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ASSESSMENT OF A CORE MELTDOWN IN THE GAS-COOLED FAST BREEDER REACTOR
WITH AN UPFLOW CORE¥

A. Torri, M. V. Frank, and C. Kang
General Atomic Company
San Diego, California

" ABSTRACT

This paper discusses the chronological sequence of events and supporting
analysis of a postulated total loss of all coolant circulation in the gas-
cooled fast breeder reactor (GCFR) with an upflow core. Redundant and
diverse cooling systems areiprovided for decay heat removal, including pres-
surized natural circulation in the core auxiliary cooling system, which
reduce the probability of this postulated event below the range of plant
design bases. Nevertheless, this postulated accident has been considered
so that the potehtial for consequence mitigation and containment margin
could be investigated. Two distinct phases of the sequence are discussed:
(1) the core response to a total loss of forced and.na;ural coolant circu-
lation and (2) the capability of the prestressed concrete reactor vessel
(PCRV) to retain molten fuel debris. Specific design features of thg GCFR
which prevent recriticality and fuel vaporization due to fuel slumping are
under investigation. Analytical work has been initiated to determine the
potential for consequence mitigatioo in the PCRV and the containment.
Several concepts for postaccident fuel containment have been identified

and appear technically feasible.
INTRODUCTION

The safety philosophy adopted for_the gas-cooled fast breeder reactor
(GCFR) demonstration plant includes two basic elements. First, safety
systems are being developed which ensure that the occurrence of a plant
condition exceeding the core safety limits is so remote that all accidents

leading to loss of coolable core geometry are beyond the plant design basis

*Work supported by Department of Energy, Contract DE-AT03-76SF71023.



. envelope. This objective is being accomplished through a comprehensive
design, design analysis, and experiment support program, where the design
adequacy is being established according to safety criteria which include
safety limits for core temperatures and reliability targets for prevention
of core damége. Second, postulated accident sequences which lead to core
damage are being investigated in spite of design provisions that remove
these sequences from the design basis envelope. The objective is to
investigate the consequences of these low probability events to assess if
containment margins exist which adequately limit the risk. This is accom-
plished by mechanistic analyses of the accident progression from event
initiation through the core damage phase, the postaccident fuel containment
phase, the containment response, and the radiological and environmental
consequences. Experimental programs support the development of analytical
methods where there are large uuncertainties in the physical phenomena

involved or in the relative timing of the principal accident phenomena.

This paper discusses the sequence of events inside the PCRV during a
postulated total loss of flow in the shut-down GCFR. This accident sequence
is referred to as the loés of shutdown cooling (LOSC) accident. Two
distinct phases are addressed: (1) core-wide heatup, melting, and relo-
cation of core materials during the initial damage phaée and (2) contain-
ment of molten fuel and steel on the floor of the central prestressed

concrete reactor vessel (PCRV) cavity.
LOSS OF SHUTDOWN COOLING ACCIDENT PHENOMENA IN AN UPFLOW CORE

In April 1979 the GCFR program changed the GCFR reference design
from a top supported downflow core to a bottom supportedlupflow core to
provide the capability for pressurized decay heat removal by natural

coolant circulation from the core to the ultimate heat sink.

The hypothetical LOSC accident in the GCFR is initiated by loss of
all forced circulation and failure to establish natural circulation in a

shutdown reactor. This accident is analyzed to investigate the potential



for consequence mitigation and containment margin, because its potential
for core disruption may be greater than for unprotected accidents (Ref. 1).
This accident has been named LOSC to distinguish it from the protected
loss of flow (PLOF) accident in a downflow core design. The LOSC is"
investigated at a variety of system pressures at and below nominal oper-
ating pressure, becaﬁse the consequence potential may increase with
decreasing helium pressure in the PCRV.
. . ‘

The postulated initiation of the LOSC accident is of particular
concern in a depressurized GCFR. Because of this concern, scheduled
‘depressurization for refueling and maintenance will be under carefully
controlled conditions only after a pdst—shutdown decay time and after
establishing the readiness'of all redundant deéay heat removal systems.
These systems are expected to be available for accidental depressurizé—
tions if such accidents'reduce the pressures below effective natural con-
vection levels. Some conceptual work on this type of accident for-a
downflow core has been reported (Refs. 2 through 4). Reference 5 dis-
cusses analyses of the core-wide progression of the accident sequence
and identifies the key phenomena associated with this event. .This paper
presents the major phenomena of the LOSC accident in an upflow core and
then addresses some general considerations for mitigation of the accident

consequences.

In the continued absence of all flow, the core would approach
complete melting under decay heat at a rate of about 3 to 10 K/s. Figure
1 shows the core-wide melting sequence at the core axial midplane. For
this reference case, it was assumed thaﬁ reactor scram occurs Simultane-
ously with common loss of drive power to the main circulator motors. The
main circulators coast down on their mechanical inertia, and the pony
motors on the main circulators are assumed to fail to energize, and the
CACS is assumed to fail to start. The GCFR upflow design has the ability
to provide natural circulation cooling from the core through the CACS loops
and to the ultimate heat sink. This must also be postulated to be

inoperative to induce a LOSC accident.



For purposes of analyzing the events following accident initiation,
all helium flow through the core is assumed to stop when. the Reynolds
number decreases to below 2300 (i.e., at 230 s). Natural convection
effects within the central PCRV cavity have been neglected. Future
analyses will include this effect. Hence, the decay heat préduqed in
the fuel is lost to the cladding, the duct walls, and the radial blankets.
Core. heatup after 230 s leads to initial cladding melting at 370 s, pro-
gressing over essentially the entire core prior to duct melting being
initiated at 490 s. Duct melting proceeds fairly uniformly throughout
the core, except for the duct portions on the outer core periphery adjacent
to the radial blanket. Heatup of the cladding and duct walls adjacent to
the radial blanket is significantly delayed owing to heat loss to the
cooler radial blanket. Fuel melting is initiated at 650 s, with essen-

tially all the cladding and most of the duct walls melted.

Molten steel draining from the core to the lower axial blanket within
each assembly is calculated to refreeze within about 50 mm of the core/
lower blanket interface. The formation of steel blockages in the lower
axial blanket (Ref. 4) would provide a platform upon which fuel would
accumulate. One postulated mode of fuel compaction is from fuel melting
and relocating onto this steel platform. One éuch representative sequence
was analyzed. The combination of material relocation reactivity insertions

may overcome the absorber rod worth when about 30% of the fuel has melted.

Another postulated mode of fuel compaction is declad fuel rod
crumbling prior to fuel melting. A radial temperature gradient which
induces fuel rod bowing develops in the fuel rods adjacent to the duct
wall well before fuel melting. The deflections have been analyzed assuming:
that the declad fuel rods are fixed at the core/lower axial blanket inter-
face owing to molten steel refreezing. At the interface between the core
and the upperbaxial blanket, it was assumed that the fucl rods brcal frecc
and are restrained by only the duct wall or neighboring fuel rods. Bond-
ing between fuel pellets was assumed to occur during normal operation and

during heatup to cladding melting. Most evidence from TREAT fuel melting
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experiments on irfadiated fuel indicates that even under much more rapid
heatup, fuel collapse due to crumbling has not occurred, although fuel
rods may break after cladding melting. However, the lack of evidence of
fuel crumbling from exisﬁing TREAT data cannot be taken as a guérantee

that fuel crumbling will not occur during an LOSC event sequence.

Figure 2 shows the fuel rod deflection profiles at the time of duct
midflat melting. The stresses calculated from these deflections would
cause the first two rods adjacent to the duct wall to fracture near the
bottom. Following such a fracture, temporary stress relaxation would
occur. The subsequent behavior of the rods is not well understood at tbis
time; however, extensive and core-wide crumbling of fuel before fuel melt-
ing isvnot currently expected. Fuel swelling under these accident condi-
tions may tend to stabilize the declad fuel rods, further reducing the
potential for fuel crumbling. In order for recriticality to occur, more
than 50% of the core fuel would be required to crumble into a packing
fraction of 60%. In-pile experimental data under LOSC conditions are
likely to be required to fully resolve the fuel crumbling recriticality

concern during an LOSC sequence;

Containment of fuel vapor released due to fuel melting and slumping-
induced recriticality therefore remains the principal concern during an
LOSC sequence in an upflow core. Containment of the energy release is of
lesser concern owing to the inefficiency of energy transmission through a
gaseous coolant and the large energy absorption capability of the PCRV
(Ref. 6).'

Experimental information is required to further identify the
important LOSC phenomena and improve the analytical evaluation of the
event sequence. ‘three types ot experiments are being considered and are
in various stages of implementation. The steel melting and relocation test
(SMART) program at the Los Alamos Scientific Laboratory will provide valu-
able experimental data on the physical phenomena related to cladding and

duct melting, draining, and refreezing and on the effects of helium



natural convection at 8.6 MPa on the meltingﬂsequence. The first test in
the heater rod qualification experiment series (FLS-1) has already demon-
stgated that there is very significant axial heat transport from the core
to the upper blanket; as a result, a mechanistic natural circulation model
is being developed. The direct electric heating (DEH) facility at Argonne
National Laboratory (ANL) will be used to provide data on the strength of
fuel pellet bonding and the extent of fuel swelling dgring an LOSC heatup.
- However, unless the currently planned analytical and experimental programs
indicate the possibility of terminating the LOSC accident sequence in the'
core prior to recriticality, it is expected that in-pile transient tests
in the GRIST-2 facility wili be required to better quantify thé conseqdences
and the fuél dispersal characteristics resulting from fuel slumping or

fuel crumbling-induced recriticality.

Future analytical efforts will include incorporation of experimental
results and a more mechanistic evaluation of the accident sequence including
natural convection, fuel/steel thermal interactions, and fuel relocation

modeling.
- POSTACCIDENT FUEL CONTAINMENT FOLLOWING A LOSS OF SHUTDOWN COOLING ACCIDENT

The GCFR utilizes a PCRV which contains the core and all primary
heat transport equipment. The PCRV is lined with a steel liner which is
cooled by cooling tubes attached to the concrete side of the liner, and
thermal and radiation shielding is located on the inside of the liuer.
The normally cooled liner and shielding present a barrier for the contain-
ment of molten fuel in the GCFR. To establish the degree to which this
barrier would contain molten fuel, several cbnceptual design options have
been evaluated. The principal constraints are the space limitation imposed
by the liner dimension and the absence of a liquid coolant which can absorb

the upward-flowing heat from a molten tuel pool.

The analytical methods used for the evaluation of alternate concepts
include Baker's empirical model (Ref. 7) for two-dimensional heat transfer

in internally heated pouvls, conduction heat tranefer throughbthe side and



bottom structures{-and convective and radiative heat tfansfer from the
pool surface to the PCRV internal structures. Postaccident fuel contain?
ment concepts for the GCFR have been developed in Germany (Ref. 8) and
the U.S. (Refs. 9 through 13). Among these many concepts, the ceramic
crucible, the borax bath;'the uranium metal bath, and the steel bath

have been evaluated and compared fér the GCFR.

The ceramic cruciBle utilizes a buildup of refractory materials,
forming a crucible inside the liner to contain the molten core debris with-.
oﬁt melting or chemical attack of the crucible surface and at the same time
to provide the required shielding for normal operation. PreQious analyses
for a 300-MW(e) GCFR have shbwn that this concept can be applied to the
current GCFR design with some modifications. The thick crucible wall pro-
vides a stored heat capaacity that.can delay the maximum liner heat flux
for 30 h after core meltdown. The peak heat flux which eventually reaches
the cavity liner is sufficiently low so that an enhanced liner. cooling
capacity would remove the entire downward-flowing heat. However, because
of the thick crucible wall, the debris pool temperature exceeds 3000°C, .
and the margin for fuel boiling under depressurized conditions is small.

In addition, most of the core debris decay heat is driven upward, which
makes this concept depend on upward heat removal. The delayed startup of
a single core auxiliary cooling system (CACS) loop is sufficient to remove
all the upward-flowing decay heat, even at fully depressurized conditiomns.
Furthermore, a residual pressure of 0.6 MPa in the PCRV is sufficient for
upward heat removal by natural convection in the CACS loops. Even if no -
convection, forced or natural, could be established in the CACS loops,

the melting of substantial portions of the central cavity internal compo-
nents would be delayed approximately 24 h. The addition of these internal
components to the debris pool represents a substaﬁtial incremental heat
capacity which would depress pool temperatures for a substantial time
period, following which the reduced upward-flowing heat could be removed
through the liner insulation to the liner cooling in the upper portion

of the central cavity. Therefore, maintaining PCRV liner integrity follow-

ing a core meltdown appears technically feasible but requires design



attention for the unique aspects of a core meltdown conditionm, ‘i.e.,

liner cooling capability, crucible material flotation, etc.

The BORAX bath concept was proposed for the GCFR by Dalle Donne
et al. (Ref. 8). Steel boxes filled with borax (Na2B407) are installed
in the lower reactor cavity. Following a core meltdown, the oxide fuel
is expected to dissolve in the liquid borax to form a compound solution
pool. The diséolving process is controlled by steel box meltding, so
that the liquid borax is aiready at the melting point of steel, where a
fast dissolving rate may be achieved. The low boiling point of borax
(1700°C) may cause a borax vapor blanket to form at the fuel-borax inter-
face, so that the fuel and steel may sink through the borax bed without
dissolving the fuel. In addition, the borax pool may become separated
from the fuel by an intermediate steel layer, interrupting the dissolving

process. Small-scale simulation tests performed by Dalle Donne et al.

(Ref. 12) indicate that UO

2 dissolution can be accomplished in the pres-
ence of steel; larger experiments are cuurrently in progress. Only 20%
to 30%Z of the decay heat flows upward because of the low pool temperature.
Sideward and downward heat fluxes are increased, but the peak heat flux

does not occur until about 10 h (Ref. 11).

The‘heavy metal bath concept (Refs. 9, 11, 13) utilizes a large
mass of high-density, low-melting-point uranium metal alloy installed
inside the lower reactor cavity. Following a core meltdown, a low tem-
perature pool of the uranium alloy with solid fuel fragments in suspension
is expected to form. The molten pool is contained by the unmelted solid
edge of the heavy metal. The principal advantaée of this concept is its
self-sealing feature. Gaps between structural alloy blocks will become
filled by the uranium alloy, which is of higher density than UOZ, thereby
preventing the penetration of molten UO, into structural gaps and cracks.
Such penetration can locally increase t;e heat flux to the cavity liner.
A heat transfer study (Ref. 13) for a 1500-MW(e) GCFR has shown that
removal of heat from the heavy metal bath is feasible with a wide range.

of suitable pool temperatures. The disadvantages of this concept include



the high cost of uranium materials, the potential for metal-water
reactions if the liner is breached, and the possibility of crusting on
top of the heavy metal, which could suspend a significantﬁfraction of the
Uuo ;bove the pool. Uranium alloys also have a low heat capacity,

2
requiring a 2-m-thick layer for a 4-h heat capacity.

The steel bath concept (Ref. 10) employs a large mass of stairless-
steel plates that will melt following a core meltdown to form a ''light
metal bath."” This concept is similar to the uranium bath except that
the core debris is heavier than the pool matefial and is collected at the
bottom of the steel pool. A refractory layer placed between the steei
and the cavity liner is thus needed to protect the liner from potential
hot spot effects. Analysis of steel bath heat transfer has shown that

the steel core retention system has a greater stored heat effect than the
uranium system, and therefore the liner heat flux and temperatures are
lower. Similar to the ceramic crucible concept, this concept can be

accommodated without a large cost or significant design changes.

Table 1 compares thé important parameters for the four concepts.
The ceramic crucible is the simplest concept but is most dependent on
upward heat removal, whereas the borax bath and the uranium bath offer
betker performance but would require major design changes and experimental
development. The steel bath appears to be an interesting compromise con-
cept, and a combination of the essential features of two concepts, i.e.,
a heavy metal base with an overlaying steel bath, may offer further improve-
ments. It is concluded that there are several diverse concepts for molten
fuel containment inside the PCRV which appear feasible utilizing the

normally provided cooled liner barrier for postaccident fuel containment.

All in-vessel molten fuel containment concepts depend on the avail-
ability of liner cooling for indefinite retention of molten fuel. The
time delay available for restoration of liner cooling depends on the heat
capacity provided by the structural material in the lower cavity region

and is typically in the range of 4 to 10 h. 'Since the probability of
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TABLE 1
COMPARISON OF MOLTEN CORE RETENTION CONCEPTS

Ceramic Borax Uranium - Steel
Parameter Crucible “Bath Bath Bath
Pool temperature (°C) -High Low Low Low
(>3000) (1427) . (>1200) (>1500)
~ Cavity liner tem- Low High High High
perature (°C) (150-200) . (250-300) (280-350) (250-300)
Time of maximum liner Long Medium Short Medium
heat flux (h) (28-40) (v10) (3-4) (6-10)
Fraction of upward High Low Medium Low
heat removal (0.6-0.8) (0.2-0.3) (0.3-0.4) (0.1-0.3)
Need for design Minor Major Major . Minor
changes
. Need for experimental Low High High Medium
work ‘
Pool manageability Medium Low High High
Fuel penetration and Yes Yes No  Yes
material flotation
Scaleability High Low Medium Medium
Cost Low Medium High Low

restoring off-site power in 2 h is typically 90%, the dependence on liner
cooling is not unreasonable. -Nevertheless, the consequences of a longer
loss of liner cooling was investigated to determine likely PCRV failure
modes (Ref. 14). Two specific failure modes have been identified and
analyzed: (1) failure of PCRV tendons due to sideward growth of the fuel
pool penetrating into the concrete slab and (2) molten fuel penetration
fhrough the concrete base mat of the PCRV. Table 2 gives the failure times
for these failure modes. Failure of the first row of axial prestressing
tendons 31 h after core meltdown is predicted as the earliest failure mode.
This failure mode would only be of importance if the PCRV were still pres-—
surized, a very unlikely condition, because a pressure reduction would be
expectled throﬁgh either the PCRV relief valves or the failed liner. 1In
addition, sufficient time for manual depressurization following liner
failure is available. Failure by PCRV bottom head penetration requires
much longer times, i.e., 11 days for 50% bottom head penetration and 48

days for full bottom head penetration.

10
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A TABLE 2
COMPARISON OF PCRV FAILURE MODES .

Cause of PCRV Failure Time of Failure(a)
Failure of first row of PCRV tendons 31 h
Melt penetration through 50% of _256 h
lower PCRV head
Melt penetration through full PCRV ‘ .48 days
head
(a)After core ﬁeltdown.

It is concluded that very long PCRV failure times can be attained if
PCRV depressurization can be accompliéhed prior to PCRV tendon overheating.
Molten fuel penetrating ihto concrete releases water which can react with .
an overlaying molten steel pool to form hydrogen. Furthermore, decom-
position of limestone aggregate results in the release of COZ' Conservative
containment analyses have shown that the containment failure pressure is
not reached for at least 24 h following liner failure. Hydrogen evolution
is slow and controllable with hydrogen recombination equipment, and con-
tainment venting could be delayed beyond 24 h by use of nonlimestone
aggregates in the PCRV bottom head. Therefore, it appears technically
possible to contain a molten core inside the PCRV by removing the decay
heat through an upgraded liner cooling system and to provide at least 24-h

containment integrity even if active heat removal 1s unavailable.
CONSEQUENCE MITIGATION FOR A LOSS OF SHUTDOWN COOLING ACCIDENT SEQUENCE

The principal focus of consequence mitigation is the containment of
condcnsed fuel vapor and fission products reieased from the core during
the postulated meltdown sequence. To quantify the degree of consequence
mitigation provided by the PCRV and thé containment/confinement structure,
radiological consequence analyses are being performed on the bases of the'
core releases calculated by ANL. The radiological consequences will pro-

vide a basis upon which to judge the adequacy of radiological containment

11



provided by the design. In addition, an investigation of the principal
means to reduce -the radiological consequences further has been initiated

and includes studies on the following:
1. Means to reduce the probability of an LOSC event further.
2. = Means to prevent recriticality.
3. Means to minimize fuel vapor and energy release.
4, Means to maintain primary coolant boundary integrity.

5. Means to deplete activity releases to the containment and mini-

mize leakage from the containment/confinement structure.

Completion of these studies, further refinements in accident analysis
capabilities, and results of ongoing experimental programs will yield the
comprehensive understanding of core disruptive accidents in the upflow A

core necessary for licensing a demonstration plant.
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