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Abstract

State-of-the-art of the research and development related to sodium fire and
aerosol behavior is presented. This paper covers the Japanese work on sodium
leak, leak detector, sodium oxidation and combustion, sodium aerosol release, lire
mitigation, reliabilities of the electrical instruments and the reactor components
under the sodium aerosols suspended atmosphere, aerosol plugging in a leak path,
and the computer codes are presented.

1. Introduction .

Sodium fire and aerosol research using the engineering scale test apparatuses
for the development of the sodium cooler fast breeder reactors had been started.in
the late sixties in Japan.

Activities of its first phase had been concentrated to support the development,
design, and construction of the experimental fast breeder reactor, Joyo, the loop-
type reactor. Since the Joyo primary sodium piping is of double-wall-type, no
sodium leak accident was postulated. Thus, the studies for the design basis
sodium leak accident had been limited to the sodium fire in an air atmosphere.

From the mid-seventies, the first phase was gradually changed to the second one
for the development of the prototype fast breeder reactor, Monju, the loop type
reactor. In Monju, a.leak from a pipe hole having an equivalent area of one-
quarter Dt, where D the pipe diameter and t the pipe wall thickness, was
postulated as one of the design basis accident. This postulation leads to a
comparatively large sodium leak. Therefore, another development studies have
been started, in particular, to mitigate the accident consequences and to make
realistic evaluation of the consequences. c

In the licensing process of Monju, demonstrations of the reliabilities bf the arc
mitigation systems to be installed in the auxiliary building, the electrical
instruments for monitoring post-accident conditions of the reactor, and the reactor
key components for decay heat removal operation were required. So, a series of
tests have been carried out in SAPFIRE, the newly constructed large-scale sod:u:n
leak and fire test facility in Oarai Engineering Center, PNC.

Research for a demonstration reactor has Keen started a couple years ago by
placing its emphasis to construct a cost-reduced plant concept.

The paper presents state-of-the-art of these activities.
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2. Leak Detection

In the past, a spark-plug-type and a lead-wire-type sodium leak detectors were
developed and used. To achieve earlier and quicker detection with higher
reliability, SID (sodium ionization detector)(1), DPD (differential pressure
detector), and RID (radiation ionization detector) have been developed.
Sensitivities of these detectors are very high. They detect such low concentration
aerosol as 10l0g/m3.

Performance test and life test of these detectors have been conducted in the
mockups of the reactor main sodium piping syitem and the reactor vessel at PNC,
Hitachi, and Mitsubishi. Results indicated their quick response. But, as the
reactor instruments, their performance was conservatively evaluated that they
detect a 100 g/h sodium leak within 24 hours.

At present, installation of the detectors are going on in the Monju site.

3. Oxidation and Combustion of Sodium and Resulting Aerosol Release

3.1 In Inert Atmosphere

In the inert atmosphere of the fast breeder reactor, a leakage sodium never
ignite but is just oxidized due to its reaction with a low concentration oxygen ( a
few percent). So, sodium oxide aerosols are released together with sodium mist
i.e., liquid sodium aerosol. To determine oxidation rate of sodium and resulting
releases of sodium aerosols including sodium mist during a leak, a series of tests
have been carried out at Mitsubishi in a 21 m3 concrete cell. The results obtained
have been compared with the predictions by the SOFIRE-M2 code. Good
agreement was obtained between the code and the test results'31.

The similar tests have been also carried out by PNC for a sodium pool, and the
results shown in Fig.l were obtained. In Fig.l, oxidation (combustion) rate
calculated b j the pool fire code, SOFIRE-M2, assuming that 100% of the reaction
product is Na2O, the experimental aerosol release rate into low oxygen
concentration (from 0 to 3%) atmosphere, the and the experimental sodium
evaporation rate(4) into the pure argon cover gas are plotted against sodium pooi
temperature. It is seen that the aerosol release rate is very close to the
evaporation rate and is far smaller than the code predicted oxidation rate. Lower
the sodium temperature, larger the difference. In case of a pool fire in an air
atmosphere, fraction of released aerosol is about 25% of burnt sodium or oxidized
sodium at its minimum<5). But, presented the fraction ranges from 1/5,000 to 1/10
in Fig.l. Cause of the large difference may be attributed to the different
combustion or oxidation process between an air and a low oxygen concentration
atmospheres. In the former case, the process is controlled by oxygen transfer
from an atmospheric gas to a reaction zone over a pool surface. But, in the latter
case, the process is sodium vapor diffusion control from a pool surface to a reaction
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zone over a pool. This means that aerosol release rate depends and oxidation rate
may depend strongly on sodium pool temperature. In conclusion, the oxidation
model used in SOFIRE-M2 may not be applied to the low oxygen atmospheric
conditions. Experimental oxidation rate under such conditions is under
investigation.

Sodium mist behavior in an inert atmosphere have been also studied extensively
<2),(4i_ Tke r e s u i t s indicated that mist concentration ranged from 0.1 to 20 g/m3
depending on the pool temperature with aerodynamic mass mean diameter of a
few micro-meters.

3.2 In Air Atmosphere

A sodium leak from the secondary system of the reactor in an air atmosphere
may result in generating a large combustion heat as well as releasing a large
masses of chemically reactive sodium aerosols. To study these, spray combustion
tests (Runs-Fl and El), combustion tests of a realistic leak from a model sodium
piping (Runs-B3, E2, and D2), and pool combustion tests (Runs-Al and Dl) have
been carried out by PNC. The model piping equipped with an inner jacket, a
thermal insulator, and an outer jacket was used in the second series of test; Runs-
B3, E2, and D2. Weight and leak flow rate of sodium in each of the spray and the
realistic leak tests ranged from 200 kg to 3 tons and from 20 to 240 kg/min,
respectively. Weight of sodium in the pool tests ranged from 200 kg to 1 ton.

Results indicated that the combustion during the realistic leak from the model
piping is milder than that of a spray(6). This is due to the fact that the inner and
outer jackets suppressed generating a spray but just allowed to generate a
downward column leak whose flow pattern is shown in Fig.2. So far, a spray
combustion has been postulated in the safety evaluation of the design basis
sodium leak accident. But, the above results clearly indicate that combustion heat
as well as sodium aerosol release rate during a realistic leak is smaller than those
postulated. A computer model for a combustion of a realistic leak is under
development. .

In the pool combustion test, its surface area ranged from 1 to 2 m2. Heat
generation rate (usually 100 KW/m.2 in a 21% oxygen containing atmosphere) and
heat transfer to the surrounding structures determined were in good agreement
with the predictions by SOFIRE-M2. One example of the comparisons between the
code and the test results is shown in Fig.3 .where the wall temperatures of the test
cell are plotted against time. In the pool combustion, 10 to 30Te of the burnt
sodium was released to the atmosphere as sodium oxide ̂ aerosols. Study to
investigate the combustion process and associated heat transfer process during a
pool combustion is also underway at the universities (4).

4. Mitigation

4.1 For Reactor Building



- 152 -

So far, a sodium leak from a leak hole having an equivalent area of one-quarter '
Dt as described was postulated as the design basis sodium leak accident for the
primary system. In the event of such an accident, a leakage sodium whose flow
rate ranges several tens of kilograms per second is spilled on the floor in the steel
lined cell. Thereafter, a spilled sodium flows into a certain cell, i.e., a storage cell,
and cooled there for a long period of time.

Throughout the above accident sequence, a high temperature sodium hits the
cold liner, at its first instance resulting in the liner deformation due to the large
thermal stresses generated in it. To develop the liner that suffers such accident
situations, development tests have been carried out at Mitsubishi and Hitachi
using the engineering scale test rigs and hot sodium. As the result, two different
types of the liners; fixed type and semi-floating type, have been developed. Figure
4 shows the thermal deformations of the fixed type one after such test. The upper
part of the figure indicates an initial deformation, and the lower part one
indicates remaining deformation or permanent deformation after the test.
Although the deformation was comparatively large, no defect was found irj.the
post-test examination.

Followed to the above tests, transient thermal conduction from a spilled hot
sodium to the concrete through the steel liner has been investigated by PNC. In
the test, two steel lined concrete test sections shown in Fig.5 were used. In Fig.5.
the test section shown in the left hand side is to simulate a flat floor, while the
right hand side one is to simulate a floor in which a steel bar is immersed. Heat
from a spilled sodium was simulated by operating the gas burner unit at the top of
the test section. In parallel with this test, thermo-physical properties of the
concrete, perlite concrete, and other construction materials of the steel lined
structural concrete have been determined in the temperature range from the
room temperature up to 500°C. The results obtained were used as the input data
for the analysis by the computer code. Results of the test indicated that the
thermal conduction can be evaluated with reasonable accuracy with a multi-
dimensional thermal conduction code, FINAS. Typical example of the
comparisons between the code and the test results is shown in Fig.6, where
temperature changes of the concrete at several locations in vertical direction of
the flat floor test section are plotted. Agreement is quite satisfactory.

4.2 For Reactor Auxiliary Building

Flow rate of a leakage sodium from the secondary system of the reactor ranges
several kilograms per second as in the event of a leak from the primary system, as
far as the same leak before break theory is applied. This requires the reactor
architect to design the auxiliary building that can recover a leakage sodium as
quickly as possible without exposing it to the air for a prolonged time.

To meet the requirement, the sodium fire mitigation system consisting of an
inclined catch pan, a drain piping, and a smothering tank was developed by PNC,
Toshiba, and Mitsui Engineering and Shipbuilding. Geometry of the smothering
tank is simpler than any other ones ever developed. '
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In beginning, a small prototype system was developed by PNC. With this
system, thermal transients given by a spilled sodium to the liner and to the drain
piping were investigated by spilling a 180 kg sodium at 500°C. Sodium
combustion rate in its smothering tank determined was less than a few
percentage of that with an open pool combustion.

In next, the large scale engineering test of the system has been carried out in the
reinforced concrete test rig, SOLFA-1, in the SAPFIRE facility(6). An
arrangement of SOLFA-1 for the test is shown in Fig.7. In the test, a design basis
sodium leak accident starting from a leak and ending with termination of a fire in
the smothering tank was simulated using a 3 tons of sodium at 500°C. Results
indicated that more than 90 % of a spilled sodium was recovered smoothly in the
smothering tank. Furthermore, in the smothering tank, a combustion was self-
extinguished within 20 to 25 minutes due to a quick consumption of oxygen in the
tank. The system is now installing in the Monju plant.

Generally, the steel liner is expensive because of its complicated structure to
avoid excess thermal stresses. So, efforts should be paid to develope more ,
convenient system having high.reliability with reasonable cost. Since ceramic
liner is one of the most promising one, its feasibility study has been started by
PNC. So far, screening test of various kind of ceramics has been completed.
Engineering scale test is soon to be started.

4. Consequences of Sodium Aerosol Release

In an inert atmosphere, sodium mist is generated as aerosol(7). If sodium mist is
transferred to an air atmosphere,sodium mist changes to sodium oxide, sodium
peroxide, sodium hydroxide, and sodium carbonate aerosols<8). Sodium aerosols
having the same chemical compositions may be generated in the event of a sodium
leak in an air atmosphere. As is well known, these chemicals are reactive,
therefore, their deposits may interfere with the reliable operation of the electrical
instruments. In addition, such aerosols may be taken into an air cooler or an air
conditioner and may reduce their heat exchanging capability.

To evaluate the possibteJproblems associated with the aerosol deposits,
performance tests of the electrical instruments and the reactor key components
have been conducted under the accident simulated conditions for a day to several
months. Aerosol concentration during the tests was from 0.1 to 1.0g/m3. The
electrical instruments and the components tested were the pony motor of the
mechanical pump, the post-accident monitors (i.e., sodium level meter, radiation
detectors, and so on), cables, connectors, cable penetrations and isolation valves
for the reactor containment, and the air cooler. ' *

Before the test, reduction in the insulating resistance of the electrical
instruments due to corrosion by sodium hydroxide deposits was suspected. But, no
reduction was experienced. Exceptions were those in which sealings or sealing
materials were inadequate. Reason of the no reduction was attributed to the fact
that sodium hydroxide deposits changed to chemically stable sodium carbonate by
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their reaction with carbon dioxide in the air(9). For the connectors, test results
revealed no need of special measure against aerosols migration into them. For
pony motor, no problem was experienced although the aerosols deposited in its
cooling duct. Reduction in heat exchanging capability of the air cooler due to the
deposits was less than 8%.

Regarding aerosol transfer or leak from one cell to ̂ neighboring cell through a
leak path, the aerosol plugging test was conducted at Mitsubishi. The test pieces
used were a straight tube, a L-type tube filled with stainless steel wool, and a
double-tube having an annular flow path whose equivalent hydraulic diameter
rangede from 0.4 to 30 mm. Aerosol concentration during the test was less than
1.0 g/m3. Test results obtained were rearranged by PNC as shown in Fig.8, where
the horizontal axis indicates the product of aerosol concentration and flow velocity
in a path and the vertical axis indicates the time till complete plugging. It is seen
that the time till complete plugging dose not depend on geometry of the leak path
but rather on the product of the concentration and flow velocity. Plugging
occurred sooner or later, within a few hours, within the extent of the prese,nt test.

Following a sodium fire accident, some fraction of released sodium aerosols may
be transferred to another cells, where the plant workers are fighting against the
transient to control the plant. In such an event, the plant worker wears respirator.
To evaluate performance of the respirator, the test has been carried using sodium
aerosols, NaOH mist and dust, and Na2CC*3 mist and dust. Aerosol behavior code
to analyze aerosol deposition in the respiratory air flow paths in the living bodies
has been also developed by taking into account a morphological lung model.
Results of the test revealed that performance of the respirator consisting of the
mask filers for fine radioactive aerosols is quite satisfactory against sodium
aerosols. Calculation by the code suggested that most sodium aerosols deposit
near the inlet of the respiratory air flow paths.

6. Codes

To analyze a sodium pool combustion, SOFIRE-M2 and SPM have been
developed. In SPM, a flame over a pool that is formed during a combustion in an
air atmosphere is modeled. For the analysis of a spray combustion, SPRAY-3M
has been developed based on the SPRAY code. In addition, ASSCOPS have been
developed as an integrated version of SOFIRE-M2 and SPRAY-3M to analyze a
simultaneous spray and pool combustion. For analyzing aerosol behavior, ABC-
INTG have been developed. Development of these codes has been conducted by
PNC and MAPI. As a multi- cell thermal consequences evaluation code, HIS1AC
have been developed by Hitachi(10).
Verification and validation of the codes have been carried out in the benchmark

calculation with foreign codes, using the test results from the SAPFIRE facility,
and those from the foreign test facilities. .
Structure of the above codes are comparatively simple. Thus, one can not

evaluate the thermal consequences precisely, particularly, in case of a fire in a
non-rectangular cell having the components in it. To improve the situation, a
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multi-dimensional heat transfer code in which gas natural convection heat-mass
transfer inturbulent flowregion with high Rayleigh number is under
development. •
Further detailed description of the codes are presented in another paper of this
meeting*10*.

7. Conclusions
. • • • • • • • ' •

High sensitive sodium leak detectors have been developed. They detect a 100 g/h
sodium leak within 24 hours.

Oxidation rate or combustion rate of sodium and resulting aerosol release were
studied for a spray and a pool. For a spray in a 3% oxygen atmosphere,.the test
results of combustion were in good agreement with the code. But, for a pool in a
low oxygen concentration (from 0 to 3%) atmosphere, the experimental aerosol
release rate was from 1/5,000 to1/10 of the code predietedoxidation rate. In an air
atmosphere, combustion rate of a pool can be analyzedwith reasonable accuracy
by the code.

Simulation test of a sodium leakfromthe piping indicated that a flow pattern of
a leakage sodium is a downward column whose combustion is milder than that of
a spray.
The sodium leak and fire mitigation systems have been developed for the reactor

building and the auxiliary buildings and their performance have been
demonstrated. Ceramic liner is under development.
Chemical and mechanical consequences due to the sodium aerosol deposits on the

electrical instruments and the reactor components have been studied. Although
test duration were long» no serious problem was experienced, except a few whose
sealings were inadequate. Aerosol plugging in the leak path has been also
studied. Test of respirator for the plant worker showed that nuclear grade one is
enough against sodium aerosols. The code-to analyze aerosol behavior in the
living bodies provided us useful infcnnatlm.

To analyze a pool, a spray, a simultaneous pool and spray combustion, and
aerosol behavior, SOFIRE-M2, SPRAY-3M, ASSCOFS, and ABC-INTC- have
been developed, respectively. The SPM code was also developed to analyze a pool
combustion in an air atmosphere..Tb;ese codes have been validated by the test
results. A multi-dimensional code to analyze heat-mass transfer during an
accident is under development. The code to analyze a column and pool mixed
combustion is also under development.
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