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ABSTRACT

This paper describes the scdium fire programs undertak~n by
the CEA's Nuclear Safety Department. Experimental results concern—
irg sodium ignition and cambustion, sodium fire suppression, sodium
serosol filtration amd sodium-concrete contact reactions are given
axd the applicaticns of these results in the Super-Phénix reactor
iz discussed.

INTRCDUCTION

In a fast breeder reactor such as Super-Phénix the greatest sodium fire
hazards exist in the secondary loops and, to a lesser extent, in the auxil-
iary systems (storage drum, cooling system). In fact, for the prinary sodium
contained in the main vessel only a hypothetical core melr-down accident .
would be likely to cause leakage past this barrier. Even so, only small
amounts of primary sodium would be liable to escape fram the vessel; however
they would be discharged under pressure throuch small cross section cracks,
generating a spray fire which would develop under the reactor dome. In this
event the dangers would be the temperature effect, the asscciated pressure
effect and radiological hazard due to the contaminated aerosols.

The amunts of secondary sodium likely to escape from the systems may
vary fram a few kilograms to several tons, according to the nature of the
leak. The pressure, which is not very high in the circuits, drops rapidly
in the event of a large leak with the result that the metal runs cut and
burns in a pool . This type of fire must therefore be studied both fram
the standpoint of combustion dynamics and associated phencmena, and fram
that of p:evention and suppressicn.

This paper describes the research undertaken by the Cadarache Nuclear
Safety Department on:
- sodium igniticn
~ cambustion
. Pool fires
. spray fires -
- swppression
= sodium aexosol filtratim
- =~ scdium-ccncrete contact reactions.




SODITM IGNITION

Experimental research was conducted in a 316-liter vessel with a still
pool of 100 g of sodium covering an area of 113 am.

Icnition Limits and Rates

The scdium ignition temperature in dry air is 205 °C [1] (Table I).
The variation of this temperature as a function of the oxygen molar fraction
is not linear (Ficure 1). The minimm cxygen molar fraction at which igni-
tion occurs is 3 &.

THRELE I

Cxygen fraction 0.050 | 0.075 | 0.100 | 0.150 | 0. |

Igniticn temperature (°C) | 344 °C | 252 °C | 228 °C | 220 °C | 205 °C |

Above these limits, the time required for the sodium to ignite is given
by the following relation:

log (8) =7]£-xe (RX;*E) _cxo, +D

where: @ = ignition time (sec)
T = ignition temperature (K)
X, = cxygen molar fracticn.

%2
This experimental law characterizes the ignition time in a particular
configquration, and is certainly not applicable to all systems. Nevertheless

the phencmencn may possess a specific character corresponding ‘o an exponen—
tial form for which the coefficients are ralated to experimental conditions.

Icnition Mechanism

Tests showed that ignition was always preceded by the formation of
rodules on the surface of the metal, This nodule formation alone was not
sufficient for ignition o occur. Observation of the surface of the metal
with an IR camera showed that the ncdule pattern is directly related to
super temperature phencmena which appear on the surface of the metal. The
following hypothesis was formulated: the structure of the oxide film is
heterogenecus (porosity, structural defects etc.). This leads to uneven
oxidation spots at which temperature gradients are established. A mechanism
of tangential forces is created by a surface tension gradient (thermocapil-
lary convections) wnich break through the cxide film resulting in the forma-
tion of nocdules. The nodules, which are drops of sodium, oxidize and heat
up more quickly than the surrounding metal surface because of the high area/
wolume ratio., The resulting thermal disequilibrium causes ignition.

It is important o note here, that finely divided scdium may ignite
even at normal temrerature. In this case the reaction area/volume ratio




is so high that the temperature may increase rapidiy and cause ignition.

COMBUSTICN

Scdium Peol Fires

1. Effacts of the Sodium Temperature, the Cambustion Surface Arez and the
Scdium Poocl Thickness on the Combustion Rate '

Table 17 shows the results cbtained during fires at diffevent initial
sodium temperatures and under condirions with varyins axygen concentration.
The following conclusions may be draw~ fram the table:

- the initial sodium temreratrce coes not arpear o have a significant
influence on the mean cambusticon rate. This is certainly due to the
fact that the temperature of the pool stabilizes during the fire at
a value between 570 °C and 750 °C. Under no circumstances was the
boiling temperature reached, even when the initial temperature was in
the regicn of 840 °C.

- o mean combustion rate seems to decrease as the corbustion area in-
creases. This is certainly due to the ccnvection movements which,
for large area fires, hinder axygen diffusion to the centar of the
sodium pocl. This phenchencn is even clearer when the initial com-
bustics tatss are compared: *he initial rate of 49 kg h=l m~2Zcr an
area of 0.125 m?2, becames 35 kg h=l m=2 for an area of 1 12 and
27.6 kg i~k m~2 for an area of 10 m2,

TABLE II
s . Mean .

Initial Sodium . . Qxide

Experiment Temperature Ve:ssel 'Ih:.c;ness A;ga Ccngt;stz.on Release
°C -1 -2 | Rate

kg h™* m

Cassandre 3 550 400 5.1 1 24.5 0.31
Cassandre 4 550 400 10 1 26.9 0.365
Cassandre 5 550 400 14 1 26.2 0.385
Cassandre 6 550 400 28.6 1 23.8 0.40
Cassandre 7 550 400 18.3 2 19.6° 0.46
Cassandre 8 550 400 9.2 4 17.7 0.43
Lucifer 1 250 ' 400 17.5 2 17.1 0.45
Lifer 4 140 400 18.5 2 18.5 0.372
lucifer 5 840 400 20.4 2 17.9 0.427
Drac 200 400 12.8 10 17.7 0.163
Z|Cos | 550 22 9.9 0.195' 38.4 0.24
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The thickness of the sodium mool. has no effect oo the cambustion rate.
However the burned sodium mass may be estimated using the formula:

My =K-S-d
where K = kg . m >
' S=area(m2) ' - -

d = sodium pool thickness (m)

wWhen d exceeds 26.5 cn the burned mass depends almost solely on the

canbustion area.

- As. regards the amount of burned sodivm which is found in the zerosols,
it does not exceed 45 § of the burned mass. The aerosols are made up
of scdium peraxide. The rest of the burned scdium contained in the
combustion pan is in monoxide form with a small proportion of perox—
ide. After the fire, the proportion of burned sodium in percxide form
is 52 % on average.

2. Humidity Effects

Test conducted in a 22 m3 vessel on the effects of humidity on the
canbustion rate show that humidity inhibits combustion up oo 30 % relative
humidity at 20 °C. This inhibiting effect gradually disappears above 60 3,
but the mean combustion rate does not reach that cbtained in dry atmospherze
(Figure 2). This inhibition of cambustion is due to the formation of a soda
film on the surface of the metal, not as a result of a reaction between the
sodium and the water vapor (hydrogen production is imperceptible), but rather
by the action of the latter on the cxides.formed during cambustion.

3. Comouter Code

A "Sodium Pool Fires" camputer code has been quaiified on the basis of
the results obtained and is currently being used by Novatome for Super-Phénix
calcvlations.

Sodium Spray Pires !

Current research is being conducted fram two standpoints:
- experimental research in a 3.7 m3 vessel
- theoretical research, based on experimental results, the purposa
of which is to qualify a "Sodium Spray Fires" computer code,
written jointly by CEA and NOVATOME. Only the experimerntal re—
search will be described in this paper.

1. Experimental Research

The purpose of this study is to determine the dimensions of the sodium
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droplets produced during sprayving and to study dreplet camtustion and the
resulting thermodynamic effects.

a) Droolet Size Determination

. The drovlet size was determined by samoling droplets in a liquid inert

with recard to sodium. This samole was then analyzed with an electron micro-

scope. The resulis showed a rolycdispersed spectrum but with a standard log
districuticn. .

It is thus possikle o calcular.. the Sauter radius (R) fv'cm the follow-
ing equation:

R= R, ep. (1.5 log? a)

Studies are currently being carried cut to relate R30 ang R o the

spray parwietsrs: differential ejecticn pressurs, orifice dizmeters, pres-
sure drco in jet, physical croperties of the ejectsd licuid.

b) Combustion Study

This study is desicned to crovide sicnificant camousticn data, i.e.
scdium droplet cumbusticn rate, energy distsibuticn and transfer in the
system in which the fire is develcping. The parameters are droplet size,
the oxygen/scditm molar ratic and the scdium temperature, and the related
measurements are those of temperature and cressure, nature ané sroporticn of
the cambustion products.

SUPPRESSION
There are two types of sodium fire extinguishing systems: passive and
active. Both are besed on the principle of isclating the oxidant from the
fuel'

Passive Svstsms

Apparatus has been develcped fram tests conducted with smothering pans
in a 400 m3 caisson with which the follewing resulis were cotained:

- for one metric ton of sodium discharges only 30 kg burn,

- the combustion rate is reduced oy a factor of 10,

- the temrerature of the scdium in the pan falls immediatsl

Further tests were conducted o study pan interconneskions in order &
increase the system retention caracity and t cover the entire potsntial
leakage area. The results obtained by interconnecting four pans marked a
further step forward: out of the tcn of sadium poured into the pans only
10 kg burned.




Active Systarns

The Marcalina sowder research program [2] covered the storage and use
of this powder in portable, mcbile and built-1in devices. Devices cf differ-
ent capacities (9, 20, 40, 70, 150, 320, 1000 liters and more) have been
desicned. The physical and chemical behavior of the powder in these reser—
voirs is known. These devices are now in use in CEA facilities where sodium
is handled. Research was conducted in the 400 m3 caisson using a built-in
installation comprising reserveirs (1/3 Super Prénix size) and piping (length
ecuivalent to that of the Super Phénix systems). This installation operates
at the material flow rates and concentrations /material/ carrier gas) adopted
for Super Phénix.,

FILTRATION AND PREFILTRATION OF SCDIM AERCSOLS
Prefiltration of sodium aercsols is necessary in view of the minute

amounts of aerosols trapred by a very high efficiency filter-cell as shown
in Table III.

TEIE III
FILTER Surface Area Test Flcw Rate Scdium Retenticn
me (m3/h) Capacity (g9)
SOFILIRA 45 1 500 270
ASTROCEL, I (AAF) 2.4 1 500 126
ASTROCEL IT (AAF) . 34.5 1 500 177

Prefilter tests conducted with a 1 500 a3 ventilation locp installed
next to the 400 m3 caisson [3] showed that no cammercially available unit
meets the required specifications. CEA therefore undertook to improve two
water scrubberprefilters. One was the Colag prefilter on which successive
irprovements have increased the efficiency rating from 84 %, cbtained with
the initial device shown in Sketch 1 (Figure 3), t© 99.2 %. The other was
the xqualine R filter (uriginal filter - sketch 2, Figure 3) for which the
efficiency rating increased £2om 70 $ 0 99,9 %.

SCOIM - CONCRETE REACTICN

Previcus test showed that it was necessary to cover the concrete with
steel plating in crder to prevent a scdium spray fire caused by detonation
of the hydrogen produced by reacticn between the sodium and the water con-
tained in the concrete [2].

The purpcse of the present study is o analyze the scdium concrete
reaction., The initial tests seem % indicate that the hydmgen production
zate depends on the thickness of the concrete laver. For thin concrete
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slabs an appreciable fraction of the watsr may be evacuated fram the cold
face. This fraction diminishes as the concrete thickness increases. The
concrete may reach temperatures on the crder of 800 °C, and subsequent anal-
ysis has shown that concrete erosion by the sodium results essentially from
the alkaline melting of certain aggregate coameonents.

CONCLUSION: SUPER-PHENIX APPLICRTICNS

The overall findings of all CEA research programs are used for safety
considerations in SUPER-PHENIX.

The sodium pool fire camputer code is used to predict the thermodynamic
consecquerces of a possible sodivm fire in all rooms where a sodium hazard
exists., This code is used to cetemmine the contaimment design according to
the mechanical possibilities of the roam in question. It is also used to
calculate the amount of aercsels which would be extracted fram an roam under
ventilation conditicns, in order to determine the prefilter efficiency re-
quired to.protect the very high efficiency filters. Whenever a sodium fire
hazard exists, measures are taken to suppress the effects of such fires:
metal plating and thermal insulation of concrete, installation of smothering
pan catchment devices, provision of hand fire extinguishers for minor leaks
and = for major cutleakage — built-in powder spreading systems for inacces-
sible rocm and mobile powder spreaders for accessible locations. These
powder spreaders are supplied fram permanent installations camprising powder
storage tanks and supply lines leading to sodium fire hazard rocms.
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