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ABSTRACT

The results of reactor-material experiments are reported in which
molten fuel drainage through mocked-up intersubassembly gap geometry was
investigated. These tests relate to early fuel removal from the dis-
rupted core during the meltout stage of the hypothética] core-disruptive
accident in an LMFBR. The gap width was prototypic, 4.3 mm, the struc-
ture initial temperature was 1170°K, and the gap channel was voided
(dry) for thése gravity drainage tests; the molten fuel was a mixture of
UO2 (81%) and molybdenum (19%) generated by a thermite reaction at
3470°K. In the GAP-3 test, the injected molten fuel was immobilized by
freezing at a penetration distance of 0.18 m. The plugging in this test
was apparently due to solidification of the molybdenum which had segre-
gated to the leading edge. In the GAP-4 test, the U02/Mo mixture was
homogeneous, and the penetration distance was 0.35 m.
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I. INTRODUCTION

A. Background

One of the key issues which arise in the assessment of the meltout
phase of the hypothetical core disruptive accident in the LMFBR system
involves the timing and paths for nmclten fuel to escape from the disrup-
tive core. The eariiest available paths are through the axial blankets
where, depending upon the specific accident sequences considered, the
flow channels may be initially open to above the tops of the pins and
perhaps to below the bottoms of the pins. An extensive test program has
been carried out examining the molten fuel penetration behavior axially
through pin bundle structure for varying conditions of structure temper-
ature, mass of molten fuel, injection pressure, and injection flow
regime [1-3]. These tests have generally shown that the available
injected fuel mass can be relocated into the axial pin structure, but
that it is unlikely that it will pass entirely through the pin length to
the open pool regions beyond. The injected fuel has typically come to
rest and sclidified within the pin structure, créating plugs. These
plugs have been generally complete (impervious to gas passage) for large
injection mass-cases but have generally exhibited sufficient intercon-
nected porosity to allow gas passage for the small mass cases. The plug
compositions have indicated that a high rate of cladding melting and
entrainment occurred during the fuel passage time with the effect that
resolidified steel was a major portion of the plugs.

The disrupted subassembly geometry confined by axial pluac is only
a temporary state since decay heating in the fuel in the plugs will
eventually cause the plugs to remelt. Additional axial dispersal may
then be possible at prevailing subassembly pressure. This process
of plug remelting is cstimated to require 10's of seconds. During this
time, the core power generation results in additional fuel melting as
well as internal pressurization due to gas release, steel vaporization,
and perhaps fuel vaporization. The restraining hexcan walls will heat
up, and it is estimated that they will reach melting in a time scale of
~ 2-4 s, far sooner that the axial plugs are expected to melt out [4].



The significance of this is that additional paths for fuel escape from
the core are expected to become available as the hexcan walls lose their
structural integrity. Possible fuel escape paths whicn w.. . “2en iden-
tified include: i) the gaps between the hexcans leading to the below-
core volume via drainage, ii) the intersubassembly gaps as a path for
pressure-driven expulsion into the radial blanket and shield assembly
region, iii) blowdown and/or drainage through the relatively wide-open
control rod (CR) assemblies, and iv) paths opened by removal of struc-
ture such as upper hexcan stubs. Some of all of these removal paths are
expected to become available during the hexcan meltout stage prior to
the disruptive region achieving core-wide coherency.

The first removal path to become available during the meltout stage
involves the narrow channels separating the hexcan walls; i.e., the
intersubassembly gaps. In the unirradiated, cold condition the hexcan-
to-hexcan pitch allows for a gap between hexcan walls of 4.7 mm. This
spacing, illustrated in Fig. 1, is held nominally uniform by the bearing
pads on the hexcan flats. The gaps are filled with sodium which is
essentially stagnant, although there is some leakage flow through the
lower support plate structure and past the load pads. The pressure in
this regionvis the upper plenum cover gas pressure plus static head. The
nominal area of this gap region is ~ 8% of the core cross-secticnal
area, and this area is available for fuel drainage down as low as the
core support plate.

During reactor operation the gap sizes will vary from location-to-
location across the core and axially due both to irradiation-induced
swelling as well as "circumferential" growth by thermal expansion.
Calculations indicate trat the gaps may close completely between adja-
cent driver assemblies in the peak fluence regions at end-of-life [5].
Wall heatup during a loss-of-flow accident has the effect of additionally
closing the gaps between adjacent driver assemblies, although the corners
between hexcans are expected to remain open. Also, the gaps remain open
in regions of lower temperature and/or lower fluence such as i) below
the active core, ii) in the radial blanket and shield regions, and
iii) between adjacent control rod (CR) and internal blanket (IB) assem-
blies.
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II. EXPERIMENT DESCRIPTION

A. Experiment Apparatus

The experiment apparatus used for the GAP fuel penetration tests is
shown in Fig. 3. The apparatus consists of the following major components :
1) thermite injection assembly, 2) gas system used to control the injection
conditions, 3) GAP test section, and 4) receiver tank.

A detail of the thermite injection vessel is shown in Fig. 4. The
vessel is sized for a load of nominally 4 kg. The vessel walls are
Tined with a refractory material so that the vessel is reusable. The
wedge-shaped liner at the bottom funnels the reaction products out the
bottom of the vessel through a 2.54 c¢m dia circular opening controlled
by a sliding member. A thin layer (+ 0.5 cm) of graphite powder was

placec aton the slide; tihe reaction powders con%isting‘of U+ 2 Mo0

were packed into the vess2] to near the porous grid plate. Thg covzr

gas was argon. A nichrome heating element was cciled just beneath the
upper surface of the powders; the exorthermic reaction was initiated by
passing a current through the igniter wire. A twisted pair of magnet
wires at the bottom of the vessel shorted when the reaction had propagated
the full column height of the powders, and this contact closure was used
to start the auto test sequence. The molten fuel was releised by a

sudden opening at the bottom effected by the slide actuation. The

typical cpening time was 16 ms,

Gas piping connected to the top of the vessel was used to control
the vessel pressure both during the reaction and subsequently during the
fuel release. The vent line, Fic. 3, Ted to a large accumulator volume
to maintain a Tow, nominally ambient pressure. The pressure at injection
was controlled by a separate reservoir tank in the pressurizer line.

The injector was separated from the test section by a 0.11 m-long
ceoling spool. This finned-member was needed to maintain the ther.ite
reactants near room temperature while the test section was heated to
1170°K. The cooling spool had a2 tantalum liner with an ID of 2.44 cm.
Between the cooling spool and the test section was a 0.09 m-long circular-
to-rectangular transition piece which was fabricated from stainless steel
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28-channel FM tape recorder. The data was recorded wide-band at a speed

f 60 ips (40 kHz bandwidth) The data was digitized and processed on a

P-11 computer, and hard copies were made of the data plots off the

-]

display.
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Following the test, the heater power remained off, and the system
cooled to room temperature. The apparatus was disassembled and the
injector, spool piece, and test section were weighed to determine weight
changes. The mass of fuel which entered the test section was determined.
The test sections were gammagraphed in order to observe the overall
frozen fuel disposition. The test sections were cut through at seiected
zones in order to observe and photograph the frozen fuel cross sections.
The chemical makeup of selected debris from GAP-3 was checked using the
ANL scanning electron microscope (SEM).

TABLE. I. Sequence Timing for GAP Fuel Penetration Tests

GAP-3  GAP-4
Burntime, s 14.3 2.86
Burnwire Closure, s 0.00 0.00
Isolate Injéctor Vessel (T1), s 2.50 0.20
Upen Pressurizer Line (73), s 3.25 0.25
Actuate Slide Travel (74), s 3.30 0.30

Close Pressurizer Line, s 8.00 5.00
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TABLE 11. Conditions for Fuel Penetration Tests GAP-3

U Powder

Reactant Load, kg _
Initial Structure Temp, °C
Pressurizer Tank, MPa (psig)

Initial Injection Pressure,
MPa (psig)

Mass of Fuel Injected, kg

Leading Edge Penetration, m

GAP-3

B- 960 (24%)
B-1000 (53%)
B-1019 (23%)

4.10
900
0.136 (5)

0.146 (6.5)
1.08
0.18

and GAP-4

GAP-4

B-1019 (100%)

3.83
900
0.136 (5)

0.150 (7)
2.38
0.35
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Figure 6. Tnermocouple Data from GAP-3 Showing
Leading Edge Travel Times
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B. GAP-4

The GAP-4 test was nominally identical to GAP-3 except that:
i) finer uranium powder was selected for a faster burn time, and ii) the
settling time was reduced from 3.3 to 0.3 s. Use of the finer mixture
resulted in a burntime of 2.86 s compared to 14.3 s for GAP-3. The
pressure at the onset of injection was 0.150 MPa (7.0 psig), almost
identical to the 0.146 MPa initial injection pressure for GAP-3, In
this test, 2.38 kg of molten reaction products entered the gap test
section, and the leading edge penetration distance was about twice that
for the previous test, 0.35 m. The gammagraph, Fig. 5, shows a signif-
icantly different appearance than GAP-3, showing fingers of material
which drained down along the walls. Furthermore, the material did not
backfill up into the corners, but showed a generally downward and grad-
ually widening flow pattern. The injector was essentially emptied in
this test so that all the available fuel was able to enter into the gap.
The TC data, Fig. 8, suggests the first hot material penetrated the gap
with a velocity of ~ 13.6 m/s.

The test section was cut crosswise at 10.8 an& 25.8 cm below the
entrance and lengthwise at 1.0 cm off centerline. The cross-section
from near the leading edge, Fig. 9, shows that the fuel spans the gap
and has macroscopic porosity. It alsc shows fuel crust layers on the
walls. Some localized wall melting was found, particularly near the
entrance. Overall, the melybdenum remained uniformly dispersed ir the
oxide fuel in this test so that this specific objective in rerunning
GAP-3 was successfully achieved.
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IV. ANALYSIS

Calculations of molten fuei penetration through gap-like flow paths
were performed using the computer code EMF-C (Experiment Modeling Freezing
Code-Conduction). EMF-C describes the conduction freezing of fuel flow-
ing through a stainless sceel circular tube or rectangular channel. For
the gap problem, EMF-C models the draining fuel as a one-dimensional,
growing Tength of incompressible 1iquid flowing through a rectangular
channel possessirg dimensions which vary in space and time to reflect
the growth and remelting of fuel crust. Behind the fuel leading edge,
crust formation and conduction heat transfer are modeled normal to the
flow assuming a slab geometry which neglects the “inite width of the
steel channel. For the small gap size under considerztion, this is
expected to be a good approximation. The one-dimersional calculaticns
of the simultaneous growth of crust and the heating of the surrounding
steel combine a continuous tracking of the fluid-crust interface to-
gether with a finite difference formulation of conduction heat transfer
within the crust and steel. Calculations are continued until either the
fuel leading edge reaches the bottom of the channel or the crust grows
to completely occlude the flow channel at some location.

Ca?culafions were first performed for the reactor case in which the
fuel was considered to be pure UOZ' The calculations assume a rectangular
channel possessing a gap size equal to the nominal CRBR inter-subassembly
gap (0.43 cm) and a width (6.7 cm) equivalent to the outer periphery of
one hexcan flat. The channel has a total Tength of 146.9 cm equal to
the height of the active core (91.44 cm) plus the length of the region
Letween the active core and the shield (55.5 em). Furtner penetration
through the narrcw gaps in the shield and orifice regions is not con-
sidered. The sieel channel walls are assumed to possess a thickness
(0.305 cm) equal to that of driver, control rod, and internal blanket
ducts within the heterogeneous core. The channel wall outer surfaces
are treated as adiabatic boundaries. Within the active core region, the
initial hexcan femperature is taken equal to 1173°K, representative of
sodium saturation conditions. Below the core, an initial structure
temperature of 660°K is assumed, consistent with the sodium inlet tem-
perature.
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