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ABSTRACT

The results of the SAS4A analysis of the M7 TREAT Metal
fuel experiment are presented. New models incorporated in the
metal fuel version of SAS4A are described. The computational
results are compared with the experimental observations and
this comparison is used in the interpretation of physical
phenomena. This analysis was performed using the integrated
metal fuel SAS4A version and covers a wide range of events,
providing an increased degree of confidence in the SAS4A metal
fuel accident analysis capabilities.

INTRODUCTION

The SAS4A accident analysis code has been developed at Argonne
National Laboratory for the analysis of severe hypothetical accidents in
Liquid Metal Reactors (LMR). The code was inititially developed for the
analysis of oxide fueled cores. Due to the interest in the metal fueled
cores in the U. S. a metal fuel version is being developed. The
development of the metal fuel phenomenological modules relies to a large
extent on the analysis of in-pile metal fuel experiments. This paper
describes the current SAS4A metal fuel modeling capabilities and presents
the results of the SAS4A analysis of the M7 in-pile metal fuel
experiment , in which two metal fuel pins were subjected to a Transient
Overpower (TOP) event. SAS4A provides a complete description of the
experimental sequence from fuel pin heatup and melting to the onset in-pin
fuel motion, cladding failure and post-failure ex-pin fuel relocation.

DESCRIPTION OF THE SAS4A PHENOMENOLOGICAL MODULES

The SAS4A accident analysis code is the most recent version of the
SAS family of ccJes. Much of the new development effort has been devoted
recently to the modeling of phenomena specific to metal fuel cores. This
section describes the main SAS4A phenomenological modules affected by the
introduction of metal fuel pins, and the most recent development
efforts. Other important modules, such as the pre-boiling hydrodynamic
model ,og the coolant boiling model have been described in earlier
papers^' .



The pre-failure jn-pin molten fuel relocation is calculated in SAS4A
by the PINACLE moder. PINACLE is a transient hydrodynamic code which
describes the molten cavity formation and pressurization, fuel relocation
and fuel ejection above the original fuel column. The cladding failure
time and location is described in SAS4A by the DEFORM-5 moder, which
takes into account both cladding loading due to fission gas pressurization
and cladding thinning due to eutectic penetration. If a cladding failure
occurs, the SAS4A calculation is continued by the LEVITATE model , which
describes both the in-pin and ex-pin fuel relocation. LEVITATE is a
transient hydrodynamic code which describes the fuel melting and
relocation, fuel freezing and crust formation and cladding ablation and
relocation. These models are described below in more detail.

PRE-FAILURE IN-PIN MOLTEN FUEL RELOCATION-PINACLE

The PINACLE module describes the relocation of molten fuel inside the
pin cladding, prior to cladding failure. As the accident proceeds, the
mismatch between the heat generated in the fuel and the heat removed by
the coolant leads to the fuel heatup and the formation of a molten fuel
cavity. The molten fuel inside the molten cavity can relocate under the
influence of the pressure gradients, introducing potentially significant
reactivity changes. PINACLE is an Eulerian, two-phase, transient
hydrodynamic model describing in-pin axial fuel relocation in a variable
area geometry (Fig. 1). The components tracked by PINACLE are molten fuel
and two types of gas. Fission gas can exist either in the form of small
bubbles, constrained by the surface tension, which do not contribute
significantly to the cavity pressure, or as free gas, which pressurizes
the surrounding molten fuel. The small bubbles coalesce in time and
gradually become part of the free-gas field. To advance the numerical
solution, PINACLE uses a staggered mesh, with density, enthalpy, and
velocity as the dependent variables. The density and enthalpy are defined
at the center of each cell, while the velocities are defined at the cell
boundaries. Only a bubbly flow regime is currently modeled, with the
assumption that molten fuel and fission gas are well mixed and move with
the same velocity at any given location.

As long as the cavity maintains a bottled up configuration, only
limited fuel relocation can occur due to local pressure gradients. If the
molten fuel cavity reaches the top of the active fuel column, the molten
fuel can be ejected above the active fuel. This situation is illustrated
in Fig. 1. The amount of fuel ejected above the active fuel column
depends on the pressure difference driving the molten fuel and on the
specific pin design.

One of the recent models incorporated in PINACLE calculates the
breach of the fuel column top and the onset of rapid in-pin molten fuel
relocation. PINACLE can also model freezing of the molten fuel as the
power decreases and the associate reduction, both axial and radial, of the
molten cavity. This allows a better modeling of the decreasing-power part
of transient overpower sequences.



FUEL PIN BEHAVIOR - DEFORM-5

DEFORM-5 is the SAS4A module designed to provide metal fuel pin
characterization and transient response in addition to continuous
monitoring of the pin failure margin.

The nature of the metal alloy fuels has influenced the new modeling
effort. Because the cladding is considerably stronger than the fuel, the
initial stage of DEFORM-5 development has concentrated on the cladding
transient response. The steady state pin characterization and plenum
pressure are input to the model and used to determine the cladding
response. Because of the large interconnected porosity that develops with
burnup, the pressure in the gas plenum and in the pressure in the fuel pin
are assumed to remain equal up to the time when a significant molten
region develops and the PINACLE model is initiated. The plenum and fuel
pin pressure changes in time, accounting for the local temperature changes
and the associated fission gas migration towards the plenum. This
pressure constitutes the principal internal force exerted on the
cladding. After the initiation of the PINACLE model it is assumed that
the large molten cavity prevents any further pressure equilibration
between the fuel pin and the gas plenum. The internal pressure acting on
the cladding is the molten cavity pressure calculated by PINACLE. The
pressure equilibration between the molten cavity and the plenum can only
occur due to the in-pin molten fuel relocation described in the previous
section.

The cladding plastic strain and failure margin are determined using
the forces acting on the cladding and the cladding temperatures. All
advanced cladding types (SS316, D9, HT9) are modeled. Penetration of the
cladding due to the formation of the uranium-iron eutectic is also
considered. Eutectic penetration of the cladding reduces its load bearing
capabilities. The penetration rate is integrated over the time step to
determine the cladding thinning. A similiar cladding penetration and
failure model has been developed for use after the cladding failure and
the initiation of the LEVITATE model. In this case the penetration of
cladding by the molten fuel in he coolant channel is also calculated.
The DEFORM-5 model works in parallel with the PINACLE module. It
determines the time of cladding failure and thus triggers the inititiation
of the LEVITATE model.

POST-FAILURE FUEL RELOCATION - LEVITATE

LEVITATE describes the physical processes that occur in a fuel
assembly following the pin cladding failure. LEVITATE is initiated at the
time of fuel pin failure in both voided and unvoided coolant channels. In
the analysis of oxide fuel elements failing in unvoided channels the early
fuel fragmentation and relocation is described by the PLUT02 model of
SAS4A. The early use of LEVITATE in unvoided coolant channels in the
analysis of metal fuel behavior is due to the need for modeling of
cladding melting and relocation due to eutectic penetration. Also, the
metal fuel has a tendency to foam rather than fragment when ejected in
unvoided coolant channels, reducing the need for the use of the PLUTO2
model.



LEVITATE has been interfaced with the PINACLE module and can continue
the modeling of in-pin fuel relocation after fuel pin failure, using the
PINACLE results as initial conditions. LEVITATE models the fuel assembly
in a one-dimensional geometry, assuming that all the pins in the
subassembly behave coherently. It contains a hydrodynamic model
describing the fuel and cladding relocation in the coolant channel, as
well as another hydrodynamic model that describes the in-pin post-failure
fuel relocation. A typical LEVITATE configuration illustrating the code
capabilities is presented in Fig. 2.

LEVITATE describes a large spectrum of physical phenomena such as
fuel pin melting and disruption, cladding ablation due to melting or
eutectic formation, continuous fuel-steel flow regimes, fuel-steel
freezing and plug formation and a tight coupling with the sodium slug
dynamics. LEVITATE also described the fuel ejection from the pin cavity
into the channel and pin failure propagation.

M7 EXPERIMENT DESCRIPTION

The M7 experiment was performed in the Transient Reactor Test
Facility (TREAT) as part of the M series of experiments, designed to
provide critical information regarding key IFR safety issues for Transient
Overpower (TOP) unprotected accidents in metal fuel cores. These issues
include a) the potential for large negative reactivity insertion due to
prefailure, in-pin molten fuel relocation, b) the overpower margin to
cladding breach, and c) the potential for large negative reactivity
insertion due to post-failure ex-pin and in-pin fuel relocation. The test
train used in M7 was a Mark-IIIC integral loop, designed to test two fuel
pins simultaneously, but under separate hydraulic conditions. The TREAT
fast neutron hodoscope was used to monitor the fuel relocation.

Two fuel pins were tested in the M7 experiment. One was a ternary
alloy U-Pu-Zr pin with D9 cladding irradiated to 9.8 at% burnup. The
pretest length of the ternary pin was 358 mm. The other fuel pin was a U-
Zr binary alloy with HT9 cladding, irradiated to 2.9 a/o burnup. The
pretest length of the binary pin was 373 mm. The fuel pins exhibited
different behavior during the experiment and they have been analyzed
separately. The fuel pins used were subjected to an overpower situation
characterized by full coolant flow and an exponential power rise on an 8 s
period. The 8 s period was chosen as in previous M series experiments, as
the slowest possible transient that could be started from near-nominal
conditions and carried through to cladding failure within the energy
deposition limitations of the TREAT reactor.

Baseline thermal conditions in the test fuel were selected to reflect
the nominal conditions in a fast reactor. These include a peak linear
power rating of 40 KW/m, an inlet temperature of 630 K and a 150 K coolant
temperature rise. The power rise was rapidly terminated upon detection of
cladding breach in the ternary pin. The overpower level achieved was in
the neighborhood of four times nominal.



ANALYSIS OF RESULTS

The metal fuel version of SAS4A was used for the analysis of the M7
experiment. Because the experiment involved two different pins, two SAS4A
one-channel problems were set up and analyzed separately. The SAS4A code
was used in an integrated mode, i.e., the transient was analyzed with
SAS4A from beginning to end, with all decisions about the initiation of
new modules being made by the code. The fact that there were many such
decisions and that SAS4A was able to model quite well the very different
behavior of the two pins used in the experiment provides an increased
degree of confidence in the SAS4A metal fuel accident analysis
capabilities.

The main modules used in the analysis were PINACLE;? describing the
prefailure in-pin fuel melting and relocation, DEFORM-5 describing the
cladding penetration by fuel components and eventual failure, and
LEVITATE describing the post-failure fuel relocation both in the coolant
channel and inside the fuel pin cavity. These models were used in the
integrated SAS4A framework and constantly interacted with other SAS4A
models, such as the fuel pin heat transfer and the single-phase coolant
dynamics module.

In the analysis of the fuel relocation results, both computational
and experimental, the relative fuel worth has been used as an integral
measure of the fuel relocation. The relative fuel worth is calculated by
dividing the fuel reactivity worth at any given time by the corresponding
worth calculated at time zero, when the fuel is still in the original
configuration. The fuel reactivity worth is a sum over all axial cells of
the fuel mass in each cell multiplied by the corresponding reactivity
worth. The worth curve used in the SAS4A calculations is thefisame as the
worth used in the HODOSCOPE analysis of the experimental data .

The relative fuel worth based on the hodoscope measurements is shown
in Figs. 3 and 6 for the two fuel pins, together with the SAS4A results.
Good agreement was obtained between calculations and measurements. This
agreement is observed for the analysis of both fuel pins, although the
behavior cf the binary and ternary fuel pins were quite different during
the M7 experiment. The binary pin exhibited rapid in-pin relocation but
cladding failure did not occur. The ternary pin exhibited relatively slow
prefailure in-pin fuel relocation, followed by cladding failure and rapid
fuel dispersal in the coolant channel. These sequences of events were
correctly described by SAS4A. The results obtained in the analysis of the
two pins are described separately below.

A. Binary-Alloy Pin

1. Review of Experimental Results

The binary-alloy fuel pin has a composition of 90% U and 10% Zu and
had HT9 cladding. It was irradiated to 2.9% burnup. No indication of
cladding failure was observed during the experiment. A sudden elongation
of the fuel column of about 2.7% of the pin length was observed, starting



at 17.3285, with most of the elongation occurring within 5 ras. This
elongation, signaling the beginning of in-pin molten fuel relocation, led
to relative worth decrease of -1.85%.

2. Results of SAS4A Calculations

As the power level increases, the temperatures in the fuel pin begin
to increase leading to an increase in the pin and plenum pressure. The
calculated pressure in the pin plenum, as a function of time, is shown in
Fig. 4. As explained this pressure is calculated assuming that the
fission gas can relocate freely within the fuel pin leading to rapid
pressure equilibration between the fuel pin and gas plenum.

The temperature increase leads also to the formation of a molten fuel
region, originally located near the top of the fuel pin. At 16.64 s this
molten fuel region has become large enough to trigger the initiation of
the in-pin fuel motion model PINACLE.

Although now the molten fue'i in the cavity can move, the bottled
pressurized cavity configuration allows only very small fuel movements,
and thus the changes in relative fuel worth are limited. As shown in Fig.
3, the relative fuel worth remains virtually constant between the time of
PINACLE initiation (point A) and the time of rapid fuel relocation onset
(point B).

After the initiation of the PINACLE model, the calculated pressure in
the pin plenum continues to increase as shown in Fig. 4. However, the
pressure in the molten cavity now evolves independently. The fission gas
model assumes that the formation of a sizeable molten fuel region will
obstruct the previously open porosity paths linking the fuel pin region to
the pin plenum. Thus, after the initiation of PINACLE the fission gas
remaining in the solid fuel is not redistributed axially. As the molten
cavity extends both axially and radially this gas becomes available for
cavity pressurization. The pressures in the molten fuel region and in the
pin plenum now increase at different rates, with the pressure in the
molten fuel cavity increasing faster than the plenum pressure, as shown in
Fig. 4. The bottled cavity configuration allows only very little fuel
axial motion, with virtually no reactivity effects.

As the power continues to increase, there is now a competition
between two possible events: a) the cladding failure due to cladding
eutectic penetration and pressure loading and b) the breach of the cavity
solid top, leading to rapid molten fuel relocation above the original fuel
column and cavity depressurization. Both events are tracked by SAS4A,
with the cladding failure being calculated by the DEFORM-5 model and the
breach of the cavity top calculated by the PINACLE model. The breach of
the cavity top is predicted to occur first at 17.355 s, leading to a rapid
fuel relocation and an associated decrease in the relative fuel worth.
The corresponding sudden increase in the pin length was observed in the
experiment to occur at 17.328 s. Both the timing of the in-pin rapid fuel
relocation and the associated reactivity changes are in good agreement
with the experimental results, as shown in Fig. 3.

Figure 5 shows the maximum cladding life fraction calculated by



DEFORM-5 as a function of time. At the time of in-pin fuel motion
initiation, the cladding maximum life fraction is only 0.02, well below
the value of 1.0 which indicates the cladding failure. As the power
continues to increase the maximum life fraction increases rapidly, but
this increase begins to slow as the power level dcreases. The cladding
life fraction reaches in all-time maximum value of 0.08, indicating a
large margin to cladding failure. The binary pin cladding never failed in
the experiment and the fuel relocation remained confined within the
cladding.

B. Ternary-Alloy Pin

1. Review of Experimental Results

The ternary-alloy fuel pin had a composition of 71% U, 19% Pu and 10%
Zr, and D9 cladding. It was irradiated to 9.8 at % burnup. A slow,
monotonic prefailure elongation of the fuel column began at about 15 s
into the transient and continued until the occurence of cladding
failure. Information from the TREAT fast-neutron hodoscope indicates that
cladding failure at the top of the full pin occurred at 17.711 s. The
timing of the failure is verified by the coolant flow reduction beginning
at 17.719 s and the location of the pin failure was confirmed by posttest
neutron radiography. More than one half of the fuel was ejected into the
coolant channel and the ex-pin fuel motion was almost entirely upward with
the fuel being dispersed downstream into a configuration that allowed
continued cooiability by flowing sodium .

2. Results of SAS4A Calculations

The power increase leads to increases in the pin pressure and
temperatures. The fuel temperature increase leads to the formation of a
molten fuel region, which originates near the top of the fuel pin. The
in-pin fuel motion model, PINACLE, is initiated at 15.143 s, due \ the
beginning of fuel melting and early onset of axial in-pin fuel
relocation. The breach of the cavity top occurs very early after the
onset of fuel melting. This allows a continuous pressure equilibration
between the expanding molten cavity and the pin plenum, achieved by
gradually relocating more fuel from the cavity to the space above the fuel
column. This behavior is illustrated in Fig. 6, which shows a gradual
worth decrease between points B and C. Fig. 7 shows the plenum and pin
pressure history.

The mass of fuel relocated above the fuel pin due to in-pin molten
fuel relocation above the fuel pin column is shown in Fig. 8 to be in good
agreement with the hodoscope observations. The cladding failure is
calculated to occur at 17.713 s, in agreement with the experimental
failure time of 17.711 s. This failure, which occurs in the top fuel
cell, leads to the initiation of LEVITATE, which models both the ex-pin
and in-pin fuel relocation after the cladding failure.

The cladding failure leads to the ejection of molten fuel from the
pin cavity into the coolant channel, causing a local deoressurization in
the cavity and an increase in the coolant channel pressure. The pressure
gradients cause an upward acceleration of the in-pin molten fuel towards



the failure location and an upward acceleration of the molten fuel in the
coolant channel- Both the in-pin and ex-pin fuel motion reactivity
effects are strongly negative, leading to a rapid decrease in the relative
fuel worth, as shown in Fig. 6. At 5 ms after failure the calculated
velocity of the upwardly dispersing fuel front is 14.8 m/s, and at 10 ms
the fuel velocity has the value 17.4 m/s. These numbers compare with 11-
13.5 m/s values observed experimentally .

The calculated relative fuel worth reaches a value of 0.66 at 20 ms
after clading failure and then remains virtually unchanged. As shown in
Fig. 6, the minimum relative worth based on hodoscope results is 0.74,
with a more likely value corrected for the flux decrease of less than
0.6. The reason for the flattening of the worth curve is that the
ejection of the fuel from the pin cavity has now caused a considerable
decrease of the cavity pressure as well as a flattening of the pressure
distribution, leading to low in-pin fuel velocities. A similiar
flattening of the pressure gradients and considerable decrease of upward
fuel velocities is observed in the coolant channel. Fuel freezing can be
observed in the coolant channel, as the power level decreases.

At the end of the LEVITATE calculation, at 275 ms after failure, or
transient time 17.988 s, the calculated relative fuel worth has reached a
value of 0.63 and the amount of fuel ejected into the coolant channel is
39.8 g, or about 529S of the original fuel pin mass. This number compares
well with the experimental observation that one-half to two-thirds of the
fuel was expelled from the cladding .

V. CONCLUSIONS

A detailed analysis of the M7 TREAT metal fuel experiment was
performed using the SAS4A Accident Analysis Cede. This is the first
integrated SAS4A metal fuel experiment analysis to cover the whole
transient sequence from pin heatup and melting through in-pin fuel
relocation and failure, to post-failure ex-pin and in-pin fuel
relocation. The results are shown to be in good agreement with ma.ny
experimentally-recorded results including timing, characteristics and
magnitude of the key fuel relocation events.

The current modeling and validation activities continue to be
centered on metal fuel phenomenology. Additional effort is devoted to the
modeling of the post-failure fuel relocation events.
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