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ABSTRACT

Evaluations for in-vessel coolability, vessel failure, core disper-
sion and ex-vessel coolability have been formulated and basic models have been
incorporated into both the BWR-MA*® and PWR-MAAP coding structures. These
models suggest that in-vessel coolability could be potentially established if
water were supplied to the reactor core region before core support piate
failure and migration of the molten and degraded material into the lower
plenum. One exception to this may be the depressurized state for a large
break loss of coolant accident in a PWR system where the combination of a low
system pressure and limited surface area could 1imit the coolability of a
badly damaged core state. However,'for pressures typical of small break loss
of coclant accidents and transient events, coolability could potentially be
estabiisnhed if water were added to the core. It should bz noted that these
are conservative evaluations since the governing physical process is assuined
to be the counterflow of steam escaping from the debris in the presence of
water flowing downward into the particulated bed.

Once material has migrated into the lawer plenum, the time to
reactor pressure vessel failure is sufficiently short that in-vessel debris
coolability could not be established within the lower plenum. This is the
case for both PWR and BWR systems and as a result, in-vessel coolability after
such time is not credited in the MAAP coding structure.

For those BWR and PWR sequences where reactor pressure failure
occurs with an elevated primary system pressure, the blowdown of gases from
the primary system could influence the disposition of debris which has been
discharged from the reactor pressure vessel. This is strongly influenced by
the specific configuration of the reactor cavity/pedestal region and the
surrounding containment regions. For a reactcr cavity/instrument tunnel
geometry like that in the Zion system, debris could be readily removed from
the reactor cavity region and this has been demonstrated by small scale
experiments using materials with a density approaching that of core debris.
For other reactor cavity configurations, 1ike that at Sequoyah, such intimate
dispersal would not be Tikely, but some removal of debris could occur. For
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the BWR-Mark-I1II systems with the "sunken" pedestal configuration, debris
dispersal could pdtentia]]y be achieved vor those accident sequences in which
there is a small blowdown from the primary system. However, for most BWR
accident sequences, the activation of the Automatic Depressurization System
(ADS) would result in a depressurized reactor vessel at the time of failure in
the lower plenum. Mowever, such physical behavior is modeled in the MAAP code
and material can potentially be dispersed from the pedestal region. For those
containment configurations typical of Mark-I and Mark-II containments, disper-
sion of core debris is not an important feature for describing the core
material distributi  between the pedestal and drywall regions. However, it
could potentially distribute material into the suppression pool for immediate
quenching and perhaps a sustained coolable state. Since there is currently
insufficient data to make such detailed evaluations, this behavior is not
modeied in the BWR-MAAP coding system for the Mark-I and Mark-TI containments.
This represents a conservatism in the analysis since such debris transporta-
tion into the suppression pool would be a positive response towards terminat-
ing the accident sequence.

Given the material distribution within the containment following
reactor vessel failure, the ex-vessel coolability can generally be assured if
water is available to the debris on a continual basis. As part of this
evaluation, a heat transport path must be available from the debris to an
ultimate heat sink such that the energy can be removed from the containment
building. For some distributions of material, and in particular for some of
the older containment buildings, thin layers of material can be coolable by
directly exchanging their heat with the containment atmosphere through single-
phased gaseous convection. This can provide cooling for debris configurations
several centimeters thick, but again the essential part of the evaluation is
the establishment of a heat transport path between the debris and an ultimate
heat sink.
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EXECUTIVE SUMMARY

Models have been developed to assess the potential for establishing
in-vessel coolability, the mode of reactor pressure vessel failure should
coolability not be established, the distribution of degraded core material
after being released from the primary system and the potential for establish-
ing ex-vessel coolability. These models have been compared to, and show
agreement with the relevant experimental data where such is available, i.e.
gebris coolability and material dispersal. In addition, these have been
incorporated into both the BWR-MAAP and PWR-MAAP coding systems to represent
the integrated system response to postulated severe core damage accident
sequences.

Severe core damage for an LWR system would only result if sufficient
water could be lost from the primary system to result in uncovery of the
reactor core. This uncovery must also be sustained for a considerable time
interval, the uxact value of which is dependent upon the detailed accident
sequence. However, Sinc: water must De oSt from tne primary system Lo
initiate cere degradation, in-vessel coolability could only be established if
water could subsequently be added to the reactor core. Given the availability
of such a water source, the potential for establishing in-vessel coolability
is assessed conservatively through a counter-flow of steam flowing upward from
the debris bed in the presence of downward flowing liquid. This mechanism
predicts that in-vessel debris coolability could potentially be establisred
for most accident sequences if water is added to the degraded core while the
material remains within the or‘ginal core boundaries.

Evaluations are also presented for coolability with limited core
damage and such evaluations are influenced by the specific design differences
between BWR and PWR fuel assemblies. Specifically, the segmented core config-
uration for BWR assemblies allows considerable degradation to occur without
destroying the interstitial channel configuration which constitutes the core
by-pass flow in BWR systems. If water can be added to the core prior to the
loss of this by-pass channel integrity, whic™ can be approximately equated to
melting of the stainless steel control rod blades, the core could be quenched




and a coolable configuration achieved for any accident sequernce considered.
This evaluation is independent of the actual configuration inside of the fuel
cans, since it is assumed that the material has "lumped" .ugether and complete-
1y blocked the internal channel regions. For the open lattice PWR configura-
tions, the extent of limited core damage can generally be subscribed to the
release of low melting point control rod material alloys into the fuel assem-
blies or the onsec of zircaloy clad melting for those systems which have a
high melting point control rod material. Liberation of molten material in the
presence of no significant hydrodynamic forces would m n that such material
would drain into the cooler regions of the core and resolidify. Once this
type of blockage has been initiated, the evaluations considered should be
those of extensive core damage.

Once core debris flows out of the original core boundaries and into
the lower plenum of the reactor pressure vessel, those reactor vessel designs
with lower head penetrations would experience failure of these penetrations
within a time nterval of severa! tens of seconds ¢o 2 few minutes. This is
insufficient time to remove the stored energy from significant amounts of core
debris which would accumulate within the lower plenum, and thus in-vessel
coolability for this configuration in the lower plenum would be very unlikely.
For those reactor vessel designs without bottom penetrations, analyses indicate
that the pouring of material into the lower plenum would result in failure of
the reactor vessel within a few minutes. Therefore, this failure time is
approximately the same as that calculated for those with lower head penetra-
tions.

Given the initial failure. the discharge of molten material through
the failure site would result in significant ablation of the reactor vessel
wall. Thus, the breach size would be increased ra»ridly under such ablative
attack, and significant quantities of core material (20 to 80 percent) could
be discharged within a time interval of several seconds. In this analysis,
the initial failure size has little influence on the discharge time, but the
most important aspect of the analysis is that the material is discharged to
the containment over a comparativaly short time interval.
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Once material has been released from the primary system into the
containment, gaseous blowdown of the primary system would occur through the
reactor vessel breach should the primary svstem be at an elevated pressure.
BWR systems respond to many accident sequences by depressurizing through the
Automatic Depressurization System (ADS) and would generally not undergo this
depressurization immediately after vecsel failure. Pressurized water reactors
have a spectrum of small break and transient initiated accident sequences in
which the primary system remains at an elevated pressure during the core
degradation process. As a result, the primary system would underge a rapid
depressurization following a discharge of molten core debris and these blow-
down forces could have a significant influence on the disposition of the
debris within the containment. This debris dispersal is greatly influenced by
the specific reactor cavity/instrument tunnel configuration and can vary from
essentially all of the debris being relocated within the containment to all of
the debris being retained within the reactor cavity. For the Zion and Sequoyah
reference plants cunsidered in the original containment analysis subtask, the
reactor cavity configurations are sufficiently different that extensive debris
disparsal would be anticipated for the Zicn system with limited dispersal
typifying the Seguoyah configuration.

Similar analysis apply to the BWR Mark-III system, which has a
“sunken” pedestal configuration shows that debris dispersal could potentially
occur for sequences with an elevated system pressure. However, these seguences
do not dominate the accident spectrum for this BWR Mark-IIl containment.
However, the BWR-MAAP code calculates the potential for dispersal should such
accicent sequences be considered.

Coolability of debris within the containment building is in general
dependent upon the continued availability of water to the debris and the
establishment of a heat transpert path to extract this energy to the contain-
ment. In this regard, the debris dispersal can have a significant influence
on the response of the containment since debris can be brought into intimate
contact with water as a result of the dispersal process. This again fis
greatly dependent upon the specific configuration as well as the systems
available for extracting heat from the containment. In general, this can be
accomplished by normal containment heat removal systems including containment
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sprays, fan coolers, etc. However, for some containments, particularly those
with an uninsulated steel shell, the heat transport path can be one of direct
energy transfer through the containment shell to the atmosphere as the ultimate
heat sink. Any of these, or a combination therezof, can be sufficient to
effect a permanently coolable state within the containment. However, given
the variety of accident sequences and containment configurations considered,
these assessments can be greatly different between various types of plants and
also between accident sequences for the same plant.

.- e e
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1.C INTRCDUCTION

i) Sackground

Considerations of the governing physical processes during postulated
severe core damage accidents involve the assessment of molten debris pouring
into the lower plenum of the reactor pressure vessel and the subsequent
potentials for steam generation, hydrogen generation, in-vessel debris cool-
ability and the mode of failure for the reactor vessel. The assessments for
steam and hydrogen generation, including steam explosions, are the subject of
other IDCOR reports for subtask 12.1, Hydrogen Generation Ref. [1.1] and
subtask 13,1, Steam Generation Refs. [1.2 and 1.3]. Downward melt propagation
and the resulting configuration within the lowar plenum of the reactor vesse!
is dependent upon the specific system design and would be greatly different
for the boiling water and pressurized water reactor systems. Specifically,
the analyses must include the different configurations resulting from the
lower vessel control rod penetrations for BWRs as opposed to those which enter
through the upper head in PWRs. These differences in the configura2tion infly-
ence both the steaming rates and the basic configuration to be evaluated for
the attainment of in-vessel coclability.

Vessel failure is also greatly influenced by these specific configura-
tions, in particular the lower head control rod drive and instrument tube
penetrations for boiling water reactors and the in-core instrument tubes for
most PWR systems which are mounted with limited depth penetration welds from
the vessel interior. There are some PWR vessels without lower head penetra-
tions and a different character of vessel failure must be considered for such
designs. This additional consideration was evaluated fn IDCOR subtask 15.2
and is discussed in Ref. [1.4].

Following vessel failure, debris would be discharged from the
reactor pressure vessel into the containment and depending upon the specific
accident sequence and the cuntainment configuration, the debric could experi-
ence a vgriety of events. These would include ex-vessel steam explosions,
dispersal of the debris, rapid quenching with water accumulated within the

o —— - gty + T <




containment and nossibly core-concrete attack. The accident sequence has a
major influence on these behaviors since many accident sequences resu't in a
significant primary system pressure at the time o/ reactor pressure failure,
As a result, the blowdown of the primary system through the vessel breach
developed by the discharge of core material would exert significant forces on
the debris which could be accumulated directly below the reactor pressure
vessel. While the forces are determined by the accident sequence and the size
of the vessel breach, the resulting distribution of the debris is greatly
influenced by the specific configuration of the containment. Since there are
various designs of reactor containment buildings for the plants considered in
the IDCOR effort, considerations will be given in this report tc those contain-
ment buildings which comprise the four original reference plants for the IDCOR
effort., These systems are Zion (PWR with a large dry containment), Sequoyah
PWR with an ice condenser containment), Peach Bottom [BWR with a Mark-I
containment), and Grand Gulf (BWR with a Mark-II! containment). The dispersal
potential as a function of the accident sequence will be discussed for these

various confiaurations In addition, the effects of devyiations from these

four reference piants will also be addressed.

As the debris configurations are developed within this ex-vessel
state the potential for achieving a permanaently coolable state would also be
evaluated, In addition, the energy must also be extracted from the contain-
ment building, hence the po:ential for establishing a heat transport path to
extract the energy is also an important part of such evaluaticns. With the
exception of some older reactor systems, which have 2 Timited amount of core

materifal and a sizable containment building, the potential for achieving an

ex-vessel coolable state can be directly related to the availability of water
to the debris on a permanent basis. Again, this can be related to the specific
reactor building configuration and the manner in which the heat transport path
fs established. This will also be addressed for the four difference reference
plants considered in the IDCOR containment evaluation, subtask 23.1.

These phenomena and their relevance to various accident sequences
will be considered by first summarizing the pertinent issues, next presenting
the basic considerations for the relevant physical processes, followed by the




pertinent experimental information, and lastly the application to the rezctor
system.
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2.0 PERTINENT TSSUES

2.1 Introduction

These evaluations which begin with the material migration out of the
original core boundaries and describe the basic physical processes for the
debris through the assessment of ex-vessel coolability. Included in tnese
analyses z-e, in-vessel coolability for the material in the lower plenum of
the reacfor pressure vessel, the mode of reacto~ vessel failure and the
pfocesses dictating the size of the vessel failure, the dispersal potential of
debris as it exists the primary system and accumulates within the containment,
and finally the potential for establishing a coolable state in an ex-vessel
configuration.

g.e In-Vessel Coolability

For this assessment a knowledge of the vessel failure mode and the
time interval between molten material pouring into the lower plenum and the
onset of vessel failure. Since substantial quantities of molten material
would Tikely flow into the lower plenum within a very short time interval,
this substantial energy inventory must be removed for vessel failure to
establish a coolable configuration. Should this be the case, then evaluations
of particle size and distributions may be considered also. However, if the
debris accumulation results in vessel failure in a time interval which fis
short compared to that required to extract the considerable stored energy from
the melt, then vessel failure would be anticipated well before a coolable
state could be achieved and material wculd be discharged from the primary
system., As will be discussed, this appears to be the case both for those
vessels with extensive bottom head penetrations and also for those without.
Consequently, potential for obtaining in-vessel coolability once the material
has migrated out of the original core boundaries is generally not given a high
probability of success.

- S Vessel Failure

Accumulation of debris within the lower plenum of those vessels with
lower head penetrations results in an accentuated attack on the partial



penetration welds. Failure of a penetration allows the high temperature
debris to be discharged through the failure location. Should the debris be
molten, which would 1ikely be the case, the high temperature of the material
would ablate the steel vessel wall and enlarge the failure site. This abla-
tion process is dependent upon the temperature of the debris and the pressure
within the primary system at the time of vessel faflure. The model for this
ablation process is developed in Section 3.

For those configurations without lower head penetrations, the
initial contact and accumulation of debris would produce thermal attack on the
reactor vessel wal'. In particular, a jet of molten debris resulting from the
failure of the core support structure would cause an accentuated attack on a
localized area of the reactor vessel head. This was addressed as part of the
EPRI/NSAC participation in the IDCOR program and this evaluation has demon-
strated a timed vessal failure of a few minutes as opposed to several tens of
minutes required to attack the entire reactor vessel head. This analysis is
included as Appendix 8 to this report.

2.4 Debris Dispersal

For those postulated accident scenarios where the reactor vessel
would be penetrated by molten debris, the debris would tend to be accumulated
within the containment directly below the reactor vessel. Should there be
significant pressure within the primary system at the time Jf reactor vessel
failure, the gaseous blowdown forces would be directed at the debris and could
potentially have a significant influence on the debris distribution within the
containment building.

As was considered in the Zion Probabilistic Safety Study [2.1],
relocation of the debris from the reactor cavity could be the result of the
hydrodynamic forces resulting from cnre debris ejecting from the primary
system, wave formatfon within the molten pool as the gaseous blowdown is
initiated and from the direct entrainment of debris as the gas flows over the
top of the debris configurations. These mechanisms were considered individual-
1y and were shown to have the same basic result for the Zion containment
configuration; the debris would be moved from the reactor cavity region by




these blowdown forces with the principle mass of debris being contained in a
single wave of liquid and solid material. This removal and distribution in
the containment were evaluated for the specifics of the Zion containment
design,

Similar evaluation was carried out in Ref. [2.2] for the Limerick
BWR Mark-II configuration. In this assessment, the parallel flo~ paths
between the entrance to the vesse] pedestal region from the drywell (the
personnel passageway) and those additional openings such as the windows for
the control rod drive hydraulic lines were evaluated. These other gaseous
flow paths were shown to have a significant influence on the gas flow distribu-
tion within the pedestal region and therefore the subsequent relocation of
core material. Hence, these calculations illustrated that the specific
configuration must be evaluated for a given plant evaluation.

In Section 6, Application to Reactor Systems, the specific configura-
tions for the four original IDCOR reference plants will be discussed. Given
the specific geometriss, considerably different behaviors could be anticipated
for similar types of accident initiators.

2.5 Ex-Vecsel Coolakility

Evaluation of debris coolability within the containment configura-
tion are generally dependent upon two major features: (1) the distribution of
dehris within the containment building and (2) the availability of water to
the debris. These features are greatly influenced by the specific conta‘nment
building configuration and the various manners in which water may be held up
within the containment building or supplied to the containment building
floors. In addition, the coolability assessment must include an evaluation of
the heat transport paths that c-uld provide water to the debris on a continual
basis. This could be accomplished through active and passive means within the
containment building as well as through the initiation of water addition to
the primary system should such features become available during such an
accident.

The debris distribution, water accumulation, and the development of
a heat transport path will be addressed for eacn of the four original IDCOR
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reference plants in Section 6. These discussions will specifically reflect
the manner in which such considerations were included in the MAAP code model-
ing for these reference plants. The results of this modeling have been
fnitially presented in the preliminary analyses for these plants and will also

be discussed in the final report. these plants in IDCOR subtask 23.1.
2.6 Summary

In the chronology of an accident sequence, that time interval
between when the core material leaves its original boundaries and when the
potential for sustained core-concrete finteraction {s evaluated includes
detailed assessments of several pertinent issues. These are (1) in-vessel
conlability, (2) mode of vessel failure, (3) core debris dispersion, and (4)
ex-vessel ccolability. These issues have a substantial influence on the
progression or regression of the accident sequence and they define those
states which can result in a safe stable state such that the accident fis
terminated, Az wil? he dicenycsed in +he fallnwing sections, these are influ-
enced by the specific configurations of potn the primary system and the
reactor containment building.
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3.0 BASIC CONSIDERATIONS

3.1 Introduction

For the assessments of in-vessel debris coolability, vessel failure,
debris dispersion and ex-vessel debris coolability, several features must be
evaluated including the dryout heat flux for particulated debris beds, the
ablation characteristics for molten debris flowing through the initial breach-
es within a reactor pressure vessel and the forces acting upen the debris to
result in dispersion for those accident sequences in which the primary system
is at a substantial pressure at the time of reactor pressure vessel failure.
These will be discussed in this section with the phenomenological assessments
veing detailed in terms of (a) coolabiiity of particulated debris beds, (b)
ablative phenomena and (c) core dispersive mechanisms. These features are
general in nature and are potentially applicable to both BWR and PWR systems.
However, with the specific lower plenum configuration in BWR systems, other
features must be addressed including the freezing of dabris on the surface of
control rod drive guide tubes which contain water. This will be considered
following the general considerations for both reactor systems.

- Coolability of Particulated Debris Beds

dsaal Governing Physical Processes

For a one-dimensional debris bed with an overlying water pool, the
principal limitation is one of water flowing downward through the bed in the
presence of upward flowing steam. Experimental measurements [3.1-3.3] have
shown that for debris beds with uniform particles, with sizes of hundreds of
microns and larger, dryout generally occurs between the centra! region and the
top of the bed. Such observations demonstrate the process is not one of
preventing water from penetrating to the bottom of the bed (in which case
dryout would occur at the bottom), but ome of a counter-flew limitation in
which the vapor "floods" the 1iquid either within or at the top of the debris
bed. For a top flooding mechanism, this limitation can be envisioned as
occurring in two different ways as illustrated in Fig. 3.1. The first is a
limitation on the abpility ¢f a liquid film to remain on a particle in the
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presence of the upward vapor flow and the second is a limitation immediately
abcve the bed wherein the upward flowing vapor levitates the 1iquid immediate-
ly over the bed. In both of these cases, the governing liquid dimension is
the size of the particle as discussed below.

For the first case, 1iquid covers the particle as a thin film and
the levitation criteria only comes into effect when the drag on the liquid is
sufficient to cause a net upward movement of the liquid film. In effect, this
can be evaluated by assuming the whole particle has the density of the coolant
(of) and assessing the drag forces necessary to levitate this liquid
particle.

2
o U
(pf - ;_)g) 4/3 ?\’ng = Cowrg —9?9' (3.1)

In this expression, g is the acceleration of gravity, °g is the vapor
density, s is the particle radius, CD is the effective drag coefficient
and U_is the superficial steam velocity. At the point of levitation, the
drag imposed by the coolant moving through the particles is sufficient to
cause net upward movement of the 1iquid mass, thereby eventually leading to a
dryout of the debris bed.

In the second mechanism, vapor is flowing upward through the porous
regions between the particles, therefore the characteristic dimension separat-
ing the vapor channels is the particle diameter. As a result, if the upward
vapor flow levitates the liquid above the bed, the 1iquid globules would have
a characteristic dimensfon equal to the particle size. Formulating the
levitation criteria with the upward vapor flow results in the same expression
given above, 1.e. the analytical description is identical for both of these
mechanisms. The principal feature to be addressed is the effective drag
coefficient in a densely packed particle bed; this will be addressed later.

This top flooding 1imitation is applicable as long as a more limit-
ing condition does not occur within the bed and when the characteristic
dimension determined by the particle size is greater than that characteristic
dimension determined by the stability characteristics of the coolant, f.e.
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capillary sizes. The limitation within the bed can be considered in terms of
another counter-flow mechanism in which the vapor drag on the liquid can be
greater than that treated as a configuration of smooth liquid droplets in a
dense configuration., Within the bed, the liquid-vapor drag is a function of
the specific liquid configuration including its thickness, effective rough-
ness, etc. his will be treated by examining the experimental data for
various particle sizes which indicate a dependence on the bed depth, the
degree of this dependence being a function of the particle size.

As part of the evaluation of limitations within or above the bed,
considerations must be given to the stability of a liquid film on the surface
of the individual particles. Specifically, does nucleation occur beneath the
film or is thermal conduction sufficient to remove the heat generated.
Assuming liquid film thickness to be uniform on all particles, the film
thickness (3) can be expressed in terms of the average bed void fraction (a),
bea porosity (e), bed volume (V) and the particle diameter (dp) as

" ) Y o Yl
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The heat flux from the surface of a particle is a function of the total power
generated within the bed (Q), the particle diameter, and the bed volume.

g o

a/A‘;B =
Ndwrp

Considering the energy transfer across the liquid film to be via conduction,
the temperature difference would be

a/h)g (1 - a)ed]

AT, = (3.4)

f 36kf(1-c)2L

where kf is the liquid thermal conductivity. As indicated by this expres-
sion, the temperature difference is a strong function of the particle

2 " 6(1 - e)AsL (3.3)

Cemprm e - -
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diameter. This temperature difference across the film can be compared to the
superheat required for the formation of bubbles in a uniform temperature field

R T'f_:g_;? (3.5)
where hfg is the latent heat of vaporization. If the temperature difference
across the film is less than tnat required to support a vapor bubble in a
uniform temperature field, then nucleation would not occur within the film and
a limitation within the bed would be expected. Conversely, if the temperature
difference across the film far exceeds that required to support vapor embryos,
then nucleation would occur within the film and a configuration of liquid film

surrounding the particles would 1ikely not be appropriate.

To illustrate this general behavior, let us consider the data from
Ref. [3.1,2.2,3.3]. For the experiments of Trenmberth and Stevens [3.3], the
largest particle size used was 2 mm in diameter, and at a bed depth of 80 mm,
the dryout heat flux was ~ 600 kw/mz. A tempera.ure drop across the water
£ilm of 0.4°C would be calculated. This is less than the vaiue of 1°C typical
of the superheat necessary to support a vapor embryo with the diameter equal
to the film thickness. Consequently, nucleation within the film would not be
anticipated and the limitation within the bed would be likely. Squarer, et
al. [3.2] studied particle diameters up to 6.35 mm with a dryout heat flux of
about 1400 kw/m2 at a bed depth of ~ 20 cm. Under these conditions, the
film temperature drop would be 8.4°C, i.e. substantially greater than that
required to support a bubble within a uniform film. In this configuration,
nucleation beneath the film would be expected and the limitation would be
somewhat different than the internal bed behavior of Trenberth and Stevens.
For the data of Barleon and Werle, particle diameters of 1.6 cm were used with
a dryout heat flux of ~ 5000 kw/m2 and a bed depth of 8 cm. For these
conditions, a film temperature difference would exceed 300°C, i.e. two orders
of magnitude above that necessary to support a bubble in a uniform temperature
field. As a result, a continuous 1iquid film surrounding individual particles
would not be a viable configuration and an internal bed 1imitation would not
be anticipated. With this behavior, a limitation to sustain coolability of
the bed should approach a hydrodynamic 1imitation at the upper surface of the
bed.
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Table 3.1

Dryout Data of Trenberth and Stevens for Water at 0.1 MPa

Particle Bed Dryout
Size Depth Heat Fiux
mm =m kw/m
0.68 30 > 484
0.58 30 452
0.68 30 > 467
0.68 35 292
0.68 40 618
0.68 ' L9 204
0.68 40 189
0.68 50 158
0.68 50 173
0.68 60 163
1.2 20 > 1395
1.2 30 373
1.2 30 > 1414
1.2 30 1924
1.2 40 360
1.2 40 1745
1.2 40 309
1.2 50 389
1.2 60 347
2.0 20 1287
2.0 25 586
.0 30 930
2.0 40 955
2.0 40 834
2.0 52 : 836
2.9 60 669
2.0 75 611

2.0 90 475
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interest for shallow beds with particle sizes of the order of a few mm. In

such shallow beds movement of the particles and "channeling” has also been

observed and these changes in configuration would also substantially increase
the heat flux and alter the basic considerations associated with hydrodynamic
stability,

. i R Analytical Models

Particle drag has been investigated with respect to a dense packing
of uniform spheres in a flowing media. The definitive experiments of Rowe
[3.4] and Rowe, et al, [3.5] have illustrated that the drag on individual
spheres in the most dense configuration can be ~ 68 times the drag of a single
sphere in an infinite stream at the same Reynolds number. If the packing
fraction is decreased to *that characteristic of a cubic configuration, which
has a porosity of ~ 50%, the drag i: approximately 20 times that for an
indi/idual sphere in an infinite stream. These experimental results were
2xpandec to include various types of porous conditions and it was demonstrated
that the only major reduction in drag cccurs when there is a continuous
(straight-line) fluid path through the debris configuration. A relation for
the drag can be derived using the pressure gradient through a particle bed at
the incipient fluidization point, i.e. that condition where the pressure drop
through the bed exactly equals the weight of the particles divided by the
cross-sectional area of the bed., The pressure gradient required for a
specific fluid velocity can be equated to the gradient representing the static
weight of the bed at incipient fluidization as expressed by

2
4P p gl

1
a1

; == (1 - e)lop = pglg (3.6)
where cf is the effective friction factor within the bed. This results in
an expression for the incipient fluidization velocity as dictated by the
particle and fluid densities, the bed porosity, and the particle diameter.

lop = of)gdg
U= = z-cfpf (3.7)

rn




At this point the drag on each individual particle exactly equals the weight
of the particle,

2

3 2 p U
(ep = 249 1%‘ = Cpr %"5—' (3.8)
Substituting the above formulation for the fluid velocity into this expression

gives the drag coefficient on an individual sphere in terms of the frictional
coefficient for the total bed.

C. &

- (3.9)

wj o
mwl_'.n

wallis [3.6] gives an expression as proposed by Ergun [3.7] for the effective
friction factor which encompasses both the laminar and turbulent regimes

75
C, = NL- + 0.875 (3,10)
f Rep
where NRep is the particle Reynolds number which is defined in terms of the

standard Reynolds number for an individual sphere by NRep = NRe/(l-e).
The first term represents the laminar behaviar, which controls for small
particle diameters, and the second term represents the turbulent regime.
Substituting this equation into the expression for the effective coefficient
on a sphere within a packed bed at the fluidization point results in

¢« L. 150 -¢) , 5875 (3.11)
D 33 Ne

If this effective drag coefficient is ratioed with the drag of an individual
sphere in an infinite stream of fluid, it is found that at the maximum packing
fraction for uniform particle sizes the drag for individual spheres is far
greater than that of an fsolated sphere as shown in Fig., 3.3. This formula-
tion for particle drag when substituted into Eq. (3.1) results in a prediction
for the hydrodynamic stability 1imit at the top of the bed. If the particle
diameter is less than the coolant capillary dimension, the flat plate
saturated CHF value should be used to determine the stability limit.

- - s 1) ——— S
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The above expressions are for a single-phase fluid through a dense
bed of particles., For liquid-vapor interaction within the bed, a higher
pressure drop would be anticipated. This can be represented using the same
form as Eq. (3.10) with the turbulent coefficient increased from 0.875 to 7 as
determined from the data of Trenberth and Stevens [2.3].

These representatioas for hydrodynamic stability and {internal
Timitation mod2ls are compared to other analytical approaches in Fig. 3.4 for
a bed porosity of 0.4, As {llystrated, at this porosity, the Lipinski [3.8]
and Ostensen [3.9] models are very close to the hydrodynamic stability model
for large particle sizes and the 1-mirar asymptote is in agreement with the
models proposed by Hardee-Nilson [3.10] and Dhir-Catton [3.11].

3.2.3 Two-Dimensional Considerations

For those configurations in which the debris is completely surround-
ed by water, as {l1lustrated in Fig. 3.5, the supply of water to cool the bed
wouild nol be Timited by ths counter-flow addition of water from above since
radially inward flow would occur. While this is a complex process, the effect
of this two-dimensional process can be estimated Sy considering the steam
outflow at the top of the bed. If the pressire gradient through such a bed is
assumed to be one-dimensional, the gradient at the top of the bed created by
the steam flow can be equated to the static head of 1iquid imposed by the
surrounding pool. In this case tne fluid at the top of th2 bed is saturated
or superheated steam as compared to the counter-flow of saturated steam and
water for the top flooding systems. The balance of static head and frictional
gradient developad by the steam flow can be expressed as

2
dp Y (-
'a?'ch'sa‘L:fl' (og = 8g) 9 (3.12)

where Cf describes the frictional resistance for single-phase flow through a
particle bed. As described in Wallis [3.6], this frictional coefficient can
be empirically represented by Eq. (3.10)., Substituting this into the above
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momentum equation, the maximum steam velocity can be determined and translated
into the maximum heat flux that can be extracted from the bed.

5 )gde P

1/2
(Df .
Q/A = [-{E'—n—%—cm—] [hg - hl. + CP(Tg - TSlt)] (3.13)

where the vapor is assumed to behave as a perfect gas. This accounts for the
energy removed by saturated or subcooled water entering the bed and exiting at
the critical velocity representative of the saturated or superheated condi-
tion. Adding superheat to the steam increases the energy cuntent of the
steam, but also decreases the density and thus decreases the flow rate needed
to balance the static head of 1iquid. Predictions for the 1imiting heat flux
given in Table 3.2 for a particle size of 1 ¢cm and a bed porosity of 0.45, As
f1lustrated the saturated steam outlet condition represents a value of 5160
kw/mz, which 1s about 40% greater than the hydrodynamic stability predic-
tion, Table 3.2 also demonstrates the effect of superheat which initially
causes a decrease in the heat flux (probadly due to the perfect gas assump-
tion) and then increases scmewhat for large superheats. In general, the
additional heat removal due to superheating does not appear to provide a
sizable additional amount of heat removal. Small amounts of 1iquid subcooling
can provide more heat removal capacity than larye vapor superheats.

Vessel Failure

For the postulated severe accident sequences in which a degraded
core continues to melt and progresses to a point where the core material
either "slumps"” or is discharged into the lower plenum, the potential exists
for thermal attack of the reactor vessel steel by the high temperature,
degraded core materfal. The lower plenum region contains several different
structural components which would experience this attack, including the
reactor vessel wall, the lower core support structure, the supports for the
in-core instrument penetrations, and the lower structure which guards against
a hypothetical drop of the reactor internals. Al) of these components would
experience thermal attack, but only the reactor vesse! wall and the pene-
trations wouid be of concern for evaluating the time, location and size of the
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Table 3.2

PREDICTIONS FOR THE MAXIMUM TWO-DIMENSIONAL HEAT REMOVAL
FROM A PARTICLE BED COOLED BY WATER AT 0.1 MPa

d=001m e = 0.45
T T Maximum Heat Flux
in cut ' 2
K K kw/m
293 373 5925
333 373 5543
353 373 5351
373 373 5160
373 473 5069
373 §73 5048
373 673 5067
373 773 5108
373 973 5232
373 1373 5548

373 1873 5874
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reactor vesse! failure for these postulated, severe accident sequences. In
this section, the thermal attack of the reactor vessel steel and the penetra-
ticn welds (the expected failure mode) by the discharge of degraded core
material intc the lower plenum will be evaluated. Following this, the rate at
which the core material would be discharged from the reactor vessel will be
evalyated in terms of the pertinent thermal ablation process involved.

With material migration to the lower plenum, the water would either
be vaporized or displaced by the debris. If the degraded material is held up
on the core support structure until it collapses and then pours into the
plenum as a molten stream, the water would undergo 1imited vapcrization and
would be displaced either the downcomer annulus or into the outer radial core
zones which could still be intact. Extensive fragmentation would not occur,
as discussed in Ref. [3.12 and 3.13], since a finely fragmented melt with all
particles surrounded by water far exceeds the stability 1imit for the water,
i.e. film boiling fragmentation model. As a result, the molten debris would
penetrate directly to the bottom of the plenum where it could accumulate and
begin to thermally attack the steel surfaces in this locale. The water could
continue to vaporized off the upper surface of the debris pool, but this would
not substantially affect the rate of attack of the vessel wall and the penetra-
tions.

. 1 9 Thermal Attack of the Vesse! Steel Structure by a Stream of Degraded
Core Material

The thermal attack of a thick steel slab by a solidifying stream of
degraded material that flows over one side of the slab (vessel wall), as shown
in Fig. 3.6 has been evaluated, Fredicting the steel meiting rate and the
temperature profile within the vessel wall is complicated by the behavior of a
growing frozen crust on the melting steel surface. If it is assumed that the
crust of core debris is mechanically stable and does not break up and expose
the steel melt film to the flow of hot core debris, and that crust motion
(s1iding) does not produce appreciable convection currents within the steel
melt film, the problem is greatly simplified. Considerablc experimental
support for frozen crust stability on an underlying melt layer can be found in
the literature, Ref. [3.14 - 3.16].
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In addition to the foregoing consideration of fuel crust stability,
the following additional assumptions are made.

3.

The analysis is restricted to the neighborhood of the stagna-
tion point of the axisymmetric flow of core debris. According
to measurements made with gas jets, the axisymmetric stagnation
flow mode] breaks down at a radial distance of about 1.2 times
the jet (or nozzle) diameter (d) Ref. [3.17]. The heat flux
(q/A) through the upper surface of the fuel crust within this
radial stagnation zone is given by Ref. [2.18]

172
/
o/, = 0.55 (ﬂr‘g'ﬁ)kf(r “ Too,¢) %{‘;) (3.14)

where kf. Ve and Prf are the thermal conductivity,
kinematic viscosity and Prandtl number of the flowing core
dehris, While this equatien is strictly valid only for laminar
stagnation flow, availacie heat transfer data for gas Jets
Refs. [3.19 and 3.20] and liquid streams Refs. {3.21 and 3.22]
indicate that it can be successfully applied when the stream is
turbulent.

The frozen layer of degraded core material, the steel melt
layer and the thermal boundary layer within the solid steel are
thin compared with their extension in the lateral direction so
that heat conductis” in this direction is small compared to
that normal to the surface.

A1l physical properties (density, heat capacity, thermal
conductivity) are considered constant for the solid and molten
regions. In addition the change of volume upon solidification
or melting is neglected. Perfect “thermal contact" between the
crust of core debris and the steel at x = 0 is assumed.
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within the fuel crust are neglectea. Thus it is
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time to quasi-steady heat transfer in the frozen layer of core
material can be shown to be comparable to the time it takes the
heat flux from the flowing core debris to exceed the conduction
heat flux through the frozen layer Ref. [3.23]. In other
words, the temperature profile in the debris layer becomes
1inear as the crust reaches maximum thickness and tends to
remain close to linear throughout the crust melting period.
From the results of the analysis reported in Ref., [3.24], we
find that for the conditions of interest, the relaxation time
for attainment of a steady state profile within the frozen
debris crust is less than 5.0 s, which is negligible on the
time scale of interest, ~ 50.0 s.

We now apply the heat-balance integral method to determine how the
melting propagates and how the temperature is distributed in the melted and
unmelted portions of i-e steel slab. Although the heat balance integral
method is particularly suited to solution of nonlinear phase change problems,

it will first be employed to determine the temperature distributicn in the
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steel slab before melting starts. Subject to the above assumptions, we need
only consider a semi-infinite steel slab occupying the space » > J. Beginning
at time t = 0, a constant heat flux g is applied to the interface x = 0;
initially, the temperature of the slab is To' The temperature distribution
must satisfy the heat balance:

&t
gt = sgc -[ (T, - T )dx (3.18)
2

and the boundary condition

A
q = -k —s (3-16)

where the subscripts s refers to the properties of solid steel. We now assume
a second-order polynominal for iLhe temperature distribution-Ts(x,t):

- A / 2
S - - -’6‘_ (3.17)
|1[ ) lo T

It should be noted that this expression is consistent with the notion of a

thermal wave thickness bt beyond which the effects of heat conduction are
negligible. Combining the above three equations gives the solution

o = (6agt)'/? (3.18)
=Tyt p i (6ast)1/z (3.19)
S

Setting the interface temperature T1 equal to the steel melting temperature

Tmp. we obtain the time tm when melting begins at the interface x = 0:

2 ng - Tq :
tm = kl ksascs 3 (3.20)

The thickness of the thermal boundary layer at this time is
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distribution in the melt layer is assumed to be linear in x.

During the melting period, the temperature distribution in the solid steel i

given by
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This leads to the following set of equations so that upon subsiitution:

alt = t,) = o[l + ¢ (Tp = T)] 6 + 7 0.C 282 /Kk

+ ,} 0gCq(ty = 8)(Tyo = T) - ‘3 24Csbp(ty) Ty = To) (3.26)

1d ( T .

TRGr -0 *F" T e
- )

T(t) = Ty ;;1 (3.28)

for the determination of &(t), FT(t) and Ti(t).

Before proceeding further, it is expedient to nondimensionalize the
equations. The new variables are defined as follows

6- T -T
t' - 8 . ~ i F .‘ m
ok SRS R R B g T L s -

The following parameters are introduced:

g = L H ylu—s
Cs imp = ‘o’ %n

In terms of the dimensionless quantities introduced in the foregoing, the
previously defined set of equations takes the form

t=3(8+1) A+31A2*AT (3.29)

da, da 1
ot S (3.30)

e S — - W P T X«
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9 -zéa (3.31)

These equations can be solved by numerical integration. However, if the
right-hand side of the first equation were free of the term 3yA2. then the
equations have the simple inverted solution for AT(r).

r=1+3(8+1)n TB_TTg_-_A?> - S(AT -1) (3.32)

which is valid for thin melt layers, 4 << (1 + 8)/A, or, equivalently, negli-
gible heat capacity in the steel melt layer,

Figure 3.7 shows the dimensionless thermal boundary layer thickness,
4ry the dimensionless melt-layer thickness, A, and the dimensionless
interface temperature, 84s for 8 = 0.34, This value of 8 corresponds to an
inftial steel temperature T = 300°C. Note that the thickness of the
thermal wave asymptotically approaches a constant value and, in turn, the
steel melt layer becomes a linear function of time.

Using the results of the anmalysic, it is interesting to examine the
thermal response of a steel wall initifally at 300°C to attack by a 30 cm
diameter stream of degraded core material superheated 200°C above its fusion
temperature and flowing at a velocity u = 440 cm/s. Inserting the above
values into the heat flux expression, we find q/A = 2150 Kw/mz. Solution
of the previously defined equations then reveal that the steel slab will begin
to melt at i - 36.0 sec and the thermal poundary layer thickness at this
time aT(tm),- 3.74 ¢cm. The temperature distribution in the slab at or
before incipient melting can then be determined. Figure 3.8 presents the
spatial variation of the temperature at t = tm. Before melting begins, a
mathematically exact relationship for the temperature distribution can be
found in Ref. (3.23] and displayed in Figure 3.8 fcr t = t,. @ comparison
of the integral method with the exact solution reveals reasonable agreement
for this special case. By means of Figure 3.7 and the appropriate equation,
it 1s possible to determine the temperature at any point of the steel slab at
any instant after melting starts, providing 4 remains small and/or the fuel

o v e ———— . e e ——————
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crust does not disappear via remelting, (i.e., T1 < Tmp f). In Figure

’
3.8, two temperature distributions are shown within the steel melt and the
solid steel regfon at t = 70 s, and t = 100 s.

Due to the rapid heating and localized meliting of the reactor vessel
wall as the degraded core material flows into the lower plenum, the steel will
achieve temperatures of 1000°C or greater at depths up to 2 ¢m in about one
minute, i.e., the approximate draining time of the material. At such tempera-
tures, there would be little strength left in this steel and, as shown in
Figs. 3.9 and 3.10 this is the approximate depth of the weld material
anchoring the in-core instrument penetrations for both BWR and PWR systems.
Since the weld material would be subject to essentially the same thermal
attack as the vessel wall, for the spectrum of sequences in which a
significant pressure remains in the primary system as well as those which have
a depressurized primary system, these penetrations could be expected to fail
during, or within minutes after, the core debris pours into the bottom head.

This analytical information has considered the effects of a molten
core stream pouring into the lower plenum, a behavior that was postulated to
result from debris accumulation on the core support plate. As such, it is
viewed as a conservative representation of the process whereby core debris is
transported from the original core boundaries into the lower plenum and
eventually outside of the reactor pressure vessel. In the evaluation present-
ed above, only the Timited depth welds for the penetrations were considered,
but the actual design of the in-core instrument penetrations could also have 2
significant effect on the material migration.

Boiling Water Reactors have a forest of penetrations in the lower
head because the control rods are driven from the bottom and the in-core
instrumentation also enters the vessel from the bottom. For the larger
systems there are 175 control rods, each with it. own penetration, several
additional penetrations for in-core neutron flux monitors, and a reactor
vessel drain, Figure 3.9 1llustrates the general configuration utilized for
both control.rod penetrations and in-core instrumen: tube penetrations. In
both cases the weld area would be subject to a three-dimensional thermal
attack in the presence of any significant accumulation of degraded core

T e —— . g Wt S e g ——
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material, Because of the large number of penetrations and the
three-dimensional type of melting attack that these would experience, as
opposed to the essentially one-dimensional melting at the vessel wall, these
penetrations would be tha first elemert of the primary system pressure
boundary to fail, particularly for meltdown scenarios in which there is
considerable pressure within the reactor vessel. In the event that a control
rod drive support is melted through and the mechanism {is ejected, the
resulting vessel breach would be approximately 10 cm in Jiameter.

For the Zion system, the 58 in-core penetrations are essentially
continuous tubing from the seal table, located in the containment building
above the top of the reactor vessel, dowin through the instrument tunnel and
reactor cavity, up through the reactor vessel and through the entire core.
The in-core instruments, of which there are only five, are inserted into the
core through these tubes and are indexed by a switching device so that the
flux distribution within the core can be mapped. As a result, at least 53 of
these positions are always open, and generally all 58 positions are open. The
centra’ nole, tirougn which the probes are inserted, is at the containment
atmosphere. Consequently, when these tubes fail, a potential path fis
available to duct material from the reactor core inte the containment. For
these particular probes, the design is a double tube configuration with the
central passage for the probe and water, at the primary system pressure, in
the annular gap between the two tubes. As a result the analysis of the flow
of degraded material through such holes when they become available is quite
complex and requires a detailed resolution of the distribution of material
within the core as well as the material temperature. Therefore, such details
have not been included in the analysis, and the accumulation of core debris on
the support structure and its subsequent collapse has been used to evaluate
the behavior within the lower plenum,

Another feature contributing to the failure of the penetrations
would be the "fin effect" of v:be stubs surrounded by core debris. Given the
accumulation of material in the lower plenum, the moiten debris would freeze
as it contacted the various stee! structures in the plenum., As a result, the
reactor vessel, the lower support structure, and the remnants of the in-core
instrument tubes would be initially covered by a crust of core debris. In the
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absence of a sustained molten stream and ablation as discussed above, the
temperature of the weld material around the penetrations would increase faster
than the vessel wall since the stainless steel penetrations stubs would
conduct energy from the molten pool into the welds. Consequently, these
limited penetration junctions would be the first part of the reactor vessel
pressure boundary to fail even in the absence of a strong ablative attack by
the molten core.

Given that an in-core instrument guide tube is melted through and
ejected, Figure 3.11 schematically illustrates this configuration in which the
molten core material flows through this breach under the driving pressure of
the overlying steam/gas mixture. The velocity of this discharge can be
estimated by Bernoulli's equation where the core material is assumed to all be
liquid:

1/2
2P, - p )]
y = [--2;-JL- (3.33)
L = J
For the depressurized cases (large break LOCA sequences), the

driving pressure comes from the static head (ofgh) which produces a velocity
equal to U = (Zgh)l/z.

The pressures P° and Pa represent the vessel and primary
containment conditions respectively and o is the density of the molten core
material, As the high temperature 1iquid flows through the breach, it will
contact comparatively cold steel in the process. The interface temperature
developed upor. contact u given by

1/2
.
F~ s | keogCe
T = (3.34)
koc | /2
$8SS
F

R v
| Keee

where TF and Ts are the initial temperatures of the core material and

steel and "F' er Cps ks' Py and g are the thermal conductivity,
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density and specific heat of the core material and steel, respecti:

typical conditions of {interest (T. ~ 2200% and 'S v 250°C), thi
{nterface temperature is well below the melting points of both the steel and
the fuel/zirconium oxide mixture. Consequently, the molten materfal freezes
upon contact forming a thin crust of material as shown in Fig. 3.12 which
tends w0 insulate the steel from the molten stream. The solid crust receives

energy from the convective stream as given by the expression

= hA (T, = 1 ) (3.35)
q F m,F

L

where h is the convective heat transfer coefficient, A is the surface area of

the crust, and T is the melting point of the fuel/zirconium oxide mix-

m,F
d

’
ture. Using Reynolds' anmalogy, the heat transfer coefficient can be related

*n
U

where f is the dimensionless friction factor (f = 0,008). If the vessel
oressure i1s assumed to be 17.2 MPa (PWR system), the discharge velocity would
be about 70 m/sec, and the corresponding heat transfer coefficient wou'd be
approximately 735 kw/m2°c. For the highest pressure in a BWR system, 7
MPa, the discharge velocity would be 43 m/sec and the heat transfer
coefficient would be about 45C kw/m2 O¢. The resulting heat flux must be
transferred through the crust and into the steel. If the crust is too thick
to transmit the required energy, t will remelt until it is sufficiently thin;
{f the steel cannot absorb the imposed heat flux 1t will also melt. The time
required for thermal boundary layer development within the steael to the point
where 1t can no longer remain solid can be estimated from the error function
solution for an {nstantaneous change of surface temperature where the

interface temperature is assumed to be the steel melting point:

'S

v, [ \1/2
)/ (\~as':> /
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The steel thermal diffusivity is designated by a,, and the time interval Dy
8. Thus, the expression for the required time is obtained by rearranging the

above equation to

-

- \ 16

Lh!‘; ~ ‘:.,/.

For the conditions outlined above, the time for the onset of steel melting fis
0.04 seconds, which is quite short compared to the vessel discharge time,
Consequently, even with the presence of an insulating crust, the steei sub-
strate will be quickly driven to melting because of the high heat flux impnsed
by the convective stream.

Melting of the steel substrate below the fuel crust will jeopardize

of this crust. The thickness of this crust can be estimatec

kt<TF|T b Ts_ﬂ>/n(?F - :'m>

For the temperatures and flow condition listed above, the fuel crust would
only be approximately 66 um thick which would have negligible strength; this
is in agreement with the stability arguments presented Dy E-stein, et. al.
Ref. [3.25]. Therefore, once steel melting is initiated, the thin crust of
core miterial would be continually formed, destroyed, and reformed. The only
significant implication of the crust would be the limitation that it provides
in the energy transfer process, i.e., it determines the driving temperature

difference for the convective heat transfer from the molten stream.

As a result of the behavior described above, the steel will be
melted very shortly after the penetration is established and the convective
stream will continually attack the reactor vessel wall., This ablation process
will enlarge the original failure size at a rate which can be obtained by
equating the convective energy transfer to the energy required to melt the
steel:
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The derivative dr/dt is the growth rate of the breach radius, As is the

exposed cylindrical surface area of the steel, and Vs is the heat of fusion

of the steel. From this expression, the growth rate of the breach is a con-
stant and is given by

dr MTg = Tg p)

at 2 (¢s(Tg,m '*;T‘ Y " S

As a result of this ablation, the available flow area through which the molten
material can be expelled from the vessel will increase substantially during
the core ejection stage.

With the configuration illustrated in Fig. 3.11, the incompressible
molten material is forced out of the vessel! by the high pressure, compressible
gas/steam mixture above the core debris for the transient and small LOCA
sequences and by the static head of the molten pool in the large break LOCA
cases. Since, for the high pressure cases, the volume occupied by the molten
core is small compared to the initial volume of the gas/steam mixture, the
vessel pressure and, therefore, the discharge velocity, will remain essential-
ly constant during the expulsion process. Thus, the exhaust flow can be
described by

me= oFAcU (3.42)
where
A, = arl = 2y + 8t)? (3.43)

For postulated large break scenarios, the discharge velocity will decay with
decreasing pool depth as given by U = (Zgh)”2 where g is the acceleration
of gravity and h is the instantaneous pool depth. Since this is a compara-
tively weak dependence of depth, in these analyses, the velocity is assumed to
remain constant at the initiai value.

The quantity Vs is the radius of the initial vessel failure. To

express the total mass discharged at any point in time, one only has to
integrate with respect to time:
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oo ocln | (r. + Bt)C dt = peln [rt + r 882 + "2‘3] (3.44)
°r Jr o °r 0 0 5 B ’

This mass discharged as a function of time is grachically {llustrated for
typical PWR scenarios in Figs. 3.13-3,15: Fig. 3.13 for the large break
sequences, in Fig, 3.14 for the small break cases and Fig. 3.15 for the
transient cases. In addition, Fig. 3.16 11lustrates a similar BWR calculation
for an assumed failure of a control rod drive penetration and a vessel pres-
sure of 7 MPa, It is apparent from the functional form that the flow rate ‘s
continually increasing because of the linear growth of the radius with time.
For all the PWR scquences shown, the final vessel break is almost the same,
and the breach diameter is less than one-tenth of the vessel diameter. This,
and the relative time scales for complete discharge for the various transients
(~ 4 seconds for the high pressure cases versus almost 80 seconds for the
large LOCA sequences), are the principle results developed by this analysis.
Subsequent discharge of the follow-on gas/steam mixture for the elevated
pressure cases and the rasultant containment Schavier should be calculated
based upon this vessel breach size.

Given the vessel failure mechanism discussed above and the size of
the resultant breach in the vessel lower head, one must then evaluate the
progression of the degraded core material into the reactor cavity and the
containment using molten core material discharge rates and conditions as
calculated from this failure mechanism as well as the behavior and influence
of the follow-on steam/gas mixture which blews down through the vessel breach.
These phenomena must be addressed in terms of their influence on the ultimate
disposition and coolability of the molten core debris.

Vesse! failure for vessels without lower head penetrations have also
been considered in tne IDCOR program. These analyses are included as
Appendix A to this report.
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3.4 Debris Dispersa!

3.4,} Hydraulic Jump

For those postulated severe accident scenarios in which a substan-
tial pressure is avaflable within the primary system at the time of vessel
failure, the high velocity discharge of molten core debris into the reactor
cavity/instrument tunnel/pedestal region would have a pronounced influence on
the dynamic configuratiom of the accumulated debris. As discussed previously,
such hypothetical accident initfators could be a transient or a small break
LOCA. A large break LOCA is no*t a part of this evaluation since the discharge
rate weuld only be that re:zulting from the static head, which is a
considerably lower velocity than those typified by the other two accident
fnitiators.

As the material is discharged from the vessel, the high velocity jet
would impinge on the concrete working slab and spread as illustrated for a PWR
reactor cavity in Figure 3.17, while it is also attacking the concrete.
Initially the spreading flow would be radial, but given the typical personnel
access path of reactor cavity/instrument tunnel/pedestal regions, the flow
would quickly spread to the reactor cavity walls and then be directed through
the instrument tunnel or personnel passageway should this be available. In
the Zion configuration, for example, the instrument tunne! is approximately
two meters wide and four meters high. As shown in Fig. 3.17 this
configuration runs horizontally for a distance of about seven meters and then
runs upward at a sharp angle to the containment flcor about e1ght meters
above. As the flow is directed into this instrument tunnel region, the flow
velocities would be sizable, i.e. for an assumed depth of 0.1 m, the material
velocity at the end of a transient accident secuence could be over 17 m/sec.

As the molten core debris flows through the instrument tunnel!, the
material momentum would be decreasing due to viscous shear in the melt. The
magnitude of the viscous dissipation can be estimated from a turbulent
bouncdary layer fermulation. The shear stress varies with the Reynolds number
which is given by

o ————— - ———— - S —— B e T
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Ny = 3= (3.45)

where 3 is the debris kinematic viscosity and x is the distance along the
surface in the direction of flow. For this order of magritude representation,
we will use a value of 1 m wnich will overestimate the frictional term. Using
a value of 5.7 x 10'7 mz/scc for the kinematic viscosity as recommended in
Ref. [3.26] yields a Reynolds number of 3 «x 107 and the turbulent drag
coefficient corresponding to this value is about 0.0025. The shear force on
an area 7 m long and of unit width is

P U2
F = 0.0025 (7) HE— 17,700 N (3.46)

for a velocity of 17 m/sec. This can be compared to momentum of the stream
Fy * U = o (0.1) U% = 202,000 N (3.47)

which shows that the momentumn is at least an order of magnitucde lTarger than
the shear force at the wall, As a result, only the potential flow character-
istics need to be considered in the order of magnitude assessment.

Given such high velocities, the high density flowing stream would
experience a nydraulic jump somewhere in the instrument tunnel region for this
reference plant design because of the steeply inclined shaft at the end of the
horizontal section. Across a hydraulic jump, the energy is redistributed from
a high velocity, lew static head state to one of a low velocitv, high static
head. This behavior is illustrated in Fig. 3.17 for a flow stream of depth y,
and velocity U decelerating to a velocity U2 with increased depth 7T
Equating the forces and momentum change between the two states results in

<
—

. y -
boegydy + m Uy = .fz beggydy + m, U, (3.48)
0

o

where 61 is the liquid flow rate and b is the width of the instrument

tunnel, Carrying out the integration gives
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and if the continuity relatfonship is used to eliminate the velocity UZ’ the
expression can be written as

2
9¥'|2 2 9Y,
Tt O -nin) == %

Solving for the depth Yy in terms of 2 yields

T2

/.vz)_l (3.57)

L )

and if y1/y2 is much less than unity, the expression can be approximated
by

2 1/2
Uy
‘ ] ] (3.52)

l_1
In general, for the conditions of interest, the first term inside the brackets

ifs small compared to the second term, thus the equation can be further sim-
plified to

2y1\ 1/2

and since the flow rate tn the instrument tunnel (m ) is given as

the equation for the hydraulic jump height can be expressed in terms of the
imposed 1iquid flow and the initial height (y‘):
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m \ 1/2
¥y & g f ot | (3.55)
2 bog gy,/

As fllustrated, the jump height only varies as the square root of the initial
height.

These calculations show the jump height to be relatively insensitive
to the inftial depth of the jet flow. Consequently, to provide comparative
values for this betavior in the particular accident initiators of interest, an
fnitial depth of 0.1 m will te assumed and the flow rate (and thus the
velocity) will be determined by the material discharge rate at the end of the
discharge interval for the core debris,.

For the case in which ¥ would be 0.1 m and U1 would be 17 m/sec
(the transient case), the value for ¥, would be 2.4 m, i.e., the hydraulic
Jjump would be substantial and the above assumption of y1/y2 being small
compared to unity would be justified. If the approximate analysis is compared
tc th2 tmall breal cace, at the end of the core debris discharge interval the
vessel breach area would be about 0.05 m2 and the velocity would be 45 m/sec
(reactor vessel pressure of 7 MPa). The material velocity in the instrument
tunnel for an assumed depth of 0.1 m would be 11 m/sec and the valve of Y;
would be 1.6 m, in which case y1/y2 would again be small compared to
unity.

As a result of the dynamic forces inherent in the high velocity
discharge of the moliten core debris in the transient and small break
scenarfos, the configuration of the debris at the end of the liquid discharge
interval would be similar to that illustrated in Figure 3.17. It is this
configuration which then responds to the subsequent high velocity gaseous
discharge of a steam/hydrogen mixture through the breach in the reactor
pressure vessel. The effects of this discharge will be analyzed in the
following subsection.

This dynamic debris configuration could be very influential in

determining the dispersive capabilities in the BWR containment designs. For
example, such an initial configuration would provide for a more rapid and

i e e —— | —— ———————————————g . . —_—



uniform material removal in a Mark IIIl containment with a2 "sunken" pedestal
geometry.

In the rase of the large break LOCA, the dynamic behavior of the
1iquid discharge, while qualitatively the same, is corrc.pondingly reduced in
magnitude. For instance, with an assumed discharge velocity of 4 m/sec, a
vessel breach area of 0.05 mz. and a depth (y]) in the instrument tunnel
of 0.1 m, the depth after the hydraulic jump would be 0.17 m. This is a much
smaller effect, but the most important difference is the depressurized state
of tne primary system, i.e., there would be no subsequant behavior to sub-
stantially change the pool configuration. Therefore, the hydraulic jump would
subside after the 1iquid discharge interval.

3.4.2 Steam/Hydrogen Blowdown from the Primary System

At this juncture in the scenario (i.e., at vessel failure), there
would be a major difference between the ex-vessel event progression for the
large break LOCA's versus the small break LOCA's and transients because of the
elevatea primary system pressure in the latter two types of sequences.
Consequently, this subsection only relates (in a physical manner) to small
break anu transient sequences.

Following the release of degraded core material from the reactor
pressure vessel, the steam/hydrogen mixture will be discharged from the system
for those defined accident scenarios in which the primary system has remained
at an elevated pressure. For such sequences this represents a large volume of
gas, with a pressure potentially equal to or slightly above tha nominal
operating pressure, being discharged through a vessel breach which could be up
to 40 c¢cm in diameter. For PWR small break LOCA sequences and BWR transient
sequences, a characteristic primary system pressure at the time of the gaseous
discharge could be 7 MPa. The discharge of this vapor/gas mixture would be
determined by the compressible flow characteristics of the mixture with the
primary system pressure greater than approximately twice the containment
pressure. The resultant dynamics of the process must be bdased on this
compressible flow behavior, which can be treated as being isothermal in order
to simplify the calculations for these illustrative examples. This also
provides a representation of heat transferred to the gas as it attempts to

e e e ——p—— —— o - e e = - - —— - ——
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to an isothermal discharge

be expressed by

where R is the gas constant for the specific mixture and T is the temperature
.

of the mixture, which was taken to be 600K in these calculations. As

the

high velocity stream passes thrcugh the reactor vessel breach, it will have a
static pressure about 60 percent of the primary system pressure at any

instant. (The critical pressure ratio for an isothermal expansion is 0.6.)
since the gas mixture pressure is substantially above the containment pres-

3 4 1 ra) 4 (11 : ’ o
ure, additional acceleration will occur in the unbounded, single phase,
The asymptotic velocity (U,) achiaved by this

vy

unbounded
Ref.

isothermal velocity of the thr d i ual to the sonic
In this expression, ‘ w rate per unit area at the

P, is the pressure at . and :a is the pressure
reactor cavity at any instant in time. Assuming an equal volume

mixture of steam and hydrogen, the isothermal veiocity at the throat would be

about 700 m/s. Assuming tha the primary system pressure at the time of
fnitiation for the steam/hydrogen release is 15 MPa (PWR transient), the

throat pressure in the breach of the reactor vessel would be § MPa, the gas

density at the vessel breach would be 18 k;,’*3 which results in a mass flow
rate per unit area of approximately 12,770 k3/m~-sec. Assuming the contain-
ment atmosphere at this time is 0.1 MPa, the resulting supersonic velocity for
the unbounded expansion of the single phase, critical flow jet is approximate-
ly 1400 m/sec for both types of accident initiators. This supersonic velocity
jet is directed towards the pool of degraded core material which has accumulated
in the reactor cavity or peiestal region. It

is the stagnation of this

supersonic jet which would h ve a major influence on the ultimate distribution
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of accumulated degraded core material. The stagnation pressure Po for this
supersonic gaseous jet can be calculated for an assumed isothermal process as

s 0
- f vdp = S udu (3.58)
Pa s

For the PWR small break initiator or the BWR transient accident scenarios, the
primary system pressure at reactor vessel failure could typically be 7 MPa,
which would produce a pressure at the breach of 4.2 MPa. The resuiting flow
rate for these conditions would be approximately 6000 kg/sec-mz.

3.4.3 Removal of Core Debris From Reactor Cavity Region

In conjunction with the dynamic considerations discussed above for
the molten core debris, the subsequent discharge of high pressure steam and
hvdrogcen would have a substantial influence on the ultimate disposition of the
degraded core material. Cefore considering the ultimate effects, 1% is
instructive to consider the initial influence of the high pressure gaseu.”
discharge even if the hydraulic jump configuration discussed previously is not
established and the molten material is initially configured as a quiescent
1iquid pool.

As high velocity steam/hydrogen mixture impacts on the upper surface
of the quiescent pool, the superscnic flow is stagnated and diverted at a
right angle. Carrying out the integration shown above for an assuﬁed iso-
thermal process yields

2
P U
n [FE-]- n‘w (3.59)

and for an equal volume mixture traveling at 1400 m/sec, the stagnation
pressure ratio is almost 0.7 MPa. Thus, for a containment pressure of 0.l
MPa, the isothermal stagnation pressure on the surface of the molten debris
pool would be 0.7 MPa., This pressure is imposed on the liquid surface which
would deform by moving downward, and the stagnation pressure would represent



\

[
where o, is the molten core debris density. This would produce 2 downward

velocity of about 14 m/sec.

Given this downward velocity of the pool in immeciate contact with

an assumed initial pool depth of 0.3 m, the material would be

~N AN

the original impact area in about 0.020 secs. Therefore, the

. . . 3
mametTer AF Rirh mrlie
consist of a high amplit

ch time

. wou a JCE. narrow

.18. After this interval, the steam/hydrogen gas jet
will penetrate to the floor of the reactor cavity where i1t stagnates and
reverses as also shown in th's figure. With

surface and the high veloc 'ty ¢ flow out of the

naterial removed wouid

and entrainnent of the resultant ris ( ! . The particle size

of the debris material ¢ im ( . levi ion in the high

the racdius of the particle, :g
the velocity of the gas stream,
a sphere in an infi
flow is about 0.5 Ref. [3.28], which is the value used in these calculaticns.
4owever, for a dense array of entrained masses, the drag coefficient coula be
-ons . erably greater than the above value. This would mean the gas stream

would be far more efficient in the entrainment and removal processes than 1is

credited in these calculations., If the drag force is equated to the weight of
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the sphere, the expression for the radius as a function of the gas velocity is
given by

2

o -%KSEF;S- (3.62)
where g 1s the acceleration of gravity. The velocity of the gas in the
instrument tunnel or personnel passageway can be estimated from the blowdown
rate through the reactor vessel breach, the density at the containment
pressure, and the cross-sectional area of the instrument tunnel or passageway
(Ait)' For a PWR transient sequence, the pressure in the primary system at
the time of reactor vesse! failure could be about 15 MPa and, with a breach
diameter of 0.34 m, the resulting gas discharge rate would be approximately
1160 kg/sec. If the containment pressure at the time of vessel failure is 0.3
MPa, the density for an equal molar mixture of hydrogen and steam at an
assumed temperature of 300°C would be 0.6 kg/m3. and the corresponding
velocity in the instrument tunnel (A1t n 7 mz) about 276 m/sec. Given
such conditions, sizable particles could be entrained and levitated. Thus,
the breakdown of the material in the distorted ring would be in the form of
large particles entrained in the gas stream.

As the gas discharge continues, the impingement and reversal of the
steam/hydrogen jet, as illustrated in Fig. 3.19, requires an average pressure
on the concrete (Pi) interface which can be expressed as

(P1 - Pa) (Aa + Al) = Hg (Ua + UT) (3.63)
where Aa is the area of the gas jet at the asymptotic diameter, A1 is the

area available for the gas flow after reversal, and Yy is the average
velocity after reversal. This can be rearranged to give

A ?IS'A'{ (3.64)
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Fig. 3.19 Stagnation and reversal of the
high velocity gas jet.
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This illustrates that the average pressure decays 2s the ar2a for reverse flow
increases. The reverse flow area can then be equated to the total surface
area over which the pool has been removed minus the asymptotic jet area
(Aa).

The pressure acting to push back the molten debris pool can be
approximated by the addition of the average static pressure required to
reverse the jet plus the dynamic head of the gas flow at the base of the
molten pool. For an equa! volume steam/hydrogen mixture, the stagnation
pressures for this flow at the base of *he pool are small compared to the
static pressure required to reverse the jet; thus only the static pressure due
to reversal is considered here,

As a result of the elevated static pressure at the base, a radial
movement will be induced into the pool. The rate at which the radial movement
would progress can be estimated from the radial acceleration (a):

3 & Seus (3.65)

where the driving pressure difference (4P) is determined by the gas jet
reversal behavior and the half length of the wave (i) resuiting from the
surface distortion as illustrated in Fig. 3.20, For these approximate calcu-
lations, the length (i) is assumed to remain constant, and the sensitivity to
the value is determinred by assuming a range of characteristic values.

Once the acceleration is determined, the material velocity (v) can
be estimated in the finite difference calculations by

o + ast (3.66)

where Y fs the velocity in the previous time step and at is the time step

interval. Along with the velocity, the change in radius (r - ro) can be
obtained from
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2

. ] -
Pt vot *xat (3.67,

where ", is the radius at the beginning of the time step. The volume
displaced by the movement (2V) is given by

av = n(r2 - rg)h (3.68)

where h is the pool height in the undisturbed zone; and for a fixed length
(z), this results in an added increment to the wave ieight (aZ) as expressed
by

Al = AV/(Zwron) (3.69)

As the wave height (Z) grows, the traveling velocity for the wave (Uw)
increases as given by

r4
S
-
~
~
—~
(8}
~J
o
—

which for a 1 m high wave would produce a traveling velocity of 3.1 m/sec.
This traveling velocity of the wave along the surface can then be compared to
the material velocity to cetermine the basic character of the wave. For
instance, if the traveling velocity is large compared to the material
velocity, the wave will "stretch out". However, if *he material velocity
exceeds the traveling velocity, the amplitude of the wave will increase.

In Ref. [3.29], finite difference calculations were carried out for
half wave lengths of 0.1 ana 0.3 m thickness, with the calculation started
from a condition where the area for gas jet reversal was equal to the
asymptotic jet area placement previously discussed. The volume displaced by
such an initial condition was assumed to be accumulated on the liquid pool
with a thickness equal to the half wave Tength as shown in Fig. 3.20. These
calculations, shown in Fig. 3.21, illustrate the basic characteristic of the
dynamic process, namely that the amplitude of the wave increases rapidly as
does the material velocity. In fact, the material velocity is in excess of
the wave velocity characterized by the amplitude. Thus the wave generated by

e v - —— ———————————
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the dynamic response wou'd be a2 high amplitude, short wave length disturbance,
such as shown in Fig, 3.22 for the case where ¢ = 0.3 m, which could travel
out to the walls of the reactor cavity and through the instrument tunnel at
velocities of tens of meters per second.

Given this dynamic response, the major characteristic produced by
the gas jet impingement transient is similar to that generated from the liquid
flow alone, 1.e. a major fraction of the degraded core material would be
transported down the instrument tunnel te the upward sloping section. At this
locale, the configuration of the debris would be approximately the same as
that developed by the "hydraulic jump" behavior. Since the material velocity
could be several tens of meters per -second when the wave of molten debris
reaches the upward sloping portion of the instrument tunnel, the momentum of
the wave itself could play a substantial role in removing the material from
the reactor cavity/instrument tunnel region. For the configuration considered
in Ref. [3.29], the distance from the floor of the reactor cavity to the floor
of the containment is about 8 m, If the sloning configuration of the
instrument tunne] aiverts the movement from horizontal to essentiaily
vertical, a velocity of slightly over 12 m/sec would be sufficient to enable
the materia! to Teave the tunnel region in the presence of gravitational
deceleration. This velocity is well below that calculated from the longest
- wave length.

Another aspect of this dynamic deformation process which should be
considered is the influence of water in the reactor cavity/instrument
tunnel/pedestal region along with the core debris. For some potential
accident scenarios, the degraded core material could be submerged in water and
undergoing a vigorous vaporization process. As discussed above, vigorous
vaporization would be limited by the liquid (water) flooding limitation
applied to the instrument tunnel area or a CHF limitation over the pool
surface area. Such a limitation would only apply until the onset of the high
velocity gaseous discharge from the reactor pressure vessel. With the dynamic
processes induced by this discharce, the heat axchange between the core debris
and the water would be augmented substantially, with the principal result aof
the process being an accelerated quenching of the core debris. This process
would occur over a time interval less than one second, and would correspond to
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the time available for removal of the degraded core material from the
instrument tunnel region.

The steam produced by the energy transfer process duriig this period
would be added to the coniainment environment. If the bulk water condition in
the reactor cavity/instrument tunnel/pedestal region is one of subccoled
1iquid, the dynamic process brought on by the high velocity gaseous aischarge
would be primarily an increase in the sensible heat of this water with little
net steam generation.

The geometric configuration of the reactor cavity/instrument
tunnel/pedestal regions can substantially influence the overall behavior of
the material discharge into the containment for those postulated sequences
resulting in a high velocity gaseous discharge. More specifically, while the
major motion generated by the combination of high velocity Tiquid discharge
follcwed by high pressure steam/hydrogen blowdown would produce a combinaticn
of a hydraulic jump and wave behavior, breakup and entrainment of the molten
“ur that fraction of melerial not removed
by the initial dynamic response, entrainment will be the principal removal
mechanism from the cavity region. This is demonstrated by comparing the
entrainment velocity (Ue) Ref. [3.30] with the average one-dimensional
velocity in the instrument tunnel:

material wouic aiso occur., In Tact,

N2/
0 . 3.7 (QO(DFO )) (3.71)

1

e (Dg) /
where g is the acca2leration of gravity, ¢ is the surface tension of the core
debris mixture, oF is the density of the degraded core mater+al, and °g is
the density of the steam/hydrogen mixture at the containment pressure. For
example, consider the debris to be 7000 kg/m3. the surface tension to be 1.0
N/m, and the density of the steam/hydrogen mixture to be 0.6 kg/m3
corresponding to a containment pressure of 0.3 MPa (the transient sequences).
Under these conditions, the resulting entrainment velocity would be 77 m/sec.
For the instrument tunnel cross-sectional area of about 8 mz. the initial
gas discharge of approximately 550 kg/sec would result in a velocity of about

— — Ay ———
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115 m/sec, which is greater than _he entrainment value. However, the
horizontal-to-vertical geometry of the instrument tunnel provides a means
whereby the entrained material, particularly the larger sizes, can be
separated out of the gas stream and redeposited on the far wall of the

instrument tunnel.

This separation process and its relative efficiency can be
i1lustrated by a simple example. Consider the geometry shown in Fig. 3
with the characteristic lengths L]. LZ' and L3. Assume a spherical
particle of radius "o is accelerated by the horizontal gas fiow over the
length L1 with constant acceleration given Dy

where Uq is the gas velecity in the tunnel. The particle velocity at the
end of length L, would be
i

T .
v = (2aL_ )"
’1 \uaL1,

At this position, the particle would have a horizontal velocity but the gas
stream would be diverted to an essentially vertical path. If the tunnel
cross-sectional area is assumed to remain the same, *he vertical acceleration
would be equal to that given above. However, for the particle tc escape the
tunnel intact, it must not impact on the opposite wall where it would be
combined with a liguid film of core material, which would occur in a time
interval given by

L

t =

~

)

4

1
|

Consequently, the particle must be accelerated vertically so that it travels
the distance -3 in this time interval:
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Fig. 3.23 Instrument tunnel configuration for
separation calzulations.
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Substituting the ex i 3 into this

yields

This represents the vertical dist:nce traversed before impact would occur on

the opposite wall. Using typical values of 3 m for L, and 6 m for L,

1

ives a value of 0.38 m for L., which is far lecs than the actual distance.

-

Hence, the separation process generated by the tunnel geometry would be very

1
1

efficient in recombining discrete 1iquid globules.

T *hie ec+a+pn than matarial A1 Ad ko tmamemmynd s imard #a +hn

containment floor as a recombined liquid stream. The governing expression for
vertical transport is the “flooding" velocity for liquid films (UF) which
can be expressed by Ref,

where the variables in the expression are the same as those defined in (3.71

/e

-~

Since the constant is 3.0 for flooding as opposed to 3.7 for entrainment, a
flow rate which satisfied the entrainment criterion will also exceed the
flooding 1imit, i.e. the 1iguid film would be transported upward.

In summary, three key methods have been identified whereby the
molten debris could be removed from the reactor cavity/instrument

tuinel/pedestal region principally as a continuous 1iguid mass:
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1. The high velocity liquid discharge directed inte the
horizontal-to-vertical instrument tunnel configuration thereby
producing a hydraulic jump.

2. lLarge amplitude, short wave length wave formation which could
alsc be directed into the upward sloping tunnel,

3. Entrainment with redeposition on the tunnel walls as a resil*
of the curved flow path.

As a result of these influences, for those postulated accident
sequences which result in an elevated primary sysfan pressure at the time of
reactor pressure vessel failure, the containment model assumes the material is
removed from the cavity region at essentially the initiation of gaseous
discharge. Since the major fraction of material is removed as a liquid mass,
the containment evaluation model assumes it is distributed on the floor of the
adjacent containment volume. Continued quenching could result in this region
with the steam being added to the containment atmosphere.

In summary, for those sequences in which the RCS pressure is
elevated at the time of vessel failure, the molten core debris accumulation
within the reactor cavity/instrument tunnel/pedestal region would be a
temporary condition. Pecause of its own momentum during this high oressure
Tiquid discharge and also the high pressure steam/hydrogen discharge which
follows, the core debris would be pushed out of the cavity/pedestal region and
onto the containment floor in a time interval in an order of magnitude of one
second. This debris removal time is short compared to the gaseous blowdown
time of the primary system.

For lTarge break LOCA conditions, the core debris drafns from the
vessel under its own static head and there is no high velocity gaseous dis-
charge to disperse the material. Consequently, except for that material
dispersed by ex-vessel steam explosions, the core debris would accumulate on
the fYoor.of the reactor cavity/instrument tunne'/pedestal regions. It should
also be noted that BWR systems would also depressurize through the Automatic



Depressurization System (ADS) for most ©

.

Hence, the dispersive potential would be neglf

2 "
gehavigr

Molten material moving from the original core boundaries into the
lower regions of a BWR would tend to flow preferentially between the control
rod drive (CRD) guide tubes. The thermal response of the material as a result
of this downward flow of molten debris over the outside of the tubes must
consider the thermal time response of the guide tube wall and the vaporization
of water contained within the tubes. A model for the thermal response of the
corium in the lower plenum has been formulated assuming that the diameter of

the tube is sufficiently large that a slab approximation can be made.

During the introduction of molten core debris into th Tower plenum
the control rod drive tube as shown in Fig. 3.24 will be at least partially
filled with water, which by vaporization on the inner surface will maintain

the steel tube near the saturation temperaiure of the water, Assuming

that Tsat is constant, the thickness of the solidified corium izser is small
compared to the radius of curvature of the tube, the molten core material is
quiescent, material properties are constant, and the temperature difference
across the upper CRD tube s small, the transient temperature solutions in the
solidified and molten core material can be determined, respectively, from the

relations given in Ref, [3.24],

T
mp

" erfti

erf .

T.(x,t)
’ 2(3St)T/2

where Ts(x.t) is the time dependent temperature profile of solid layer, and

TL(x.t) = Ta
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Fig. 3.24 Centrol rod drive guide tube configuration.
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where TL(x.t) = time dependent temperature profile of liquid layer

a = therma! diffusivity (s = solid layer, L - 1iquid layer) in

which the surface temperature at x = 0 is zero and the
fnitial 1iquid and meliting point temperature are T_ and
Tmp. respectively. .

The location of the freeze front is given by:

X(t) = Zx(ast)wz (3.80)
The value of A is determined from the transcendental relation:
( S .2
U a (To - Tmp) =P K: = > 172
e . __L __s- L - Als (3 81)
erfl 13 a cs Imp '

172
aS
Tmp erfca (q)

where: L = latent heat of fusfon and ¢ = specific heat. Fig. 3.25 provides 2
sketch of the thermal transport.

For the case in which the coolant temperature is non-zero, but
finite at T , a shift in the temperature scale is required. Redefining T* =
T - T, the relations are simply modified to replace T by T* in Egs. (3.78),
(3.79), and (3.81,. Further, the 1iquid and solid properties of the fuel are
taken as equal so that these relations reduce to:

Tt
- = m
THx,t) = ooy erf z(as:)m (3.82)

T* - T*

TH(x,t) = T3 - —%&T"'E erfc

'—1-7-2 (3.83)
Z(Gst)

and
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- =
erfl T;p erfci cT,;p

(3.84)

For the simplified case in which T° =T , Egs. (3.79) and (3.81) reduce to:

mp
Tt(x.t) B T;p (3.85)
and
2
- 1/2
e Lw
erfy ET;D (3.86)

Typical conditions for molten core material Tm
water would be:

0 with 500°K cooling

T.. ® 2673°K, T_ = 500°K and e 2173°K

2

L =3 x 10° ki/kg

c = 0.6 ki/kg - °K

a*7.9x10"7 né/sec

2

2 xo‘ erf A = 2,45 from which » = 1,0, the

The value cT;p/Lw
asymptotic value.

For the case of superheated molten core material of 7 -~ 3000°K
and the same base conditions as atove, A = 0.9, In the numerica. ythm
this value is used for cases {3 which superheat is considered. It has only a
minor influence on the thickness of the frozen layer,

The energy transfer rate to the water can be determined from the
wall heat flux:

Ml np - (kd/s-m?) (3.87)
m— 2 s-m »
X =0 orfx(wc)l/!4f172
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It should be ncted that although the presence of the steel tube

the very high initial wall heac flux, as this initial transient proceeds its

1

temperature will quickly decrease so as not to seriously perturb the original

assumption of no tube influence. his initi surge will also tend to prevent

film boiling ‘ rring inside

tube water and that

the time 1nterva!'s
required for tube dryout

considered, this time 1is

= i ' heat sink

time, no further freezing on C {11 occur and the thickness

he frozen layer can be rmined 4 with a correction to

Emn " P na 4
or any e a

- .o

~men

The average temperature the frozen lay at boil-off the

ten corium 1s removed t 1 r plenum, is obtained simply by

P

tegrating the solf profile and spatially averaging since a

form temperatu rofil establish much more rapidly than the material

s

remelt b) 3 . The adiabatic temperature rise rate

2°K/sec. 2 simpl cese:




- 80 -

T

*
m
er

Te(t,) =

£ /. ‘_Az\) (3.90)
er - po
A \X ]w

We note that the initially frozen material will have relaxed
thermally so that the frecze front progresses according to Eq. (3.80).
Therefore, with the CRD guide tube configuration in BWR systems, a
considerable amount of debris can be held-up as frozen crust on the surface of
the tubes and steam can be produced by vaporizing the CRD water on the inside
of the tubes. This is modeled in the MAAP code.

3.6 Summary

The major issues of in-vessel and ex-vessel coolability can be
addressed through a variety of models for particulated debris, all of which
demonstrate reasonable agreement for particle sizes of about 1 mm., If the
debris could be fragmented to sizes much smaller than this, the limitation to
the removal would lie within the bed configuration itself. For much larger
sizes, the limitation to bed heat removal appears to be hydrodynamic
conditions at the top of the bed.

With the failure of a lower head penetration, the ablation of :he
reactor vessel wall by the high temperature debris is considerable and would
be influential in determining subsequent events such as debris dispersal.
Similar considerations must also be given to the material discharge following
the overheated vessel failure for those configurations without bottem head
penetrations.

Debris distribution within the reactor containment building follow-
ing reactor vessel failure could be substantially influenced by the gaseous
blowdown for those accident scenarios where the primary system contains a
considerable pressure until vessel failure. These considerations are greatly
dependent upon the specific geometry of the containvent building and must be
evaluated for each individual design. Hence, influence of these forces is a
function of the accident sequence and specific geometrical characteristics.
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thc major issues, (1) in-vessel and ex-vessel debris coolability,
(2) vessel failure and (3) debris dispersion, experimental information has
been reported for debris coolability and dispersion. The debris bed
experiments have been principally oriented toward measurements of the maximum
heat removal! capacity (dryout heat flux) for particulated beds with uniform
spherical particles. The three major studies, Refs., [4.1, 4.2, and 4.3]
accident evaluations will be discussed in this section.

A 1

Exreriments Ref, [4.4) \C e potential for dehri

L
ersal have been carried out in bench : configurations of the Zion

eactor cavity/instrument tunnel configuration and also with a simulation of

4

WR Mark III pedestal region, Ref. [4.5]. These experiments were performed

with both water and cerrulo (a high density metal alloy with a low melting
temperature) tu determine the gaseocus velocity required to effect aeoris

1ispersal, These will be cummarized in this section.

Debris Eed Dryout Experiments

Debris bed experiments have generally been performed with uniform
spnerical particles in various depths. While extensive numbers of experiments
have been performed over a wide range of particle sizes (100 microns to 1.5 ¢m
in diameter) only three experiments have been performed in the range of

11

interest for LWR accident scenarios. These are the experiments reported by

Trenberth and Stevens [4.1], Squarer, et al [4.2] R

and Barleon and Werle [4.3
These tests cove~ a range of particle sizes from about 500 ym to 1.5 cm in
diameter and were conducted with either induction heating or direct electrical

heating of the particles.

Trenberth and Stevens varied both the particle size ansd the bed
depth in their experiments. These tests demonstrated the strong influence of
the bed cepth for rather shallow beds with a marked transition to a constant
drycut heat flux at a depth of a few centimeters. The bed height at which




this transition to a constant heat flux occurred was observed to be dependen
upon the particle size and was interpreted as the onset orf the deep bed limit.
As will be discussed, another important parameter which was automatically
varied as the bed depth changed was the surface heat flux of the individual
particles. This can have a substantial influence on the flow patterns
developed within these densely packed particulate beds.

Squarer et al. investigated particle sizes of 0.6, 1.2, and 6 mm in
diameter with the particles being heated by an induction coil, As with
previous investigations, the dryout heat flux was found to be a function of
the particle size with all the experiments in this study being performed as
"deep -eds". Results from these various particle sizes show that dryout heat
fluxes below the critical heat flux limit for the smaller particle sizes and
somewhat above for those tests carried cut with 6 mm particles. Here again,
the surface heat flux for the individual particles could have a significant
influence on the flow regimes developed inside of the particie beds. As was
discussed in Section 2. thesa ronsiderations can determine whether continuous
liquid films can cover the surface of tne particles as is assumed by most of
the debris bed formulations.

Large particle (2 mm to 1.5 c¢m in diameter) debris bed dryout
experiments were performed by Barleon and Wehre with induction heated beds of
steel walls, These beds were typically 10 cm deep and measured dryout heat
fluxes as high as 5000 kw/mz. The dryout measurements for these experiments

y greater than those reported by both Threnberth and Stevens and
1., with the data typically being several times that
representative of the pool boiling critical heat flux on a horizontal flat
plate. In fact, for the largest particle sizes, the surface heat flux of the
individual particles is a substantial fraction (0.25 to 0.5) of the pool
boiling critical heat flux. As a result, these experiments would not develop
a continuous liquid film over the surface of the particles and the only stable
flow regime which could develop within the bed would be dispersed flow, 1.e.
individual droplets falling through the bed and temporarily wetting the
particle surface. It should also bte noted that these extremely high heat
fluxes at the particle surface are not typical of the conditions of interest
in LWR accident evaluations. As a result, the differences described by these

B
|

were general
Squarer et a
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tests must be incorporated when assessirg the potential for achieving a
permanently coolable state within a reactor system. The only time such large
surface heat fluxes could potentially be achieved would be during the
quenching of overheated but solidified core debris, i.e. removal of stored
heat as opposed to removal of decay power,.

In a follow-on study, Squarer, et al., Ref. [4.6] carried out
experiments with various particle size mixtures to investigate the effect upon
dryout heat flux. Mixtures with particle sizes varying over an order of
magnitude were employed and the results indicate the combinaticn of particle
size and porosity determine the coolability limit. For the reactor system,
fine scale fragmentation of the melt would require either large forces or a
much larger reactor vessel. Neither of these is typical of behavior within
the primary system and should small particles be developed after the material
nas left the reactor vessei, large areas are generally available for cooling.
This will be discussed further in Section 6.
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To aumonstrate the effect of gaseous blowdown forces on the accumu-
lation of molten debris within a reactor cavity, Spencer et al. [4.4]
conducted a bench scale expe-iments using a simulation of the Zion reactor
cavity and instrument tunnel configuration. Figure 4.1 illustrates the
pertinent dimensions of the experimental apparatus and the materials
investigated for this dispursion potential were water and Cerrelow-136, the
latter being a metallic alloy with a melting point of 58°C. In addition, this
alloy has a density of about 8600 kg/m3 which allows a simulation of the
dispersive capabilities for high density materials within this simulated
reactor cavity. These experiments were carried out in both a quasi-steady and
a transient manner to determine the velocities required to entrain and remove
the debris from this configuration. These experiments demonstrated that a
velocity of 10 m/sec was sufficient to disperse the water while a velocity of
about 30 m/sec was ‘equired to disperse the Cerrelow out of the instrument
tunnel. The transient runs demonstrated both the wave formation and the
entrainment phenomena with the net result of each of these being an
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- — Al o . " | %
for debris beds with particle sizes of several

- al &4 - 1 : { - 3
equa or greater than the pool critic

-~ |

.

a horizontal flat plate. While this can be directly attributed to the depen-
‘ence upon particle size, the experiments which have been conducted have
sulted in employed surfac at fluxes off the individu articles which
substantially eater than those which would
conditions, As a result, these must be

rpretation and extrapolation to the reactor system,

le experiments have demonstrated the potential for debris
removal from reactor cavity/instrument tunnel/pedestal configurations should

these provide for a smooth continuous path for the debris. These experiments

have demonstrated that the velocities requirec for dispercal are considerably

\

less (about a factor of 3) than those which would be required for direct

"

entrainment off of a horizontal 1iquid interface.
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0 COMPART

To provide the necessary background for extrapoiating the basic
considerations presented in Section 3 to the postulated reactor accident case,
these physical models must be compared to the range of experimental informa-
tion available. As discussed in Section 4.0, pertinent experimental informa-
tion is only available for debris bed coolability and for the potential for
debris dispersion in those accident scenarios with an elevated primary system
pressure,

The data of particular interest for application to LWR systems
are the large particle data reported in Refs. [5.1-5.3] where uniform particle
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diameter. For the very large particle sizes used by Barleon and Werle, the
porosity increased substantially with the particle size. As a result, the
in Table 5.1 for the specific experimental
le, the hydrodynamic stability 1imit is

dryout heat fluxes.

The combined results of Refs. [5.1,5.2,5.3,5.4] for water are
compared to the proposed models in Fig. 5.1. These data are for a porosity of
~ 0.4 and the two largest particle sizes of Ref. [5.1] are omitted since the
measured porosity is significantly greater than 0.4. As shown, the shallow
bed data (~ 8 cm) of Ref. [5.1] is in good agreement with the hydrodynamic
stability 1imit, whereas the deep bed results of Ref. [5.2] (up to 30 cm) and

(up to 20 c¢cm) have lower dryout heat fluxes and are in closer
agreement with the internal bed limitation. The small particle, deep bed data
reported in Ref. [5.4] have heat fluxes comparable to or less than those of

~

Refs. [5.2] [5.3] and begin to approach the values typical of bottom

heating | . The CHF for a horizontal flat plate is about 1200 kw/‘m2 at a

pressure of 0.1 MPa and represents an average value for the dryout heat flux
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Table 5.1

Hydrodynamic Stability at the Top of the Bed
Comparison with the Water Data of Barleon and Werle

Particle

Dryout Heat Flux

Size Bed Predic;ed Exper1menta; Range |

mm Porosity kw/m kw/m l

2 0.386 1077 1050-1150 !

3 0.392 1504 1100-1400

4.76 0.403 | 203 2000 |

7.94 0.422 i 2946 2200-2700 ‘

10.00 0.0 | 3685 3600-4300 é
15.88 0.473 | 5250 §600-4800

- —
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in the range of several millimeter diameter particles. This greatly simpli-
fies the calcuiation for both coolability and quenching and as a result is the
manner in which such behaviors are represented in the MAAP code.

Similar comparisons are shown in Fig. 5.2 for Freon-113 data for a
bed porosity of 0.4, As with the water data, the very large particle, shallow
bed measurements of Ref., [5.1] are in better agreement with the hydrodynamic
stability model and the small particle, deep bed data of Ref. [5.4] is in
general agreement with the internal limitation approach. Also, the deep bed
dryout heat fluxes approach those typical of bottom heating.

5.3 Debris Dispersal

The experiments carried our by Spencer et al. [5.6] demonstrated
that the phencmena of wave formation and entrainment are indeed experienced in
the bench scale simulation of the Zion reactor cavity and instrument tunnel
ranfiquratian. Tn these axperiments, the velocity required for removal of
water from this configuration were approximately 10 m/sec and that required
for removal of the much heavier Cerrelow alloy was about 30 m/sec. As
discussed in the Zion Probabilistic Safety Study [5.7], only gaseous veloc-
ities of 100 m/sec and above through the instrument tunnel were credited for
the removal of the debris. As demonstrated by the experiments of Ref, [5.6]
these values were conservative and debris dispersal would be anticipated for
velocities considerably less than those credited in Ref. [5.7].

In other similar experiments [5.8] with a BWR Mark III simulation,
Spencer demonstrated that dispersal could be achieved in such geometries. As
a result of the "sunken" pedestal arrangement, the velocities causing
entrainment are more difficult to quantify. This will be considered in
Section 6.

As discussed in Section 2.0, these dispersal mechanisms are greatly
influenced by the specific geometry of the reactor cavity and instrument
tunnel for the pressurized water reactor systems and for the pedestal and
drywell regi.ns for the BWR systems. Therefore, while the potential for

- —y- T ———— TN T
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debris dispersal is conservatively represented by the entrainment criteria,
the individual geometric configurations must be considered in the reactor
system evaluations,

5.4 Summary

Comparisons of the experimental information for debris bed cool-
ability witk the simplified models used in the MAAP code show an excellent
agreement for the range of data considered. For the reactor systems, the
internal bed limitation is the most appropriate modeling considering the
surface heat fluxes off of the debris particles is far less than those rep-
resentative of the experimental information acquired in the tests of Squarer
et al. and Barleon and Werle. Therefore, since the actual particle size would
not be known for specific reactor conditions, only the critical heat flux
limit is considered in the MAAP code evaluations. As discussed earlier, this
presents a good average representation for the coolability limit as well as
the rate at which debris would be quenched for the in-vessel and ex-vessel
steam spike evaluations as presented in Ref. [5.3].

Simulation experiments for the potential of debris dispersal show
that the containment criteria prooosed in ine ZPSS are indeed conservative.
In these experiments debris dispersal was accomplished with velocities
ap roximately one-third of those predicted by a direct sntrainment criterion.
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6.0 APPLICATION TO REACTOR SYSTEMS

6.1 Introduction

The assessments for in-vessel and ex-vessel coolability, reactor
vessel failure, and dispersive debris characteristics must be applied to the
reactor systems for both BWR and PWR designs and the various containment
configurations considered in the IDCOR program. This involves establishing
the basic behavioral characteristics which influence coolability as well as
the limitations on the rate of gquenching for overheated core debris and the
influence that this may have on the vessel failure mechanisms. In aadition,
the potential for dispersal must be tracked as a function of the postulated
iccident sequence and the specific containment configuration of interest.
Guidelines for these evaluations as they are determined in the BWR-MAAP and
PWR-MAAP coding systems are given below.

6.2 In-Vessel Debris Coolability

6.2.1 In-Vessel Debris Coolability with Limited Core Damage

As long as the core geometry remains intact, water addition at a
rate considerably greater than that required to remove the decay power would
be sufficient to terminate the accident sequence and establish coolability
within the original core boundaries. For those postulated accident sequences
where the core remains uncovered for an extended time interval, thereby
allowing sufficient deqradation to begin geometrical changes within the core,
the potential for establishing coolable states is somewhat different for the
BWR and PWR systems. This is due to the segmented core configuration typical

of BWR systems as opposed to the open lattice configuration used in pressurized

water reactors. In the segmented BWR configuration, considerable degradation
could occur within a given fuel assembly. However, as long as the zircaloy
fuel assembly cans essentially retain their intact configuration, water could
be supplied through the interstitial spaces between the fuel cans and extract
heat from the outer fuel can surface, thereby allowing the inner material to
be quenched and permanently cenled.

e ~ - ———— . -t —————. 7 — - rre. ey mrragre
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Such an evaluation can be approximatec as conduction through a cylindrical
configuration with a radius cf approximately 7 cm. In this configuration, it
is assumed that significant degradation has occurred within the fuel can such
that the material has lumped together and prevents water from flowing through
the interior of the fuel can., The steady-state temperature difference between
the central region and the outer wall of this badly damaged fuel can would be
given ty

= - \
me - Tsat ' » (6.1)

where 3 is the internal volumetric heat generation, kF is the corium
thermal conductivity, Tmax the the maximum temperature in the fuel region,
and Tsat is the saturation temperature of the water at the primary system
pressure. Assuming the decay power to be approximately 1 percent of the
normal operating level, the steady-state temperature difference would only be
370°C. Such temperature levels are far below those required to melt any of
the constitutive materials such as zircaloy, zirconium dioxide, or uranium
dioxide. Alsc, these temperatures are considerably less than those required
for significant oxidation should steam be available to the internal regions of

the lumped material mass.

The above configuration could be maintained until the stainless
steel control rod blades achieved temperatures where melting and relocation
would occur. Ac a result, the heatup codes used in the MAAP coding system
monitor the temperatures of the fuel bundle and the control rod blade to
determine the time at which such geometric changes would be anticipated.
Following this time, such an intimate cooling path is assumed to be unavail-
able.

For the open lattice configurations in PWR systems, the intact
configuration would be maintained until either the zircaloy cladding, the
stainless steel control rod fingers or the control rod material itself would
be melted and liberated within the core. For those systems using silver-
indium-cadmium control rod material, the low melting point of the silver and
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the high cadmium vapor pressure would likely cause the stainiess steel control
rod fingers to be ruptured at temperatures well below the stainless steel
melting point and the silver material would be liberated within the core.
This could potentialiy alloy with the zircaloy cladding and drain into the
cooler regions of the core where it could resolidify. As a result, the
geometry of the system would have been substantially changed and the evalua-
tion for core coolability in terms of an intact configuration should no longer
be used. For those other PWR systems which use either hafnium or boron
carbide control rod material, the temperatures for significant loss of intact
geometry should be equated to stainless steel melting if the control rod
fingers are made of such material or zircaloy melting should this material be
utilized for the control rods.

6.2.2 In-Vesse! Coolability with a Badly Distorted Core

These evaluations can be formulated through the use of the critical
heat flux model discussed in Section 3 and with the assumptions of either the
horizontal area available within the core or twice this area which accounts
for some additional surface area due to the non-uniform accumulation of
debris, As discussed in Section 3, and in Ref. [6.1] the comparison with
TMI-2 data illustrates that the CHF model with an area twice that of the
cross-sectional area available inside of the core barrel adequately represents
the measured quenching behavior. Thus, it would also allow an evaluation for
in-vessel coolability for a badly damaged state. This can be used to assess
the potential for coolability as a function of accident sequences since the
pressure within the primary system would be considerably different for those
which result in a depressurized state (large break LOCA) as opposed to those
which occur at pressures approaching the nominal operating value. Such global
evaluations are illustrated in Table 5.1 for various primary system pressures.
As 11lystrated, at the higher pressures, a coolable configuration could be
achieved for a decay power of approximately 1 percent of the nominal operating
value. However, even those regions in which a permanently coolaple state
could be achieved within the original core boundaries, the excess heat removal
over that generated within the core is comparatively small. As a result,
should material pour into the lower plenum of the vessel, the debris quenching
rate would be comparatively slow and the time required for quenching the



In-Vessal Heat Removal
Decay Power - 30 Mw

Table 6.1

Heat Remova’
System Capacity, Mw
Pressure CHF Area
MPa kw/m? Planar Hemispnerical
I. PWR Systems > 0.3 1,800 22 44 '
(Planar Area ~ 12 m®) !
s.0 | 4,075 49 98 }
7.0 4,355 52 104 :
17.0 2,665 32 64
II. BWR Systems 2 0.3 1,890 29 58
(°lanar Area ~ 16 m“)
4.0 4,075 65 130
7.0 4,355 70 140
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debris would be long compared to that required to fail the in-core instrument
penetrations or control rod drive stub tubes. Even for those reactor vessels
without lower head penetrations, the time required for vessel failure, Ref.
(6.2], appears to be much less than that required to cool the debris. As a
result, the potential for establishing an in-vcssel coolable condition in the
Tower plenum of the reactor pressure vessel would be small, Therefore, in the
MAAP evaluations, credit is not taken for establishing a coolable condition in
the lower plenum of the reactor vessel.

6.3 Vessel Failure

65.3.] BWR Systems

A1l BWR systems considered in the IDCOR program have cruciform
control rods which enter through the bottom head of the reactor pressure
vessel. These lower head penetrations are mounted with limited depth penetra-
tion welds on the inside of the reactor vessel head. In addition, the in-core
instrument penetrations are also through the lower vessel head and have
similar 1imited depth welds. As a result of accumulation of molten material
in the lower head following the failure of the core suppert plate for severe
core damage sequences, these lower penetrations are calcuylated to fail within
a time interval of tens of seconds to a few minutes, This does not provide
surficient time for extracting the large amount of stored energy within the
molten fuel debris which has poured into the lower plenum. As a result,
vessel failure occurs well before the debris could be quenched. In the
BWR-MAAP code evaluation, a single penetration is assumed to be the initial
failure location and the ablation calculations are based upon this failure
size. However, the effect of multiple penetrations failing simultaneously can
be investigated in the MAAP daughter code, but typically this is not observed
to be an influencial change. Specifically, the resulting vessel breach
diameter following discharge of the molten core material into the containment
building would be approximately 20 to 40 cm in diameter; the exact dimension
being dependent upon the amount of core material accumulated on the core
support structure prior to its failure. Such extensive ablation alreaay
encompasses several surrounding penetrations which would be those most likely
to fail simultaneous if such behavior were to occur. Therefore, the single
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penetration failure inherently represents mul=iple failures with respect to
the vessel breach size with some minor change in the time for material dis-
charge.

$:0.2 PWR Systems

For the Westinghouse and Babcock and Wilcox (B&W) systems considered
in the IDCOR program, as well as the Combustion Engineering (CE) System €0
designs, the in-core instrumentation tubes penetrate through the lower vessel
head. As a result, the vessel failuyre location resulting from molten debris
pouring into the lower plenum is again the failure of these lTimited depth
penetration welds. This failure is calculated to cccur about 1 to 2 minutes
after the accumulation of debris on the lower head of the reactor vessel. As
with the BWR systems, the steaming rates off of the core material in the lower
plenum are insufficient to extrac: the stored energy in the debris within the
time interval required for failure at one of the penetrations. As a result,
in-vessel coolability within the lower plenum is not credited within the
PWR-MAAF coae evaiuations.

In the PWR evaluations, a single penetration is the initial failure
sfze used in the PWR-MAAP code accident sequences and as discussed above, the
influence of multiple penetrations failing simultaneously can te studied in
the MAAP daughter code. As with the BWR cases, this is not fouid to be an
influencial parameter on the overall primary system and containment response.

For those CE systems without instrument penetrations through the
lower head, vessel head failure would be expected within a few minutes follcw-
ing core support plate failure as a result of the ablative attack incuced by
the molten corium Jet, While the detailed mechanism is somewhat uncertain,
the containment response is relatively insensitive to the initial failure
size. Also, the actual time required for establishing a failure ccndition in
the lower plenum is not 2 influencial parameter in the containment response
since the steam produced within the primary system as the water attempts to
quench the debris during the time that the lower head is undergcing thermal
attack is merely accumulated within the primary system. Following failure of
the reactor vessel lower head, this steam would be discharged to the contain-
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ment atmosphere and essentially represents steam that could have been produced
by corium-water interaction immediately following vessel failure. As a
result, the containment atmosphere and the overall containment transient are
not greatly affected by changes of a few minutes in the vessel failure time.

6.4 Core Debris Dispersal

6.4.1 BWR Systems

For the BWR reference plants finvestigated in the IDCOR program
(urand Gulf, Peach Bottom, and SusGuehanna) the Mark-I and Mark-II containment
systems have passageways between the pedestal and drywell regions which are
open and are at the same level such that core material car flow from the
pedestal region into the drywell due to gravity alone. Consegquently, the
evaluation for material dispersion due to the high pressure gaseous discharge
following reactor vessel failure is only important in determining whether this
material could be directly transported into the suppression pcol wherein it
could be quanched and coolable. In the BWR-MAAP code system, this direct
transport of material into the supprecsion pool as a result of gaseous
blowdown is not currently evaluated since there is no experimental data to
provide guidance on the extent of such direct transport. In the BWR-MAAP
system, the transport to the suppression pool is calculated if the molten
debris can thermally attack portions of the containment structure, such as the
downcomers in the Mark-II configurations, causing failure and allowing direct
transport of core material into the suppression pool by drainage.
Consequently, for these systems there is no evaluation of dispersive potential
since the material has the abiiity to be transported from the pedestal region
into the drywell in the absence of such dispersion.

For the Mark-III containment systems which have a "sunken" pedestal
configuration with respect to the drywell, drainage of material from the
pedestal into the drywell would not occur. However, for those sequences in
which the reactor vessel is at an 2levated pressurz at the time of failure,
the blowdown forces could have a significant effect on that material which is
initially discharjed from the primary system. Benchtop scale experiments have
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been carried out at Argonne Naticnal Laboratory [6.3], with a configuration
similar to a Mark-IIl containment using buth water and Cerrelow-136, which is
a low melting point alloy with a density of about 8,500 kg/m3. These
experiments demonstr2t:d that disperson of material could occur due to the
gaseous blowdown int. thic “cunken" pedestal region. Tne effects of such
blowdown can be evaluated in terms of the general entrainment criteria for

typical BWR-Mark-JII containment systems,

For those sequences in a BWR Mark-III containment in which the
reactor vessel is at an elevated pressure at the time of vessel failure, the
high velocity gases exrausted after corium discharge could rotential entrain
and disperse the core debris. A mogel for evaluating this entrainment poten-
tial is developed below.

Assuming for simplicity that the blowdown of the vessel occurs
isothermally, the gas velocity at the vessel breach would be sonic and is
given by,

¢ = \/;?;- (6.2)

and the mass flow rate (Hg) can be expressed by,

Hg s n PoAb/ 1/RT9 (6.3)

In these equations AD {s the vesse! breach area, Po is the pressure within
the reactor vessel, n is the isothermal critical pressure ratio, R is the gas
constant for the mixture, and Tg is the gas temperature. As the sonic
gaseous stream leaves the breach (throat) it would depressurize to the
pedestal pressure and continue to accelerate., The gas velocity (“a) after
the stream depressurizes to the surrounding atmosphere is given by,

u, = 9 W B « c (6.4)

and this would occur within 2 or 5 breach diameters. After this pressure
equilibration, the high velocity jet would entrain the surrounding atmesphere,
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undergo several dynamic shocks and re-expansion and finally become subsonic at
the pedestal pressure.

As the gaseous stream approaches the bottom of the pedestal, the
flow must be stagnated and reversed. The one dimensional gas velocities can
be estimated by assuming that the downward and upward streams each occupy
ore-half of the pedestal cross-sectional area (Ap) as shown in Fic, 6.1,
Therefore, the upward velocity (U]) is given by,

2 W_RT

U] - .rﬂri (6.5)

PP

This velocity can be compared to the entrainment velocity (Ue) as given by,

4
3.7 \/g (pe = 0.)
el

where g is the acceleration of gravity, ¢ is the 1iquid-gas surface tension,
with op and °g being the corium and gas densities respectively. If U] >
Ue' then material dispersal would occur.

For example, consider a reactor vessel pressure of 7 MPa, a gas
temperature of 500 K and a brcach area of 0.03 mz. This would produce a gas
flow rate of 660 kg/sec with a throat velocity of 700 m/sec and a jet equil-
{bration velocity of 1400 m/sec. With a pedestal area of about 29 m°, the
upward one dimensional velocity would be approximately 106 m/sec. This is to
be compared tc an entrainment velocity of 90 m/sec, i.e., entrainment and
dispersal would be anticipated. It should alsn be noted that geometry
influences the entrainment behavior and with this flow stagnation and
reversal, one would expect entrainment and material removal at velocities

below that predicted by Eq. (6.6).
These evaluations demonstrate that dispersion could occur for these

BWR Mark-III configurations, but it should be recalled that for most BWR
accident sequences, the automatic depressurization system is activated on hign
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drywall pressure. As a result, the primary system is generally depressurized
for most of the accident sequences and there is little potential for disperal
forces as a result of the primary system blowdown following reactor vessel
failure. Witnin the BWR-MAAP code system for the Mark-III containments, the
entrainment criteria is applied as discussed above and if the velocities are
sufficient to cause direct entrainment of the debris, the material is deposit-
ed on the drywell floor. That material which is lost from the primary system
at 1 later time is then accumulated in the pedestal regicn as it drains from
the primary system. Given this distribution of material, the debris
coolability and/or the core-concrete thermal attack is evaluated in both of
these regions,

PWR sttems

The general behavior for dispersal in a PWR system with a Zion type
reactor cavity/instrument tunnel configuration was presented in Section 3.
With this comparatively smooth tunnel configuration (essentially no regions
where substantial material could be entrapped anc retained), the aispersive
calculations demonstrate that the debris wouid be anticipated to be removed
from the reactor cavity/instrument tunnel region and deposited on the contain-
ment floor. In the PWR-MAAP code analyses, this material is distributed on
the containment floor inside of the missile barrier where additional water is
retained and sub.t.ntial vapcrization is calculated as the debris is quenched.
This steam spike is a major part of the containment transient following vessel

failure and is 1aportant in the assessment of a combustible atmosphere during
this and subsequent portions of the accident sequence.

For the reactor cavity/instrument tunneil configuration at Sequoyah,
which is shown in Fig, 6.2, there are several regions in which debris could be
entrapped as a result of movement from the reactor cavity towards the openings
at the top of the instrument tunnel. These openings a2re in the hatch, which
covers tne personal accessway into the instrument tunnel, and potentially
through the seal table where the instrument tubes are terminated. As {11lu-
strated in Fig. 6.2, the upward sloping portion of the instrument tunnel
begins at a point about 2 m above the floor of the reactor cavity and tunnel
region. Consequently, this is a place where debris could be entrapped as
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schematically represented in Fig. 6.3. In this region, the major flow ficld
would pass cover that region represented by the corner below the entry of the
upvard sloping wall of the instrument tunnel, and assuming that this can be
app-oximated by a line extrapolated down from the upward sloping portion, half
of the core material could be retained in this region. In addition, the
configuration of the instrument tunnel in the vicinity of the seal table also
tends to provide considerable separation of the debris.

More importantlv, the Sequoyah cavity design is c«ivided into a
region directly below the reactor vessel, which is about 6 m in diameter, and
that between the vessel and the beginning of the instrument tunnel. This
latter region is about 6 m wide and 7 m high, a cross-sectional area of about
42 mz, which is about 3.5 times that of Zion. Conseruently, tr. cne-dimension-
al velocity through the Segquoyah cavity during the gaseous blowdown period is
much less than would be the case for a similar postulated accident sequence at
Zion. With this lower veiocity, the potential for debris entrainment in tlie
cavity region is markedly reduced and the 2 m vertical step at the entrance of
the instrument tunnel weuld 32t 2s a separator t0 “z242h" high density material
which had been entrained. Also, as discussed in Section 3, material could be
remcved as a wave formed by the initial blowdown forces. But with the increased
cross-sectional area and the 2 m vertical step, waves would decrease in
amplitude as the gases by-pass the wave crest as the area expands. Aiso, the
vertical step would "catch” any material transported along the cavity floor.

Another feature of the Sequoyah instrument tunnel design which would
influence material removal is the confijuration of the personnel access hatch.
This also serves as a path for air circulation and provides an exhaust for the
gasduus blowdown. With the initiation of the gas discharge, this hatch would
be opened with a resulting flow area of about 4.5 mz. For an assumed
accident condition of 7 MPa primary system pressure at the time of vesse!l
failure, the initial gas flow rate would be about 400 kg/sec, producing a
velocity at the perscnnel hatch of about 100 m/sec. The stagnation pressure
associated with this velocity is about 4.5 kPa and it is doubtful that the
seal table would be disrupted at this modest pressure. Therefore, the r=qion
below the seal tabie wouli act as a separator for the limited amount of
material which could be swept into the instrument tunnel.
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Fig. 6.3 Areas for debris retention in the Sequoyah reactor
cavity/instrument tunnel configuration.
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While the general arrangement of the Zion and Sequoyah reactor
cavities ana instrument tunnels are similar, the above considerations of the
specific design features lead to greatly different predictions for core
dispersal., In Zion, the smooth cavity configuration and single exit path make
dispersal of the debris released before the blowdown highly probable. However,
for Sequoyah, the large cross-sectional area, the 2 @ vertical step and the
personnel hatch/zeal table configuration would cause the debris to be retained
in the cavity.

6.5 Ex-Vesse! Coolability

For all containment systems, the ex-vessel coolability for debris
and contact with water is assessed through the flat plate critical heat flux
1imit discussed in Section 3. This heat flux is multiplied by the available
floor area within a specific region to determine the heat removal from the
debris beds in the presence of water. If this exceeds the decay power, then
the debris is eventually quenched and a coolable debris bed is formed as long
as water is continually supplied to the debris., This gquenching ¢f debris can
be illustrated by the particle data of Cho et al., Ref. [6.4,, which was
discussed in Ref, [6.5]. This can also be demonstrated by a corcrete attack
experiment run at Sandia and reported at the 1981 NRC LWR Reactor Safety
Information Meeting, Ref. [6.6]. In this experiment, a 50 kg iron mass was
heated in a cylindrical concrete cavity be an induction coil surrounding the
concrete block. The temperature history recorded for the experiment is
illustrated in Fig, 6.4, As shown, the temperature of the block was above the
concrete ablation temperature for an extended period of time (v 2 hrs.).
Thirty minutes after the onset of ablation, a crust was formed over the top of
the cavity and the temperature rise rate increased as a result of the decrease
in upward heat lossec. When this crust was deliberately broken, the measured
temperature decreased dramatically and subsequently increased when the crust
began to reform, After 187 minutes of operation, the steel penetrated radially
through the concrete, contacted the power coils, and caused the power circuit
to trip. During the subsequent cooling process, the crust solidified and 17
minutes later, the upper region of the cavit, was flooded with water. As
illustrated by the temperature history chown in Fig. 6.4, this water addition
resulted in a substantial increase in the cooling rate. As discussed in
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Ref. [6.6], the water did not instantaneously vaporize

several minute interval

Figure 6.5 illustrates the post-test configuration in which the
stee] abiated the concrete in both the downward and sideways directions.
“mount of concrete attack and the subsequent material relocation were exten-
sive. With the degree of attack illustrated in Fig. 6.5 and the cooling rate
given in Fig. 6.4, the net quenching rate of the steel-concrete mixture can be
estimated and compared to the CHF model. If the overill mass shown in Fig.
6.5 is assumed to have the configuration of a trucated cone with an average

base diameter of 33 cm, a height of 42 c¢m, and a diameter of 22 cm at the

upper surface, the total volume would be almost 19,600 cma. The steel had
an initial diameter of 20.3 cm and was 19.7 ¢m high, corresponding to a volume

- -

of 6373 cm™, '”efeby giving a vo

]
|

lume for the once molten concrete of approxi-
mately 13,200 ¢cm”, Assuming the entire mass of steei and concrate to have
the same quenching rate, the energy rem~val rate (q) can be determined from

-
L N .

il c Cc° 3¢

where ms' Mes Cos and cC are the masses and specific heats of the

steel and concrete respectively. Using average values of 2300 kg/m3 for the
concrete density and 0.8 kJ/kg °K for the concrete specific heat, aiong with
the cooling rate of 0.8 ’K/sec. shown in Fig. 6.4, the energy extraction rate
would be 35 kw. The cavity ciameter of 22 cm provides an area of 0.038 mZ

and a resulting heat flux over this area 921 kw/ﬂz. With the altitude at

Sandia, the flat plate critical heat flux (q/A)

Y
/A = 0,14 c cloe = 0 (6.
a/A = 0.18 heo ([ 3/ galog - o) (6.8)

value at the local pressure is about 1100 kw/m“ for saturated liquid condi-
tions. In this equation,

hfg is the latent heat of vaporization, o, and
o are the saturated water and steam densities respectively, g is the
acceleration of gravity, and o is the liquid-vapor surface tension. This fis
in remarkable agreement with the experimental result considering (1) the

simplifying approximations and (2) that some non- -condensible gases were
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generated and must also be eventually cleared from the cavity region. This
quenching rate persisted even though the cavity opening was covered by a crust
of once molten concrete material. However, this crust had sufficient cracks,
or vent holes, to allow the downward penetration of water and the upward
alleviaticn of the steam formed by the quench. Such close agreement between
the model and crusted over mo.ten .- demonstrates the applicability of the
approach to reactor accident analyses.

In the absence of water, the heat transfer from the debris is
calculated as a result of convection and radiation with tpe convection being
driven between containment compartments as a result of natural circulation.
If the energy can be extracted from the debris such that the interface tem-
parature with the concrete does not exceed the concrete malting point, then a
quasi-cociable state would be achieved since the concrete attack would be
extremely slow. As the decay power decreased, the stabiiity of this state
would increase and after a few tens of hours at a very minimal attack rate,
this would eventually become a permanently coolable configuraticn. In this
dry atmosphere neat removal configuration, the energy must also be extractead
from the containment or an ovarpressurization would ultimately occur. In
general, this is accomplished through either active heat removal with fan
coolers or the onset of containment sprays or directly through the containment
wall for those systems which may have an uninsulated steel cortainment shell.

6.6 Summary

In-vessel coolability could potentially occur if water is added to
the primary systems prior to the time at which sufficient core material is
accumulated on the core support plate to result in failure of this structure.
If debris is transported into the lower plenum, the detailed evaluations for
both BWR and PWR systems illustrate that the potential for in-vessel cool-
ability 1s small. Therefore, in the MAAP code evaluations, no credit is taken
for in-vessel coolability when the mate ial has already begun to migrate into
the lower plenum.

For both BWR and PWR systems, the time of vessel failure is between
ten of seconds and a few minutes for failure of the limited depth penetration
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Therefore, all o : ve failure times of about the same magnitude
with the most 1ikely failu ) be the central region of the lower

head.

Dispersive characteristics for BWR systems are somewhat less impor-
tant than for PWR designs since the automatic depressurization system causes
most BWR accident sequences to have a depressurized primary system at the time
of reactor pressure failure. However, for those systems where such evalua-
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the specific geometry. In essence, this must be decided
through hand calculations for the specific reactor cavity/instrument tunnel
configuration of interest and must then be incorporated into the MAAP code for
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the system to determine if sufficient dispersive potential is available. In

the case of “he Zion design, the smooth reactor cavity/instrument tunnel

.

geometry allows for complete and rapid removal of debris from the reactor

cavity region when the primary system is blowing down from an elevated pres-

ure. However, considering the specifics in the Sequoyah design, the debris
would be anticipated to be held up in the "pockets" provided at the juncture
between the horizontal anr upward sloping portions of the instrument tunnel
and potentially in the vicinity of the seal table. Following the blowdown,

and material near the seal table would fall or drain back into the reacter

cavity.

ish ex-vessel 1abili the debris must be able to

power and a heat transport path must be developed to remove
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the energy from the containment atmosphere. For those accident sequences in
which the debris is covered by water, the ability to extract the decay power
is determined through the appiication of the critical heat flux formulation
applied over the cross-sectional area of the containment area. If this energy
removal rate exceeds the decay power cenerated, the debris would be quenched
and a permanently coolable state established as Tong as water couid be suppiied
on a continual basis. For those configurations where debris could be accumulat-
ed in a sufficiently thin solid layer that it could exchange its energy
directly with the containment atmosphere, the debris would be coolable as long
as the energy could be removed from the containment environment either by
direct heat removal through fan coolers, etc. or directly through the contain-
ment shell, '
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7.0 SUMMARY AND CONCLUSIONS

With these assessments for in-vessel and ex-vessel coolability,
vessel failure, and core debris dispersion, the following conclusions can be
made and are incorporated into both the BWR-MAAP and PWR-MAAP coding systems.

1. If water can be added to the damaged core prior tn the time
that molten debris fails the core support structure and pours
into the lower plenum, the establishment of an in-vessel
coolable state is very likely. This is calculated in the MAAP
codes as a competitive process between continued heat-up of the
debris and the overall quenching with the principle diagnostic
being the amount of molten debris accumulated on the core
support structure. These coding systems allow for continued
heat-up during the quenching process. The evaluation for
quenching is conservatively represented by the flat plate
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inside of the downcomer/shroud of the reactor vessel. Feor
those times at which the primary system has retained its intact
configuration, the quenching process is evaluated through water
refill, if the water is added from below, or through an annular
flow flooding criteria if the water is added from above (core
sprays or upper head injection). Also, some water can be
allowed to by-pass from the upper core region to the vessel
lower plenum.

-gactional area

2. When material migrates into the lower plenum of either BWR or
PWR systems, the combination of large amounts of stored energy
within the debris, the 1imited guenching rates provided by the
cross-sectional area in the bottom of the vessel and the
comparative short times to reactor pressure vessel failure do
not provide for a high likelihood of establishing a coolable
state within the lower head. As a result, the MAAP code
calculations for both BWR and PWR systems predict that vessel
failure would occur under these circumstances and debris woula
be discharged to the containment building.



For those BWR and PWR systems with extensive penetraticns
through the lower head, the limited depth welds for these
penetrations would be the major mode of reactor vessel failure
and this is calculated in the MAAP coding systems. For those
PWR designs without penetrations through the lower head,
separate analyses have shown that the failure would occur in
the central region of the lower head after a time interval of
several minutes. Therefore, the vessel failure mode for all
reactor systems is calculated to be the central region of the
lower head with the ablation caused by the discharge of moiten
corium to determine the breach size in the primary system.

For those accident sequences with an elevated primary system
pressure at the time of reactor vessel failure, the blowdown of
the primary system could substantially influence the distribu-
tion of core material within the containment., These analyses
have been carried out for both BWR and PWR systems and they
have been shown to be greatly influenced by the containment
configuration. Therefore, the MAAP coding system contains the
pertinent physical models to determine whether the potential
exists for removal of debris from the reactor cavity/pedestal
regions. However, the users must review the specific reactor
cavity/ pedestal configuration and determine whether such
debris removal would be allowed given the specifics of the
design.

Ex-vessel debris coolability is generally dependent upon the
continued availability of water to the debris configuration.
In essence, if water is available on a continual basis the
development of a permanently coolable state is likely. For
those systems where water cannct be supplied to the debris, the
internal energy generation can be potentially removed through
thermal conduction within the slab type configuration. How-
ever, in both cases, a heat transport path must be established
to remove the erérgy from the containment atmosphere and
eventually from the containment building. This can be accomplish-
ed with either the available safety features such as contain-




ment sprays or ! r in some cases,
removal through the containment building shell.

dependent upon the specific design

containment building and the heat removal systems provided for

cident response.




