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ABSTRACT

During two tests in the Sodium Loop Safety Facility (W2 and
P4), two systems were operated to detect delayed neutrons from
exposed fuel. One monitored directly the sodium in the in-pile
loop with a transit delay from the flux region of ̂ 2 seconds;
the other conducted a sample stream of sodium to external detect-
ors with a transit delay which could be varied from ̂ 10 to '̂ 40
seconds. Detectors of a wide range of sensitivity were oper-
ated in pulse and current mode; DN signals varying from <1 mm2
recoil to many grams of molten fuel could be recorded reliably
without saturation.

During the W2 and P4 tests a continuous DN record was made.
Massive fuel failure signals were observed during reactor tran-
sients in both tests, including events interpreted as fuel melt-
ing and exposure of large areas. The steady signal from the
blockage in P4 was studied as a function of reactor power and
sodium temperature.

INTRODUCTION

The failure of fuel pins in the test section of the in-pile loop vIPL)
of the Sodium Loop Safety Facility (SLSF) releases radioactive fission prod-
ucts to the circulating sodium. Delayed neutron emitters are of particular
value for diagnostic purposes, and two systems of neutron detectors were
used in the latest SLSF experiments to provide information about the nature,
magnitude and progress of fuel failure during tests.

The delayed neutron detector (DND)1 was mounted under the top dome of
the Engineering Test Reactor, at the elevation of the upper sodium reservoir
of the IPL^ and counted the delayed neutrons in the main loop circulation.
The on-line sodium sampler (OLSS)1 removed a stream of sodium from the IPL
reservoir and transported it to a sample volume where the delayed neutrons
were counted by the delayed neutron monitor (DNM).1 lJJIffeTI"ll
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MECHANICAL ARRANGEMENTS

Figure 1 shows the physical arrangement at the top of the reactor with
the uppermost concrete shielding removed, and Fig. 2 is a diagram of the es-
sential components of the two DN systems. The IPL was suspended from the
top dome flange2 and the watertight housing holding the DND was supported by
the same structure.
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Fig. 1. Top of the ETR, showing the in-pile loop, the OLSS skid and
the delayed neutron monitor

Fig. 2. Diagram showing the principal components of the OLSS, and
the location of the two neutron detectors



Most of the OLSS System was contained under the ETR Shielding within
an enclosure called the skid which housed tubing and valves, a sodium pump,
temperature, pressure, and flow measuring devices, the sodium hold tank and
expansion reservoir, and the oxide control and indicating system. All com-
ponents in contact with the sodium were provided with heaters and insulation
to maintain the desired sodium temperature for all operations. The Delayed
Neutron Monitor (DNM) was located outside and adjacent to the skid, inside
a shield block surrounding a leg of the skid sodium tubing. The drain tank
was also located outside and adjacent to the skid and contained within the
shielding. The skid was connected to the IPL by interconnect lines con-
tained in an enclosed tray between the skid and the reactor top dome flange.
The lines connecting the IPL were replaceable "pinch-off" tube sections.
These "pinch-off" lines were isolated by motor operated isolation valves at
the IPL and manual shut off valves. This provided a means of IPL removal
without disturbing the OLSS System. The interconnect lines within the tray
included a sodium heat exchanger consisting of an economizer and air cooler.
The heat exchanger received sodium from the IPL at up to 1100°F and reduced
the temperature to 900°F as it entered the skid. The valves within the OLSS
System had an upper operating temperature limit of 950°F to preclude stem to
seat self-welding.

The 51-gal hold tank located in the skid was charged with sodium to sup-
ply clean sodium to the OLSS System. The hold tank was connected to the skid
piping via a remote-operated valve to permit the sodium transfer.

The expansion tank was a 4.9-gal vessel sized to hold sodium for one
flushing of the piping. The tank allowed for sodium volume change due to
thermal expansion changes when the IPL was off-line. It could be valved
into the system or bypassed as required via remote operated valves.

The drain tank, an 8.5-gal tank, was housed and shielded within the
shielding. It was a backup tank to receive contaminated sodium, but typi-
cally, at the conclusion of an experimental sequence, the sodium was flushed
to the IPL.

The electromagnetic pump had manually controlled variable flow rate and
was connected in series with the OLSS circulation loop to provide and main-
tain sodium flow. The pump was rated at approximately 10 gpm at 200 volts,
excluding installed system losses. A magnetic flow meter measured total
sodium flow.

The oxide control and indicating (OCI) subsystem shown schematically
was designed to remove oxides from the sodium.

The temperature control subsystem consisted of electric heaters and
thermocouples installed on each valve, line, and component exposed to sodium
for a total of 57 heated zones; each zone was thermally insulated. The ther-
mocouple outputs were connected to data loggers for manual control indication
and in parallel to the SLSF Data Acquisition System (DAS) for automatic con-
trol.

The temperature control subsystem was designed to control the tempera-
ture of the sodium returned to the IPL upper sodium plenum from the OLSS in



the range of 400 to 1200°F and to control the incoming sodium to the skid to
to 925°F or less.

The OLSS temperature was maintained greater than the IPL mixed mean
temperature up to a maximum temperature of 900°F, and at this temperature
for higher IPL temperatures via a sodium heat exchanger located in the in-
terconnect piping in the tray between the skid and thu IPL. The heat ex-
changer was composed of two parts; a counter flow, single-pass tube inside a
tube regenerative heat exchanger designed to reduce *he IPL outlet sodium
from 1100°F to approximately 925°F and an instrument air supplied finned air
cooler designed to reduce the final OLSS sodium temperature to 900°F.

DN DETECTORS

The detector assemblies are shown in Fig. 3. In each case a moderator
of Benelex holds 26 BF3 counters and three fission detectors; a lead shield
(5" for the DND, 4" for the DNM) reduces the flux of Na 2 4 gamma rays so as
to limit the background of photoneutrons from the moderator. The DND source
was ^15 cms high, volume 13 A, and the DNM sample pipe was 75 cm long, vol-
ume 0.5 1. The transport time from the test section to the DND, fixed *\y the
loop flow for a particular experiment, was in the range 2-4 s and the resi-
dence time was ^1-2 s. The OLSS transport delay was a variable of the ex-
periment; the delay was 12 s at a flow of 0.05 Kg/s, and the residence time
was 3/4 of the delay time. The longest available delay was 40 s, limited by
overheating of the pump at a flow of 0.015 Kg/s. The highest flow was set
by cavitation in the pump and depended on the pressure in the IPL; the maxi-
mum flow was 0.065 Kg/s, but in most of the experimental work done the high-
est flow was 0.06 Kg/s so that the least delay was 70 s. The flow could be
stopped, but a stoppage of more than a few minutes resulted in sodium freez-
ing in the pumping section throat.

Fig. 3. A - Delayed neutron detector (DND); B - Delayed neutron monitor
(DNM) 1 - IPL, 2 - sodium volumes (DN sources); 3 - lead shields,
4 - thermal insulation, 5 - air gap, 6 - Benelex moderator, 7 -
neutron detectors, 8 - watertight box



The counts from the detectors were recorded once per second in a mini-
computer system on disk and transferred at regular intervals to magnetic
tape.^ The data was made for plotting as counts/s or averaged counts/min.
In order to provide a wide range of sensitivity, detectors were arranged,
singly or in groups, in 12 neutron channels. Particular fission detectors
were of very low efficiency so as to accommodate, without limiting, the DN
rates from major failures. In addition, two fission counters could be op-
erated in the current mode which could be recorded on a high-speed magnetic
tape as well as a pen chart, giving finer definition in time than the digi-
tal data recorded once per second. A Ni-u alloy recoil calibration source
was used to measure the sensitivity and quantify the background count rates.

SYSTEM RESPONSE

Figure 4 shows the time dependence of the DN signal from the DND for
the case of several grams of molten fuel injected instantaneously into the
sodium flow. The trace was calculated by means of a digital simulation pro-
gram which included the effects of the recirculation of the IPL coolant.
The major peak is due to the first passage through the plenum and subsequent
passages produce ghost peaks which die out with the half-life of the DN
groups. The DNM response is similar, but it is delayed by the transport
time and the first peak is less prominent since the very short-lived groups
die out before reaching the detectors. In the case of an exposed solid area
the count rate reaches a steady value after a series of step increases of
diminishing size at the recirculation interval.
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Fig. 4. Calculated response of DND to injection of molten fuel



W2 TEST

The DND was operated during the W2 Test,4 which took the form of an over-
power transient followed by an immediate scram. During the steady state ir-
radiation prior to the transient the DN counts recorded were due to the cal-
ibration recoil source and background effects. The photoneutron background
was measured with the reactor off after a long run which brought the Na^^ to
saturation. The total background effects were equivalent to less than 1 mm2

of exposed fuel, and, therefore, a small area of exposed fuel could have been
detected even if it had been less than 1 ran'. However, in W2 such a high
sensitivity was not required.

The logarithmic response of two detectors is shown in Fig. 5 during the
transient. Trace A was recorded from a fission detector operated in the
digital mode. Al shows the calibration source before the transient and A2
shows the increase from the source during the power • icrease. At A3 the sud-
den increase indicates the first failure, followed i.6 s later by a second
at A4, and then the channel limits due to the high count rate. Trace B
shows the response of a fission detector in the current mode. The first
failure is at B6 and the second at B7. The DN rate quickly reached and re-
mained at a steady value for 2-3 s; this shows that a solid area was exposed
at B7. Finally at B8, 5 s after the initial failure, the major failure ap-
pears. Comparison with Fig. 4 shows the major peak followed by smal-
ler peaks separated by the recirculation time which is characteristic of a
release of molten fuel. Additional sensors indicated actual motion of fuel
at this time; the magnitude of the DN signal indicates the amount of fuel in-
volved was several tens of grams. The value of the DND is shown by its abil-
ity to show directly and unambiguously the existence and timing of the two
clad failures prior to the main failure, which could not be clearly demon-
strated by any other detection method.

P4 TEST

Both the DND and the OLSS/DNM were operated during the P4 Test^ which
was run to study the propagation potential of a heat-producing blockage. A
37-pin bundle contained three special over-size cans, containing fuel, which
were designed to fail and release molten fuel into the test section during
an increase in power from 40 to 150 MW. Figure 6 shows the trace recorded
on high-speed magnetic tape from a fission detector in the current mode.
There are many successive failures in the course of 120 s. The five biggest
peaks are closely correlated with pressure pulses in the test section and
are clearly due to the expulsion of molten fuel. In addition, the small
peaks at 24, 26 and 30 s occur less than the recirculation time after the
preceding larger peaks and, therefore, must also correspond to smaller re-
leases of molten fuel. In addition to the peaks, the continuous DN signal
shows that after the failures large effective areas of fuel remained exposed
in the test section. These areas are thousands of enr recoil equivalent and
the peaks correspond to tens of grams of molten fuel.

The fuel released in this transient remained as a mass in the test sec-
tion, partially blocking the flow. In a subsequent run the reactor power was
being raised while the DN signal was recorded. Figures 7 and 8 show the DND



START OF 0
TRANSIENT

20 30

TIM? ISECONOSI

Fig. 5. Response of two DND detectors during W2 transient. Molten fuel
release is shown at B8; earlier clad failures are shown at A3,
A4 and B6, B7
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Fig. 6. DN signal during P4 transient



record near a reactor power of 100 MW. Figure 7 shows the count rate aver-
aged over one minute intervals. A stable count rate at two power levels was
followed, as the reactor power was raised further, by a neutron rate that in-
creased faster than the power. Figure 8 shows the data in 1 s intervals.
After a fairly slow rise over a period of 160 s, there was a sharp jump to
a much higher level, which then remained roughly constant for 20 s, showing
that the effective area of the blockage had suddenly increased to more than
five times the original area after some slow initial rearrangement process.
Finally there was a sudden huge increase in the DN strength; this is inter-
preted as a release of molten fuel. It was accompanied by a large reduction
in flow, resulting in a reactor scram, which confirms the interpretation.
The DN record gave a very detailed history of the different phases of this
incident, but no other sensor in the test section gave any significant indi-
cation prior to the final flow reduction. This is a dramatic demonstration
of the power of DN monitoring of fuel during reactor operation.
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Fig. 7. DN signal (minute-averaged) from blockage during increase of
reactor power, ending with a reconfiguration and scram
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STEADY STATE DN RELEASE

In the periods following the P4 transient and the blockage reconfigura-
tion just discussed, extensive measurements were made of the DN signal from
the blockage material under steady conditions of reactor power. In order to
study the nature of the DN release mechanism these measurements were made at
a large number of power levels, at different inlet sodium temperatures, and
for the complete range of delay times of the OLSS.

Figure 9 shows a composite plot of this data. The DN rate decreases
with increasing delay time to the DNM, due to the decay of all of the DN
groups, but primarily to the faster decay of the shorter-lived isotopes.
At t = 40 s essentially only groups 1 and 2 contribute significantly while
at t = 10 s groups 2 and 3 dominate. The shape of the DN at curve is es-
sentially the sarce at all power levels, showing that the contribution of
the different groups does not change with power.
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The effect of the sodium inlet temperature at lov power is shown in Fig.
10, which includes data taken with both the original and reconfigured block-
age; the points are normalized to the same value at an inlet temperature of
697 K. The lowest temperature attained was 457 K, at which point there was
difficulty in maintaining the flow of the OLSS at the low end of its range,
apparently due to the tendency of the low temperature sodium to plug small
orifices. The measurements were made with the total test section power <̂  22
KW so that the sodium temperature should control the fuel surface temperature.

If it is assured that the release to birth ratio for the delayed neu-
tron emitters is given by
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then the data of Fig. 10 is fitted by a line with Q = 4000.
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Fig. 10. DN signal as a function of the inlet temperature of the sodium

At a reactor power of 40 MW the temperature was lowered to 597 K, but
the reduction in DN rate was not as great as at low power, being only 1/3
the value expected from the above relation. This data is definitely anom-
olus, and is not understood.

As a test of the temperature dependence at different power levels, Fig.
11 shows, as a function of test section power, the equilibrium DN count rate
with the temperature dependence (e~400Q) divided out (using for T, T = Tj +
AT where Tj was the inlet sodium temperature and AT was the temperature in-
crease through the test section). Except for the highest power, the points
all lie on a straight line, showing that the DN release/birth ratio follows
the relation given above. However, the final point lies above the line.
This datum was obtained at a reactor power of 92 MW, just below the power
level at which the blockage reconfiguration began, and, therefore, it may be
considered to be uncharacteristic of normal operation, and a symptom of in-
cipient disturbance.

DISCUSSION

Both neutron detection systems operated well during the W? and P4 tests,
and provided a great deal of data about the condition of the fuel, and the
times and nature of changes in it that were not available from any other
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Fig. 11. DN signal, corrected for temperature dependence, as a
function of test section power

sensor. The data is of a direct nature, yet it is obtained by detectors that
are external to the fuel region. The DND, because of the short transport
time was particularly valuable in these tests, but the OLSS/DNM is more pro-
tolytic of a reactor installation. The method is both extremely sensitive,
and able to respond over a very wide dynamic range. The capability to de-
tect small failures preceding major fuel expulsions is a valuable feature.
Some information was obtained on the mechanisms of DN release, but more needs
to be done in th^s area to lead to a better understanding and in order to
improve the interpretation of observed signals.
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