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ABSTRACT 

The NRC-sponsored Ex-Reactor (XR) experiments have been conducted at Sandia National Laboratories to develop 
inforination necessary to advance the understanding of B W R  severe accident melt progression events. The recent XR2-1 
experiment addresses the fate of the initial large (code-predicted) movements of molten metals from the upper core to the 
lower core and core plate region. For this question, which has important ramifications with respect to the potential for 
blockage formation in the core region, the XR2-1 test results provide many significant and perhaps definitive insights. 
Nevertheless, some of the events that occurred during this test are creatures of the special features of the test apparatus, and 
there is a clear potential for misconceptions with respect to the direct applicability of some of the results. This paper describes 
the conclusions that can rightfully be drawn from the XR2-1 experiment results and identifies those areas (such as fuel pellet 
stack collapse and core plate integrity) where care must be taken not to misconstrue the test events. 

Another important area where much recent work has been performed is the effort to analyze the potential for maintaining 
core debris within the reactor vessel lower plenum by cooling of the outer vessel wall. One of the first steps in such an 
analytical endeavor is to attempt to establish the pattern of energy transfers into the wall inner surface. As a prerequisite to 
determination of this pattern, it is necessary to first consider the nature of the debris within the lower plenum. Too often is an 
easily represented homogeneous circulating liquid pool incorporated without adequate consideration of the true material 
conditions. Basic considerations of the relative quantities of materials present, the potentials for eutectics formations, and the 
associated melting points dictate otherwise. This paper offers some insights as to the vue nature of the lower plenum debris 
and discusses the need for some relatively simple experiments that would contribute much toward the basic understanding 
necessary for accurate debris characterization. 

I. INTRODUCTION 

Severe accidents, if unmitigated, progress toward 
release of debris from the reactor vessel onto the 
containment floor and the concomitant direct challenges 
to containment integrity. The first line of attempted 
mitigation is to provide for the restoration of water 
injection into the reactor vessel so that all of the residue of 
the damaged core can be retained within the vessel. In 
most cases, these actions as mandated by established 
Emergency Procedure Guidelines (EPGs) would prove 
successful. Nevertheless, for some postulated accident 
sequences, restoration of water injection into the reactor 
vessel either does not occur at all, or occurs late, such that 

the associated energy release by metals-water reaction 
within the vessel lower plenum actually accelerates 
bottom head failure and the release of debris into the 
containment. From these considerations arises a 
motivation to examine means for keeping the core debris 
within the reactor vessel even if the debris within the 
vessel cannot be cooled directly. 

Flooding of the containment such that water 
surrounds the outer surfaces of the reactor vessel wall to a 
height well above the surface of the debris bed within the 
vessel is a well-recognized and currently aggressively 
analyzed potential strategy for preventing vessel bottom 
head failure2 Productive analyses to correctly predict the 



fate of the bottom head wall with water on the outside and 
debris on the inside depend in part upon a correct 
understanding of the nature of the debris. Can it be treated 
as a naturally-circulating pool of homogeneous liquid or is 
it more a case of liquids derived from lower-melting- 
temperature metals interspersed between large masses of 
solid oxides? This question is valid for both BWR and 
PWR severe accident sequences. This paper addresses the 
BWR case, for which the lower plenum is larger and 
contains a much greater initial (before debris entry) heat 
sink comprised of both water and stainless steel 
structures. 

For the BWR case, it is particularly important tu 
consider the means by which the debris from the core 
. region would enter the lower plenum. The possibilities 
range from one extreme at which all of the debris liquids 
would be held up within the core region, then suddenly be 
released into the lower plenum in a gush sufficient tu 
uplift and push the water out of the way so that the debris 
could interact directly with the bottom head. At the other 
extreme lies the concept that because of the openness of 
the BWR core, debris liquids would tend to pass 
downward unimpeded to the core plate, would cause local 
core plate failures, and would enter the lower plenum in a 
continuous manner (metals first, followed by oxides) so as 
to be quenched by the water there. In the latter case, 
bottom head integrity would be assured until the 
cumulative decay heat associated with the fuel relocated 
into the lower plenum became sufficient to boil away all 
of the water so that the previously quenched debris could 
reheat through the melting temperatures of its constituent 
materials. 

It is thus the fate of the BWR core plate that 
determines whether a severe accident debris bed would 
form in the core region (above the plate) or in the lower 
plenum (below the plate). Section 11 provides background 
information concerning the plate structure and the general 
nature of the BWR severe accident scenarios that would 
threaten the plate integrity. Section I1 also offers an 
interpretation of the results of the recent XR2-I 
experiment, recently conducted at Sandia National 
Laboratories (SNL) to obtain information with respect to 
BWR core plate response to severe accident loading. 

II. ROLE OF THE CORE PLATE IN BWR 
SEVERE ACCIDENTS 

A. Background 

The BWR core plate is basically a circular stainless 
steel plate strengthened by an underlying support 

structure. Its location within the reactor vessel i s  shown in 
Figure 2.1. 

The core plate does not support the core, but rather 
provides lateral alignment for the upper portion of’ the 
control rod guide tubes, which do support the fuel 
assemblies of the core. Under severe accident conditions. 
the peripherally supported stainless steel core plate would 
be exposed to vertical loading by the relocating core and 
structural debris that would accumulate over’ its upper 
surface. If the core plate remains in place,, then the 
resulting debris bed would form in the core region. If, 
however, local plate failures permit the accumulating 
debris to fall into the vessel lower plenum, then the debris 
bed would form there. Thus, the fate of the core plate 
determines the progression of BWR accident sequeiices 
for times beyond the onset of significant material 
relocation. 

The severity of the threat to core plate: integrity 
imposed by relocating debris is accident sequemce 
dependent. However, for practical purposes in estimating 
the magnitude of this threat, B W R  severe: accident 
sequences can be broadly divided into two distinct sets: 
those for which the core plate would be dry when debris 
relocation begins and those for which the plate would be 
covered with water. This distinction arises because the 
EPGs direct the operators to rapidly depressurize the 
reactor vessel if the core becomes partially uncovered; the 
flashing attendant to this maneuver removes all water 
above (and some of the water below) the core pliate, which 
is characteristic of the set of “dry core plate accident 
sequences.” 

The second set of accident sequences from the 
standpoint of challenge to the core plate is coimprised of 
those severe accident sequences for which loss of cointrol 
air or DC power renders reactor vessel depressurizsition 
impossible. This set of “wet core plate accident 
sequences’’ includes the long-term station blackout 
accident sequence, which has been identified as among 
the dominant sequences for Peach Bottom. Much of the 
relocating debris may not reach the core plate in these 
sequences, but rather would form a frozen crust above the 
plate, leading to an accident progression more like the 
Three Mile Island experience (PWR) than the early Local 
core plate failure and lower plenum debris bed formi3tion 
expected for the dry case. In other words, retention and 
buildup of a debris bed above the core plate is imore likely 
for the wet case where core plate dryout, heatup, and 
structural failure is prevented because the plate is 
submerged in water during the period of initial mal.eria1 
melting and relocation. 
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Until recently, the experimental foundation for 
understanding core plate loading under severe accident 
conditions consisted entirely of the DF-4 and CORA 
e~periments.~-~ These represent an uncovered length 
(control blade, channel box, and fuel rods) in the upper 
BWR core with steam flows typical of both wet core plate 
(DF-4 and CORA-16, -17, -28, and -31) and dry core 
plate (CORA-33) accident sequences. However, the steam 
flows were fed into the experimental apparatus, and there 
was no representation of water in the lower test section or 
of a core plate. All of these experiments show rapid 
relocation of metals (control blade and channel box 
materials) to below the active fuel while the fuel pellet 
stacks (with oxidized portions of the cladding) remain 
standing. These results c o n f m  that relocation of metallic 
liquids would occur first, so that the debris in contact with 
the core plate surface would consist primarily of metals, 
but provide no infomation concerning the core plate 
response. 

The XR2-1 experiment was ever expected to 
address core plate failure, but rather to provide the 
temDerature of the core plate for use in separate creep 
rupture calculations. Specifically, the experiment 
represents neither the true radial geometry nor the 
magnitude of the imposed load. In actuality, the core plate 
is a perforated disk (with underbracing) that is 4.75 m 
(15.6 ft) in diameter and is supported around the edge. 
Ultimately (after the period of initial metals pour 
addressed by the experiment), the central portion of this 
disk would be loaded by some 200,OOO kg of debris from 
the upper central core. This is when core plate failure 
would be expected to occur, and with the temperatures 
that the XR2-1 experiment has demonstrated, failure 
seems likely. Nevertheless, a creep rupture calculation 
(beyond the scope of the experiment) is necessary to 
complete the analysis of the potential for core plate 
failure. 

B. The XR2-1 Experiment 

A program to provide necessary information 
concerning the severe accident response of the BWR core 
plate has been undertaken at SNL. The experimental 
approach is documented in the Program Plan for the Er- 
Reactor Metallic Melt Relocation Experimentsg and was 
carefully planned considering experience in BWR severe 
accident analyses and the deficiencies of the existing 
codes, to focus upon the areas where experimental 
observation is most necessary. These are the first 
experiments to address the dry core plate accident 
sequences and to investigate the effects of metallic melts 
in attacking the core plate structure and in utilizing the 
available bypass paths (indicated in Figure 2.2). 

The XR2-1 experiment, carried out during October 
1995, very adroitly replicates the code-predicted large 
initial movements of liquid metals from the upper core to 
the lower core and fuel support piecdcore plate regions. 
The pour rates employed are those predicted by 
SCDAP/RELAPS calculations, where the models 
concerning control blade and channel box material 
relocations are based upon the results of the previous 
BWR experiments (DE4 and CORA). The successful 
performance of this experiment involved the development 
of ingenious methods for delivering the proper amounts of 
liquid stainless steeVboron carbide (SSB4C) eutectic and 
zirconium at the proper times and at the correct locations 
into the core assemblies above the fuel support piece or 
core plate  surface^.^ Nevertheless, it is also important to 
understand the limitations of the experiment. 

It is important to recognize that only the “early 
phase” of events (metallic relocations) is addressed in the 
XR2-1 experiment. The fuel pellets had no internal heat 
generation and, therefore, melting was not initiated at the 
inner surface of the clad, which under actual accident 
conditions would provide a “glue” to hold the pellets 
together. While it is interesting that the pellets tumbled 
into a rubble configuration during the experiment, this 
experience does not establish what might happen to these 
fuel pellets in an actual reactor accident. In other words, 
although radiography indicated some gluing of the pellet 
remnants, the results of this experiment should not be 
interpreted to define early-phase fuel tumbling in an 
actual case. This matter is important because of questions 
concerning the status of the fuel pellet stacks should water 
injection capability be restored after the control blades in 
the upper core have melted. The fuel pellet stacks did 
remain standing in the DF-4 experiment, where clad 
melting at the inner surface did occur. 

There is no question, of course, that the fuel pellet 
stacks would indeed tumble at some point (and would 
heavily load the central region of the core plate by doing 
so). It seems evident, however, that the results of the 
XR2-I  experiment do not justify a conclusion that pellet 
stack collapse would immediately follow the initial 
downward relocation of metals from the upper core. 

-Another reason why the observations taken with 
respect to occurrences during the XR2-1 experiment do 
not support conclusions beyond the fate of the initial 
metallic pours (which is a nslipr accomplishment in itself) 
is the lack of any steam rising into the fuel support piece 
region (and above) as a result of the metals traversing 



below the core plate. This limitation was well recognized 
before the equipment and apparatus design was finalized 
so there is certainly no criticism of the test plan intended 
here. There is no question, however, that the observed 
movement of metals below the plate demonstrates that the 
associated steam generation and the effects of the metals 
oxidation and energy releases that this steam would 
induce above the core plate would be significant. 

III. NATURE OF THE LOWER PLENUM 
DEBRIS 

The argument that the core debris entering the BWR 
lower plenum would be quenched is buttressed by the 
geometry of the local stainless steel structures and the 
large water volume initially present. As the relocated core 
material accumulates within the lower plenum, it is 
expected that the composition of the quenched debris bed 
would vary with height. Lowermost in the bed would be 
the mostly metallic debris (from control blades, canisters, 
candled clad, and dissolved fuel) that had either passed 
through the intact core plate, accumulated on the plate 
surface before local failure, or had subsequently relocated 
downward from above the failure locations. Higher, 
within the middle region of the bed, would be the 
collapsed fuel and ZrO2 from the central region of the 
core. Subsequently, the uppermost portion of the bed 
would be formed from the collapsed metallic and fuel 
materials from the relatively undamaged outer regions of 
the original core. 

Table 3.1 identifies the constituents and their melting 
temperatures expected to be present in the lower plenum 
debris bed for a short-term station blackout accident 
sequence based upon a reactor vessel and core of the size 
installed at Peach Bottom. (The listed U02 melting point 
of 3011 K reflects the expected depression from the 
nominal value of 3100 K due to the presence of fission 
products.) Within the bed, eutectic mixtures would be 
formed according to the availability of their associated 
constituents. The mixtures expected to be formed within 
the debris are identified in Table 3.2. 

It is important to recognize that the material mixtures 
that might exist in the lower plenum can be very different 
from those expected in the core region. This is true 
because of the many more material species in mutual 
contact within the lower plenum debris. For example, B4C 
is in contact only with stainless steel in the core region, 
but in the lower plenum, it is in the vicinity of and might 
react with any of the materials listed in Table 3.1. With SO 

many different materials in contact, it is necessary to 
determine the mixtures that would actually form by 

experiment. The information listed in Table 3.2 was 
obtained by means of a small-scale BWR materials 
melting experimentlo undertaken at ORNL in December 
1987. 

Table 3.1. Independent material species wilthim the 
lower plenum debris bed 

Melting Temperature 1 OF I IC 
zr 
Fe 
Cr 
Ni 
B4C 

3365 
2795 
3400 
2650 
4450 

2l25 
1808 
2l30 
1728 
2’728 

FeO 2510 1 ti50 

NiO 3580 2244 
cr203 4170 21572 
B203 4450 2728 
m2 4900 2978 

301 1 uo2 4960 

Fe304 2850 11139 

-- 
Table 3.2. Eutectic mixture compositions considered 

for the lower plenum debris bed 

Eutectic Mole 
mixture fractions 

Zr-SSU 0.100 - 0.900 

a SS represents stainless steel. 
b  his is the stainless steel eutectic mixture. 

The intent of the B W R  materials melting experiment 
was to demonstrate eutectics formation in the lower 
plenum in the presence of bottom head penetration 
assembly failures, such that the associated liquids would 
drain away as quickly as they were created. The 1-kg 
scale apparatus used is shown in Figure 3.1. Based upon 
the results of severe accident code calculations, the initial 
material configuration was placed within the upper 
crucible in three layers, each comprising SS, UO2, Zr, 
ZrQ2, and B4C in the appropriate ratios. The three layers 
were subjected to controlled melting by the: induction 
furnace. As the various liquids formed, they drained 
through the perforations into the inverted (lower) crucible, 
where water cooling caused rapid solidification. Post-test 
analyses, by sampling progressively upward within the 



solidified mass, revealed th 
mixtures and the order of melting. 

ompositions of th relocated 

Subsequent to the completion of the small-scale 
melting experiment, a definitive studyll of the 
probabilities of various bottom head failure modes has 
concluded that although penetration failures are more 
likely in BWRs than in PWRs, it is most probable that the 
vessel bottom head would fail by gross (creep) rupture. 
This of course means that the metallic liquids formed 
during the early phase of the bed heatup would remain 
within the lower plenum and in the vicinity of the solid 
oxides throughout their melting process. This in turn 
raises questions with respect to the compositions of the 
eutectic mixtures that would be formed and their 
associated melting points. 

These questions become of particular importance if it 
is desired to generate code predictions of the state of the 
lower plenum debris after prolonged periods with the 
outer surfaces of the bottom head wall covered with 
water. (With water cooiing and with the vessel 
depressurized, it is possible that the bottom head would 
never fail.) The results of scoping calculations based upon 
current knowledge (as listed in Tables 3.1 and 3.2) 
indicate that radiation from the upper surface of the debris 
bed would cause melting of all of the vessel upper internal 
stainless steel structures. The introduction of this 
additional liquid steel to the lower plenum would raise the 
debris surface, so that the water level within the 
containment would have to be at least as high as that 
shown in Figure 3.2 in order to preclude melting of the 
carbon steel vessel wall. Table 3.3 lists the lower plenum 
constituents and the solid and liquid masses of each as 
predicted at 20 hours after scram.2 It is obvious that a 
large amount of solid U02 is predicted to remain among 
the liquids; the small quantities of solid metals are 
restricted to the crust at the wall. 

Furthermore, it is not expected that the debris would 
become entirely liquid no matter how long the period for 
which the calculation is carried out. The decay power 
within the debris is removed by means of heat conduction 
radially to the surrounding bottom head wall and by 
radiation from the debris surface to both the wetted (on 
the outer surface) and dry portions of the upper vessel 
wall. In the current calculations,2 a balance is struck with 
the respective debris and water heights shown in Figure 
3.2. 

Suppose, however, that all of the solid debris (except 
for a narrow crust near the wall) were eliminated so that a 
homogeneous circulating pool could be established. With 

all of the UO2 in th liquid phase, the pool temperature 
would be predicted to increase to above the UO;? melting 
point. There is a physical mechanism, the evaporation of 
liquid metals, that would prevent this from occurring in an 
actual situation. However, this mechanism is not now 
represented in the severe accident codes. 

Table 3.3. SoIid and liquid masses within central Iayer 
of debris at time 1200 min 

~ 

Constituent 

zr 
Fe 
Cr 
Ni 
B4C 

FeO 

NiO 
bo4 

Cr203 
B2°3 

m2 

uo2 
Totals 

- -~ 

Solid Mass Liquid mass Total 

2,092 33,423 35,515 
3,03 1 198,447 201,478 

759 48,181 48,941 
183 22,054 22,237 
406 428 834 

0%) 0%) 0%) 

0 4 4 
9 210 219 
0 15 15 
3 76 79 
7 7 14 

520 15,525 16,045 
148,400 1 1,342 159,742 
155,410 329.7 12 485,123 

Even with U02 melting in progress at a temperature 
of 301 1 K, there is reason to believe that some boiling of 
the liquid metals would occur. Table 3.4 lists the boiling 
points of the steel constituents, all of which are to some 
extent lower than the U02 melting point. The effect of this 
in transferring heat from the debris would be significant. 
The heat of vaporization for each is about 6.25 x 106 J k g  
(about 20 times the heat of fusion). 

Table 3.4. Boiling points of steel constituents 

Metal Boiling Point (K) 
Fe 
Cr 
Ni 

3008 
2750 
3003 

Condensation of the steel vapor upon the inner 
surface of the upper reactor vessel wall would heat the 
upper wall. Some of the condensate (liquid metal) may 
freeze in place, while the remainder would run down the 
wall and return to the debris pool. Such a heat transfer 
cycle, if established, may be sufficiently efficient to limit 



the debris pool temperature to the vicinity of the metal 
boiling point indefinitely. The key is that the water levell 
in the containment must be sufficiently high to remove the 
transferred energy at a rate sufficient to preclude wall1 
meltthrough. 

N. SUMMARY 

The recently completed XR2-1 experiment9 provides 
a great deal of useful and important information 
concerning the fate of the initial large movements of 
molten metals from the upper core to the lower core and 
fuel support piecekore plate region. The direct 
experiment results include demonstration that much of the 
downward flowing metal would pass into the lower 
plenum through the intact core plate in that “More than 
half of the relocating molten metals ultimately drained to 
regions below the core plate. The balance of the metallic 
melt was found to have formed non-coherent partial 
blockages in regions on and just above the lower core 
plate. . . . ’*9 This experiment also provides a temperature 
history for the core plate, upon which future creep rupture 
calculations might be based. 

There is currently a great deal of interest in the 
concept of improving severe accident management 
techniques by endeavoring to keep a degraded core within 
the reactor vessel rather than having to cope with debris 
upon the containment floor. This concept has been 
included as part of the advanced AP600 design and early 
containment flooding is included in the severe accident 
guidelines for existing BWRs. MELCOR (with the BH 
Package) is the only severe accident code specifically 
crafted for parametric analyses of the response of a 
debris-filled lower plenum with water surrounding the 
outer vessel wall. (For the reasons discussed in 
Section 111, calculations involving representation of 
naturally circulating homogeneous debris pools are not 
considered realistic.) However, code results after all of the 
UO2 has liquefied are not useful, since pool temperatures 
in excess of the metals evaporation temperatures are 
predicted while very large amounts of liquid metals 
remain. 

In reality, the pool temperature would not increase to 
values higher than the metal evaporation temperature. 
Much of the U02 would remain in the solid phase so that 
large-scale natural circulation currents could not be 
established. The metallic vapor would rise -within the 
vessel and condense upon the cooler upper wall, thereby 
heating the upper vessel. It is important that effects such 

as these be represented if useful code predictions of long- 
term in-vessel debris retention are to be obtained. 

It is also important that the necessary basic 
information be available to support whatever code 
calculations are ultimately performed. To tllis end, a 
series of simple experments might be designed to 
determine the set of eutectic mixtures that would form 
within a debris comprised of the materials listed1 in 
Table 3.1. The necessary information could be obtained 
with use of an experimental apparatus similar to ithat 
shown in Figure 3.1, except that provision should be made 
to keep the liquids in the vicinity of the solids. With cwly 
small amplification of the experiment scope, it slhould idso 
be possible to demonstrate just which materials undergo 
vaporization and the evaporation and conderisation of 
metallic vapor from such a diverse debris. 
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Figure 2.1. The BWR core plate separates the core region from the vessel lower plenum. 
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debris bed. (Dimensions in cm.) 
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Figure 3.1. Induction furnace with two-compartment 2102 
crucible as used in BWR materials melting experiment. 
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possible (jmd bv SeDte mber 30. 1997 at the latest): 

1. 

2. 

3. 

Transmit best-available original photographs and figures. 

Transmit (if possible) your manuscript in its entirety, or the text 
alone in electronic format. This may be done either via email, or 
on a floppy diskette. This will considerably simplify the 
editorial and formatting process. 

Transmit short (5 to 6 line) biographical sketches of authors. 

Each manuscript wil l  be edited by our staff for meeting requirements of 
Nuclear Safety Journal. However, the finalized manuscript will be 
transmitted to you for final review prior to publication. 

I expect that, the special issue of Nuclear Safety will be transmitted to our 
worldwide readers and subscribers within the next four to five months. 

Please feel free to contact me or other staff of Nuclear Safety Journal if you 
should have any questions, or if you need further information. 

cc: M. D. .Muhlheim 

The Second ARS97 conJerence is sponsored by the Nuclear Reactor Safety Division of the American Nuclear Sociey ( M S )  with several 
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