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SUMMARY AND EVALUATION OF
: TRANSIENT TEST DATA ON
EXTENDED FUEL MOTION RESULTING FROM
UNPROTECTED LOSS OF FLOW

by
C. E Dickerman

ABSTRACT

Experimental data on fuel failure and its consequences
are used to provide predictions of the extended fuel motion that
would occur after a hypothetical core-disruptive loss-of-flow
accident without scram in the Fast Test Reactor. These data
indicate the existence of fuel-dispersal mechanisms, slow col-
lapse of fresh fuel, resistance to collapse of irradiated fuel, the
absence of accelerated collapse mechanisms (such as cladding -
coolant vapor "explosions"), and the fact that real LMFBR con-
ditions inhibit rapid sodium-vaporization events. These data
indicate that severely damaged subassemblies will not be cool-
able in situ by returning sodium after the accident, because of
steel and fuel blockages, and suggest that the severely dam-
aged, melted fuel will eventually disperse upward under the
influence of vapor generated by decay heating.

I. INTRODUCTION

A. Goal

This status summary documents the application of experimental data to
provide predictions of extended fuel motion from the core region resulting from
a Fast Test Reactor (FTR) loss-of-flow (LOF) hypothetical core-disruptive ac-
cident. This summary will consider the conditions expected to affect significant
fuel motion and take into account the need to extrapolate from small-scale tests
to full -scale LMFBR geometry. The outline followed is as follows:

1. Extended fuel-cladding motion resulting directly from loss of flow.

a. Fresh fue‘l

b. Irradiated fuel



2. Extended fuel motion resulting directly from a power excursion
generated by reactivity insertion produced by fuel slumping caused
by loss of flow.

a. Fresh fuel . ts

(1) Boundary conditions influencing extended fuel motion.
(2) Movement of slumped fuel.
(3) Movement of standing fuel.

b. Irradiated fuel

(1) Boundary conditions influencing extended fuel motion.
(2) Movement of melted fuel. -
(3) Movement of standing fuel.

3. Fuel surviwval

+

a. Loss of flow .
b. Power burst triggered by loss of flow

. Survival after power burst
4. Postaccident fuel condition

a. Reentry fuel-cladding interaction (FCI)

b. TFuel (cladding) lncations and counditions (coolability)
B. Approach

'I'he sequences of events predicted for an LOF hypothetical core-
disruptive accident in the FTR will be described using data from applicable
transient tests performed before March 1, 1974, principally those TREAT loop
experiments with oxide fuel that produced fuel failure!™ (see Tablc I). Suome
additional tests are also referenced, where necegsary, to provide better per-
spective. The full list of tests covered is given later in Table III. Section II
provides the predicted sequences of events in terms of application to a loss -of-
flow analysis scenario. Condensed summaries of the actual test results sup-

.porting Sec. II appear in Sec. III. For details, consult the references at the
end of this report.

Although details of loss -of-flow accident analyses change with such input
parameters as core-loading patterns and core-physics data, a general pattern
for FTR can be outlined from calculations. FTR core-void coefficients of re - ‘
activity are not sufficiently large that core voiding from either boiling or
fission-gas release will drive the reactor prompt critical. Coherent fuel
slumping in the higher-power subassemblies is the mechanism for reactivity
input. If the core power stays relatively constant and fuel maintains its geom -
etry, the time for boiling to be initiated across the entire core is a few seconds.



TABLE I. Summary of TREAT Loop Tests Producing Failure of Oxide Fuel

Sample Max Fuel Max Bulk Estimated
No. of Fuel Fuel Energy at at Solidus Coolant Temp Energy
Test Fuel Burnup, Length, Failure,® at Failure, at Time of Failure, Conversion
Designation Pins at. % in. (cm) J/g areal % °F (°C) to Work, J/g
Unshaped Transients

E2 1 Fresh 11.6 (29.5) 1800 92 860 (460) 1

6 Dummies
H2 1 Fresh 13.5 (34.3) 1190 76 1470 (800) 0.15
E3 3 ~6 5.7 (14.5) 855 (0) 1050 (565) 3
E4 1 Fresh 13.5 (34.3) 1420 ~100 1730 (944) 0.85

Shaped Transients

H4 1 4.4 13.5 820 20

6 Fresh 13.5 1170 60 1395 (725) 0.2
H5 1 3.5 13.5 (34.3) 755 10 1300 (703) 0.1

6 Fresh  13.5(34.3)  1090P 55P '
E6 1 4.3 13.5 (34.3) 1170 80 1750 (954) 0.2

6 Fresh  13.5(34.3)  1380P ~100b
ET€ 7 4.3 - 13.5 (34.3) 855b 15P 1270 (687) 0.3
L2 7 Fresh 13.5 (34.3) [Flattop at sample power of 11 kW /ft (36 kW /m)] -
L3 7 3.5 13.5 (34.3) [Flattop at sample power of 9 kW/ft (29.5 kW /m)] -
L4 7 4.3 13.5 (34.3) [Flattop at sample power of 10 kW /ft (33 kW /m)] ®
R3 1 Fresh 36 (91.4) [Flattop at sample power of 10 kW /ft (33 kW /m)] -
R4 7 Fresh 36 (91.4) [Flattop at sample power of 10 kW /ft (33 kW /m)] -
R5 7 Fresh 36 (91.4) [Flattop at sample power of 10 kW /ft (33 kW /m)]d -

8Radial average at elevation of region of failure. For shaped transients with well-developed radial temperature
files, the maximum local enthalpy is much higher. Note next column. Estimate corrected for heat losses during

shaped transients.

ighest-energy pin.

©No dramatic pressure or flow anomalies; "failure" is associated with beginning of a mild voiding event.
dpower terminated at point between cladding melting and fuel melting.

pro -



Thus subassembly conditions over the core at the time of an LOF slumping -
induced power burst can range from molten-fuel slumping in a voided channel
to intact fuel in an unvoided channel. Although the slumping-induced reactivity
is not expected to be sufficient to generate a core disassembly, extended fuel

motion would result.

Figures 1 and 2 depict the posttest radiographs of the loop test sections
from three TREAT LOF and three transient overpower (TOP) tests, respec-
tively. It will be instructive to review these figures with reference to Secs. II
and III. In each case, the radiography was performed after loop outfitting (neu-
tron filters, shaping collars, heaters, etc.) had been removed to remove ex-
traneous images. In one case (L2), neutron radiography was not available after
this removal operation, and X radiography was performed. For the other five
cases, neulron radiography was performed. In these cases, the radiation was

L2 X-RAY L3 N-RAD. L4 N-RAD
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Fig. 1. Posttest Radiographs Showing Fuel Distributions Produced
in Three LOF Tests. Conversion factor: 1 in. = 2.54 cm.
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preferentially absorbed in enriched oxide. All six images are printed to show
absorption: the greater the radiation absorption, the darker the image. The
initial locations of pin components are noted for each test section.

None of the tests available for this summary directly simulated a power
burst after the "lead subassemblies" had undergone flow coastdown, voiding,
and melting of cladding and fuel. However, as apparent from the conditions
detailed in the outline, the TOP tests did mock up some key conditions expected
to exist at the time of an LOF -induced power burst. Thus, these TOP test data
may be applied to descriptions of LOF -induced TOP scenarios if proper account
is taken ot the differences that exist in the tests. Safety research is showing
that the later stages of the accident scenarios and conscquences of LOF and
TOP accidents in LMFBR's are converging.
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II. APPLICATION TO LOSS-OF -FLOW ANALYSES

A.. Extended Fuel Motion Resulting Directly from Loss of Flow

1. Fresh Fuel

Molten steel cladding is carried both upward (presumably driven
by sodium vapor) and downward (by gravity). A small quantity of molten steel
solidifies in the first unheated axial region above the fuel. However, most of
the molten-steel cladding is expected to run down and solidify at the bottom of
the fuel-stack region. This behavior is consistent with the predictions of the
CLAZAS module of SAS. Molten steel is carried upward by sodium vapor; the
steel solidifies in the first unheated region and "triggers" a flow blockage,
after which an extensive amount of steel flows downward and forms a large,
lower plug. The upper plug (a few millimeters high), however, is much thinner
than calculated by current models.

After the flow channels are plugged, the fuel temperature continues
to rise, and fuel slumping occurs. There is no evidence for the existence of
accelerated compaction mechanisms, such as molten-cladding/coolant inter -
actions at the ends of the fuel. In fact, the presence of walls and two -phase
fuel should cause the fuel collapse to be significantly slower than free fall.
Fuel does not penetrate past either the lower or the upper plug of solidified
steel. Postslumping fuel-dispersal events or eructations occur, but do not
cause fuel to penetrate the thin, upper, solidified steel plug.

The first fuel eructation is allributed to the vapor pressure of steel
constitutents in the interior of a fuel mass with crusted exterior. The solidi-
ficd steel and fuel block the test-section flow channels at both the top and bot -
tom of the original fuel stack. The cffect of the steel plugs is shown in
the posttest L2 neutron radiograph (see Fig. 1). This prediction is based on
small -scale tests with seven-pin clusters, conducted with experimental condi -
tions designed to simulate coolant-channel and cladding-heating distributions
that approximate those typical of the central pins of a large subassembly.

In larger clusters, there may be a difference in cladding motion
between the internal channels and the cooler peripheral channels. (No signifi-
cant difference was seen in the TREAT test remains.) If, in a large cluster,
molten cladding is not carried over from hotter internal channels to adjacent
peripheral channels, then there might be some survival of pin geometry in pe-
ripheral channels beyond the time indicated by this scenario.

2 lrradiated Fuel

A limited amount of molten cladding will move upward and solidify
in a thin blockage at the top insulator region--the first unheated region above
the fuel. More molten steel will flow downward and solidify at the bottom of



the fuel. These solidified steel regions are also consistent with the prediction
of the CLAZAS module of SAS as regards location, but the extents of the block-
ages produced (a few millimeters high) are much smaller than calculated by
current models. No collapse of irradiated fuel occurs; rather, the oxide is
expected to move laterally, with some tendency for both steel and fuel material
to move outward radially. Consequently, less solidified steel is expected, at
least initially, at the bottom of the fuel than for the fresh-fuel case.

No fuel dispersal (gas driven or otherwise) is expected to occur
at a time corresponding to that of the first slumping of fresh fuel. However,
a fuel dispersal or eructation will occur at conditions corresponding to those
of the fresh-fuel eructation. For both fresh and irradiated fuel, the vapor
pressure of the steel is the mechanism identified as the source for the eructa-
tion. This dispersal pushes some fuel a small distance past the locations of
the thin, top solidified-steel "plug"; the original fueled region is not emptied,
but most of the fuel is moved upward from the upper two-thirds of the fuel
stack.

In addition (note the high-power fuel Test L.4), some fuel below the
original axial center may be dispersed downward, and the details of the dis-
persal may generate some net fuel motion toward the center. However, no
increase in fuel density beyond the original smeared density is. expected on
the basis of Test L4. The solidified fuel residue will block the coolant-flow
channels at both the top and bottom of the original fuel stack. No fuel-

~compaction mechanisms can be justified by these experimental data. (See the
radiographs of L.3 and L4 in Fig. 1.)

B. Extended Fuel Motion Resulting Directly from Power Excursion Produced
by Reactivity Feedback Caused by Loss of Flow

1. Fresh Fuel

a. Loss-of-flow-produced Boundary Conditions Influencing Ex -
tended Fuel Motion. Test data were examined for LOF -produced conditions
that could limit possible subsequent fuel motion. One such phenomenon was
found- -steel plugs at the ends of the fuel. Steel cladding that melts after cool-
ant voiding solidifies into steel plugs at top and bottom in the first unheated
sections. The top plug is expected to be thin, nominally a few millimeters
thick. The small size of the experimental test sections did not cause anomalous
steel freezing in the tests, because the steel froze to the first unheated mate-
rial, withoul evidence of "bridging" from the heat sink of the test-section walls.
Steel merely melted at or near the top of the fuel, moved up, and froze.

b. Movement of Slumped Fuel. Fuel will disperse from the
slumped condition. However, there is no mechanism for maintaining the initial
contact of the dispersed fuel with the upper steel plug. Hence, the initial dis-
persals are not expected to cause meltthrough of fuel past this plug. (ln L2,
the timing of the first eructation was consistent with a vapor-driven dispersal
of crusted fuel driven by internal pressures of a fraction of a MPa.) Subsequent
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sequences of fuel collapse under gravity and dispersal are expected. Two se-
quences of collapse and eructation in L.2 were not sufficient to produce fuel
penetration past the 0.5-in. (1.27-cm) insulator -pellet region at either top or
bottom of the fuel stack (see L2 radiograph in Fig. 1). However, because of
the extensive mixing of molten fuel and cladding, it is expected that steel vapor
will continue to be generated and will gradually "boil up" molten fuel into a
continuing, dispersed, two-phase region, which could melt its way upward. .

c. Movement of Standing Fuel. As noted in Sec. I, an LOF -
triggered power burst would be expected to occur when the fuel throughout the
cores sees a wide range of coolant conditions. At the timme the "lead" fuel is
slumping, other fuel subassemblies will still be intact, even though some cool-

‘ant voiding will have occurred in some of them. The TOP test data provide

guidance on the fuel motion to be expected to result from the response of this
fuel to the power burst. Detailed analysis of the test conditinns by mochanistic
codes should be performed in order to extrapolate detailed test results to the
actual LMFBR conditions, taking into account such differences as short test
fuel and a relatively large ratio of test-coolant ¢cross section to fuel crogo
section.

General, but not complete, fuel dispersal from the original
location will occur, whether or not coolant is greatly subcooled or voided at
the time of the burst. (In the latter case, dispersal may result from vaporiza-
tion of residual sodium films on unheated structure.) The existence of the dis-
persal is clear from the tests, although there are potential uncertainties
in modeling the details. Molten fuel ejected into liquid sodium tends to form -
fines, with mean size by weight typically of 200-500 um; and this fragmented
fuel appears to be readily dispersed. Some of the fines can plug gapc bctween
¢ladding -tube remains.

Failure into an essentially voided channel (as in E4) produced
a "flow-channel blockage" in the unheated regions at both the top and bottom
of the original location of the fuel stack. Mild failure into heated, but sub-
cooled, sodium produced a 'blockage" above the top of the original fucl stack.
Release of molten oxide at ~7200°F (4000°C) into subcvoled sodium produced
plugging by fines in the test sestion in channels between cladding-tube remains.

In none of the loop tests producing failure was there any "pure"
benign fuel sweepout, that is; removal ol hot fuel without treezing on cooler
surfaces. Sweepout of some fuel into the loop was accompanied by extensive
solidification of fuel or collcction of fines within the general region extending
between the top and bottom end fittings of the fuel pins.

2. Irradiated Fuel

a. Loss-of-flow induced Boundary Conditions Influencing Extended
Fuel Motion. Direct postmortem inspection showed the existence of solidified

stainless steel plugging at the inlet and outlet of the fuel region as a result of



the loss-of-flow sequence with irradiated fuel. The L3 and L4 fuel dispersals
drove fuel upward beyond the location of the upper steel plug; however, the
dispersal was not as extensive as that from overpower -failure loop tests (see
‘the posttest radiographs from L3 and L4 in Fig. 1).

b. Movement of Melted Fuel. Available experimental data indicate
that fuel collapse does not occur for irradiated fuel, since no collapse was ob-
served in irradiated-fuel tests at burnups of ~4 at. %, even for the "high-power"
L4 FTR fuel experiment. A single fuel eructation occurred in each of LL3 and
I.4 during the power excursion. Timing of the irradiated-fuel eructations in
L3 and L4 is consistent with the same mechanism as the first dispersal in L2.
The reason for the absence of a postdispersal collapse and the occurrence of
second eructations in LL3 and L4 is not readily apparent. Some fuel debris
penetrated the first few centimeters of unheated structure above the original
top of the L.3 and L4 irradiated-fuel structures.

It is suggested that delayed or "slow" dispersal of fuel beyond
a thin top steel blockage is a viable mechanism, i.e., that fuel heated past the
liquidus can disperse an initial blockage. In this case the sequence of events
is as follows: Fuel melts during the power burst, and fission gas is released
locally, voiding coolant channels of any remaining sodium and producing a gross
dispersion inside the blocked region. Heat then is transferred from the fuel
into the blockage until the latter is sufficiently weakened so that the internal
pressure from released fission gases (or steel vapor) is sufficient to move the
melting blockage and allow fuel to move upward.

This sequence of events actually parallels that generated in
E7, in which molten fuel failed into voided channels, then slowly dispersed. The
dispersal is predominantly upward, partly because of the axial thermal gradient
and partly because gravity will tend to build up the inlet blockage to a thickness
significantly greater than that of the outlet blockage. (This feature is consistent
with the current modeling of molten-cladding motion by CLAZAS.) Dispersed
fuel is frozen in place as it loses heat while moving upward through the colder
structure. Because decay heat-was not simulated in these tests, Figs. 1 and 2
do not show the full extent of upward fuel motion that could eventually occur.

c. Movement of Standing Fuel. Irradiated-fuel dispersal occurs
whether or not the sodium temperature at the time of fuel failure is greatly
subcooled (E3) or near saturation. As in the case of fresh fuel, mechanistic
analyses should be performed to guide extrapolation of detailed test results to
the detailed power histories of specific accident scenarios and thermohydrau-
lics. The tests emphasized the behavior of higher -power fuel, which would
induce accident response. Highly gassy fuel was used only in Test E3. The
general picture summarized below, however, should apply to FTR, despite pos-
sible uncertainty in some details.

At ~50¢/s and near saturation (Test H5), limited fuel loss of
geometry and dispersal is expected to occur. Fuel failure and movement are

13
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expected to be consistent with the fuel solidus reaching into the equiaxed grain
region; the subsequent fuel -dispersal mechanism may be vaporization of sodium
present in the coolant channels when fuel is released, or it may be due to fis-
sion gas trapped inside the fuel structure. At ~3 $/s (Tests E6 and E7), the
movement is expected to occur when the fuel solidus extends to the unrestruc-
tured region. The dispersal mechanism in this case may be sodium vapor,
fission gas (probably with a slight delay short enough not to be apparent for
the l-s-period H5 power pulse, but long enough to be noticeable in the 200 -ms -
period power pulses of E6 and E7), or the vapor pressure of fuel or steel
trapped in a fuel-steel mixture. The initial E7 dispefsal is believed to have
occurred into channels voided near the fuel top. Fuel movement was predomi -
nantly upward in the loop tests in accord with the axial thermal distributions.
Some of the fuel moved several centimeters into the top unheated structure
past the original top of the fuel stack. Neutron radiographs indicated that

Test E7 produced a flow-channel blockage at the original tap nf the fuel stacls,
and a possible blockage at the bottom of the stack region (see the posttest
radiographs of HS, E6, and E7 in Fig. 2).

C. Fuel Survival

From the tests é,orisidered here, guidance can be provided for analyzing
how far into a given loss -of-flow accident a given class of fuel will survive.
This summary is given below.

1.} Loss of Flow

Timing of beiling inception aind Lraces from téest-section thermo-
couples indicate that calculations of temperature rises in the fuel are concis-
tent with the data. (There are, however, no L-series precourc or flow spikes
that have the sharp calculated signatureoc of pulses due Lu [ission-gas release.)
Failure predictions based on calculations of cladding-temperature rise until
rupture due to plenum gas pressure occurs are probably reasonable. For many
LMFBR accident cases, as well as the LL and R tests described in Sec. III, the
intcrnal plenumn pressure is low enough so that ¢ladding rupture is not calcu-
lated to occur until after cladding dryout occurs.

The actual L2, L3, and L4 cladding conditions at the timc of rupture
are not known. Results are available from out-of-pile burst tests at HEDL on
fresh and irradiated cladding. The HEDL test conditions may include larger
amounts of gas than those actually available in the pins to do work on deforming
the cladding after initial failure. If this is the case, the actual cladding distor -
tion in the reactor may be smaller than that observed in the burst tests. Note
that rupture of the fuel-pin cladding and fission-gas release do not indicate loss
of coolable geometry. The melting of cladding, which then forms blockages
(which do produce the loss of a readily coolable geometry), is recommended
as the index of loss of fuel survival.
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2. Power Burst Generated by Reactivity Insertion Caused by
Loss of Flow

Although a detailed and comprehensive theory that quantitatively
predicts failure threshold for power bursts has not been established, the avail -
able experimental data can be used to give experimental indices for failure of
FTR-type fuel. In the assessment of survival, it is conservative to select
failure indices that are below the experimental values,? so that pins which do
not attain the selected levels for failure can be expected to survive. For con-
venience, we will discuss fresh fuel separately from irradiated fuel. For re-
views of failure -threshold modeling done for the FTR, see Refs. 4 and 5.

Fresh fuel has been observed to fail by cladding meltthrough if that
occurs before buildup of excessive internal pressure. Meltthrough has oc-
curred after coolant boiling and dryout, and has also appeared to be the failure
mechanism in Test E2, for a relatively cool sodium environment when a high
melt fraction* and high average fuel temperature were attained. These criteria
are noted in Table II.

TABLE II. Short-term FTR Fuel Survival during Power Burst

Fuel Type : Condition for Failure (only one required)

Fresh 80% fuel cross section at solidus or above.

Cladding rupture calculated for internal
pressure of fuel vapor.

Coolant boiling (no superheat).

Cladding temperature in excess of 2200°F
(1200°C), to cover possible uncertainties
in calculating meltthrough.

Irradiated | Fuel solidus reaches the equiaxed region.

Cladding temperature high enough that pre-
viously released fission gas is calculated to
" cause failure.

Coolant boiling (no superheat).

Irradiated fuel may be categorized by fuel structure, since fission-
gas retention in the oxide matrix is a strong function of the microstructure.
FTR-type fuel run at steady-state powers above 9 kW/ft (29.5 kW /m) will have
a full developed radial microstructure consisting (from the center outward) of
a central void, a columnar-grain region with low gas retention, an equiaxed
region composed of inner (low gas retention) and outer (high gas retention) por-
tions, and an unrestructured outer region with high gas retention. Failure has

*92% of fuel cross section at solidus or above.
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been observed when the region calculated to be at the oxide solidus has extended
to the relatively gassy fuel. These criteria are also given in Table II, with the
H5 data taken for irradiated fuel and a possible heating-rate dependence not
included. ’

3. Survival after Power Burst

Straightforward thermal calculations are recommended for calcu- °
lations on fuel survival as intact pins after a possible power burst. The high
heat content of some fuel that has fallen short of the transient thresholds given
above can be expected to cause channel boiling and cladding melting in the low-
flow conditions later in the loss-of-flow incident. Thus, calculation of the post-
burst thermal conditions of unfailed fuel would be performed to check for -
continued survival. Criteria for the survival of the subassemblies should be
the same as for the initial loss-of-flow phase. That is, fuel failurc per se dues
not mark loss of coolable geometry within the subassembly. Rather, formation
of channel blockages that prevent coolant from cooling the subassembly fuel is
the real criterion.

For the small-size tests performeced thus far, cladding melting and
flow-channel blockages affected flow all across the test sections. Somewhat
greater incoherence in failure and in postfailure blockage distributions would
occur in a full-size subassembly.

D. Postaccident Fuel Condition

1. FRoontry IFCI

In none of the tests are there data to support Lhe existence of an
energetic fuel-coolant interaction (FCI) resulting from a postexcursion coolant-
reentry event. Rather, the data show that the LMFBR conditions inhibit rapid
vaporization and support analyses that predict a nonviolent heating of any re-
turning sodium, whether or not the test was of a power -excursion or loss-of-
[low type. The idealized "hard" reentry of a pistonlike maso of sodium fullowed
by rapid mixing of fuel and coolant in the absence 6f vapor does not apply. The
structure present at the conclusion of these experiments promotes incoherence
of sodium return and impedes mixing.

Furthcr, in such real systems there are local sources of vapor or
gas, including vapor from incoherent sodium reentry on even the small scale
of a few channels, gas trapped in the fuel (fill gas and gas from fabrication in
the case of fresh fuel, and fission gases in the case of irradiated fuel), as well
as vapor from fuel and/or structure. All these conditions tend to prevent rapid
sodium vaporization. Note the low work conversions shown in Table I.

2. Fuel (Cladding) Locations and Conditions (Coolability)

Available data on the location and condition of solidified fuel and
cladding at the end of the tests have been summarized above under categories



of types of incidents (e.g., loss -of-flow-produced boundary conditions for fresh
fuel influencing extended fuel motion). Radiographs showing the macroscopic
posttest conditions of fuel after six recent TREAT loop tests are given in

Figs. 1 and 2. In general, they show that the immediate postburst or post-
shutdown loss-of-flow experimental fuel distribution is predominantly one of
relatively large solidified fuel masses in the general region of the original fuel
stack. There is no dominant tendency to form readily cooled channels through
these masses or to form debris beds.

However, the data described here refer to the condition after tests
simulating power bursts or tests run at steady power for ~30 s with loss -of-
flow phenomena. It may be expected that some of that part of the fuel that had
been dispersed and frozen outside the fuel regions (note the plenum regions on
the radiographs) would be readily coolable by returning sodium. The massive
pieces of solidified fuel were solidified by the heat sink provided by the loop
walls after TREAT power had been shut off. In the LMFBR, masses of molten
fuel or fuel/steel/fission-product mixtures would still have power generation
up to ~10% of steady power for tens of seconds after the nuclear shutdown pro -
duced by HCDA -generated fuel dispersal.

Under those conditions, those masses of internally molten fuel
would stay hot, solid fuel could melt, gases would bubble through, and adjacent
structure would melt, running down or floating to the top of the fuel. These
considerations would support analytical models in which regions of dispersed
fuel form, melting downward slowly through a lower steel plug or region below
the fuel. The situation above this steel plug might be very dynamic. Steel
vapor should play a role in movement of the fuel. The pool model should con-
sider lateral growth by meltthrough of structure, vapor formation in the fuel
and steel, and "boilup" of the fuel-steel mixture with corresponding upward
meltthrough and puol growtl.

Wherever molten fuel comes into contact with sodium, extensive
fragmentation will result, Because of the physical properties of solid fuel,
extensive fragmentation should also occur whenever hot solid fuel comes into
contact with cooler sodium. '

Another important aspect in this area is the quantity of material
carried away from the original core region. In one particularly favorable case
with highly subcooled bulk sodium, and a very high ratio of sodium volume to
coolant volume (Test E2), extensive quantities of fuel fines were carried from
the test section. About 40% of the fuel was found in the loop outside the test
section in the form of fines. '

In none of the seven-pin Mark-II loop tests described here did neu-
tron radiographs show evidence of large quantities of fuel fines (i.e., equivalent
to ~10 g) outside the test section. Multigram quantities of fines comparable.to
those gencratcd and carried out of the test-section region in E2 were not car-
ried out of the test-section regions of the Mark-II loops in the seven-pin tests.

17
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Samples of sodium taken from loop regions outside the test section
did show plutonium contamination large enough to be measured. These were
typically of the order of tens of ppm, although one reading from E7 was
~500 ppm. Note that the samples from irradiated-fuel tests were taken inside"
an alpha-gamma hot cell, so it is conceivable that some of the plutonium mea -
sured may have come from other sources. For orientation, an average of
10 ppm plutonium in the loop sodium corresponds to ~0.01 g of plutonium total -
released from a test cluster of fuel pins containing ~100 g of plutonium. This
represents a total carryout of ~0.01%. If the high E7 datum is_taken 'as an upper
limit, then it would correspond to 0.5% carryout.
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III. CONDENSED TEST SUMMARIES

The transient tests used for this assessment are reported elsewhere.
References are given at the end of this report. For clarity, condensed test
summaries are included here to provide a basis for this assessment. Each
test is summarized once, listed in the category into which it appears to fit
best. Results from a single test may, of course, be applicable to two or more
categories; and inclusion of a test under its "principal"” application is not
intended to imply that it is not relevant to other cases. The tests by "principal
categories" are listed in Table III.

TABLE III. Test Listing by Categories

A. Extended Fuel-Cladding Motion Resulting Directly from Loss of Flow

1. Loss-of-flow ‘Tests with Fresh Fuel

a. Fresh-fuel Loop Test L2
b. R-series Loss-of-flow Tests
c. Capsule Tests at Petten

2. Loss-of-flow Tests with Irradiated Fuel

a. "Intermediate-Power Structure’ (PNL-17) Pins in Loop Test L3
b. "High-Power Structure" (HEDL-N-F) Pins in Loop Test L4

B. Extended Fuel Motion Resulting Directly from a Power Excursion Produced
by Fuel Slumping Caused by Loss of Flow

1. Fresh Fuel

a. Fuel Failure into Greatly Subcooled sodium
(1) Loop Test E2 '
(2) Autoclave Tests S11 and S12
(3) Electrical "Exploding" Fuel-pin Test
b. Fuel Failure into Subcooled Sodium Approaching Saturation
(1) Loop Test H2
c. Fuel Failure into Voided Channel
(1) Loop Test E4

2. Irradiated Fuel

Loop Test E3
Loop Test E6
Loop Test E7
Loop Test H4
Loop Test H5
., Capsule Test C5A
g. Capsule Test C5B°

oo oy

n

C. Fuel Survival in Power Bursts

D. Postaccident Fuel Condition: Autoclave Tests S2-S8

A, Extended Fuel/Cladding Motion Resulting Directly from Loss of Flow

1. Loss~of-flow Tests with Fresh Fuel

_ a. Fresh Fuel (Seven PNL-17-type Pins) in Loop Test L2.':%7
‘Seven fresh fuel pins with 13.5-in. (34.3-cm)-long fuel columns were run in
a Mark-II-loop loss-of-flow simulation in Test L2, After an initial sample
power of 18 kW/it (59 kW/m) to accelerate attainment of steady-state-like
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temperature profiles, the sample power was lowered to 11 kW/ft (36 kW/m)
and the flow was reduced to produce boiling. Sodium dryout, cladding melting,
and fuel slumping followed. As shown in Fig. 1, stainless steel was found
plugging the channels between pins at both the top and bottom of the initial
fuel- stack region. Fuel, containing solidified- steel droplets dispersed widely
through it, was concentrated above the solidified steel at the bottom, and a
much smaller amount of fuel was concentrated below the upper solidified
steel, Steel solidification at the top appeared to occur predominantly at the
0.5-in. (1.3-cm)-long upper natural UO,-insulator-pellet region. The bottom
steel blockage was located at the 0.5-in. (1.3-cm)-long lower natural UO,-
insulator-pellet region and extended more than an inch into the 3.375-in.
(8.57-cm)-long bottom-end-cap region.

Evaluation of transient flowmeter and thermocouple data
indicated that the first stainless stool melting occurred about 4 s after boiling
began, Plugging, as noted by abrupt cessation of inlet and outlet flow oscilla-
tions, occurred ~0.7 s later. Fuel-motion data from the hodoscope showed
oxide slumping (significantly slower than free fall) to begin about 1 s after
plugging. Slumping was complete after about 0.5 s, and the fuel then remained

. essentially quiescent for about 4 s, after which--about 11.3 s after boiling

began--fuel dispersed (upward), followed by another collapse. A second
dispersal--followed by collapses-oc'c:'urred about 1.8 s after the first,

The quiescent period represented a nominal energy input
~800 J/g of oxide at the nominal power level of 11 kW/ft (36 kW/m). This
energy is sufficient to raise the temperature of oxide (under adiabatic heating)
to ~3800 or ~4400°C from the solidus or liquidus, respectively. A lower tem-
perature--say ~3300°C--may be estimated, due Lo the axial neutron filters
and to increased self-shielding of the slumped fuel. At this temperature, the
fuel vapor pressure would not be a candidate for the source of the pressure
causing the dispersal. A source of pressure considered more likely for the
observed dispersals would be the vapor pressure of steel constituents. This
pressure is estimated to be 1 atm (1 x 10° Pa) at the oxide melting point and
about 6 atm (6 x '10® Pa) at 3300°C.8

Flow could not be reestablished through the test section after
the test, a result consistent with the fuel/cladding conditions observed afterward.

Samples of sodium were taken from the L2 loop during the
glovebox operations of loop disassembly and were analyzed for plutonium
contamination of the sodium in ppm (pg Pu/g Na). Results were as follows:
at the top of the pump, 328 ppm; at the bottom of the pump, 283 ppm; and in
the bottom bend below the test section, 278 ppm. Measurements indicated
that "background" contributions to these numbers were <10%.

b. " R-series Loss-of-flow Tests.?>'? R-series loss-of-flow tests
are being conducted in the TREAT reactor using a special once-through loop
designed for full-length FTR-type fuel pins and providing a mockup of key FTR
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boundary conditions in the axial directions. Three tests were performed
before July 1974, all with constant power. In each test, sodium flow was
established prior to the reactor transient by a pressure differential between
supply and receiving tanks. Then, after typical steady-state thermal condi-
tions had been achieved in the test section in the early part of the power
transient, the pressure difference was reduced to provide the loss of flow. In
each of the first three tests, average pin power was 10 kW/ft (32.8 kW/m).

(1) Test R3. Test R3 was conducted with a single pin to
check single-pin voiding. Power continued for 12.25 s after boiling inception,
Cladding dryout was indicated 2.35 s after boiling, and a flow anomaly inter-
preted as gas release from the pin, followed at 3.35 s after boiling. The fuel-
stack length within the 20-in. (52-cm)-long hodoscope viewing window did not
collapse during the test. This was consistent with radial heat loss to the
structure, which was calculated to be adequate to prevent complete fuel melt-
ing. Posttest neutron radiographs showed an extensive steel plug at the base
of the pin, but no clear evidence for a possible downstream plug at the top.
No data indicating an FCI were observed.

(2) Test R4. Test R4 was run with seven pins. Power con-
tinued for 11.75 s after the inception of boiling. Cladding dryout was indicated
1.95 s after boiling began, and evidence of gas release due to cladding failure
occurred 2.75 s after boiling inception. Flow-tube thermocouples showed
evidence of upward movement of molten cladding ("flooding") about 1 s later,
followed by formation of an exit blockage. Hodoscope data were lost by the
developer. Posttest neutron radiography showed an extensive steel plug at
the bottom of the fuel in the region of the Inconel bottom reflectors. There
was no indication of fuel penetration past this plug. Extensive fuel collapse
upon the steel plug was apparent, with the collapsed region extending upward
about 15 in, (38 cm). There was a thin downstream plug of solidified steel
located at the region of the upper insulator pellets. No FCI events occurred.

(3) Test R5. Test R5 was terminated 5.75 s after the R4
time of boiling inception in order to obtain better postmortem data on the
details of early cladding motion. Timing of flow events and the movement of
molten steel were comparable to those for R4, The hodoscope data showed
no gross fuel collapse during the power transient., However, the hodoscope
did show an abrupt downward "snaking" motion from the upper part of the
original fuel region into the central region, occurring about 1 s after scram.
The posttest neutron radiography showed slumped regions of pellet-like fuel
debris above and below a central region of deformed fuel "cylinders." The
upper steel blockage at the upper insulator-pellet region was relatively thin,
as in R4; the lower blockage was much thicker. No FCI events occurred.

One aspect of the lower steel blockages observed in R4 and
RS should be clarified here. The R loops have steel heat sinks attached out~
side the lower portion of the primary-loop wall in the region of the test section,
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in order to prevent a possible meltthrough of fuel in the event of a test accident.
These heat sinks are not in contact with the test trains or flow channels and
thus cannot influence any premature freezing of steel running down within the
test section. Transient-heat-transfer calculations showed that heat loss to

the outside of the loop wall occurred on a longer time scale than that required
for steel to freeze on the bottom end fittings of the fuel.

c. Capsule LOF Simulations at Petten.!?'!! Single-pin-capsule
loss- of-flow simulations with samples containing 10-in. (25-cm)-long fuel
stacks are being performed at the Reactor Centrum Nederland, Petten. In
these tests, the heat from the test pin is conducted radially to cooling water
through a sodium annulus inside an independent NaK annulus. Radial heat
flow can be interrupted to simulate a loss of cooling event by programmed
removal of the NaK. The test reactor is scrammed at a prearranged time
after the statrt of the "loss of canling."

(1) Test LO3. The loss-of-cooling time of 9.6 s was selected
to provide about 1 s of power after initiationof sodium boiling, The rate of
sodium temperature rise during this period was ~140°F/s (78°C/s). Some
central fuel melting occurred, without producing slumping of the fuel remains.
Cladding melted over about a 6-in. (15-cm) length. No annular blockage of
the coolant channel by solidified stainless steel occurred.

(2) Test LLO4. The loss-of-cooling time for Test LO4 was
set to provide about 5 s of continued power after boiling inception. The
average rate of temperature rise of the sodium annulus before boiling was
about 117°F/s (65°C/s). Neutron radiography showed the posttransient condi-
tion of the sample. Cladding melted over about an 8-in. (20-ci) length. The
fuel column had disintegrated over the length of one pellet, with the release
of some molten fuel which solidified in the annular coolant region. Therc
again was no indication of slumping of the fuel remains. However, the radio-
graphs showed a concentration of solidified material in the sodium annulus,

.near the bottom of the fuel stack, which could correspond to a channel hlockage.

(3) Test LO5. The Ioss-of-cooling time was set at 14.5 s,
providing several seconds of power after boiling initiation. The average rate
of coolant temperature rise was ~64°C/s. The cladding had melted off and run
down, except for a few areas in which steel lumps bridged the gap between
fuel and siruclure, and froze in place. A thin-walled fuel column remained
standing. It was found bulged near the bottom, apparently as a result of the
hydrostalic pressure of internal molten oxide acting on the plastic, high-
temperature oxide wall. Evidence of a few small jets of molten oxide from
the pin was found near the bottom. A pressure pulse of 12 atm (1.2 MPa) was
recorded. (The pulse was broad, with 850-ms half-width.) This pulse is con-
sistent with nonviolent boiling of a small quantity of sodium remaining in the
bottom of the capsule after some molten fuel dropped down.
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(4) Test LO6. Test LO6 was run with a pin prepressurized
to 75 atm (7.5 MPa) at room temperature. It was deliberately run just short
of failure, with a loss-of-cooling time of 6.25 s.

(5) Test LO7. Test LO7 was scrammed (apparently on an
experiment pressure signal) at 6.7 s, after cladding failure. The release of
gas blanketed the cladding pin, interrupting heat flow, and resulting in exten-
sive cladding melting. The maximum pressure recorded was 160 atm (16 MPa).
It was attributed to the release of the relatively cold gas from the pin plenum
and its subsequent heating due to contact with the high-temperature materials
inside the capsule.'? The average rate of coolant temperature rise was 83°C/s.

(6) .Test LO8. Test LO8 was a rerun of Test LO5. Test
conditions were essentially the same (loss-of-cooling time of 13.8 s and sodium
heating rate of 65°C/s). Results were comparable, except that there was no
pressure pulse,

2. Loss-of-flow Test withIrradiated Fuel

a. "Intermediate-power Structure" (Seven PNL-17) Pins in
Loop Test 13,0215 Loss-of-flow Test L3 was conducted in essentially the
same fashion as Test L2, using fuel irradiated to about 3.5 at. % burnup, with
an intermediate-power structure. The initial sample pulse was 15 kW/ft,
(49.2 kW/m) and the subsequent steady-state level was 9 kW/ft (29.5 kW/m).
As in L2, the test was carried past melting and produced a fuel-dispersal
event, -

Posttransient radiographs of L3, reproduced in Fig. 1, showed
extensive removal of fuel from the midregion of the original fuel column and
~ displacement of failed fuel extending upward several inches from the original
top of the stack. Some debris appeared to be in the bottom bend. This debris
was collected and found to be about 1.3 g, only part of which was fuel.

Small quantities of fuel were tound along the fuel plenurn
region, both within the cladding and in the coolant channels. Thermocouples
near the top of the fuel stack, located on the flow tube, indicated the presence
of molten steel (or possibly contact with fuel) about 5 s after boiling began.
No clear flow anomalies indicating L2-like buildup of flow/void oscillations
occurred, and hence there was no L2-like cessation of flow oscillations indi-
cating the timing of flow-channel plugging.

About 14.2 s after boiling began, both upper and lower flow-
meters showed expulsion, ~7 m/s upwardand ~5 m/s downward, respectively.
This expulsion event is correlated with a 15-atm (1.5-MPa) pressure spike
on the lower pressure transducer and hodoscope detection of a general upward
expulsion of the upper half of the fuel. This expulsion was largely complete.
in 0.15 s. There was no fuel collapse either before or after the expulsion.
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Flow could not be reestablished after the experiment, a result
consistent with the fuel agglomerations seen in the posttest radiographs. Note
that each PNL-17 irradiated pin used in L3 had only a thin welded steel spacer
tube above the 0.5-in. (1.27-cm)-long UO, insulator-pellet section at the top
of the fuel stack, while each L2 pin had an Inconel rod. Although the L3 pins
had less heat sink above the fuel, this fact appears inadequate to explain the
upward penetration of some fuel debris within the L3 plenum, as compared
with 1.2, since the stainless steel blockage in L2 occurred in the insulator-
pellet region below the Inconel. '

There were no sharp flowmeter-pressure transducer signals
like those from SAS calculations of fission-gas release during the time that
test-train thermocouples indicated that cladding failure occurred; rather, the
data indicate a slower release of the plenum gas. Dispersal is attributed to
the same phenomenon that caused the first fuel eructation in L2.

The postmortem inspection showed that the upper stainless
steel blockage was located just above the original top of the fuel column., The
fuel column appeared to have small channels through it. Fuel debris and
steel globules were found above the blockage. Glohules of stainless stecl
were found in various degrees of dispersion in sections of solidified fuel, in
the approximate range of 1-5 areal percent. Some regions of solidified fuel
were found that appeared to be free of metallic particles.

During the sectioning of the L3 loop, sodium samples were
taken from the regions where the loop was separated and the plutonium con-
centrations measured.- Resnlts were ac follows: at the tup ul the pump,

18 ppm plutonium (18 pg/g of sodium); at the bottom of the pump, 1 ppm pluto-
nium; and just below the bottom of the test section, 0.5 ppm plutonium.

b. "High-power Structure" (HEDL-N-F) Pins in Loop
Test 14.1:13:1416 "Test T4 was similar to Test L3, except that the sample pins
were "high-power structure" irradiated samples. The sample steady- state
power in L4 was 10 kW/[L (32.8 kW/m). Posttransient radiographs (see Fig. 1)
show concentrations of failed fuel similar to those of L3, except that there
appears to be somewhat more upward fuel movement than noted in LL3. Thermo-
couples along the flow tube indicated the presence of molten steel (or possibly
contact with fuel) about 5.5 s after evidence of boiling was seen on flowmeters

and a thermocouple on the flow tube near the top of the fuel. No clear tlow
signals indicating oscillations occurred; hence there was no L2-like cessation
of flow oscillations indicating the timing of blockage.

Radial expansion of the fuel mass also began about 5.5 s after
boiling inception. This expansion appears to have a maximum extent to the
limits imposed by the loop, i.e., consistent with pushing the flow tube outward
until it contacts the massive loop wall proper.
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About 13.5 s after boiling began, there was a rapid explusion
of fuel upward from two main sites: one about a third of the way up from the
bottom of the fuel, and one two-thirds of the way up. Some net fuel movement
toward the axial center was noted. However, this did not raise the fuel density
above the original value. This event merely "i'eplenished" an earlier, small,
local loss of fuel which had moved downward from the center of the column.
This expulsion lasted about 70-ms. It was correlated with coolant expulsion
at a rate of ~5 m/s as recorded by the inlet flowmeter and with a 5-atm
(0.5-MPa) pressure spike on the lower pressure transducer.

A milder flow event, with no associated pressure pulses,
occurred-about 18 s after boiling began--which is about 1.1 s after the tran-
sient was scrammed. Flow could not be reestablished after the test. As in
L3, there were no clear "signatures'" of sharp flow and pressure anomalies
like those of SAS calculations of fission-gas release. The fuel-expulsion
event occurred ~13 s after boiling, at ~13 x 10 kW/ft (32.8 kW/m) = 130 kJ/ft
(426.5 kJ/m), and is attributed to the phenomenon producing the first eructa-
tion in L2.

Plutonium concentrations in 14 loop sodium samples were as
fellows: at the top of the pump, 5 ppm plutonium; at the bottom of the pump,
48 ppm; below the bottom of the test section, 0.5 ppm.

B. Extended Fuel Motion Resulting Directly from Possible Power Excursion
Produced by Fuel Slumping Caused by Loss of Flow

1. Fresh Fuel

(a) Fuel Failure into Greatly Subcooled Sodium in Loop

Test £2,%2'7"19 Test E2 was performed with a single UO, pin inside a ring

of six hollow dummy pins. The primary goal of this test was to study the
phenomena associated with a high-energy oxide-pin failure in relatively cool
bulk sodium in a flow channel (i.e., loop) geometry, permitting sodium expul-
sionand reentry. Test E2 was the first TREAT loop test in which an oxide
pin was failed under overpower conditions. The test pin failed when about
90% of the fuel cross section by area was at the oxide solidus or above. The
maximum fuel temperature at the time of failure was ~7200°F (~4000°C).

Because of the test-section geometry (one fueled pin in a
ring of six dummy pins), the bulk sodium temperature was relatively cool,
~860"F (460°C), at thc time of failure. F.xtensive fuel fragmentation and dis-
persal occurred. About 75% of the fuel was recovered after the test in form
of fines, ~50% from the test section and the remaining fines from the remainder
of the loop. Approximately half the fines from both populations, by weight,
were particles of less than 200 pm.

Allthough therc were no dense plugs of solidified fuel or clad-
ding, sodium flow could not be reestablished after the test. The flow blockage
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was caused by fuel fines packed between the cladding remains in the test sec-
tion. Careful examination of the fuel residue left inside the cladding of the
fueled pin showed that fill gas was trapped between the fuel and cladding,

from whence it was forced toward the molten center of the fuel stack, where

it could 'act as a mechanism for expelling fuel. Essentially all the fuel cross
section had reached the solidus, on the basis of the structures of these remains.
Analysis of the coolant-motion data indicated that work done on the coolant was
~1 J/g oxide.

(1) Autoclave Tests S11 and $12.29°2) Autoclave tests S11 and
S12 were run with single fresh pins inside a sodium annulus, contained within
a molybdenum heat sink. Test conditions and design were selected so that the
thermal conditions at failure were representative of those for a prompt critical
LMFBR accident; i.e., there were a high internal oxide vapor pressure and
low sodium temperature. Maximum oxide sample power in both tests was
~15,000 cal/g.-s (64,000 W/g).” I'est data are summarized in Table IV.

TABLE IV. Summary of Test Data for Tests S11 and S12 '

Event Sl1 . S12

Exterior cladding temperature

calculated at time of failure, °F (°C) 1350 (730) 990 (530)
Sample energy at failure, J/g 3130 3130
Total sample energy, J/g 6760 6760
Maximum pressure pulse, atm (MPa) 136 (13.6) 68 (6.8)
Energy conversion to work on )

autoclave piston, J ~20 YAV
Specific energy conversion, J/g oxide ~1 - %l
Mass mean size of fuel finco, pm 185 110

(2) Electrical "Exploding" Fuel-pin Test at Atomics
International.’?’ Molten UQ,, generated by an electrical power burst in an
internally insulated fuel pin, was rolcaged intu a sudium "pipe" test section
with expansion tank above. Bulk coolant temperature at the time of the release
was about 1200°F (650°C). Extensive fragmentation of the oxide occurred.
Half of the fines by weight had sizes below 400 pm. Sample electrical energy
input was ~4000 J/g. Work done on the coolant was ~125 J total compared
with a total electrical energy input to the pin of ~36,000 J for an energy
conversion of 14 J/g oxidec. :

b. Fuel Failure in Subcooled Sodium Approaching Saturation

‘in Single-fresh-pin Loop Test H2.2%3:2% Test H2 was run with a single, FTR-

type pin in an unshaped TREAT transient programmed to carry the pin just

to the anticipated failure-threshold region. The power-pulse duration at half-
maximum was about 315 ms. The test pin failed with ~76% of the fuel cross
section at the solidus or above and a maximum fuel temperature of 5650°F
(3120°C). The maximum bulk coolant temperature calculated at the time of



failure was about 1470°F (800°C). The maximum calculated rate of temperature
rise at the cladding midpoint was about 3760°F/s (~2070°C/s).

Neutron-hodoscope data showed that before failure, fuel was
moved upward about 1.5 in. (3.8 cm) inside the cladding, creating a low-density
region in the top third of the fuel stack. A partial return and a second upward
expulsion of fuel occurred before failure was indicated by flow and pressure
anomalies. This internal expulsion and reentry provide a mechanism of
failure at a local "hot spot" in which upward fuel expulsion opens a path from
the fuel interior to the cladding and places molten fuel against the cladding.

A Analysis of the flow data indicated that local boiling occurred
for about 50 ms prior to failure. The posttransient fuel-stack remains con-
sisted of a thin-walled "chimney" for the bottom two-thirds of the original
length. The chimney walls were consistent in thickness with the calculation
of the thickness of fuel below solidus at failure. The fuel expelled from this
chimney and from the top third of the stack (the initial failure appears to
have occurred within the top inch of the fuel stack) was solidified above the
original location of the fuel stack and packed around the fuel plenum inside
the single-pin fuel holder.

About three-fourths of the original fuel was recovered from
the test section in the form of fines. Approximately half of these fines were
found typically to contain 0.5 vol % of dispersed solidified steel. Work done
on the coolant was ~0.15 J/g oxide.

c. Fuel Failure into Voided Channel in Single-fresh-pin Loop
Test E4.2'24:25 The E4 sample and test-train design were the same as for H2Z,
The TREAT power pulse, however, was more severe, being intended to carry
the pin well beyond the failure threshold. Pin failure occurred when essentially
the full fuel cross section was at the liquidus or above. Maximum calculated
fuel temperature at this time was 6550°F (3620°C). Failure was indicated after
voiding of the top 11 in. (27.9 c¢m) of the coolant channel adjacent to the 13.5-in.
(34.3-cm)-long fuel stack. Local boiling was indicated for about 40 ms prior
to failure. The calculated rate of temperature rise of the midpoint of the
cladding near the top of the E4 pin at the time coolant boiling began was
~8000°F/s (~4400°C/s). '

Extensive fuel movement occurred; one agglomeration of fuel,
insulator pellet, and cladding particles was found at the bottom end plug. Some
of the fucl had been frozen onto the structure in the original region of fuel,
but most of the fuel had been moved upward into the plenum. A substantial
flow blockage consisting of solidified fuel and cladding was located about 3.5 in.
(8.9 cm) above the original top of the fuel column.

Some fuel fines were collected during the test- section disas-
sembly; these contained up to 10 vol % of stainless steel. About |l g of debris--
mainly light-density material--was collected from the loop sodium. Thus an
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upper limit of 1 g can be set for fines sweepout from the test section. In
general, solidified fuel contained dispersed solidified steel particles amounting
to a few volume percent. Work done on the coolant was estimated to be

"~0.85 J/g oxide.

2. Irradiated Fuel

a. Loop Test E3.22® Test E3 was an early survey test run in
the loop in order to check the order of magnitude of conversion of thermal
energy to work for irradiated oxide fuel. The test sample consisted of three
small-diameter UQ, fuel pins irradiated to a maximum burnup ~6 at. %.
Failure about 5 ms before the hottest fuel reached it solidus was indicated
by pressure and flow anomalies occurring when the hottest pin had received
a radially averaged energy input of about 855 J/g. Maximum hulk coolant
temperature at the time of failure was calculated to be about 1050°F (565°C).
Maximum pressure observed was ~58 atm (~5.8 MPa) at the outlet, Maximum
pressure from the inlet transducer was about 34 atm (3.4 MPa). Estimated
internal gas pressure at the time of failure due to fission gas released before
the test into the plenum was ~30 atm (~3 MPa). Hodoscope data indicated
that the motion of the fuel was relatively gradual in the upward direction
and was essentially complete in about 100 ms.

Extensive final dispersal of the fuel from the original fuel
region was found. Most of the fuel was removed into the loop. About one-
third of the fuel was piled up in the form of fuel fragments on the thermocouple-
holder fixture above the pins. Following the test, the flow was found to be
completely blocked. This test produced the largest conversion of thermal
energy to coolant kinetic energy per gram of fuel of any TREAT loop test.

Total conversion was calculated to be about 150 J, or 4 J/g-
oxide, which includes work done by expansion of released fission gases. An
upper limit of ~100 J was estimated as due to expansion of all fission gas
(including that trapped in the oxide). Thus, the net conversion from sodium
vaporization is estimated as ~3 J/g oxide.

b. "High-power-structure" (HEDL-N-F) Pin inside Ring of
Six Fresh Pins in Loop Test E6.''>*"*8 The Test E6 power pulse was pro-

grammed to simulatea 3 $/s excursion. The "high-power-structure" pin was
contained inside a ring of six fresh "environmental" pins. The reactor period
in E6 was about 188 ms, and the power-pulse half-width was ~250 ms. Flow
and pressure data indicated that fuel failure occurred when the irradiated
central pin had about 80% maximum of the fuel cross section at the solidus or
above, essentially all of the fuel in the hottest peripheral (fresh) pin had
reached the solidus, and the maximum calculated bulk coolant temperature
was 1750°F (954°C).
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Maximum rate of temperature rise of the cladding midpoint
was about 2100°F/s (1150°C/s) for the irradiated pin. (The columnar and
equiaxed regions extended outward to about 65% of the cross section.) Maxi-
mum temperature in the central irradiated pin at the time of failure was about
6000°F (3316°C). Flow could not be reestablished after the test.

Neutron radiographs (see Fig. 2) showed fuel-column remains
in the region originally occupied by fuel. A bulging hollow section of fuel
remains was located between 10 and 12 in. (25-30 cm) from the bottom of the
fuel region. Failed-fuel remains were distributed extensively over a length
extending about 10 in. (25 cm) above the original location of the top of the fuel.

One of the fresh-fuel pellets near the top of the fuel column
showed evidence of molten stainless steel intrusions into peripheral "startup"
cracks and small globules of steel near the intrusion. Once-molten fuel from
a sample location about 2.25 in. (5.2 cm) above the original bottom of the fuel
stack showed finely dispersed steel globules.

c. "High-power-structure" (HEDL-N-F) Pins in Loop
Test £7.%:1%:29:30 The E7 power pulse was programmed to approximate a 3 $/s
excursion for a cluster of seven "high-power-structure' pins. Reactor period
was about 180 ms, and the power-pulse half-width was about 310 ms. No
sharp flow or pressure anomalies occurred during the E7 transient. Two
"failure" references can be established near peak power by timing of the
flow anomalies. The first was a mild surge suggesting release of a fission-
gas bubble, and the other a mild sodium ejection occurring about 100 ms later.
The first event began when the solidus in the hottest of the seven irradiated
fuel pins was calculated to have reached the middle of the equiaxed region.
At the time of voiding, the solidus had reached the boundary of the unrestruc-
tured fuel. (The columnar and equiaxed regions extend outward to about 65%
of the cross section.)

Flow could not be reestablished after the test. Work done on
the coolant was about 0.3 J/g oxide. Neutron radiographs (see Fig. 2) showed
no structure reminiscent of the original seven fuel stacks. Fuel remains
were smeared over the bottom 5 in. (12.7 cm) of the original fuel region, and
some fuel fragments were found spread through the bottom 0.5-in. (1.3-cm)
insulator-pellet region and about 1.5 in. (3.8 cm) into the bottom-end-plug
region. Relatively dense fuel extended upward to about 3 in. (7.6 cm) into the
UO,-blanket pellet region beyond the location of the pretransient top of the
fuel, and additional fuel fragments were scattered through another 6.5 in.
(16.5 cm) to within about 2 in. (5 cm) of the top of the Inconel reflector rod.

Neutron-hodoscope data showed a slow fuel motion beginning
approximately at the same time as the sodium ejection event. Fuel motion
eventually resulted in voiding fuel principally upward from the axial central.
several centimeters of the test section. The motion was not complete 0.6 s
after peak power. At this time, power had dropped to a magnitude comparable
to preheat.
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Postmortem inspections showed that the region extending up-
ward from about 3 in. (7.6 cm) above the original top of the fuel to about
5.25 in. (13.3 cm) above was held together by steel which had been pushed up
from below in the molten state and then had frozen. Globules of stainless
steel were found extensively dispersed throughout the solidified fuel. These
globules were typically present at the level of a few volume percent.

Plutonium concentrations in E7 loop sodium samples were as
follows: at the top of the pump, 0.2 ppm; at the bottom of the pump, 492 ppm;
and just below the bottom of the test section, 0.3 ppm.

d. "High-power-structure" (HEDL-N-F) Pin inside Ring of Six
Fresh Pins in Loop Test H4.*! Test H4 was conducted with a single "high-
power-structure" pin inside a ring of six "environmental" fresh pins. The
power pulse simulated a 50 #/s-ramp F'TR hypothetical accident: The reactor
period was about 1 s. Test hardware and initial conditions were matched to
Tests E6 and H5 to facilitate comparison of effects of fuel structure (H4 versus
H5) and energy-rise rates (H4 versus E6). Pin failure was marked by pressure
pulses of ~10-atm (~1-MPa) amplitude. At this time, the maximum calculated
cross section of fuel at the solidus or above in the irradiated pin at the height
of failure was about 20%, somewhat less than the area of the columnar region
at that height.

Flow data show partial voiding of the coolant channels after
failure. Evaluation of the data suggested that a flow blockage formed near
the top of the fuel column about 0.1 s after failure. About 330 ms after failure,
the hodoscope indicated extensive fuel movement. As coolant reentered the
voided region, about 500 ms after failure a "reentry" event produced a 70-atm
(7-MPa) pressure spike. No evidence was found for energetic sodium-vapor
events.

The total work done was about 100 J. After the test, about
10% of the initial flow could be reestablished through the test section. Post-
test neutron radiography showed the fuel to be nearly destroyed over the upper

85% of the original fuel-stack length. Most of the fuel appeared to have moved

upward, almost filling the test-section cross section over a 4.5-in. (11.4-cm)
length at the top of the initial fuel region. Additional fuel debris was at the
bottom of the region.

e. '"Intermediatc-powcr-structure" (PNL-17) Pin inside Ring
of Six Fresh Pins in Loop Test H5.:12:3%:33 Test H5 was conducted with a single
"intermediate-power-structure" pin inside a ring of six "environmental" pins.
The power pulse simulated a 50 ¢/s ramp. The reactor period was about 1,1 s,
and the pulse half-width was about 1.0 s. Pin failure was marked by pressure
spikes on both pressure transducers and a sodium-expulsion event on the upper
flowmeter. At that time, calculations showed the extent of fuel at the solidus
or above in the central irradiated pin to be about 10% of the cross section at
the height of failure. (Columnar-region maximum was about 15% of the cross
section.)




The maximum calculated rate of temperature rise for the '
cladding midpoint of the irradiated pin was 350°F/s (194°C/s). In the hottest
of the six fresh peripheral pins, about 55% of the fuel cross section was cal-
culated to have reached the solidus. Maximum temperature in the central
pin at this time was 5000°F (2760°C). The maximum calculated bulk-coolant
temperature was 1300°F (703°C). Peak pressures measured were 10 atm
(1 MPa) (upper transducer) and 17 atm (1.7 MPa) (lower transducer). Only
40% of the original flow rate could be established after the test. Neutron
radiographs (see Fig. 2) showed damage to be concentrated about 3 in. (7.6 cm)
above the center of the fuel stack. Some fuel remains were found above the
original top of the fuel stack, extending upward over about 10 in. (25.4 cm).

Posttest macroscopic examinations showed the central-pin
cladding to be breeched over a small area located about 5 in. (12.7 cm) above
the fuel midplane. The peripheral pins had experienced extensive cladding
melting and some loss of fuel. Little fuel was lost from the central pin.
Evaluation of the posttest examination data indicated that the central pin failed
first, but the possibility that one or more peripheral pins failed first could not
be excluded. Hodoscope data indicated limited fuel motion attributable to
voiding of individual pins, with fuel movement from the pin lateral and upward.

_ Plutonium concentration in H5 loop sodium samples were as
follows: at the top of the pump, 1 ppm; at the bottom of the pump, 32 ppm;
just below the bottom of the test section, 0.8 ppm.

f. GE Capsule Test C5A with a "Low-power-structure" Pin.**
A single "low-power-structure' pin was irradiated in TREAT in the stagnant-
sodium capsule Test C5A. Pin failure resulted from a transient that was
calculated to raise ~35-40% cross section of the fuel to the solidus or above.
The pin had been irradiated previously to ~2 at. % burnup at a maximum oxide
temperature calculated to be below 3000°F (1650°C). Maximum temperature
" calculated (assuming no failure) in the NaK annulus outside the cladding was
about 850°F (455°C). The sample failed extensively, with fuel movement into
the coolant annulus extending upward to about 3 in. (7.6 cm) above the upper
fuel-blanket interface.

A cross section through the failure region showed a solidified
“clinker" filling the space inside the capsule. The remains of the fuel column
were essentially a stack of hollow oxide cylinders, no longer in a straight
column, but not slumped, either. Molten cladding had run down and solidified
locally, with no evidence of molten-cladding dispersal, fragmentation, or
collection into solidified agglomerations. Maximum sample power was
~555 cal/g-s (~2320 W/g).

g. GE Capsule Test C5B with a "Low-power-structure" Pin.3*
Test C5B was nominally the same as C5A, except that the C5B sample con- .
tained an annular upper blanket. Pin failure did not occur. A bulge in the
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cladding was found in the region of the fuel-blanket interface; at this spot,
pellet separation had occurred, and molten fuel had made contact with the
cladding. Elsewhere, the nominal fuel maximum cross section at the solidus
or above was ~35-40%. Maximum fuel temperature was ~5500°F (3020°C), and
maximum temperature in the NaK annulus adjacent to the cladding (remote-
from the localized contact with molten fuel) was ~850°F (455°C). Extensive
motion of molten fuel from the 24-in. (61-cm)-long fuel stack into the annular
upper blanket occurred.

Maximurm extension of fuel into the 0.070-in. (0.178-cm)-dia
blanket central hole was about 10 in. (25.4 cm). The volumetric expansion
indicated by this 10-in, (25.4-cm) travel is, however, quite small (~4%). Since
about 35% of the fuel was calculated to be carried through the heat of fusion,
the expansion into the blanket corresponds to ~12 vol % expansion of the fuel
that became fully molten. The maximum fuel temperature during steady-
state irradiation (to ~2 at. % burnup) was calculated to be less than 3000°F
(1650°C).

Less than 10% of the fission gas generated in the steady- state
irradiation was calculated to have been released before the transient; after
the transient, however, about 44% gas release was measured. Thus, this test
illustrates a relief mechanism to prevent failure and the ability of well-cooled
cladding to contain local concentrations of molten fuel. It does not support
explosive expansion of molten "gassy" irradiated oxide to a low-density form
during an overpower transient with maximum sample power of ~555 cal/g-s
(2320 W/g).

C. Fuel Survival in Power Bursts

See Sec. 1II.B above.

D. Postaccident Fuel Condition: Autdclave Tests S3-S8%!

A series of autoclauve TREAT tests was conducted using small clusters
of oxide-fuel pins immersed in stagnant sodium in order to study the phenom-
enology and kinetics of rapid sodium vaporization (FCI). In none of these tests
did an energetic FCI occur. Sharp, individual pressure pulses were observed,
but these did little mechanical work, and there was no evidence of a general,
coherent FCI involving a sizable fraction of the fuel inventory. The largest
pressure pulse was about 200 atm (20 MPa) in magnitude, but the work as-
sociated with it was very small. Table V presents summary data. In one
test, S5, the pins were evacuated in order to check the effects of internal gases.
In all other tests, the pins contained inert fill gas at ambient pressure. The
data obtained support the conclusion that the LMFBR conditions inhibit rapid
sodium vaporization, and provide information on fuel fragmentation resulting
from contact of hot fuel with liquid sodium.



TABLE V. Result of S-series Piston Autoclave Meltdown Tests

S-3 S-4 S-5 S-6 S-7 S-8
Mumber of fueled pins 5 5. 5 7 7 7
Mass UQ,, g . 205 205 ° 205 286 204 205
Batio of sodium-to-fuel-pin areas 2.3 2.3 2.3 0.94 0.97 1 0.97
Initial sodium temperature, °F : 338 329 329 410 932 932
°C) . : (170) (165) (165) (210) (500) (500)
Reactor period, ms 53 34 46 38 40 27
Maximum (local) fuel erergy at first .
pressure pulse, J/g UO, 2073 2245 2036 1973 1894 1852
Amplitude of largest pressure pulse,
including delayed interactions, .
ztm (MPa) 37 (3.7) 122 (12.2) 200 (20) 140 (14) 24 (2.4) 53 (5.3)
Cezlculated conversion from nuclear
to mechanical energy bzsed on
energy at initial failure 2.1x107%" 2.5 x107* 1.9 x 1073 1.5 x 1073 6 x 107 1.3 x10°°%
Liass - mean residue diameter, pm 2700 1240 220 . 400 300 12002

£C0nly 26 g.

e
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