that while a customarily reinforced
concrete structure (34.5 MPa; 2 % reinforcement) could become severely damaged by such
explosions, upgraded concretes (48.3 MPa and 69 MPa) could sustain them satisfactorily.
The wall thicknesses were about 1.5 m in the study, and the other parameters appear
to be similar to those of interest here. Also the results are consistent with the tentative
selections made above.

8.4.6 Discretization

The temporal and spatial discretization of steam explosion loading evaluations follows
the discretization of vessel melt discharge and melt jet breakup. At every time step, the
premixing melt mass and average depth are evaluated and inserted into the loading func-
tion. If the potential loading is greater than previous ones, it is saved as the maximum,
and the corresponding premixing mass and depth are memorized as well. If the maximum
potential loadings are greater than the structural containment capability (given by the
fragility curve), a potential failure is indicated.

The most important information saved in the distribution form are (1) the premixing
mass, (2) the average premixing depth, (3) the maximum potential impulses on the walls,
and (4) the potential for containment failure.
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Chapter 9

This chapter on debris coolability derives from the analyses described in previous chap-
ters on vessel melt discharge, lower head ablation, melt jet breakup, interactions between
the melt droplets and water, and, finally, the debris bed formation. We will try to anal-
yse the coolability of the debris bed by finding first some limiting configurations (be it a
particle bed, a melt pool or something else) and relate the estimates of their coolability
to the debris bed configurations predicted (indicated) in previous chapter. The physical
picture is discussed, from a general perspective, in the next section, and, as usual, the
other sections describe the current understanding, our assessment methodology, and the
modelling of debris coolability in the integrated framework. As already mentioned in
Chapter 8 (steam explosion loads), also the debris coolability is looked from the envelop-
ing perspective, without trying to predict directly - that is, by the predictions on other
phenomena as the starting point - the dynamical behaviour of melt, particles, water and
steam in an inhomogeneous debris bed under water (see also section 3.3). Mechanistic
models are, however, needed to support judgments on coolability of various debris config-
urations; such calculational methods for melt pool behaviour are described in Appendix
B.

9.1 Physical picture

Due to melt breakup and quenching in water, particulate (solidified) debris would be
formed upon the flooded containment basemat. Current knowledge is, however, insuffi-
cient to preclude penetration of melt through the water pool, and the subsequent for-
mation of a core melt pool and solidified debris cake. In addition, a melt pool could be
generated through remelting of a non-coolable particulate bed. Consequently, the con-
figurations of core debris that have to be considered include (i) a bed of hot particulate
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debris; (ii) a pool of molten core material; (iii) a debris cake; and (iv) various combina-
tions and transformations (from one to another) of the basic configurations. Since the
physical picture of the thermal-hydraulic cooling processes in particulate debris beds,
debris cake and melt pool are different, we will examine the various structures separately
in the following.

9.1.1 Particulate bed

If a debris bed were formed upon a flooded containment basemat, its coolability would
depend, first of all, on the total wetted surface area between debris and water. The
physical states of the debris bed would thus be related to its quenchability (the bed can
be wetted and cooled down) and coolability (the heat generated can be rejected in a
steady-state manner).

Hydrodynamics and heat transfer in particulate beds with volumetric or bottom heat-
ing have been studied extensively in the past. The most important physical mechanism
limiting the coolability of a particulate debris deb is related to the dryout phenomenon.
Such a phenomenon could occur when vapor jets leaving the top surface of the bed lim-
ited the liquid counter flow below the level necessary to quench and cool the bed. This
flooding limitation has been adopted as the governing mechanism into the dryout models,
in which the dryout heat flux forms the coolability criterion; when the power generation
rate in the core debris exceeds the dryout heat flux (defined against the cross-sectional
bed area), a local or global dryout occurs. The dryout heat flux depends on a number of
factors, most notably the bed height, the size, shape and spatial distribution of particles,
as well as ambient pressure and liquid pool subcooling. The dryout heat flux increases
with particle diameter, bed porosity, ambient pressure and liquid mass flux entering the
bottom of the bed. For beds with large particles (say, 1 cm), the dryout heat flux can
even exceed the flat plate critical heat flux (1.2 MW/m2), due to the influence of debris
bed heterogenuity on vapor evacuation and hydrodynamic stability. Particularly low dry-
out heat fluxes, on the other hand, have been observed for stratified beds, which could
be formed as the melt gets fragmented by a water pool and the terminal speed of the
particles depends on size (Chapter 7). In this context, the large reduction of dryout heat
flux has been explained by reduced porosity (small particles within larger ones partic-
ularly at the interface of layers) and the influence of capillary forces. Most strikingly,
a stratified bed could be non-coolable even if a homogeneous bed containing only the
smaller particles would be coolable.

Most of the experimental and theoretical studies have been focused on an idealized,
one-dimensional configuration, instead of the potentially wide spectrum of prototypical
particulate beds in ex-vessel reactor cases. In fact, multi-dimensional effects might pro-
vide better conditions for debris bed coolability. The potential effects would, of course,
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depend on the type (debris bed form, particle distribution, etc.) and the extent (mag-
nitude) of multi-dimensionality. If a bed on the containment basemat were radially
stratified, for example, water could ingress through zones with higher local particle size
and porosity, lower heat generation rate (no decay heat generation), or some specific
measures such as downcomer tubes (or other structures designed for the flooding pur-
pose). After that, the debris cooling could be driven by bottom flooding and radial flow
of coolant. The ex-vessel debris bed would probably adhere to a somewhat pyramide-like
configuration, rendering thus a higher water level (and 1-2 K more subcooling) and, most
notably, lower bed heights at the peripheral regions. The quenching might first occur
in the peripheral parts with higher permeability, and then the heat removal from debris
regions adjacent to quenched zones would be gradually intensified. A bottom layer of
metal particles could also induce potentially significant effects, due to absence of decay
heating in metallic debris. Except for some chemical reaction heat (from steam or carbon
dioxide-induced oxidation at high particle temperatures; particularly for zirconium but
also for steel components), such layers could become much more easily quenched, arrest-
ing thus concrete ablation and providing a bottom mass flow of coolant for the oxidic
decay-heated particulate bed. These effects could be further enhanced if the debris bed
formation were gradual, and the first melt masses released (whether metallic or oxidic)
were efficiently fragmented and quenched. While bottom flooding and multi-dimensional
effects would, undoubtlessly, reduce the quenching time, the multi-dimensional effects
could be less pronounced for beds with small particles due to higher radial flow friction.

The physical picture of particulate bed thermal-hydraulics becomes more complicated,
when taking into account gas release from zones where hot debris interacts with concrete.
Large-scale gas flows might be capable of preventing penetration of water into lower
regions of the debris bed, though gas flows might also cause strong oscillations of the
liquid pool above the bed. Such oscillations could lead to unusually high dryout heat
fluxes particularly with deep water pools and shallow beds of fine particles. However, low
gas release rates are expected in cases of interest here because of the silicate-dominated
composition of the basaltic concrete used in the Swedish BWR containments.1 The
molten concrete slag could, on the other hand, form a crust layer that could move towards
the top of the particulate core debris bed. Limited experimental observations show that
the crust formed by basaltic concrete slag is mechanically unstable, however the crust
would, to some extent, isolate debris from the overlying water pool and decrease its
permeability.

Finally, it should be noted that even though a debris bed configuration might be
coolable from the steady-state decay heat removal point of view, the quenching behavior
from an initially elevated temperature might lead to bed melting prior to quenching of
the debris. Both the bed height and initial temperature are important for determining
transient quenching characteristics. The presence of Zircaloy (zirconium oxidation) could
lead to local temperature rise and delay complete quenching of the particulate layer, if

not otherwise stated, basaltic (silicate) concrete properties are assumed throughout this chapter.
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the metals were not fragmented and quenched during flight through the water pool. The
long-term coolability of a particulate debris bed would thus require that the debris was
efficiently quenched and that the heat generation did not exceed steady-state coolability
criteria.

9.1.2 Melt pool

If a melt layer or pool were formed upon a flooded containment basemat, the coolability
of such a debris configuration would depend on heat transfer to the overlying water
pool and to the concrete basemat beneath the bed. Four interrelated components can
be identified: heat transfer and related processes in the melt pool, the behavior of crust
layers surrounding the melt pool, interactions between core debris and concrete, and heat
removal to the overlying water pool.

The melt pool processes would be governed by debris temperature. The driving force of
the heat balance would be quasi-steady natural-convection heat transfer in a self-heated
core melt pool, characterized by stably stratified layers near the bottom and unstably
stratified layers at the top of the melt pool. This process could be disturbed by sparging
gases from decomposed (ablated) concrete. The gas release-controlled agitation of melt
layer in the bottom part of the melt pool could increase heat flux to the bottom crust.

During concrete ablation, the melt volume and height would increase, and the volu-
metric power generation rate and the volume-to-surface ratio would decrease. The melt
composition, phase diagram and physical properties also could be changed due to in-
clusion of molten concrete slag. The solidus temperature of core-concrete melt would
decrease almost down to the concrete ablation temperature, if the weight fraction of con-
crete in melt reached about 10 %; a decrease in melt liquidus temperature would occur
later, near a concrete weight fraction range of 80 %. Also the crust properties would be
gradually changed, and the larger melt-crust temperature difference would cause melt
cooldown. At the same time, the melt viscosity would be increased. All in all, the mixing
of core melt and concrete would form a mechanism reducing the melt temperature during
melt-concrete interactions.

In a melt pool, the volumetric heating could either be added to or reduced by chemical
reactions related to metal oxidation. At very high temperatures, an endothermic reaction
between zirconium (Zr) and silicate (SiCy would be possible2, consuming almost 7
MJ/kg-Zr and reducing SiO2 to SiO. Because silicate is the main constituent of the
basaltic concrete of the Swedish BWR containments, and its density is much less than
the initial core melt density, the extent of Zr ~ SiO2 reactions might be high. Due to

2Chemical and mechanical (concrete-melt mixing) conditions needed for such a reaction are yet to be
examined.
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the high energy consumption (could exceed the decay heating rate), this reaction could
form another mechanism causing fast melt temperature drop to a level where the reaction
would decease. In contrast, at a temperature range below 2200 K the Zr — 5z'O2 would
produce metallic Si, exothermically. The oxidation reactions of zirconium, chromium and
iron with reducible gases (steam and carbon dioxide) are also exothermic. The actual
rate of oxidation reactions would depend on the contact between concrete decomposition
gases and melt. The associated limiting processes involve gas-phase diffusion, dissolution,
and liquid-phase diffusion. Incomplete contact would reduce the rate (and perhaps also
the extent) of chemical reactions, and extend the time before the reactants (mainly Zr)
became depleted. The manner and extent of contact (mixing) between molten debris
and concrete constituents would depend on the melt pool height, the flow behaviour of
(multi-phase, multi-component) melt, the turbulence levels and associated mass transfer
coefficients, as well as chemical and phase equilibrium characteristics.

Melt pool heat transfer would be affected by its configuration (melt layer thickness,
geometrical form, stratification). The metallic and heavy oxidic layers could be initially
stratified, since these materials are immiscible. The oxidic layer could become lighter, as
the fraction of concrete oxides was gradually increased. The stratification pattern would
depend on the actual density ratio of the stratified layers and on sparging gases released
from the decomposed concrete. The gases sparging through the melt pool would certainly
cause some mixing between the two layers, however it is likely that the individual layers
would be well-mixed only within themselves and that the layers would remain distinct
from each other. Mixing phenomena should be considered particularly for the early
phases of melt-concrete interaction when high gas flow rates could be involved, and for
later phases when the density ratio would get closer to unity. As molten concrete slag was
added to the oxidic phase, its density would approach that of the metallic layer yielding
conditions favorable to a homogeneous melt pool regime. Alternatively, a part of molten
concrete oxides could be dissolved by core melt and another part collected as a slag layer
on top of the metals. Apparently, the heat generation characteristics (decay heating and
chemical reactions) would differ between homogeneous and stratified melt pools.

The melt solidification during melt-concrete and melt-water interactions would be
governed by two competing effects. Heat transfer from the melt boundaries would tend
to cause crust formation, whereas vigorous gas bubbling would tend to break up any
boundary crusts and mix the solid and liquid debris phases. At the limit of high gas
flow rates the debris would be more like a slurry, and without gas flow a stable growth
of crust would be more likely. The gas release rates from the basaltic concrete decom-
position would be relatively low, hence the existence and behavior of surrounding crust
would, probably, be governed by heat balance rather than gas bubbling effects (thermal
instead of mechanical effects). In this case, the coolability of a melt pool would be a
conduction-limited phenomenon. In addition, the porosity and strength characteristics
of the surrounding crust would determine the mass exchange (disturbances) between the
melt pool and the molten concrete or the overlying water pool. A non-penetrable bottom
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crust would prevent mixing of molten concrete materials into the core melt pool. Entrain-
ment of melt into the overlying water by gas flow, in particular, would depend on the size
of crust pores. The thermal and mechanical properties of the crust would be changed if
the fraction of concrete slag were increased. In a stratified melt pool, crust formation in
the metallic layer adjacent to the concrete would provide an additional thermal resistance
resulting in reduced heat transfer and concrete erosion.

Molten core-concrete interactions (MCCIs) have been subjected to a number of the-
oretical and experimental investigations. Concrete is basically a mixture of ceramic ma-
terials and water and CO2 trapped within its matrix. The type of concrete used in the
Swedish BWR containments consists of silicon dioxide {S1O2; ~ bbwt — %), with small
amounts of calcium carbonate [CaCO$) (and, therefore, calcium oxide CaO), alumina
(AI2O3) and other minerals. When heated to a high temperature, the concrete begins to
lose not only the water but the entrapped CO2 as well. The ablation front would prop-
agate in delay compared to the decomposition fronts. The basaltic concrete has been
shown to be a thermally stable structure before silicate (SiO2) melts down; this is due
to a low weight fraction of the decomposing materials (mainly CaCOz). The thermal
resistance of the lower crust-concrete interface would be governed mainly by gas flow
in various film regimes; the gas film would collapse if gas release rates were low. Heat
conduction in concrete could play an increasing role if concrete ablation got arrested, in
which case the gas film would almost disappear even though some gases continued to
be released due to propagation of concrete decomposition fronts by heat conduction. If
molten concrete were cooled down, it would not resolidify into an aggregate similar to
its original form. Instead, it would become a vitreous material with a glass transition
temperature around 1100 K (when cooled down below this temperature, the material
runs into a glass).

Heat transfer to the overlying water pool would be determined by radiation and boiling
heat fluxes from the upper melt pool crust. The former would depend on emissivity of the
crust surface and the latter would be related to a boiling curve modified by gas release
effects. Coolant pressure and subcooling would, therefore, have some influence as well.3

9.1.3 Debris cake

Solidified debris cake might be formed in the debris bed with an overlying water pool prior
to concrete ablation or as a result of melt freezing process during interaction with concrete.
The latter case is considered in relation to the melt pool, where debris cakes (thick crust
layers) are the limiting configuration of a melt pool. Transient, multi-dimensional heat

3Violent melt-water interactions could occur in a very high-temperature phase. However, such pro-
cesses would perhaps be limited by the appearance of the upper crust and thus of minor interest when
analysing long-term process of conduction-limited cooling of debris melt pool.
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conduction with internal heat sources is the major mechanism governing the behaviour
of debris cakes (crust layers).

The formation of a large, well-quenched debris cake prior to concrete ablation would
be unlikely. If unfragmented melt settled upon the containment basemat, it would have
sufficiently large superheat above its solidus point so that a large cake could hardly be
formed prior to debris-concrete interaction. The existence of cool debris cakes would
require their thickness to be small enough that they could have been cooled during the
melt spreading process, and the melt temperature to be such that the concrete decom-
position and ablation could not have been started. This is improbable, since the solidus
temperature of the core melt is typically much higher than the melting point of concrete.
Otherwise, molten concrete slag would be included into the melt mixture, decreasing its
solidus temperature and increasing the driving temperature difference for melt-crust heat
transfer. A some sort of conglomerate cake could perhaps be formed if melt penetrated
into a particulate bed that had already been formed and quenched. The melt constituent
could be a melt jet penetrating the water pool in a later phase of vessel melt discharge.
Also mixing of quenched and unquenched melt, upon arrival at the pool bottom, could
lead to a conglomerate cake. Such cakes would, on the other hand, probably have a
considerably high temperature compared to the concrete melting point.

In any case, given a low-temperature, thin debris cake on the containment floor, the
debris temperature could gradually increase to a level sufficient for initiating the concrete
ablation process.4 Further, the physical picture could largely depend on intermixing of
molten concrete with core debris. The low-density molten concrete constituents might
ingress into the porous structure of the core debris, changing its physical properties
and forming a eutectic mixture with a low melting temperature. Most notably, the
molten concrete constituents might form a slag layer on top of debris, effecting a thermal
resistance for radiative heat loss and heat removal from core debris to the overlying water
pool. The melting of debris would perhaps start in its lower part, adjacent to the concrete
where a layer of molten slag already existed and lowered the heat removal rates. After
that, the progression would be similar to the processes discussed for melt pools.

9.1.4 Combination of basic configurations and transformation

There exist several possible combinations of the three basic debris configurations (partic-
ulate bed, melt pool and debris cake) as well as transformations from one to another. The
combined configurations result from various scenarios of debris bed formation (Chapter
7).

4The cake-induced concrete ablation is particularly applicable for the basaltic (silicate) concrete,
which has a lower melting point (about 1350-1650 K) than the limestone (1720-1920 K) or the lime-
stone/common sand concrete (1420-1670 K).
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If the particulate bed were formed on top of a melt pool, the debris coolability as whole
would depend on particle characteristics, in particular. Such a particulate bed might be
the result of steam explosions and in this case it could also contain very fine particles.
The particulate bed would be heated volumetrically and from below, and the bed could be
easily reheated and remelted, joining eventually the melt pool. Heat removal rates from
the upper crust of the melt pool (0.2 — 0.8 MW/m2) would be much larger than dryout
heat fluxes in beds of small-size (sub-millimeter) particles (~ 0.05 MW/m2), rendering
better conditions for coolability of the melt pool (upward heat transfer not blocked by a
high-temperature debris bed). A similar type of debris transformation could be expected
for a particulate debris bed which was non-coolable due to high initial temperature or
high volumetric heat generation rate. The latter case would likely occur if the deep water
pool caused efficient melt fragmentation and quenching before reaching the containment
floor, but the particle size was too small compared to the heat generation rate.

Melt pools could also be transformed into particulate debris beds, if cracking and
eruptions occurred at the upper melt pool crust. Melt entrainment into the water pool
could be caused by gas production from melt-concrete interactions, or, perhaps in a
more limited sense, by local crust instability resulting in melt-water interactions. Melt
entrainment rates would depend on melt viscosity, on the height of the layer containing
already entrained particles, and on porosity and cracks of the upper crust. In some
studies, the melt entrainment phenomena has been considered as a limiting mechanism
for debris coolability. However, if the size of entrained particles were small and the
particle bed were heat-generating and non-coolable, it could not exist for a long time
period. It appears that melt entrainment could have some effects only for very high rates
of gas release from the MCCI zone (not typical for basaltic concrete).

In conclusion, there exist a set of potential transformations: (i) a debris cake might be
transformed into a melt pool due to remelting; (ii) inversely, a melt pool might be cooled
down into a debris cake; (iii) particulate debris might remelt to form a melt pool with
subsequent transformation into a debris cake. In general, the transformation dynamics
would be governed by system thermodynamics5, i.e. the debris bed would be gradually
transformed from its initial (high-energy) state to a state of less non-equilibrium with the
surrounding environment, decreasing melt pool temperature eventually to a nearly solid
state. The ablation of concrete would, however, still continue until the decay heat could
be removed by concrete conduction and heat transfer to the overlying water pool.

5System mechanics could be important for transformations, too, and there could also exist a relation-
ship between thermal and mechanical system behaviour. For example, imbalance between heat transfer
from melt pool to its crust and heat removal from thereon would lead to crust segmentation, providing
thus further possibility of melt spreading, vigorous melt-water interactions and cooling of debris. With a
melt pool with thin surrounding crusts, a late-phase melt release from the reactor vessel could be able to
destroy the crust and splash molten materials out from the melt pool (due to jet impingement or steam
explosion impulses). It is worth noting that, in some cases, the higher was the energy potential of the
debris bed (temperature, power generation rate), the easier would also the transformations become.
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9.2 Current knowledge and uncertainties

When analysing debris bed coolability, one has to deal with large uncertainties in initial
and boundary conditions of the debris bed. Uncertainties accumulate from those of in-
vessel melt progression, vessel lower head failure and ablation, melt-water interactions
(fragmentation and steam explosion) and debris bed formation. Furthermore, the plant-
specific design (and accident management) features and feedbacks from debris coolability-
related phenomena diversify the (transient) boundary conditions of interest. A set of
parameters important for debris bed coolability problems is presented below (numerical
values are approximate and selected for conditions of interest here):

Initial conditions
Initial debris configuration (including stratification pattern)
Height of stratified layers (particle beds, melt pool, metallic vs. oxidic layers)

- Characterization of particle layers (porosity, particle size, shape and distribution)
- Decay heat generation rate (~ 1 MW/m3)
- Debris composition (UO2/ZrO2/Zr/SS) and temperature

Volume of the core melt pool (up to ~ 30 m3) or particulate bed
- Spreading area of the core melt pool (up to ~ 80 ra2) or particulate bed
Boundary conditions
- Containment pressure (~ 0.1 — 0.7MPa)
- Depth (4-10 m) and subcooling (~ 0 — 100 K) of the water pool

Concrete type (composition, properties)
Scenarios of melt release in later phase (physical impact)
Design features of the containment floor

As obvious, the parameters for debris coolability analysis are strongly scenario-dependent.

There exists a wide spectrum of thermal-hydraulic and physicochemical phenomena
involved in the debris coolability issue. The idea of injecting water above ex-vessel core
debris was proposed and subjected to intensive research some years ago, whereas the
degraded core (in-vessel debris) coolability and MCCI have been investigated for more
than a decade. Studies of similar heat transfer problems (natural convection in melt pool,
crust formation and dynamics, etc.) are being simultaneously pursued for other safety
issues such as in-vessel melt retention, melt spreading and ex-vessel core catcher designs.
Needless to say, the physical models and correlations developed, and the experimental
data previously obtained, are useful also for evaluation of the ex-vessel debris coolabil-
ity. However, the assessment of several important factors (phenomena, properties, etc.)
of interest remains uncertain; some key phenomena that have been recently identified
are specific for ex-vessel debris coolability, and thus have not been examined so far. In
the following subsections, the current knowledge of ex-vessel core debris coolability phe-
nomena are discussed, with main attention paid to the phenomena associated with large
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uncertainties.

9.2.1 Thermal-hydraulics in particulate beds

The dryout of a particulate bed submerged in a water pool is a local phenomenon. The
onset of dryout occurs when the local boiling rate exceeds the liquid inflow rate. In the
dryout state a vapor pocket surrounds the particles, and deficient cooling causes increase
in debris temperature, which in turn causes an expansion of the dryout region [27]. The
dryout heat flux phenomenon in debris beds of small-diameter (Dp < 1 mm) and large-
diameter (Dp > 1 mm) particles is fairly well understood; a comprehensive review of
the debris dryout models has been presented by Lipinski [70]. Most modelling efforts
are based on a steady-state, lumped parameter (point-model) approach, but also one-
dimensional and time-dependent models have been developed. The most sophisticated
models include treatment of both laminar and turbulent flow regimes, capillary force, two-
phase friction, channels at the top of the debris, and cooling by liquid entering into the
bed from the bottom. The effects of particle size (in a homogeneous bed), stratification,
ambient pressure, liquid subcooling and amount of liquid entering from the bottom can
be predicted by the coolability model developed by Lipinski [71]. The average error in
predicting the dryout power for a given bed configuration is around 33 % for moderately
deep beds of spheres (comprising most of the existing data base).

Additional uncertainties may exist when considering debris configurations that have
not been specifically explored in previous experiments (e.g., various multi-dimensional
debris geometries, shallow beds, deep stratified beds, radially stratified beds). However,
the major uncertainties in determining the coolability of ex-vessel particulate beds are
related to debris bed formation (particle size, shape and distribution, initial temperature
and composition, heat generation profile, determination of porous media characteristics
in heterogeneous beds), boundary conditions (depth of the overlying water pool), and
interrelationships with MCCI phenomena (bottom heating from a melt pool, presence of
concrete slag in particulate beds, presence of a solid metallic layer adjacent to concrete,
zirconium oxidation by vapor and concrete decomposition gases). Some experiments have
been carried out to simulate sustained concrete attack by low-temperature, fragmented
core debris [106] by using solid steel spheres. The results showed that low-temperature
core debris was capable of eroding various concrete types. In the case of basaltic concrete,
the slag crust formed was a highly convoluted structure of many thin layers and was able
to prevent the water from flowing downwards.

Under typical low-pressure containment conditions, the ratio between water pool and
debris bed depth could also have a significant effect. Experiments have shown that a
shallow water layer would require a deeper bed to reach so-called "deep bed" conditions,
where further increase in bed depth would not anymore lead to decrease in dryout heat
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fluxes [66]. For particle sizes of 1 and 3 mm, deep beds are those of more than 40 and 60
cm depth (with deep water pools), and perhaps even less [60]. In fact, such bed depths
could be encountered in some ex-vessel debris bed formation scenarios. Thus, one has
to be careful when applying dryout heat flux correlations obtained for deep particulate
beds. For hydrodynamic flooding from the top surface into porous media, the effects of
water pool depth on flooding are much more significant than those of channel/pore/pipe
entry and exit geometries [129].

The dryout heat fluxes seem to be insensitive to temperature of the overlying water
pool, if the water entering the debris bed is saturated. However, it has been exper-
imentally observed that the flooding occurs rapidly if subcooled water can enter the
bed and cause vapor condensation [123]. Transient water pool thermal-hydraulics are
driven by vapor-gas-water heat transfer, and the entrance of subcooled liquid into the
debris bed is referred to as the complete condensation limit (line). A subcooled water
pool could become saturated (in time), shifting the complete condensation line from the
upper boundary of debris bed and causing collapse of stable countercurrent flow with
subcooled water ingress. The effects of inlet flow, density and temperature of incoming
gas (from bottom) on debris bed coolability have been numerically investigated in ref.
[53]. A very hot, nearly molten debris bed with sub-millimeter size particles could be
dried out by gases from the MCCI zone. The dryout heat flux could decrease as much as
three-fold for situations with superficial inlet gas velocities more than 0.3 m/s. However,
there are no experimental observations nor quantitative data for the above effect.

The behavior of particulate beds has been investigated, experimentally and numeri-
cally, for the pre-dryout transient (before generation of the first dry spot; see, e.g., ref.
[59]) and quenching transients in superheated debris beds. Quench coolability maps de-
veloped in ref. [51] show strong dependence of coolability on initial bed temperature,
bed height and particle size. The deeper are the particulate beds, the easier does the bed
melting occur (before the quench process is complete). For 1-mm-diameter particle beds,
the height of the debris bed with a moderate initial temperature (say, 2000K) must be
less than 0.2 m to provide debris quenching (with volumetric heat generation in the range
of 1-1.5 MW/m3). Such calculational results have not been validated experimentally.

Some experimental studies have been performed to investigate dryout phenomena in
heterogeneous and multi-dimensional particulate beds; see, e.g., refs. [115] and [123]. It
is likely that with multi-dimensional beds the chances for coolability are better. The
experimental observations are preliminary and applicable only for some specific cases.
Several types of debris bed configurations, which are relevant to ex-vessel cases of interest
(such as beds consisting of stratified layers of metallic particles and decay-heated oxidic
particles), have not been investigated.

In summary, the current knowledge of particulate bed thermal-hydraulics is not
enough to estimate the dryout power in all the debris bed configurations that could
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appear under ex-vessel severe accident conditions. However, the present data base and
models can be used to assess the debris behavior in some limiting cases and to perform
preliminary sensitivity analyses for the effects of phenomena complicating the real cases.
There exist models that provide a good description of data on flooding limitations and
dryout heat fluxes in one-dimensional homogeneous particulate debris beds, even if there
existed difficulties in (i) determining flow (bubbly and slug) regimes in debris [75] and cor-
responding interfacial friction coefficient (to calculate highly dispersed-phase momentum
exchange); (ii) evaluating impact of surface tension and pressure; (iii) defining (equiva-
lent or efficient) diameter of pores and passability (particularly for heterogeneous bed);
and (iv) assessing the influence of entry and exit configuration and tube/channel length
on flooding curve [104]. More work is needed to quantify the deviations of real cases
(multi-dimensionality, inhomogenuity, transients, etc.) from the idealized situations that
have received main attention thus far.

9.2.2 Debris cake-concrete-water interaction

As mentioned above, depending on the debris conditions (power, bed height, particle
size, etc.), localized dryout and debris remelting could occur. If, on the other hand, the
heat transfer within debris was sufficient to prevent remelting, the debris processes would
proceed as a hot solid interacting with concrete. In some cases, rapid quenching of the
melt might occur even if no fragmentation took place, as long as sufficient amount of
coolant was present. Thus, the core debris could interact with concrete in the form of
an internally heated solid material. If the debris were unquenchable and/or uncoolable,
a rather low-temperature (1500-1700 K) solid debris could cause concrete ablation.

The driving force for the cake-concrete interaction is the rate at which heat is trans-
ferred to the concrete. There exist a comprehensive experimental data base [BETA
(KfK); ACE (EPRI, ANL); SURC (SNL); etc.] and computational models (CORCON
[20]; WECHSL [89]; DECOMP/MAAP [85]; MELTSPREAD [38]) developed to describe
(i) concrete ablation, (ii) heat conduction in the concrete basemat, (iii) decomposition of
concrete constituents, (iv) decomposition gas release and (v) corresponding changes in
concrete properties. The most important and uncertain phenomena are the heat trans-
fer regimes between the debris and ablating concrete (with sparging gases from concrete
decomposition) and the temperature of debris at the debris-concrete interface. With
basaltic concrete, the gas release rates would be limited, so that a gas film between the
debris and ablating concrete could hardly be stable. The behavior of molten concrete
slag would depend on the structure of the debris bed (whether the bed is particulate
or monolithic). Probably, the molten concrete slag would accumulate, at least partially,
beneath the solidified debris bed and form a thermal resistance to heat transfer into the
concrete. The thickness of the molten slag layer beneath the debris would be affected
by the combined force of the weight of the debris and the flow of released gases, and by
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the porosity and area of the solidified, monolithic debris bed. Very limited experimental
observations are available to support simulation of such processes.

Other important phenomena worth considering are the heat removal efficiency from
the upper debris surface, since this process would determine coolability. Both the surface
area of the debris and its temperature at the upper surface are important for thermal
behavior of the debris. Heat fluxes to water specified or calculated in various studies
are in the range between 0.2 MW/m2 and 0.5-0.8 MW/m2. The higher value is perhaps
representative only for a very short time period of violent melt-water interaction after
pouring the coolant onto the upper surface of a melt pool. For long-term debris cooling,
heat fluxes are estimated to be about 0.15-0.3 MW/m2. For many cases, such heat
removal rates would not be enough to provide coolability of the debris bed. The ultimate
location of the slag material would also affect the long-term heat transfer characteristics
of the debris. If a slag crust formed on top of debris, it would reduce radiation heat
losses and might also prevent the debris from being quenched by coolant. Emissivity
and other physical parameters of the debris upper surface might affect heat fluxes to the
overlying water pool and environment. For example, the boiling curve used to calculate
heat transfer coefficient from hot debris to water may have to be modified by taking
into account roughness and configuration of the heated surface, subcooling of water and
effect of the released gas. There exist many studies of similar processes that can readily
be applied to situations in question. Furthermore, it is worth noting here that separate
effects of heat transfer from solid, monolithic debris to an overlying water pool and solid
debris-concrete interaction have a relatively reasonable knowledge base, compared to
other phenomena involved in the debris coolability issue.6

9.2.3 Melt pool heat transfer and related processes

The quenchability and coolability of a large and (relatively) deep core melt pool by an
overlying water pool form a highly controversial issue, which has not yet been adequately
resolved.

In most of the past studies on molten corium-concrete interactions (MCCIs), the
behavior of the corium pool has been assumed to be governed by a simple energy balance.
Decay heat and some heat from chemical reactions is generated in the pool and may be
lost through its top surface and to concrete. The partition of energy between concrete
and the top surface is determined by the ratio of thermal resistances of the corresponding
paths.

6 A general picture about recent investigations can be found in Proceedings of the OECD/NEA/CSNI
Specialist Meeting on Core Debris-Concrete Interaction (February 1987) and on Molten Core Debris-
Concrete Interactions (April 1992).
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Debris temperature is important because it governs the rate of heat transfer and some
other processes of interest (most notably melt-concrete chemical reactions and fission
product releases). The debris temperature is most uncertain when zirconium is present,
and the temperature is governed by a heat balance that includes several factors. First, a
quasi-steady temperature above the debris solidus temperature is governed by the value of
the melt-crust heat transfer coefficient. Second, the heat transfer coefficient is influenced
by melt viscosity. Third, viscosity increases rapidly with increasing debris solid fraction,
and finally, the solid fraction depends upon the debris temperature above the solidus
temperature. The debris temperature can thus be quantified only when both the debris
solidus temperature and the internal heat transfer process can be accurately quantified.
A reliable oxide phase diagram is necessary for prediction of debris temperature (and
fission product release).

Heat transfer from melt pool to overlying water involves various physical mecha-
nisms that have not yet been explored in detail. Several simulant-material tests have
been performed to understand melt coolability. Theofanous and Saito employed liquid
nitrogen/water and liquid nitrogen/Freon-11 fluid pairs with air injection at different
superficial velocities [107]. They found that the crusts formed at very low gas velocities
became unstable at higher gas velocities and that there was an order of magnitude in-
crease in heat transfer as the gas velocities increased to levels expected during MCCIs.
Greene performed tests with liquid metals and water/Freon with gas injection into the
melt [54]. He observed increase in heat transfer from melt to water as the gas velocity
was raised up to approximately six-fold compared to the classical Berenson correlation
for film boiling heat transfer from a horizontal surface [10]. The melt layers in Green's
experiments became bubbling slurry and ultimately cooled as a solidified porous mass
allowing gas to flow through and coolant to ingress. Kazimi observed similar slurry-mode
freezing and crust formation in a bubbling simulant-material pool [67].

The melt coolability experimentation has not been extensive. Sandia National Labora-
tories (SNL) performed inductively heated experiments named SWISS [12]. A coolability
test also was performed in the WETCOR facility at SNL using simulant high melting-
temperature oxidic material with heated walls interacting with concrete at the bottom
and cooled by water at the top. It was found that a crust was formed, which again iso-
lated the melt from the water, and melt coolability could not be achieved in the time span
of the experiment. The upward heat fluxes were limited to 300-800 kW/m2. These rates
of energy transfer were insufficient to quench the melt and to arrest the pre-established
melt-concrete ablation process [21]. A series of large-scale experiments (MACE) have
been performed at Argonne National Laboratory (ANL) investigating the coolability of
molten corium by overlying water during melt interaction with concrete [94]. The first
experimental observations were limited due to presence of a bridge and anchored crust.
More recently, a program of experiments and analysis on the spreading behavior of core
melts in reactor containments (SMELTR) has been proposed [95]. Most notably, the
experiments will be performed with prototypic corium melts, and water will be employed
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to observe its effect on melt heat removal and spreading. Up till now, the experiments
employing prototypical materials have not given definitive results.

The most critical phenomena of cooling a core melt pool by overlying water can be
related to the melt-water interface and the crust instability mechanisms. Theofanous has
proposed that a necessary condition for coolability is that, if a crust is present, it should be
floating (i.e., in direct contact with the melt pool) and that cracks or fissures be present to
allow gas to flow out and water to migrate into the crust for additional cooling. Thermal,
hydrodynamic and mechanical aspects associated with incipient crust formation at the
melt-coolant interface are affected by sparging concrete decomposition gases [37]. A very
complicated phenomenology of fragmentation of the upper crust and bulk melt cooldown
regime are far from being well understood; the experimental observations are also limited.
In fact, heat fluxes from a quiescent crust to overlying water are quite low (300-500
kW/m2), if a steady-state boiling heat transfer from a horizontal surface is assumed.
Interactions of hot debris or molten pool with the concrete substrate lead to sparging gas
flows in the melt which tend to mix the constituents and promote additional heat transfer
from melt to concrete and to an overlying water layer. Co-currently, concrete melting and
ablation results in introduction of slag constituents into the melt and alteration of the
melt physical properties (such as solidus and liquidus temperature, viscosity, conductivity
and surface tension), which in turn modifies the upward and downward heat transfer from
the melt.

From the heat transfer viewpoint, cooling of a melt pool is limited by either bulk
cooldown or heat conduction through the crust. In spite of existing uncertainties in de-
termining thermal and mechanical thresholds for incipient crust formation at the melt
upper surface, mechanistic models have been developed in refs. [37], [36], [39], [13] and
[86]. Farmer and co-workers [37] performed experiments which employed water (melt) and
liquid nitrogen (coolant) simulants; decomposition gases were simulated using argon gas.
The results of the experiments confirmed the existence of distinct crust-limited and bulk-
cooldown heat transfer regimes. The transition between the two regimes occurred gradu-
ally between Jgas = 2 — 4 cm/s, with onset of bulk cooling at Jgas = 2 cm/s. The model
developed in refs. [37] and [36] predicted a transition gas velocity of Jgas — 2.5 cm/s. A
key question here is t/the prototypic crust would possess (structural, mechanical) features
similar to those of simulants. Application of the model to the case of oxidic corium on
concrete indicates that efficient bulk cooling of melt would occur as long as the concrete
decomposition gas velocity lied above 6 cm/s. If the superficial gas velocity fell below this
value, an interstitial crust would be formed (according to predictions). Thereafter, heat
transfer from the MCCI zone to the coolant would be be crust-limited. Apparently, the
phenomena of heat transfer to overlying water and ablation of concrete (initiating decom-
position gas) would be inter-related in prototypical situations. The stress characteristics
of such layers, involving the crust and particle/debris bed, have to be analysed to show
that decomposition gas flows would still be capable of erupting interfacial porous/solid
media between melt pool and overlying water pool, providing direct melt-water contacts
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and efficient heat removal and bulk cooldown. In such a case, one could assume that (with
a high superficial gas velocity in the pool), if a solid were formed at the melt-water layer
interface (floating crust), it would be submerged and remixed with the superheated bulk
melt pool, hence causing bulk cooldown. Consequently, the bulk melt pool temperature
would fall (eventually below the liquidus) and the superficial gas velocity would decrease
due to reduced rates of concrete ablation. Again, a crust might be formed. When the
crust thickness increases and the upper and bottom surfaces of the melt pool become
much smaller than those of the corresponding crust layers, also two-dimensional heat
conduction in the solid has to be analysed. The limiting case is the solidified debris cake.

Authors of ref. [13] proposed entrainment of molten materials into the overlying
water pool as a mechanism that would enhance heat removal capability under high gas
release rate conditions. Based on the post-mortem examinations of the MACE scoping
test, where a debris bed was formed on the upper crust, the authors assumed that the
debris bed resulted from melt entrainment through cracks or little volcanoes. The melt
entrainment, on the other hand, was caused by MCCI gas production. However, the
characteristics of the debris bed (particle size, porosity, etc.) formed above the crust
and the height of the debris bed depend on the characteristics of the melt material.
Alsmeyer and co-workers performed simulant experiments (paraffin/liquid nitrogen or
water-glycerin mixture/liquid nitrogen as simulant pairs for melt/water) to study such
phenomena (quoted from ref. [13]). It was observed that with paraffin a particle bed
was obtained, whereas with glycerin it was concluded that the entrained material was
dense and homogeneous. This was due to the fact that paraffin is very brittle at low
temperature, whereas solid glycerin stays coherent. As corium-concrete melts also seem
to be very coherent at low temperature, the authors concluded that corium-concrete melts
would not be easily transformed into a particle bed, and would thus not be easily coolable.
Nevertheless, the authors of ref. [13] assumed that the entrained corium-concrete melt is
transformed into a particle bed. They also argued that such particulate bed formation
should result in a great increase of the cooling efficiency. However, a self-limited situation
also could be foreseen: in the initial MCCI phase, the ablation of concrete is an important
phenomenon, resulting in considerable gas release and melt entrainment; later, when
the melt temperature and volume would decrease, also the concrete ablation and gas
release would diminish, the melt viscosity increase, and the entrainment phenomenon
become much less efficient. In addition, coolability of such particulate beds, heated
volumetrically and from below, would strongly depend on particle size and porosity, as
well as other factors discussed in previous subsections. There are no general guarantees of
the quenchability of such particulate beds. In cases of unquenchable particle beds above
the crust, melt pool heat removal to overlying water would be significantly reduced.
Furthermore, porous particle bed media could allow gas passing through, but prevent
direct melt-water interactions. Consequently, the formation of particulate debris beds
above the top crust is not a physical mechanism that necessarily enhances the heat
transfer between the core melt layer and the overlying water pool, as desired in ref.
[13]. Indeed, the particulate bed, perhaps created above the melt pool, might remelt and
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return to the melt pool. It is also considered that such an entrainment process would be
of specically small importance for basaltic concrete due to low gas release rates (not to
mention the self-limited character of this mechanism described above). In addition, the
upper crust would perhaps be stable and porous to provide passability of released gases.

Large uncertainties in melt pool heat transfer are related to pool-to-crust heat fluxes.
Without any sparging gas effect, the heat transfer to the upper and bottom crusts in
naturally convecting melt pools can be estimated by various experimental correlations
obtained for internally heated fluid layers or cavities. However, the applicability of such
quasi-steady correlations may be somewhat questionable due to the transient nature of
the cooling process under consideration. In such a case, the driving temperature difference
(ATpooi = Tpooi — Tjreez) could be much larger than its quasi-steady value. Eventually,
during the early phase, ATpooi could be more than 1000 K, as the temperature of freezing
boundary was decreased rapidly to the level of concrete ablation through inclusion of
molten concrete slag into melt pool. Moreover, it is still not clear which temperature
(solidus, liquidus or some value between them) has to be employed as the isothermal
boundary condition of the melt pool. Hence, heat transfer correlations based on temper-
ature difference may be better applicable for transient processes than the (steady-state)
ones based on a volumetric power generation rate. In such a case, the upper crust would
remelt rapidly, probably to a small but heat-removal-limited value, due to large pool-
to-crust heat fluxes. The crust would then grow as the melt pool temperature reached
stabilization. Stably stratified layers at the lower regions of melt pool could be affected,
significantly, by the sparging gas flow; heat fluxes to the bottom crust might be increased
as much as twenty-fold, provided that the gas volume fraction in a melt pool is about
5 %. Smaller, but still remarkable, changes are predicted for the upper heat fluxs by
taking into account the gas effect. It is worth noting that most correlations employed
to estimate the gas agitation effect in pool-to-crust heat transfer were derived or experi-
mented with for simulant liquids. The applicability of such models for highly viscous melt
corium-silicate mixture at low temperatures is questionable. The high surface tension of
such melts could also significantly reduce the gas agitation effect. In general, the melt
pool void fraction induced by sparging gases could be strongly dependent on physical
properties of the melt mixture (surface tension), let alone non-Newtonian behaviour and
uncertainties in gas properties and flow rates.

The phase diagram, and the physical (thermodynamic, transport and mechanical)
properties of binary oxidic systems (UO2, ZrO2, SiO2,CaO, A12O3, MgO, etc.) of core
melt materials and molten concrete slags, have been subjected to a number of ana-
lytical and experimental investigations, which create a reasonable basis for coolability
assessments. The oxidic debris can be treated as a pseudo-binary system of core oxides
(UO2, ZTOT) and concrete oxides (S1O2, CaO, MgO, A/2O3, etc.) in a simplified manner.
The solidus curve is bilinear featuring a quick slope to a broad plateau. The connecting
point was evaluated around 5 mole-% (or about 10 weight-%) of concrete in the core-
concrete melts, and the solidus temperature with basaltic concrete was estimated to be
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about 1434 K (when 30-60 % of zirconium is oxidized) [6]. The liquidus temperature,
on the other hand, is independent of the concrete mass fraction in the range of 5-80
weight-%, with a fast decrease at the upper limit (nearly down to the solidus).

The thermal behavior of a melt pool is also sensitive to the completeness of oxidation
reactions, dependent on composition of core melt and reactants from the concrete, and
their contact efficiency. The major uncertainties are related to the endothermic reduction
of silicate SiO? to SiO by zirconium at high temperatures.

Zruquid + 2SiO2,iiquid —> ZrO2,iiquid + 2SiO — 7MJ/kgZr

S1O2 is effectively reduced only by Zr and not by Cr or Fe. Provided that such a chemical
reaction occurred, the temperature of melt pool would be drastically decreased to the
temperature level, where this reaction would decease. The coolability would, therefore, be
insensitive to the initial temperature of the melt pool. At the same time, other competing
- yet exothermic - reactions, would be the oxidation of zirconium by H2O (steam) and
CO2 (gas). Large uncertainties are related to contact fractions of reactants. In a scoping
study [88], incomplete contact was modelled by specifying the fraction of the release gases
that were allowed to react. Concerning BWR cases with a maximum spreading area of
about 60 m2, the above mentioned study, performed for limestone concrete, indicated
that no chemically (Zr — H2O) driven temperature peaking was observed when contact
fractions of 60 % or less were assumed.

For initially stratified melt pools, a light oxide layer could be formed from ZrO2 gen-
erated by the oxidation of the Zr metal. Furthermore, the initially heavy (UO2 — ZrO2)
oxide layer could become a light one as the density decreased below that of the metal
layer by the inflow of concrete slag [(such as S1O2', much lighter than UO2 (10.96 g/cm3)].
In many studies, independent metal and oxide layers are not considered because Zr is
assumed to be dissolved with the core oxides and the amount of steel is proposed to
be generally small. At the present, opinions about mixing and stratification phenomena
divert, since such phenomena can not be observed or measured in experiments with proto-
typical corium. Physical laws used to substantiate scalability of the simulant experiments
are highly subjective due to the complex nature of processes in question. Observations
from BETA experiments for metallic/oxidic simulant melt interacting with basaltic con-
crete indicated lack of dispersion of the metal phase throughout the experiment in spite
of very high downward erosion rate (nearly 1 mm/s) and very high gas release due to
high heating powers effected in the melt [1]. The dispersion of the metallic phase is im-
portant in characterizing the MCCI. The importance is not only because of its effect on
the interfacial heat transfer, but mainly because of its influence on potential formation
of a mixed metal-oxide layer. If a mixed layer were formed, the freezing characteristic of
corium pool would be different. The phenomena of mixing seem to be controlled by the
gas release rate. Therefore, it is uncertain whether the separation of these phases would
be possible as the gas release rate decrease during the interaction. In summary, there are
very few studies of processes in stratified melt pools and debris beds, and of combinations
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and transformations of basic debris bed configurations. Moreover, the probabilities for
existence of such configurations are yet to be evaluated.

In conclusion, the current knowledge of physical and chemical processes involved in a
homogeneous melt pool is such that the general trends could be predicted even though the
understanding and description of specific phenomena and their complicated interrelations
is quite poor. In our view, it is due to the fact that the system is driven by the energy
balance, which is governed mainly by the decay heat generation rate, the initial height
of the melt layer, and the temperature difference between the melt and the surrounding
(concrete, water) environment.

9.3 Assessment methodology

From the above discussion, it becomes clear that the thermal-hydraulics of debris bed
cooling is of transient nature. Resolution of the issue for prototypical situations of interest
requires also consideration of various splinters, which result from the debris bed formation
uncertainties discussed in previous chapters. In this section, we will discuss a general
methodology proposed to quantify the debris coolability issue. Because all specific plant
features and accident progression scenarios can not be explored in detail here, the results
must be interpreted with caution.7

Important criteria for the debris bed coolability issue are the maximum concrete
ablation depth and the long-term, quasi-steady state of the debris bed. The main assess-
ment objectives of a definitive study would be (i) to evaluate the debris bed parameters
and their uncertainties; (ii) to obtain information about the effect of various debris bed
parameters; (iii) to estimate sensitivity of the results to assumptions and formulations
used in the mathematical descriptions of the conservations equations and their bound-
ary conditions. The first item is related to the processes described in previous chapters,
whereas the last two items form the main subject of the present chapter. No in-depth
quantification can, however, be made for the present scoping study. Potential debris
bed configurations and the ones estimated as coolable are compared to elucidate the
current understanding of ex-vessel core debris coolability in the Swedish BWR contain-
ments (with intentional flooding of the lower dry well). A special emphasis is placed on
pinpointing the aspects of highest priority (largest uncertainties; worth investigating) in
respect to problem resolution.

7In the present study, no technical solutions for ,the debris coolability (such as coolant downcomer
tubes; structures promoting direct-contact melt solidification or preventing concrete ablation) are con-
sidered. Also, since we consider cooling processes for debris formed after melt penetration through a
water pool (pouring-mode fuel-coolant interactions), the phenomena occurring during pouring of water
on top of a dry debris bed are out of the scope.
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Ablation curves are probably the best method to show effects of various parameters
in the process of core melt-concrete interaction. The information about coolability of
various debris bed configurations could be summarized in coolability maps. The long-
term coolability maps present coolable and non-coolable regimes associated with key
debris bed parameters (initial conditions such as bed height, decay heat generation rate,
debris temperature and particle size; boundary conditions) and modelling parameters.
As an example, transition lines between coolable and non-coolable regions for melt pools
on the power-depth plane can depict the fact that lower debris heights would be required
to provide coolability in case of higher heat generation rate. For particulate debris beds,
the main axes would represent power generation and particle size. When assessessing
the likelihoods for coolability, the coolability maps can be examined against potential
debris bed formation characteristics. In the case of melt pool formation, spreading
maps could give the height of melt layer as function of melt superheat and release rate,
in particular. The comparison of the spreading map and coolability map would then
indicate the regions of coolability and non-coolability, and the information on ex-vessel
melt behaviour (up to debris bed formation) could be used to figure out the probability
of either possibility. Similar approaches could be employed to particulate debris beds. In
this case, the coolability maps of particle beds could be compared to estimates on melt
fragmentation and quenching prior to arrival at the water pool bottom.

The coolability maps would become very complex for debris beds with a combined
structure of particulate debris, melt and cake, since the characteristics of various layers
would have to be taken into account simultaneously. The largest difficulties in generating
such coolability maps for combined structures are related to uncertainties in describing
heat and mass exchange between the layers. The potential combined-structure beds
considered here are the following: (Nl) a melt pool or debris cake above particulate bed;
(N2) a particulate bed above melt pool; (N3) a particulate bed above debris cake . 8

The main idea we pursue in analysing debris beds of combined structure is based on
the argument that if the particle bed (above or beneath the melt pool) is non-coolable, the
bed would be gradually transformed into a melt pool. This transformation process would
occur in the initial phase of debris-concrete interaction, when intensive concrete erosion
would take place. Such considerations lead to the assumption that the initial particle
layer can be represented by a solid debris layer with a corresponding height accounting
for porosity in particle beds.

Case Nl is of low probability due to the fact that if molten corium was supplied on top
of the particles, thin layers of uncoolable particles beneath the melt could eventually be

8It is worth noting that in cases Nl and N2 the debris cakes are represented by crust layers of the
melt pool, so that these structures have more elements (layers) than case N3. If such crust layers remelt,
direct contact of melt pool and particles would gradually remelt the particles, too. Because the corium-
concrete melt mixtures are very coherent, crust layers would probably be formed by coalescence of the
liquifying particles.
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remelted during debris bed formation. Even if the layer of particles was thick, they could
hardly become coolable, since the melt or cake layers formed later above the particles
would prevent water from ingressing into the particle bed. Morever, the bottom crust
of the melt pool would be unstable. Such beds would also be remelted very fast to
form melt pools. The presence of molten concrete slag in melt mixture would decrease
its solidus temperature, providing better conditions for melt pool formation. In case
N2, the particulate bed would be heated additionally from melt pool below. It is our
view that such particulate beds could be non-coolable due to the effects of melt-concrete
interaction. Consequently, the non-coolable particulate beds would melt very fast to
join the melt pool structure. Similarly, in case N3, even with a coolable particulate bed
above, the heat generating debris cake might not be cooled to the temperature lower
than the melting temperature of the concrete. The molten concrete slag could, therefore,
be mixed up with particles to reduce, significantly, the permeability of the particulate
bed and make it non-coolable. For such cases (N2 and N3), the treatment of the initial
particle bed above melt pool or debris cake as an additional equivalent upper crust layer
is quite acceptable. Melt mixture itself is changed as molten concrete slag is added to
the debris system.

In all cases described above, the coolability has to be analysed by simulating long-
term transients heading towards a quasi-steady state. The coolability as an initial state
of debris beds possibly exists only for initially quenched (!) and potentially coolable
particulate beds (decay power generation rate less less than dryout power). Otherwise,
the effects of hot debris-concrete interaction would probably result in unquenchable and
non-coolable particle beds. The major configuration of debris-water-concrete interactions
of interest is a melt pool surrounded by solidified layers (crust); debris cake is the limiting
case of the melt pool structure. Processes in other combined structures (in particular,
remelting of unquenchable, non-coolable particle layers) can be treated by equalizing
their elements to the elements of the melt pool-crust configuration. All transformations
can then be modeled by describing the dynamical behavior of melt pool elements, either
during remelting of solid layers (crust, equivalent particle or debris cake layer) or during
freezing of melt pool to form debris cake. Transformations from melt pools to coolable
particulate beds could hardly occur. Although some external (to the melt pool) events
might promote such transformations, they are not of major interest for long-term coola-
bility of the whole debris bed, as explained in the following. First, if a melt pool was
formed in a flooded cavity by remelting of debris cake and particulate, the melt pool
decay heat generation rate would have to exceed dryout power (to remelt debris in the
first place). The formation of secondary particulate beds from melt pool, on the other
hand, would mainly involve fine particles, indicating non-coolability and remelting.

The extreme case of a homogeneous melt pool will be considered first. The initial
conditions of melt pools can vary largely in height, decay power generation rate and
composition [metallic (Zr, SS) vs. oxidic (UO2, ZrC^)]. Physical mechanisms that could
provide debris coolability are heat removal to overlying water pool and to concrete. Nu-
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merical studies must be performed to address sensitivity of the coolability of once-formed
melt pool to the factors generalized as the melt pool configuration, initial and boundary
conditions, variations of physical properties and chemical reactions. Various uncertain-
ties in predicting physical mechanisms of corium-concrete interaction, debris-water heat
transfer are also analysed, concerning the concrete ablation depth as the most impor-
tant safety parameter. Quasi-steady debris beds can be modelled by employing different
mathematical formulations of boundary conditions. Furthermore, particulate debris beds
must be considered under varying initial and boundary conditions to quantify limits of
initially quenchable, coolable particle layers. Numerical studies are needed also to deter-
mine the time scales of transient/transformation process in basic and combined structures
identified. The major results would be the coolability maps for limiting cases of interest.

9.4 Model description

In this section, we present a summarizing set of judgements on the most important pa-
rameters affecting coolability of particulate debris beds, and on the parameter ranges
required for the coolability. No quantitative prediction model is included in the present
scoping assessment.9 The potential rate of concrete ablation, caused by melt pool forma-
tion, is calculated numerically. The results can be used to consider potential arrestment
of concrete erosion and the influence of various design-specific containment features (base-
mat thickness, surrounding concrete walls, containment penetration tubes, drainage lines,
etc.).

For the assessment of particle bed coolability, it is important to predict the heat flux
at the top of the bed with a bed power just sufficient to induce a dry region within the
bed (dryout heat fluxes). Based on existing experimental data and results of related
analytical studies, the dryout heat fluxes can be evaluated as ~ 0.4 MW/m2 for 1-mm-
particle beds and ~ 1 MW/m2 for 3-mm-particle beds, with a bed height more than 0.2
m and porosity of about 0.4 under atmospheric conditions. From the steady-state point
of view, the bed heights (taking into account the bed porosity) should be less than 0.4 and
1.0 m to provide coolability of the 1-mm-particle and 3-mm-particle beds, respectively
(presuming a volumetric heat generation rate of about 1 MW/m3). Such particle bed
heights (0.45 and 1.1m) would require uniform spreading over floor areas with large
equivalent diameters (10 and 6.5 m) to contain 160 tonnes of core debris material. Such
large spreading areas could, however, hardly be achieved by breakup of small-diameter

9In fact, "thinking" is probably a better word than "modelling" at the present stage of development.
In the present scoping assesssment, we will compare the potential debris bed configurations (predicted by
the models described in previous chapters) to the information available on their coolability. Due to the
large uncertainties associated with debris bed formation characteristics, the considerations are mostly
qualitative. The main emphasis is on describing the physical relationships and the most important
factors and uncertainties.
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melt jets or rivulets, which are the most potential release modes leading to particle bed
formation. In later, more definitive studies, also the transient, three-dimensional nature
of debris bed formation should thus be explored in detail.10

The main results concerning melt pools are summarized as concrete ablation charac-
teristics. The heat transfer and chemistry-related processes in corium-concrete melt pools
are predicted by numerical methods described in Appendix B. Assuming the endother-
mic reduction of silicate SiO2 to SiO by metallic zirconium at high temperature, neither
the long-term melt temperature nor concrete ablation rates are sensitive to the initial
melt temperature (superheat over the melt solidus temperature). Large oxidic melt pools
(initial weight 160 tonnes; initial superheat 2600 K; freezing temperature 2500 K) are
assumed in the calculations, and 23% of the initial melt mass is assumed to be metallic
zirconium. Basaltic concrete composition and properties are used in the analysis. Melt
pool spreading diameters of 6, 8 and 10 m, as well as decay heat levels of 1 and 0.5 % (of
3300 MW), are treated as separate cases. Figs. 9.1 through 9.4 show the calculational
results. It can be seen for the selected debris melt pools that no coolability is predicted
to be achieved in a time period of 15 hours after beginning of melt pool formation and
concrete ablation. First of all, the power generation in the debris is too large to be
removed by heat transfer to the overlying water pool and conduction into the concrete
basemat. Secondly, the initial height of the debris layer is 25 cm even in the case of a 78
m2 spreading area (10 m in diameter). In this case, the concrete ablation rate is about
10 cm/hour after concrete erosion down to 2 m with a decay heat level of 1 %, and about
3 cm/hour after erosion down to 0.65 m with a decay heat level of 0.5 %.

10For example, a participate debris bed of limited mass could first be formed on the containment
basemat, and it could be quenched and cooled more easily than a large bed. The particulate, formed
later by gradual melt release from the vessel, would then land on well-wetted bed and could, perhaps,
be more easily cooled, too.
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Figure 9.1: Ablation rates of concrete basemat for cases with 1% steady-state power.
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Figure 9.2: Melt pool temperature during the debris-concrete-water interaction for cases
with 1% steady-state power.
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Figure 9.3: Ablation rates of concrete basemat for cases with 0.5% steady-state power.
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Figure 9.4: Melt pool temperature during the debris-concrete-water interaction for cases
with 0.5% steady-state power.
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Chapter 10

This chapter discusses, very briefly, the direct melt attacks against containment bound-
aries and penetrations, without going deeply into technical, design-specific details of such
questions nor quantifying the likelihoods for melt-induced failure. No model is developed
for the present assessment, though it can be constituted that the methodology and mod-
elling should be basically of an enveloping type, as in Chapters 8 (steam explosions) and
9 (debris coolability).

Depending on the containment and penetration (incl. specific shielding) designs, the
phenomenological estimates discussed in other chapters (melt fragmentation and quench-
ing, steam explosion loadings, core debris coolability, etc.) also could be used, design-
specifically, to evaluate the level of concern about direct melt attack-induced containment
non-leak-tightness. The primary questions are the following:

• Is it possible that the core melt released from the reactor vessel could penetrate the
containment water pool without complete fragmentation and quenching?

• If complete quenching and fragmentation cannot be demonstrated, what are the
characteristics (mass, superheat, etc.) of the melt mass that could get in contact
with the pool base and any penetrations (or otherwise vulnerable structures forming
a containment boundary)?

• Could the direct melt contact lead to early penetration (incl. shielding) failures
inside the containment, and, further, what would be the consequences of such a
failure (plugging of the penetration by solidifying melt; leakage of containment
fluids, radioactive fission products or even melt)?

• Without direct melt-induced penetration failure, could the debris bed formed be
non-coolable, and, thereby, perhaps bypass penetration shielding and cause pene-
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tration failures (somewhat later than the first vessel melt release but anyway before
complete basemat melt-through)?

A lot of information about how to attack such melt-structure-water interaction ques-
tions could be found from the vessel lower head failure studies (see, e.g.. ref. [90] and
Chapter 4) and the Mark I Liner Study [110, 113]. As obvious from the questions above,
several details in containment design and phenomena could affect the outcome of the
results. Nevertheless, it appears that debris coolability and steam explosions should form
the foremost interest, because the results for those issues would probably correlate with
the penetration failures. Mild and non-frequent explosions, and efficient melt quenching
and cooling, would be favourable from the penetration integrity point of view; and vice
versa.
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Chapter 11

In this chapter, we will discuss, in more detail than before, the modelling and analysis
methodology used to bring together all the information that has been presented in previ-
ous chapters; except for direct melt attacks (Chapter 10) which are not modelled for the
present assessment. In the first section, we will describe the structure of the programme
written to propagate the uncertainties through the various phenomena. The calculational
methods are examined in the second section. Third section includes some further remarks
on using the model and developing it further.

11.1 Programme structure

The programme is named QUASAR-SBWR (QUAntification of Severe Accident Risks in
Swedish Boiling Water Reactors). The structure of the programme is presented in Fig.
11.1. The inputs for various vessel melt release scenarios can be found in Appendix D.

The initialisation subroutine (INIT) calls lower-level subroutines, which perform input
reading (RINP), initialisation of the model parameter values (MODE) and discretization
of the probability distributions into intervals called bins (CRDI).

The random simulation (RANS) subroutine forms the heart of the programme, and
it calls the subsequent subroutines as many times as the user has defined in the input.
For each discrete Monte Carlo simulation, the input and modelling parameters are first
selected (subroutines RANI and RANM). The parameters that are treated as distributions
are randomized for each simulation, and the calculations concerning continuous processes
(subroutine PROC) and safety issue evaluation (subroutine SAFE) are performed with
the selected parameter values; see Chapter 3 and Fig. 3.1. After each calculation, the
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parameter values and the results obtained are inserted into the probability distributions
(subroutine UPDI).

The PROC subroutine includes the models described in Chapters 5 through 7 [vessel
melt discharge (section 5.4), jet breakup (section 6.4), debris bed formation (section 7.4)],
and the results can be used when performing safety issue evaluation concerning steam ex-
plosions and debris coolability (direct melt attacks against containment penetrations are
not examined in the present scoping study). The steam explosion model (Chapter 8) is
included in subroutine SAFE, where the loadings are compared to the tentative contain-
ment fragility curve (section 8.4); also the steam explosion loading estimates (concerning
the potential maxima) have to be considered as orders of magnitude. No direct debris
coolability quantifications are performed in the current QUASAR-SBWR code version.
Nevertheless, after each QUASAR-SBWR run, the results concerning the fraction of melt
fragmentation in (or penetration through) water can be used to consider the likelihoods
of different initial debris bed configurations. The debris bed formation characteristics are
then compared to the (separate) judgments and predictions on the long-term debris bed
behaviour (Chapter 9 and Appendix B).

After the Monte Carlo simulations have been performed, the finalisation is performed
by subroutine FIN A, which calls lower-level subroutines for integration of discrete prob-
ability distributions (INDI), output of general and detailed results (OUTP and OUTI)
and output for plotting purposes (OUPL).

11.2 Calculational methods

The calculational methods used in the QUASAR-SBWR programme are basically very
straight-forward.

Each of the vessel melt release periods is divided into discrete intervals, and the time
taken for each release is calculated from the melt release rate based either on driving
forces and lower head hole size (coherent release) or on decay heat-induced debris heatup
and remelting (gradual release). The processes treated as continuous (vessel melt release,
lower head ablation, jet acceleration in gas, jet breakup in water, melt particle interactions
with water, debris bed formation) can be calculated with the models described in previous
chapters, and the results are inserted into the safety issue evaluation models (steam
explosions, debris coolability).

All the parametric uncertainties are dealt with by using even (uniform) probability
distributions (probability density functions, PDFs). The lower and higher ranges of
these parameters are defined either in user input (input parameters; see Appendix D) or
in subroutine MODI (modelling parameters). By using the FORTRAN function RAND,
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random numbers in the range of 0-1 are obtained and they are used to pick up the random
parameter values. The same random number can be used for several parameters if they
are treated as correlated, such as the first two (oxidic and metallic, or vice versa) melt
release phases (see section 4.4). Otherwise a new random number is effected before each
parameter selection (independent parameters).

11.3 Further remarks

When more information comes available, it is easy to refine the models and inputs (melt
masses, etc.) of the QUASAR-SBWR programme.

As emphasized in previous chapters, the present modelling approach is aimed to be
compact, yet sufficient for including the most important uncertainties. In addition, the
number of Monte Carlo simulations is not much restricted by the physical models, and,
in fact, 105 simulations can be performed fast (in less than an hour with our HP 755
workstation). More detailed models could be added later, as the models of the most
critical phenomena become better validated.

Various distribution forms - other than the even form used for the moment (normal,
lognormal, arbitrary, etc.) - could be easily imported. Also the handling of the uncer-
tainty data (as realised in the current code version, which was written quite hastily) could
be transformed into a more generic approach.

In conclusion, the flexibility of the QUASAR-SBWR programme facilitates easy mod-
ifications and additions, for example, when a more definitive study is to be performed.
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Chapter 12

In this chapter, we will examine the results for the processes discussed in Chapters 5
through 9. For each phenomenon, the results are examined first for all the vessel melt
release scenarios (see section 4.4) in case of a "normal" water pool (depth 7 m) in the
lower drywell. After that, selected results are presented for the "shallow" (4 m) and
"deep" (10 m) water pools. The integral picture is discussed in the last section.

12.1 Vessel melt discharge

The main results, concerning the final diameter of the lower head failure hole (after the
first, coherent, melt release phases), are shown in Figs. 12.1 through 12.4; the results
are taken from the ex-vessel case with the "normal" pool depth, but the results are, of
course, the same also in cases with the "shallow" or "deep" containment water pool.1

With significant uncertainties in the ejected melt masses (Scenarios 1-3), and in case
the initial lower head failure site is large (Scenario 2), also the final hole can get consid-
erable large. If the melt masses, released coherently after the lower head failure, were
limited to about 50 tonnes (Scenario 3 b; 10 tonnes of metallic melt and 40 tonnes of
mainly oxidic melt; superheats 150 and 100 K, respectively), the maximum of the final
hole diameter would be much smaller.

The two humps shown in Fig. 12.4 result from the assumption that the probability
for stable crust formation between the melt and the vessel wall is 50 %; the peak at lower

*In the figures, the parameter values are shown on the x-axis, and the values of the y-axis correspond
to the number of random (Monte Carlo) simulation predictions that ended up into a specific parameter
bin (discrete interval); normalisation is not performed, that is.
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diameters corresponds to a stable crust (melt superheat controlling the heat transfer)
and the peak at higher values to rapid lower head ablation (difference between melt
temperature and wall melting point forms the controlling temperature difference; 150 K
for metallic melt and 800 K for oxidic melt in Scenario 3b).2 The peaks of Fig. 12.4
are widened despite the fact that the vessel discharge characteristics did not include
uncertainties. This is because variations are included in the melt-wall heat transfer
coefficient (Num,w ~ 1000 — 3000) and the initial lower head temperature [TWt0 ~ 700 —
1500 K\ varies the specific wall melting enthalpy as Cp)U,(TmP)l(; — Tw>0) + hfUSiW ~ 400 —
1000 kj/kg]. One can see that the peaks are still narrow enough to show the influence of
crust formation; the combined effect of a high initial lower head temperature and a low
melting enthalpy, for example, could compete with the influence of crust stability, but
the random simulation picks up seldom pairs from distribution tails (presuming there is
no correlation between the two parameters).3

In summary, the most important uncertainties related to the vessel melt discharge
and lower head ablation are associated with in-vessel melt progression (lower head failure
and initial melt discharge) and core melt crust behaviour during vessel melt release. To
limit the final lower head failure diameter to a few tens of centimeters (after the initial
melt discharge, during which the hole diameter controls the melt discharge rate), one
needs to demonstrate crust stability and initial melt releases of the order of 50 tonnes or
less. One of the main objectives of the lower head ablation experiments [97] and analyses
[30] underway at KTH is to find out, which type of crust behaviour is the most realistic.
It is also emphasized that the in-vessel part, and particularly any mechanisms that could
limit the potential melt masses available for discharge at the time of vessel lower head
failure, should be set into focus in future in-vessel studies.

12.2 Melt jet breakup

The main results, concerning the melt jet breakup length and fraction of melt jet frag-
mented into melt particles, are shown in Figs. 12.5 through 12.16 for the case with the
normal water pool depth (7 m; gas space height 6.5 m).

2 Note also that the lower head ablation phenomena, in case of no stable crust formation (or some
intermediate or intermittent behaviour), is not investigated here in detail. Analyses of the no-crust case
are underway at KTH (and separate effects tests planned) to see if the convective melt-wall heat transfer
could be degraded also by the rapid-ablation boundary condition (boundary layer effects instead of crust
intervention).

3It is perhaps in place here to remind the sensitivity of vessel melt release rates to the lower head
failure site diameter. Assuming a vessel over-pressure of Ap ~ 4 bar, a melt density of pm ~ 8000 kg/m3,
and a discharge coefficient of C^ ~ 0.6, the melt release rate is m = C/>(2/)mAp)1/2(7rD^/4) ~ 380 kg/s
with a hole diameter of Dd ~ 10 cm. If, on the other hand, the hole diameter is doubled, the mass flow
rate gets four-fold.
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The mass-averaged melt jet breakup lengths are integrated both for the coherent
and the whole melt release process, but only the former is of interest here. The mass-
weighted breakup length can be compared to the water pool depths: if the breakup length
is greater than the pool depth, a significant part of the melt jet (total melt mass released)
has, certainly, penetrated the pool without breakup into melt droplets. However, even if
the mass-averaged breakup length is smaller than the pool depth, some part of the melt
jet may have penetrated the pool. The fraction of melt falling on top of the water pool
base is shown both for the coherent and total melt mass released from the vessel. These
parameters are useful measures when considering the likelihoods of various debris bed
configurations: complete breakup indicates formation of a particulate bed, while highly
incomplete breakup implies melt pool formation.

Scenarios 1 and 2 include only coherent melt releases from the vessel. The form of the
probability distribution for jet breakup length results from the final hole diameter (recall
that the vessel melt release is dominated by the end of the process, where the lower head
failure diameter is at maximum), and the uncertainties included in the coefficient of the
melt jet breakup correlation of Saito et al. (Csaito ~ 1 ™ 3).4 In Scenario 3, the results
are similar to those of Scenarios 1 and 2, because the initial, coherent, melt release is
treated with large uncertainties. In Scenario 3b, with smaller initial melt releases, the
uncertainties included in the breakup length correlation dilute also the peaks in final
lower head hole diameter observed for Scenario 3b (see Fig. 12.4).

In cases with a shallow (4 m; gas space height 9.5 m) or deep water pool (7 m; gas
space height 3.5 m), the results are somewhat different due to the changes in jet fall
height in the lower drywell gas space. In Figs. 12.17 through 12.28, the shorter breakup
lengths and higher breakup fractions correspond to the deep pool case; when the pool is
deeper, the jet fall height and gravitational acceleration are smaller prior to entrance into
water (decreasing the breakup length), and, of course, the jet would also have to survive
a longer distance to penetrate the whole pool height.

The results show, quantitatively, the obvious fact that the jet breakup length can
become considerably high, if the ejected melt masses (or the initial lower head failure
size) are large. The most important uncertainties associated with melt jet breakup in
the containment water pool are the same as those of vessel melt discharge (forming the
starting point for jet breakup analyses), in addition to the uncertainties in jet breakup
process itself. The main objective of the jet breakup analyses [79] underway at KTH,

4It is not implied that the correlation of Saito et al. describes the hole truth. However, it has
been shown to basically comply with the Kelvin-Helmholtz instability analysis (under thick-film boiling
conditions), and, consequently, compares rather well with some more mechanistic jet breakup analyses.
As discussed in section 6.4, the dependence of the jet breakup length on the square root of the initial jet

1/2

diameter (L oc Ujt0Do ) may be questionable, and a more linear dependence could be more reasonable.
Such a change would give lower jet breakup lengths for small-diameter jets and larger lengths for large-
diameter jets; the actual diversion point (length scale) is focused upon in the jet film-boiling studies
underway at KTH.
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and of the experiments being planned [80], is to reach better understanding of the jet
breakup phenomena under film-boiling conditions. Also the future FARO experiments
will concentrate on ex-vessel breakup situations and include subcooled coolant conditions,
for example. For a definitive study, also the influence of intervening structures (see
Appendix A) on jet breakup, as well as other factors that could destabilize and deform
the jet (non-jet-like discharge from the vessel, leading edge penetration into water, steam
explosions), should be explored in more detail.

12.3 Debris bed formation

In Figs. 12.29 through 12.40, the average melt particle sedimentation temperature is
shown only for the coherent release phase, while the particle diameter is shown for both
the coherent and total melt masses fragmented into particles by jet breakup. The results
concern the normal water pool depth (7 m), but the particle temperatures and diameters
are essentially similar in the shallow (4 m) and deep-pool (10 m) cases as well. The
potential effects of steam explosions and intervening structures are neglected.

The particles generated by breakup of a high-velocity melt jet or rivulets are predicted
to be very small. During jet breakup, the melt droplets stripped off from the jet surface
are predicted to be initially a few millimeters in diameter, and the rivulets (treated as a
chain of spheres entering the water pool surface) a few centimeters in diameter. Because
the initial velocity is large and water density is assumed as the ambient medium (local
voiding effects neglected), the droplets are fragmented further, and the correlations of
Pilch et al., applied in the present assessment, indicate fragmentation to millimeter or
sub-millimeter-size particles.

The quenching of small melt particles is very efficient in subcooled water (assumed
throughout the calculation), as shown in the average sedimentation temperature dur-
ing coherent melt release; during gradual release, in particular, the water pool may be
closer to saturation, but the long fall distances (through the whole pool) can effect good
quenching. Oxidation of metallic melt constituents, which is not quantified here, could
be efficient in case of small particles (and saturated coolant conditions) and contribute
also to the heat transferred to the water pool. Both quenching and oxidation would be
less efficient if the particle sizes were larger, because the surface-to-volume ratio would
be smaller and the particles could also fall faster through the pool.

The present results, with uncertainties accumulated from the vessel melt release to
melt particle behaviour in the water pool, indicate a wide range of possible debris bed
configurations. At the moment, neither the possibility of melt pool or cake formation
nor the formation of very small particles by jet breakup (not to mention the effects
of steam explosions) can be ruled out for the debris coolability assessment. The most
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important uncertainties related to the debris bed formation are the same as those of
the processes described in previous sections, but also the melt droplet behaviour, and
especially the initial droplet conditions (velocity and superheat upon first contact with
water; potential rivulet quenching in the gas space) and further fragmentation, have to
be better understood. These phenomena form the focus of the melt-water interaction
studies underway at KTH.

12.4 Steam explosion effects

Only the impulsive steam explosion loadings are considered in the present scoping study.
The premixed melt mass and average premixing depth potentials (selected from each
random simulation at a moment when the mass-depth combination gives the potentially
highest impulsive loadings) are shown in Figs. 12.41 through 12.48 for the cases with a
normal pool depth (7 m).

In Scenarios 1-3, the maximum premixed melt masses are predicted to be rather large,
due to the large melt masses released coherently from the vessel and the subsequent
enlargement of the lower head failure site.5 The limited melt release rates of Scenario
3b indicate much smaller premixing potentials. In all scenarios, the average premixing
depth is limited by half of the pool height (droplet generation larger near the pool surface;
jet "splashing" against the base neglected). Large depths correlate with large masses,
because small-diameter jets cannot penetrate the whole water pool.

In most simulations, the maximum loadings that could result from the indicated melt-
water premixing characteristics exceed the values given by the tentative containment
fragility curve; in Scenario 3b, the failure and no-failure possibilities are of a comparable
order of likelihood.6 In these estimates, complete solidification of a melt particle was used
as the time scale for "de-energizing" the melt. The premixed masses were decreased ap-
proximately by an order of magnitude, when superheat removal time scales were selected,
and this lead, of course, to much lower failure probabilities.7 However, as discussed in

5The peak at the upper range of Fig. 12.42 is due to the fact that most predictions exceeded the
range selected for the premixing mass, but the result is, in any case, not realistic, because quasi-steady
jet breakup characteristics (in contrast to the more or less melt batch release characterizing Scenario 2)
were used for the estimation of melt droplet generation rates.

6With the tentative models and parameters of the present assessment, the deep and shallow-pool
cases deviated considerably from the normal-pool case. For example, whereas the normal-pool case gave
similar likelihoods for failure (1/2) and no-failure in Scenario 3b, the shallow-pool results gave very few
simulations with failure (3/1000), and the deep-pool case more simulations with failure (3/4). With the
current uncertainties (in vessel melt release, ex-vessel phenomena and structural capability), it would be
difficult to find an optimal pool depth, inasmuch as shallower pools would enhance jet penetration and
melt pool or cake formation.

7In Scenario 3b, the failure probabilities were the following: shallow pool (0), normal pool (1/1000)
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section 8.4, it may be unreasonable to use only the superheat removal time scale, before
the influence of metal oxidation and heat conduction in the melt particle (not to mention
the uncertainties in particle size predicted to be very small here) have been investigated
more thoroughly.

It should be emphasized that the results given here scope the regions (of vessel melt
release and containment fragility) where problems could arise, and realistic estimates can
be made only after the design-specific capability of the containment structures is better
evaluated. In addition, the limiting mechanisms considered in the present scoping study
do not cover all potential ones. In this context, the possibility of explosion triggering at
the water pool surface, its influence on melt breakup and penetration into the water pool,
as well as the influence of intervening structures and coolant voiding (detailed melt-water
premixing zone behaviour around the jet), should be investigated in detail. As mentioned
in the previous section, models for the melt droplet and particle behaviour in different
coolant environments are being developed at KTH.

The consequences of steam-explosion-induced structural failures depend on the func-
tion of the structures that experience the damage. Whereas a failure of an outer contain-
ment wall or floor (if part of the containment boundary) could lead to a major loss of
containment efficiency, smaller damages of containment penetrations or internal contain-
ment structures could be less severe. Finally, the first, coherent, melt releases from the
vessel (with probably a higher release rate than during the gradual releases) could take a
relatively long time (say, tens of seconds or a few minutes), if melt masses of a few tens
of tonnes were released through an initially small lower head failure. For this case, the
potentially complicated influence of multiple explosions (on melt-water interactions and
structural behaviour) has to be examined, too.

12.5 Debris coolability

The coolability of ex-vessel debris is a strong function of the processes discussed in pre-
vious sections. With current uncertainties in vessel melt discharge and ex-vessel melt-
structure-water interaction phenomena, it is not possible to rule out any of the initial
debris bed configurations (melt pool, particle bed or various combinations) considered in
this study.

With respect to melt pool coolability, the current experimental evidence does not
demonstrate the coolability of a corium melt pool with an overlying water pool. Much
more data exists for particle bed coolability (at least for one-dimensional situations),
but the particle sizes indicated after breakup of high-velocity melt jets or rivulets (and

and deep pool (7/100).
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the possibility of additional fragmentation by steam explosions) do not appear to ensure
long-term coolability of participate beds either.

In conclusion, the results of this scoping study indicate that the ex-vessel debris
coolability cannot be demonstrated presently. Some of the key uncertainties related to
debris bed formation have been discussed above. In order to reach definite conclusions, the
transient and three-dimensional nature of debris bed formation and coolability (transient
bed formation and quenching, form of the debris bed, particle and melt spreading area,
etc.) should be modelled.

12.6 Integral picture

The most important conclusion of the integral picture is that the ex-vessel severe accident
progression in the (newer) Swedish-type BWR containments is of a complex nature and
that resolution (assessment) of the safety issues involved requires focused studies in several
key areas. The contents of such research efforts are summarized below:

• The in-vessel melt progression studies should be able to determine, which type of
vessel melt release scenario is most probable (likelihoods of Scenarios l-3b of this
study, for instance) and what are the realistic quantities discharged during the first
melt release, in particular.

• The vessel melt discharge and lower head ablation studies should predict the en-
largement of initial lower head failure site and, thereby, to give the melt release rate
during the initial, coherent, melt discharge phase.

• The jet breakup studies should predict the breakup fraction of a high-temperature,
quasi-steady, jet (under film boiling conditions) in an initially subcooled water pool
and the initial velocity and size of the melt droplets generated.

• The melt particle studies should predict the further behaviour (fragmentation, oxi-
dation, quenching, sedimentation) of melt particles generated by melt jet or rivulet
breakup.

• The melt-water mixing studies should predict the transient, two-dimensional melt-
water mixing zone behaviour, affecting the local water pool conditions around the
melt jet and around melt particles produced.

• The steam explosion studies should predict the melt-water premixing and explosion
propagation behaviour with realistic melt droplet generation characteristics, as well
as the structural capability of containment structures in case of dynamical steam
explosion loadings.
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• The debris coolability studies should determine the coolability maps for various
debris bed configurations (most notably particulate beds and melt pools), including
the possibility of gradual particle bed formation with three-dimensional geometry.

A more definitive risk assessment concerning the ex-vessel severe accident risks in
Swedish BWRs could only be conducted, if the above-listed phenomena were understood
better than what is the case today. The key parameters, which should be set as the
objectives of the research efforts, are summarized below:

• (1) The vessel melt release characteristics (magnitude, superheat, zirconium con-
tent) particularly for the first release

• (2) The melt jet characteristics (diameter, velocity) before it enters the containment
water pool

• (3) The fraction of the melt jet that fragments and the size distribution of the
generated melt particles

• (4) The fraction of melt (jet, rivulets, droplets) that penetrates the water pool in
molten form

• (5) The quenchability and long-term coolability of potential debris bed configura-
tions

• (6) The probability of steam explosions (potential triggering mechanisms, locations
and frequency)

• (7) The amount and depth of melt that could premix with water and participate
in a steam explosion

• (8) The impulsive loadings that could be caused by steam explosions

• (9) The fragility of the containment structures and boundaries

The research efforts on melt-structure-water interactions, that we have initiated at
KTH, are designed to support evaluation of the critical phenomena involved; in specific,
the above-mentioned (non-energetic) parameters (2)-(5) and (7) form the main focus of
the studies underway at KTH.

Finally, it would, perhaps, be reasonable also to explore if some counteractive mea-
sures or accident management schemes could mitigate the phenomena considered as po-
tentially challenging to the containment integrity.
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Figure 12.1: Final lower head failure diam- Figure 12.3: Final lower head failure diam-
eter (m); Scenario 1; normal water pool. eter (m); Scenario 3; normal water pool.
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Figure 12.2: Final lower head failure diam- Figure 12.4: Final lower head failure diam-
eter (m); Scenario 2; normal water pool. eter (m); Scenario 3b; normal water pool.
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Figure 12.5: Mass-weighted melt jet Figure 12.7: Mass-weighted melt jet
breakup length during coherent release (m); breakup length during coherent release (m);
Scenario 1; normal water pool. Scenario 3; normal water pool.
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Figure 12.6: Mass-weighted melt jet Figure 12.8: Mass-weighted melt jet
breakup length during coherent release (m); breakup length during coherent release (m);
Scenario 2; normal water pool. Scenario 3b; normal water pool.
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Figure 12.9: Melt fragmentation fraction Figure 12.11: Melt fragmentation fraction
during coherent release (-); Scenario 1; nor- during coherent release (-); Scenario 3; nor-
mal water pool. mal water pool.

Figure 12.10: Melt fragmentation fraction Figure 12.12: Melt fragmentation fraction
during coherent release (-); Scenario 2; nor- during coherent release (-); Scenario 3b;
mal water pool. normal water pool.
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Figure 12.13: Melt fragmentation fraction Figure 12.15: Melt fragmentation fraction
(-); Scenario 1; normal water pool. (-); Scenario 3; normal water pool.
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Figure 12.14: Melt fragmentation fraction Figure 12.16: Melt fragmentation fraction
(-); Scenario 2; normal water pool. (-); Scenario 3b; normal water pool.
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Figure 12.17: Mass-weighted melt jet Figure 12.19: Mass-weighted melt jet
breakup length during coherent release (m); breakup length during coherent release (m);
Scenario 1; shallow and deep water pool. Scenario 3; shallow and deep water pool.

20.0 40.0 60.0 80.0 100.0 10.0 20.0 30.0 40.0 50.0

Figure 12.18: Mass-weighted melt jet Figure 12.20: Mass-weighted melt jet
breakup length during coherent release (m); breakup length during coherent release (m);
Scenario 2; shallow and deep water pool. Scenario 3b; shallow and deep water pool.
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Figure 12.21: Melt fragmentation fraction Figure 12.23: Melt fragmentation fraction
during coherent release (-); Scenario 1; shal- during coherent release (-); Scenario 3; shal-
low and deep water pool. low and deep water pool.

Figure 12.22: Melt fragmentation fraction Figure 12.24: Melt fragmentation fraction
during coherent release (-); Scenario 2; shal- during coherent release (-); Scenario 3b;
low and deep water pool. shallow and deep water pool.
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Figure 12.25: Melt fragmentation fraction Figure 12.27: Melt fragmentation fraction
(-); Scenario 1; shallow and deep water (-); Scenario 3; shallow and deep water
pool. pool.

, .J

Figure 12.26: Melt fragmentation fraction Figure 12.28: Melt fragmentation fraction
(-); Scenario 2; shallow and deep water (-); Scenario 3b; shallow and deep water
pool. pool.

136



20000.0

Figure 12.29: Melt particle sedimentation Figure 12.31: Melt particle sedimentation
temperature during coherent release (K); temperature during coherent release (K);
Scenario 1; normal water pool. Scenario 3; normal water pool.

Figure 12.30: Melt particle sedimentation Figure 12.32: Melt particle sedimentation
temperature during coherent release (K); ..temperature during coherent release (K);
Scenario 2; normal water pool. Scenario 3b; normal water pool.
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Figure 12.33: Melt particle diameter dur- Figure 12.35: Melt particle diameter dur-
ing coherent release (m); Scenario 1; normal ing coherent release (m); Scenario 3; normal
water pool. water pool.
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Figure 12.34: Melt particle diameter dur- Figure 12.36: Melt particle diameter during
ing coherent release (m); Scenario 2; normal .coherent release (m); Scenario 3b; normal
water pool. water pool.
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Figure 12.37: Melt particle diameter (m); Figure 12.39: Melt particle diameter (m);
Scenario 1; normal water pool. Scenario 3; normal water pool.
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Figure 12.38: Melt particle diameter (m); Figure 12.40: Melt particle diameter (m);
Scenario 2; normal water pool. Scenario 3b; normal water pool.

139



10000.0 20000.0 30000.0 10000.0 20000.0 30000.0

Figure 12.41: Potential (maximum) melt Figure 12.43: Potential (maximum) melt
mass premixed (kg); Scenario 1; normal wa- mass premixed (kg); Scenario 3; normal wa-
ter pool. ter pool.

Figure 12.42: Potential (maximum) melt Figure 12.44: Potential (maximum) melt
mass premixed (kg); Scenario 2; normal wa- .mass premixed (kg); Scenario 3b; normal
ter pool. water pool.
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Figure 12.45: Potential (maximum) melt Figure 12.47: Potential (maximum) melt
premixing depth (m); Scenario 1; normal premixing depth (m); Scenario 3; normal
water pool. water pool.
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Figure 12.46: Potential (maximum) melt Figure 12.48: Potential (maximum) melt
premixing depth (m); Scenario 2; normal „premixing depth (m); Scenario 3b; normal
water pool. water pool.
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Chapter 13

SUMMARY

This scoping study, performed by the members of the Division of Nuclear Power Safety
at KTH, attempts to quantify the ex-vessel severe accident risks for the Swedish boiling
water reactors (BWRs). The reference reactor chosen for the study is the Forsmark Unit
3, which is one of the more recent design BWRs in Sweden.

The Swedish accident management scheme specifies automatic flooding of the lower
containment drywell in the event of uncovering of the core. Thus, the major risk-
significant phenomena are (a) the melt discharge from the failed vessel lower head to
the lower drywell water pool, (b) the steam explosion loads that could be induced by
interaction of the melt jet and the water pool, and (c) the debris bed coolability, in the
absence of which a significant erosion of the basemat could occur. Knowledge of these
phenomena (processes), at present, is very limited, and their dependence on the many
parameters in the scenario is not well understood. Consequently, a significant part of this
study is concerned with scoping the risk influence of the uncertainties in the modelling
of these processes.

The study first develops an integrated methodology (framework), in which the var-
ious consecutive processes from core melt progression onwards are considered. The un-
certainties are propagated, with appropriate consideration of bifurcations and splinters
in the scenario. Some of the processes (e.g., melt outflow through the vessel failure site,
melt-induced ablation of the vessel lower head wall, melt jet acceleration in containment
gas, melt jet breakup in water, melt particle quenching) are treated as "continuous" and
their modelling is largely deterministic, though including parametric uncertainties. Other
phenomena, with much greater bifurcative tendency (e.g., in-vessel core melt progression,
vessel lower head failure, ex-vessel steam explosions, debris bed coolability), are treated
with distinct scenarios and enveloping analyses. Random (Monte Carlo) simulation is
used to process the uncertainties in parameters. The risk analysis combines the proba-
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bility distributions, and the consequences, to quantify the ex-vessel risks. No estimates
on the fission product transport and releases, however, are developed.

The in-vessel melt progression and vessel failure parts of the scenario are generally
predicted with the severe accident codes, e.g., MAAP, MELCOR, APRIL. The models
in these codes for BWR melt progression are different from code to code. In addition,
one code user can obtain different results from another code user, for the same scenario,
by choosing different input parameters. The modelling changes introduced in the MAAP
code, with respect to in-vessel melt coolability, greatly affect the magnitude of the melt
available for discharge on vessel failure. Such uncertainties affect the containment loading
greatly. In this study, four different melt progression and vessel failure scenarios are
postulated as initial conditions for the ex-vessel accident progression. The key uncertain
parameters are treated as probability distributions.

The steam explosion potential and the magnitude of the energy release are functions
of the vessel melt release, the melt jet breakup, and the subsequent premixing of melt
particles with water. There are large uncertainties in the description of these processes.
However, it is clear that some scenarios, in which a large amount of accumulated melt may
be released on vessel failure, could pose very large dynamical loads on the containment.
Such large uncertainties in the melt discharge magnitudes, and in the steam explosion
modelling, are basically unacceptable. More data on these processes have to be acquired.
KTH will be performing melt jet-water interaction experiments to obtain data on melt
jet breakup and further melt droplet fragmentation.

Debris (melt) coolability is another process which has received attention only recently
and the data base with prototypic materials is very meager. In the risk assessment part
of this study, only the likelihood of various initial debris bed configurations (particle
bed, melt pool, combinations) and parameters (melt and particle fractions, particle size,
temperature) are estimated. They depend on the preceding phenomena and greatly
affect the coolability, as well. Independently from the risk assessment framework, a
computational model, based on available knowledge, is developed and employed for a
preliminary evaluation of the attack on the basemat. Again the controlling parameters
are very uncertain. At present, ex-vessel debris coolability cannot be demonstrated.

It should be emphasized that reducing the uncertainty in the modelling of risk-
significant processes is essential before significant improvement in risk-estimation can
occur. The main processes of concern are (1) BWR in-vessel melt progression, (2) in and
ex-vessel melt jet-water interactions, and (3) long-term melt coolability.

Several experiments on the issues (2) and (3) will be performed at KTH.1 Experi-
mental data and models are also being obtained from other researchers. We believe that

'This experimental programme will be supported by SKI, Finland, Nordic co-operation, U.S. NRC
and by European Union.
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adequate models, which have significantly less uncertainty than the current models, will
become available during the next two to three years. We recommend that the present
study be revised and extended at that juncture.
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ABBREVIATIONS

The following abbreviations are used, more or less frequently, in this report. The list
does not, however, include the abbreviations of various computer codes, experimental
facilities, organizations, etc.; they should be found in the cited references.

APET
ATWS
BWR
CET
CRD
DCH
ECCS
F3
FCI
HPME
LOCA
LWR
MCCI
MSIV
PDF
PRA
PSA
PWR
RCS
ROAAM
RPV
SAM
SBO
SRV

accident progression event tree
anticipated transient without scram
boiling water reactor
containment event tree
control rod drive
direct containment heating
emergency core cooling system
Forsmark Unit 3
fuel-coolant interaction
high-pressure melt ejection
loss of coolant accident
light water reactor
molten core-concrete interaction
main steam isolation valve
probability density (distribution) function
probabilistic safety analysis
probabilistic safety assessment
pressurized water reactor
reactor coolant system
risk-oriented accident analysis methodology
reactor pressure vessel
severe accident management
station blackout
safety/relief valve
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Appendix A

INFLUENCE OF INTERVENING
STRUCTURES ON EX™VESSEL

In this appendix, we will examine the potential effects of intervening structures on the
ex-vessel melt jet behavior. No detailed design-specific considerations are given. The
main emphasis is on estimating the ablation of different structure types when exposed to
melt jet impingement.

A.I Situations analysed

In the newer Swedish-type BWR plants, there exist structures in the lower drywell space
between the vessel lower head and containment floor. The structures are design-specific
and fulfill different functions. For the purpose of this appendix, such structures are
considered as a set of metallic plates exposed to impingement of core melt jets which
are discharged from the reactor pressure vessel. Some of the metallic plates (or grids)
are posited below the level of the ex-vessel water pool. Nevertheless, it is assumed here
that local impingement heat transfer at the jet-structure contact does not depend on the
presence of water. Aluminum and stainless steel are selected as the structural materials
to be examined. The thickness of the metallic plates is chosen to vary in the range
6{s ~ (1.5-4.5)cm, and the diameter of melt jets from 5cm to 50cm. Melt composites
may be (fully) metallic or (mainly) oxidic. The superheat over the melt solidus point

tm = Tm — Tmp<Tn) is varied in the range (10-400)K.

During melt discharge from the reactor vessel, the jet diameter may increase. The
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diameter of the melt jet impinging against any intervening structure depends mainly on
the hole enlargement in the vessel lower head and the free height of the gravitationally
accelerated melt jet L/ree. The melt spreads over a horizontal surface of the metallic plate.
Thus, no effects of melt accumulation in curved pool configuration are considered in this
work. Debris material may partially freeze during its spreading. Layers of solidified
fuel (core debris) might form above the metallic plate and control the global heating
of the structure. Due to high thermal conductivity of metals used in the intervening
structures, characteristic times of heatup and melting are relatively small. Upon melt jet
impingement, the temperature of the metal plate is increased rapidly until its melting
point is reached. Then, for relatively thin plates, the ablation or eventual melt-through of
the metal plates at the impingement area occur in a short period due to high impingement
heat fluxes <7,mp. For thicker plates, the ablation may take longer. In such a case, one
must take into account pre-heating of the metallic plates due to heat transfer from the
spreading, high-temperature and heat-generating melt flow. The vessel discharge hole
enlargement implies, on the one hand, that later jet release of larger diameter would
meet the layer of solidified fuel (crust) lying above the metallic plate, but, on the other
hand, later jets could also enter into the hole that has been created during the previous
stages by plate ablation and melt-through. Hence, the hole enlargement is quite similar to
the vessel lower head ablation, though the ablation of the plate could be much accelerated
in this case due to forced convection heat transfer from the melt flow to the structure.

In cases with oxidic core melts, the most uncertain mechanisms are, probably, insta-
bility and existence of crust at the jet impingement zone. If there is crust, it serves as
a thermal insulation layer between melt jet and metal plate. In such a case, the driving
temperature difference is between the melt temperature Tm and freezing (solidus) point
of core melt TmP)Tn. Otherwise, the driving temperature difference is between the melt
temperature and the melting point of plate metal TmPjW. Also, if melted (SS/Al) mate-
rials collect inside the eroded cavity, such metal masses would reach high temperatures,
providing thus no conditions for crust formation. Also, if the crust can be formed, it has
to be blown away by spreading of the melt stream at high velocities and/or remelted by
convective heat fluxes. Therefore, the possibility of crust existence has to be estimated by
comparing characteristic time of conduction-controlled crust growth, Tgrowth, the remelt-
ing time of the crust of corresponding thickness, Treme/t, and the convection-controlled
residence time, rres,dence. Actually, for typical heat fluxes of 6MW/m2, rremeit may be as
much as three times larger than Tgrowth. The residence time, however, for jet periphery,
can be evaluated (rre3,dence ~ 0.5 • Dj/Vj) to the range of 0.004-0.01s and thus become
the most critical mechanism. Thickness of the crust can reach at maximum 0.1mm. Such
crust eventually exists at the peripheral parts of the jet impingement zone, but not at
its center. Due to the remaining uncertainties in crust behavior, both the presence and
absence of crust are considered in the present analysis. Nevertheless, the above discussion
is inclined to indicate the absence of the crust at the central part of the impingement
area and its existence at the peripheral ring.
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In the present work, only thermal aspects of jet impingement and ablation of the plate
are considered. No mechanical effects of impingement are taken into account. Such effects
would eventually reduce the time periods required to fail or ablate the metallic plates
exposed to jet impingement. Furthermore, heatup and subsequent failure of supporting
structures in contact with melt flows might cause a collapse of the whole structure in
question.

A.2 Analytical methods and correlations

Physical parameters of melt jets are determined in a simplified manner. The Bernoulli's
equation is used to calculate melt discharge flow rates

U dis ~~~

where Co is a discharge coefficient (CD — 0.6). The overpressurization of the reactor
vessel is in the range (0.2-0.7)MPa. Melt stream velocity impinging upon the structure
is calculated as

e)
1f2 (A.2)

where fall height from the vessel lower head to the intervening structure under con-
sideration Ljree is in the range (2-6)m. Melt stream diameter impinging upon structure
is therefore

(A.3)

Assuming an energy-controlled erosion mechanism, one can define the ablation rate
as follows

y __ - Qimp ( \ d)

P [Hion 4~ ̂ p • {lmp,w J-o,w)\

where impingement heat flux gtmp is calculated as
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In eq.(A.5), I crust is a crust factor, representing the crust presence {Icrust = 1) or
absence (Icrust = 0). Also, the heat transfer coefficient (/i;mp = fimp-~) ls taken to be
that for impingement of a laminar stream given by Swedish et al. [103]

Nuimp = 21'2ifeV2 0.553 • Pr1'3 (A.6)

where ite tmp = p-tmp- >rr?/). Martin's correlation [eq.(A.7)j that was used in some other
works to assess jet impingement heat transfer (see, e.g., ref.[122]) provides 30-90% higher
heat transfer coefficients for the range of Reynolds number of interest.

Nuxmp = O.6O6i?e°m
547Pr0-42 (A.7)

Such differences are related to uncertainties in assessment of jet impingement heat
transfer. Furthermore, it is worth noting that all correlations were obtained in simulant
experiments without phase change and liquid accumulation above the exposed surface.
Therefore, in this analysis, we assume the validity of eq.(A.6).

The ablation time period Atabi is then determined by using eq.(A.8).

fi.-.
(A.8)

If the ablation time periods are sufficiently high, one must account for pre-heating
effects. From analytical solutions of the heat conduction equation with constant surface
temperature as a boundary condition (TmPil0), non-dimensional temperature fields (0) can
be calculated as follows.

J-mp,w J-oo,t
~ = erfc (A.9)

The thermal front penetration time (or thermal relaxation time), hence, can be denned
for corresponding distances from the given boundary by Eq.(A.lO).
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x2

ttp(x) = — (A.10)

with aw is the thermal diffusivity, aw = • ^ • The thermal penetration time1 ^p(x)
presents the fact that the non-dimensional temperature would be reduced with a factor
of 2 in a time period of t(x) = ttp(x).

A.3 Results

Calculations have been performed for selected cases with metallic and oxidic core melts.
Results of calculations can be summarized as follows.

1. Stainless steel as the intervening structure material implies insignificance of the
crust factor in cases with metallic core melts. In such a case (with metallic core melts), the
ablation time varies in a wide range between some seconds up to minutes (see Fig.A.I),
depending on the superheat of metallic core melts and jet diameter (or its Reynolds
number /2e,-mp) for the given plate thickness. In fact, Atabi ~ .-1—•, Atabi ~ —-, and

Uimp. Thus, Atabi is relatively insensitive to the change of jet velocity in
its typical range between 7 and 14m/s.

2. For cases with oxidic core melt jet impinging upon stainless steel plate, two distinct
ablation regimes are obtained depending on whether the crust is present or not. If no crust
is assumed, impingement heat fluxes are more than 20 MW/m2 (up to 100 MW/m2) and,
therefore, the ablation time is less than 15s (even for 4.5cm-thick plates). In contrast,
if crust is assumed to exist, the ablation time periods are large with small superheats of
oxidic melt jet. In general, the oxidic core melts render longer ablation time periods (see
Fig.A.2).

3. The thermal diffusivities for stainless steel (SS) and aluminum (Al) are
ass 4° 10"52/

7.8 • 103 • 0.5 • 103

240
2.7 • 103 • 0.9 • 103

Calculated values of ttp(x) for stainless steel and aluminum plates are given in Table
A.I.

xThe definition of the thermal penetration time in some other works is ttp(x) = ^ ~ -
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Table A.I: Thermal penetration times.

Thickness of the metallic plates, mm
ttp for stainless steel, s
ttp for aluminum, s

6ia = 15
22.5
2.25

Sis = 30
90
9

Sis =45
200
20

Such estimates indicate that the time periods needed for propagation of the thermal
(melting-temperature) front across the plate are comparable with that of melt-through
(ablation) time period of large-diameter jets with small superheats. Therefore, account
of pre-heating effects would reduce the ablation time, presented in Figs. A.1-A.2. It is
worth noting here that the portion of pre-heating in total energy required to melt the
plate (fvr"" Pj~!n mpC~~- ^""rD is about 60% for aluminum and 80% for stainless steel.

** fuaion'Tf-Jp,w '\,-lmp,w~-l o,w ) i '

4. The use of aluminum as construction material for intervening structures makes
some difference in ablation behavior. First, it is worth noting that the melting point of
aluminum is much lower than that of stainless steel (933K for pure aluminum and 750-
900K for various aluminum-based alloys). Therefore, the presence of crust is a significant
factor even in cases with metallic core melt (with freezing point about 1750-1900K); see
Fig.A.2. Regarding lkg of material of stainless steel and aluminum, the differences in
specific heat capacity [~ 900 J/kgK for Al and ~ 550 J/kgK for SS] and latent heat
of fusion (~ 0.4 MJ/kg for Al and ~ 0.27 MJ/kg for SS) are compensated by inverse
proportions of subcoolings of the two materials (~ 630 K for Al and ~ 1500 K for
SS). However, the amount of energy required to heat up and melt aluminum plates is
much smaller than that of stainless steel of the same thickness, due to the lower density of
aluminum. In addition, aluminum has very high heat conductivity, enhancing pre-heating
effects in longer processes.
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Figure A.I: The ablation time periods for various stainless steel plates upon impingement
of different jets.
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Figure A.2: The ablation time for Stainless Steel and Aluminum plates.
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A.4 Conclusions

Summarizing, the above analysis indicated that the time periods required for melt-
through of intervening structures by ex-vessel core melt jets are short, if no crust is
assumed between the core melt and the metallic plate material of the intervening struc-
ture (steel or aluminum assumed here). If the superheat of core melt is small, crust might
be formed and remain stable under impingement conditions. However, one must recall
that small superheats of core melt provide favourable conditions for crust existence within
the discharge hole (in the vessel lower head), too, rendering thus smaller-diameter melt
jets. In such a case, the melt release time period is longer and the impingement-induced
ablation time is shorter, and, therefore, the jet mode can be assumed as the major one
for melt-water interaction.

In our opinion, the existence and stability of the crust is of low probability under
prototypical conditions, where melt streams involve relatively high velocities at the im-
pingement point and related Reynolds numbers are high (also due to large densities of
core melts). Furthermore, convection (impingement) forces might cause erosion of plates
and provide conditions for direct jet-solid metal contacts. Heat transfer under phase-
change conditions can differ from that observed in previous experiments investigating
heat transfer during impingement of gas jets or low-temperature liquid jets upon metallic
surfaces. Eventually, more mechanistic calculations and experiments on jet impingement
heat transfer might be needed to support definite conclusion about the role of intervening
structures under more or less massive melt release down from reactor vessel lower head.

166



Appendix B

QUANTIFICATION OF
EX-VESSEL DEBRIS BED
COOLABILITY: THE MELT

In order to obtain insights into the complicated interrelationships of phenomena involved
in the melt pool coolability issue, mechanistic models are synthesized to predict the phys-
ical processes occurring inside and outside a debris melt pool interacting with water and
concrete. Numerical studies are performed to investigate the sensitivity of the coolability
of once formed melt pool to the factors named as the melt pool configuration, initial and
boundary conditions, uncertainties in predicting physical mechanisms of corium-concrete
interactions, debris-water heat transfer, variations of physical properties, etc. Further-
more, the potential influence of various limiting mechanisms are analysed.

B.I Introduction. Modeling basis

The objective of this appendix is the coolability issue of a melt pool formed onto the
containment basemat (concrete) with an overlying water pool. The most important
parameters of the issue are: (1) the time period required to achieve a state where the
decay heat generated can be removed by heat transfer to water and by conduction to the
concrete basemat; and (2) the depth of concrete that is ablated before the coolability is
achieved. The main assumptions of our modelling approach are discussed briefly below.

The analysis focuses on the long-term debris-concrete-water interaction, and, there-
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fore, early phases of melt pool formation and melt-water interactions are not examined
here. The modelling is based on the assumption that the debris melt pool has been formed
(in completeness) and no further spreading is to be expected. Initially, the debris bed
includes the melt pool surrounded by the upper, side and bottom crusts. The thickness
of these crust layers is governed by energy balance and the crust may grow or remelt,
according to the heat transfer conditions on the crust surfaces. Such crust processes are
fast compared to the long-term debris behaviour, and, thus, the crust layer thicknesses
given as initial conditions do not constitute major uncertainties. If the area occupied
by the melt is small, the configuration of the debris bed plays a significant role, and the
model has to account also for the heat removed from the side crust to water pool or
surrounding concrete (wall forming the debris spreading boundary or concrete basemat
after significant ablation).

The most important initial parameters that may affect the melt pool coolability are

1. the initial pool depth, Hm\

2. the decay heat generation rate qv;

3. the material composition of debris;

4. the initial temperature of debris melt pool.

Other related parameters are the initial temperature of concrete Tc°, concrete compo-
sition and properties, water temperature Tw, and system pressure Pcont.

The modelling is based on the conservation laws applied to:

1. energy balance of the debris melt pool;

2. mass balance of the debris melt pool;

3. energy and mass balances of top, side, and bottom crust layers;

4. energy and mass balances of the molten slag layer beneath the bottom crust, if
incomplete penetration of molten slag through the porous bottom crust is assumed;

5. energy balance (heat conduction and decomposition/melting) of concrete;

6. mass conservation of melt pool metals participating in oxidation reactions with
concrete decompostion products.
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An option of incomplete penetration of molten concrete slag is provided in the model
developed. However, some preliminary analyses showed that the layer of molten slag
beneath the bottom crust, if it exists, would make the bottom crust unstable. The great
density difference between the melt pool and the slag layer could cause cracking of the
bottom crust (floating on molten slag) and provide mixing between molten slag and melt
pool. In fact, even the weight of the melt pool (definitely denser than slag) would force
most of molten slag to penetrate through the porous bottom crust.

The behavior of the debris melt pool (coolability; concrete ablation rate; ablation
depth prior to coolability) is governed by a set of physical and chemical interactions
taking place inside the debris melt pool and on the debris-water and debris-concrete
interfaces. These important interactions are included in the model through the closure
correlations representing

• the heat removed from the melt pool to overlying water by convective and radiative
film-boiling heat transfer;

• the heat transfer from the melt pool to concrete;

• the heat transfer phenomena inside the melt pool affected by sparging gases and
variation of pool thermophysical properties due to the changes of its temperature
and composition (mixing with concrete decomposition products);

• the oxidation reactions of pool components with concrete decomposition products;

• the concrete decomposition and melting.

The heat conduction phenomenon inside the concrete is described by one-dimensional
heat conduction equation, the solution of which provides the temperature distribution in
concrete and the conduction heat flux on the melt pool-concrete interface.

The major mechanisms providing the coolability of the debris bed might be: (i)
heat removal to overlying water pool and radiation loss to surrounding environment;
(ii) heat transferred to the concrete of basemat, including downwards and sidewards
conduction; (iii) self-decreasing rates of decay power generation in corium. The melt
pool configurations are concluded to be uncoolable (and calculations are terminated) if
the concrete melting continues after ablation has reached 1 m (stabilized values of the
pool-to-bottom-crust heat fluxes still larger than those that can be conducted into the
concrete). In cases of coolable debris beds, the output parameter of most interest is the
ablation depth.
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B.2 Model description

B.2.1 Heat balance of the debris melt pool

Assuming that some fraction of the formed concrete decomposition slag penetrates through
the porous bottom crust layer and continuously mixes with the melt, and the lower bound-
ary of the melt pool is moving together with the ablation front, the heat balance equation
for the melt pool reads as follows:

dTm

dt
dVm

dt

« 3

+ o dVm\CT- Pm""Tl l^pm

at
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(B.I)

where
rriij is the reaction mass of metal i required for interaction with gas j ;
hij is the heat release in the gas-metal reaction;
fij indicates the fraction of reacted gas;
mrs is the fraction of reacted slag;
ram is the mass of metal requirement in the slag-metal interaction;
Ts is the average drained slag temperature;
Vm is the volume of debris melt in the pool;
Vs is the volume of concrete slag in the pool.
Vg is the volume of the gas j passing the debris melt pool in a time unit.
L is the phase-change latent heat.

The first term on the RHS is the heat decay source. Th< ^cond and third terms
indicate the heat losses due to crust melting or freezing. The fourth term accounts for
the heat source due to the gas-metal interactions when gas bubbles through melt pool.
The fifth to seventh terms represent the heat loss to the top, side and bottom surfaces,
respectively. The last term indicates the heat-resulted in the slap; netals interactions and
the heat loss to heating the concrete slag from the average U c emperature to that of
the melt.
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B.2.2 Mass balance of the debris melt pool

The debris melt pool can be considered to consist of two components named debris melt
Vm and concrete slag Vs, whose volumes change in time. The changes of the component
volumes are governed by the following conservation equations

- {dtf~),dt \dt , „. , .
\ / crust melting or freezing

= ( \ (dVA
dt \dt ) . ,. , • \ dt I. . .

\ / slag melting or freezing \ / drained

r s U (B-3)\ / slag melting or freezing \

where V is the volume of melting or freezing crust, fm and / s are the volume fractions
of melt and slag components in the debris melt pool, qdecomp is the fraction of bottom
heat flux (taking part in concrete melting process), ms is the weight fraction of concrete
components coming into slag, and fdr is the fraction of formed slag flowing through the
bottom crust layer and mixing with melt pool materials.

B.2.3 Heat balance of the crust layers

The heat conduction inside the crust layer can be modelled by one-dimensional heat
conduction equation,

a + JtL (B4)
dt ~ dx* + pCp

 [ '

Dynamic of the crust layer thickness is governed by the equation:

d8 __ ,dT.
~77 — ~~K~T~~\melt-crustintersurface ~~ 9in V^'^j

where ^tn is the heat flux at the melt-crust interface.

In order to simplify the heat conduction equation (B.4), we will assume that the
characteristic time scale of the heat conduction process rc is much smaller than that
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of the freezing or melting process rm. In this case the transient term in (B.4) will be
eliminated and, assuming that the temperature at debris melt-crust interface is equal to
solidus temperature Tm,s, the heat conduction equation has the following solution,

T qvx2 i ft/6-gout i T

where qout is the heat flux removed from the crust layer.

So the equation of crust thickness becomes,

fusionp-JT = gout ~ gv<$ ~ gt
at

B.2.4 Heat and mass balances of the concrete slag layer

The bottom crust layer is bounded from one side by the debris melt pool where the
coming heat flux is defined by the above-given equations. Because only some part of
concrete slag can flow through the crust layer, the remaining part will form a slag layer
beneath the crust, and, therefore, the other side of the crust layer is in contact with slag
layer separating the crust from the concrete melting front. For the slag layer we can write
a heat balance equation similar to the debris melt pool heat balance [eq.(B.l)]

dj^ dVsl

psCpsVsi-~ = — qiSb — qcSb — -~-ps[Cps(Ts - TD) -f ho] (B.8)

On the RHS of equation (B.8), the first two terms present the heat fluxes on the
boundaries and the last term presents the energy consumed in decomposition and melting
of concrete as well as slag heatup from the melting temperature to Ts.

The change of the slag layer volume Vsi is governed by the following equation
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B.2.5 Concrete decomposition and melting

The heat flux from debris melt pool to concrete can be separated into two parts. One
part goes to heat conduction in concrete, while the other takes part in concrete melting
process. In order to determine the heat conduction flux into the concrete, the model
solves the one-dimensional transient heat conduction equation inside the concrete

£=*.S (B.10)

where x is the coordinate associated with the moving concrete melting front.

From the solution of equation (B.IO) we can define the conduction heat flux and,
thereby, the concrete melting heat flux as follows

qdecomp ~~ Qc Qcond ytj.lZ)

B.2.6 Closure correlations

Heat transfer on the boundaries of debris melt pool

Assuming that the temperature of the crust-pool interface is equal to the melt solidus
temperature, the heat flux on the top, bottom and side surfaces can be defined as follows

qt= ht(Tm-~Tm,s)

qs= hs{Tm~Tm,s)

qb = hb(Tm-Tm,s)

where ht, hs, and /i& are the heat transfer coefficients at the top, side, and bottom,
respectively.

The heat transfer coefficients at the top, side and bottom of natural circulation debris
melt pool can be determined by the following correlations
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Nut = M ^ = 0.345Ra°
K

Nub = ^ L = 1.389 i?a0 0 9 5 (B.17)

= ^ 1 = 0.850 Ra019 (B.18)

= Gr • Pr uak

where i/m is the debris melt pool height.

At the debris melt pool top and bottom surface, the heat transfer is affected by bubble
agitation. The heat transfer coefficient in this case can be expressed with Kutateladze's
bubble agitation heat transfer coefficient [38]

1.0 X l\J jylXUJ ' Jg <. Jtr

1 ^ v 1 H~3 fc / r/ r , , \2/3 f j*£_ i 7 ^> J

where

1/2

, J t r -4 .3x l0 - 4 — (B.20)
gfi \9PmJ /xm

and J s is the superficial gas velocity.

Heat transfer from the crust to the surrounding water

By assuming that heat is taken out from the outside surface of the crust layer by sur-
rounding water in two ways, namely by convective film boiling and heat radiation, we
have the following expression for the heat flux at the outside of crust layer:

qrad = hf«m(Tcr - Tw)<f) + cre(T*r - 7^) (

where T^ is the crust temperature at the outside edge, /i/,/m is the convective film-
boiling heat transfer coefficient, <f> is augmentation coefficient due to bubbling, a is
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Stephan-Boltzmann constant (5.67 • 10~8W/m2K), and e is the crust surface emissiv-
ity.

The film boiling heat transfer coefficient hfum is evaluated using the Berenson corre-
lation,

= 0.425
jiv{TC

1 / 4

(B.22)

where subscripts 1 and v denote liquid and vapor states of the coolant, respective^;
A/4 = Ahlv + O.bC^Tcr - Tsat).

Oxidation of metallic components by the decomposition products

The oxidation reactions, which include the gas-metal and slag-metal interactions shown in
Table B.I, depend on melt composition. Due to the large oxidation potential of zirconium,
it is preferentially oxidized before chromium and iron, should zirconium be present in the
melt pool. If zirconium isabsent as an initial condition or the zirconium inventory has
already been consumed by oxidation, chromium is oxidized. Finally, if zirconium and
chromium are both absent from the melt pool, then iron is oxidized. In this work we
assume that only zirconium oxidation occurs.

In order to track the contents of free metallic zirconium in the debris melt pool, a
mass balance equation for the fraction of free zirconium is written as shown below

T / 4fzr V^T/ C l^s\ CQ O0\
PmVm—jr = - > . yg,iPg,ifzr,irnzr,i ~ -rr psmrsmZr (B.23)

at • \ at ) , . ,
t \ / drained

where mzr is the mass of zirconium needed in oxidation reactions.

Note that in the case of basaltic concrete there are only two reacted gases named
vapor H2O and carbon-dioxide CO2, and one reacted slag component, Sz02- The gas
flow coming into the debris melt pool can be assumed to be equal to the gas volume
generated during concrete decomposition. The gas flow at the top of debris melt pool is
defined by subtracting the reacted gas from the coming gas flow. The oxidation fractions
accounting for incomplete chemical reaction of the sparging gases, as the gas bubbles rise
through the debris melt pool, ///2o and fco2

 c a n be defined like in [38].
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Table B.I: Melt oxidation reactions in the debris melt pool

Reaction

Zr + 2H2O-~> ZrO2 + 2H2

Zr + 2CO2 -> ZrO2 + CO

Zr -f SiO2 —• ZrO2 4- Si

Zr + SiO2
 >2°™°C ZrO + SiO

2Cr + 3i/2O -> Cr2O3 + ZH2

2Cr + 3CO2 ™> Cr2O3 + 3C0

Fe + H2O ~+ FeO + # 2

Mass of needed metal
(kg/kg)

2.851

1.037

1.518

Elthalpy release per kg
of metal reacted (MJ/kg)

6.74

5.84

2.1

-7.2

3.57

2.75

0.078

B.2.7 Computer programme

Based on the above-described models, a computer programme has been written. It serves
as the tool for sensitivity studies and coolability analysis. A set of transient non-linear
ordinary differential equations of heat and mass conservation is solved by means of the
Runge-Kutta method. Closure laws are defined for each time step in an explicit manner.

Basically, simplifications of the model developed would lead to models used to quantify
corium-concrete and corium-water interactions in the MELTSPREAD code [38], in the
Mark-I liner failure study [110], and in the MAAP-4/DECOMP model [84]. The physical
models related to corium coolability of the model developed comprise significant features
of the recently revised CORCON-Mod2-WU model [77]. Therefore, we believe that the
model developed is quite suitable for the purpose of sensitivity studies and (scoping)
quantification of debris behaviour.

In order to demonstrate first-order validity of the model, calculations were performed
for the conditions of SWISS-I and SWISS-II experiments, SURC-2 and SURC-4 experi-
ments. It is, however, important to note that all these tests included a limited time span,
and, therefore, some phenomena related long-term processes have not been completely

176



represented in the experiments. Consequently, the present validation can not serve as a
fair basis for definitive conclusions.

B.3 Model validation and prediction

B.3.1 Comparision to SWISS experimental data

First validation calculations were performed to predict the SWISS test results. The
SWISS tests were conducted by Sandia National Laboratories. Two tests were conducted,
both with approximately 46 kg of superheated molten stainless steel deposited onto a 21.6-
cm block of limestone-sand concrete that was contained in a cast MgO annulus. The
stainless steel melt with a depth of approximately 18cm was induction heated at a power
level of 1.3 to 1.7 watts/gram (9.1 - 11.9 MW/m3), i.e. approximately four to five times
the (typical) decay heat. The initial superheat of stainless steel was 150 - 200 °C. In
the SWISS-I test, water was added after 12 cm of concrete had eroded. In the SWISS-II
test, a water pool was deposited on top of the melt approximately one minute after the
melt contacted the concrete, i.e. before any significant erosion of concrete had occurred.

The calculations were performed for the above-mentioned conditions. The heat flux
to the MgO wall was assumed to be 0.1 MW/m2. The concrete slag layer beneath the
bottom crust was assumed not to be presented (draining coefficient equals to unity), and
the melt-concrete slag chemical interactions were neglected. The computational results
of concrete erosion are presented in Fig. B.I and Fig. B.2

In the experiments the heat transfer response of the concrete can be separated into
three phases: the transient induced upon initial melt contact with concrete, the steady
state ablation phase, and the transients incurred when power to the melt was interrupted.
In order to precisely define the duration of the first stage when the convective heat transfer
to the concrete and heat conduction inside it are the dominant processes, and the concrete
ablation has not yet begun, the convective heat transfer coefficient at the bottom of melt
pool is adjusted. In the SWISS-I test before the addition of water the heat from the top
of melt pool is assumed to be transferred by radiation only.

The calculations were conducted for 40 minutes. At the end of the process the heat
flux into the water on top had stabilized at 0.79 MW/m2 (the coefficient of augmentation
of film boiling heat transfer due to gas bubbling was given as 3) and a crust layer of several
centimeters in thickness had beem formed on the top and side surfaces of the melt pool.

The above-mentioned calculations allow us to estimate the validity of models and
correlations of heat transfer inside and from the debris melt pool. They show that the

177



0.20

O SWISS-I Experimental data

0.00
10.0 20.0 30.0

Time (min)
40.0 50.0

Figure B.I: Prediction (line) of SWISS-I erosion data (o)

Kutateladze's correlation of bubble agitation heat transfer, taking place at the bottom
and the top of melt pool, is very sensitive to the pool viscosity, which changes in time
as a function of the pool temperature and composition. The change of pool viscosity
(as much as 500 times due to the large difference between melt and slag viscosities) can
result in a 22-fold change of the heat transfer coefficient.

B.3.2 Prediction of SURC-4 experimental data

The fourth test in the SURC series was designed to be a separate effects test using
stainless steel and investigating the additional effects of zirconium metal oxidation on
sustained core debris concrete interactions. In the SURC-4 test, Zr metal was added to
molten stainless steel to create melt pools with up to 10% Zr interacting with basaltic
basemat. The SURS-4 experiment was conducted in a 60 cm diameter interaction crucible
constructed with a 40 cm diameter basaltic concrete cylinder in the base of a magnesium
oxide (MgO) annulus. A 10 cm thick, circular cover of MgO was placed on top of the
crucible. A 280 kW induction power supply and coil were used to heat and melt the 200
kg stainless charge within the test article and to sustain the interaction for the duration
of the experiment. From the total power supply about 25.5% of it was transmitted to the
stainless charge. 20 kg of zirconium metal was added to the meltpool after a constant
rate of concrete erosion was established.

178



0.20

O SWISS-II Experimental data

10.0 20.0 30.0
Time (min)

40.0 50.0

Figure B.2: Prediction (line) of SWISS-II erosion data (o)

The calculations were performed by using the previous data set with some changes
for the concrete properties (basaltic concrete instead of limestone/common sand). The
concrete ablation temperature was given as 1600 K. The heat transfer model on top of
the crucible was changed. Heat conduction equation inside concrete was not solved and
all heat flux comming from the melt pool was assumed to cause concrete ablation. The
start time for calculation was chosen as 102 min, when the beginning of ablation was
registered in experiment. The initial temperature of melt at that time was set to 1800 K.
The addition of 20 kg Zr metal was carried out at 119 min. The temporary absence of
volumetrical heat flux during the time from 124.1 min to 131.7 min due to power failure
in experiment was also taken into account. Note that in the proposed model only the
oxidation reactions of zirconium with SiC>2, H2O and CO2 are considered.

The results of the predicted erosion depth are presented in Fig. B.3 and are in quite
reasonable agreement with experimental data. The addition of zirconium metal resulted
in a dramatic change in ablation rate, i.e. increase from 21.6 cm/hr to 31.1 cm/hr, as
reported in experiment. However the metallic zirconium was depleted very fast and the
ablation rate decreased to the previous value.
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Figure B.3: Prediction (line) of SURC-4 erosion data (o)

B.3.3 Prediction of SURC-2 experimental data

The SURC-2 test in the SURC series was designed to be an integral test using a 203.9 kg
molten mixture of 69 w/o UO2, 22 w/o ZrO2, and 9 w/o Zr over a 40 cm diameter bazaltic
concrete basemat. The SURC-2 experiment was conducted using the same geometry and
instrumentation scheme as in SURC-4. The initial time for computation was chosen at
130 minutes, when the zirconia insulator board at the bottom of the charge was dissolved
into the melt and the concrete attack began. The temperature of melt at that time
moment was 2700 K and the net power comming to the melt was at the level of 2.163
MW/m3. After 210 minutes the power was increased to 2.884 MW/m3 and was kept at
that level through the end of experiment (at 303 minutes).

In the SURC-2 calculation the endothermic oxidation of metallic zirconium by silica,
when the melt temperature is above 2273 K, was taken into account. That resulted in a
sharp drop of the melt temperature to near solidus temperature. However, the effect of
endothermic reaction did not last very long, because the zirconium metal was depleted
fast from the melt pool. Therefore, the influence of zirconium on the long-term debris
melt pool coolability can be neglected. The decreasing of solidus temperature due to the
including of concrete slag into the melt pool was also in effect. The computational results
of erosion depth are presented in Fig. B.4 and can be seen to agree, reasonably well, with
experimental data.
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Figure B.4: Prediction (line) of SURC-2 erosion data (o)

B.3.4 Prediction of ACE-serie experimental data

Because of the great difference between the liquidus and solidus temperatures of a multi-
component debris melt pool (and changing in time with pool composition; see Fig. B.5),
the temperature boundary condition of the melt pool is an uncertain variable. In order
to check the sensitivity of the prediction to the boundary condition choice calculations
were performed to predict the ACE-series experimental data, in which the boundary
temperature varies and has some values lying between liquidus and solidus lines.

The ACE experiments were performed at the Argonne National Laboratory in order
to investigate various phenomena associated with MCCI. The tests were performed using
different types of concrete and a range of melt composition (see Table B.3.4). A typical
test apparatus was constructed of eight water-cooled copper panels which formed the four
walls enclosing the concrete basemat and the corium. Tungsten rod electrodes formed
two inner walls of the apparatus and were connected near the top of the corium volume by
four open spiral wound coils of tungsten wire for initial heating of the corium. Each ACE
MCCI test was performed with 300 kg of corium and a 200 kg concrete basemat having a
surface area of 2500 cm2. The corium was predominately fuel and core structure plus 8%
by weight of the major concrete constituents. The fuel was natural and depleted [/O2,
present as powder or crushed pellets. Presence of the concrete constituents represented
erosion of the basemat during the jet impingement phase of the accident that would
precede the early aggressive interaction and longer term erosion phases of the MCCI
simulated in the ACE tests.
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Figure B.5: Phase diagram of Urania-Zirconia and Concrete Mixtures.

The computational results showed that the choice of interface temperature does not
affect much the ablation rate in the long term contest. Its effect is most pronounced
at the beginning of ablation process and the closer of the interface temperature to the
liquidus value will result in the lower of ablation rate. However, variation of boundary
temperature can give different melt pool temperature prediction. The best prediction of
melt pool temperature was obtained for an interface temperature lying approximately at
the middle of liquidus and solidus lines.

Note that in the proposed model the endothermic oxidation reaction of zirconium
metal will take place, instead of the exothermic one, when the pool temperature exceeds
a certain value (approximately 2375 K). Numerical analyses showed that this model
option could also have a strong impact on the ablation rate in the beginning.
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Table B.2: List of tested experiments

Experiment

SWISS-I

SWISS-II

SURC-4

SURC-2

ACE-L2

ACE-L6

ACE-L5

ACE-L7

Type of melt

stainless
steel

stainless
steel -f Zr metal

consists mainly
of UO2 plus

some other metals
and oxides

Type of concrete

limestone/
common sand

basaltic

basaltic

siliceous

limestone/
common sand

Specific features

Water added after
12 cm erosion

Water added after
erosion beginning

Oxidation
of zirconium

•)•)

No oxidation
reaction

Oxidation
of zirconium

B.4 Final remarks

At the first stage, the models and the computer code have been developed in order to
predict the behavior of the debris melt pool, which interacts with concrete below and
water above. The most essential phenomenology that, to our opinion, could affect the
short and long-term behavior of the melt pool, is considered and taken into account. The
phenomena include the heat transfer from the melt pool to surrounding media (water and
concrete), the formation of crust at the boundaries of the melt pool, the heat conduction
inside the concrete, the change of the pool properties (density, viscosity, liquidus and
solidus temperatures, etc.) due to the mixing of concrete slag with pool materials and
the change of pool temperature.

The models and code were validated against available experimental data concerning
different types of concrete and melt, as well as different conditions of potential interest
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(with and without water above). When predicting the SWISS-I and SWISS-II tests, the
heat transfer coefficients related to film boiling on the melt-water interface and bubble
agitation on the melt-concrete interface were adjusted. The numerical predictions for
those cases showed that the correlation selected for bubble agitation heat transfer coef-
ficient, affecting strongly also the ablation rate, is very sensitive to the change of pool
properties, especially the pool viscosity, in time, when the concrete ablation products
are mixed with pool materials. An assumption to limit the change of the pool viscosity
and the bubble agitation heat transfer coefficient was made. Further model comparisons
with experimental data were made by using test data with varying concrete properties,
melt properties, and heat transfer mode on top of the melt pool. They were conducted
in order to check the influence of other model components, named slag-pool metal inter-
actions (in the SURC-4 test), or the change of solidus and liquidus temperatures (in the
SURC-2 and ACE tests), on the concrete ablation rate. The calculations performed for
experiments, in which the simulant had the same characteristics as the molten corium,
revealed the strong sensitivity of the early ablation rate to such parameters as the choice
of boundary melt pool temperature and the occurrence of endothermic oxidation reac-
tions. Reasonably good agreement with experimental data was achieved by setting the
melt pool boundary temperature between the solidus and liquidus temperatures.

The satisfactory results, received at the first stage of model development, prove the
ability of the proposed model and code in prediction of short-term core-concrete-water
interactions. The objective of the following model development efforts will be to test the
models for long-term conditions, involving additional phenomena (such as iron oxidation
and crust growth), which could affect the long-term coolability of the debris melt pool.
Finally, the coolability map is to be established, determining the coolability region for
given pairs of the power generation rate and initial height of melt layers (qv', H^).
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Appendix C

C.I Properties of in-vessel materials

C.I.I Stainless steel

The Stainless Steel (SS) properties shown in Table C.I are estimated mainly from the
figures of ref. [90] (Appendix F).

C.I.2 Zircaloy

The Zry (Zircaloy) properties shown in Table C.I are estimated mainly from the figures
of ref. [90] (Appendix F).

C.I.3 Zircaloy oxide

The Zircaloy oxide properties shown in Table C.2 are estimated mainly from the figures
of ref. [90] (Appendix F).
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Property

Liquidus temperature
Solidus temperature
Specific enthalpy
- Liquidus
- Solidus
- 298 K
Specific heat capacity
- Liquidus
- Solidus
- 298 K
Density
- Liquidus
- Solidus
- 298 K
Thermal conductivity
- Liquidus
- Solidus
- 298 K
Liquidus viscosity

Table
Unit

(K)
(K)
(MJ/kg)

(J/kgK)

(kg/m3)

(W/mK)

(kg/ms)

C.I: Metal properties.
SS

1727
1671

1.0
0.7
0

560
560
410

6900
7200
7800

20
40
14

2.210"3 (iron)

Zr

2200
2175

0.93
0.67

0

350
350
280

6300
6300
6500

60
60
12

1.510"2

C.I.4 Uranium dioxide

The Uranium dioxide (UO2) properties shown in Table C.2 are estimated mainly from
the figures of ref. [90] (Appendix F).
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Table C.2: Oxide properties.
Property

Liquidus temperature
Solidus temperature
Specific enthalpy
- Liquidus
- Solidus
- 298 K
Specific heat capacity
- Liquidus
- Solidus
- 1800 K
- 298 K
Density
- Liquidus
- Solidus
- 298 K
Thermal conductivity
- Liquidus
- Solidus
- 1800 K
- 298 K
Liquidus viscosity

Unit

(K)
(K)
(MJ/kg)

(J/kgK)

(kg/m3)

(W/mK)

(kg/ms)

UO2

3113
3113

1.45
1.15
0.05

500
700
350
250

8300
9800
10900

11.5
3.6
2.5
6

4-8-10"3

ZrO2

2960
2960

2.4
1.85
0.15

810
810

500

6000
5700
5800

1.4
1.4

0.9
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Appendix D

QUASAR-SBWR INPUTS

The QUASAR-SBWR input listings included below correspond to the scenarios with a
"normal" pool depth; otherwise the inputs are the same for all the calculations performed.1

D.I Scenario 1

0
100000
100
100
10
2.0000D+05
7.0000D+05
5.0000D-02

1.5000D-01
2
4.0000D+04

1.6000D+05

1.0000D+01

1.9000D+02
2.0000D+04
1.0000D+05
1.0000D+01

IMET
IRAN
IBIN
ITIM
I JET
VPRL
VPRH
LFDL
LFDH
IMAS
MASL(l)
MASH(l)
MSHL(l)
MSHH(l)
MASL(2)
MASH(2)
MSHL(2)

Method; 0 = Monte Carlo.
Number of random simulations.
Number of discrete variable bins (-)
Number of time steps (IMAS*ITIM).
Number of axial jet nodes/levels (-)
Lower vessel over-press, range (Pa).
Higher vessel over-press, range (Pa)
Lower failure site diam. range (m).
Higher failure site diam. range (m).
Number of melt discharge phases.
Lower melt mass range (kg).
Higher melt mass range (kg).
Lower superheat range (K).
Higher superheat range (K).
Lower melt mass range (kg).
Higher melt mass.range (kg).
Lower superheat range (K).

SIMULATION
Scenario 1 Normal

MELT DISCHARGE

xOne should also note that the modelling parameters (related to phenomenological modelling and
uncertainties) and some other figures of merit (related to plant features and treated as constant), are
defined inside the QUASAR-SBWR code.
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3.9000D+02
0.2300D+00
0.1600D+00
0.9000D+00
0.1000D+00

7.3000D+03

5.3000D+02
l.OOOOD+01

4.0000D-03
l.OOOOD+00
2.5000D+03
3.5000D+05
4.8000D+02

0.6000D+00

7.0000D+03

5.0000D+02
3.0000D+01
2.0000D-03

l.OOOOD+00
1.7000D+03

3.0000D+05

5.0000D+02
0.6000D+00
2.0000D+05
2.0100D+05
7.0000D+00
3.2300D+02
3.2301D+02

MSHH(2)
MZRF(l)
MSSF(l)

MZRF(2)

MSSF(2)

MLDE(l)

MLHC(l)

MLCO(l)

MLVI(l)
MLST(l)
MFRT(l)
MEHF(l)
MSHC(l)

MEMI(l)

MLDE(2)
MLHC(2)
MLC0(2)
MLVI(2)

MLST(2)
MFRT(2)

MEHF(2)

MSHC(2)

MEMI(2)
CPRL
CPRH
HPOO
TPOL
TPOH

Higher superheat range (K).
Melt zirconium mass fraction (-).
Melt stainless steel mass fr. (-).
Melt zirconium mass fraction (-).
Melt stainless steel mass fr. (-).
Melt liquid density (kg/m3).

Melt liquid spec, heat cap. (J/kgK) .

Melt liquid thermal cond. (W/mK).

Melt liquid dyn. viscosity (kg/ms).
Melt liquid surface tension (kg/s2).
Melt freezing temperature (K).
Melt heat of fusion (J/kg).
Melt solid spec, heat cap. (J/kgK).

Emissivity (-).

Melt liquid density (kg/m3).
Melt liquid spec, heat cap. (J/kgK).
Melt liquid thermal cond. (W/mK).
Melt liquid dyn. viscosity (kg/ms).
Melt liquid surface tension (kg/s2) .
Melt freezing temperature (K).
Melt heat of fusion (J/kg).

Melt solid spec, heat cap. (J/kgK).

Emissivity (-).
Lower containment pressure range (Pa).
Higher containment pressure range (Pa).
Height of the cont. water pool (m).
Lower range for initial water temp. (K)
Higher range for init. water temp. (K).

MELT COMPOSITION

MELT PROPERTIES

MELT-WATER INT.

NOTE:
(1) If there are more than one melt discharge phase, the masses that are not
released gradually (see below) are treated as directly correlated (as an
example, two large masses are effected for the same random simulation).

(2) When MASL(I) < 0, then the melt release is gradual (governed by decay
heat-induced heatup and remelting); the total amount of melt ejected gradually
will be MASH(I)-MASS(I-1), where MASS(I-l) is the melt mass randomized for the
previous discharge phase and MASH(I) is the total amount of melt released during
the last two phases. Only the last release can be gradual.
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.2 Scenario 2

0
100000
100
100
10
2.0000D+05

7.0000D+05

0.5000D+00

4.0000D+00
2
4.0000D+04
1.6000D+05

1.0000D+01

1.9000D+02
2.0000D+04

1.0000D+05
1.0000D+01
3.9000D+02

0.2300D+00
0.1600D+00
0.9000D+00

0.1000D+00

7.3000D+03

5.3000D+02

1.0000D+01
4.0000D-03

1.0000D+00
2.5000D+03
3.5000D+05

4.8000D+02

0.6000D+00
7.0000D+03
5.0000D+02
3.0000D+01

2.0000D-03
1.0000D+00
1.7000D+03

3.0000D+05
5.0000D+02
0.6000D+00

IMET
IRAN
IBIN

ITIM
IJET
VPRL

VPRH

LFDL

LFDH
IMAS
MASL(l)
MASH(l)
MSHL(l)

MSHH(l)

MASL(2)
MASH(2)
MSHL(2)
MSHH(2)

MZRF(l)
MSSF(l)
MZRF(2)

MSSF(2)

MLDE(l)

MLHC(l)

MLCO(l)
MLVI(l)
MLST(l)
MFRT(l)
MEHF(l)

MSHC(l)

MEMI(l)
MLDE(2)
MLHC(2)
MLC0(2)

MLVI(2)
MLST(2)

MFRT(2)

MEHF(2)
MSHC(2)

MEMI(2)

Method; 0 = Monte Carlo.
Number of random simulations.
Number of discrete variable bins (-)
Number of time steps (IMAS*ITIM).
Number of axial jet nodes/levels (-)
Lower vessel over-press, range (Pa).

Higher vessel over-press, range (Pa)

Lower failure site diam. range (m).

Higher failure site diam. range (m).
Number of melt discharge phases.
Lower melt mass range (kg).
Higher melt mass range (kg).
Lower superheat range (K).
Higher superheat range (K).

Lower melt mass range (kg).
Higher melt mass range (kg).
Lower superheat range (K).
Higher superheat range (K).
Melt zirconium mass fraction (-).
Melt stainless steel mass fr. (-).
Melt zirconium mass fraction (-).
Melt stainless steel mass fr. (-).
Melt liquid density (kg/m3).

Melt liquid spec, heat cap. (J/kgK).
Melt liquid thermal cond. (W/mK).
Melt liquid dyn. viscosity (kg/ms).
Melt liquid surface tension (kg/s2) .
Melt freezing temperature (K).
Melt heat of fusion (J/kg).
Melt solid spec, heat cap. (J/kgK).

Emissivity (-).
Melt liquid density (kg/m3).
Melt liquid spec, heat cap. (J/kgK).
Melt liquid thermal cond. (W/mK).
Melt liquid dyn. viscosity (kg/ms).
Melt liquid surface tension (kg/s2) .
Melt freezing temperature (K).
Melt heat of fusion (J/kg).
Melt solid spec, heat cap. (J/kgK).
Emissivity (-).

SIMULATION
Scenario 2 Normal

MELT DISCHARGE

MELT COMPOSITION

MELT PROPERTIES

190



2.0000D+05 CPRL
2.0100D+05 CPRH
7.0000D+00 HPOO
3.2300D+02 TPOL
3.2301D+02 TPOH

Lower containment pressure range (Pa).
Higher containment pressure range (Pa).
Height of the cont. water pool (m) .
Lower range for initial water temp. (K) .
Higher range for init. water temp. (K).

MELT-WATER INT

NOTE:

(1) If there are more than one melt discharge phase, the masses that are not
released gradually (see below) are treated as directly correlated (as an
example, two large masses are effected for the same random simulation).
(2) When MASL(I) < 0, then the melt release is gradual (governed by decay
heat-induced heatup and remelting); the total amount of melt ejected gradually
will be MASH(I)-MASS(I-1) , where MASS(I-l) is the melt mass randomized for the
previous discharge phase and MASH(I) is the total amount of melt released during
the last two phases. Only the last release can be gradual.

D.3 Scenario 3

0
100000

100
100
10
2.0000D+05
7.0000D+05

5.0000D-02

1.5000D-01
3
2.0000D+04
6.0000D+04

1.0000D+01
3.9000D+02
2.0000D+04

1.0000D+05

1.0000D+01
1.9000D+02
-1.000D+00
1.6000D+05
1.0000D+01
1.9000D+02

IMET
IRAN
IBIN
ITIM
I JET
VPRL
VPRH
LFDL
LFDH
IMAS
MASL(l)
MASH(l)

MSHL(l)
MSHH(l)

MASL(2)

MASH(2)

MSHL(2)

MSHH(2)
MASL(3)
MASH(3)
MSHL(3)
MSHH(3)

Method; 0 = Monte Carlo.
Number of random simulations.
Number of discrete variable bins (-)
Number of time steps (IMAS*ITIM).
Number of axial jet nodes/levels (-)
Lower vessel over-press, range (Pa).
Higher vessel over-press, range (Pa)
Lower failure site diam. range (m).
Higher failure site diam. range (m).
Number of melt discharge phases.
Lower melt mass range (kg).
Higher melt mass range (kg).
Lower superheat range (K).
Higher superheat range (K).
Lower melt mass range (kg).
Higher melt mass range (kg).
Lower superheat range (K).
Higher superheat range (K).
Lower melt mass range (kg).
Higher melt mass range (kg).
Lower superheat range (K).
Higher superheat range (K).

SIMULATION

Scenario 3 Normal

MELT DISCHARGE
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0.1000D+00
0.9000D+00
0.2300D+00

0.1600D+00
0.2300D+00
0.1600D+00
7.0000D+03

5.0000D+02

3.0000D+01
2.0000D-03

l.OOOOD+00

1.7000D+03
3.0000D+05
5.0000D+02
0.6000D+00
7.3000D+03
5.3000D+02

l.OOOOD+01

4.0000D-03

l.OOOOD+00
2.5000D+03
3.5000D+05
4.8000D+02
0.6000D+00
7.3000D+03

5.3000D+02
l.OOOOD+01
4.0000D-03
l.OOOOD+00

2.5000D+03

3.5000D+05
4.8000D+02
0.6000D+00

2.0000D+05

2.0100D+05
7.0000D+00
3.2300D+02

3.2301D+02

MZRF(l)
MSSF(l)
MZRF(2)

MSSF(2)
MZRF(3)
MSSF(3)
MLDE(l)
MLHC(l)

MLGO(l)

MLVI(l)

MLST(l)

MFRT(l)
MEHF(l)
MSHC(l)
MEMI(l)
MLDE(2)
MLHC(2)

MLC0(2)

MLVI(2)

MLST(2)
MFRT(2)
MEHF(2)
MSHC(2)
MEMI(2)
MLDE(3)

MLHC(3)

MLC0(3)
MLVI(3)
MLST(3)

MFRT(3)
MEHF(3)
MSHC(3)

MEMI(3)

CPRL

CPRH
HPOO
TPOL

TPOH

Melt zirconium mass fraction (-).
Melt stainless steel mass fr. (-).
Melt zirconium mass fraction (-).

Melt stainless steel mass fr. (-).
Melt zirconium mass fraction (-).
Melt stainless steel mass fr. (-).
Melt liquid density (kg/m3).
Melt liquid spec, heat cap. (J/kgK).

Melt liquid thermal cond. (W/mK).
Melt liquid dyn. viscosity (kg/ms).

Melt liquid surface tension (kg/s2) .

Melt freezing temperature (K).

Melt heat of fusion (J/kg).
Melt solid spec, heat cap. (J/kgK).
Emissivity (-).
Melt liquid density (kg/m3).
Melt liquid spec, heat cap. (J/kgK).

Melt liquid thermal cond. (W/mK).

Melt liquid dyn. viscosity (kg/ms).
Melt liquid surface tension (kg/s2) .
Melt freezing temperature (K).
Melt heat of fusion (J/kg).
Melt solid spec, heat cap. (J/kgK).
Emissivity (-).
Melt liquid density (kg/m3).
Melt liquid spec, heat cap. (J/kgK).

Melt liquid thermal cond. (W/mK).
Melt liquid dyn. viscosity (kg/ms).
Melt liquid surface tension (kg/s2) .
Melt freezing temperature (K).
Melt heat of fusion (J/kg).
Melt solid spec, heat cap. (J/kgK).
Emissivity (-).
Lower containment pressure range (Pa).
Higher containment pressure range (Pa).
Height of the cont. water pool (m).
Lower range for initial water temp. (K)
Higher range for init. water temp. (K).

MELT COMPOSITION

MELT PROPERTIES

MELT-WATER INT.

NOTE:

(1) If there are more than one melt discharge phase, the masses that are not
released gradually (see below) are treated as directly correlated (as an
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example, two large masses are effected for the same random simulation).
(2) When MASL(I) < 0, then the melt release is gradual (governed by decay
heat-induced heatup and remelting); the total amount of melt ejected gradually
will be MASH(I)-MASS(I-1), where MASS(I-l) is the melt mass randomized for the
previous discharge phase and MASH(I) is the total amount of melt released during
the last two phases. Only the last release can be gradual.

D.4 Scenario 3b

0
100000
Normal
100
100
10
4.5010D+05
4.5010D+05
6.5000D-02
6.5010D-02
3
1.0100D+04
1.0100D+04
1.5010D+02
1.5010D+02
4.0000D+04
4.0100D+04
1.0000D+02
1.0100D+02
-1.000D+00
1.6000D+05
1.0000D+02
1.0100D+02
0.1000D+00
0.9000D+00
0.2300D+00
0.1600D+00
0.2300D+00
0.1600D+00
7.0000D+03
5.0000D+02
3.0000D+01

IMET
IRAN

IBIN
HIM
I JET
VPRL
VPRH
LFDL
LFDH
IMAS
MASL(l)
MASH(l)
MSHL(l)
MSHH(l)
MASL(2)
MASH(2)
MSHL(2)
MSHH(2)
MASL(3)
MASH(3)
MSHL(3)
MSHH(3)
MZRF(l)
MSSF(l)
MZRF(2)
MSSF(2)
MZRF(3)
MSSF(3)
MLDE(l)
MLHC(l)
MLCO(l)

Method; 0 = Monte Carlo.
Number of random simulations.

Number of discrete variable bins (-)
Number of time steps (IMAS*ITIM).
Number of axial jet nodes/levels (-)
Lower vessel over-press, range (Pa).
Higher vessel over-press, range (Pa)
Lower failure site diam. range (m).
Higher failure site diam. range (m).
Number of melt discharge phases.
Lower melt mass range (kg).
Higher melt mass range (kg).
Lower superheat range (K).
Higher superheat range (K).
Lower melt mass range (kg).
Higher melt mass range (kg).
Lower superheat range (K).
Higher superheat range (K).
Lower melt mass range (kg).
Higher melt mass range (kg).
Lower superheat range (K).
Higher superheat range (K).
Melt zirconium mass fraction (-).
Melt stainless steel mass fr. (-).
Melt zirconium mass fraction (-).
Melt stainless steel mass fr. (-).
Melt zirconium mass fraction (-).
Melt stainless steel mass fr. (-).
Melt liquid density (kg/m3).
Melt liquid spec, heat cap. (J/kgK).
Melt liquid thermal cond. (W/mK).

SIMULATION
Scenario 3b

MELT DISCHARGE

MELT COMPOSITION

MELT PROPERTIES
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2.0000D-03

l.OOOOD+00
1.7000D+03
3.0000D+05
5.0000D+02
0.6000D+00
7.3000D+03

5.3000D+02

l.OOOOD+01
4.0000D-03
l.OOOOD+00
2.5000D+03

3.5000D+05

4.8000D+02
0.6000D+00

7.3000D+03

5.3000D+02
l.OOOOD+01
4.0000D-03
l.OOOOD+00
2.5000D+03
3.5000D+05
4.8000D+02

0.6000D+00

2.0000D+05
2.0100D+05
7.0000D+00

3.2300D+02
3.2301D+02

MLVI(l)

MLST(l)

MFRT(l)
MEHF(l)
MSHC(l)

MEMI(l)
MLDE(2)
MLHC(2)

MLC0(2)

MLVI(2)
MLST(2)
MFRT(2)
MEHF(2)

MSHC(2)
MEMI(2)

MLDE(3)

MLHC(3)
MLC0(3)
MLVI(3)
MLST(3)

MFRT(3)
MEHF(3)
MSHC(3)

MEMI(3)

CPRL
CPRH
HPOO
TPOL
TPOH

Melt liquid dyn. viscosity (kg/ms).

Melt liquid surface tension (kg/s2) .
Melt freezing temperature (K).
Melt heat of fusion (J/kg).
Melt solid spec, heat cap. (J/kgK).

Emissivity (-).
Melt liquid density (kg/m3).
Melt liquid spec, heat cap. (J/kgK).

Melt liquid thermal cond. (W/mK).

Melt liquid dyn. viscosity (kg/ms).
Melt liquid surface tension (kg/s2).
Melt freezing temperature (K).
Melt heat of fusion (J/kg).

Melt solid spec, heat cap. (J/kgK).
Emissivity (-).

Melt liquid density (kg/m3).

Melt liquid spec, heat cap. (J/kgK).
Melt liquid thermal cond. (W/mK).
Melt liquid dyn. viscosity (kg/ms).
Melt liquid surface tension (kg/s2) .
Melt freezing temperature (K).
Melt heat of fusion (J/kg).
Melt solid spec, heat cap. (J/kgK).
Emissivity (-).
Lower containment pressure range (Pa).
Higher containment pressure range (Pa).
Height of the cont. water pool (m).
Lower range for initial water temp. (K)
Higher range for init. water temp. (K).

MELT-WATER INT

NOTE:
(1) If there are more than one melt discharge phase, the masses that are not
released gradually (see below) are treated as directly correlated (as an
example, two large masses are effected for the same random simulation).
(2) When MASL(I) < 0, then the melt release is gradual (governed by decay
heat-induced heatup and remelting); the total amount of melt ejected gradually
will be MASH(I)-MASS(I-1) , where MASS(I-l) is the melt mass randomized for the
previous discharge phase and MASH(I) is the total amount of melt released during
the last two phases. Only the last release can be gradual.
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STATENS KARNKRAFTINSPEKTION
Swedish Nuclear Power Inspectorate

Postadress/Postal address Telefon/Telephone Telefax

SKI
S-106 58 STOCKHOLM

Nat 08-698 84 00
Int +46 8 698 84 00

Nat 08-661 90 86
Int +46 8 661 90 86

Telex

11961 SWEATOMS


