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Among the recent s ign i f icant i n -p i l e experiments conducted by ANL are
Sodium Loop Safety Faci l i ty (SLSF) experiment P4 in the Engineering Test
Fac i l i ty (ETR) and TREAT experiments F3, F4, and J l . The P4 experiment, which
had three heat-generating flow blockages each ins ta l led in six coolant
channels in a 37-pin bundle of FTR (Fast Test Reactor)-type fuel elements,
investigated the bounding consequences of severe local f au l t s . The pr incipal
objectives were to eject molten fuel into the bundle geometry and, during
subsequent extended operation, to characterize the behavior of (and response
of instrumentation to) any subsequent blockage growth; secondary objectives
included characterizing the severity of any molten-fuel/coolant in teract ion
and the response of the coolant. The F3 and F4 experiments in TREAT were
phenomenological tests to study the fuel-column disruption mode in loss-of-
flow accidents. The J l experiment was the f i r s t slow period (-10 s) transient
overpower experiment done in TREAT. Results of these experiments w i l l be
presented.

INTRODUCTION

The results of a large number of i n -p i l e experiments that have been
conducted by Argonne National Laboratory (ANL) have been reported at past
international meetings.[1-5] Since those experiments were conducted and
reported the results from several more i n -p i l e experiments which have been
conducted by ANL have become avai lable. The experiments for which results are
now available are SLSF experiment P4, and four TREAT experiments F3, F4, J l ,
and L01. The results from TREAT experiment L01 are reported elsewhere at th is
meeting [ 6 ] . SLSF experiments P4 was a 37 pin experiment designed to study
local faul ts accommodation. TREAT experiments F3 and F4 were single-pin
phenomenological experiments to study fuel break-up and dispersal in a voided
channel LOF accident. TREAT experiment Jl was the f i r s t slow-period (~10 s)
TOP experiment done in TREAT. I t was done with a 7 pin bundle of previously
irradiated fuel in a flowing sodium environment.

SLSF TEST P4

Objectives

SLSF experiment P4 was an experiment in the LMFBR Safety Program Plan to
demonstrate cool ab i l i t y of local faul ts ami local fau l ts accommodation by
inherent mechanisms. I t was the seventh, and l a s t , in the series of SLSF
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large-scale in-reactor experiments and the f i r s t to simulate something other
than a whole core accident. P4 was planned to release molten fuel into the
coolant stream and bundle geometry from one or more of the three canisters
bui l t into the 37-pin test subassembly and to probe the consequences of
continued power operation with fuel fai lure.

The overall objective of P4 was to demonstrate with an in-reactor
experiment that a hypothetical blockage, which bounds the consequences of
credible local faults, could either be tolerated or be detected by global
monitors in time to prevent significant fuel failure or blockage propagation.

The specific objectives of the SLSF P4 bounding local-faults experiment
were to determine 1) the extent, i f any, of fuel-fai lure propagation, and 2)
the signals received which indicate such propagation after the release of
small amounts of molten fue? (design goal of 10 to 30 grams, each canister)
from one or more of the fuel canisters at the fuel's beginning-of-life. A
primary goal for the P4 experiment was to provide information needed to define
upper-bound signal characteristics from whole-core instruments. This would
confirm experimentally that continued operation of an LMFBR is safe following
the occurrence of a "small" local faul t , including pin fai lure whose
signatures fa l l within the defined band. Specific experimental information
expected from the experiment P4 jncluded: nature of fuel release; nature of
secondary fai lure, i f any; the amounts of molten and solid fuel released; the
extent of damage to the fuel pins; the tendency of the released fuel to either
be swept out or form secondary blockages; and the delayed-neutron (DM) and
fission-product signals characteristic of molten-fuel release. Secondarily,
information was expected on the severity of a molten fuel-coolant interaction
and the resultant response of the coolant.

Test Articles

The 37-pin P4 test subassembly contained 34 full- length FTR-type fuel
pins containing enriched mixed oxide fuel and three pins with 10-cm long,
sealed fuel canisters as the center sections of their fueled regions. Two
canisters were cylindrical and one had a fluted geometry (Fig. 1). Different
geometries and degrees of cladding cold work were employed to provide
diversity and redundancy in achieving molten fuel release. Total fuel content
of the three canisters was ~180 grams, equivalent to the total fuel inventory
of one FTR-type pin.

The P4 loop consisted of primary and secondary containment vessels, an
annular linear induction pump, a sodium-to-helium heat exchanger, a cadmium
neutron f i l t e r , and the instrumented test t ra in. The test train [7] contained
the test subassembly and much of the test instrumentation. The test train had
two flow channels: the main flow channel through the test section and a
parallel bypass channel. In addition to the test train and loop instru-
mentation, a delayed neutron detector (DND), an on-line cover-gas system
(OLCS), and an on-line sodium-sampling system (OLSS) were operated to observe
fuel failure [8 ,9] .

Design Operating Conditions

The P4 design operating condition was a nominal bundle power of 1272 kW
and test subassembly coolant flowrate of 3.38 kg/s. This operating condition



simulated the nominal maximum FTR fuel pin linear power, but at a coolant
flowrate that duplicated the FfR row four (minimum flow) or i f ic ing region of
the core. This yielded a power-to-flow ratio about 24% higher than nominal
for the FTR core-center subassemblies, typical of the hot-channel
conditions. The steady-state coolant velocity was 6.0 to 6.3 m/s in the
central coolant flow subchannels and resulted in a f r ict ional pressure drop of
0.24 MPa across the full-length test fuel pins. The presence of the three
fuel canisters contributed about 7 kPa to the total flow resistance of the 37-
pin bundle. Loop flow was 8 kg/s to maintain the steady-state inlet
temperature to the heat exchanger _<_ 839 K. Bundle in let temperature was 695 K
the inlet temperature for the FTR rated core. Loop cover gas pressure during
most of the P4 irradiation was 0.16 MPa to avoid cavitation in the OLSS
pump. During and immediately following the power transient, the cover gas
pressure was reduced to 69 kPa to simulate LMFBR pressure levels in the test
subassembly.

Planned Power Transient

The P4 power transient was ini t iated on August 21, 1981, at a bundle
power of 338 kW (40 MW ETR power). The ETR neutron level, under the control
of the power transient controller, followed the planned rise to 4.375 times
the i n i t i a l neutron level (175 MW) in 27.75 s, held at that level for f ive
seconds, ramped down to 3.9 times the i n i t i a l neutron level in five seconds,
and held at that level (156 MW). The f i r s t disturbance in steady temperature,
pressure and flow conditions was observed at 15.2 s. I t was attributed to
in i t i a l failure of the fluted fuel canister. [.Fluted canister cladding
failure was predicted to be caused by sodium boiling and cladding dryout in
annular cooling channel between the canister and adjoining fuel pin and was
predicted to occur between 14.5 s and 16.5 s into the transient]. The delayed
neutron level "bumped" upward following i n i t i a l fai lure of the fluted canister
as the area of fuel exposed to the sodium increased. There was no evidence of
gross molten fuel release, molten fuel-coolant interaction (MFCI), or flow
blockage. Tost section flow perturbations of 10% were observed, as wera
temperature perturbations of up to 20K recorded on the wire wrap thermo-
couples. Temperature perturbations were also seen in the signals of
thermocouples located downstream from the cylindrical canisters. The
temperature perturbations increased with time and an increasing ETR power
level.

ETR reached a power level of 175 MW at 27.75 s and held at that level
unti l 32.75 s. During this period there were flow and temperature
perturbations in the test section. Significant local temperature
perturbations occurred downstream of the fuel canisters. {.The 20% and 10%
cold-worked cylindrical canisters were predicted to reach failure strains of
~8.8% at 24.9 s and 26 s, respectively!. Although fai lure of the cylindrical
canisters hau not occurred yet, the "ballooning" of the cylindrical canisters
in the test bundle were probably perturbing local coolant flow. Both the
increased cross-sectional area of the cylindrical canisters and the resulting
tighter packing or dislocation of the pins would contribute to reduced
cooling.

Molten fuel release occurred at ~34 s (170 MW) and was accompanied by
perturbations in inlet and outlet flow, in local coolant temperature levels,
in acoustic noise, and by a sharp increase in DN level. Inlet flow decelerated



to a minimum 2.3 kg/s and returned to persist at a flow of 3.2 kg/s, or 93% of
nominal. About half the test section thermocouples indicated a response to
the molten fuel release; the others indicated little change. Thermocouple TE
3-14 on pin 14, located 0.36 m below the fuel midplane indicated a temperature
jump of 600 K, typical of molten fuel contact and formation of a new
junction. Thermocouples TE 6-1 and TE 6-2, with iunctions 0.14 m above the
fuel midplane on hex duct flats 1 and 2, respectively, also were hit by molten
fuel and failed. Thermocouple TE 3-7, junction 0.9 m above the fuel midplane
on pin 6, indicated a 140 K upward spike at 34 s, then recovery. These large
local temperature perturbations were not repeated elsewhere in the test
section. This indicated that the molten fuel release was from the fuel
canister on pin 5 and was directed toward the outer row pins and hex duct.
The minimum axial distance traveled by the molten fuel in reaching
thermocouples TE 6-1 and 6-2 was ~O.l m. The temperature at thermocouple TE
3-12 (pin 12) dropped only 50 K after the -100 K upward spike at 34 s,
indicating reduced local cooling in the area containing the released fuel•
Test section flow remained steady at 3.2 kg/s until 54 s, when flow increased
to 3.35 kg/s (97% of nominal). The flow increase was ^-eceeded by a 40 K drop
in temperature at thermocouple TE 3-14 (pin 14), beginning at 50 s, and
accompanied by a pause in the gradual temperature increase exhibited by the
test section and outlet thermocouples. ETR power remainec steady at 156 MW
and loop operating conditions continued to be quasi-steady state. Inlet flow
began to gradually drift lower after the increase to 3.35 l>g/s.

The rate of inlet flow reduction increased at 80 s and temperature
offsets were observed in a number of test section thermocouples, similar to
the events a few seconds prior to the first cylindrical canister failure. At
86 s, the cylindrical canister on pin 8 failed, releasing molten fuel toward
the center of the bundle. Again, about half the test section thermocouples
showed a jump in indicated temperature; the other half were relatively
unaffected by the release. Most of the thermocouples responding to this fuel
release were located on the 19 center pins and retained most of the
temperature offsets that accompanied the fuel release. TE 3-15 (pin 18)
indicated a 380 K temperature increase, from 845 K to 1?25 K, and then a drop
to 1125 K. The temperature at the junction of thermocouple TE 3-14 (pin 14)
jumped from 1060 K to 1280 K and then appeared to indicate steady sodium
boiling thereafter. Molten fuel release was accompanied by three flow
perturbations, within 0.55, that temporarily reduced inlet flow to 1.3 kg/s.
Flow then recovered to 2.95 kg/s (86% of nominal). Two broadband noise peaks
were indicated by the acoustic sensors. The DND signal peaked at 88 s. Test
section exit temperature increased 40 K, from 1065 K to 1105 K. Inlet
temperature at 86 seconds was 739 K.

Operation continued at a steady test section flow of 2.95 kg/s until 110
s. Thermocouples TE 3-2 (pin 3), TE 3-7 (pin 6), and TE 3-15 (pin 18) began
to increase in temperature prior to a gas release from some fuel pins at 110
s. The gas released into the test section perturbed the coolant flow and
cause large oscillations in the indicated flowrate at the bundle exit and
total loop flowmeters. Test section temperatures increased while the released
gas was being swept upward in the loop, then began to return toward earlier
values as the test section flow recovered to 2.95 kg/s.



Test section flow began to drift lower at 117s and ETR scrammed at 118.4
s on a low test section flow (low flow setpoint of 80%). Following ETR scram,
the pump returned to its previous 2.95 Kg/s (86% of nominal) level.

Subsequent Irradiation and Blockage Reconfiguration

Preparations were made for a return to full power operation and ETR power
operation resumed late on October 1,1981. The power increase proceeded in 20
MW increments in a step-and-hold manner toward a full-power level of 156 MW.

About seven minutes after reaching 92 MW, on October 2, 1981, the DN
signal from detectors around the loop sodium plenum (DND) began to increase.
Some reactor power trimming to reach 100 MW was in progress but its relative
change was less than the DN change. Half a minute later the DN signal from
detectors in the OLSS began to increase. The increase in signal was very
gradual at first, building in an exponential manner as time passed. About
three minutes later, there were temperature perturbations of up to 15 K
indicated by several thermocouples. This coincided with the beginning of a
sharp increase in the DND signal and indicated that events were building
toward a change in the blockage configuration. Fifteen seconds later the DNM
signal also began to increase rapidly and the inlet flow began a gradual
decrease which steepened after about 4.55. About 0.55 later, after
temperature increases occurred on the thermocouples on pin 6, the blockage
reconfigured.

Basic characteristics of the flow response during the blockage recon-
figuration appeared similar to those for molten fuel release from the,
cylindrical fuel canisters. There was a flow deceleration at the inlet
followed by a persisting flow reduction. Inlet flow dropped from 2.55 kg/s to
1.75 kg/s and recovered to 2.25 kg/s. Flow held at 2.25 kg/s for ~0.35 s
prior to another perturbation in inlet flow, and reactor scram. The ~0.5 s
between increase in the bundle flow resistance and a subsequent inlet flow
perturbation that did not produce a further flow offset were also observed
during the P4 power transient.

Temperature jumps observed on thermocouples TE 4-8 (pin 35) and TE 4-6
(pin 32) indicated that molten fuel moved toward hex duct fl^ts 3 and 4. Pin
19, thought to be intact following the P4 power transient, was open to the
sodium following the blockage reconfiguration. Failure of pin i2 provided
additional evidence that the reconfiguration originated near the center of the
bundle and moved outward into previously unblocked flow channels near hex duct
flats 3 and 4.

Test section flow, at pump benchmark voltage, changed from ~8b% to ~60%
of nominal as a result of the blockage reconfiguration. This flow reduction
corresponds to a halving of the flow area at the blockage, if it was in a
single plane.

A pressurization test was run on August 25, 1981; pins 4, 6, 7, and 14
were determined to be open to the sodium; pins 3, 8, 11, and 13 were classifed
leakers. Pin 19 appeared to be intact. A second pressurization test con-
firmed that pin 19 was open to sodium after the blockage reconfiguration.



Preliminary Observation of Molten Fuel and Blockage Behavior

In all of the fuel release and reconfiguration events, a small decrease
in test section flow occurred immediately prior to the event. The inlet flow
responded to the event with a pair of pulses separated by 20 ms. Some
oscillation of inlet flow was observed for the next 0.4 to 0.5 s. At that
time, either a second pair of pulses occurred or a single large pulse
occurred. Ths oscillations in flow occurring between the pairs of pulses may
be due to the formation of a small locally voided region in the test section
or due to a characteristic frequency of the test section. The double pulse is
not yet understood but may be either a characteristic of hot fuel exposure or
a reflection of a pressure pulse. The magnitude of flow disturbance due to
the interaction of molten fuel and sodium was not of sufficient magnitude to
be judged an energetic MFCI.

A number of fuel pin failures occurred durfng the power transient,
releasing gas into the coolant stream. These failures appear to have occurred
simulanteously and are probably due to local boiling and dryout in the
blockage wake. The increase in inlet sodium temperature above the maximum
expected peak was a contributing factor to reaching local boiling. One
additional fuel pin was found to have a cladding breach foTJowing the blockage
reconfiguration. This failure may have been caused by the reconfiguration or
may be the result of events unmasking a previous failure, such as the movement
of fuel which was blocking an existing leak in the pin. The latter is
supported by the absence of a gas release during the reconfiguration. The
response of the fuel pin pressure transducers to changes in loop plenum
pressure became slower with exposure to sodium. This is indicative of
formation of sodium uranate within the fuel pins. Verification of sodium
uranate formation will be performed during post test examination.

The DND gave sufficient advance warning to initiate a reactor shutdown
prior to blockage reconfiguration. This warning was definitely sufficient ^or
an automatic shutdown system and may have been sufficient for operator
intervention. The DNM, which is more typical of planned reactor failure
detection systems gave advance warning but for a shorter time than the DND.
The actual use of this system in a power reactor will be highly dependent on
design and the supporting software needed to diagnose the DN signal.
Consideration should be given to locating the DNM as close as possible to the
core exit.

During the blockage extension, only a few of the wire wrap thermocouples
gave any level change prior to the event and these changes were so small as to
be noticed only when compared to the DND and DNM signals. The test section
exit thermocouples showed no level change prior to the event. Based en
comparison of the DN signals versus the in-core thermocouple signals, the P4
experience indicates that the DN detection systems are the more promising of
the two for failure detection.



TREAT EXPERIMENTS F3 AND F4

The F3 and F4 experiments were performed to determine the timing and
disruption mode of fuel pins in the lead power-to-flow subassemblies of a
LMFBR with a moderately posi t ive sodium void react iv i ty such as CRBR during an
LOF s i tuat ion. The intent was to study the clad and fuel behavior, especially
fuel break-up and dispersal, subsequent to clad dispersal. Experiments which
use a portion of one pin in a voided capsule were known to be appropriate,
from the experience c;~ experiments Fl and F2 [ 4 ] . . A window was placed in the
capsule so that the fuel break-up and dispersal could be studied
photographically as well as with the hodoscope. The capsule design and the
configuration of instrumentation for these tests are shown in Figs. 3 and 4.
Figure 3 shows the axial region around the modified pin with a 5.08 cm (2.0
in . ) fuel column. A mirror next to the fuel column ref lects the pin image
upward. The overall axial view in Fig. 4 shows how the pin image is
eventually viewed with a high speed 16 mm motion picture camera positioned on
top of TREAT. The fuel used in F3 and F4 had been pre- i rradiated in EBR-II to
9% at a power level of 29.5 kW/m. The fuel pins were at room temperature at
the star t of the TREAT transients. TREAT power was increased to levels
y ie ld ing power levels of 82.0 and 216.5 kW/m, in F3 and F4, respectively, and
held for the duration of the transient. (Typical lead power-to-flow CRBR
subassemblies operate at ~30 kw/m nominal power.) Fuel fa i lu re occurred at
integrated powers of 206 kJ/m (871 J/gm) in F3 and 191 kJ/m (809 J/gm) in F4.

Interpretat ion of the pin image af ter pin disruption is d i f f i c u l t because
the mirror near the pin degraded very quickly. In F3 (at 2000 frames per
second), the pin fa i lu re event took less than 1.5 ms. A v is ib le clad intact
pin edge was observed on one side of the pin throughout the fuel pin fa i l u re
event; ejection of fuel and clad occurred on the opposite side of the p in .
The time scale for mirror degradation (-1.5 ms) and the i n i t i a l pin-mirror
distance (25.4 mm) imply an acceleration of ~2300 g from the pin to the
mirror. Therefore the pin disruption was very v io lent .

The photography and the hodoscope analysis were done independently.
Subsequently i t was found that both observations agree on the time and
direct ion of fuel ejection from the pin fol lowing f a i l u re . The fa i lu re times
observed by the photographic and the hodoscope systems di f fered by only 20 ms
nominally for F3 and 8 ms nominally for F4.

The fuel was not molten at fa i l u re in either F3 or F4. The clad may not
have been molten at fa i lu re in F4, according to heat transfer calculations
using the experimental condit ions, including the experimentally determined pin
disruption times.

A conclusion which is related to fuel behavior modelling is that i n i t i a l
pin disruption may occur in the absence of molten clad or f ue l . A conclusion
related to the execution of the experiment is that camera framing rates must
be greatly increased to observe the detai l of pin disruption process.

TREAT EXPERIMENT J l

The primary purpose of the J l experiment was to demonstrate that a slow
overpower simulation to fuel pin and cladding fa i lu re conditions could be done
in TREAT. The fuel bundle consisted of seven pins, 0.34 m long fuel column,



which had been irradiated in EBR-II to about 7 atom percent burnup. The test
was done in flowing sodium in a filtered MK-II loop capable of providing
reasonably prototypic hydraulic conditions. The power transient employed a
ramp with a 10 s period; for fuel failure analysis, a ramp with this period is
the slowest transient that would cause cladding failure within the energy
limits of TREAT and the filtered loop used in this test.

Initially, at TREAT time zero, the coolant velocity through the fuel pin
bundle was 610 cm/s (940 cnr/s) and the coolant temperature was 750 K. The
transient consisted of a power plateau at 180 MW (77 kW/m) starting at 4.29 s.
A burst from this power level was initiated at 6.05 s. The burst had a nom-
inal period of 10 s and reached a peak power of 255 MW (109 kW/m), at 9.114 s.
Fuel pin failure, as indicated by flowmeter and pressure transducer response,
first occurred at 9.035 s, when the reactor power was 252 MW (108 kt.'/m peak
power in the fuel) and the corresponding energy release was 1019 MJ. COBRA
analysis indicated that at this time fuel-pin mid-cladding temperatures at the
top of the pin were in the region of 950 to 1000 K, and fuel areal melt
fractions of about 45% had been attained at the axial mid-plane. A pressure
pulse of approximately 0.8 MPa was recorded by the test section inlet pressure
transducer and the inlet flow rate was momentarily decreased by about 25%.
The second failure event, at 9.073 s, generated a relatively slow pressure
increase (0.3 MPa in 40 ms) which was recorded on both the inlet and outlet
pressure transducers. The inlet coolant flow was decreased to about 44% of
its original value. The reactor power shutdown criterion was satisfied during
this failure event and, at 9.13 s with TREAT power and energy at 254 MW and
1044 MJ, respectively, the direction of motion of transient control rods was
reversed. The TREAT power decreased quickly to about 30 MW and then remained
relatively constant until 10.2 s when the reactor was scrammed. This period
of constant power permitted good observation by the hodoscope of the post-
transient fuel motion without excessive "overpowering" of the fuel. At no
time did the coolant flow rate halt or reverse, and eventually it stabilized
at about 90% of its original value.

Preliminary hodoscope analysis showed an axial expansion of the fuel
beginning at 8.69 s. Fuel started to emerge from the fuel pin bundle at 9.06
s with subsequent motion upward (downstream) and out of the hedoscope field of
view. At 9.29 s there was evidence of a possible net downward motion of
fuel. It is estimated that at least 50 g of fuel, that is, about 11% of the
total fuel inventory of the pin bundle, moved upward and out of the hodoscope
field of view. The post-test neutron radiograph indicated that cladding
failure occurred at the top of the axiial fuel column.

In conclusion, the Jl experiment demonstrated that low-ramp-rate experi-
ments to cladding-failure conditions can be run in TREAT. Post-test analysis
indicated that at failure the fuel-sample heating rate was roughly equivalent
to a 12 to 14 $/s TOP excursion in CRBR. Mechanistic cladding failure
threshold models calculated the failure time with acceptable accuracy.
Empirical models did not calculate accurate failure times, which indicated
their limitations outside of their data bases. Finally, this was the first
experiment with preirradiated fuel in which both a significant quantity of
fuel was removed from the active core region and in which a cool able geometry
was maintained during the failure sequence.
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