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SUMMARY

I. Introduction

The Specialists' Meeting on Sodium Fires, Design and Testings was held
at Richland, USA, on 24-28 Hay 1982. The meeting was sponsored by the
International Atonic Energy Agency on the recommendation of the Interna-
tional Working Group on Fast Reactors (IW3FR). The meeting was attended
"by 25 participants and observers from France, the Federal Republic of
Germany, Italy, Japan, the United Kingdom, the United States of America
and the IAEA, and was presided over by Mr. R.K. Billiard of the USA.

The purpose of the meeting was to review the state-of-the-art and
to summarize the IWGFR member countries experience in the investigation
of sodium combustion phenomena, development of computer codes, as well
as to review and discuss extinguishing systems, air cleaning systems, and
effects of sodium fires on LHP3R plant structures.

At the first session of the meeting national review papers on the
meeting subject were presented and discussed. This session was followed
"by three technical sessions, as follows:

A. Sodium Combustion Phenomena and Computer Codes

B. Prevention and Mitigation

C. Effects of Sodium Fires and Spills on LMF3R Plant
Structures

During each technical session papers and statements were presented
and discussed by the participants of the meeting, conclusions were
prepared and considered in an open discussion. At the end of the meeting
general recommendations were made and agreed upon by the delegates. On
28 May a tour of REDL facilities was organized for the participants of the
meeting.

II. Summary of the Session on Sodium Combustion Phenomena and Computer
Codes. Session Chairman: D.M. Donaldson

1. Pool Fires

A number of pool fire codes have now been developed, notable NA3RAND,
FRASC, and PYROS plus SOFIRE II as modified by the USA, the Federal Republic
of Germany, France and Japan. While all these codes demonstrate deviations
to some extent between predictions and experiment, it is generally believed
that they are now adequate for specific applications. The main risk
associated with this assumption is that some unforeseen mechanism might
exist that will affect burning rates under certain conditions. For example:

i. Recent work in France, the Federal Republic of Germany and Japan
is focusing attention on the ratio of sodium pool surface area/
cross-sectional area of the containment vessel as a key parameter
and, in this context, convection may be one of the more important
processes.

ii. The significance of pool depth on mass of sodium burned is still
not completely resolved and experimental results would be of in-
terest for pool depths larger than 30 cm.



iii. Higher initial peak gas temperatures and pressures have been ob-
served in French experiments with low temperature sodium spills
(approx. 220°C) than with higher temperatures (approx. 550 C).

As a result, larger-scale experiments appear to he required to validate the
codes.

Several countries recently collaborated in comparison calculations of
aerosol codes with good results- It should be considered that under IAEA
auspices a similar comparison be made of sodium pool fire codes. It is
believed the codes are sufficiently developed for a meaningful comparative
exercise of this nature.

2. Spray Fires

All delegates were agreed that there have been improvements in our under-
standing of spray fires and in the development of codes since the last meeting
in November 1978. However, there is still a need to increase the data base for
spray fire codes and there was a considerable measure of agreement in the nature
of data required. For example, participants were in agreement that droplet
size distributions are fundamental input data for spray fire code applications.
Further research on jet hydrodynamics is thus required to enable a better
assessment of the droplet size distribution in postulated reactor accidents.
The delegates were also agreed on the need for large-scale tests to provide
data that would be used to improve and validate codes. However, many of the
delegates were of the opinion that additional experimental work would be re-
quired, aimed solely at improving our understanding of the physical processes
involved. Examples of topics identified for specific study are droplet
reaction rate, convection within the containment and containment atmosphere.
Little advance has been made in modelling combined and pool fires. Some
relevant experimental work is in progress.

3. Aerosols

Studies and modelling of aerosol behaviour were not discussed to any great
extent. There was a general impression that predictions using the developed
codes are generally in agreement throughout the world. It was noted that the
codes employed the same basic equations and that none of the codes have been
tested for high concentrations or for multiple aerosol sources. Some experi-
ments and theoretical efforts were presented concerning the physical and
chemical behaviour of aerosols, and their influence on the environment.

Further, experimental and theoretical studies are needed. Particularly
a better understanding is required of the source term (aerosol release rate)
from a fire. Turbulent convection may be a key process in particle agglomera-
tion and deposition.

Ill, Summary of the Session on Prevention and Mitigation
Session Chairman: S. Jordan

1. Leak Detection

Leak-before-break design philosophies require that sodium leak
detection systems be available. Various leak detection systems have been
improved since the last meeting. The participants agreed that systems are
reliable enough for use in reactor cells. Nevertheless, further improve-
ment is encouraged. Most leak systems are based on aerosol detection.
Attention should be given to the placement of these devices to assure
aerosols could be detected.



2. Extinguishing Systems

Two types of passive catch pan extinguishing concepts were discussed.
It was the feeling of the group that passive catch pan devices are effective
in extinguishing sodium fires.

Among powder systems, graphite base extinguishing powders are now pre-
ferred by most countries. The effects of sodium temperature, sodium pool
depth and quantity, and method of powder application need to be studied as
has already been done for Marcalina powder.

If used as a passive system, extinguishing powders may not be entirely
effective for pool fires initiated by spray fires. Additional testing is
needed if powders are to be used as a passive system. Further investigations
are necessary to develop sodium fire fighting applications and procedures
for powder systems.

Attention should be given to cleanup of debris followiug extinguishment
of sodium fires. In particular, questions exist regarding formation of
combustible gases (for example hydrogen or acetylene) or other chemical
hazards when debris is reacted with water. Potential cleanup problems and
technical issues following sodium fire extinguishment for the case of reactor
accidents should be given increased attention.

Some larse-scale sodium fire extinguishment tests are being planned
using passive catch pans and powders. They include tests in Esmeralda.,
FAUNA, and the UK, and in the USA.

3. Air Cleaning

Sodium aerosol filtration systems exist and have been tested which can
adequately collect sodium aerosols for a variety of conditions. Many systems
such as HEPA filters and Sand and Gravel Bed Filters, have high collection
efficiencies, but relatively low mass loading capabilities. Aqueous systems
have both high collection efficiencies and high mass loading capabilities,
but are active systems. A new system has been tested in the USA which is
passive and has both a high mass loading capability and high collection
efficiency.

Reactor manufacturers are interested in development efforts regarding
air cleaning system!». Research and testing under various conditions (in
particular, nominal and transient flowrates), and the development of new
devices are encouraged. Tests should consider aerosol characteristics such
as particle size distribution and chemical composition.

IV„ Summary of the Session on Effects of Sodium Fires and Spills on LTCTR
Plant Structures. Session Chairman: J.C. Malet

1. Sodium-Concrete Reactions

Sodium-concrete reactions were not discussed at the 1978 Meeting.
The recommendation to discuss this item at the present meeting appears
to be successful as evidenced by the work completed in this field. A
considerable data base has been developed for sodium-concrete reactions
by tests in France, Japan, the UK and the USA. Many features of sodium-
concrete reactions are understood. The results, however, are not entirely
reproducible because of the variety of test conditions and concrete
aggregate types. Several codes to describe sodium-concrete reactions are
in a developmental stage and require more effort.

For reactor accident applications more prototypic tests are required
to include prototypic thermal loads to the concrete, coupling between mech-
anical and chemical effects, concrete thickness, and geometrical aspects.
Efforts should consider less reactive concrete, or protective materials.



. There is only a limited amount of data on the aerosol source term
associated with sodium-concrete reactions. Efforts should be made to char-
acterize the magnitude, particle characteristics, and chemical composition
of this source term; and to determine how they are affected by, for example,
cover gas, sodium pool depth, and sodium pool agitations.

2. Water and Gas Release from Concrete

The general features of water release from heated concrete are fairly
well understood, although the detailed physical phenomena are not totally
understood over the entire temperature range. Several computer codes which
predict water release from heated concrete are in various stages of develop-
ment. There is in general good agreement between experimental and calculated
water release for one-dimensional situations.

3. Exposure to Aerosols

Experiments on the effects of sodium aerosols on equipment were
presented by the Federal Republic of Germany. Blowers and coolers have
been found to operate satisfactorily under conditions tested. Experimental
work with other types and designs of equipment and instrumentation are
recommended.

V. General Conclusions and Recommendations

1. Attention should be given to cleanup of debris following a sodium spill
and subsequent reactions which may occur. Questions exist regarding the
formation of combustible gases or chemical hazards which may be prese-*-
while attempting to put a cell back into service.

2. The previous reconnnendation from the 1978 Meeting regarding the chemical
evolution of sodium aerosols is still valid. Understanding chemical
evolution of sodium aerosols, the influence of convection on aerosol
release and behaviour, and the harmful effects of aerosols are considered
necessary.

3. A comparison should be made of sodium pool fire codes under IAEA
auspices. An international benchmark programme is recommended.

4. The development and application of protective clothing was not
discussed again at this meeting. This topic should be considered
for the next meeting.

5. The delegates recommended that another meeting on the effects of
sodium spills be held in three to four years.

10



POSITION PAPER OF THE
FEDERAL REPUBLIC OF GERMANY
ON SODIUM FIRES, DESIGN AND TESTING

S. JORDAN, H. OEYNHAUSEN*,
K.F. FREUDENSTEIN*, W. PEPPLER
Kemforschungszentrum Karlsruhe GmbH,

* Internationale Atomreaktorbau GmbH,
Bergisch Gladbach,
Federal Republic of Germany

1. Containment

A substantial part of the R+D-work is correlated to the containment concept.
The safe operation of the containment with its main components has to be
shown by containment analysis and several experimental work under accident
conditions. The results of the aerosol-physical and thermodynamic analysis
are discussed with regard to their importance for the experimental para-
meters.

1.1 The Containment System SNR-3OO

A prismatic containment was selected for the SNR-3OO plant. The design of
the containment is" shown in priciple in figure 1. The building structure
surrounding the reactor tank and the primary heat removal chain represents
the limit of the inner containment (Zone 1). The inner containment which is
filled with inert gas, consists of the reactor cell with its floor-cooling
system, the primary cells and the pressure relief room. The concrete struc-
ture is clad with a steel liner.

The outer containment (Zone 2) consists of the ventilated reactor hall and
the rooms for the auxiliary equipment. A concrete structure with an outer
steel shell completely encloses the inner and outer containments. The space
between the steel shell and the concrete building of the outer containment
forms the revcnting gap (Zone 3).

An important aspect of this containment design is that thermodynamic loading
produced by an accident in the primary system is carried by the inner con-
tainment (Zone 1).

The reventing system serves to enclose the activity released to the contain-
ment following an accident. Blowers are provided to maintain the pressure
within the reventing gap at 3 millibars below the external atmospheric
pressure, thus preventing an uncontrolled release of activity. Gas drawn out
of the gap is returned into the containment, thus achieving the reventing
effect and leading to a rise in pressure within the containment. When the
pressure reaches its maximum permissible value, gas is exvented through an
off-gas system in order to reduce the containment pressure. In the initial
stages of reventing operation, no active discharge occurs from the contain-
ment.
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The steam generator 'building is vented. To prevent sodium concrete reactions
after an accident, the floor is covered with catch-pans. The accidental re-
lease of sodium aerosols from the building occurs without any filtration
systems in the off-gas pathway.

CONTAINMENT SNR 300

1ZONEKINERTED)
2 ZONE 2 (AIR)
3 REVENTING GAP
4 RING SPACE
5REVENTING BLOWERS
e EXVENTING RLTERS

Design data

- max. pressure of the inner containment - 1,3 bar

- max. pressure of the outer containment - 1,25 bar

- Reventing blowers: flow rate - 2000 m3/h at 0,22 bar pressure difference

- Exventing sand bed filter: flow rate - < 300 m3/h

Figure 2 shows the heat flux diagram of the SNR-300 with the main heat
sinks.

cams
Oir/Nz

HEAT FLUX WITH ACTIVE HEAT SINKS

na 2 HEAT FLUX IN THE SNR-300 CONTAINMENT SYSTEM

The maximum permissible temperature in the outer containment is mainly in-
fluenced and guaranteed by the recirculation air cooler in Zone 2, and the
N2-recirculation cooler in the inerted Zone 1b. The operational safety of
these coolers is proved by experiments.

1.2 Containment system for Future Plants

Figure 3 shows an example for a loop-type SNR-2 reactor plant. The contain-
ment concept of the SNR-2 has not been selected yet; the following concepts
are under discussion:

- Activity enclosure after an accident by underpressure in an enveloping
concrete building. One problem of this concept is the high aerosol and
activity inventory of the off-gas filter after accidents with high level
source terms.
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- .Activity enclosure after an accident by underpressure in an enveloping
concrete building, additionally a «circulation air filter system to re-
duce the aerosol concentration and the release via the off-gas system.
The aerosol behaviour in this containment concept is comparable to that
in a steel containment.

- Sreel containment with a leakage of about 1% per dav.

An SNR-3OO type containment with a reventing system is not optimal in view
of design requirements derived from external events. The final choice will
depend on the accidents and source terms to be considered and on costs.

Concrete
buiLdtng

Sec. sodium pump

sisam generator

Guard vessel T//E Prin sodium pump

FIG 3: SNR-2 LOOP-TYPE-PLANT

The off-gas aerosol filter is preferably realized as a sand bed type filter.
The high off-gas flow rate e.g. an off-gas rate of about 20.000 m3/h for
SNR-2 would require a much larger filter surface area than for SNR-300.
This shows that alternative filter concepts should be investigated.

The steam generator building will be equipped with an off-gas filter system
to prevent high emission of sodium aerosols after an accident.

2. Sodium Incidents

Sodium leakages caused by a failure in the primary piping system in the
inner containment are covered by cavities and by catch pans. The atmosphere
is inerted with Nitrogen, thereby reducing the aerosol source term. Burning
of sodium is impossible. The aerosol source term is limited by the residual
oxygen concentration of about 0,7%.

In an early stage of the SNR-300 project it has been insinuated that the
reactor vessel would fail after an HCDA. (In the meantime it has been shown
that the SNR-300 vessel withstands the mechanical loadings of 370 MJ mech.
energy and also the thermal loadings of molten fuel after HCDA). Therefore,
the assumption of this failure became the basis for the containment design.
Following an assumed rupture of the bottom of the tank and double tank, the
floor cooling system would fill with fuel and primary sodium (̂  365 to. Na).
Evaporating of sodium and fission product from the floor cooling device
occurs.

The maximum accident in the steam generator building of the SNR-300 leads
to a large sodium fire. Connection between sodium and concrete is prevented
by catch pans with a free surface of max. 150 m2.
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To mitigate the sodium fire all catch pans in the steam generator building
are covered with grating-type-cover systems.
Within 0,5 h the sodium is discharged into the sodium leakage tanks. Thereby
the sodium fire is stopped.

Furthermore, a powder-extinguishing system is installed for the case of mis-
function of the sodium discharge system.

3. Thermodynamic Consequences

3.1 The thermodynamic consequences for the containment after an HCDA are
calculated with the codes NACON and THERCON. The results of these calcula-
tions, e.g.

- pressure function in each zone of the containment

- leakages between the zones

- temperature function of gas and concrete

are boundary conditions for the radiological and aerosol physical calcula-
tions with the aerosol-code PARDISEKO and the radiological-code AREAN.

3.2 Sodium Fires

For the technical and design layout of containment systems of sodium cooled
fast breeder reactors large sodium fire accidents must be considered. The
analysis of these accidents is absolutely necessary for the safety relevant
examination of the whole reactor plant. Accidents may occur by leaking
pipes, inappropriate handling of sodium or postulated core disruptive
accidents resulting in major spills of hot sodium.

Sodium fires increase the temperature and the pressure in the containment,
produce chemical aggressive compounds, increase the corrosive burden on
reactor components and cause the release of large amounts of aerosols
consisting of different sodium compounds.

Large scale sodium fires were performed in the FAUNA test facility. Up to
500 kg of hot sodium were released into differently-sized burning pans
(2,5 to 12 m 3 ) . In the reaction vessel (220 m3) pressure and oxygen content
were either kept constant within a fixed range or the containment was closed
in order to measure the pressure rise due to sodium fire.

The temperature gradients in the reaction vessel were measured with particu-
lar accuracy because of their importance for the layout of containment struc-
tures. The temperature gradient in the reaction vessel during the fire is
higher for smaller burning areas in the center of the burning pan. The tem-
perature gradients decrease substantially when the burning area covers
nearly the whole cross-section of the reactor. Therefore it seems to be
necessary to take into account these temperature gradients in the contain-
ment.

Mean burning rates between 20 and 40 kg Na/m2 h were measured in normal at-
mosphere. For large burning areas peak values up to 70 kg Na/m2 h were
measured for short periods of time. It should be noticed that in the heated
containment the burning rate did not decrease substantially with decreasing
oxygen content in the atmosphere / 1_/.

For the recalculation of the thermodynamic consequences of the sodium fires
two codes were available: SOFIRE II, developed by Atomics International and
NABRAND, developed by Interatom. The codes differ in describing the burning
and heat transfer model and the burning rate. SOFIRE II calculates the burn-
ing rate by the mass transport of oxygen to the burning zone. The NABRAND
model calculates the burning rate with a formula of Gardlis by using an
initial burning rate of 35 kg/m2. The NABRAND code uses a flame model. Re-
calculations of the experimental data have shown that temperature as well as
pressure build-up were underestimated by the SOFIRE-code.



The SOFIRE code was revised by using new data for the gas transport coeffi-
cient and the stoichiometric ratio of the reaction products. The heat trans-
fer from the containment wall to the outside was taken into account. In Fig. 4
the gas temperature and the gas pressure in the FAUNA containment are plot-
ted and compared with the revised SOFIRE code calculations. The code calcu-
lates pressure and temperature conservative within an error of 30%.

In cooperation with CEA sodium spray fires were performed in the FAUNA-con-
tainment. Up to 60 kg of 500 °C hot sodium were ejected in less than two
seconds through 271 nozzles of 4 mm diameter into the 220 m3 containment.
The pressure maximum was measured about 4 seconds after ejection. After a
steep increase pressure fell with an exponential decay. For low sodium
quantities pressure increased nearly linear with increasing sodium quantity..
For larger amounts of Na an increase of Na-quantity causes an increase of
pressure by a much smaller rate-
Improvement of the existing spray codes by these experiments is planned.

3.3 NABRAND-Code

NABRAND is a code to determine thermal loading and pressure rise in case of
sodium leakage and subsequent sodium pool fire. The code was used for con-
tainment SNR-300 design. The code is characterized by flexibility in appli-
cation of special design features and accepted by licensing authorities in
Germany.
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Fig. 4: SOFIRE II rev ver i f i ca t ion by FAUNA experiment

Code development led to a new "flame model" with variable flame temperature
instead of variable flame emissivity as a function of the heat balance and
introduction of a radiation heat absorption factor dependent on aerosol
concentration in the gas space.

Further code improvement is planned for more sophisticated application of
the code for design and risk studies:

- validation of coupled NABRAND/SPRAY-code

coupling of the DATRAN code (water release from thermal loaded concrete)
taking sodium water reaction and interchange sodium basaltic concrete
into account.
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3.i Water Release from Concrete

The water release from concrete is calculated by the codes DATRAN and BEWA.

DATRAN is specialized to calculate the vater release from concrete surfaces
with a temperature more than 100 °C. The main transport effect is a steam
flow underpressure gradient from the so-called "dry-front" in the concrete
to the hot concrete surface.

A comparison between experimental and calculated datas for the reactor
Cell of the SNR-300 after an HCDA shows that the DATRAN-values are
conservative.

BEWA calculates the water release from concrete surfaces with temperatures
smaller than 100 °C. The steam transport between the concrete surface and
the surrounding atmosphere is calculated by a diffusion equation. Figure 6
gives a comparison between experimental and calculated values. The differ-
ence between the calculated and measured datas seems to be negligible.

/too time [/?]

N

stOO 200 3°O tOO 5O0 6O0

time [bj

Fig. 5: WATER RELEASE FROM CONCRETE

Both codes calculate the water release under the accidental thermodynamic
conditions of the containment without the assumption of an additional fail-
ure of containment structures for example steel liner or - in the case of
SNR-300 - floor cooling device. In particular for the risk analysis it is
not satisfying. Additional research seems to be necessary in particular
aerosol and sodium fire behaviour and water transport after sodium concrete
connection.

3.5 Protection and Mitigation

Protective System against Sodium Pool Fires.
During the research and development work on test facilities and the German
FBR the work centered around an investigation of inherently ready-for-opera-
tion protective systems built to confine or even to avoid large sodium pool
fires. A simple but very efficient catching system with a special cover
(Figure 6) was developed / 7,8_7-
The cover consists of a folded plate like a roof, thereby generating paral-
lel collecting drains. At the bottom of each drain there are holes of 25 mm
diameter corresponding to an area fraction of 0.45%. It has been proved in a
series of tests that the protective system works without any active measures.
Sodium is drained into the pan with a maximum rate of 300 kg/m2 min and
freezes there. The combustion rate amounted to only 12% of a normal pool
fire . The aerosol release to the environment is 1%, only based on the
reacted mass of sodium compared to 36% in pool fire. Because of its simpli-
city of construction and effectiveness against pool fires this protection
system is favoured for the secondary systems of future large FBR's in Germany.
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Extinguishing Powder on Graphite Base.
A graphite-based extinguishing powder, newly developed by the French firm
CECA S.A., Le-Carbone-Lorraine, for use on liquid metal fires has been
tested on a sodium fire in a pan of 0.96 m2 using 60 kg of sodium /2/. The
powder has a much lower density (0.02 g/cm3) compared to the conventional
types used. It floats on the Na-pool surface so providing a barrier for the
oxygen.
The new powder has excellent efficiency /3/ in dealing with sodium pool
fires. Application is simple. The amount required is more than one order of
magnitude less than that of currently available alternatives. The powder is
not corrosive.

4. Aerosols

4.1 Sodium Fire Aerosols

The complete description of large scale sodium evaporation and sodium fires
requires not only the knowledge of thermodynamic data but also caracteristic
data of the aerosol formation and aerosol behaviour processes in the contain-
ments. The knowledge of the physical and chemical properties of the sodium
resp. sodium fire aerosols is of great importance for the layout of filter
systems, reactor components and for estimating the environmental impact of
reactor accidents.

The physical process of the aerosol formation is the following: small par-
ticles (0,2-0,5 ym) are generated by condensation processes either shortly
above the sodium surface or in the sodium flame. The number of these small
particles is reduced by diffusion to and deposition on the walls of the con-
tainment and by coagulation with other particles. Larger particles are pro-
duced. The number of these large particles is reduced by their high velocity
of sedimentation.

During core disruptive accidents the aerosol source term in the inner con-
tainment may be dominated by the sodium evaporation rate from the pool.
Therefore, extensive experiments on sodium evaporation have been performed
at KfK in the NALA-experiments. A good proportionality between the specific
evaporation rate and the sodium pressure was found. During these experiments
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sodium aerosol mass concentrations up to 20 g sodium/m3 were measured. Log-
normal particle size distributions were observed with aerodynamic mass me-
dian diameters increasing from 0-6 urn to 2 um. External heating has no strong
effect on the particle size / "•_!-

Large scale sodium fires were performed in the FAUNA test facility with
respect to the validation o.r aerosol codes. During and after the sodium pool
fire experiments physical <data of aerosols were measured with high intensity
and accuracy.

High gas- and sodium temperatures are causing high burning rates in normal
atmosphere. High burning rates are correlated with high aerosol formation
rates. Aerosol formation rates between U and 9 kg Na/m2 were measured.

The sodium fire aerosol is characterized by the airborne mass concentration,
the size distribution of single particles and the chemical composition.

The aerosol mass concentration was measured continuously in the FAUNA test
facility up to 100 h. The airborne sodium mass concentration increased very
rapidly in the first minutes up co concentrations in the order of some 10 g
Na/m3 and decreased to 0.1 mg/m3 in 100 hours with an exponential decay over
5 orders of magnitude. Large 'burning areas caused higher aerosol concentrati-
ons in the 220 m3 containment. In these cases immediately after the fire a
faster decrease of concentration was observed. The course of the sodium mass
concentration could be measured with an accuracy of at least + 10% during
the experiment.

Three main physical processes determine the behaviour of airborne particles:
diffusion to the walls, coagulation with other particles and sedimentation
of particles on the ground. Temperature gradients between particles and
walls may influence the particle behaviour by thermophoresis.
These physical processes depend strongly on data of single particles such as
particle diameter, shape of particles (spheres or needles), density, partic-
le number concentration.

During FAUNA-experiments the aerodynamic median diameter could be measured
with an accuracy of about + 30%. The median particle diameter increases very
rapidly during the course of the experiment from o.5 urn to 3 urn during the
fire and decreases to 0.5 jjm several hours after the fire.

The current aerosol codes take into account the physical processes of aero-
sols. The codes have now been sufficiently developed to calculate with
reasonable accuracy for LMFBR's all problems connected with aerosol behaviour
except sodium condensation. The effect of non-sphericity on particle mobi-
lity is taken into account in the aerosol codes by the dynamic shape factor K
which is < = 1 for spheres. For sodium fire aerosols K has been derived as
K = 1,1. The non-sphericity in the coagulation process is taken into account
by the coagulation shape factor f. A program is on the way at KfK in order
to determine experimentally the shape factors K and f.

A comparison of the experimental data with PARDISEKO Illb / 5_7 code calcu-
lations have shown that the calculations overestimate the course of the mass
concentration during the fire (Fig.7 ). The decrease of aerosol concentrati-
on after the fire is calculated fairly well. The influence of gravitational
coagulation is low. In particular during the fire the code overestimates the
concentration by a factor up to 3 / 5_/.
Improvement of the code seems to be necessary.
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In particular comparison of the codes in the range of very high mass concen-
trations up to a few hundred g/m3 with experimental results seems to be ad-
visable. These mass concentrations are expected for larger accidents in the
1MFBR containments. It also should be noted that an error of 30% in the
determination of size distribution of the particles may cause an error of
a factor 2 or more for the calculation of the dynamic shape factor K. The
influence of turbulence should be taken into account in the codes. Especial-
ly for extremely high aerosol release terms deposition processes near the
source should be taken into account.
The chemical composition of the particles influences the particle behaviour
in the containment. The chemical transformation processes of sodium fire
aerosols were investigated in Karlsruhe. Sodium oxide aerosols react quickly
with water vapor in the atmosphere to become sodium hydroxide and, subse-
quently with the carbon dioxide of the air, to become sodium carbonate resp.
sodium hydrogen carbonate. At r.h. above 30% the transformation rate from
oxide to hydroxide is within seconds. At r.h. above 40% sodium hydroxide
aerosols are transformed into carbonate within less than 30 secondSi The
transformation of carbonate into hydrocarbonate is much slower / &_/• Ex-
tensive studies have shown that the density of the particles is not iden-
tical with the theoretical density. Usually dry sodium oxide and sodium
hydroxide particles have a porosity of about 30%.

During the experiments on violent sodium spray fires in the FAUNA facility
aerosol concentrations up to 200 g/m3 were produced in the containment. The
study of the behaviour of these high concentrated aerosol systems is on the
way.

4.2 Behaviour of Aerosols in the Containment

Aerosol behaviour calculations were made using the code PARDISEKO (Fig. 8).

The aerosol source term in the inner containment of SNR-300 after an HCDA is
determined by the

- initial sodium release and the following reaction with oxygen and

sodium evaporation from the floor cooling device.

The aerosol formation caused by the sodium evaporation from the floor cooling

device was investigated by the NALA-program. This program is finished.

The initial sodium oxide aerosol formation after the HCDA bubble reaches the
inner containment is limited by the oxygen level of about 0,7%.
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Chemical transformation of .Na,0 aerosol reaching the outer containment is
considered with the assumption of an immediate reaction to NaOH or Na^C03.
Related to the humidity a build-up to Na,C03«10H,0 is to assume. The influ-
ence of these reactions to the aerosol form factor is negligible. Figure 8
shows the aerosol behaviour in the containment system of the SNR-300 after
an HCDA.

4.3 Filtration of Sodium Fire Aerosols

Up to now nuclear installations have been equipped with conventional fiber
glass filters. These filters have high retention efficiencies for chemical
inert dry nuclear aerosols of all sizes but have not yet been proved to re-
sist to chemical aggressive sodium fire aerosols.
Different filter devices have been developed and tested with respect to
their use in the off-gas system of LMFBR' s to prevent the escape of sodium
fire aerosols.

Fiber glass filters showed breakthrough effects at high pressure drop due to
high loads. Furthermore, the separators, gaskets and filter housings, were
severely corroded by sodium oxide aerosols. After several days of storage
loaded HEPA-filters showed exothermal chemical reactions in the filter ma-
terial at high relative humidity. The filter mats were destroyed.

Multilayer sand bed filters proved to be the best method to filter limited
amounts of sodium fire aerosols over a long period of operating time. High
efficiencies were reached for loading capacities of 500 g/m2. Higher loading
capacities can be achieved with prefilters which have better permeable pack-
ings. Sand bed filters are good sinks for heat of hot off-gas and for decay
heat of fission products as well.

inner Containment

10 YD* 10«

Fig. 8: SNR-300-HCDA, Aerosolconcentration in the Containment

To achieve continuous deposition of large amounts of sodium fire aerosols,
the performance of wet scrubbers (spinning disc type) was tested. The pres-
sure drop across one scrubber was lower than 1 kPa. About (1-3) x 10~3 m3 of
water per stage were used to scrub 1 m3 of air. The efficiency of the single
stage scrubber was about 70%. The two-stage scrubber alone had an efficiency
of 93%, a combination of both scrubbers showed a 97% retention efficiency
for sodium fire aerosols.
Tests of electric filter devices and Venturi-scrubbers are under way.



4.4 Component Tests

Sodium fire aerosols constitute an environmental burden and by their physi-
co-chemical properties they may impair the performance of plant-components.

In case of components whose perfect operation during and after a sodium fire
accident must be guarantied for safety reasons the respective evidence must
be produced as early as at the licensing stage. The SNR-3OO reventing system
and the containment recirculated air cooling system are an example of these
procedures.

The reventing system serves the purpose of preventing for a limited period
pollutants from escaping during the accident. This is achieved by depressu-
rising the reventing gap through the reventing fans. The gas pumped out is
returned into the outer containment. The zero-release-time can be realized
only by means of reliable reventing blowers. Consequently, experiments had
to be performed to prove the reliability under simulated incident conditions.
The experiments were carried out with a true-scale-reventing system.

Three endurance tests were performed with different aerosol mass concentra-
tions in the reventing gap. According to the layout incident of the reactor
the aerosol mass concentrations differend from 400 mg/m3 to 1500 mg/m3 in
the reventing gap. In each test the blower was exposed to aerosols over 150
hours. The operation time of the blower was 300 hours. The blower worked in
all three tests properly. The mass balance has shown that about 0.6% of the
released sodium was deposited in the blower.

The SNR-300 recirculated air-cooling system serves the purpose to diminish
the pressure in the outer or inner containment by removing heat and water
vapor from the containment atmosphere. In the licensing stage the proper
functioning of the blower and the heat exchanger during operation in aerosol
containing atmosphere had to be shown. Each test lasted over 200 hours; du-
ring the first 100 hours the system worked in an atmosphere polluted by Na-
fire aerosols.

The axial blower for the cooling system in the outer containment and the
radial blower for the 1b-area in the outer containment worked properly in an
atmosphere with up to 500 mg Na/m3 over the whole period of time.

The radiator of the outer containment had to be improved by using an active
water spray system for removing the plugged aerosols from the front of the
cooler. Using this discontinuously operating spray system the radiator
worked properly over the whole period of time.

The cooler for the inner containment was a tubular radiator with relatively
low aerodynamic resistence. Under the special conditions (low relative humi-
dity) of the test the efficiency of the cooler was not influenced by deposi-
ted particles; plugging was not observed.

It could be verified by these tests that under accident conditions active
components of the SNR-300 work properly.
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This document gives an up-to-date account of studies carried out in France in

the fields of sodium fires, extinction, filtration and prefiltration of

aerosols originating from a sodium fire, and of sodium concrete reactions. It

also indicates how the CEA, in collaboration with the CiEN, intends to deal

with scale effects.

I - SODIUM FIRES

Pulverized sodium fires - Sheet sodium fires - Mixed fires - Aerosols -

Design codes -

I.I - Pulverized sodium fires

Experimental work on this type of fire has been carried out in France

and Germany.

- France -

9 experiments have been conducted in a 3.7 m3 enclosure (fig. 1) with an

8 bars overpressure resistance capability ; quantities of sodium used vary

between 0.4 and 5.25 kg. Sodium ejection speed in the tank is from 6 to

23 m/s. Sodium temperature is 550°C.

Na/Q2 theoretical molar ratio variss between 0.25 and 7.
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- Germany -

6 experiments have been conducted in the FAUNA (KFK) enclosure (Fig 2) ,

which has a volume of 220 m3 and a 3 bars overpressure resistance

capability. Quanrities of sodium involved vary "between 7 and 60 kg,

and ejection speed in the tank is 20 m/s. Sodium temperature is 500°C.

Na/__ theoretical molar ratio varies between 0.17 and 1.5.

I.Ill - Experimental results

Experiments have given results concerning :

- transcient pressure

- transcient temperatures : gas, walls

- maximum overpressure and temperatures reached

- oxygen consumption

- products of combustion

These results as a whole have produced evidence of the influence of

convection, which plays a significant part in this type of fire.

1.3.2 - PULSAR design code - Design experiment comparison

The PULSAR code has been developed to calculate the aerosol and

thermodynamic effects of a pulverized sodium fire in a confined space.

It is a bidimensional tool used in axysymetrical geometry to study the

interaction of one (or several) spray(s) of droplets of liquid sodium

with, an atmosphere composed of a mixture of gases. In addition to the

purely hydrodynamic aspect, the phenomenon of combustion of the droplets

coming in contact with oxygen has also been considered. A combustion law

defining the variations in the droplet radii and the forces exchanged

during sodium - oxygen combustion is therefore introduced. Moreover, a

number of chemical reactions occur which lead to the formation of

aerosols.

The walls and structures are assumed to be subject to no mechanical

distortion, although their thermic behaviour is taken into account.

PULSAR describes the temperature patterns of gases and walls, the pressu-

re of gases, sodium balistics in the event of impact on the walls, and

the convectiVe movements of the aerosols. It can take into account the

energy released by radioactive products.

Figure 3 illustrates one case of a design experiment comparison with

PULSAR.
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1.2 — Sheet sodium fires.

1.2.1 - Experimental studies

Experimental studies of sheet sodium fires were carried out in a 4 m3

enclosure and in the open atmosphere. Their main purpose was to study

the physical and chemical behaviour of sodium aerosols in both an

enclosed space and in the open atmosphere.

1.2.2 - Design codes

The work has mainly emphasized the development of the PYROS code

(figure 4), of which version I concerns sheet fires in both confined

and ventilated atmospheres. Figure 5 illustrates a design experiment

comparison with PYROS I in the case of a sheet fire. Compared to pre-

viously expounded models, the main differences are as follows :

- combustion speed law. Combustion speed used is given below :

t • is + TV

TS " combustion rate on the metal surface

TV a combustion rate during vapour stage

TS and TV take the following forms

« - Ti . f (TNa, Tgaz, /02/. S,e)

e * thickness of the sheet

where Ti =» constant

S " fire surface

By means, of this formula, it is possible to determine when the fire

will end. The combustion, law is an empirical law derived from results

of experiments, conducted in France and abroad.

- Dual mechanism of sodium combustion is accounted for .

- The influence of aerosol concentrations on heat exchanges is

accounted for .

1.3 - Mixed fires.

1.3.1 — Experimental study

Since thi.s type of fire is a combination of the two aforementioned

fiTes, the study is presently being carried out in the A.5 mJ enclosure,
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derived fron the enclosure used for the study of pulverized fires, vith

the following parameter variations :

- breach dimension and flow.

- ejection time

_ insulation effect

- sodium mass

- heigh of fall

- initial temperature of sodium

The study aims to identify the essential parameters on which a more

systematic experimental study will be based.

1.3.2 - Design code

An "ETNA" calculation code on the PYROS model (figure 4) is being

developed in parallel with the experimental study.

1.4 - Aerosols

Experimental studies of aerosols are being developed to study the physico-

chemical behaviour of aerosols either in a confined or in an open atmos-

phere.

1.4.1 - Aerosol development in a confined atmosphere

1.4.1.1 - Experimental studies

These take place in a 4.4 m3 containment. Their purpose is the study

of the physical behaviour of aerosols (concentration, granulometry,

deposits), and the definition of a law of aerosol release from a

sheet fire. Instruments bave been designed to measure convective

movements. The study which is in progress at the present time seems

to indicate that the speeds of gas in the ascending vein are in the

region of one metre per second. However, owing to experimental errors,

it has not been possible to produce evidence of heterogeneousness (of

concentration and granulometry) due to convection movements. Median

diameter of mass is in the region of ] to 3 urn with standard devia-_

tion of 2. Aerosol source is not constant during a fire and about

75 7. of the aerosol mass emitted is generally deposited by sedimenta-

tion, while the remainder is located on the walls.
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I.A.1.2 - Design codes

A design code known as AEROSOL Bl has been developed. This inultizonal

code takes into account all known physical phenonena which influence

the physical development of aerosols. This code has finite elements

and does not assume normal log distribution of aerosols. It will be

linked to the convection code known as THETYS to account for the

influence of convection on the physical behaviour of aerosols. Con-

currently, a sensibility study is being conducted in order to devise

a simplified version of the code to become part of the PYROS code

(fig. 4).

1.4.2 - Aerosol development in the atmosphere

1.4.2.1 - Experimental studies

Two types of experimental studies are in progress :

- a loop study to determine the speed of aerosol transformation into

sodium and carbonate. This study is at an early stage.

- a study in the atmosphere. The tests are carried out on sheet fires

under different atmospheric conditions (fog, calm weather, rain,

light wind (v < 2 m/s), strong wind (v > 6 m/s). During this study,

the apparent deposit speeds of aerosols are measured, as well as

granuloaetry, emitted quantities (source term), chemical forms are

also determined. In addition, plant samples are exposed to the wind

to decermine the effects of aerosols on the environment. Early

results have, produced evidence of the specific character of the

pollution resulting from a sodium fire : the source is not constant,

and the variation range of apparent deposit speed Vd is wider than

for other aerosols. The values of Vd remain low, however (less than

3 cm s—^). On plants, dry deposits in the region of 60 mg.m-^ cause

foliage to wither, although return to normal is rapid.

1.4.2.2. Design code

Design code ICAIRNA is being developed. This design code is an

atmospheric diffusion code adapted to the problems of Sodium fires

(height of plume) and to aerosols (transformation speed of oxydes

into Sodium and carbonate and apparent speed of deposit, concen-

tration and granulometry).
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II PREVENTION - EXTINCTION - FILTRATION -

11.1 - Prevention and extinction

For the purpose of sodium fire-fighting, the CEA has developed

smothering tanks and MARCALINA powder (1). Small-scale tests

have been carried out since 1978 with Graphex CK 23. These have

shown that :

1° Extinction depends on sodium temperature. It takes place at 600° C or

above. Below this, when sodium temperature decreases, efficiency is

reduced correspondingly. This product is no longer efficient at around

350° C.

2° Below 60Q* C total oxygen consumption is the same as if the fire were

to follow its normal course. However, Oxydation (or combustion) speed

is greater vhen graphex is applied. The following explanation can be

given : The expanded graphex allows division of the sodium and does not '

prevent oxygen diffusion. The sodium oxygen contact surface is therefore

increased, which leads to an increase in oxygen consumption speed.

3" There is no apparent energy release when these two products come in

contact.

These results call for confirmation on a larger scale.

11.2 - Filtration

In view of the very small quantity of sodium in aerosol form
_2

required to clog absolute filters (average value 6g.m ) (2),

prefiltration of air is necessary. The prefilters which have been

developed are water—scrubbeis the first of which being a derivation

of the COLAG apparatus made by the firm of AAF (99,5 7. efficiency,

350 mmCE pressure drop

The second apparatus is adapted from the AQUALINE (made by NEU)

(99,9 7. efficiency). The latter consists of a washing tower which

makes up for pressure dropt(250 mmCe) by a ventilator located upstream (2)
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Ill EFFECT OF SODIUM LEAK ON BUILDING STRUCTURE

II. 1 - Experimental studies

Three types of test have been carried out.

- a test aimed at determining laws for the release of water from

concrete under the effect of heat (using concrete model 1 m
2

thick and 1 m in area).

- Sodium tests on unprotected concrete. In this case the parameters

studied are-essentially sodium temperature (200° C, 650° C, 850° C),

thickness of concrete (300-600 mm) and quantity of Sodium (16-33 kg).

Twelve tests have been carried out with a horizontal surface
2

0,07 m in area, and one with a horizontal interface. The cold

face of the concrete is reinforced with a metal sheet.

- Sodium tests on concrete protected by a faulty liner. In this

case the parameters studied are the hydrated state of the concrete

and the temperature of the metal skin before sodium spillage.

III.2 - Main results

Na-concrete interaction depends on temperature. At 200° C, the

effects are not very significant whereas at 650" and 850° C. The

interaction displays a high reactivity stage with characteristic

high hydrogen production speed and speed of sodium penetration in

concrete in the region of 50 - 70 mm/h. In tests where liberation

of water from the cold face is not allowed, thickness of concrete

is a parameter of lesser significance. Attack of products by molten

sodium constitutes reaction mechanism.

When concrete surface has a metallic skin covering, the results

shown that the degree of sodium-concrete water reaction depends on

initial state of the concrete (hydrated state and thermic gradient

in the middle), and on the pressure in the fault area. The presence

of sodium may also corrode the metallic skin and lead to widening of

the fault.

III.3 - Design codes

Two types of design codes have been developed.

NABE I code, which is a code used for safety analysis.

SORBET code (fig. 4), used for project studies.

29



IV SCALE EFFECTS

To approximate scale effects, CEA (France) with CNEN (Italy) have

built an SSMERALDA installation (Fig. 7) in which up to 70 tons of

sodium (reactor scale") may be brought into play. The ESMERALDA

programme has the following objectives :

. Sheet fire studies. Validation of design codes.

. Pulverized fire studies. Validation of design codes.

. Mixed fire studies. Validation of design codes.

. Reactor scale confirmation of permanent sodium fire smothering

facilities. Research into systems different from those developed

for SPX 1.

. Reclaiming of leaks (funnel floors)

. Aerosol rejects in the atmosphere and environmental nuisance of

aerosols.

. Filtration and prefiltration.

. Action during and after a fire. Treatment of waste and restoration"

of installation.

. Confirmation of efficiency oZ facilities for distribution and scattering

of powder.

. Validation of design codes concerning aerosols.

. Resistance of equipment and components to sodium fires.

. Study of sodium-water-air reaction.

Experiments will begin in September 1982.

BIBLIOGRAPHY

1 - SODIUM FIRE SUPPRESSION

J.C. MALET

AIEA - Specialists1 meeting on sodium fires and prevention

Cadarache, November 20-24 1978 p. 181

2 - SODIUM OXIDE AEROSOLS FILTRATION

G. DUVERGER DE CUY

AIEA Specialists' meeting on sodium fires and prevention

Cadarache, November 20-24 1979 p. 192

30



VEN7IU7UN INLET um

DRYING DAMPING

REEULATTNG
" DEVICE

—EJECTION •> *—

VENTILATION. OUTLET

''///.'///////At \

DAT»
SYSTEM

S1MPUN6
FREQUENCY

SNl

CONTROL
SYSTEM

Rt'COMlEIB
TIKE . " U l i

FIG. 1.

thenxccuple

nit
MM
MM
MM
MM

M II

I l l l

im \E
zz

z 
= 

zz
zl

z\

nozzle

sodium tank
FIG. 2.

FAUNA FACILITY

31



1.0

0
FIG. 3.

1 0

1 EXPERIMENT
Time (sec) 20

2 PULSAR CALCULATION

PYROS CODE

m K;0

FIG. 4.

Fhrsieal bthariour of the aeresoh
'Aerosols'

02

-Flame

Sodium concrete reaction
and uter upor reltj«

•Sorbet'

Atmospheric behaiioor
ot the aerosols

•Icair"

\d''

7 / -

_2 Ventilation

Spray (ire
•Eir

-Liner or
not liner

32



Minute
0 20 40 60 80 100 120

1 EXPERIMENT 2 PYROS CALCULATION
GAS REUTIVE PRESSURE

Minute
0 20 40

1 EXPERIMENT
60 80 100 120

2 PYROS CALCULATION
GAS TEMPERATURE

Fig.5

33



ITALIAN POSITION PAPER ON THE SAFETY
ANALYSIS OF LIQUID METAL FAST BREEDER
REACTORS AS RELATED TO SODIUM FIRES
77:e PEC reactor

A. GEROSA
Safety and Health Protection Directorate.
ENEA. Rome.
Italy

1. General Design Approach to PEC Reactor.

PEC; as well known,- is a fast flux,- liquid metal cooled, fuel element

testing reactor.

Its basic design principles and the general philosophy adopted in plan-

ning experimental research in support to its design were consequently

based/ as much as possible, on existing technologies.

Already prooved choices were adopted whenever possible.

The planned experiments regarded, • generally speaking, verification

of operational reliability of prototipical components and supporting

research of a more general nature was limeted to areas where existing

knowledge presented,' in the late sixties, great uncertainties.

This approach was applied in particular to design and research related

to sodium fires.

Specific PEC problems existed,- of course,- also in this area; but the

application of existing technologies and knowledge presented very limi-

ted extrapolation difficulties.

Testing/ initially planned with a certain autonomy and development

perspective/ was subsequently set aside to leave space to other activities

of greater short term impact on reactor design.

To obtain; this not withstanding; full acquisition of a deep understanding

of phisic phenomena and engineering problems connected to sodium fires,

and to optimize the utilization of human and finantial resources available

CNEN (now ENEA) has decided to join the French Commissariat a l'Energie

Atomique (CEA) in the realization of a Franco-Italian experimental pro-

gram on Sodium fires; named ESMERALDA.

As for design preventions for PEC reactor, fundamental choices were

made taking into account all available knowledge; but with particular

reference to the results of CEAgrevious experiments on sodium fires.

More detailed design analysis will be possible in the future, based on

experimental results coming from the ESMERALDA program.
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2. PEC Design - Primary Sodium fires.

2.1 General design features of primary Sodium plant.

Primary Sodium is a radioactive fluid due to Na , , , Na_A

corrosion products and mass transfer activity, fission product activity,

which may become important in case of fuel damage.

Hence,' primary sodium fires shall be treated in the semiprobabilistic

approach to reactor safety, as an extremely low probability event.

In case of sodium leakage reactor shut-down, after shut-down heat

remouval," safety components and instrumentation control capacity

shall be assured.

The relevant design choices made to reach these objectives are:

- Primary reactor vessel/ primary sodium compenents vessel and

primary sodiumpiping have double containment.

- Operative procedures are defined to limit the quantity of sodium

that can leak out of auxiliary cirenits.

- Drip pans are adopted to limit sodium fire extension and sodium

contact with reactor rooms structural parts.

- Equipment rooms are inertized (oxygene depleted air with O_ less

than 4% and H_O less than 1000 ppm); when sodium circuits are

operating at a temperature above 200°C-

- Equipment rooms are comparted to reduce air available for sodium

fires even when circuits are operating at low temperature during

reactor maintenance periods.

- No-sodium equipment room is in direct communication with reactor

containment.
- The fuel transfer cell above the reactor shield plug is inertized

(argon with N less than 5% O .less than 100 ppm, H_O less than
it tt 2

50 ppm). In these cell; during fuel - transfer operations, sodium

free surfaces are open to the cell (fuel element decay pits and fuel

transfer baskets).

- Sodium leak detectors are provided both on component and piping

and in ambient atmosphere.

The main problems present in the design of primary sodium system

are:

- Sodium leak detectors and sodium aerosol detectors shall assure

relaiable monitoring.

! 3 6
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- Operative procedures shall assure reliable limitation of sodium

aerosol and sodium smoke leakage autsiöe the roan where the inci-

dent has taken place.

_i?eliable air fi l tration systems have to "be provided to assure serosol

aerosol remouval without prefi l ter or absolute f i l te r obstruction.

- Thermodynamic codes for accident description and for thermal

design of structures and of concrete metal liners shall be va l i -

tated.

-Adequacy of design choices to limit aerosol out-leakage shall

be verified.

- Ease of decontamination shall be assured.

2.2 Core Disruptive Accident.

A largely conservative hypothetical core disruptive accident with

a 32$ reactivity insertion resulting in an energy release of 200

M] has been assumed for confinement.

Even if the accident is considered uncredible, an explosive energy

barrier has been adopted to protect final sodium primary containment

vessel from this energy release.

The reactor shield plug has been anchored with energy adsorbing

bolts to withstand this energy burst with acceptable deformation.

Subsequent theoretical design analysis and ewperimental tests have

shown that primary vessel will effectively withstand the burst,

while top plug bolting will deform with limited sodium aerosol

leakage on the fuel transfer cell above the reactor.

No sodium fire is assumed to result from this accident since the

cell i s inertized.

2.3 Generalized sodium fire .

A second hypotetical accident has been assumed for reactor contain-

ment: this has been designed to withstand, without impairing atmosphe-

re retention capability, the temperature and pressure increase which

result from a large sodium leakage in one of the primary sodium equip-

ment rooms, with subsequent sodium fire up to complete depletion of

the oxygen contained in the reactor containment.

Calculations have been made on the hypothesis of pool burning on the

entire floor surface of the pump room.
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The resulting design specification for the containment are the following:

design pressure: 0,35 Ate

Internal atmosphere temperature: 1S6°C

Leak rate: less than 0, 02% /hour which corresponds to approximately

0,5% Vol/24h

2.4 Fuel irradiation facility primary circuit.

In the case of PEC, particular mention is deserved, in relation to

sodium fires, to the primary sodium circuit of the central channel

fuel irradiation loop.

In this case the experimental fuel element could be intentionally de-

fected or be brought to a high power level with consequent fuel damage

and fission product release.

General design criteria adopted in relation to sodium fire prevention

and fire fighting follow those adopted for main primary circuits.

3. PEC Design - Secondary sodium fires.

Sodium fire risks in PEC reactor are very limited due to the absence

of a sodium heated steam generator.

The capacity of secondary sodium system is also very limited, of the

order of a few tens of cubic meters.

The exist ing sodium fire prevention technologies, with the possibility of

verification through the ESMERALDA project, are adequate to solve all

safety problems in this area.

The design choices made, which have not been defined yet at the stage

of detail design, are based on the following criteria:

- Simple containment of sodium piping and equipment.

- Non inertized environment.

- Use of passive means of sodium fire control, based on the principle

of the "bacs etonffoirs" (drip paus with smothering cover) in pipe ways

running from reactor building to sodium circuits building.

- Use of drip pan s and gutters for sodium leakage recovery in all areas.

- Dry powder exitinguishing equipment limited to high risk areas in which

passive means have not been adopted.

- Phisic separation of equipment to assure reactor cnolding in case of sodium

fire,' with particular reference to air-cooled heat exchangers.
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The main problems which are found in the design of the secondary system

are the following:

-Reliability of sodium leak detection equipment, sodium fire detectors,

smoke leak detectors.

- Definition of operative procedures to allow fast draining of leaking

circuit, to reduce sodium leakage to a minimun and to assure heat

remouval capability through effective redundancy of secondary circuits.

- Choice of sodium aerosol filtration equipment.

- Operative procedures to assure fast fire extinguishment intervention

and to minimize sodium aerosol release to the environment.

4. The ESMERALDA Program.

The principal ENEA activity in the field of Sodium Fires is the parteci-

pation to the above mentioned Franco-Italian Program named ESMERALDA.

Italian shro-e in the program is about 1 /3 in financial charge, equipment

supply; research and operating personnel.

The general organization of the program and the active partecipation of

ENEA to the definition of the experimental objectives and to their reali-

sation, will make possible to find answers to general and specific de-

sign problems of PEC reactor related to sodium fire prevention.

Even if a decision has not been taken, in Italy, for the construction of

a LMFBR; the Italian Government has decided to continue the acquisi-

tion of know-how in the field of fast reactor technology, with particular

emphasis on safety problems: it is in this frame that the decision to par-

tecipate to the ESMERALDA program shall be seen.

The general concept on which the ESMERALDA program is based is that

full scale testing is necessary to acquire sound engineering experience

and experimental data which can give a complete control over sodium

fire accidents through the possibility of validating sodium fire codes

and testing full scale safety components.

Naturally the question arose as to whether it would not be possible to

conduct tests on reduced-scale models using much smaller quantities

of sodium and to extrapolate the results to full-scale by applying simili-

tude criteria defined by concomitant research.

Although very attractive from an economic standpoint, this procedure

raises a certain number of problems related to the fact that small-scale
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tests do not account for the actual behavior of full-scale materials, for

two main reasons:

- parameters which may go unnoticed at reduced scales can become pre-

ponderant under full-scale conditions,

- the physical behavior of the materials and the energy exchanged with

the environment may differ according to the amount of energy involved.

As a sesult; it was decided to go ahead with full-scale testing in order to

determine all of the physical phenomena involved, and then to define and

confirm similitude criteria which might prove valid for more economical

testing programs in the future.

The principal objectives of the Program; which were based on preliminary

studies at Cadarache,- have been confirmed and assigned different priority

levels, through the work of the "Program Committee" which takes into

account the end-users requirements.

These objectives are:

1) Confirmation on the reactor scale of sodium fire smothering tank

(static method) and development of an improved simplified system

on a '"price/performance basis".

2) Confirmation of the eficiency of the funnelling floor concept and

development of a leak collector system in the steam generator buil-

ding.

3) Confirmation of the large-scale efficiency of dry distributor and

spreading systems; in particular,' operational tests on the efficien-

cy of powder-spreading installations on sodium fires caused by

full-scale leakage from Super-Fhenix sodium storage tanks as re-

produced by models.

4) Research on ignited .firespray - Esmeralda is capable of containing

a sodium spray fire flowing at 1800 kg/hr. (1800 kg.h~.) - to com-

plete research already done on a much smaller scale.

5)>Research on mixed spray and pool fires, to be carried out on circuit

loops similar to the reactor's.

6) Validation of computer codes for pool spray and combined sodium

fires; including the existing Feuna code for pool fires, codes as yet

to be devised for other types of fires, and codes concerning the phy-

sical behavior of aerosols.
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7) Research on aerosol expulsion from a steam generator building and

the dangers of sodium aerosols: tes ts involving controlled expulsion

from the SG building model to measure the amount of aerosol expelled

during a sodium fire in naturally ventilated premises and the rate of

Na9O aerosol transformation into soda and carbonate.

8) Research on primary and secondary aerosol filter clogging and effi-

ciency.

9) Study of opera t ions during and af ter a sodium f i re : p r o c e s s i n g of c o m -

bustion residues, sodium/sodium oxide separation, plant repairs fol-

lowing a fire.

10) Research on sodium-air-water reactions outside the steam generator.

The facility which is now in the final phase of construction and commis-
sioning/ comprises:

3
- a 3600 m caisson capable of withstanding wall temperatures of 120

to 130°C and 1 bar pressure above atmospheric for confined or vented

sodium fire experiments;
2

- a 2000 m steam generator tower, 20 m high, for natural ventilation

experiments with planned release of aerosols to the environment;

- a 100 t sodium storage facility;

- a 70 t sodium heating facility designed to bring a predetermined quan-

tity of sodium to the temperature choosen for each experiment, that is

to a maximun of 550°C;

- an experimental ventilation system which includes:

— an inlet air conditioning and ventilation system based en a 200C0 m /h

air flow;

— an outlet ventilation system, also baseal on a 20000 m /h air flow,

with the possibility of testing aerosols prefilters and absolute filters;

— two safety circuits for pressure relief (1 bar above atmospheric or

vacuum relief (20 to 40 mbars below atmospheric).

- A synoptic control panel from which all plant systems can be remotely

operated and kept under survelliance.

- An informatic system for data acquisition and automatic plant control.

- A dry extinguisher (Marcalina Powder) Spreading station.

The first experiment is planned for September 1982.
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5. Sodium aerosol research.

Sodium fire aerosol characterization sxudies are performed at ENEA,

Health Physics Labratory - Bologna.

A field type spectrometer for serosol particle size distribution measure-

ments has been developed. The spectrometer has • prooved to be a flexible

tool for aerosol characterization. This activity is described in a separate

paper.
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JAPANESE STUDIES ON SODIUM FIRES,
DESIGN AND TESTING

K MITSUTSUKA, K YOSHIDA
Fast Breeder Reactor Development Project,
Power Reactor and Nuclear Fuel Development

Corporation,
Akasaka, Minato-ku, Tokyo,
Japan

1. Introduction

In Japan, the experimental fast reactor Joyo has successfully
completed its operation program of MK-I core (50, 75 MWt) and now pre-
paring for the power increase to 100 MWt (MK-II core). The prototype
LMBFR Monju has finished the first stage of licensing and is waiting for
the second stage by the Nuclear Safety Commission.

Considerations of sodium fires are very important for the design and
licensing of LMFBRs. Continuing effort has been made in the study of
sodium fires and their consequences since the beginning of the Japanese
fast breeder reactor development program. Recent effort is mainly
focussed on studies related to Monju, especially on the design and
testing of primary cell liners against large sodium spills. Experimental
and analytical studies on sodium fires, water release from concrete and
sodium concrete reactions are conducted as a part of this study. Some
extinguishing agents are also tested against sodium fires. In addition,
considerable effort is being made in the development of detection systems
for the small sodium leaks before a pipe rupture. This paper briefly
summarizes the Japanese status of these sodium fire related activities
conducted by Fast Breeder Reactor Development Project of the Power Reac-
tor and Nuclear Fuel Development Corporation (PNC).

2. Sodium Fire Experiments and Computer Codes

£ool_F_ires

Early sodium pool fire experiments were carried out at the Japan
Atomic Energy Research Institute (JAERI) using a 3.2 m? steel vessel.
Sodium combustion rate was determined by three different methods for
various sodium burning areas, initial sodium temperatures and initial
oxygen contents in the vessel. The following results were obtained:

(1) Sodium combustion race in a closed atmosphere was nearly constant
during the time its continued to burn.

(2) The rate determined by the oxygen consumption was 0.5 to 1.1
kg/m2min at initial sodium temperatures of around 500°C and initial
oxygen content of 21 volume percent. The rate depended on the ratio
of combustion area and floor area of the vessel, showing a higher
value at a smaller combustion area.

(3) By the comparison of oxygen consumption and heat generation, the
principal chemical reaction in a closed atmosphere was found to be
sodium mono-oxide formation. In the case of open atmosphere,
however, sodium dioxide formatior was observed.

These results were used for the safety analysis of Joyo.

To study the thermodynamic response of Monju cells into which sodium
could leak, a 21 m3 test cell of steel-lined concrete was built at
Mitsubishi Heavy Industries (MHI). The cell can hold up to 1500 Kg of
sodium (max. temp. 550°C) under varying oxygen contents. Two pool fire
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tests were conducted in inerted atmosphere. 2) The cell pressure and tem-
peratures of the cell gas, pool, walls, celling and floor were measured
and compared with SOFIRE-MII predictions. The code is a modified version
of U.S. code S0FIRE-II.3) The comparison showed that both the gas
pressure and temperature changes agree within 20%.^) The study also
yielded radiation emissivity of the pool and the effective comhustion
rate of sodium under low oxygen contents. Since then the code "has "been
widely used for temperature and pressure analyses of sodium leaks in
cells of Monju.

Columnar sodium fire tests were also conducted using the cell.2) The
sodium is spilled in a columnar fall into a pan and pool-burned. During
the columnar leak, pressure and temperature of the cell gas increased
rapidly and showed a sharp peak which was not observed in pool fires.
The peak pressure and temperature were higher than those of the maximum
values in the following pool fire, but not too severe. In case of air
filled cell tests, an extremely high sodium combustion rate was observed
during the sodium leak. This is considered to be due to the effect of
entrained spray on the ruffled surface of the column and/or dispersed
spray by inpingement of the column on the floor. During these tests the
catch pan and cell liners were intact. The Monju cell liner systems are
designed based on the experiences of these tests.

j>pray_ Fire£

Spray combustion analysis is needed for some sodium leaks. To study
the characteristics of sodium spray fires, small-scale experiments were
carried out using a 2 m3 vessel at Hitachi, Ltd. The detail of the
experiments was reported in the previous meeting at Cardarache in
1978.5) A maximum of 400 g of sodium was injected through a 2.2 cm
diameter spray nozzle at the bottom of the vessel, at flow rates of 30 to
50 g/sec. By the measurements of pressure, temperature and oxygen con-
centration changes, the following results were obtained.

1) The gas pressure in the vessel increases rapidly at the beginning and
then slowly reaches a peak value before the end of sodium injection.
Observed peak gauge pressures were smaller by factors of 2 to 7 than
those calculated by the assumption of complete combustion in an
adiabatic condition.

2) Observed oxygen consumption was not more than 802 of that expected by
complete combustion.

3) The temperature distribution in the spray zone indicated higher com-
bustion rate in the outer regions than in the inner regions.

To analyze the above experiments quantitatively a computer code
"SOFIA" was developed.6) The code takes into account of the size distri-
bution of sodium droplets. Each droplet has a certain flame surface,
inside of which the mass and heat transport are given by diffusion and
conduction, respectively, while outside the surface they are by convec-
tion. The experiments were analyzed by the SOFIA code and an excellent
agreement was obtained. A further upgrade of the code is designated
SOFIA-2.

A comparison of SOFIA-2 predictions with those of the U.S. code
SPRAY-3?) was accomplished for several sodium spray experiments. 8) in
case of small-scale experiments, SOFIA-2 shows better precdictions. In
case of larger experiments like CSTF in U.S. 9), however, SOFIA-2 shows
poor predictions. The heat transport model within the vessel is very
simple in SOFIA-2. This may limit its applicability to larger vessels.
The code is being upgraded by taking into account the convection model
within the vessel which is similar to SPRAY-3. Preliminary results show
that the convective heat transfer between the spray zone and outer region
plays a very important role in the calculation of average temperature and
pressure of the vessel. Currently, SPRAY-3 is used for the safety analy-
sis of Monju, with small modifications on the heat structures of the
wall.
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Medium scale sodiua spray experiments are under way -using the 21 m-3
vessel at MH1. About 6 experiments will be accomplished at various oxy-
gen contents and humidity. Water tests to characterize the droplet
distribution in sodium leaks are also planned. The data will be used to
upgrade and validate the computer codes.

3. Small Sodium Leak Detection System

All sodium system cells are so designed as to accommodate sodium
leaks. Nevertheless, it is desirable to detect small leaks before they
grow to larger ones. Two different sodium leak detection and location
systems will be applied to Monju; one is a conventional electrical
resistance detection system and the other is an aerosol type detection
system. The latter is developed especially for the detection of small
sodium leaks before a pipe break.

In the aerosol type leak detection system, the annulus atmosphere
between the sodium pipe and thermal insulation will be continuously
sampled and monitored by sodium aerosol detectors. A sodium ionization
detector (SID) and a differential pressure detector (DPD) have been deve-
loped for the leak detection system. An integrated system performance
test is under way using a mock-up of the primary heat transport system
pipe and insulation. Tests in a secondary sodium system environment are
also planned.

4. Testing of Sodium Fire Extinguishers

Testing of sodium fire extinguishers is continuing.10) Three kinds
of extinguishing powder, A, B and C were manufactured for t r i a l by one
of the Japanese chemical companies. The principal ingredients of A, B
and C are sodium carbonate, sodim chloride and carbon, respectively.

Thermogravimetric analysis (TGA) and differential thermal analysis
(DTA) were performed. For powder A, more than 2% weight loss and an
exothermic phenomenon are observed at 280 to 350°C. They are presumed
to result from the ignition of additives. Endothermic phenomena are
observed at 840°C and they are presumed to result from the fusion of
sodium carbonate. For powder B, some weight loss and two endothemic phe-
nomena are observed at 180 to 280°C. They seem to result from the decom-
position of additives. Endothermic phenomena are observed 800°C and
apparently result from the fusion of the main ingredients. ?or powder C,
about 6% weight loss and endothermic phenomena are observed at 100°C.
They are estimated to be the release of water which is contained in the
powder. Endothermic behavior is observed at about 500°C and apparently
due to the fusion of some ingredients.

These extinguishers are tested for effectiveness against sodium fire
and sodium leaks from horizontal pipes and vert ical pipes. Powder C
showed the best performance among them. However, the powder is somewhat
cohesive. Further improvement of the powder is under way. The detail of
the tests will be reported in Session I I I of this meeting.ll)

5. Effect of Sodium Spills on Plant Structures

J)ej_ij>n_arid_Te_sĴ ing_of_ jCen_Liners_

Concrete surfaces of Monju primary cel ls will be fully covered with
steel l ine rs . The liners should be intact even in case of massive sodium
leaks. No conventional design standards are available for such
steel/concrete structures at high temperatures. To confirm the adequacy
of the cell l iner design which has been developed for Monju, a sodium
sp i l l test was conducted on a typical floor liner of primary heat
transport system ce l l s . A concrete structure o f 4 m x 5 m x l . 8 m was
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fabricated in a 250 m^ test cell at MHI. Two floor liner panels (1 m x^
3 m, each) were installed in the concrete well by welding. About 1.2 m 0

of 500°C sodium was spilled on the liner specimen in a nitrogen
atmoshphere. The sodium temperature decreased to 240°C due to heat
transfer to the surroundings, and it was heated again up to 500°C by
electric heaters.

The liner was intact under these drastic conditions. Displacement of
the liner surface was measured during and after the sodium spill experi-
ments. Observed displacement showed fairly good agreement with the pre-
dicted values. The adequacy of the Monju cell liner design is now
confirmed experimentally. It was also demonstrated that the venting
system behind the liner works quite well to vent water vapor released
from the heated concrete.

W_ate_r JjteLejLse. £rom_Concrete

As is mentioned above concrete primary cells are lined with steel to
prevent sodium/concrete reactions. However, in case of large sodium
leaks, concrete will be heated to more than 100°C and will release water
vapor. This will cause a pressure buildup behind the liners. The
pressure should be limited as should the thermal stress to maintain the
liner intact. Experimental studies on water release from concrete were
carried out so that the results could be applied to the design of the
vent system. The detail of the studies will be presented in Session IV
of this meeting.12) An integrated test revealed that maximum water
release rate from concrete will be 3.9 kg/m2h, in the case of primary
sodium leaks.

Reactions

Although concrete surface of the primary cells are lined with steel,
sodium concrete n action studies are important to evaluate the thermal
margins of containment systems. Small scale experiments were carried out
using serpentine concrete and plain concrete specimens. Hydrogen genera-
tion was observed. The n maining structural strength of the reacted
concrete depends on the reaction temperature. When reacted with sodium
at 400°C, the concrete itself was not destroyed. When reacted at 550°C,
however, the concrete matrix itself was almost completely destroyed.
This is considered to be due to the decomposition of calcium hydroxide in
the matrix. The detail of the study will be presented in Session IV of
this meeting.12)

A computer code CEDAN was developed for the analysis of the contain-
ment cell atmosphere in postulated severe accidents including sodium
concrete reactions. The code calculates the pressure and temperature
history of up to four cells which may be inter-connected among themselves
and to the outside. Additional sodium concrete reaction experiments are
under way and the results will be used to upgrade and validate the sodium
concrete reaction model of CEDAN.

6. Concluding Remarks

Japanese efforts in sodium fires have somewhat stressed primary
sodium leaks. Anticipating the Construction Permit of Monju in the near
future, secondary sodium leaks are gaining more attention. Secondary
sodium leaks are not serious from a radiological point of view;
nevertheless, the effects on plant structures are potentially much larger
than primary sodium leaks because of the air atmosphere in secondary
system areas. The accomodation of massive aerosols resulting from sodium
fires will also be a problem. To study and develop the mitigation
systems for secondary sodium fires, an extensive experimental program is
planned at 0-arai Engineering Center of PNC.
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1. INTRODUCTION

Liquid metal coolants (Na and NaK) are used for the transfer of heat in
LMFEE circuits. Their high chemical reactivity and the high circuit
operating temperatures mean that any leakage of coolant to the
atmosphere can result in spontaneous combustion. Additionally spilled
coolant may contact and react with structural materials such as
concrete. These sodium fires and reactions with concrete are
exothermic, and the"fires in particular are characterised by significant
evolution of heat and release of combustion product aerosols .in high
concentrations. A major sodium fire places special demands on the
integrity of reactor secondary containment structures and may require
special measures to control the release of chemically toxic (and
possibly radioactive) aerosols to the environment. Precautions must
also be taken to minimise damage to equipment, especially safety-
related items.

Work under way in laboratories in a number of countries is aimed at
resolving these issues. These studies comprise investigations of the
combustion mechanisms of sodium in both liquid and vapour states, and
of the reactions of sodium with structural materials at high temperature.
Extensive studies are also under way on the chemical and physical
nature and on the behaviour of airborne reaction products released from
fires. Data from these studies are used as an input to codes developed
to model conditions resulting from sodium fires and thus to provide a
basis for the design of containment structures and air clean-up equip-
ment requirements. A knowledge of liquid metal combustion mechanisms
is also a necessary adjunct to the development of fire prevention and
fire-fighting systems.

In the UK fire studies are conducted by CEGB (Berkeley Laboratories),
2JNC and the UKAEA, and this paper reviews the status of work carried
out.
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z . SZDIT:-: COHÜSZÜC:; FHEZ-ICS-ZZ'JI

2-1 Fires

2.1.1 The Zffect of Surface Layer Chemistry on Pool 3urr.ir.E

Studies ax Berkeley Nuclear Laboratories indicate that liquii
sodium burns by two mechanisms. Once ignition has occurred
(ie the onset of self-heating oxidation) at temperatures above
2OO-32O°C, dependent upon atmospheric moisture content, the
combustion proceeds via a surface oxidation process which
creates a thickening layer on the pool surface. At bulk liquid
sodium temperatures of ̂ rOG-pOO C, vapour phase combustion
commences located on wicks of oxides which allow microscopic
thermal separation of the sodium fuel from the bulk. These oxide
flame-supporting wicks cover the liquid sodium surface and the
self-heating rate increases as the bulk pool temperature is
raised towards its observed steadv-state maximum of ~730°C. At
temperatures in the range 600-650 C the oxide wicks have been
observed to disappear in deep pools, and at higher temperatures
the burning occurs above a relatively flau metal surface. Below
600°C the surface raft of oxides and flame-supporting wicks can
be mechanically sunk into the pool demonstrating the fact that
the oxides are more dense than the supporting liquid.

Careful observation of the ignition and surface combustion stages
indicated the presence of a thin purple-grey layer residing
between the bulk liquid sodium and the oxide wicks (l). This
layer formed rapidly after clearing the surface of the wicks at
temperatures between ^00-600 C, and appeared to support the more
dense oxide on the less dense liquid sodium. At temperatures in
the range 6OO-65C°C, this layer was either wetted or destroyed
allowing the oxide wicks to sink into the pool. Isolation and
analysis of this layer was carried out and it was found that
carbon was amongst its major constituents.

Carbon could accumulate on the same pool, by either agglomeration
of carbon suspended in the liquid metal derived from its manufacture
or by direct reaction with carbon dioxide, as in reaction 1.

2Na + 3/2 C0 2 -> Na2CO:5 + 1/2 C (l)

In the separation of the surface layer there was also evidence of
the presence of more reactive carbon-containing compounds such as
Cgẑ Iia. It is proposed that the disappearance of the layer at
600-650 C is due to oxidation of the carbon by sodium peroxide
in contact with it, formed by conversion of the sodium
carbonate, viz:

(2)

(3)

(k)

(5)

It has been shown that the ignition temperature of pure graphite
can be lowered by such reactions when either sodium carbonate or
sodium monoxide are mixed with graphite in the presence of
oxygen (2). Other compounds such as lead or copper salts can
promote the rapid oxidation of graphite at lower temperatures,
and it was found that the addition of such salts to the sodium
pool at temperatures below 600 C, caused a short-lived dis-
appearance of the wick covered layer.

Na2 C

4 Na

Na20

NapO2

Oj + C + 0 2 -^ NapO

+ Na2 CO5 —»3 Na20

+ 1/2 O2—sNapOo

+ C -»Na 2 0 + CO

+ 2 C02

- C
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-he effect of The carbon content of the surface layers on sodium
pool fires was farther studied by observing the "burning of static
pools in carbon dioxide-air mixtures (3). Pools of 6^ ma diameter
were allowed to react in either a flushed or semi-closed system
in which CO2, argon or air was admitted. Gas mixtures could be
either dry or saturated with water vapour. Experiments in both
vet and dry environments revealed that sodium reacted but did not
burn (apart from some transient flashes of light) when heated in
CO2 in the temperature range 1OO-88O°C. In wet C0 2 the reaction
was faster than when dry. In both wet and dry CO2 the sodium
surface blackened and thickened due to the formation of protective
layers of sodium carbonate and carbon. As the metal boiling
point was approached sodium vapour broke through this layer and
small jet flames appeared. It was found that when C02/'air
mixtures of between 100% CO? and 67% CO2 were added to sodium
burning in air the burning rate increased for a period of minutes
followed by the extinction of the burning due to the formation of
a protective layer. X-ray analysis of the surface layers confirmed
the presence of sodium carbonate and carbon and hydrolysis of the
residue produced measurable quantities of gaseous hydrocarbons
derived from sodium acetylide and related compounds.

The stability of this carbon based layer upon the pool surface at
temperatures below 600°C may explain the effectiveness of carbon-
based extinguishants compared with other compounds such as sodium
carbonate or sand which sink through the sodium pool.

Smoke behaviour was affected by the carbon dioxide content of the
atmosphere. Aerosol particles from sodium pools burning in air
(•̂ 90 vpm H2O) were of a mean diameter of l-2yum and appeared as
liquid drops when observed under an optical microscope. A spectrum
of times to conversion to dry crystalline material (Na2 CO3) was
observed of between 2-10 minutes. Transient burning in CO2
produced solid smoke particles in the range 0.6-1 <mn. The
addition of CO2 to sodium burning in air was observed to encourage
agglomeration to 200-300^01 particles when the exhaust was passed
through a narrow orifice at a mean velocity of 1 ms~l.

2.1.2 A Comparison of the Ignition and Burning Behaviour of
Sodium, Potassium, and Sodium Potassium Alloy

The burning of small pools of sodium, potassium and a 50:50 NaK
alloy was studied (.k). Ignition temperatures and maximum pool
temperatures were recorded together with estimates of burning
rates by total integrated consumption rates. A summary of the
results is shown below in Tables 1 and 2.

TABLE 1

Ignition
Metal Temperature Conditions

fc
Na 3l8 Heated slowly in damp air

200 Exposed at temperature in dry air
120-150 Stirred in damp air

K 285-295 Heated in damp air

1:1 NaK 200-220 Heated in damp air
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2A5IZ 2

Buminc Sates for Snail Pools (kg-icc mm diameter)

Ka 770-860 20 0.2 Na20 920
Na20 6?5

K 610-650 15-18 O.lk-0.3" K20
K 20 2

NaK 650 19 >0.2 K0 2 330,

* this fraction is the ratio of sodium released
as aerosol xo sodium reacted.

*' depending on NaK stoichiometry.

Sodium exhibits a surface combustion between ignition and a
temperature of if20-450°C. Vapour phase combustion proceeds upon
wicks up to 6OO-65O°C above which, for a deep pool, the oxides sink
and burning proceeds over a flat metal surface. Potassium did not
undergo such a definite surface combustion, and some vapour burn-
ing commenced immediately following igrJ-tion forming a flat flame
zone over the pool surface. No solid oxide wicks could be formed
as the reaction products were in this case liquids, which "froze
over the range 375-*t750C. This would indicate that the combustion
products were a mixture of K0 2, K 20 2 and K203« As a consequence
of the formation of liquid reaction products the potassium pools
did not spread due to wick formation. NaK alloy showed some
properties of both sodium and potassium as expected, such as both
solid oxide wicks and molten reaction products.

It has been shown by Newman and Payne (5) that for pool fires
involving similar fuels relative flame heights and burning rates
can be compared using the equation:

A He - ̂ Hv Flame Area rr\
Hv Pool Area

where ziHc is the molar heat of combustion in the flame zone and
AHv is the molar heat of vaporisation of the metal including the
energy needed to heat the vapour to the flame temperature. The
ratio (AHc/iHv) - 1 is very similar for both sodium and potassium,
thus explaining the similar flame heights and burning rates for
sodium and potassium. The studies would show, however, that both
potassium and NaK alloy would ignite more easily and accelerate
to their steady state burning faster than sodium.

2.1.3 Observations of Vapour Jet Flames

Previous studies have shown that stable vapour jet flames can be
produced by boiling alkali metal vapours rapidly through small
nozzles (l). Temperatures of around 1500°C have been measured and
the emission spectra of the flames has shown the presence of
strong continuum radiation from condensed phases in the flames,
the condensed phases being the main reaction products. A sharp
absorption at the frequency of the resonance transitions of the
metal atoms, such as the sodium 'D1 lines, indicated that the
free metal atoms were the minor and probably cooler species.
Metal spectra emitting flames based upon reaction (?) where gas
chase oxides are formed were observed at low flow rates of metal
vapour into air:

Na(g) - 0 2 + M-»NaO2(g) •>• M (7)
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The flames studied were laminar but at gas velocities of >c-10 ins"-1

through 1.6 ma diameter nozzles the flames "became turculent and
shortened. The vapour flames from sodium and potassium and KaK
alloy were "broadly similar due to the similar thermochemistry of
sudium, potassium and their oxides.

The electrical properties of these vapour flames "were investigated
using a simple oscillating electrostatic platinum probe, the pro"be
beinj passed through the flame at «•' 1 ms"-*-, "biased mostly -30 volts
negative to the burner nozzle to measure positive charge density.
The measured currents indicated a charge density of Z.k x 10̂ -°
charges a"3 in laminar flames and up to W x 10 1' charges m~3 when
turbulent. The increase when turbulent may have been due to the
entrainment of liquid oxides into the flame from accumulations at
the burner exit. Calculations of the free metal atom density in
the flame show that the measured charge cannot be accounted: for
by reaction (8).

Ka + M ->Na + e~ + M (8)

The measured positive charge is most likely to have originated
from oxide smoke particles charged by thermionic emission colliding
with the probe as in reaction (9).

Na2O
n+(s/l) + Probe"-*" Na2O(

s/l) (9)

Calculations using the method of Sugden and Thrush (6) show
that this charge density could be accounted for by thermionic
emission if the smoke particles are^l^m in diameter with a work
function of ^ 1 ev. Estimates of the stability of such liquid
drops so charged in the flame with respect to electrostatic
repulsion forces (?) indicate that liquid oxide droplets above
5/tn diameter would disintegrate. Such an effect may influence
the size of smoke particle produced by the flame.

2.1.*f Future Plans

Work envisaged in the medium term is directed towards the
characterisation of vapour jet flames and sprays of fine droplets.
In particular vapour flames will be modelled in terms of their
length to nozzle diameter ratios, and such an analysis will be
extended to fine spray flames which burn as coherent flames as
opposed to collections of individual droplets.

The UK view is that sufficient experimental data on the combustion
of sodium pool fires is available for input to fire codes without
extending studies for this type of fire. However, it considers
that further experimental data is required for spray type fires,
particularly for application in the validation of spray fire codes
(see later). Consequently it is planned to pursue work in this
area, possibly jointly with a group which has suitable experimental
facilities. There are no large-scale studies on sodium combustion
phenomena under way in the UK at present.

2.2 Aerosols

A laboratory devoted to fast reactor aerosol studies has been established
at AEE, Winfrith. The objectives of the work programme are to develop
the necessary practical expertise to understand and evaluate sodium
combustion aerosol data by:

i investigations into sampling techniques and the performance
and calibration of equipment employed in physical analyses
of aerosols to characterise tiarticle size and mass distribution.
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ii monitoring »he nature and kinetics of chemical transformations
of sodium combustion aerosols resulting from reactions with
an air atmosphere.

2.Z.I Calibration of Particle Sizing Equipment

A prerequisite for the calibration and validation of equipment for
particle size analysis is the ability to generate stable, standard
aerosols in a predictable and reproducible manner, with a well
defined particle size and a geometric standard deviation less than
1.1. Current interests are for particles with diameters in the
range 0.1-10/iin in concentrations between 10 and 10? particles
cm"-?. Extensive development involving modifications and refine-
ments to equipment, operational procedures and optimisation of
controls for several aerosol generation techniques have been
investigated. As a result a spinning top aerosol generator (8,9)
and a vibrating orifice aerosol generator have been developed to
produce good quality aerosols suitable for calibrating particle
sizing equipment. Practical experience has shown that methylene
blue aerosols are the preferred material for test purposes with
particle number concentrations of the order of 10^ particles cm~3.
Development of sampling techniques and analytical procedures are
devoted to the calibration of stainless steel Andersen Mk II
cascade impactors and a Stöber spiral duct centrifuge with a
titanium head.

2.2.2 Sodium Fire Aerosols

A contract has been raised on Essex University to devise a sodium
fire aerosol generator of constant output and to use this system
in conjunction with an Andersen cascade impactor. Various physical
and chemical properties of the aerosol will be monitored to form
estimates of personnel exposures at varying distances from the
source.

Initial experiments have been performed using a sodium wire die
system coupled to a heated capillary. Operational difficulties
were experienced, particularly capillary blockages as the oxide
was generated. Recent studies have been more successful using a
muffle furnace to vaporise the sodium in a stream of argon before
ignition. Trials with this system have produced 10^ particles
cm~3 (I mg m"3) for about one hour, and this generator will be
connected to a small wind tunnel in which chemical transformation
studies can be performed. A low power laser will be used to
monitor aerosol generation and samples will be rapidly collected
and photographed under an optical microscope.

The expertise acquired at AEEW in the development of aerosol
sampling techniques and application of particle size measuring
equipment has been utilised to investigate the aerosols generated
from the sodium disposal plants operated at Winfrith (10) and
Dounreay (11,12) and processed through Peabody-Holmes scrubber
units.

2.2.3 Chemical Studies

The conversion ratios of sodium oxides to sodium hydroxide and
carbonate are required under a wide range of atmospheric conditions
(varying proportions of N£, 02' C 02 an<^ HpO). Work has been
undertaken to develop procedures that will aid in the determina-
tion of oxides, hydroxide and carbonate in an aerosol sample.

In mixtures of sodium oxides, hydroxide and carbonate a well
defined thermal peak is associated with the melting of sodium
hydroxide (13). These initial studies demonstrated that sodium
hydroxide can be determined quantitatively in the presence of
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sodius carbonate by aear.s of a coxbinatior. of differential ti
analysis and thermogravimetric analysis (LTA/TS). Kovever, the
nolten sodium hydroxide dissolves the carbonate, and no similar
thermal peaks can be attributed to sodium carbonate. Proposals
have been made to use gas chromatography in conjunction with DTA/TG
to detect quantitatively the evolution of COj (fron sodium
carbonate) and C2 (from sodium peroxide) under specific conditions.

2.2.L Test Facility

A 9 n:3 glove bo:: is being commissioned for conducting various
nuclear aerosol experinents with facilities for a controlled
atcosphere. A sodium melt induction furnace is currently being
manufactured for installation into the base of the box and delivery
is expected by mid-1982. Components for the pneumatic control of
this equipment has been tested and are ready for connection to the
melt chamber actuators. Otner requirements to be provided include
controlled gas and aerosol sampling equipment and a deposition
sampler.

2.2.5 Future Work

Basic aerosol research studies will continue to develop the
essential expertise fcr> aiding safety assessments of various reactor
types and conditions. The development of a well characterised and
reliable sodium fire aerosol generator is continuing and by the_^end
of this year it is hoped to start aerosol studies using the 9 a?
glove box facility. As suitable opportunities arise further
performance assessments of clean-up plants will be made,
particularly where larger fires are involved.

2.3 Calculational Methods and Codes

2.3»1 Development

Payne, at Berkeley, has devised an analytical solution to a general
fire within a containment. A model of a sodium fire in a fast
reactor secondary containment building has been formulated. It con-
siders the heat capacity of the gas within the containment, heat
transfer to the steel liner, and heat conduction into the concrete
walls of the containment building. Analytical solutions of the
model have been derived for the gas temperature and for the tempera-
ture distribution in the ocrvtainment walls, both during and after
the fire (Payne, 1980, internal publication). The pressure of the
gas in the containment can be calculated from the gas temperature.

The model is a simplified representation of the fire and containment,
so although the analytical solutions are exact solutions to the
model, they do not give exact predictions for a real containment.
Despite this, the solutions are useful in at least three ways:

i They give a fairly accurate- estimate of the pressure and
temperature of the containment during and after the fire -
although the model is simplified, it includes the main
features of a real containment.

ii The analytical solutions show explicitly the effects of such
variables as heat transfer coefficient, gas and liner heat
capacities, liner surface area, and so on.

iii Since the analytical solutions give exact answers for the
simplified model they provide a standard to check the
accuracy and correctness of sodium fire computer programmes.
Agreement of computer programmes with experiment, although
necessary, is not a sufficient proof of correctness, because
key parameters (such as sodium burning rate) cannot be
measured accurately in large-scale experiments.
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The uiv has for several years concentrated th.e cod? development in
sodium fires on the IINC model, Z3A3C (14). FRASC models the physical
and thermodynamic processes which occur inside a containment as a
result of a sodium fire or other energy or material releases, except
that the agglomeration of paniculate aerosols and the deposition
of material on surfaces as a result of natural processes are not
represented. Effort in the UK has also been expended in studying
these processes and has resulted in the UKAEA code AERQSIM (15).
FRASC and AZS03IM can be used together and with the UKA3A. atmos-
pheric dispersion code TIRION (lo) to provide a theoretical method to
evaluate the dose to the environment, whicn can be expressed as a
probability/casuality curve to the population, due to a specified
release within the reactor containment building. Some results of
this approach are given in Reference 17. It should be emphasised
that the major problem in quantifying public doses (whether
radiological or of toxic, sodium aerosol) is in specifying the
initial source term within the containment building.

FRASC itself can deal with sodium pool fires and can approximate
sodium vapour fires by assuming an instantaneous burning rate, but
has no facility for modelling spray fires. FRASC provides
facilities to study the effects on the building in which the fire
occurs and several options can be used for the construction of the
building, ventilating systems, with or without filters, leakage
through walls and heat transfer through the walls. Some validation
against reported experiments has been carried out but due to the
lack of a large experimental programme in the UK, better validated
codes have been run, on our behalf, by contracting firms to
calculate the effects of fires. Comparison with FRASC results,
where appropriate, has been made and some of the results are
reported in the following section. It can be seen that the
results are satisfactory. In this context, we mention in particular
the codes SPRAY (l8), CACECO (19) and SQFIRE (20). The SPRAY code
is available now in the UK and will be used to cover our lack of a
spray fire model. Thus we have with FRASC and ^PRAY an ability to
calculate the effects of sodium fires in buildings, although we are
reliant on non-UK work for experimental validation.

2.3«2 Applications

Calculations of the fires resulting from the release of secondary
circuit sodium within the secondary containment building (SCB) of
CDFR are reported below. Secondary sodium fires present a greater
toxic than radiological hazard and it is considered that release
of primary soiium, which presents a greater radiological hazard,
is sufficiently unlikely that it is not included within the design
basis accidents for the SCB. As stated in Section 2.3.1 there is
a fundamental difficulty in specifying the source term within the
SCB and the calculations reported are for nominal releases. If
the sodium is ejected at sufficiently high velocity then it will
burn as a spray; at lower velocities the sodium will burn as a
pool fire on any surface on which it collects. Different computer
codes have been used to calculate these fires and some of the
differences in results are due to different empirical parameters
being used in the codes. Validation of the codes against small-
scale experiments has shown generally good agreement for pool
fires but poorer agreement for spray fires. In considering the
results presented here it should be borne in mind that the accidents
are idealised and spray fires, in particular, are likely to be less
easy to produce and sustain than the analysis assumes. The
behaviour of a spray fire is likely to be variable and it is
questionable whether it is necessary to cater for the effects of
the worst case.
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i Pool fires

Three different codes have "been used to calculate the effects
of 1~ tonnes of sodium burning as a pool in the SC3.

Calculations with different pool areas -using 33ASC have given
SC3 pressures "below 1 bar g, whereas a calculation using
CAC2CO gave a pressure of 1.2 bar g due to the inclusion of
the reaction of sodium with water vapour in the "building.
The third calculation was a spray fire followed by a pool fire
with a total mass of sodium of Ik tonnes released at various
rates. The pressure was dominated by the spray fire (see
below) but in the pool fire phase the calculations using the
code SOFIRE indicated pressures of about 0.6 bar g.

Wall temperature transients were calculated in all three cases.
FRASC calculations showed increasing temperatures as the pool
size increased and for small pool areas the temperatures were
below 100°C. The CACECO calculations allowed for an air gap
between the wall and liner and gave much lower temperatures.
The SOFIHE calculations gave wall temperatures somewhat above
100°C.

The SOFIRE code was also used to model larger spills of sodium,
up to 300 tonnes, as before following a spray fire but on the
assumption that drainage and collection of sodium occurred.
For the largest spill, with a total spill time of 123 minutes
the pressure reached a maximum value of r~> O.k bar g and the
liner surface temperature was less than *^100 C.

ii Spray fires

Several calculations have been carried out using the spray
fire code SPRAY III to evaluate the effects of a sodium spray
fire within the SCB. The resultant pressures depend on the
assumed discharge rate and the size of the spray cone among
other parameters. Taking a spray cone height of 7«7 n» (the
height of the crane floor above the reactor head) the greatest
value of the SCB pressure was found to be I.85 bar g at a
leak rate of <^5o5 kg/s. At smaller or larger flow rates the
SCB pressure was lower. Changing the spray cone height and
hence the burning time of the sodium lfid to a proportional
change in the pressure.

Calculations of SCB wall temperatures harrs not been carried
out independently as all ths cases considered were of a spray
fire followed by a pool fire. As in general the spray fire
was a short-lived phenomenon, the temperatures of the walls
are determined by the pool phase of the fire.

2.3-3 Future Work

The use of sodium fire codes for design purposes will continue in
the future; the Payne solution is a handy, fast tool to obtain
quick estimates of temperature and pressure in a building.
Development work on FRASC will include improvements to ventilation
modelling; it is felt that pool fire modelling has been shown to
be in good agreement with experiment so that further experiments
for validation of the programme are unnecessary. For spray fires,
however, there is still a need to carry out experiments on the
microscopic phenomena as well as large-scale tests to aid in
improving the modelling and validating the output by comparison
with experience.
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Both the experimental and theoretical programmes on. aerosols have
beer: disturbed by the requirements of PVR analysis but there are
plans for development of AEHCSIM and further aerosol experiments
which will go forward in tandem.

5.1 Design of Prevention and Mitigation Techniques

In considering the design of CDF2 various conceptual methods of protect-
ing against and mitigating the effects of a sodium fire due to release
of secondary circuit sodium have been developed. The release of sodium
from a secondary circuit is taken as the design basis accident for the
secondary containment building and presents essentially a toxic, not a
radiological, hazard. For a pool-type reactor such as CDF3 the
probability of release of primary circuit, radioactive, sodium can be
reduced to such a level as to be considered incredible.

We give here a brief description of the overall design strategy that is
being evaluated for protection against and mitigation of the effects of
a sodium fire. The strategy should be viewed as a whole and not
considered under separate headings of protection and mitigation.

3.1.1 Secondary Containment Building (SC3)

The secondary sodium pipework will be double jacketted with an
inert interspace and leak detection within the interspace. This
construction together with high quality fabrication and inspection
and the development of a leak-before-break argument will give a
high degree of reliability against metallurgical failures. The
circuit is protected against failure from external events (ie dropped
crane loads) by a combination of strong floors and design of and
operating rules for the cranes. Strong floors will protect the
sodium circuits in the area outside the roof. Within this area
there will be several floors which can be specially strengthened
for this purpose. The polar crane which lifts directly from the
reactor roof will normally only be used for small components which
do not present a threat to the circuits and if larger components
are to be lifted those circuits over which the load is to be
carried could be drained. The cranes should be operated within
their design capacity and have double cables so that the dropping
of loads is highly unlikely.

A conceptual scheme for fire protection walls has also been
developed. These walls will act both to protect other components
from sodium fires and to protect against other fires. The walls
comprise a circular wall at the edge of the reactor roof and
further walls outside this dividing the SCB into quadrants. It
if thought, however, that dividing into two sections may be
sufficient if it is too difficult for space and layout reasons
to segregate into quadrants. Finally each part of the secondary
circuit from the IHX to the roof edge is surrounded by metal
cowling so that the roof area is protected from the effects of
leaked sodium. Fast dumping of the secondary circuit is needed
both to limit the amount of sodium that can leak and burn and to
protect against sodium water reactions.

A drainage scheme which could be incorporated in the SCB to
protect against large sodium leaks, however unlikely they may have
been made by the other systems set out above, has also been con-
sidered. Drainage has the advantage of limiting any sodium fire
so that pressure and, more importantly for a pool fire, temperature
loadings are minimised. The amount of sodium combustion aerosol
produced would also be reduced making clean-up and recovery easier.
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3.1.2 Steam Generator Building (SGrO

In the S33 there is no necessity to protect other components from
the effects of sodium fires; the requirement is to maintain the
•building's integrity and liinit the sodium combustion product to
the environment.

It is proposed that within the SGB the same double jacketting
with inert interspace and leak detection should be applied to
the secondary sodium pipework. The sodium vessels are not iacketted
as their failure is deemed incredible due to their thickness. As
in the 3C3 if loads are being moved within the cell then the
circuit can be dumped. The circuit dumping system will be avail-
able to limit the loss of sodium but drainage of leaked sodium may
also be necessary.

These measures will substantially reduce the risk of a major sodium
leakage. However, the use of a low pressure drop, high efficiency
filter that would allow the venting of the SG3 would provide a
further degree of protection against any remaining risk from a
sodium fire and permit a substantial reduction in the design
pressure required for the building. Therefore, the UK are very
interested in any tests on large-scale facilities that confirm the
practicability of such devises and may contribute to such tests
in the future.

3. PREVENTION AND MITIGATION

3.2 Fire Extinguishants

The main sites in the UK where major liquid metal spillage fires may be
encountered, through the operation of large test rigs or reactor circuits,
are at Risley Laboratories and Dounreay. Dynamic fire extinguishment
systems are based on the use of mobile, gas fluidising powder dispensers,
sodium carbonate being employed at Sisley and M28 (sodium chloride base)
at Dounreay. Whilst both powders give satisfactory fire extinguishing
performance when applied to small liquid metal spillage fires, a number
of operational problems and some undesirable material characteristics
exist in their application for potential large-scale, deep pool spillage
fires. Moisture pick-up and agglomeration affect their storage, handling
and dispensing, particularly with M28. It is necessary therefore to
ensure that free flowing properties are maintained by constantly fluidis-
ing (turning over) the contents of the storage silos, and this invokes
a severe cost penalty. In particular M28 is very corrosive in damp
environments, incurring maintenance costs on handling equipment, and
has the potential to induce stress corrosion cracking in austenitic
stainless steels. Because both extinguishant powders are denser than
liquid sodium on application to a large pool fire they sink, possibly
increasing the fire area by displacement, and requiring that large
quantities of material be dispensed to extinguish the fire. Both these
factors exacerbate the problems of subsequent clean-up.

Studies at Berkeley on the properties of carbon containing surface layers
on sodium pools, see section 2.1.1, and the stability of these layers
at temperatures below 600 C explains why carbon containing extinguishants
are more effective than many other powders, the quantities required
being related to the surface area of fire rather than the volume spilt.
The oxidation of carbon layers by sodium carbonate - sodium oxides at
600-650 C indicates that these extinguishants may also undergo some
oxidation. Graphex, which is mostly carbon, would be oxidised by oxides
on the burning pool surface as would Marcalina which is a mixture of
carbon and alkali metal carbonates. It was observed that the addition
of Graphex at < 1 gs~- to sodium at 650 C resulted in rapid and complete
oxidation of this material, but no such reaction occurred at sodium
temperatures of 400 C. A layer of Graphex of 0.6 cm (anexpanded)
effected extinction at 65O°C. At sodium temperatures of 65O°C thin
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layers of Marcalina less than 2 ca thick, underwent either melting or
oxidation resulting in the reignition of the pool. This occurred about
2 minutes after initial extinction. This layer thickness of Harcalina
at sodium teperatures of ^00°C appeared to be effective. Layers of 8 cm
thickness of 65O°C sodium also were not destroyed. Prom these and other
relevant tests it would appear that some oxidation of these extinguishants
does occur. If they are applied in sufficient quantities, this does
not present a serious disadvantage.

A critical examination of alternative materials available for extinguish-
ing sodium f-"res including a review of the results from small-scale
performance demonstration tests has been carried out. Particular attention
was paid to the overall properties and performance of graphite-based fire
powders and the assessment indicated the potential of Graphex as a more
effective replacement for the existing materials currently employed
within the TJK. Graphex has a lower density than liquid sodium and because
it floats only small quantities of material are required to cover the
fire surface and are independent of the sodium pool depth. It is
compatible with iron, aluminium and copper at room temperature, though
confirmation of its compatibility with plant materials (eg austenitic and
ferritic steels) at higher temperatures (say 600-700 C) has still to be
demonstrated. Provided storage conditions are dry it'has a useful
storage life and little effort appears necessary to preserve its free
flowing properties for dispensing by gas fluidising dispensers. Graphex
has been adopted for routine use in a number of sodium laboratories to
deal with small spillage fires.

However, before Graphex can be recommended for routine use at Dounreay
it is considered necessary to demonstrate that its performance is still
satisfactory when applied to major fires, similar to those which
potentially could arise on HER, ie tonne quantities of liquid metal,
large area (10 s of m2), deep pool (10 cm minimum) at temperatures of
600-7OO°C. The demonstration test(s) should also confirm the ability
to use large, manually operated, powder dispensers with an extended
'application reach1 of up to 5 n and investigate the use of Graphex in
pellat form, eg for use in spillage collection trays as a passive fire
prevention system. Approval has been given to arrange a major fire
test(s) at Dounreay, hopefully to be carried out later this year, based
on the discharge of ~Z t sodium at <-' 500°C into a containment area of
(5m)2.

5.3 Air Cleaning Systems

Aerosol monitoring studies have been performed using filter packs and
Andersen itipactors to investigate the clean-up efficiency of water
scrubber systems attached to the off-gas exhaust from sodium cleaning/
disposal facilities at Winfrith (10) and Dounreay (11,12). The
Peabody-Holmes scrubber unit at the Dounreay sodium laboratory has an
overall efficiency of (98.0 - 0.5)% for sodium pool fire surface areas
up to 0.8*4- m and this efficiency is dependent upon the aerosol particle
size distribution. For a fire surface area of 0.52 m2 the clean-up
efficiency varies from 98% for 10/J-m diameter particles to as little
as 60% for 0.5̂ 1 ni diameter particles. These data (12) may not be
appropriate for larger fires and extrapolation to surface areas of
1-2 m^ may require further experimental studies.

3-k Future 'Work

Preparations are under way to perform the large-seal^ fire test to
demonstrate the effectiveness of Graphex as a sodium fire extinguishant
and associated work to ensure the material can be handled and dispensed
satisfactorily when aüülied to a high terroerature, large area, deep pool
fire.
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Accuisizion of cloan-up plant operational data will be made for reactor
plant design or performance assessment purposes. This will involve
further monitoring of existing scrubber plant operations as appropriate
opportunities arise, particularly "where large area fires and high, aerosol
concentrations are involved.

h. ZFF2CTS OK STRUCTURES

J-.l Concrete Reactions

A series of small-scale fire tests has been planned at Dounreay with
burning pools of sodium in contact with concrete and to date 3 tests
have been performed. The initial objective of these somewhat ad hoc
tests is not to study the nature, kinetics and consequences of sodium-
concrete reactions per se but to confirm that damage to concrete,
protected by the PFR passive fire prevention system, is not greater
than originally envisaged, despite evidence of more severe damage from
overseas tests. In the spillage collection areas of the cells the
concrete floors and bund walls are not steel lined but are protected by
an engineered passive fire prevention system. This consists of a false
floor of perforated metal sheeting covering a corrugated steel tray
(Karlsruhe type) fitted with 25 nun drainage holes (the drainage area
is ~> 0,3% of the floor area), both supported some 250 mm above the bunded
floor areas on concrete plinths.

The first 2 tests were carried out using models of the protection grids
(approximately 1500 mm x 600 ram) mounted on the concrete floor of a
sodium fire test facility which was laid down at roughly the same time
and with similar duality concrete as the steam generator building
(ie aged ,- 18 years). kO kg Na at 510°C (test l) and 80 kg Na at 555°C
(test 2) were charged to the test model producing pools of 5 wn and
10 cm respectively. For test 3 a concrete block, approximately
l800 mm x 600 na x ^50 nun deep was cast, aged ~ 2 years, fitted with
the protection system grids and charged with 185 kg Na at 55O°C (25 cm
deep pool). All the concretes tested were of the standard PFR mix
using a basalt aggregate.

In all 3 tests there was little noise and no violent reactions. Apart
from some sodium burning on the surface of the perforated grid and
drainage tray the fire protection system proved very effective in
controlling combustion. Maximum sodium pool temperatures of ,-^600 C
were recorded only during the first few minutes of the tests and up to
95?» of the charged sodium was recovered at the end of the tests. In
tests 2 and 3 gas bubbling through the pool of sodium was detected and
a blue-flame (probably hydrogen) appeared around the edge of the trays.
Post-examination showed that the concrete floor suffered little
mechanical damage, there was some hairline cracking of the concrete
surface. As expected, however, the concrete had suffered dehydration,
up to 90^ loss of water to a depth of **> 2 cm and extrapolation of
analyses suggests the concrete could have been affected to a depth of
8-10 cm. The block of concrete used for test 3 had been cast with
penetrations to accommodate thermocouples. These holes were spaced
vertically over a 300 mm depth and penetrated some 250 mm into the block.
During the fire test water was observed to run out of these penetrations.

k.2 Future Work

The series of concrete reaction tests qualifying the performance of the
PFR fire prevention system will continue, investigating parameter
variations such as concrete surface finishes and sustaining high sodium
temperatures for longer periods of time. Consideration is being given
to conducting an open fire test, ie without the PFR fire prevention
system present, and plans are being discussed to extend the PFR specific
tests.
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The selection and protection of plan" equipment and materials against
exposure to products of a sodium spillage fire is important. In.
particular the concept of the projection of materials, especially in
safety related systems, is always given careful consideration by the
designers, eg quality of selection and layout installation of electric
cables. Currently no clearly defined, specific tests are planned in
this area but ad hoc tests will be performed, when .required, to determine
materials compatibility.
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I. INTRODUCTION

The first Specialists' Meeting on sodium fire technology sponsored
by the International Working Group on Fast Reactors (IWGFR) was held in
Richland, Washington in 1972. The group concluded that the state-of-
technology at that time was inadequate to support the growing LMFBR indus-
try. During the second IWGFR Specialists' Meeting on sodium fires, held
in Cadarache, France in 1978, a large quantity of technical information
was exchanged and areas were identified where additional work was needed.
Advances in several important areas of sodium fire technology have been
made in the United States since that time, including improved computer
codes, design of a sodium fire protection system for the CRBRP, measure-
ment of water release from heated concrete, and testing and modeling of
the sodium-concrete reaction.

Research in the U.S. related to sodium fire technology is performed
chiefly at the Energy Systems Group of Rockwell International (including
Atomics International), the Hanford Engineering Development Laboratory
(HEDL), and the Sandia National Laboratories (SNL). The work at the first
two laboratories is sponsored by the U.S. Department of Energy, while that
at the latter is sponsored by the U.S. Nuclear Regulatory Commission. Var-
ious aspects of sodium fire related work is also performed at several other
laboratories.

The current status of sodium fire technology in the U.S. is summar-
ized in this report.

II. SODIUM COMBUSTION PHENOMENA AND COMPUTER CODES

A. Combustion Phenomena

1. Ignition

Sodium reacts with oxygen under a wide range of conditions,
but ignition is not attained until a self-sustaining temperature
rise is established. The ignition temperature depends on the
surface to volume ratio, the oxygen molar fraction and humidity
of the gaseous atmospere, and the degree of sodium purity. For
a sodium pool, the degree of agitation of the liquid surface and
the rate of heat loss from the sodium are also important. A
sodium pool will not normally ignite in air below 250°C unless
the pool is disturbed. Pools that are partially oxidized before
being extinguished have the potential for being reignited by
pyrophoric products in the crust at temperatures near ambient.
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The ignition temperature for a sodium spray is substantially
lower than for a pool fire. For droplets of the size range post-
ulated for accidents in reactor loops, ignition in air may occur
at ^120°C, but could occur at lower temperatures for fine mist
conditions.

2. Combustion Chemistry

Although there are no current fundamental studies in the
U.S. aimed specifically at sodium combustion chemistry, infor-
mation on reaction chemistry and kinetics is obtained inciden-
tally from experiments directed toward aerosol behavior and
sodium fire extinguishment.

Generally, the aerosol released from pool and spray fires
in atmospheres with oxygen concentrations greater than ^10% 0 2
consists of Na2O2, while Na2O is formed at lower oxygen concen-
trations. Subsequent to release, transformation to NaOH and
Na2CO3 can occur, depending on availability of H20 and C02.
The reaction product in the pool is chiefly Na2o7 with variable
fractions of NaOH, Na2O2 and Na2C03.

3. Kinetics

Sophisticated modeling of kinetic effects is incorporated in
the sodium fire computer codes used in the U.S. The models
account for oxygen and sodium vapor diffusion to the burning zone
for both pool and spray fires. Large-scale tests have shown the
pool burning rate in air under simulated accident conditions to
be in the 25-40 kg Na/h m 2 range. The burning rate of spray drops
is critically dependent on the drop size, oxygen concentration;
and spray rate to vessel volume ratio and cannot be generalized.

4. Scale Effects

The model used in the SOFIRE-II computer code for calculating
sodium pool burning dynamics is based on natural convection heat
and mass transfer analogy. For turbulent gas boundary conditions,
which almost certainly apply for accident cases of concern, the
burning rate per unit area is predicted to be independent of the
pool surface area. The effect of pool depth is uncertain, but for
a given temperature, the rate may increase slightly with increasing
pool depth due to greater turbulence in the pool and disruption of
surface layers of reaction products which tend to inhibit sodium
vaporization.

5. Convection Effects

For conditions associated with large sodium fires in a plant,
the sodium burning rate is expected to be limited by oxygen mass
transfer to the burning zone. Higher gas velocities across the
sodium surface, whether induced by natural or forced convection,
will result in higher burning rates. This effect has been quali-
tatively observed in tests at the Harvard Air Cleaning Laboratory,
where a jet of compressed air directed across the surface of a
small sodium pool resulted in a factor of ̂2 increase in burning
rate.

Convection patterns over a sodium pool may be affected by the
fraction of cell floor area occupied by the pool. If the total
floor area is covered by the pool, mixing of high oxygen content
gas from higher elevations in the cell with gas near the pool
surface may be inhibited and thus result in lower burning rates.
This effect should be evaluated analytically and experimentally.
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6. Effect of Atmosphere Composition

In the sodium fire computer codes used in the U.S., the burn-
ing rate is assumed to be directly proportional to the oxygen
concentration in the atmosphere near the burning zone. This
assumption has been verified experimentally at AI and at HEDL.
If water vapor is present, it is assumed to compete with oxygen
on a mole fraction basis. At oxygen concentrations above 5.03
02, any hydrogen formed by the sodium/water reaction is immediately
reacted with oxygen so that there is no net production of H2. At
<5.0% oxygen concentration, hydrogen does not burn and will"accumu-
late in the atmosphere.

B. Aerosol Phenomena

1. Aerosol Formation

The process of nucleation of reaction products in and near the
burning zone has not been studied in detail in the U.S. High super-
saturation partial pressures for Na2O and Na2O2 are expected in the
region near the burning zone. Nucleation and very rapid agglomer-
ation of the primary aerosol particles are also expected to occur
in this region. An AI test of an open air pool fire in a crosswind
gave large particles deposited close to the pool, indicating rapid
agglomeration immediately above the burning zone.

Transport of the aerosol particles away from the burning zone
or back to the sodium surface is determined by forces exerted on
the particles, chiefly those due to gravity, convection, diffusion,
diffusiophoresis, and thermophoresis. Because there is no mechan-
istic model for this process, the fraction which escapes the burning
zone to become suspended aerosol in the cell atmosphere must be
determined empirically. For pool fires, this has been shown to be
0.25 to 0.30. For spray fires it is assumed to be 1.0, although
this has not been verified experimentally.

2. Chemical Transformations

After the Na2O2 aerosol particles escape the burning zone, they
may be exposed to additional chemical transformations by reactions
with gaseous components in the atmosphere. Water vapor will react
to form NaOH, releasing oxygen. Carbon dioxide will react to form
Na2C03. Hydrates of these two products may be formed if there is
sufficient water present. Tests at HEDL where C02 and steam were
added to a 24-hr continuous spray fire in air showed that rapid
and complete conversion to anhydrous Na2C03 occurred for those
conditions. It is not known whether formation of NaOH is a pre-
requisite intermediate step.

3. Aerosol Computer Codes

Significant advances have been made in aerosol behavior com-
puter codes since the 1978 Specialists' Meeting. The HAA-3 code
is being upgraded at Atomics International to extend the calcula-
tional regime to higher aerosol concentrations and to optimize the
man-machine interface. The new version is called HAA-4. The HAARM-3
code has been improved by Battelle-Columbus Laboratory (BCL), inclu-
ding an attempt to model spatial heterogeniety by using a 3-zone
model. HAA-4 and HAARM-3 both use the assumption of a log-normal
size distribution. The QUICK code, developed at BCL, uses a dis-
crete particle size distribution. A user's manual has been pub-
lished. A variation of QUICK presently being developed will handle
multiple sources of aerosol materials. MAEROS, being developed at
SNL, is also a discrete particle size, multiple source aerosol code.
An extensive data base of experimental measurements of aerosol
behavior in closed vessels exists for validating codes. Plans are
underway for additional experiments at high aerosol concentrations
and with multiple aerosol sources, including tests in a large
(850 m3) vessel.
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C. Sodium Fire Computer Code Development

1. Pool Fire Codes

The SOFIRE-II code is the principal U.S. code used for compu-
ting pool burning dynamics and the accompanying thermal transients
in the pool and cell. One-cell and two-cell versions of the code
are available. The burning rate is assumed to be controlled by
the rate of oxygen diffusion to the pool surface. Improved pool
fire codes are being developed in connection with the SOMIX spray
fire code and the integral code, CONACS.

2. Spray Fire Codes

The SPRAY code has been updated to the SPRAY-3 version. This
code utilizes gas convection, heat transfer and droplet combustion
theory to calculate the pressure and temperature effects within an
enclosure. Any oxygen or humidity concentration can be handled.
A mean drop size is used to represent the drop size distribution.

The NACOM code uses discrete drop size groups rather than a mean
size. The SOMIX-2 code is a two-dimensional compressible flow gas
circulation code using cylindrical or rectangular geometry. Spray
angle and orientation are user specified. The SOMIX code accommo-
dates multilayer walls and wall to gas boundary layer heat transfer.
A version of SOMIX will be made compatible with the integral code,
CONACS, so that it may be used as an option module. It is generally
recognized that additional confirmatory experiments are reqired for
validation of these codes.

3. Integral Containment Codes

The first large computational system used in the U.S. to estimate
cell temperatures, pressures, constituent composition, water release
from concrete, hydrogen formation and burning, sodium-concrete reac-
tions, aerosol deposition and leak rate during a sodium spill was the
CACECO code. New integral codes are being developed at SNL (the CONTAIN
code) and at HEDL (the CONACS code). The latter codes include improved
models of sodium fire and other phenomena and add radiological transport
and consequence calculation capabilities.

III. SODIUM FIRE PREVENTION AND MITIGATION

A. Sodium Fire Prevention

Prevention of sodium fires within sodium systems requires a high level
of quality assurance application at four different work scopes: planning,
design, fabrication, and operations. Sodium fire prevention through
planning is accomplished by establishing specific performance criteria for
a system that can be followed by the remaining work scopes. During this
phase, the degree of quality assurance is determined as well as the overall
requirements for design, fabrication and operation of the sodium system.
The scope of design includes system definition, codes, standards and speci-
fications, performance requirements, test requirements, test equipment and
system design. Selection of material and components, the respective test-
ing, rating and sodium compatibility are considered by a designer for
prevention of sodium fires. Further passive or active fire protection
systems must be integrated into the system by design. All quality assur-
ance requirements, codes, standards and specifications implemented during
design follow through procurement and fabrication. During this phase, all
components of the sodium system are verified to comply with the design
requirements as they are fabricated and installed within the system. During
each of the previous work scope phases, quality assurance provides scheduled
audits to follow and evaluate the progress of the specific work activities.
These audits are conducted by both organizational and governmental quality
assurance groups. After plant construction and acceptance testing is
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completed and turned over to an operating organization, trained oper-
ating personnel provide the major contribution for fire prevention.
Proper operation of sodium subsystems, scheduled and preventive main-
tenance, inservice inspection and specific operating limits are impor-
tant aspects of a plant fire prevention program.

B. Sodium Fire Mitigation

Sodium cooled reactor systems, either currently operational or in
design, employ inert atmosphere cells in areas containing radioactive
sodium. An inert atmosphere (1-2% oxygen in nitrogen) is maintained
at all times to prevent a sodium *ire in event of a sodium leak. Non-
radioactive sodium piping and equipment are usually located in air
filled cells. It is standard practice to employ either active or
passive sodium fire protection in nonradioactive sodium cells. For
either fire protection method, the objective is to ensure that the
reactor plant can accommodate worse case accident spill conditions with-
out compromising the capability for safely removinq core decay heat.

1. Active Fire Protection Systems In Air Filled Cells

Active fire protection systems include the capability for rapid
sodium drain from the afflicted loop and systems by which the fire
retardant or extinguishing agent is supplied to a sodium component
or handling cell. They can be activated either automatically or
manually.

Previously, sodium systems employed an active fire protection
system using preloaded bins of a fire extinguishing agent. Materials
such as calcium carbonate or sodium chloride were the chief consti-
tuents in the bin-type active fire protection systems. Currently,
NaX (sodium carbonate base) is a widely used extinguishing agent in
the U.S. However, powder systems are believed to be unreliable for
extinguishing large sodium fires.

Secondary sodium fire protection in the Fast Flux Test Facility
(FFTF) is provided by space isolation combined with nitrogen flooding.
Steel catch pans are provided to prevent sodium-concrete interactions.
The principle of extinguishment by space isolation is to prevent oxy-
gen entry into the cell in which sodium is burning and thus to allow
the oxygen concentration to decrease by the sodium-oxygen reaction to
below the level required to sustain combustion. Area isolation is
provided by concrete walls, metal partitions, flexible rubber boots,
flued heads, fire/smoke dampers with fusible links and self-closing
personnel access doors. Nitrogen gas is manually injected at a
sufficient rate to slightly pressurize the cell in order to prevent
the in-flow of air. Large-scale sodium fire tests demonstrated the
effectiveness of this concept. However, recent testing has shown
that the cells leak at higher rates than intended, and the effective-
ness of the space isolation feature is being reassessed. An effort
is underway to improve the capability for rapid draining of the sodium
to minimize the quantity of sodium involved in a leak.

The Experimental Breeder Reactor (EBR-2) uses an active fire protec-
tion system in both primary and secondary sodium heat transport cells.
These systems operate in a normal air environment and the cells are
provided with catch pans to contain spilled sodium. Large pressurized
extinguishing agent dispensers are located throughout the primary and
secondary cells and are remotely actuated. MET-L-X (sodium chloride)
is used as the extinguishing agent.

2. Passive Fire Protection In Air Filled Cells

Systems which employ passive fire protection features use structures
and design concepts to mitigate the consequences resulting from a sodium
spill. Such systems include drainage from an affected cell (or cells)
to a permanent hold-up tank or containment which excludes the oxygen
necessary to support sodium combustion.
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Currently, the Clinch River Breeder Reactor (CRBR) design incorpor-
ates a sodium fire protection system which inherently reduces the conse-
quences resulting from a sodium fire by nature of design. The CRBR
sodium fire suppression system involves a structure which contains the
inventory of spilled sodium within a component cell and provides a
mechanism which excludes the transport of available oxygen from the
cell to the sodium pool surface. A network of commercially available
structural panels, called "Q-deck", covers a catch pan over the entire
floor surface area. Each Q-deck panel is provided with drain pipes to
allow spilled sodium to drain from the surface into the catch pan.
After complete sodium drainage into the catch pan, the Q-deck. structure
provides a barrier for available oxygen within the affected component
cell to communicate with the sodium. Extensive small-scale testing
has been performed at approximately 1/1OOth scale. At the present,
AI-ESG is undergoing a series of tests which are approximately one-
tenth scale, to further demonstrate the effectiveness of the CRBR
fire suppression concept.

3. Air Cleaning

Recently, a series of tests have been performed by HEDL on a
submerged gravel scrubber (SGS) which is considered for use as a
potential breeder reactor containment vent air cleaning system. This
air cleaning system is comprised of a gravel scrubber submerged in
water and a high efficiency demister. During tests, this air cleaning
system demonstrated high aerosol removal efficiencies, (>99.98») with
flow rates up to 0.47 m3/s and aerosol concentrations to 25 g/m3. A
5 m3/s unit is currently being planned for installation at the HEDL
sodium fire test site.

Other air cleaning systems that have been investigated include
HEPA filters, dry sand and gravel filters and conventional aqueous
scrubbers. Although the first two air cleaning systems demonstra-
ted high efficiencies, their mass loading capacities were low. The
aqueous scrubber system was found to have both high mass loading
capacities and good aerosol removal efficiencies. Efficiencies
>99.9% were demonstrated at flow rates up to 0.8 m3/s and aerosol
concentrations up to 50 g/m3. The major components of the aqueous
scrubber system consisted of a spray quench chamber, an eductor
venturi scrubber, and a high efficiency fibrous scrubber assembled
in a series configuration.

The FFTF has been equipped with a containment vent/purge and
effluent cleanup system as a development project. The cleanup
system consists of an ejector venturi and high efficiency fiber
scrubber in series. It is designed for 99% aerosol removal at
2.8 m3/s flow rate.

Effluent gas from the EBR-2 test cells are passed through a
graded media filter bank which is comprised of stainless steel wool
packing. AI-ESG has recently installed a two-stage scrubber to
remove sodium oxide aerosols from the effluent gas of the Large
Scale Fire Suppression Test Facility. This scrubber unit is commer-
cially built and consists of a two-plate impactor type first stage
which is water scrubbed and a fibrous type second stage.

4. Detection

Several different methods for sodium leak or fire detection are
used in the U.S. The methods used for leak detection include spark
plug detectors, sodium ionization detectors (SID), and plugging
filter aerosol detectors (PFAD). For sodium fire detection, SIDs,
PFADs, and photoelectric smoke detectors are used.
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Currently, EBR-2 uses spark plug detectors to detect sodium
leakage and ionization detectors to detect sodium smoke. The FFTF
uses SIDs, PFADs and ionization smoke detectors for sodium vapor
and smoke detection. AI-ESG uses photoelectric and ionization
smoke detectors to detect the presence of sodium fires at each of
their facilities.

IV. EFFECTS OF SODIUM FIRES AND SPILLS ON LMFBR PLANT STRUCTURES

The effects of sodium spills on LMFBR plants may be characterized as
effects resulting fror.i direct exposure of equipment and structures to the
leak/fire environment or effects resulting from exposure of equipment to com-
bustion product aerosols that may be dispersed throughout the plant. Here
these effects are considered for steel and concrete structural materials,
insulation materials, and for equipment and instrumentation.

A. Structural Materials

The U.S. has devoted an exhaustive effort toward designing LMFBR
plants to respond safely to large sodium spills and sodium fires.
Particular attention has been given to protecting structural concrete
from the effects of sodium spills. A general viewpoint prevails in
this country that steel liners or catch pans will provide such protec-
tion. Large-scale tests involving sodium heated in excess of 650°C
have demonstrated that this is the case. In some instances, liners
are vented on the unexposed side to allow escape of gases from heated
concrete. Several computer codes (COWAR, USINT, WATRE) have been
developed to compute the gas evolution from heated concrete, and con-
firming experiments have been performed at up to 1.1-m2 concrete
surface area.

The extent and consequences of sodium-concrete interactions is an
area of active study in the U.S., with major research ongoing at Sandia
National Laboratory and at HEDL. The nature of the interactions has
been found to depend on the chemical composition of the aggregate
material. Concrete made with siliceous aggregate is, at least under
some circumstances, considered susceptible to extensive attack by
sodium. Somewhat similar results have been observed with concrete
having magnetite aggregate. Calcareous aggregate concrete has exhi-
bited vigorous interaction for short periods of time, but it has also
been observed to slow or stop, perhaps because of an interfacial layer
of reaction products preventing intimate contact of sodium with the
reactive constituents of the concrete. Ongoing research efforts are
attempting to develop a mechanistic understanding of the reaction
between sodium and concrete.

Only limited efforts have been expended to find concretes or other
structural materials that are immune to sodium attack. Several explor-
atory studies of sodium attack on ceramics have shown that attack may
be due to (1) gross chemical reactions, (2) thermal shock, or (3)
reaction with impurities concentrated at the grain boundaries in the
ceramic. Criteria for gross chemical attack are easily established
from thermochemical analysis. Other forms of attack depend on both
the composition and manufacturing method of the material. Definition
of the susceptibility of materials to other forms of attack may be
done by experiment. Magnesium oxide, aluminum oxide, and silicon
nitride, when pure, exhibit good compatibility with sodium.

B. Thermal Insulation Materials

Experimental data have been collected to show that conventional
insulation materials are degraded significantly when exposed to molten
sodium. Materials, such as firebrick, that are made with silicon oxide
react chemically with molten sodium. High porosity insulations made
without silicon oxide absorb sodium within their porosity and, thus,
their insulation value is reduced significantly.
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C. Equipment and Insv'timentation

Design trends in the U.S. have emphasized avoidance of sodium
spills, barriers to protect structures and equipment in the event
of a spill, and redundancy in safety-related equipment. Generation
of a broad data base on equipment survivability in a sodium leak/fire
environment has not been necessary because equipment redundancy assures
safe plant shutdown even if equipment exposed to sodium ceases to func-
tion. Even so, key safety-related components are designed and qualified
to operate in design basis sodium fire environments.

Criteria have been developed for safety grade equipment and instru-
mentation to survive "beyond-design-basis" aerosol environments, and
qualification of instruments to survive such environments is an area
of active study.
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