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Abstract

As a part of the work for investigating the sodium leak accident which occurred in Monju on
December 8, 1995, three tests, (1) sodium leak test, (2) sodium fire test-I, and (3) sodium fire test-II,
were carried out at OEC/PNC. Main objectives of these tests are to confirm leak and burning
behavior of sodium from the damaged thermometer, and effects of the sodium fire on integrity of the
surrounding structure, etc.

The main conclusions obtained from the tests are shown as below.
1) Average sodium leak rate obtained from the sodium leak test was about 50 g/sec. This

was equivalent to the value estimated from level change in the sodium overflow tank in the
Monju accident.

2) Observation from video cameras in the sodium fire tests revealed that in early stages of
sodium leak, sodium dropped down out of the flexible tube of thermometer in drips. This
dripping and burning were expanded in range as sodium splashed on the duct.

3) Though, in the sodium fire test-I, there was a decrease of about lmm at a thickness of the
burning pan in the vicinity in just under in the leak point, there were completely no crack
and failure. In the meantime, in the sodium fire test-II the six open holes were found in the
floor liner. By this liner failure, the reaction between sodium and concrete might take
place.

At present, while the detailed evaluation on the sodium fire test-II has been mainly carried out,
the investigation for clarifying the cause of the liner failure has been also carried out.

1. INTRODUCTION

A sodium leak accident occurred in a piping system room of the Monju's secondary main cooling
system on December 8, 1995. In PNC, various works to investigate the cause on this accident have
been carried out. As a part of the works, in making the confirmation of leak and burning behavior,
and effect of the sodium fire on the integrity of surrounding structure, three sodium tests, (1) sodium
leak test, (2) sodium fire test-I, and (3) sodium fire test-II, were carried out. This paper mainly
introduces the result of the sodium fire test-II which synthetically simulated a series of phenomenon
transition which is related to the sodium leak and fire, after the outline of the sodium leak test and the
sodium fire test-I carried out as preliminary tests is introduced.

2. SODIUM LEAK TEST

2 . 1 . Overview and Objectives of the Test

The test to determine the rate and behavior of sodium leak was performed on two occasions (the
first on February 15, 1996; the second on March 28, 1996) using SOFT-1 (Sodium Fire Test) facility
(Fig. 1). In these tests, sodium heated to 480°C was leaked from a leak simulated apparatus.

The objective of this test was to verify the following items by intentionally inducing a sodium
leak in the testing system with the same structure as the thermometer that was damaged in Monju.

297



1) To determine the rate and behavior of the sodium leak that occurred at the damaged
thermometer.

2) To measure temperature histories of the thermometer's thermocouple to determine the route
and time history of the sodium leak inside the thermometer.

2. 2. Main Results

2. 2. 1. Sodium Leak Rate
The first and second tests yielded average leak rates of 17 g/sec and 56 g/sec, respectively. In

the first test, it is supposed that residual oxygen in the supply pipe and impurities in the sodium
caused clogging in the narrow portion of the simulated thermometer. This resulted in preventing
accurate determination of the leak rate. Thus, some improvements to prevent this were taken in the
second test.

Figure 2 shows measured leak rate data of the sodium tank's level gauge and the sodium supply
pipe's electromagnetic flow meter in the second test. As the latter was used simply to determine
tendencies because of its relatively low reliability, the level gauge was used to calculate the leak rate.
In the first and second halves of the test period, different leak rates were obtained: 38 g/sec and 56
g/sec, respectively. The low leak rate in the first half of the test was most likely due to blockage of
the flow route by the signal wiring's sheath and other materials, and so the flow rate obtained in the
second half, (56 ( + 2) g/sec, was judged to be more reliable one. After adjusting this measured leak
rate (56 [±2] g/sec) to the accident conditions of Monju, a leak rate of 53 (±2) g/sec was obtained.
This adjustment is based on nominal dimensions of the cross-sectional area of the flow route in the
thermocouple well tip's annulus, and the maximum sodium pressure 1.65 kg/cm2-g.

2. 2. 2. Output Signals of Thermometer
As Fig. 3 shows, the data obtained by the thermometer's thermocouple in the second test reveal

temperature characteristics extremely similar to those experienced during the actual Monju accident:
The position of the contact point of thermocouple shifts along its cable gradually as the sodium leaks.
This behavior adequately correlated with occurrences at Monju. The difference between the leak
test's maximum temperature of approximately 750°C (cut off in the over scale portion) and the
temperature recorded during the Monju leak - roughly 600X3 - reflects a difference in the data
recorders' recording ranges, though the same model of signal processor was used.

3. SODIUM FIRETEST-I

3. 1. Overview and Objectives of the Test

On April 8, 1996, a sodium fire test-I was performed using SOLFA-2 (Sodium Leak, Fire and
Aerosol) facility (Fig. 4-(a)). In this test, sodium heated to 480°C was leaked for approximately 1.5
hours from a leak simulated apparatus and caused to drop onto a ventilation duct and a grating with
the same dimensions and layout as those in Monju. The test was originally planned to continue 4
hours, but was discontinued after 1.5 hours because of a drop in the flow rate of the exhaust system.

This test was performed to examine the following items regarding the characteristics of sodium
leak and burning occurred in Monju.

1) To clarify the process by which the leaked sodium dropped, splattered and burned on the
ventilation duct and the grating.

2) To clarify the process of damage in the ventilation duct and the grating.
3) To determine the effects on the floor liner of sodium burning by using with a burning pan

made of the same material and having the same thickness as the floor liner of Monju.
4) To determine the quantity and chemical composition of the solid deposits and aerosols
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formed during the sodium burning.

3. 2. Main Results

3. 2. 1. Process of Dropping, Splattering and Burning of Leaked Sodium
Images taken with CCD (Charge Coupled Device) and infrared cameras show that initially the

thermometer's cap began to emit smoke; then the first sodium leak was seen emanating from a point
roughly halfway between the thermometer's end and the lowest point of the flexible tube.
Immediately thereafter, sodium was seen spraying in streamline flows from multiple points around
the elbow and the flexible tube, as, nearly simultaneously, the flames emanating from the first sodium
leak proceed toward the elbow along the surface of the flexible tube. The flame is supposed to be
generated by burning of the flexible tube's polyvinyl chloride sheath. The flame eventually engulfed
the entire left side of the flexible tube (i.e., the side of the end connector joining the flexible tube to
the thermometer). After the streamline spray observed when leaking first began, burning sodium
began pouring out of the flexible tube in drips; this dripping and burning expanded in range as the
sodium splashed on the duct.

3. 2. 2. Damage of Ventilation Duct and Grating
No damage to the duct itself was detected. However, the aluminum louver frame of the

ventilation duct's lower inlet was damaged: Its machine screws had come off, leaving half of the grill
(on the grating side) detached.

No large hole, like one seen at Monju, were found when the grating was removed from the
testing system for inspection, although the area centered on the point that the sodium attacked was
damaged in a way indicating the first stages of grating failure: The 5-mm-square lattice was corroded
through in some parts, and many blades (originally 3.2 mm thick) had become like the blade of a
sharp knife.

3. 2. 3. Temperature of Burning Pan
Figures 4-(b) and -(c) show the temperatures measured by the thermocouples on the surface and

underside of the burning pan in the vicinity of the point directly below the simulated leak. The
temperature on the burning pan's surface reached roughly 700°C in 10 minutes, then fluctuated
between roughly 700°C and roughly 800°C; the thermocouple burned out in roughly 52 minutes. The
burning pan underside thermocouple near the leak point measured 700°C in roughly 20 minutes, and
for the next hour remained stable between 740 tD and 770°C. The changes over time in the
temperature distribution measured by these thermocouples demonstrate that when the simulated
sodium leak test first began the burning pan temperature was highest directly below the leak, and that
as time passed this high-temperature region (roughly 700°C) expanded from the area directly below
the leak, transferring heat throughout the burning pan.

According to the post-test inspection of the burning pan (Fig. 4-(d)), sodium deposits on the leak
side of the burning pan (i.e., the left side as viewed from the manhole) were thick; the another side
was covered only with aerosol deposits. By measuring the burning pan thickness, it was found that
the burning pan had decreased in thickness across a one-meter circular area centered on the point
directly below the simulated leak. This loss of thickness was about 1 mm or less.

3. 2. 4. Quantity and Chemical Composition of Deposits and Aerosols
Of the approximately 240 kg of deposits and sodium aerosols collected after the test from the

entire testing system, 70% existed in the burning pan. Analysis of the chemical composition of the
deposits and aerosols revealed that roughly 60% to 70% were sodium peroxide, with the remainder
comprising sodium monoxide and sodium carbonate, along with sodium hydroxide in certain
samples.
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Samples, which were taken mainly from the bottom layers of the burning pan deposits, were
found to contain Na4FeO3, a compound oxide of iron and sodium. This compound oxide was also

detected in the samples taken from the flexible tube and the grating.

4. SODIUM FIRE TEST-H

4 . 1 . Overview and Objectives of the Test

On June 7, 1996, a sodium fire test-II was performed using SOLFA-1 (Sodium Leak, Fire and
Aerosol) facility (Fig. 5). This test, which continued four hours and employed 690 kg sodium heated
to 480X3, was aimed at the integrated simulation of a series of phenomena triggered by sodium leak.
The piping, ventilation duct, grating and floor liner were all full-sized and arranged in a rectangular
concrete cell in the same manner as Monju.

This test was performed to clarify the following items regarding the characteristics of the leak
and burning of sodium that occurred in Monju.

1) To clarify the leak and burning process of the sodium that dropped onto and splattered
across the ventilation duct and the grating by using a simulated leaking pipe with the same
attachments (e.g., piping supports).

2) To clarify the process of damage in the ventilation duct and the grating.
3) To determine the effects on the floor liner of sodium leak and burning by using floor liner

constructed in the same manner and the same structure configuration as the floor liner of
Monju.

4) To determine quantity and chemical composition of the solid deposits and aerosols
(products of sodium fires) formed during a simulated sodium leak of the same quantity and
duration as the Monju leak.

5) To determine the effects of leak and burning sodium on the concrete walls and floor.

4. 2. Progression of the Test

The test was begun at 11:00 by successively opening the three gate valves in the sodium supply
pipe, thereby allowing sodium from the sodium tank into the leak simulated apparatus, and causing
sodium to leak out from the end of the thermometer. During the test, temperature, pressure and other
data were measured. Visual data were collected with CCD cameras and infrared cameras, and the
atmosphere in the testing system was sampled.

At 14:44 (3 hours and 42 minutes into the leak test), the sodium supply pipe's gate valves were
closed and the test was terminated. And at 11:52 on June 10 (approximately 69 hours after the test),
the door of the cell was opened in order to visually inspect the interior; to determine the process by
which the leaked sodium dropped down and splattered, and to examine the state of the ventilation
duct, grating and floor liner.

4. 3. Main Results

4. 3. 1. Process of Dropping, Splattering and Burning of leaked Sodium
Images taken with the CCD and infrared cameras show that 1 minute and 54 seconds after the

first sodium gate valve was opened, the cap at the end of the thermometer began to emit smoke; 2
minutes and 1 second after the valve was opened, the first sodium leaks were seen emanating from
two points simultaneously: the lowest point of the end of the thermometer in the leak simulated
apparatus, and a point midway between the thermometer's end and the lowest point of the flexible
tube. Almost simultaneously, burning sodium from the first leak was seen flowing across the surface
of the flexible tube. In the early stage of the simulated leak, the sodium began dropping out of the
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leak point in burning droplets; this dripping and burning expanded in range as the sodium splashed on
the duct. In this respect the results of this test differ from those of the sodium fire test-I, in which the
leaking sodium did not burn initially. This burning of falling sodium gradually increased in intensity,
and columnar fire believed to originate in sodium flowing along the outer surface of the duct appeared
in two and half minutes. The leaked sodium first reached the grating and the floor liner in two
minutes and one second. Although sodium was seen dripping onto the lid of liner located by the
concrete wall soon after the leak began, this dripping apparently stopped in 2 1/2 minutes.

The atmosphere temperature at the approximate center of the test cell (Fig. 5-(a)) began rising
gradually when the test started, and fluctuated between 260 °C and 290°C beginning 40 minutes into
the test.

4. 3. 2. Damage of Ventilation Duct and Grating
After the test, extensive damage was observed in the ventilation duct and the grating in the area

roughly below the simulated leak.
The temperature of the ventilation duct's inner surface (Fig. 5-(b)), fluctuated between

approximately 600"C and 700^ . The thermocouple nearer to the leak point (TE5406) burned out
roughly 1 hour into the test, while the adjacent thermocouple (TE5407), far from the leak point, was
damaged 2 hours into the test. This suggests that damage of the ventilation duct began near the
leaking pipe and progressed toward the end.

The temperature of the grating (Fig. 5-(c)) began rising at the outset of the test, then fluctuated
between roughly 600^ and 900°C; damage occurred roughly 1 hour into the test.

4. 3. 3. State of Floor Liner
After the test, six sites of damage were found in the vicinity below the leak.
As evinced by the temperature measured by the thermocouple in the area of the floor liner's

underside roughly below the leak (Fig. 5-(d)), and by the temperatures measured in the air gap under
the floor liner, in the pearlite board and on the concrete surface (Fig. 5-(e)), the temperature of the
liner reached 760^ in 10 minutes, then fluctuated approximately between 750°C and 850°C, and
began rising rapidly in 3 hours and 20 minutes, eventually exceeding 1,000°C. A major change in the
temperature began in 3 hours and 20 minutes, at which point damage of the floor liner might take
place, allowing the sodium to reach the affected area.

4. 3. 4. State of Sodium Aerosols
Upon visual inspection, settled aerosols and deposits were found throughout the interior of the

test cell, but in fewer quantities than those found in the test-I. It was discovered deliquescence after
the test also occurred more quickly. In the area where the leak began, the thermometer's connector
had fallen away, and there were no deposits of sodium compounds on this area. The flexible tube
had split down the middle, and there were aerosols adhered to the right half (as viewed from the front
of the remaining temperature gauge), i.e., the side closer to end of the conduit connection. There
were sodium compounds adhered to the right side of the ventilation duct's outer surface, spreading
from the highest point directly under the leak. The area of the grating directly under the leak was
found to be damaged, but there were few deposits of sodium compounds in the upper section. The
floor liner was covered with sodium compounds, with relatively large quantities found in the corners
of the test cell (i.e., at both ends of the ventilation duct).

4. 3. 5. Concrete Temperature
Upon visual inspection of the system's interior, large quantities of aerosols were found adhered

to areas of the concrete side walls near the leak. As this visual inspection was carried out three days
after the test, deliquescence was advanced, but no damage was visible on the surface of these walls.
Measured temperatures of the concrete side walls near the leak (Fig. 5-(f)) reached lOO'C in
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approximately 30 minutes, and continued rising gradually until the test was terminated. The
temperature of the floor concrete (Fig. 5-(g)) reached 100°C in 1 hour, continued to rise gradually
thereafter, and began rising rapidly roughly in 3 hours and 20 minutes, reaching its maximum of 490
°C 25 minutes after the test was terminated. Damage of the liner is estimated to occur 3 hours and 20
minutes after the test began. As shown in Fig. 5-(h), the hydrogen concentration remained below
200 ppm prior to 2 hours and 30 minutes into the test, however, reached 1,670 ppm in 3 hours and
20 minutes. This increase is believed to have been triggered by a reaction between sodium and water
vapor accumulated in the region between the liner and the concrete, or by sodium-insulator (pearlite
board) and concrete.

5. CONCLUSIONS

Investigation of the data collected thus far leads to the following conclusions.

1) The average leak rate obtained from the sodium leak test (53 g/sec [±2]) verifies the rates
estimated from changes in the sodium tank level during the Monju accident.

2) In the test-I, sodium peroxide accounted for roughly 60% to 70% of the sodium aerosols,
with the remainder comprising sodium monoxide and sodium carbonate. Also, a
compound oxide of iron and sodium was detected in the lowest layers of the deposits
found in the burning pan.

3) Images taken with cameras in the sodium fire test-II reveal that in the early stages of the
sodium leak, the sodium dropped down out of the flexible tube in drips. This dripping and
burning were expanded in range as the sodium splashed on the duct. The dripping down
and burning of the leaked sodium gradually increased in intensity, and by the time 2 1/2
minutes, columnar flames apparently appeared from burning sodium that had flowed down
along the outer surface of the duct.

4) Upon inspection after the test-II, damage of the ventilation duct and the grating was found.
However, damage of the duct was greater than that of Monju. While the grating was also
damaged, there were few deposits of sodium compounds on its surface.

5) In the test-II, the temperature of the floor liner below the leak exceeded 1,000°C slightly
more than 3 hours and 20 minutes into the test; this was considered to occur by the failure
of the liner, and inspection of the interior after the test revealed six sites of damage.

6) No surface damage of the concrete side walls visually inspected after the inspection was
found in the test-II. Temperature changes of the floor concrete and changes in the
concentration of hydrogen in the cell suggest the possibility of a reaction between the
sodium and materials under the liner.
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