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SUMMARY

The XR2-1 test was the third in a series of out-of-pile severe accident experiments conducted at
Sandia National Laboratories for the Nuclear Regulatory Commission. The objective of this
experiment program is to investigate the material relocation processes and relocation pathways in
a dry boiling water reactor (BWR) core following a severe accident such as an unrecovered
station blackout accident. The XR?2 test section was prototypic in composition and in geometry
and simulated the lower reactor core including 2 meter of the fuel assembly, the nose piece, the
core plate, the control blade and velocity limiter, and the fuel support structure with coolant inlet
nozzles. The imposed test conditions (initial thermal state and the melt generation rates)
simulated the conditions for the postulated accident scenario and the prototypic design ensured
that thermal masses and physical flow barriers were modeled adequately.

To simulate downward draining control blade material reaching the lower core, 20 kilogram of
control blade material was fed into the upper end of the test section over a period of 1000
seconds. The feed material was delivered over a prescribed pattern over the control blade at a
controlled, constant rate. Following the control blade material, 40 kg of molten zircaloy-4 was
poured over the open ends of the fuel assemblies, simulating the subsequent degradation of fuel
rod cladding and assembly can walls. The zircaloy material was also poured over a period of
1000 seconds and was restricted to within the assembly canisters.

The test was was instrumented with over 87 type K thermocouples, 26 type C thermocouples,
and 3 optical pyrometers. A real-time X-ray imaging system was also used to record the motion
of molten metals at the bottom of the fuel rods. Following the test, the entire package was x-
rayed and X-ray tomography was employed to further characterize the end state of the test
package.

The fuel assemblies were severely degraded during the conduct of the test, channel walls were
destroyed by the aggressive eutectic action of the molten control blade material, and fuel rods
were deformed and stripped of cladding. The upper 1/2 of the fuel rods showed severe
degradation where many of the fuel pellets had fallen into the lower half of the fuel assembly
forming regions of rubblized geometry about 1/4 m from the nose pieces. The upper 1/3 of the
fuel assembly was completely absent, having collapsed into the lower test bundle.

The real-time X-ray imaging system showed flow blockages and pools forming early on in the
test, but the molten material was able to break free so that molten material would drain suddenly
to lower reaches of the test packages. Thermocouple responses indicate very large-scale and
sudden melt relocation events leading to material relocating to regions beneath the core plate.

Fourty-seven kilograms, or more than 70 percent of the material available for melt (feed material
and material that melted at the top of the package), was found below the core plate elevation in
the inlet nozzle (~6 kg), resting on the control blade velocity limiter (~21 kg), or in the lower
catch basin (~20 kg). It is believed that material drained through the assembly nose piece and out
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through the inlet nozzle into the lower catch basin. In addition, material drained through the
control blade guide tubes, over the control blade velocity limiter and then into the catch basin.
The composition of the material in the catch basin is not known, though it is expected that both
zircaloy and control blade material would be found there. Lower structures such as the core plate
and fuel support piece appear to have remained intact, and downward cascading material
apparently drained through existing flow paths.

The XR2-1 experiment has demonstrated the potential for molten metal relocation to the lower
plenum in a BWR core through existing pathways in the lower core structures. This experiment
does exhibit some of the characteristics of the “Continuous-Drainage” melt progression pathway
in that important quantities of molten metal drained from the “core region”. However,
destruction of the core plate did not occur, and about half of the molten metals accumulated in
blockages on or above the core plate region. Fuel material, rubblized by the draining metals was
compacted slightly into the lower core plate region. In that the core plate remained at the end of
the experiment, with accumulations of additional metal and an over burden of rubblized fuel
material, the end state also bears some resemblance to the TMI-2 configuration. Had the test not
been terminated when it was, protracted heating of the test section by the radiant heat from the
melter assembly may have led to continued metallic draining from the core region. The current
results can be further projected in time into the reactor scale regime by additional analyses.
Quantitative extrapolation of the experiment results to a reactor evaluation will require the use of
a tool like MERIS. The analysis would account for sustained heating from above, embedded
decay heating, and the differences in radial heat transfer. Such analyses were beyond the scope
of this work, but could be accomplished with minor additions to the MERIS model.

The XR2-1 experiment has shown that under the “dry core” conditions investigated, the metallic
core materials that melt and drain from the upper core regions have the potential to drain from
the core region entirely without the formation of robust coherent blockages in the lower core.
Temporary blockages that suspended pools of molten metal were observed to form which later
remelted, allowing the metals to continue draining downward. The fuel rods in the XR2-1 test
showed significant damage in the form of rubblization in the uppermost part of the test bundle,
however, X-ray examination revealed that distorted, but rod-like, structure was still retained in
the lower part of the test bundle. The lower core plate structure in the test bundle remained intact
at the conclusion of the test, however, it should be emphasized that failure of the core plate
during the test was not expected.

The ultimate fate of the core plate, and the overlying ceramic fuel materials with respect to the
transfer of materials to the lower vessel depends on the thermal and mechanical response of the
lower core, core plate, and control blade drive tubes. The XR2-1 test provides the initial
conditions for these subsequent events, which may be explored by analytical synthesis. The
MERIS code is one analytical tool that may be useful in this regard, but other models for
structural response must also be applied. If the weight of the core is distributed uniformly over
the underlying structures, including the lower core plate, analyses have indicated that the lower
core plate structure can be expected to fail under the thermal and mechanical loads from the
overlying core materials. Structural response analyses should, however consider the possible
effects of fusing of the core plate to the drive tubes by the refrozen metallic melts, and the extent
to which the core weight load is distributed over the core plate and the drive tubes. In the event
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that the core plate fails, then providing the overlying core materials behave in a fluid-like
manner, the failure of the core plate could result in the ceramic core materials “draining” to the
lower plenum and coming to rest on top of the previously relocated metallic materials. This
“draining” of the fuel material could be impeded, however, if the fuel materials are not
sufficiently “rubblized” to negotiate the open spaces between and within the control blade guide
tubes. In this case, the support capacity of the drive tubes must be considered. Finally, it must
also be kept in mind that the XR2-1 test investigated a single typical thermal state of the lower
core region by using an axial thermal gradient of ~2000 K/m. Differing thermal conditions could
influence these results.
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Final Results of the XR2-1 BWR
Metallic Melt Relocation Experiment

1. INTRODUCTION
1.1 Background

The Ex-Reactor (XR) experiments were conducted at Sandia National Laboratories to aid in the
resolution of a major uncertainty in the core melt progression process associated with a severe
accident in a boiling water reactor (BWR), where loss of reactor core coolant inventory has
occurred. Specifically, the class of accidents of concern are those that involve core melting under
dry core conditions, such as an unrecovered station blackout accident with manual vessel
depressurization.! In these accidents, a manual vessel depressurization is expected to be carried
out by the plant operators when the core water level drops to ~35 percent below the top of the
core. This procedure is intended to cool down the reactor core before the onset of severe fuel
damage from oxidation and over-temperature conditions by making use of the steam blowdown
cooling effect, and to permit the activation of any potentially available low pressure coolant
injection systems. After vessel depressurization, the water level in the vessel is expected to be
below the lower core plate, but above the jet pump intake nozzles. The procedure also delays
severe damage to the core by about a half hour, assuming that reintroduction of water into the
core does not subsequently occur. In the event that core cooling is not regained, the severe core
damage processes resulting from the continued core heatup will take place under “dry core”
conditions because of the low water level in the reactor vessel, with very low steam flow through
the core.

Without vessel depressurization, “wet core” conditions would exist, with the lower core
generating large amounts of steam from the boiling coolant present. Wet core conditions were
present in the Three Mile Island, Unit 2 (TMI-2) accident, which, as a result of subsequent core
melt progression processes, are believed (in general) to lead to a blocked core configuration with
the formation of a growing molten ceramic fuel pool. The water in the lower core causes
relocating molten core materials to freeze, forming a dense crust. Subsequent melt collects upon
the crust blockage until a molten pool forms. Later, as the pool growth reaches a boundary of the
core, the contents of the molten pool (principally molten ceramic fuel) will be released and
relocation to the lower vessel head follows, as occurred in the TMI-2 accident. The blocked core
“TMI-like” melt progression scenario is illustrated in Figure 1-1.

In the case of the BWR “dry core” melt progression scenario, it is not clear that the blocked core
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molten pool configuration discussed above will result, since the heat sink associated with water
in the lower core is not present. An alternative “continuous drainage” melt progression pathway
has been proposed for these dry-core conditions, which does not lead to the formation of a large
in-core molten ceramic pool, but instead, follows a continuous drainage behavior, where molten
material drains from the core region without the formation of any stable crusts or blockages.

This alternative melt progression pathway is also illustrated in Figure 1-1, and can be seen to lead
to very different melt relocation behavior and different vessel head loading conditions. The TMI-
like blocked core pathway results in a sudden relocation of ~3000K molten ceramic fuel
material, which subsequently comes into contact with the lower vessel head. The alternative
continuous drainage pathway results in the gradual and continuous drainage of materials from the
core region, first the lower melting point metallic core materials (control blades and zircaloy
materials), and later solid or molten ceramic fuel materials. In this case, the metallic materials
will collect on the lower head, followed later by overlying ceramic fuel materials. These two
melt progression pathways lead to important differences in the timing and mode of vessel failure,
in addition to differences in the rate, temperature and composition of those materials that are
ultimately released into the containment environment. Therefore, it is important to understand
which melt progression scenario will result from each set of conditions, so that the consequences
of these two different pathways can be assessed.
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Uncertainty H Y /> :mmﬂ’ﬂ meltto
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Figure 1-1. Illustration of the melt progression branchpoint uncertainty for "dry core' and
"wet core'' scenarios.
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Complicating the analytical assessment of these pathways is the complexity of the BWR lower
core geometry, which is composed of fuel canisters with rods, control blades, and inter-canister
gaps, as well as lower canister nosepieces, control rod drive tubes, the lower core plate structure,
and numerous flow pathways. These geometrical complexities are illustrated in Figure 1-2.
These complexities, together with uncertainties concerning material eutectic interactions (Zr-Fe
for example), stability of core structures during melt relocation, and the freezing and blockage
behavior of relocating metallic melts has prompted an experimental, and companion analytical
program to address this melt progression issue. The Ex-Reactor experiments were intended to
provide the experimental evidence necessary to develop and assess predictive models for this
phase of the melt progression process, which are required to resolve the uncertainty in this crucial

melt progression pathway branchpoint.
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Figure 1-2. Diagram of the complex lower core structure in the BWR.
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1.2 The XR Experiment Program

In order to determine the conditions under which BWR dry core melt progression will follow
either the “blocked core, TMI-like” path, or alternatively, the continuous drainage pathway, a
series of experiments were designed to characterize the behavior of the draining metallic core
materials in the geometry of the BWR lower core region. If the molten metallic core materials
form stable blockage configurations in the lower BWR core region under dry core conditions,
then it is considered likely that the TMI-like melt progression pathway, involving the formation
of a ceramic fuel melt pool, will also apply to BWRs. However, under typical dry-core
conditions, there is only marginally sufficient thermal heat sink available to freeze the relocating
stainless steel control blade melt and the subsequent relocating zircaloy channel box and cladding
materials. This, together with the complex BWR lower core geometry, with many possible melt
drainage pathways (Figure 1-2) and many potential material interaction effects, would suggest
that stable blockages might not form, and that the continuous drainage melt progression pathway
might be favored.

The formation of eutectic material compositions can greatly effect the extent to which molten
material is able to relocate through the lower core structures. It is known that B4C and stainless
steel react to form a eutectic with melting point below both steel and B4C. Studies® have shown
that the solidus for such a eutectic may be as low as 1473 K. This is much lower than the
melting point for either steel or B4C, i.e., ~1700 K and 2725 K, respectively. Furthermore, there
is a eutectic reaction between the iron and the zircaloy metals resulting in a eutectic with melting
point as low as 1600 K for an iron rich system and 1200 K for a zirconium rich system (see the
phase diagram in Appendix C). Again, the eutectic melting point is below the melting points of
either component (the melting point of zircaloy is 2100 K). Material interactions of this type can
lead to the erosion of channel box walls and fuel rod cladding at temperatures below the melting
point of zircaloy. The reaction between zircaloy melt (draining from melting channel boxes and
fuel rod cladding high in the core) and resolidified control blade material that forms blockages in
the lower core (the control blade material higher in the core melts before the zircaloy) may also
result in the opening of those early blockages and further promote the downward draining of
materials.

The general approach taken in the Ex-Reactor experiments is to simulate the bottom of the BWR
core geometry in full scale, using prototypic materials, at the time that the molten metallic core
materials are beginning to drain from the upper regions of the core into the lowermost regions.
The full scale, prototypic nature of these experiments eliminates the uncertainties that would be
present in a scaled down experiment, and the results observed should be representative of what
would be expected in a BWR under these accident conditions.

The fuel rod cladding surfaces and the zircaloy-4 fuel canister walls were oxidized in steam to
form a 20 to 40 micrometer thick oxide layer to simulate conditions present in an operating BWR
core. A primary variable in the proposed XR test series was the axial thermal gradient, which
was proposed to range from 1000 to 2000 K/m. The total temperature difference over the test
bundle length is 1000 K, ranging from 600 K at the bottom to 1600 K at the top. A 0.5-m test
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bundle length was required to achieve the proposed ~2000K/m gradient. A test investigating
1000 K/m would employ a nominal 1-m test bundle.

The Ex-reactor program consisted of two series of experiments designed to accomplish the goals
set out above. The first series of experiments, XR1°, simply modeled the control blade, the
control blade melt material, and the channel box walls. This series investigated both 1000 and
2000 K/m temperature gradients by utilizing a 106-cm and a 53-cm test section in the XR1-1 and
XR1-2 tests respectively. These experiments were intended to provide some initial insight into
the interaction of the molten control blade material with the channel box walls and to assist in the
development of the technology needed in designing the more complicated XR2 experiments.

The XR2 experiment more fully modeled the geometry at the bottom of the BWR core by adding
fuel rods, the core plate, the nose piece, the velocity limiter, and the fuel support structure.

Figure 1-3 shows a cross sectional view of the two test section designs used in these experiments.
In the view at left, a simple channel design used in the XR1 tests is shown where only the fuel
canister walls (channel box) and the control blade features are included. The view at right shows
the cross section for the more prototypic geometry XR2 tests, which include arrays ofzircaloy-
clad fuel rods in addition to the channel box and control blade structures. The lateral scale of the
XR2 test section is designed to represent all of the lateral degrees of freedom with respect to the
draining of molten materials, and was selected based on symmetry principles (the XR2 test
section is approximately a 1/8 symmetric section extracted from the 4-canister repeating array of
the BWR core).

ZrO, insulation [ control blade

% o0

a) XR1 test section b) XR2 test section

Figure 1-3. Cross-sectional views of test bundles for the XR1 and XR2 tests.

To achieve the required temperature gradient the test section is heated at its top by the radiant
cavity melter above. A smooth axial temperature profile is achieved by imposing a downward
flow of Ar gas which convects heat down into the test section. The internal decay heating of the
lower fueled region was neglected in this experiment.
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The tests were conducted by pouring molten metallic materials (molten steel and B4C from
control blades and molten zircaloy from fuel rod cladding and channel boxes) into the upper,
open end of the heated test section, thereby simulating the melting and draining of the upper core
metallic materials down through the overheating reactor. The melt pour was accomplished by
feeding wire feedstock into a hot radiant melter system where it melted and then dripped onto the
test section below. The test sections were pre-heated in order to impose a prototypic axial
thermal gradient over the length of the test section. The objective was to characterize the nature
of any blockages that were formed as the melt enters the test geometry, and to provide
information on melt drainage pathways through the lower core region.

1.3 Summary of the Report

Section 2 of this report describes the design of the XR2 experiment components: the test facility,
the wire feed system, the radiant cavity melter, the test package and the type and location of
thermocouples and other instrumentation. It also discusses the test conditions imposed on the
test package. It should be emphasised that this experiment used full scale, prototypic geometries
and prototypic materials and test conditions that are representative of a BWR under the presumed
accident conditions.

Section 3 presents the chronology of the test as well as the test results. It discusses the pre-heat
of the test package to the desired initial conditions, the delivery of the stainless steel/BsC
composite material, and the subsequent delivery of molten zircaloy. It points out indications
during the test of molten material transfer and blockage development as suggested by
thermocouple responses and the real-time X-ray apparatus. Finally, it presents views of the end-
state condition of the test package by photos, Xrays, and tomography as well as estimates of the
volume of material found in regions below the core plate.

Section 4 discusses the MERIS model of the test and compares calculated results with measured
observations. It also discusses both the strengths and weaknesses of the code in predicting the
outcome of the XR2 test.

Section 5 presents a short discussion on the conclusions drawn from this test and the MERIS
modeling of this test. A discussion of radiant heat transfer is presented in Appendix A. A
description of an EXCEL version 5 workbook for archiving the data is attached in Appendix B.
Thermal physical properties of materials used in the XR2 test are included in Appendix C. The
XR2 thermocouple data are presented in Appendix D. Finally, a set of XR2 drawings are
included as Appendix E.
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2. THE XR2-1 EXPERIMENT DESIGN

A discussion of the XR2-1 test facility, the wire feed system, the melter system, the test
section, and the imposed test conditions follows. It should be pointed out that the XR2-1
experiment required the development of two unique, never-before-tested systems which were
critical to the success of the experiment: the wire delivery system and the radiant cavity
melter. Both systems offered technical challenges that had to be overcome before the test
could take place. The wire delivery system was required to deliver 31 spools of zirconium
wire and 10 spools of steel/B4C composite wire ( a total of @ 2700 m of zircaloy and 1300 m
of steel/B4C composite) to the melter system at a predetermined delivery rate without the
wires snagging or melting inside the wire guide tubes. If the wires melted inside the wire
guides (passing through a 2400 K temperature gradient) there was a risk that the molten
material would wet the tube walls and could freeze up inside the narrow tubes, blocking the
wires progress before entering the melter. As for the melter system, it was required to heat
the wires to beyond their melting points strictly from radiant heat transfer alone since the
incoming wire could not come in close contact with the hot inner surfaces of the melter. This
meant that the radiant cavity must be heated to beyond 2700 K. At these high temperatures,
the design becomes constrained by severe material limitations, and the potential for
overheating the test chamber becomes an important issue. Furthermore, the melter system
served a dual function — besides melting feed material, it also supplied the heat source
necessary to preheat the lower test section — and care had to be taken in its design and
operation in order to balance these two roles.

2.1 XR2-1 Test Facility

The XR?2 test package and radiant melter system were placed inside the FITS test chamber as
depicted in Figure 2-1. The test chamber was filled with argon gas to provide an inert
environment, to prevent test section oxidation at the required test temperatures.

The test section was instrumented with thermocouples to measure the thermal gradient prior
to introducing the molten metals, and to characterize the melt flow and blockage behavior of
the melt flowing into the test section. In addition to the thermocouples, a real-time X-ray
imaging system provided a video image of the melt as it drained to the bottom of the test
section, showing flow behavior and blockage formation. The imaging system provided a
projection view looking laterally along the width of the control blade channel and axially
from the bottom of the nose pieces to roughly the bottom third of the fuel assemblies. The
system consisted of a 400 kiloelectronvolt (keV) X-ray head which radiated a high photon
flux through the XR test package. A scintillation screen situated on the other side of the XR
test section provided an image of the Xrays which penetrated the test section and reached the
screen. This image was recorded using a high sensitivity video camera for subsequent post
test examination.
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Figure 2-1. The FITS test facility with the XR2 test package, melter system, and wire
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2.2 Wire Feed System

The feed material was fabricated into thin, 16 mm (.063 in) diameter wires which were fed
into a hot radiant cavity where they melted and dripped onto the XR2 package assembly
below. In this way, feed material could be delivered evenly over prescribed areas of the
package and at a controlled delivery rate. Figure 2-2 provides the reader with a view of the
top of the XR2 fuel bundle overlayed with the position and size of the wire guide tubes
together with an estimate of the wire “wander” or uncertainty in the position of droplet
formation based on early melter tests. Note that during the Steel/B,C melt phase, only the 10
wire guide tubes located over the control blade region were used, the balance of those tubes
were used during the zircaloy melt phase.

ZrO, insulation

control blade

Figure 2-2. XR2 test bundle array and wire guide tube pattern.

The steel/B4C wires were constructed of a B4C core surrounded by a stainless steel sheath.
The outer diameter of the B4C core was 0.5 mm, resulting in a mass ratio of 43 kg stainless
steel to every 1 kg B4C.

Details of the wire feed system are depicted in Figure 2-3. Wire feed stock was pulled off
reels and through a series of rollers or wire straighteners by motorized platens. The wire
straighteners were capable of removing small kinks and bends in the wires to prevent
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Figure 2-3. Wire feed system.
snagging as the wire was fed into the melter system. The wire delivery system was capable
of feeding wire over a wide range of feed rates. Pre-experiment tests demonstrated that the

system could feed wire at velocities ranging from 2.5 centimeter (cm) per second to over 15
cm per second.

Each wire was then fed through flexible teflon conduits into its own individual wire guide.
The upper length of each wire guide was fabricated of stainless steel tubing. Because of the
high temperatures expected at the upper surface of the melter lid, it was necessary to
transition these wire-guides with 23 cm (9 inch) long, graphite stand-off tubes as shown in
Figure 2-4. The wire guides served as ports into the melter system and the FITS chamber.
The close tolerance between the wire and the inside diameter of the steel wire guide together
with the introduction of argon purge gas at the lower ends of the steel wire guide served to
prevent the contamination of the vessel by the the outer environment.
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Figure 2-4. Melter stand-off tubes.
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2.3 Radiant Cavity Melter System

The XR2 melter system was designed to serve two critical functions: to provide the radiant
heat energy to melt the steel/B4C composite and zircaloy feed materials, and to provide the
necessary downward heat flux to preheat the XR2

package below. These two functions defined a

design operating space for the melter system, i.e.,

the melter needed to be hot enough to ensure a Graphite

complete phase transition for the feed materials, éll:lgnment
yet not so hot that the downward heat flux would
exceed the desired axial profile in the package Graphite
below. In addition, preliminary melter designs Entrance
demonstrated that the high surface tension and Tubes
chemical reactivity of molten zirconium dictated 2] Cylindrical
that the contact between the molten zirconium and £l Radiant
melter structural materials should be avoided. The | it Cavity
open cavity design that evolved is shown in Figure i R g?f‘?cggsgy-.st)%
2-5. 7 et | losses-~45kW
S e e | RO e e maten

The radiant cavity consisted of a 5.08 cm thick, 53 % AT Zircaloy
cm x 33 cm OD graphite cylinder which was
heavily insulated and surrounded by upper and — s Graphite
lower induction coils (see Figure 2-6). The = - T Felt
cylinder was wrapped on all outer surfaces with 10 Insulation
more than 5.08 cm of graphite fiber insulation in X A I &
order to minimize heat losses from the melter Exit
system. The power supply was capable of Chamber
providing up to 250 kilowatt (kW) to the coils to .
bring the system up to temperature and to account —— Sliding

. Graphite
for heat losses, and enthalpy input to the melt. The Gate
coupling efficiency between the coil and the (~12kW closed

~30 kW open)

graphite cylinder (the susceptor) was nearly 88 - 90
percent. The remaining 10-12 percent of the coil
input power was lost in heating the induction coils
and other surrounding materials. The two
induction coils were cooled hydraulically in order
to maintain their temperatures within a permissible
operating range. Each coil could be operated
independently, providing a means of tailoring the
axial temperature profile in the cavity. For
example, early in the preheating stage, before the melter achieves highly efficient radiant
temperatures, more power was applied to the bottom coil in an attempt to flatten the
temperature profile in the melter due to the large heat drain to the package below.

Figure 2-5. XR2 melter design.

-11- NUREG/CR-6527

materials were used in the construction of other components. The control blade was

e - ~ - e o~ - o



Figure 2-6. Melter coils and graphite felt insulation.

In order to bring the zirconium feed wire to its melting point of
2100 K, it is necessary to heat the melter to between 2700K
and 3000 K. At these temperatures, the radiant heat load from
the melter cavity to the lower package is excessive. Two
measures were incorporated into the melter design in order to
minimize this problem. First, an insulated sliding gate was
placed between the package and the melter cavity. This gate,
which was constructed of 0.635 cm of graphite felt sandwiched
between two 0.635 cm thick sheets of K-carb graphite sheets,
could be closed remotely while bringing the melter and package *
up to the operating temperature and then opened during the
melt pour (see Figure 2-7).

Figure 2-7. Melter gate
assembly.

A more passive means of reducing the heat load on the Jower
package, was to include a long, heavily insulated exit duct
between the melter cavity and the top of the melter gate
assembly, effectively reducing the view factor from the melter
cavity to the test package below (Figure 2-8). The exit duct was
well insulated in order to minimize the heat load to the test
chamber and reduce heat losses from the melter cavity. It was
made as long as physically possible within the constraints of the
test chamber (about 48 cm from the top of the package to the
lower surface of the melter cavity bottom end piece), and the
cross-sectional area of the inner opening was minimized to the
test package shape. Calculations have shown that this transition
region reduced the heat flux to the package by roughly 70
percent. A short discussion of radiation heat transfer methods G
and a means of estimating the heat flux from the cavity to the %
lower test package is presented in Appendix A.

Figure 2-8. Melter exit duct
To further assist the downward flow of heat into the test section region. '

below, a 100 liter per minute flow of Ar gas was initiated by
drawing a slight vacuum at the base of the test section. This gas flow helped to transfer heat
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deeper into the test section, generating a nearly linear temperature profile in the package
below.

2.4 XR2-1 Test Package

Central to the XR2 experiment was the test section, which was designed and fabricated to
replicate as close as possible the lower ¥z to 1 meter of an operating BWR core geometry.
The design criteria of the test section is that it should be capable of accurately representing
the thermal mass, material interactions, and the complicated flow paths that exist for the
presupposed accident conditions. Components used in the test section were full-scale.
Several of the more complicated pieces such as the nose pieces, the support pieces, the grid
spacers, the core plate, and the lower control blade velocity limiter were structures that were
actual components fabricated for use in a BWR core (see Figure 2-9). Also, prototypic
materials were used in the construction of other components. The control blade was
constructed of stainless steel with B4C-filled tubes. Fuel rods were clad with zircaloy-2
tubing and filled with full size depleted UQO, fuel pellets. Furthermore, the fuel rod cladding
surfaces and the zircaloy-4 fuel canister walls were oxidized in steam to form a 20 to 40 um
thick oxide layer prior to assembly to accurately simulate conditions normally present in an
operating BWR core. The package was then insulated with 5.08 cm of ZrO, fibrous
insulation to minimize lateral heat losses out of the package.

2.5 XR2-1 Test Conditions

The purpose of the XR2 test was to examine the behavior of downward relocating molten
metallic core materials in a dry BWR core such as might result from a short-term station
blackout with depressurization. To make this test credible, it was important that the test
section be subjected to the same or similar thermal conditions as might exist at the time that
molten metal reaches the lower Y2 to 1 m of a BWR core in such an accident scenario. These
thermal conditions were determined from a best estimate calculation performed using the
SCDAP/ RELAPS code. This calculation included a detailed description of the lower region
with fine axial noding and modeled both the core plate and the nose pieces, as described in
Reference 1. In addition, these calculations predicted both the timing and the material
melting rates for the upper-core metallic structural materials. The results of these
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calculations are shown in Figure 2-10 and Figure 2-11.
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Figure 2-9. XR2-1 test package. '
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Figure 2-10. Axial thermal gradient in the lower BWR core for Dry-Core conditions
(Station blackout with depressurization).
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Figure 2-11. Flow rate of molten metallic materials from upper core into the lower 0.5
m, XR2 assembly cross-section.
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The results of these best estimate calculations were used to prescribe conditions imposed in
the XR test series. Results of this and other studies using the MELCOR code (cited by John
E. Kelly of Sandia National Laboratories) indicate that the temperature gradient at the bottom
of a BWR core could range from 1000 K/m to 2000 K/m depending on the control rod
positioning strategy. In both studies, however, the temperature at the core plate remained at
500 K. The XR1 test series investigated both a 1000 K/m and a 2000 K/m temperature
gradient. The XR1-1 test modeled the 1000 K/m gradient by using a 1-m test specimen while
the XR1-2 test modeled the higher, 2000 K/m gradient using a 0.5-m test specimen. The
temperature at the bottom of the test specimen was ~500 K while the upper temperature was
heated to ~1500 K. The XR2 test modeled the higher, 2000 K/m temperature gradient by
using a ~0.5-m test specimen. This higher thermal gradient would tend to assist the
downward motion of molten material into the test specimen.

The mass of molten material calculated by the SCDAP/RELAPS best estimate calculation
was used in determining the flow rate of material to be introduced into the XR2 test. Molten
control blade material was poured into the test assembly at a rate of 18 grams per second
(gm/sec) for 1000 seconds followed by zircaloy at a rate of 35 gm/sec for the following 1000
seconds.

2.6 XR2 Package Instrumentation and Data

The XR2 Package was instrumented with over 87 type K thermocouples, 26 type C
thermocouples, and 2 optical pyrometers. Sixty-nine thermocouples were placed in the test
bundle on fuel rods, can walls, and the control blade. The balance of the thermocouples were
placed on the the core plate, the fuel support pieces, the nose piece, the lower control blade,
and other strategic places within the test chamber.

Figure 2-12 shows the axial layout of the XR2 test package. Thermocouples were placed at
four different elevations along fuel rods, can walls, and control blades. These elevations are
at equal spaced intervals along the active fuel rods. Figure 2-13 shows thermocouple
locations at each elevation. Note that not every elevation has thermocouples at each
thermocouple location. At core region 1 (CR1), only fuel rods 1, 3, 8, and 11 (FR1, FR3,
FR8, and FR11) were instrumented with type C thermocouples. Similarly, only locations
CB1 and CB4 on the control blade at core region 1 were instrumented.
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Figure 2-12. XR2 axial thermocouple Figure 2-13. XR2 test bundle thermocouple
locations. locations.

The nose pieces at the bottom of the fuel bundles were instrumented. The half nose piece
(HNP) corresponding to the half fuel assembly seen in the cross section of Figure 2-13 has
three thermocouples embedded in its surface. These locations are indicated on the drawing of
Figure 2-14. Each of the two quarter nose pieces (QNPA and QNPB) were instrumented

with two thermocouples as shown in Figure 2-15. Likewise, thermocouple locations in the
double fuel support, the single fuel support, both the upper and lower surfaces of the core
plate (CPT and CPB respectively), and the lower control blade are indicated on Figure 2-16
through Figure 2-19.

In addition to both type C and type K thermocouples in the package, the XR2 test
incorporated two water cooled, 2-color optical pyrometers located outside the melter. These
pyrometers were arranged with view ports that allowed the measurement of temperatures at
the inside surface of both the top and bottom melter end-pieces. Two type C thermocouples
were placed at the end of each view port as a means of testing the pyrometer calibration. To
complete the temperature characterization of the melter assembly, there were three more type
C thermocouples located at the center sidewall of the radiant cavity, the midplane of the outer
graphite cylinder in the exit chamber, and in the melter gate assembly.

The data was recorded about once every 30 seconds during the heat-up and cool-down phases
of the experiment and about once every 3 or 4 seconds during the actual melt delivery phases.
There are over 1300 data points for each of the 100 or so data channels resulting in a large
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database for analysis. Plots of the thermocouple data for the XR2 test are included in
Appendix D. In addition, an Excel® spreadsheet has been included to archive this data and
facilitating data management. A short user’s guide has also been included in Appendix B.

°

/

Figure 2-14. Half nose piece (HNP)
thermocouple locations

FSD1

FSD3

Figure 2-16. Fuel support Double (FSD)
thermocouple locations.
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Figure 2-15. Quarter nose piece (QNP)
thermocouple locations.

Figure 2-17. Fuel Support Single (FSS)
thermocouple locations.
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Figure 2-18. Core plate thermocouple
locations.

Figure 2-19. Lower control blade
thermocouple locations.
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3. THE XR2-1 TEST RESULTS

The XR2 experiment was conducted in the FITS test facility at Sandia National Laboratories
at roughly 7:00 p.m. on October 12, 1995. The test was run at night to take advantage of the
cooler ambient temperatures, improving heat rejection from the FITS test chamber. All test
systems including the wire feed system, the radiant cavity melter, and the gas preheat system
as well as all diagnostic systems, performed as required. There were no problems or
malfunctions that were serious enough to compromise the validity of the test results.

3.1 Conduct of Test

The XR2-1 test was conducted in three stages: the melter and package preheat phase, the
steel/B4C composite melt phase, and the zircaloy melt phase (see Table 3-1). Details of these
three test stages are presented in the following three sections. Prior to heating the XR2
package and melter assembly, the test chamber was evacuated and filled with argon gas to
provide an inert environment. The melter and package were brought up to the desired
temperature at which time the lower gate was opened and steel/B4C composite wire was fed
into the melter cavity. The steel/B4C composite melt was fed at the rate of 18.0 gm/sec for
1000 seconds for a total of 18 kg of wire (see

Figure 3-1). At that time, the zircaloy wire was delivered to the test section at a rate of 35
gm/sec for 1000 seconds, for a total of 35 kg of zircaloy wire. The test was then terminated,
the melter gate was closed, and power to the coils was shut off.

Table 3-1.XR2-1 test conduct.

Event Time (hr) Time
(seconds)

Initialize data recording 0 0

Stage 1: Begin package preheat, melter at 1700 K 1:50 6600
Package preheat accomplished 3:34 12840
Close melter gate and heat melter to operating temperature | 3:42 13320
Melter reaches operating temperature of 2650 K 4:45 17100

Stage 2: Open melter gate and start feeding stainless steel wire | 4:46 17213

Stage 3: Terminate stainless steel feed and initiate Zr feed 5:03 18212
Terminate zircaloy wire feed and close melter gate 5:19 19158

Shut down melter power, continue logging data 5:20 19200
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Mass of Wire Melted and Delivered to Test Section
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Figure 3-1. Feedstock material melted and delivered to XR2 test package.
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3.2 Melter and Package Preheat

The first stage of the XR2 test, the melter and package preheat, was by far the longest,
requiring 17,153 seconds or 4 hours and 45 minutes. This involved bringing the melter
cavity up to a design temperature that was determined to be high enough to assure that radiant
heat transfer from the cavity to the wire was sufficient to completely melt the wire. The
cavity temperature was carefully chosen in order to impose the necessary downward heat flux
to the XR2 package to obtain the desired initial temperature gradient in the package. Figure
3-2 shows the power input to the melter and the melter temperatures. With the lower gate
closed, the melter was heated to 1700 K. At 6600 seconds the gate was opened and the
melter temperature was maintained for over an hour. This was done in order to bring the
lower package up to temperature while the melter was still at a reasonably low temperature,
thereby minimizing the heat load to the test chamber. Once the package was pre-heated, the
insulated gate was closed and the melter was heated to its operational temperature of about
2700 K. Preliminary calculations predicted that if the melter cavity were heated to 2700 K,
the top of the XR2 package would reach the target temperature of about 1600 K. The bottom
of the package was electrically heated to about 600 K. In addition, when the melter was
heated to 1700 K and the gate was opened, a 100 liter/minute (Ipm) flow of argon gas was
established downward through the XR2 package to assist in heat transport to the lower
reaches of the test bundle. The gas flow was capable of smoothing out the axial temperature
profile in the package (as shown in Figure 3-3) providing a nearly linear axial profile from
600 K at the bottom to 1600 K at the package top. Just before the gate was opened, the
temperature at the bottom of the insulated lower gate was 1750 K and there were only = 5 kW

Melter Power and Temperature

3000 — — 500
N e N
2500 ’,' 400
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5 2000 = Y
g 300 2
5 5
S 1500 4 E
3] i £
< o : i 200 F
[ 5} B
= 1000 .. O
Q
=
= : 1=
500 P 100
5’—-] I .=
| i ot o
0 -+ : =1 0
0 5000 10000 15000 20000
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Figure 3-2. Coil power and melter temperatures during heat-up phase.
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Axial Profile in XR2-1 Pack
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package. When the gate was opened and the wire 1800 l o Control Biade
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of molten material into the package, the radiant = . 7 welRuas
heat flux shining onto the package increased to 2 1400 4 —— Design Predictio
nearly 20 kW. The temperature at the top of the = 1200

package correspondingly rose until the %

diminishing radiant heat flux balanced the heat §1°°° ] :
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gate, temperatures at the top of the package %0 )
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Thermally, the XR-2 melter system behaved as
expected. At a cavity temperature of 2700 K, the
predicted energy requirement of 45 kW agreed
very well with the actual required energy input of
41 kW (see Table 3-2). In addition, calculated
temperatures closely matched actual
thermocouple measurements.

Figure 3-3. Axial temperature profiles in
the lower XR2-1 package
preceding melt introduction.

Table 3-2. Comparison of predicted and observed thermal indicators just before the
gate is opened at 17,100 seconds.

Location Observed Predicted Heat Loss Heat Loss
Temperature | Temperature &W) kW)
(Ke}vm) 1 fKelvin) ’ Observed Predicted

Melter Sides | ] 38
(Calculated) I g
Melter Top (Caleulated) |~ | - | = -
Melter Bottom ' :
(Calculated) AP E— — i
Melter Total 41 45
(Calculated/Observed) i I _ . -
CaVity 2713 2700 iwvffi“;:ﬁ‘;_~~ e e
Gate 1750 1790 g 1::..;‘“"‘2;‘:: e
Package Top 1605 wo | -l
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3.3 Stainless Steel/ B,C Delivery

At 17,153 seconds into the experiment, the lower melter gate was opened and within seconds
the stainless steel/B4C composite wire was fed into the test package. Temperatures at the
upper elevations began to rise as a consequence of the increased radiant heat flux to the
package as shown in Figure 3-4. It is believed that the zircaloy melting point was reached
near the top of the package in approximately 4 minutes after opening the gate. The zircaloy
spacer grid near the top of the fuel rods began to melt in only a minute or two. Evidence of
this can be found in the thermal responses of lower fuel rod thermocouples as early as 17,230
seconds.

Temperatures Near Top of XR2 Package
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I B o 1 < S a1} v Fuel Rod 11 (top)
1200 BB 1Y -4 Control Blade 1 (top)
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1100 ¥. i1 —@— Fuel Rod 2 (17 cm from top)
R’ i | O~ Fuel Rod 5 (17 cm from top)
1000 i i 7 I
17000 17200 17400 17600 17800 18000

Time

Figure 3-4. Temperature rise at top of XR2 package following the
opening of the gate.
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At core region 2 (approximately 17 cm or 6%z inches from the top as shown in Figure 3-1),
the temperature rise is somewhat slower and was not expected to exceed the zircaloy melting
point as a result of radiant heat transfer alone. The upper denuded fuel rods were expected to
provide shadowing from the intense radiant heat flux above so that melting would be
localized in the upper 10 to 13 centimeters.

The composite wire was fed continuously into the XR2-1 package at a rate of 12 gm/sec for
nearly 1000 seconds. In addition, the top of the control blade began to melt almost
immediately from the incident radiant heat flux. These two sources provided material for
relocation into the lower end of the assembly. The first indications of molten material
moving into core region 2 (17 cm from the top) were at 17,240 seconds into the experiment
or about 12 minutes after opening the gate. There were also indications at this time of
molten material falling on the lower control blade drive. Almost simultaneously, material
fell onto the core plate, as evidenced by the thermocouple traces of Figure 3-5. Notice that
the only thermocouples significantly affected by this relocation were those located nearest the
control blade both on the upper and lower surface. These thermocouples continued to record
small sporadic relocation events to the core plate for the following three to four minutes,
followed by three or four minutes in which there was little or no evidence of further material
relocating to the core plate. Then, at approximately 17,900 seconds there was a sudden and
very sizable relocation of molten material along the entire core plate. This trend is very
similar to that observed for the XR1 tests (see Reference 3), i.e., initially some core blade
material fell to the core plate, followed by a period in which very little molten material found
its way there, followed by a sudden and very sizable relocation of material to the core plate
roughly 10 minutes into the melt pour.
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Figure 3-5. Temperature response in core plate thermocouples during
composite wire feed.

Thermocouple signatures in the lower control blade drive and fuel support piece indicate that
initially, material was able to drain to the lower reaches of the package though perhaps
somewhat slowly. As material continued to drain, it froze and filled the gaps between the
control blade and can walls, forcing some material to drain laterally along the control blade to
the relatively open channel above the core plate. There are several thermocouple indications
of material dripping rapidly down nearly the full length along the end of the control blade at
approximately 17,290 seconds. When it reached the relatively cold core plate, the molten
control blade material froze relatively quickly and could not spread laterally along the entire
core plate as evidenced by the unaffected thermocouples on the core plate far from the control
blade. Eventually, material accumulated along the end of the control blade and molten
material was forced to fill up the control blade gaps between the fuel assembly canisters.
Real-time X-ray images (see Figure 3-6) indicated that by 17,992 seconds, this molten pool
filled in the control blade gap above the lower support piece, probably plugging the control
blade access slot. Figure 3-7 shows the axial temperature profiles as the molten material was
poured along the control blade. Even though thermocouples at the bottom of the control
blade registered temperatures under 1200 K, thermocouples located 16.5 cm (6%2 inches)
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from the bottom of the active length recorded temperatures at or above the melting point
(~1500 K) of the iron/B4C eutectic. Consequently, it is expected that most of the active
length of the control blade was liquefied by the end of the composite material pour.
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Control Blade 1 Axial Profiles
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Figure 3-7. The developing axial temperature profile at the center of
the control blade after the gate is opened.
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3.4 Zircaloy Melt Delivery

The zircalloy melt pour stage began at 18,212 seconds. At the beginning of this stage,
considerable melting had already occurred in the upper three or four inches of the package. The
grid spacer and some of the upper cladding and can walls had most likely already melted and
relocated into the lower package. When the zircaloy melt pour phase was initiated, it is apparent
that this melt initially did not drain through the bottom of the test section, and instead formed a
blockage region in the test bundle. The blockage formation and melt accumulation was observed
using the real-time X-ray imaging system. A molten pool was forming above the tie plate and
some material even dripped past the tie plate onto the nose piece. The zircaloy melt continued to
accumulate until shortly after 18,500 seconds, when a large and sudden melt release event was
observed at many locations in the lower test bundle, including the lower core plate and regions
below the core plate. This relocation event resulted in significant heating of the core plate and
lower test section, as seen from the thermal responses in Figure 3-8 and Figure 3-9. Zircaloy
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1600 —--|{ —®— CorePlateTop 1 ........
—— Core Plate Top 2 : : :
—A~- Core Plate Top 3
—7—- Core Plate Bottom 1 }
-4~ Core Plate Bottom 2
1400 =

£
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S
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g 1000 - - h
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| : o
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T ] I I 1
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Figure 3-8. Temperature response in core plate
thermocouples during zircaloy wire feed.
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melt released in this event drained to the bottom of the test section below the core plate, finding
access through the fuel nose piece and the flow inlet nozzle in the fuel support piece, as shown in
Figure 3-10. This pathway is suggested by the coincidental thermocouple responses at the
bottom of the inlet nozzle and in the catcher basin. A significant mass of cascading molten
material also appears to have drained onto the core plate at essentially the same time, suggesting
a paralle] path for a rapidly draining plug of molten material. This parallel path would indicate
extensive damage to the upper can walls at this point in time in order for the molten material to
drain both to the inlet nozzle and the inter-can gaps. The real-time X-ray images indicate that the
upper pool level above the core plate may have extended above the tops of the lower nose pieces.
This would mean that the pool level was above the top of the support piece making it possible for
melt to drain through the control blade access slots. In fact, there are some indications early on
of molten material draining through the short control blade slot, but there are no immediate
temperature signatures at locations on the long control blade slot or the velocity limiter indicating
that this channel was probably blocked by control blade material.
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Figure 3-9. Temperature response in catch basin and inlet nozle at 18,600 seconds.
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Material continued to accumulate above the core plate and the inlet nozzle may have begun to fill
with material. Lower structures, including the velocity limiter and guide tubes, showed a
gradual, yet very significant increase in temperature (Figure 3-11), suggesting that material might
be slowly entering the guide tube or that surrounding structures such as the fuel support piece
may be heating the velocity limiter. The material that relocated to the inlet nozzle, core plate,
and nose piece gradually reheated and remelted control blade material that was blocking the core
plate penetration until about 19,100 seconds, when there was a rapid drainage of material through
this channel onto the velocity limiter and into the lower catch basin. Temperatures on the
velocity limiter jumped over 400 kelvin in response to the relocation of molten material along its
surface. Real-time X-ray images showed material suddenly draining from both the control blade
channel and the molten zircaloy pool in the unbladed bypass channel above the core plate.
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Figure 3-11. Temperatures in lower control blade drive thermocouples.
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3.5 Post-Test Condition of XR2 Package

The post-test condition of the XR2-1 test section reveals a large degree of disruption of the upper
bundle features, as seen by comparing Figure 3-12 (pre-test) and Figure 3-13 (post-test). The
orderly rod array, channel walls, and control blade at the top of the bundle have been
significantly disturbed with virtually no recognizable features remaining. In addition, some
vertical compaction of the bundle occurred. The fuel rods in the top of the test section were
denuded of cladding by the draining molten zircaloy and the radiant heat load to the top of the
bundle, allowing the eroded UO, pellets to collapse to a rubble geometry.

Figure 3-14, showing two x-ray projection views of the XR2-1 post-test condition, reveals that
some fuel rod features remain in the lower regions of the test section, although the rods are
distorted and displaced. Blockages of refrozen melt are seen across the test bundle above the
core plate, as well as on and below the core plate. Refrozen melt is visible within the fuel
canister nose pieces and in the nozzle inlet region below the core plate. (The nozzle inlet region
is the main coolant flow path by which water flows from the lower plenum below the core plate,
up through the fuel support pieces, into the fuel canister nosepieces and up through the fuel
channels in the normally operating BWR - see Figure 1-2 for clarification). The nozzle inlet
region is largely filled with refrozen melt, as is the control blade access slot in the drive tube
region. Finally, a large accumulation of melt is seen to have solidified at the lower-most catch
basin of the test section, apparently arriving there by way of the control blade access slot and the
fuel canister nozzle inlet pathways. The top surface of the refrozen material in the lower catch
basin is flat, indicating that this material arrived at a high enough transfer rate and with sufficient
superheat to attain a flat upper surface, as opposed to a “stalagmite” geometry typical of dribbling
melts with little superheat. It is possible that the material that drained to the lower catch basin
was a “‘eutectic” mixture of Zr and Fe (zircaloy and control blade material) which formed when
the molten Zr attacked the lower blockages. The composite material resulting from the eutectic
interaction could have a solidus temperature well below the liquidus of either the Zr or control
materials separately. Eutectic liquidus temperatures for the Zr-Fe system can be as low as 1220
K for zirconium rich mixtures (see Figure C-11 for the Zr/FE phase diagram).
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Figure 3-13. Post-test top view of the XR2-1 test section showing substantial disruption of
ordered geometry.
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X-Ray Views of Post Test
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Figure 3-14. X-ray projection views of the XR2-1 test section (post-test).
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A more detailed view of the post-test condition of the package was obtained by x-ray
tomographic inspection of the package. The upper part of the XR2-1 package, from just below
the upper surface of the core plate extending to the top of the remaining fuel rod debris (~60 cm
above), was scanned at 960 elevations, resulting in an axial pixel height of 0.0625 cm. In the
lateral direction there were 256 pixels, each with a width of 0.14 cm. Each scan provides a
horizontal cross sectional image of material densities at that particular elevation. Axial sections
were then generated from these scans to give additional views from the two orthogonal
directions.

Figure 3-15 shows the horizontal cross section at a given elevation as it existed in its pre-test
geometry compared with the tomographic cross section at the end of the test. Note that at the top
of the fuel bundle, only a few fuel rods situated in cooler locations near the outer boundaries
remain — most of this region is void of material of any kind. However, from the tie plate to
roughly half way up the fuel bundle, it is possible to identify nearly all of the original fuel rods,
many of which are found roughly in their original lattice arrangement at the tie plate elevation.
The axial views (Figure 3-16 to Figure 3-23) show clusters of individual fuel pellets throughout
the lower half of the rodded region, apparently falling there from the voided region above. In
addition, it appears that many of the fuel rod remnants are fused together with shapeless masses
of re-solidified metallic melt, the fuel material acting as a heat sink to the downward relocating
molten material. In an actual accident situation, these fuel rods would provide a strong heat
source, inhibiting blockage formation further promoting the downward motion of molten metal.
It is also likely that the fusion of the fuel pellets by the metallic zircaloy has resulted in “eutectic”
interactions, forming higher melting point U-Zr-O materials fusing the UO, pellets together. The
fusion of the fuel rod remnants into clumps may inhibit further rubblization or settling of the fuel
material. This pattern of resolidified material surrounding clusters of displaced and deformed
fuel rods is found throughout the lower rodded region with one or two exceptions. It is very clear
from these figures that there is a large void (nearly 900 cm®) located above the core plate near the
bottom of the fuel assemblies (roughly 2 cm above the tie plate). This void has roughly the shape
of the core plate and is nearly 9 cm from top to bottom. Also, at these same elevations, there is a
large mass of resolidified material (~294 cm3) located where the control blade used to be.
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Figure 3-15. Horizontal tomographic cross sections through the XR2-1 package at various
elevations.
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From some of the axial views (X140 in particular) it is possible to recognize the outline of the
nose pieces, indicating that they remained intact. The half nose piece appears to be completely
full of solidified melt. This is consistent with what was seen in both the post-test X-ray
projections and the real-time X-ray views. Horizontal cross sectional views through the nose
piece also show that the gap between nose pieces above the core plate was tightly packed with
material. Axial views along the core plate (Y130 - Y180) show that the region above the core
plate extending to the tie-plate elevation was uniformly dense indicating that molten material
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drained into this region with sufficient superheat to spread out laterally before solidifying. The
upper surface is roughly level, though slightly depressed at the junction between the bladed and
unbladed channels indicating material draining from the region above the core plate into the
control blade gap.

The tomographic images indicate that the nozzle inlet must also be full (X100 - X130 of Figure
3-17 and Figure 3-18). The X-ray projection confirms this at its lower opening which was
beyond the view of the tomographic scans. In contrast, the control blade guide tube was mostly
empty from the top of the core plate to the top of the fuel support piece(X140 - X170 and Y70 -
Y100 of Figure 3-18, Figure 3-19, Figure 3-20, and Figure 3-21). However, material is found at
the end of the guide tube, perhaps draining from the mass accumulated above the core plate onto
the velocity limiter. Views Y70 to Y100 show that material had accumulated on the lower
control blade extending as high as the top of the core plate. The x-ray projections also indicated
that the region between the velocity limiter and the fuel support piece was completely filled with
resolidified material.

Small quantities of resolidified material were also found in the fiber insulation outside the outer
zircaloy package walls. This material apparently eroded the zircaloy wall and drained through
the insulation down the side of the package. Two points of origin were identified, both near the
midplane of the rodded section of the test package. These points of origin might indicate the
location of temporary pools that formed early on in the test.

Structural features that can be clearly recognized in these tomographic images include the double
fuel support piece, the single fuel support piece, the half nose piece, the quarter nose piece
adjacent to the control blade, the fuel rods, the fuel pellets, the core plate, the outer can walls, and
the insulation. There were no signs of the control blade above the nose piece though the lower
control blade is likely visible in the guide tube in views Y90 and Y100 (see Figure 3-21).

From the X-ray projections and the tomographic views, it is possible to make estimates of
material volumes at the end of the test for various locations within the test package, the results of
which are summarized in Table 3-3. It is important to remember that the total volumes of
previously molten material identified includes both the material introduced as melt by the wire-
fed melter system as well as test bundle materials that subsequently became molten as a result of
heat transfer and eutectic interactions. Nearly 9 liters of once molten material have been
accounted for in this table, the remaining 0 to 14 percent is most likely found in the fuel rod
region, the insulation, and in estimation error. Seven liters of material relocated to regions below
the core plate, i.e., into the catcher box, the velocity limiter, or the inlet nozzle. This accounts
for roughly 70-82 percent of the total available molten volume.

Since the composition of relocated material is not known, it is not possible to know for sure the
mass of material below the core plate. However, if the density of the material is approximated as
6.74 gm/cm’ it is estimated that nearly 47 kilograms was found below the core plate elevation in
the inlet nozzle (~6 kg), resting on the control blade velocity limiter (~21 kg), or in the lower
catch basin (~20 kg). The density 6.74 gm/cnt’ is the mass averaged density for the total material
inventory fed into the system through the wire feeders.
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Table 3-3. Post-test material balance.

Molten Material Identified at Post Molten Material Available for
__Test . _ __Relocation During Test
| Location . | Volume (liter) | Molten material available | Volume (liter)
Material found below the | 7.06 Introaﬁc;ed as,’ wire feed 8.6
‘ 4c0replat‘é . - S—
Catcherbox | 2.9 .. SS/B4C composite wire 2.7
. .On vejocity limiter 3.2 Zircaloy wire 4 5.9
Inlet nozzle 0.96 lTes,'t section structural 1.5
. R material (excluding UQs) .
Material above coré plate | 1.7 __ Active control blade 0.19
Above core plate . 62 _ Fuelrodcladding . 1.0
__ Infosepieces 77 | Fuel canister walls _ 0.31
. _Controlbladegap .. 31 e
Volume accounted for: | §76 o I@tél?v@l.u_m.gg?ail:a_.bl@: 8.6-10.1

Volume utiaccounted for: | :0.16:1.34

3.6 Summary of the XR2 test

The following table (Table 3-4) summarizes the chronology and explanation of significant
events that were presumed to transpire during the XR2-1 experiment. Even though the physical
explanation of these events may be somewhat subjective in nature, they were deduced from the
thermocouple signatures, real-time X-ray images, and the post-test examination of the test
package.
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Table 3-4. XR2-1 test summary.

Event Time | Time
(hr) (sec)

| Initialize datarecording. .} 0__10___|

| Stage 1: Begin package preheat, melterat 1700K. ____ _____________________ || 1:50_1 6600 _ |

| Package preheataccomplished. I 3:34_] 12,840

| Close melter gate and heat melter to operating temperatwre. ____ ________________ | [ 3:42_) 13,320 |
Melter reaches operating temperatue of 2650 K. 4:45 | 17,100

| Stage 2: Open melter gate and start feeding stainlesssteel wire. __________________ ¢ 4:46_1 17213 |
Material at the top of package (most likely steel springs and fuel rod spacers) melt and relocate to | 4:47 | 17,230

| the bottom of the fuelyods. . _______________ 1} | ____|
Indications of some molten material reaching the core plate and the top of the fuel support pieces 4:47 | 17,240

| before flow to the core plate is choked off by blockagesabove. __________________{ ___ |
The upper 1/3 of the control blade may have melted by now. Relocated material has been detected | 4:49 | 17,360
in the gaps between the control blade and the can walls as low as 6 inches above the tie plate
(nearly 2/3 down the active control blade). The bottom 1/3 of the control blade gap is still largely
open. Material is accumulating in the unbladed gap above the nose piece. However, there are no

|_indications of a sustained accumulation of material on the coreplate. _ _ __ ___________ 1 ___} ____|
There is an extensive melt relocation to the bottom of the short control blade. In addition, thereis | 4:52 | 17,500
a significant mass of material (probably zircaloy melting at the tops of fuel bundles) that drips all

| the way to the tie plate. Material is collecting between fuelrods. _________________ .t L ____|
Molten control blade material completely fills in gaps around the lower control blade at the tie 4:57 {17,840
plate elevation. Molten material in the fuel bundle relocates to the bottom of the nose piece. Itis
uncertain whether the material accumulating in the nose piece is control blade material that has
breached the can walls and is draining to the nose piece or zirconium melting at the tops of the fuel

| bundle. ]
The gap between the fuel assemblies on the bladed channel fills in completely above the fuel 4:59 117,940
support pieces. There is a very large mass of material that relocates to the core plate.

| Stage 3: Terminate stainless steel wire feed and initiate Zrwirefeed. _______________1: 5:03_} 18,212 ]
Material has nearly filled the bottom third of the half assembly above the tie plate forming a pool 5:06 | 18,340

| around fuel rods. Some material drips past the tie plate onto the nose piece. ___________ 1 ___ 1 ____|
A large mass of molten material retained above the nose piece breaks free and relocates to the 5:10 | 18,610
lower package. Material pours down the can wall onto the core plate heating the tops of the fuel
support structures and nose pieces. Material also drains out the coolant inlet nozzles in the fuel
support structure. Material has also drained down the short control blade guide tube in the single
fuel support structure into the catcher, though there are no indications of material draining down

| the long control blade channel. _ . _____________+_ 1 ____.
The level of material accumulation on the core plate is much higher than the top of the fuel support | 5:18 1} 19,100
piece and molten zirconium has probably melted previously deposited control blade material that
was blocking the bladed channel. Material is now draining down the control blade channel onto

| the control blade velocity limiter and into the catcher. 1 ___{ ___ |
Terminate zircaloy wire feed and close melter gate. 5:19 | 19,158
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4. MERIS ASSESSMENT OF THE XR2 TEST

The XR2-1 test characterization to this point has been described in terms of assessments of
available experiment diagnostics: thermocouple transients, real-time X-ray images, and post-test
tomography. These techniques have provided invaluable insight into the chronology and extent
of events taking place in the test. In the following section the MERIS® code analyses of the test
progression will be compared to the XR2-1 test results. This analysis is intended to provide
additional interpretive insight into the observed behavior and to provide additional theoretical
rationale for the subjective interpretations of the test events. Perhaps most importantly, the
MERIS analysis of the XR2-1 test provides a tool with which to synthesize the effects of
parameters not explored in the XR2-1 test, such as the impact of a different axial thermal
gradient, and a means to extrapolate the test results beyond the test end-state in order to explore
the core degradation beyond the XR2-1 end state. These latter issues are beyond the scope of this
study. Without this analysis, we risk overlooking important details of late-phase reactor
accidents and miss an opportunity to verify current reactor safety models against a well-
controlled, well-instrumented, prototypic experimené . MERIS (Melt Relocation in Core
Structures) was the computer code used to model the XR2 experiment.

4.1 Overview of the MERIS Model

MERIS is a computer code being developed at Sandia National Laboratories which is intended as
a tool to better understand and simulate the events and processes which would occur during the
metallic melt-down phase of a severe nuclear reactor accident. It was developed with two major
objectives in mind: as an analysis tool for the XR experiment program, and as a reactor accident
model to be incorporated into other NRC reactor safety analysis codes. For a complete
description of specific formulations incorporated into the MERIS code, the reader is referred to
the more detailed discussions of the MERIS code development referenced above. However,
some of the more notable features of the MERIS code include the following:

1. The primary variables are geometry-independent, cell-averaged properties. Details of the
cell geometry enter into the model as closure relationships for the heat and mass-transfer
equations.

2. The current modeling in MERIS treats seven material components (UO», Zr, ZrO,, Fe,
steel-B4C, Fe-Zr eutectic, and Zr-UQ, eutectic) together with UO,-Zr and Fe-Zr material
interactions.

3. Solid and liquid materials are treated separately. Currently, only liquid motion is
modeled.

4. Both axial and lateral liquid motion is modeled. Significant forces effecting relocation
are: axially - inertia, gravity, and viscous resistance, and laterally - viscous resistance
and the hydrostatic pressure caused by local pools accumulating above blockages.
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5. Radiation heat transfer is handled as a modification to the effective thermal conductivity
and radiation across a single empty or nearly-empty cell is modeled.

Perhaps the most distinctive feature of the MERIS code is the way in which the local cell
geometry is handled. In this regard, the MERIS model resembles the porous media models
which inspired it. The details of the model geometry enter the calculations through closure
relationships to the heat and mass-transfer equations. Each cell is assigned a geometry parameter
(see Figure 4-1) which is used in determining liquid/solid contact area, the liquid layer thickness,
connectivity tensors for heat transfer, and boundaries to liquid mass flow. For example, material
cannot flow into a cell of type igeo=2 from the cell to the left (lower values of x) until a
sufficient fraction of the wall thickness has melted away. Likewise, liquid material in a cell of
type igeo=2 cannot flow into cells to the left (lower values of x) of that cell. In addition, heat can
be conducted axially through a cell of type igeo=2 or in the y-direction but cannot be conducted
to the right of that cell, though heat may radiate in that direction. Heat may or may not be
conducted to the left of this cell, depending on the type of cell that resides there.

SN #

s

A
N
PO ———

7727
zp z AR
1 t 1
feeo=1 igo=4 |1 AT igeo=7 } AT
/:‘l- ----- 2 : . : e
[ S 4
X >('x
Y Y

Figure 4-1. MERIS nodal geometry types.

The MERIS code has already been applied to an analysis of the XR1-1 and XR1-2 experiments6
showing mixed success in predicting thermal trends and material relocation characteristics for
those experiments. MERIS was able to adequately describe the general behaviour of the molten
flow through the bladed and unbladed channels as well as the formation of blockages. However,
it was not able to predict the subsequent failure of those blockages and resulting flow of material.
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A possible explanation for this shortcoming is a failure of the code to properly address the
dynamics of material interactions.

The XR2 test is a much more complicated geometry to model arising in more complicated flow
paths and includes a high temperature zirconium melt pour. This test geometry can provide a
more thorough assessment of MERIS for modeling melt relocation in BWR geometries.

4.2 MERIS Representation of the XR2 Experiment

The MERIS model developed here is intended to model the lower package during the stainless
steel/B4C wire phase of the XR2 experiment. The test package, extending from the lower surface
of the core plate to the top of the fuel rods has been explicitly described in this model. The
problem was nodalized and boundary conditions were selected to adequately describe this phase
of the analysis. However, more detail in the lower structures will be required to model the
zircaloy wire phase of the experiment.

4.2.1 Problem Nodalization

The XR2 geometry is adequately represented by a 28x28x36 X-Y-Z nodalization. On an XY
planar cross-section at the fuel assembly elevation, this grid (see Figure 4-2) was chosen to
correspond with significant features of the XR2 fuel pin lattice. For example, each fuel pin has
been assigned its own cell and cells have been chosen to correspond to physical boundaries such
as can walls and control blades. This is to ensure that when the local geometry parameter, igeo,
is properly chosen, the MERIS model accurately describes both heat transfer and barriers to mass
transfer for the local geometry. Cells outside the physical boundaries of the package (such as
i=28, j=28) are treated as null cells and do not participate in the calculation. Cells along the XR2
package physical boundary, yet not at the edge if the XY grid (such as i=16, j=28) are treated as
boundary cells and boundary conditions are applied at those cells.
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Figure 4-2. XY nodalization in the MERIS representation of the XR2-1 experiment.

The XR2 package has been modeled using 36 axial nodes (see Figure 4-3). Twenty-two of those
nodes are located within the fuel assemblies resulting in an axial spacing of about 2.25 cm (= 1
inch) along the fuel rods and the active control blades. Below the fuel bundle, the axial spacing
must be defined small enough to adequately describe the axially changing cross sections of lower
structures. Note that because the current version of MERIS allows only structures that are
orthogonally oriented, obliquely aligned surfaces have been approximated from orthogonal
surfaces. Finer nodalization can achieve closer approximations to the actual geometry. Figure 4-
3 shows lateral cross sections of lower structures at selected axial elevations in the MERIS
model.
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This calculation also models heat conduction out the insulated sides of the package. The
insulation is explicitly included in the model and a radiant boundary condition is applied at the
outer surface of the insulation. Where the outer nodes are defined as null cells, the program
searches for interior non-null regions where this boundary condition can be applied.

The top surface of the package receives the most significant external heat flux due to radiant heat
transfer from the melter system above, and the calculation will be most sensitive to the boundary
condition applied there. The radiant heat flux shining on the top of the package was estimated
from data recorded for thermocouples and pyrometers in the melter system. Specifically,
temperatures in the melter cavity and in the gate housing assembly were used in estimating the
heat flux to the package.

In addition to thermal boundary conditions, the physical boundary conditions must also be
defined. At the upper, open end of the package, molten material flows into the bladed channel at
a predefined rate. This rate is known very well from the rate at which feed material is fed from
the wire spools into the melter system (Figure 3-1). The distribution of molten material over the
test package was assumed to correspond roughly to the wire guide pattern of Figure 2-2. Molten
material was distributed uniformly over all cells directly below the wire guide tubes. The flow
boundaries at the sides and bottom of the package are implemented through the local geometry
parameter, igeo. Molten material cannot flow out the can walls unless the can walls have been
degraded sufficiently by melting or material interaction. In addition, the core plate provides a
lower boundary to flow. Material may exit the system only by passing through the opening in the
fuel support piece or the control blade slot.

4.3 Results of the MERIS Modeling of the XR2
Experiment

The calculated MERIS results are to be discussed both qualitatively and quantitatively in light of
previous observations for this experiment. The MERIS results should be able to qualitatively
predict general material flow patterns that are consistent with the real-time x-ray images and the
thermocouple characterization discussed above. It should also be able to quantitatively predict
the gradual temperature adjustment in the package due to the change in the radiant heat flux
when the gate is opened. More rigorously, it should be able to estimate both the timing and the
extent of thermal transients recorded by thermocouples due to molten material dynamics.
Finally, it should predict an end-state for the package that is consistent with the state of the
package as determined by the post-test tomography.

4.3.1 Qualitative Results of the MERIS Calculation

The MERIS calculation was carried out through both the steel/B4C composite wire and the
zircaloy wire stages. The model predicted flow patterns consistent with observations from
thermocouple responses and real-time x-ray image views during the steel/B4C composite wire
stage. Initially the composite material flowed down the length of the control blade forming
blockages midway along the blade and forcing molten material to flow laterally to the open,
unbladed channel. Thermocouple responses during the test indicated that the downward flow of
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material progressed much farther near the junction between the bladed and unbladed channels
than it did near the outer edges of the packages (where the center of the cruciform control blade
would be). In addition, real-time X-ray images clearly showed that the the gaps between the
control blade and the can walls remained open at the tie-plate elevation until about 17,900
seconds at which time material completely filled these lower gaps. In the MERIS calculation,
blockages midway up the control blade prevented material from relocating to the tie-plate
elevation until at 17,820 seconds, when the blockages remelted due to increasing temperatures
and in part, to the reduced melting point of the FeZr; eutectic resulting from material
interactions. By 18,100 seconds, MERIS predicted that this gap was completely closed by the
downward draining material, as indicated by measured data.

The MERIS calculation predicted a lateral flow of material along the unbladed gap above the tie-
plate elevation between 17,400 seconds and 18,220 seconds. Material freezes at the nose-piece,
forcing molten material to build up behind the blockage and then flow out farther along the
channel. It also predicted occasional drips of material along the core plate as the molten material
moved farther from the control blade channel which was consistent with thermocouple
responses. However, the MERIS model was unable to predict the massive relocation of material
onto the core plate which took place at 17,900 seconds, just before the end of the steel/B4C
phase. The images from the MERIS model indicate that molten material was unable to relocate
to the core plate after 17,700 seconds because of blockages in the unbladed channel near the top
of the nose-pieces. There does not appear to be any tendency for those blockages to remelt until
after the start of the zircaloy phase of the test when high temperature zircaloy melt reaches the
insides of the lower can walls.

The results of the MERIS model were disappointing during the zircaloy phase of the test. The
MERIS model was unable to predict the extensive relocation of material to regions below the
core plate that were so characteristic of the experiment. The code predicted only trace amounts
of melt draining through the nozzle and the control blade slot. Instead, it predicted that molten
zircaloy drained to the nose-piece where it solidified and blocked the further passage of material
through the nose piece opening. The molten zircaloy then formed a pool inside the nose piece
which heated the can walls and melted control blade material lodged between the fuel canisters.
The molten control blade material began to react significantly with the can walls at 18,300
seconds, generating heat and forming the lower melting point FeZr; eutectic (see Figure 4-4). At
18,500 seconds, some of the molten material pooled up in the unbladed channel broke through
the remelting blockages and molten material fell onto the core plate and the smaller, single fuel
support piece. This agrees with the timing of a similar event observed in the XR2 test as will be
discussed below. However, there was no corresponding sudden relocation of material through
the nose piece as was observed at 18,600 seconds and it failed to predict the relocation of
material down the control blade guide tube at 19,100 seconds. The molten pool continued to fill
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the upper test section and even overflowed into the insulation at 18,700 seconds.

FeZr, Formed By Reaction of Fe and Zr
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Figure 4-4. Interaction of Fe and Zr to form eutectic calculated by MERIS.

Animation sequences in MPEG format were generated for the fuel assembly and nose piece as
well as both the bladed and unbladed channels extending from the bottom of the core plate to the
top of the test assembly. These images indicate the volume of material that moves into a cell —
the darkness of each pixel is proportional to the fraction of the cell’s available volume (the total
volume less the volume of any unmelted test package material) that is filled with relocated
material. In addition, the pixel may be colored in order to indicate the composition or phase of
the relocated material — black is for a cell containing more than 99 percent solid material of any
composition, green is for 99 percent liquid zircaloy, magenta is for 99 percent liquid steel/B4sC
composite material, and red is for liquid material composed of zircaloy, steel/B4C, and possibly
other eutectics. These images provide very detailed and relatively unambiguous views of the
calculated material relocation dynamics and material phase changes for the downward flowing
metallic melt in the BWR geometry.

Figure 4-5 and Figure 4-6 show selected frames from the MPEG files generated by MERIS for
the steel/B4C composite wire and the zircaloy wire stages, respectively. These figures indicate
that MERIS predicted temporary blockages between the control blade and the can walls early in
the test. Molten material was then forced to flow laterally along the control blade into the
unbladed channel where it was free to flow downward to the core plate. Blockages also formed
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near the nose piece in the unbladed channel within the first 90 seconds, restricting flow to the
core plate below. Molten material pooled up in the bladed channel over the next 3 minutes until
the top of the pool approached the top of the can walls. At about 17,420 seconds, material
flowed down and laterally across the unbladed channel. Small quantities of melt arrived at the
core plate at about 17,470 seconds, but again, blockages formed above the core plate near the top
of the fuel support piece. At 17,740 seconds some of the blockages in the bladed channel began
to remelt and material began to drain from the molten pool, arriving near the bottom of the nose
piece structures at about 17,820 seconds where it again froze, forming blockages that prevented
the further transfer of material to the core plate. These figures show projections of relocating
material within the fuel canisters and in the nose pieces. Structural materials, i.e. cladding and
the spacer grid near the top of the fuel canisters, melted early from the intense radiant heat flux
above. This can be seen in these figures as material collected and solidified between fuel rods
above the tie plates. Additionally, during the steel/B4C phase, control blade material was found
to relocate into the fuel canisters as the can walls were degraded by material interactions and the
intense heat flux above.
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Figure 4-6. MERIS MPEG frames during zircaloy wire feed.



4.3.2 Quantitative Results of the MERIS Calculation

As previously noted, qualitatively the MERIS model developed here was unable to
predict many of the major relocation events which occurred during the zircaloy wire feed
phase. Most importantly, it did not predict the final end state of the XR-2 test package
where 70-80 percent of the volume of material available for relocation was found below
the core plate. It did, however, qualitatively describe many of the flow characteristics
observed during the steel/B4C wire phase. Quantitatively, MERIS also showed mixed
success in predicting the thermocouple responses for the XR2 experiment. As seen in
Figure 4-7 and Figure 4-8, the temperatures predicted for the upper three zones showed
some agreement with the collected data. Keep in mind that these thermocouples failed
above 2000 K, so there is no means of confirming the maximum temperatures attained in
the top thermocouples. Agreement between calculated and observed temperatures for
core region 3, CR3, did break down near 18,000 seconds, when the observed
temperatures were about 200 K higher than expected. At core region 4 the calculated
temperatures were much higher than measured temperatures until 18,700 seconds. This
may be an indication that blockages in the bladed channel occured much higher than
predicted by MERIS resulting in less material relocating to the core region 4
thermocouples.

Temperatures in the Control Blade

2000
= —— CR1 CB1 (MERIS)
= — — CR2CB1 (MERIS)
Q -- - CR3CB1 (MERIS)
X CR4 CB1 (MERIS)
o e CR1CBi
2 = CR2CB1
s ! A CR3CBi
g v CR4CB1
£ 1000
[ A

17000 17500 18000 18500 19000
Time (Seconds)

Figure 4-7. MERIS calculated temperatures in the control blade (CB1).
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Temperatures in the Control Blade
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Figure 4-8. MERIS calculated temperatures in the control blade (CB3).

Measured temperature responses in the core plate give indications of the timing and
extent of material relocation onto that structure. Figure 4-9 shows the comparison
between the calculated thermocouple responses and the observed thermocouple responses
in the XR-2 core plate structure during both the steel/B4C wire phase and the zircaloy
wire phase. MERIS correctly predicts a large thermal response in the CPT3
thermocouple shortly after beginning the steel/BsC phase, though the predicted response
is not as large as observed. The observed response also appears to dampen more slowly
with two or three smaller temperature rises superimposed on the tail of the initial spike,
indicating that material continued to fall to the core plate near CPT 3 until about 17,500
seconds. The relocation of material to the core plate in the MERIS calculation is
curtailed early on due to the formation of a blockage near the top of the nose piece. This
blockage apparently forms too soon and is apparently effective in preventing molten
material to reach the core plate.
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Temperatures in the XR2 Core Plate Structure
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Figure 4-9. Thermocouple responses in the core plate structure.

At 17,990 seconds, there was a large and sudden rise in the temperature recorded for
CPT2 and to a lesser extent, CPT3 and CPT1. MERIS predicted a similar though smalier
and much more gradual increase in these core plate temperatures occurring 250 seconds
earlier. The slow response is probably explained by the fact that the molten material
freezes just above the core plate and the heat is conducted slowly to the core plate below.

Finally, at 18,600 seconds, shortly after the zircaloy wire phase had begun, measured
temperatures in the core plate rose quite dramatically indicating an extensive relocation of
molten material to the core plate. MERIS predicted a similar relocation at 18,500
seconds, though it was not as extensive and did not lead to the filling of the area above
the core plate as seen in the final end-state. This calculated relocation event resulted from
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the gradual erosion and liquefaction of blockages in the unbladed channel at the top of the
nose piece releasing a small amount of molten material to the core plate.

There were other similarities found in the time-temperature plots for locations in the fuel
support pieces. It was previously noted that MERIS predicted that the flow of material
down the open junction between the bladed and unbladed channels is quickly curtailed as
blockages form at the top of the nose piece. This resulted in a smaller and shorter
temperature response in the core plate just after the start of the steel/B4,C composite wire
phase. Likewise, the calculated temperature response in the fuel support piece near the
control blade slot is also not as extensive (see Figure 4-10).

Temperatures in Fuel Support

1600
""" —— FSD1 (MERIS)
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Figure 4-10. Thermocouple responses in fuel support pieces.
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4.4 Summary of the MERIS Assessment of the
XR2 Test

Though the MERIS model developed for this assessment was unable to predict the large-
scale relocation of material to regions below the core plate that clearly characterizes the
XR2 test, it was capable of describing many of the flow characteristics observed early on
in the steel/B4C composite wire phase. Solid-liquid heat transfer, liquid mass transfer,
and material interactions all play important roles in describing the formation of
blockages, the formation of molten pools, the failure of blockages and the subsequent
drainage of molten pools. Both qualitative and quantitative evidence indicates that many
of the important physical processes for heat transfer and material relocation are modeled
in these calculations. However, the model is not yet able to predict the subsequent failure
of blockages that leads to the draining of molten material below the core plate. The
current MERIS model may not adequately describe the dynamics of material interactions
which lead to lower melting point eutectics and would result in the erosion of solid
blockages.

The scope of this work did not allow a thorough parameter sensitivity analysis to
determine the effects of varying user-defined parameters. For instance, the degree to
which the liquid flow contacts solid materials is crucial in determining the location of
blockages and the extent to which materials relocate below the core plate. This parameter
determines not only the heat transfer between solid and liquid phases, but also the axial
drag coefficient. These calculations assumed a film flow approximation, overstating the
heat transfer between solid and liquid phases and also overstating the drag coefficient.
The lateral drag coefficient is also not very well known and it has been assumed to be
very small in these calculations. Furthermore, the degree of superheat in the dripping
molten material is also unknown and should be varied, though calculations have shown
that molten droplets falling through the melter cavity probably do not receive more than
20-50 K of superheat. Further variations of these and other parameters may also result in
a more accurate representation of the experiment and lead to a more extensive drainage of
materials to regions below the core plate.
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5. CONCLUSIONS

In the Ex-Reactor testing program, three melt progression tests have been performed, two
simple channel tests (XR1-1 and XR1-2), and one full geometry test (XR2-1) characterized as
a highly realistic and full scale representation of the lower BWR reactor core region. The Ex-
Reactor tests are nearly full-scale, both with respect to the geometry and the melt mass
involved, and make use of prototypic materials to simulate as faithfully as possible the
accident conditions expected for a Short Term Station Blackout (STSB) accident in a US
BWR. Similar general behavior was observed in all of the tests, the most significant being the
initial formation of blockages by the draining metallic melts, and the subsequent catastrophic
failure of those blockages, resulting in the sudden drainage of melt to lower regions. The
drainage can result in metallic materials bypassing the core plate region by several different
natural flow paths in the BWR lower core region (see Figure 1-2).

It is also clear from these tests that the BWR fuel canister/bypass geometry is degraded early
in the core melt progression when the channel] walls are destroyed by the highly aggressive
eutectic action of the molten control blade alloy. Additionally, the subsequently draining
zircaloy melt was observed in the XR2-1 test to cause significant disruption of the fuel rod
configuration, and may be an early initiator for the transition from a rodded to a rubblized
core geometry. Transfer of molten metallic materials to the lower plenum region under
reactor accident conditions may be significantly enhanced by the aggressive material
interactions, especially the Fe-Zr eutectic behavior thought to have been important in the Ex-
Reactor experiments.

Below the rodded region of the simulted core, the BWR structures appeared to retain their
geometric integrity providing physical boundaries to the draining liquefied metals. There was
no evidence of gross failure of the core plate, the fuel support pieces or the nose pieces. Even
so, more than 70 percent of the total molten inventory either delivered to the XR2-1 package
or generated in the package, relocated into regions beneath the core plate. Three relocation
paths were idendified in Figure 1-2 that could result in such material transfer below the core
plate, i.e., melt relocation through the nose piece into the inlet nozzle, melt relocation down
the unbladed channel onto the core plate, and melt relocation through the bladed channel into
the drive tube. There is evidence that all three of these relocation paths contributed to the
overall relocation of material to the lower catch basin.

Material completely filled the nose pieces and inlet nozzles in the fuel support pieces.
Temperature responses of thermocouples at the bottom of the inlet nozzle indicate that this
event took place at 18,600 seconds and was probably the first large-scale relocation event that
deposited molten material into the catch basin. Coincidental timing of thermocouple
responses at the bottom of the inlet nozzle and temperature responses in the catch basin
would confirm this as a pathway for molten materials (most likely zircaloy through this
pathway) into the catch basin. Subsequently, at 19,100 seconds, material drained rapidly
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through the drive tube onto the velocity limiter, and then into the catch basin. Post-test
images of the control blade guide tube and velocity limiter show that molten material drained
out along the velocity limiter, eventually accumulating nearly 10 kg of material that solidified
on the velocity limiter. Again, the coincidental thermal responses in the velocity limiter and a
very substantial temperature response in the catch basin substantiates this also as a path for
material to access the lower catch basin.

Evidence also indicates that a considerable inventory of material accumulated on the core
plate. While the nose piece and core plate remained intact throughout the test, as expected,
the material on the core plate accumulated to elevations much higher than the top of the
control blade guide tube and most likely contributed to the mass of material draining down
the guide tube onto the velocity limiter. Although the composition of material below the core
plate is unknown, it is likely that material relocating through these pathways would be
composed of both control blade material and zircaloy as well as “eutectic” mixtures.

The XR2-1 experiment has for the conditions explored, demonstrated the tendency for
molten metal relocation to the lower plenum in a BWR core through existing pathways in the
lower core structures. More than 70 percent 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.
Continued decay heating (under real accident conditions) could be expected to result in
further draining of the remaining core region metallic materials to the lower vessel region. In
this investigation, the XR2-1 results resemble the “continuous drainage” pathway illustrated
in Figure 1-1.

Earlier analysis of the XR1-1 and XR1-2 tests and even analysis of the XR2 test demonstrate
the ability of the MERIS code to describe many features of the melt progression during the
early stages of the STSB accident, i.e., before the zircaloy metals relocate to the bottom of the
fuel assemblies. However, MERIS was unable to predict the extensive relocation of molten
materials below the core plate during the zircaloy melt phase. MERIS predicted that
blockages form in the nose piece and the top of the control blade slot, preventing material
from draining to the lower head. Even the XR1-1 and XR1-2 tests demonstrated the failure
of MERIS to predict crust failure. A possible explanation for this shortcoming is a failure of
the code to properly address the dynamics of material interactions. Further analysis is
necessary to identify reasons for this important discrepancy.

Finally, the information from XR2-1 concerning the core plate thermal response can be used
to evaluate the failure behavior of the core plate under the physical loading conditions
expected in a reactor accident. Subsequent analyses making use of the XR2-1 end state
observations should consider the effects of fuel pellet agglomeration by zircaloy and the
possible U-Zr-O “metallo-ceramic” material composition, and the likelihood that the draining
metallic materials have effectively fused the core plate to the control blade drive tubes. Both
effects could influence the net distribution of the core weight load over the core plate and
drive tube structures. The current results can be further projected into the reactor scale
regime by additional analyses. Quantitative extrapolation of the experiment results to a
reactor evaluation will require the use of a tool like MERIS. The analysis would account for
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sustained heating from above, embedded decay heating, and the differences in radial heat
transfer. Such analyses were beyond the scope of this work, but could be accomplished with
additions or modifications to the MERIS model.
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APPENDIX A

Radiant Heat Transfer Model

The radiant heat transfer model for the melter cavity and the melter exit duct (see Figure A-1)
were critical in determining coil power requirements, as well as in predicting temperatures in the
lower XR2 package and in the wire guide tubes entering the melter upper end. In its simplest
description, the XR2 melter system can be described as a large insulated tube closed on the upper
end and open or closed on the lower end, depending on the position of the gate. The radiant heat
loss out the open end becomes increasingly more important as either the length over diameter
ratio of the tube decreases or as the temperature gradient along the axis increases. Even when the
length of the tube is large in comparison to its diameter, heat exchange within a few diameters of
the open end of the tube will be severely impacted by the lower environment. A significant
complication to this simplistic description results from the two chamber design of the XR2 melter,
i.e., the lower chamber or exit duct has a smaller (not even cylindrical) internal cross section than
the upper radiant cavity. This discontinuous internal cross section leads to an obstruction of the
view between locations on the upper and lower chambers which complicates the calculation of the
view factors. The following is a short discussion of the radiant heat transfer model used in the
analysis for the XR2 experiment. For a more thorough understanding of radiant heat transfer
methods the reader is referred to a number of textbook discussions on the subject. #1443
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Figure A-1. Melter system and radiant heat transfer geometries.
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Assuming that radiant exchange between internal surfaces is not greatly affected by the
intervening argon fill gas and that all radiating surfaces are diffuse, gray emitters and reflectors,
we can write the following equation for the net radiation heat flux at the location X :

where B, the outgoing radiant energy or radiosity is calculated from:

&(x) 4=\ pr
1_8(56.)[6Tw(x> B(%)]

g'(x)=

B(E)=e(®)O T} (D) + U= e®E) [BCon)Fus o, + [BCp)Furn + |BOFuy gy + [BEOFu s

bortom fop upper lower
end end cylinder cylinder
or B(E)=aF)+1-eF)| [BGaM |,
?lllllfaces
where oU(x)=EF)OTH (H)+U—eE)| [BCou)Fus o, + [BCpFur s |-
bottom top
end end

The assumptions upon which this equation is based are quite good for monatonic gases such as
argon and the graphite surfaces that exist in the XR2 melter design. Emissivity properties for
graphite and other materials are included in Appendix D.

This integral equation can be cast in finite difference form as follows:
M, = FdA,-—)dAj ‘(1-¢,),

where
ai=o-8i];4
B=0+BM
_— = =1-1 __
B=[i-] @

The matrix M contains view factor information for the given geometry. The view factor is
defined as the fraction of diffusely distributed radiation leaving surface dA; that is intercepted by
surface dAy. The net radiant heat flux can then be calculated as a function of position X by first

calculating view factors between nodal surface areas and then solving for matrix B by performing
the required matrix inversion.

The XR2-1 melter has been nodalized as shown in Figure A-1. There are 27 axial cells in the
upper melter cavity and 34 cells in the lower exit duct. In the TAC2D model of the melter, the
net radiant heat flux at each internal surface was calculated for each time step from the above
equations and used as boundary conditions to complete the definition of the heat transfer problem.
Critical to this calculation is the determination of view factors between surfaces. These view
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factors contain only geometric information and therefore, need only to be evaluated once in the
TAC2D calculation. The following discussion addresses the formulation of view factor equations
for the various surfaces shown in Figure A-1 from simple, well-known view factor formulas and
some view factor algebra.

A.1 Calculation of Surface View Factors

A.1.1 Top surface elements to side surface elements °
(upper cylinder) [see Figure A-2]

In terms of view factor algebra, the view factor from surface S; to Sj (the
shaded surfaces in Figure A-2) is calculated as the difference between the
view factor from surface S; to surface S;' (the disk which bounds surface S g«
at the top), and the view factor from surface S; to surface Sjb (the disk =~

which bounds surface S; at the bottom). This is equivalent to saying that Sp [
the radiation emitted from surface S; that enters the upper surface Sj', must ~ N

either reach surface S; or surface S;°. A similar “algebraic” procedure is Figure A-2. Top to sides

used in determining the view factors from surfaces S; , the circular annular (upper
ring to surface Si* (or S;%). First the view factor from disk S;' to surface S;, cylinder)
F, 5135, is calculated, and then the reciprocity relationship is used to find geometry.
FS'_)S,. ,l.e.,

F st -Areas = Fs;.->s,. ~Areas}

S.—.
F, . is also calculated algebraically from F, F, -~F where the superscript o refers

S5, Si—s; = Si-S7 S8t
to the circular disk whose perimeter corresponds to the outer perimeter of the annular ring S; and
the superscript i refers to the circular disk whose perimeter corresponds to the inner perimeter of
S;. Finally the equation for the view factor for this geometry can be written as:

) Areas; ) Areag,

— S _[p  _F i
Areag ( Sjst
t

St-»si

By, = (P = Fi Area
Si

For this case, view factor algebra togéther with reciprocity relationship have been utilized to
formulate the view factor for radiation from a circular annular ring element to a concentric
cylindrical ring element using only the formula for view factors between parallel concentric
circular disks. The formula for the disk-to-disk view factor is readily found in the above
references and is included here for completeness:

I I.

S T B
2

x=1+115

R}

< 7=
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A.1.2 Side surface elements to side surface
elements (same cylinder) [see Figure A-3]

The view factor for surface S; the cylindrical segment at axial
location i, to surface S;, the cylindrical segment at axial location j,
is the difference between the view factor from surface S; to the disk
which bounds surface j at the bottom, S{°, and the viewfactor from
the surface S; to the disk which bounds surface j at the top, S}/, i.e.,

FS’—')S]. = FS;—-}S“: - FS‘-—)S]' .
Likewise,
Fy s, =Fs s ~Fy g
Fop s, = Foposy ~Fopst -
Finally, using the reciprocity relationship for view factors, i.e., Figure A-3. Side to side
Fs,-> s -Areag = FS;_9 5 Area s (s.ame cylinder)
. Towi . . view factor
We obtain the following equation for the view factor between geometry.

segments of a cylinder in terms of view factors between the
concentric parallel disks that prescribe the ends of those segments:

Diameter
FS,—)S, - [(F:S'f—)S,’ - FSf-)S," ) - (FS}—>S,‘ - FS}—)S,”) 4dz, ]
i

A.1.3 Top surface elements to bottom surface elements (upper
cylinder)

The view factor for radiant exchange from the top end of the upper cylinder to the lower end of
that cylinder is also derived from simple view factor algebra and reciprocity relationships:

Area, Area
) ; _( F—F ) ;
i 0 § i
Are as §5=S] Si—S;

Z;.'S',—MS I (FSJ?-—)S,? - F.'S'_‘,’—)S,' Area ”

where the subscript i refers to an annular ring on the upper surface, the subscript j refers to an
annular ring on the lower surface, the superscript o refers to the disk whose perimeter
corresponds with the outer perimeter of the annular ring, and the superscript i refers to the disk
whose perimeter corresponds with the inner perimeter of the annular ring.

-A-5- NUREG/CR-6527




A.1.4 Side surface elements (upper cylinder) to side surface
elements (lower cylinder) [see Figure A-4]

Figure A-4. Side (upper cylinder) to side (lower cylinder) geometry

This particular case poses more difficulty than previous cases and requires a little more attention.
Since the internal surface is convex for this geometry, the view of positions in the narrow cylinder
are either partially or fully obstructed from positions along the upper cylinder and the methods
described above no longer apply. For example, surface S;' is totally obscured from the view of
surface S, and there is no radiation transport between these surfaces. However, because surface
Sy is located farther away from the junction of the two cylinders, its view of surface S;' is only
partially obstructed. Leuenberger™* derived an equation describing the view factor from a
differential surface area (a circular ring element of differential height in this case) on the smaller
cylinder to a normal section through the larger cylinder (a disk bounding surface S; at either the

top or bottom in this case) for these partially obstructed views, i.e.,

)
When 22 > 1 r—z—l) then

. \h
( , >
4 *2 on- ByZ +4 -z sin“li BZ, }
1
JZ2+4 | J(a+2,) - R*Z? 24z,
FdS-—)S_.f = 2"1

A A+ R +1
+__
| 2 [V(A+ R +1)° -4R

2RA(Z,A+ R*-1)
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where

A=Z +2Z,

B=+R*-1
This equation can be integrated over the height of S; to arrive at the equation for the view factor
from S, to S

2, kigh 2y, high

F, S8 J- F, 45,55 dz, — jF d5,->S} dz, .

4, tow 2 tow

A.1.5 Top surface elements to side surface elements (lower cylinder)
[see Figure A-5]

Figure A-S. Top surface to side surface (lower cylinder) geometry.

Again, because of the convex nature of the radiating surfaces, the view of the lower cylinder side
walls may be partly obscured from the top surface of the upper cylinder, depending on the
locations of the two surfaces. Of course if the outer diameter of the top surface element is less
than or equal to the diameter of the lower cylinder, then the view factor is unaffected by any other
surfaces and it can be calculated as it was in A.1.1. However, when the outer, and for the sake of
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discussion,the inner diameter are larger than the diameter of the lower cylinder, the view is again
partially obstructed and the view factor “algebra” methods no longer apply.

z“’""' fidsh Areag

F. = o J topt :
§P S, dS =S e dS;=¥Sinrer Area

Zidow Zidow Sp

A.1.6 Bottom surface elements to side surface elements (lower
cylinder)

This particular case is the logical equivalent to A.1.1 for radiation from the top surface to the
sides of the upper cylinder.

Areag, Area,

Fipns, =(Fossy = F )-————(F ~F ) ’
5= S8t TS5t Areag $i=st " SioSi ] Areag
i i

A.1.7 Top surface element to bottom surface element [see Figure A-
6]

Figure A-6. Top surface to bottom surface geometry.

If the outer diameter of the top surface element is less than, or equal to, the diameter of the lower
cylinder, then the view factor is unaffected by any other surfaces and it can be calculated simply
by use of view factor “algebra”as it was in A.1.3. However, when the outer and, for the sake of
discussion, the inner diameter of the top surface element are greater than the diameter of the
smaller cylinder, then the view factor was estimated as follows. The view factor from the upper
surface element to the total lower opening was calculated using view factor algebra and the view
factor correlation by Leuenberger:
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An approximation, the only approximation used thus far, is introduced at this point to arrive at the
final results. It was assumed that the temperature at the lower opening is uniform across the
entire area. This assumption is quite good considering the high temperatures and tube bundle
array at the top of the XR package. Using this approximation, the view factor from a surface
element on the upper lid to a surface element on the bottom opening is estimated as:

Area S

=F
S10p™Spotiom S10p =S opening Area .
opening

These equations were implemented into the TAC2D models of the XR2 melter radiation cavity
and exit region.

A.2 Estimate of Heat Flux Out the Bottom of the
Melter Exit Duct

For early design estimates, the heat flux out the bottom of the melter exit duct was estimated by
introducing some simple approximations into the integral equations for the net radiant heat flux
presented above. If it can be assumed that no heat is lost from the melter walls (the walls are
adiabatically insulated), that the system reaches steady state, that the upper cavity achieves a
uniform temperature, and that the upper surfaces of the XR2 package also achieve a uniform
temperature, then the equations above can now be written as:

&(x)
1-¢g(%)

g"(%)= [0 G- B()

B(%)=&(Z)0 T} (B) + (1- 6())| 0Tye. Fus s, + Tt Fun o, + [ BE)dFuy
exit

duct

B(%)=&(%)0 T () + 02(%) + 1~ &(z))| [B@am |,

duct

—_— = =—=1~l__ = =1-1 -
or cT,;‘=B=HI—M] a2+[I—M] -so"fj],
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where a2(x)=01- 8(35))[07 vor . A -4, T oT,,, F, A, A, ] y

In these equations, the term involving the wall surface temperature has not been absorbed into the
definition of the function o, as it was before since the objective is to solve for this value. It is now
possible to estimate the axial temperature profile in the exit duct for a given cavity temperature
and an assumed temperature at the top of the XR2 package. In matrix form, the implicit form for

the equation for the radiosity, B, is written:

B=e()oT* +a2+BM,

— —  =1~1 ____ —  =—-1 _—
or explicitly: B=P—M] -a2+P—M] -eoTy .

This equation is now substituted into the equation for the local radiant heat flux which results in
an implicit equation for the local wall surface temperature along the exit duct.

Explicitly, the equation for the local wall surface temperature is written:

S o M e

Finally, the wall surface temperature is used in calculating the heat flux out the lower opening:
Gponom = 277G [ &(2,T3(2)) (T(2) ~ Tyt () Frncay s, 82+ 7 OE (T \Tris = Ty P o, -

length
of exit
duct

This approximation was used in assessing the effectiveness of increasing the length of the melter
exit duct in reducing the heat flux to the XR2 package. The assumption of adiabatic insulation
leads to an overstatement of the heat radiated to the package since heat losses in the duct will lead
to lower temperatures at the bottom end of the exit region. Figure A-7 shows a plot of the ratio
of the heat loss to the lower package with an exit duct of varying length to the heat loss without
the exit duct. The exit duct was made of graphite and graphite fibrous insulation. Further
reductions could be made by making the lower half of the exit duct out of ZrO,, which is nearly a
diffuse scatterer and has a lower emissivity than graphite. Since graphite has a large emissivity,
nearly 1, graphite scatters very little radiation from its surface. A material like ZrO, has a smaller
emissivity and can scatter some of the radiation coming from the melter back into the melter. The
second curve shows the effect of fabricating the bottom end of the exit duct from ZrO,. Note that
a minimum occurs when the bottom half of the duct is made of ZrO,. This method was not used
as a means of reducing the heat load to the package in this design because of the level of
complication introduced resulting in only a minimal gain in performance.
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Reduction of Radiant Heat Flux
To the XR2 Package
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Figure A-7. Reduction in heat flux to lower package due to the exit duct.
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APPENDIX B

XR2 Data EXCEL Workbook

The data set from the XR2-1 experiment is quite large, consisting of over 100 channels
with more than 1000 entries per channel. In addition to the experimental data, it is also
desired to compare calculated data to this experimental data, more than doubling the
extent of the data of interest. In order to make analysis of this data more tractable to
users, more accessible to users with varying levels of familiarity with the experiment, and
prove a convenient means of archiving the data for future use, a graphical user’s interface
was developed using Microsoft Excel® version 5.0. This Workbook utilizes several useful
macros which make retrieving and comparing data much more user-friendly. The
underlying macros have been written in visual basic and the interface is the familiar
Windows® interface with dialogue boxes, drop-down menus, and toolbars (see Figure B-
1).

On opening the XR2Data.xls workbook, the subroutine Auto_Open found in Modulel
(initially hidden from user) is executed. This subroutine sets up the XR2 toolbar and the
XR2 menu along with some additional housekeeping activities. The toolbar and menu
provide the user access to the necessary macros. The three macros currently supported
are TOC (short for Table of Contents) which is the main engine for generating Excel®
charts, Chart Manager for automatically deleting user-generated charts, and MERIS which
post-processes the data collected from a MERIS calculation into a form useable by this
workbook. The subprograms called by these macros reside on sheets Module2 and
Module3.

The macro TOC enables the user to do any of four activities: inspect the experimental data
set in spreadsheet form, view one of a number of prepared trend charts for the XR2
experiment, generate customized trend charts, or generate charts of customized axial
plots. In generating customized charts the user has access to both the experimental data
and the calculated data over any time range included on the data spreadsheets. Figure B-2
shows the initial dialogue box presented the user upon calling the Macro TOC. The user
simply checks the type of plot desired and whether or not to generate a comma-delimited
output file. This output file can then be used by other applications.

If the user chooses to view the Data sheet, the macro finds the Data sheet and places it in
collapsed form. All similar channels are collapsed so that only one channel from each
group of similar channels is visible, e.g., the only fuel rod channel visible is for fuel rod 1
at core region 1. If the columns are expanded one level, then a column for each fuel rod,
can wall, and control blade appears, but the data for all but one core level is hidden.
Finally, if the columns are fully expanded, the data for all channels are made visible. This
provides a simple means for viewing only the data of interest reducing the time needed in
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scrolling through the data. In addition, the rows are collapsed into four regions: those
times before the steel composite wire are fed into the XR2 experiment, during the steel
composite wire feed, during the Zr wire feed, and after the test was terminated.

XR2 Drop-Down Menﬁl
e AR It e “”'ngm@s%ﬁ&@lmDATy 7\ em———— b
= Elle Edlt Mlew Insert Format Tools Window Help XR2 f,?
llﬁl@lﬁ:gnr C e
BEGH D B EEEETE ] ALECIvESS
P S T IS LU PR s o XR2 Toolbar _@
1600.0 HPER PSS T W SR SLPT S B T s e ;
S / ey 4 |-e—CorePiatecPT1]i " ; S BN PR ‘
o7 . F S LU % IR ST
1400.0 WGPB B ~#—Core Plate CPT 2 A BRSO S
' . . ;. {~%—CorePlateCPT3|: - iR~ 1" .. ¥
1200.0 - : g S [
, :m%}#,, e . ‘
1000.0 : L 5
Pinte -
800.0 - -
600.0 U " il L1 Blae, Sad ‘
| Dialog box for 2
400.0 selecting desired ; :
thermocouple plot ’s"o ' o"Té‘i?i
ia).aam_?fi&f :
200.8 < 3 .
0.0 -
e 3
X llﬂlm‘“’" CoreP!utewa < DI
L For Holy 6n didlog SelingS; PIESE FT .« o o a0 B L o e e e
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If the user chooses, he may view one of several prepared Data charts. These charts
display trends for similar channels plotted over the entire XR2 test (including both pre-
heat and cool-down).

The user may also choose to generate customized trend plots using user-specified
channels, over user-specified time ranges. The dialog box of Figure B-3 provides the
means for specifying the time range and the name of the output file. The box requesting
the name of the output file will be shadowed unless the user selected this option in the
previous dialog box. No extension is allowed since the Macro automatically gives it the
“.out” extension. The upper drop-down box is also shadowed. This drop-down box is
used only when generating axial plots. The number of trends to plot on this chart are
input in the following dialog box.

Figure B-3. TOC dialog box 2.

Finally, the Dialog box of Figure B4 is used to specify the desired channel and whether
experimental or calculated data is desired. The embedded scroll bar is used to select the
thermocouple map displayed at the right. The thermocouple map is provided as a
graphical aid to finding the desired thermocouple location. The user may choose between
the XR2 bundle, the core plate, the lower control blade, the nose pieces, or the fuel
support pieces. As the thermocouple map changes, so do the thermocouples available in
the drop-down box. This provides a means for narrowing the search for the desired
thermocouple. Notice that since the type of data (experimental or calculated) is specified
on the same dialog box that the desired thermocouple is specified, the user can plot both
experimental and calculated data on the same chazt.

If the user selects to plot axial profiles in the TOC dialog box 1, then the dialog box of
Figure B-5 appears rather than that of Figure B-4. For this dialog box the time is entered
for each selected thermocouple location so that axial profiles at various points in time can
be compared. In this case, the temperature range in TOC dialog box 2 is disabled.
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Since axial plots are associated with temporary worksheets, there is some housekeeping
associated with deleting or renaming charts and their associated scratch files. The purpose
of the Charts Manager macro is to provide a convenient means of maintaining charts
generated in a session that is as transparent as possible to the user.

The user may decide to save generated charts on closing for later sessions. On closing,
the subroutine Auto_Close is executed automatically. This subroutine does all the final
housekeeping, including discarding all user-generated charts for that session. The user can
over-ride deletion of a chart and rename the chart for later sessions via the dialog box of
Figure B-6. If any of the charts to be retained are axial plots, then this should be indicated
on that dialog box since there is a scratch file that was created on opening XR2Data.xls
that Excel will need to rename and save for later sessions.

Figure B-6. Rename chart dialog box.

The XR2Data workbook provides a convenient means of accessing the data from the XR2
test and making meaningful comparisons. Once a chart is generated, it can be further
edited with Excel to provide a highly customized chart that can be imported into various
word processors. It can also output user-defined subsets of the XR2 data into comma-
delimited data files for use in other applications. Many of the plots reproduced in this
report were generated from this Workbook.
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APPENDIX C

Thermophysical Properties of Materials

This appendix summarizes the thermal physical material property correlations used in the XR2
experiment analyses, i.e., the preliminary TAC2D design calculations or the post-test MERIS
analysis. Experimental data is also referenced and plotted alongside these correlations
wherever possible.

Values for thermal conductivities, specific heats and melting points for materials found in the
XR2 melter facility and package are presented in the figures that follow.

C.1 Effective Thermal Conductivities for Porous
Materials.

Effective thermal conductivities for porous insulating materials are estimated using a
correlation developed by Sadahisa Imura and Eisyun Takegoshi for packed spherical beds®!
and a radiation model developed by Vortmeyer“?, i.e.,
kep =FKeonag +Kpa
where

Koy = 4€,0md,T°n

&, = emissivity of the solid

o = Stefan-Boltzmann constant

d, = mean particle diameter

T} = an empirical parameter (.25 was used)

rad

NUREG/CR-6527 -C-2-




and

1-y
k _.=wvk +
eond = V' 5 k, o +k,(1-0) ° ¢
where
k -0.044
a)=0.3a;'5[—’] .
kg
o, -0
V= -0’
1
k, = oo [azj“ Y,k + a,; Yk, j]
and

0. is the volume fraction occupied by gas.

The conductivity ks is seen to be the volume averaged thermal conductivities of both the solid
and liquid components of all species.
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C.2 Thermal Conductivity of Materials

Graphite Felt Conductivity
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Figure C-1. Thermal conductivity of graphite felt.
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Figure C-2. Thermal conductivity of graphite.
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Stainless Steel Thermal Conductivity
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Figure C-3. Thermal conductivity in stainless steel.
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Figure C-4. Thermal conductivity of zircaloy-4.
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Figure C-5. Thermal conductivity of UO;
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Figure C-6. Thermal conductivity of Zircar fiber insulation.
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C.3 Specific Heat of Materials

Specific Heat of Graphite
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Figure C-7. Specific heat of graphite.
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Figure C-8. Specific heat of stainless steel.

-C-8-

2000

Joule

gm-K




Cp (Joule/gm/K)

Zircaloy Specific Heat

0.70

0.65 ........

0.60 T N S—

0.55 ~——— Curve Fit

0.45

0.40

|
0.50 l
|
|
|

0.35 .

0.30 : 1
0 500 1000 1500 2000 2500 3000 3500

Temperature (kelvin)
t<1113°K 33977
CErelo (1) = { 1<1233K 676 ]
t>1233K 356

Joule
gm-K

Figure C-9. Specific heat of zircaloy.

-C-9- NUREG/CR-6527

) <
R,
i




UO» Specific Heat

12

P — -
—— Curve Fit /

Cp (Joule/gm/K)

T

g

2
0 500 1000 1500 2000 2500 3000 3500 4000

Temperature (kelvin)
1097  joule
C H=(C.t)+C,@®)+C,(2))X
Puo, ()= (C.0+ G, O+ CO)x 00 =0

535.285

850135-10" xe *

535.285 2
tX (e t - 1)

C,(t) =0243 x¢
1658692 -10' 1_89@
— Xe

where C,(t)=

C@)=

Figure C-10. Specific heat of UO..

NUREG/CR-6527 -C-10-



C.4 FelZr Phase Diagram and Melting Points of

Materials
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Figure C-11. Fe/Zr phase diagram.

Table C-1. Melting points for materials used in the analysis of the XR?2 test.

Material Solidus (K) Liquidus (K)
U0, 3110 3115
Zr 2095 2100
Fe 1671 1727
Fe/B,C 1500 1525
Fe/Zr 1600 1650
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APPENDIX D

XR2 Thermocouple Data
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APPENDIX D

XR2 Thermocouple Data

The thermocouple data collected for the XR2-1 experiment has been plotted over the entire length
of the experiment and is presented in this appendix. The reader is referred to Section 5.1 above
for a complete description of thermocouple locations. The reference in these figures to CR1,
CR2, CR3, or CR4 indicates the axial elevation in the test package, CR1 being at the top and CR4
at the bottom. All fuel rod thermocouples at elevation CR1 or CR2 were type C thermocouples
and all can wall thermocouples at elevation CR2 were also type C. Other than the two lower
thermocouples for can wall 2 (both type C), the balance of thermocouples were of type K.

An Excel spreadsheet has been written to archive this database for simplified access and the user’s
guide is presented in Appendix B. More detailed views of some of the more notable temperature
trends during the melt phase of the experiment are presented throughout this report.
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Figure D-2. Temperature data for fuel rod 2.
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Figure D-4. Temperature data for fuel rod 4
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Figure D-7. Temperature data for fuel rod 7.

Fuel Rod 8

—— Time vCR1
— — Time vCR2
= {7 —— Time vCR3 T :
E 2000 -~—-—- Time v CR4 | v %
: | - | Lt
';Z : : ] z_t‘% 5\
£ e LN I
£ 1000 [/ : /:/ / R //—’/'
i i A ; //-—""'" ] ,,;
I G e e o -

0 5000 10000 15000 20000
Time (Seconds)

Figure D-8. Temperature data for fuel rod 8.
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Figure D-10. Temperature data for fuel rod 10.
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Figure D-12. Temperature data for control blade 1.
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Figure D-26. Temperature data for the single fuel support piece.

-D-15- NUREG/CR-6527

R Il




Double Fuel Support Piece

Time v FSD1
1500 il — — Time v FSD2
= fowed ——- Time v FSD3 -
= ~- - Time v FSD4 -
3 AL
> N
1000 N
@ Vi
o ¢
5 N
= : : vl y/}
: : L EE s
: : A
500 s e R e
| l
0 5000 10000 15000 20000
Time (Seconds)
Figure D-27. Temperature data for the double fuel support piece
NUREG/CR-6527 -D-16-




Appendix E

XR2 Drawings

Figures
E-1: Bottom XR2 Frame PIate. ..........ccoeerreerreeeeeeeeeeneeeeeeee e veseeseee s sesessaessens E-4
E-2: FTAmE PIALE. ...ttt tesseesesne s sssese s semsassasesecssssassesssecnssseesesenns E-5
E-3: Right FIAIME...cucueeeueeeiiininiecnccnennnereesssscsssesesssssssnssssstssssssassesesassesassssesnsssssasasasnsns E-6
E-4: FIONE FTAMIE. c..vueeitctirietectcciennneecenessssaesansessnsstesssessssssesesesssssrnsssnsssssasssosensesnnmssens E-7
Ee5: COTE PIAe. .ttt eeteneese et et ssesene e sesssnssesssesesssssenssssesessesssesssasanes E-8
E-6: Containment Wall. .......ccoieiereoieereeeicenereeeeeiesesnsesesessssssessssenesossssssscssssssssssssssns E-9
E-7: Containment Wall. ...........ceoceneiceerereeteiereneeesene s eaesesenscssssesnsseessssssssenns E-10
E-8: Containment WAl .......c.cevveeneemrreereeeeeeieteeteescescnescesesssesssenssenessnsnssesssesessenens E-11
E-9: Containment Wall. ereneieneseeneaanes reretesenrtentsea s s ete s e aenesaeans E-12
E-10: Quarter Fuel Bundle Spacer ................................................................................ E-13
E-11: Half Fuel Bundle SPacer. ........ouccocecveceienincninenrenenseceesresarssnssesessenssessareressasens E-14
E-12: Dummy Fuel BUndle SPacer. ..........ocueeveereeemeeeeeicseeeseeesecesecsesaseseeeseessesessasns E-15
E-13: Dummy Can Wall. ......c.coouiivreeeereeeereeeeteeeseerressnesesssnesessecssonensssesenssnssnssens E-16
E-14: Quarter Can Wall. ...t ee s E-17
E-15: Half Can Wall .....cciceereeerereeerereseeeserenssesesesssessssesssssssessssssossnsmsssssssmsesssssns E-18
E-16: DUmMMY NOSEPIECE. ...cuvverieiecrirerecmruenevemesnisanrssesssesssssassesssssesessssssnssssssssnsmsssssmsmens E-19
E-17: Half INOSEPIECE. ...cucevuerimeecenenenencninnnsnsssasnsrssesesessssesssesessssssesssessssssasassssnssessosesns E-20
E-18: QUAarter NOSEPIECE. ...cccoverrcrmrrrernrierersterereseresessesessssesssesssssssssssassssesnsecssmsesesensans E-21
E-19: Double Fuel Support PIECE. ....cevuecemrmreeurereeireeseereeseseeeseseeseresssessassssssessoessoeens E-22
E-20: Single Fuel SUPPOIT PIECE. ...cvveoiecerereenerererenerereseseresescsecseseaessnsassessssessesseesnens E-23
E-21: Control Blade Sheath. ........ceeeeereeererereereeseeeerescnreseseeessessensscscsssasssssssesssessses E-24
E-22: Control Blade SUPPOTL. ....ccovoemreerreereneeeteieiererene e reresesesesessae e ssssssesesssssssssessssnes E-25
E-23: Dummy Control Blade Control Rod ................................................................... E-26
E-24: Control Blade Assembly. .......ccoeceverevvuennne erernreaetanteresaseasanaannns E-27
E-25: Dummy Control Blade ASSEmDBLY. ...c.cceueeveevreeenreceiseecnseveeseeeesmseseesseessesnensaes E-28
E-26:Fuel RO ASSEMDLY. ....ceoveeeereerereererenerenrenesesressnsesssssesssensassssessssmsesesssesssessssaes E-29
E-27: Water RO ASSEIMDLY. c.covoveeeeereneneeieeenerere i s rsessess e eeeseeecssessssesesssssssssnssans E-30
E-28: Tie RO ASSEIMDLY.....covcvererereceerereietenererereseseseessssnsessessssssasasmssemesessesesesseseseness E-31
E-29: FUEL RO TUDE....cocovererereecerrrceeeeieneesseseseseseasaeecnsssensstssoesemensesaeseseesesesesesemens E-32
E-30: FUEL ROA PIUG. «.ecurrreeererrececencrerenesesesee st sea s sesnseseassemesemsestessasseesse e es e ennen E-33
E-31: FUEL ROA NOSE....evocureeurrrierererinsesssiessssaensessssesesssssssssnsensasasossnsseesssssssessensssessenns E-34
E-32: Tie Rod Nose (threaded). .......coevureuerenurmreeremerereeesraeessscaeeneseeesseoeemsessesenseesesesnseens E-35
E-33: Water ROA NOSE. ...cvoveeereererrrnenetrreresaraereseseesesssessessssseacsesessnsssessmseessessaensmemesesssenns E-36
E-34: Single GUIdE TUDE. ...ccoeeeernrrreenereererese e cs e eeeseseseeeseessesems e s senae E-37
E-35: Double Guide Tube... rrereeestateaessaassas e sae st en s sarenssenrensens ...E-38
E-36: Dummy Control Blade SUPPOIL. ...cucvvereremreerereececeeeee e e seceseesseeesessseseseeas E-39
E-1 NUREG/CR-6527




E-37: Dummy Control Blade Sheath. .....ccceceveieeiiininccnnecnninntenenieeenecenssesenessansens E-40

E-38: ReInforcing Plate #1......ccccouevecreecnenrercencsenerensssesensessesssessssessnssseesssssessasssesssassensenss E-41
E-39: Reinforcing Plate Drain DUCK.....cccceveevenerenesincsinicrinisenrseeenecssesenesssssssneneneonne E-42
E~40: Reinforcing Plate #2.......ccvoeveveeeeerennccentenesrisisesesssssssasssessssscrsresserssssessssnssssssases E-43
E-41: Reinforcing Plate # 3.....ccccreveeerenensenininenisininnrestesseenessesssssessessessssssssnesssnsases E-44
E-42: Reinforcing Plate #4......cocommeeeiececeiieccencinctcienteeraseneseesseserasaseesss s s esenes E-45
E-43: Reinforcing Plate # 5.....cceeieeeeeeeeneenrrcteereinmrcesiesneresssssessnisresensecssssssssnsssenssns E-46

NUREG/CR-6527 Eo-




Appendix E
XR2 Drawings

This Appendix contains a set of engineering drawings for the XR-2 package. Parts
included here are the frame, the core plate, the containment wall, the spacer grids, the can
wall, the nosepieces, the fuel support pieces, the control blade, fuel rods, tie rods, and
water rods together with their end noses, the guide tubes, and the reinforcing plate.
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Figure E-41: Reinforcing Plate # 3.
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