
12
FIGURE

IGNITION

N° 3

MECHANISM

SURFACE OXIDATION!

SLOW'SURFACE

OXIDATION

"•WIDESPREAD NODULE
FORMATION

-IGNITION
-SMOKELESS

- IESITION
- -PROPAGATION WITH

DIFFICULTY

- IGNITION OF) ONE
.OR MORE NODULES
- RAPID PROPAGATII

KEY ..02
= initial oxygen molar fraction

(X__) = Ignition threshold oxygen molar fraction"02
T

T.

= Initial sodium temperature

= Sodium ignition threshold temperature

AN OVERVIEW OF SODIUM-FIRE
RELATED STUDIES IN THE UK

R. BILSBOROUGH
NPC,
Risley, Warrington, Cheshire

P.D. CAPP
UKAEA, Atomic Energy Establishment Winfrith,
Winfrith, Dorchester, Dorset

R.N. NEWMAN
CEGB, Berkeley Nuclear Laboratories,
Berkeley, Gloucestershire,
United Kingdom

1 INTRODUCTION

In the six years since the last Sodium Fires Specialists Meeting (Hanford,
May 22-26 1972, CONF 720579) the UKAEA and the Construction Companies, now
NPC, have concentrated on the commissioning and early operation of the
prototype Fast Reactor (PFR) at Dounreay Nuclear Power Development Establish-
ment. Rig support for PFR has continued at Risley Nuclear Power Development
Laboratory with effort mainly directed to engineering and heat transfer
studies; the fire protection and leak detection systems used have been based
on information available in 1972.

Over the same period the CEGB have shown an increasing interest in the Liquid
Metal Cooled Fast Reactor system with a consequent increase in research work
on the subject of sodium fires.

The text and appendices of this overview reflect this spread of emphasis.

2 SODIUM FIRES

The ignition characteristics, burning rates and smoke release fractions of
free ambient pool fires have been studied and this is described in Appendix
1, Section 2.1. The burning rates and smoke release fractions have been
measured both at equilibrium pool fire temperatures and over the range 250-
750°C. From these observations and the results of other workers, a model of
sodium-burning has been produced dealing in particular with the variation of
burning rate with pool size. The combustion of sodium pools exhibits a flame
zone that is essentially two-dimensional and close to the pool surface. The
reasons for this flame geometry have been examined and related to the ratio
of the heat of combustion of sodium to its heat of vapourisation which is
significantly smaller than for most other combustible liquids. Where the
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convective flow over the fire is turbulent, the flame geometry remains
constant, and consequently the burning rate for free ambient pool fires is
independent of pool size in the turbulent region.

Smoke release fractions were found to be constant with pool temperature below
600°C. It is suggested this is connected with the presence of non-wetted
surface layers on the pool and the analysis of these layers, the burning of
potassium pools and sodium pools containing varying potassium and calcium
concentrations have been investigated in order to further understand this
phenomenon. The results of experiments involving interactions between
potassium superoxide and NaK are reported in Appendix 2.

Work has been conducted on the burning of vapour jets and sprays and the
mechanism of vapour phase combustion (Appendix 1, Section 2.2). It was found
that the measured flame lengths for both laminar vapour jet flames and
turbulent fine spray flames could be predicted within experimental error
using established flame length correlations. A consideration of the thermo-
dynamics and reaction kinetics of the reactions of sodium atoms with oxygen
molecules has suggested that gas phase sodium superoxide (NaOj) and gas phase
sodium peroxide (Na202) are formed as precursors to the nucleation and growth
of condensed oxide phases in the flame.

3 THE EXTINGUISHMENT OF SODIUM FIRES

The performance of a fire suppression baffle in terms of burning rate and
smoke emission from drained sodium is described in Appendix 1, Section 3.1.
A re-ignition problem was found wherein pillars of sodium oxide containing
liquid sodium grew upwards from the drained sodium and commenced to burn when
level with the baffle aperture. Self-acting ball and flap Valves have been
developed to effect complete and permanent extinction of the drained sodium.
The effectiveness of the graphite-based powder "Graphex CK23" has been tested
on sodium pool fires of 220 mm and 300 mm diameter. Measurements were made
of the heat released from the Graphex-sodium interaction over and above that
from the sodium burning (Appendix 1, Section 3.2).

Operation of the Prototype Fast Reactor (PFR) at Dounreay has demonstrated
the benefits of a well engineered system (Appendix 4). There have only been
minor leaks of sodium and no major fires have been experienced.

Difficulties with the intended Vermiculite distribution over the installed
catch trays have led to a change in philosophy. The trays have now been
fitted with a sub-tray which has 1% voidage for drainage - the interspace
may be argon purged.

Early in 1975 there was a sodium fire at Dounreay which involved 1.8 te of
metal (Appendix 6). Fortunately it occurred in the open and caused very
little damage and no injury to personnel.

The fire fighting philosophy at Risley Nuclear Power Development Laboratories
(RNPDL) is based on steel enclosures designed to prevent the spread of sodium
spraying from leaking pipework. Under the rigs are 'inkwell' type trays
which can contain the whole sodium inventory of the rig - no fire fighting is
attempted inside the enclosure.

The extinguishment of fires is accompnished by means of dry powder; three
methods are available:

1 Sodium carbonate is kept in 12-J kg bags in strategically placed
stores. This can be applied to small fires by means of shovels.

2 A pressurised extinguisher containing 750 kg of powder is mounted
on a trailer which can be towed to the fire - this is capable of
dealing with moderately sized fires.

3 A fixed installation consisting of three 4 te pressurised con-
tainers supplied by a 30 te silo, to which up to 4 flexible hoses,
120 m long, can be attached. These can reach any part of either
rig building.

Sodium fire extinguishant powders based on powder containing mica, silicon-
ised silicates and melamine have been tested at DNPDE (Appendix 3). It was
found that fires at temperatures up to 650°C were extinguished by application
of the powder at a 1:1 weight ratio.

However, cyanide ions in unacceptable quantities were detected in the debris
and it was decided that powders containing nitrogen bearing organic additives
such as melamine should not be used. A limited number of experiments
suggested that melamine might satisfactorily be replaced by polypropylene.
However, it was felt that the fire fighting installation at RNPDL has
sufficient powder storage capacity (30 te) for a powder free of organic
additives to be used for extinguishing the largest credible sodium fire
(7 te).

4 PREVENTION AND PROTECTION

It is recognised that there may be significant corrosion problems associated
with the reaction products from the fire and extinguishants used to put the
fire out. Corrosion rates of a ferritic steel exposed to sodium vapour/air
flames and sodium pool fires have been reproduced by exposures of the steel
to NaOH/Na202/Na20 melts of varying composition and were in the range 1 x
10-3 - 1 x 10~4 mm s~^. Other tests have highlighted the corrosion dangers
of applying chloride-containing powders to extinguish fires, where the powder
will be molten at the fire temperature, whereas sodium carbonate powders were
found to be much less corrosive. Of materials commonly used in the manu-
facture of laboratory protective clothing, it was found that leather had
considerable advantages over synthetic and flame-proofed materials, and that
the resistance of transparent face protection to burning sodium relied
heavily on the ability of liquid sodium to fall away rapidly from the
material (Appendix 1, Sections 4.1 and 4.2).

5 AEROSOLS, PHYSICS CHEMISTRY AND CODES

Studies by the CEGB have been carried out in order to assess the on-site and
off-site levels of sodium combustion products produced by accidental fires on
experimental plant. The calculation procedure used to estimate these levels
and consider the results of an accidental release is divided into the follow-
ing parts. The choice of a source-term or smoke generation rate, the time
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dependence of the evolution of the smoke through containments and buildings,
the dispersion of the smoke into the atmosphere, and a judgement on the
acceptable smoke concentrations to which employees or the general public can
be safely exposed. The procedure is described in more detail in Appendix 1,
Section 5.

The study of sodium fire aerosols at Winfrith is a relatively new topic and
as yet the team is still engaged on equipment assessment and acquisition.

Experiments at Winfrith with small sodium fires in a simple containment, and
discussion with other workers, have highlighted the problems of achieving a
definitive study of such a labile material. A hermetically sealed containment
for aerosol studies is now under construction and characterisation equipment
being obtained. It is not intended to duplicate the work being carried out
elsewhere but that the studies should:

(1) give a degree of expertise with sodium aerosols so that external
work, available through exchange agreements, may be assessed;

(2) identify and attempt to evaluate specific areas of uncertainty,
particularly:

(a) inter-relationship between data obtained by various
instruments,

(b) the kinetics, under various atmospheric conditions of
the chemical reactions

NaOH

(c) various parameters which have been identified by the
use of the code AEROSXM (see below),

(d) the effect of boundary layers on the prediction of
aerosol behaviour. This, it is thought, may be a
dominant factor in small scale studies and should
therefore be understood in order to permit extrapolation
to the large containment situation. Currently the
temperature profile of the boundary layer is being deter-
mined using an infra-red camera.

A computer code AEROSIM which models the behaviour of aerosols of solid
particles in the containment with a non-condensing stirred atmosphere has
been developed at the Safety & Reliability Directorate . Agglomeration
by Brownian and gravitational processes and particle removal by gravita-
tional precipitation, Fickian diffusion, thermophoresis and leakage are
calculated. Calculations made with this code have demonstrated that in
many postulated conditions precipitation of particles would substantially
reduce any release of material to the environment. However, precise
evaluation of this reduction depends on reliable estimates of the rate
coefficients of the dominant processes and, despite most processes being

understood in principle, a number of factors contribute to uncertainty in
these estimates. Sensitivity studies have therefore been undertaken which
have led to the identification of the dominant sources of uncertainty.
For aerosols of some tens or hundreds of grams of solid material per cubic
metre in containments of volume of some thousands of cubic metres these
include:

1 The size distribution of freshly generated particles.

2 The effects of the complex morphology of highly agglomerated
solid particles on the relationships between:

(a) agglomerate mass and mobility

(b) agglomerate mass and effective size

(c) hydrodynamic interactions between approaching particles

3 The turbulent energy dissipation rate in the gas.

The decommissioning of the experimental fast reactor (DFR) at Dounreay and
consequent disposal of the sodium-potassium coolant (NaK) (Appendix 5)
presents the opportunity for studies on large scale liquid metal spray fires.
Burning rates in excess of 75 kg/hr have been achieved and to date over 2 te
of lightly contaminated NaK have been burnt. Aerosol measurements both in
the burn-chamber and in the ducting around the scrubber are planned by
Dounreay with Winfrith support. These will give information on the aerosol
characteristics and on the efficiency of the scrubber system.
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i. INTRODUCTION

The ability to predict and deal with the consequences of sodium fires

following sodium leaks is essential to the safe and efficient running of a



sodium cooled fast reactor. Accordingly the Research Division of the CEGB (UK)

has conducted a programme of basic studies on a number of sodium fire

topics, as a contribution to the philosophy and technology associated with

possible sodium fires in commercial scale plants.

2. FUNDAMENTAL STUDIES OF SODIUM COMBUSTION

2.1 Sodium Pool Burning

2.1.1 Ignition

A study of the ignition characteristics of small pools revealed that

a flameless burning region proceeds the appearance of incandescence, and

ignition, defined by the establishment of a self sustaining temperature rise,

refers to the start of the flameless combustion. This ignition can be related
(1 2)

to the protective nature of the surface layers formed on the pool surface ' .

Summarising the results:-

a) In damp atmospheres, T. - 300 - 320°C as the protective sodium hydroxide/

sodium carbonate layers melt.

b) In dry air or oxygen, T. « 200 C possibly due to the melting,

reduction, or thermal decomposition of sodium superoxide.

c) For stirred sodium in air , T. £ 150°C as surface layers are broken
ign

up.
2.1.2 The Burning Mechanism

During the flameless combustion there is a rapid surface oxidation

process with the formation of a grey-purple product close to the sodium

surface and sodium monoxide with some sodium peroxide remote from the sodium.

At temperatures above 400 - 450 C, sodium starts to burn (i.e. producing

light and smoke) upon wicks of sodium oxide resting upon the grey-purple

surface layer, which appears stable even when the wicks are removed from

the pool surface. Between temperatures of * 600 - 65O°C the grey-purple

surface layers disappear, the oxide wicks which are more dense than sodium

sink and the combustion proceeds over a flat liquid surface, with a flame

region very close to the surface. As the fire proceeds oxide builds up from

the pool bottom, penetrates the surface and the burning declines, followed

•by conversion of TSaJ3 to Na. 0 (initially above the melting point of HaJO.),

as the sodium activity decreases. Additional studies have shown that a

vigorous reaction will occur between fresh sodium and the Na-0. rich residuev , 15

and the possibility of explosions resulting from the mixing of potassium with

potassium superoxide as may occur from the oxidation of NaK has been
(4)investigated (cf appendix 2 on this topic). Local reignitioni

was also found to occur when any accumulations of the grey—purple compound

were disturbed at room temperature.

2.1.3 Spectroscopic and Radiation Studies

The emission spectrum from the pool fire showed a broad continuum from

the near IR to the near UV, associated with hot condensed phases. A super-

imposed emission occured in the region 400 - 500 nm, thought to be due to

chemiexcitation of the Nao molecular emission or chemiluminescent surface
(1)reactions . At the highest pool temperatures the subsidiary emission

disappears, and the strongly self reversed NaD lines can be distinguished

Probing with thermocouples showed the flame region to be very close to

the surface (̂  1 mm) and reach temperatures of 900 - 1100°C. The maximum

pool temperatures found were 730 - 740 C.

Colour photographic records of the burning pools reveal intense light

emissions and the evolution of dense smoke when the burning occurs on the

oxide wicks at temperatures below - 600 C. At higher temperatures when the

burning occurs over a flat pool the flame is less bright and the smoke less

opaque. Possible explanations are that the chemiluminescent emissions at

400 - 500 nm are the source of the apparent brightness, and that as the pool

temperature rises vapour phase combustion becomes increasingly dominant, the

smoke particle size decreases allowing greater light transmission.

2.1.4 Analysis of Compounds from the Pool Surface

Samples have been taken of compounds on the burning surface. Analysis

has indicated two compounds that could be the source of the purple-grey

compound and non-wetting skin observed during the fire. One is a black

compound rich in calcium, and the other a very reactive purple-grey

compound which has not yet been identified .

2.1.5 Quantitative Studies of Pool Burning

The burning rates of 50 mm diameter pools were evaluated by estimation

of the total consumption of sodium. The burning rates of the 100 mm diameter

(1,5)



pools were evaluated by recording the mass changes of the pools and

collection of the smoke, and for pools of diameters 220 and 300 mm by

measuring the heat released from the fire. The variation of burning rate

with pool temperature is shown in Figure 1, and variation of smoke fraction

measured for the 100 mm diameter pool is shown in Figure 2. The burning

rates for free ambient pool fires at the equilibrium pool temperatures

are plotted in Figure 3 with the results obtained by other workers.

The effect of additions of calcium and potassium on the equilibrium

burning rates were studied. Within experimental error no difference in

burning rate could be deduced between 100 mm pools containing calcium at

4 ppm and 800 ppm, and for 220 mm pools containing potassium at 200 ppm and

16,000 ppm. As a comparison with sodium the burning of a potassium pool

(40 mm diameter) was studied. It was observed that the potassium oxides did

not form wicks but were molten and sank under the burning metal. The flame

zone was flat and close to the pool surface as for sodium, and the pool

temperature approached 700 C. The burning rate was estimated to be "V/ 15 gm s

2.1.6 The Flame Geometry and the Calculation of Pool Burning Rates

In order to understand the behaviour of pool fires in containments, it

is instructive to be able to model the burning of free ambient pool fires. As

a basis for the derivation of a burning rate model it is necessary to consider

the flame geometry and the effect of pool size on this geometry .

In steady burning, the flame must adopt a position such that the heat

feedback from the flame to pool exactly balances the heat required to evaporate

the fuel at a rate equal to the burning rate. This is brought about by the

following mechanism:

1) The flame position affects the ratio: (heat transfer from flame to

pool)/(heat transfer from flame to environment). An increase in flame pool

distance will decrease this ratio.

2) The rate of heat transfer to the pool affects the pool temperature. A

decrease in heat transfer causes the pool temperature to fall.

3) The pool temperature determines the fuel vapour pressure.

4) The fuel vapour pressure affects the flame position. A reduction causes

the flame to move closer to the pool so that the rates at which fuel and air

arrive at the flame remain in stoichiometric proportions.

Now the heat generated in the flame «• rAH

and the heat required by the pool rAH

(1)

(2)
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where r is the sodium burning rate, AH is the enthalpy of combustion at the

flame temperature, and AHy is given as the enthalpy of vaporisation, but

includes the energy needed to heat the vapour from pool to flame temperatures.

The ratio AH /AH is therefore the fraction of the heat generated in the

flame that must be fed back to the pool. A small value of this ratio will

allow a larger flame pool distance and a higher fuel vapour pressure than

a large value. For a sodium pool fire, the value of AH /AH is between 0.30

and 0.35 depending on the reaction assumed. This value is much larger than

for hydrocarbon fuels where values of 0.001 (butane) are possible.

Alternatively, the function (AH /AH ) - 1 may be considered. This is

the ratio of the heat transferred to the surroundings to the heat transferred

to the pool. For sodium (AH /AH ) - 1 % 2. Generalising, heat transfer to

the pool will be proportional to the pool area, while the heat transfer to

the surroundings will be proportional to the flame area. Thus, the sodium

flame area would be expected to be only approximately twice the pool area.

To predict the exact flame geometry requires values for the emissivity of the

flame and pool, which are not known. The effect on flame geometry of an

increase in pool size however can be predicted for sodium fires.

The flames over 100 and 220 mm diameter pools were observed to approxi-

mate to flat parallel sheets close to the pool surface. The heat transfer

processes for these flames are now considered in more detail.

For pools of these sizes and larger, the convective heat transfer will
( 8}

not be affected by pool size .

The radiative heat transfer to the pool might be expected to increase

with increasing pool size, because the flame emissivity tends to increase.

It is shown below that for a sodium pool fire, this has the opposite effect.

Heat lost to surroundings per unit time

= r(AHc - AH^) (3)

Using the measured flame temperatures 1173-1373 K (900-1100 C ) . It is

calculated that for the measured burning rates convective heat transfer

to the surroundings can only account for about one-tenth of the heat

produced by the combustion, the dominant mode of heat transfer to the



surroundings therefore being radiation (cf. the high value of the flame

emissivity indicated by temperature measurements in the sodium vapour jet

flames).

Neglecting convective heat transfer and assuming that the surroundings

are completely absorbing.

r(AHc - AHv) (4)

For the case giving the greatest heat transfer rate, i.e., parallel plates

as appropriate to the experiments under discussion(9)

Heat radiated to the surface = a

which can be rewritten as

Heat radiated to the surface

l/ef + 1/Ep -
(5)

r(AHe - - Tp
4/Tf

4)

1 - ef + e£/ep

But the heat required by the pool is rAH therefore

Heat transferred to the surface

(6)

Heat required

- Tp
4/Tf

4)

- £p)
(7)

Inspection of the factor 1 + ef/e (1 - e ) shows that an increase in e,

decreases the heat radiation to the pool relative to the heat required. An

increase in e^ also tends to decrease T~ which also reduces the heat transfer.

Therefore the inductive argument can be made that if the flame is a

parallel sheet close to the surface for the observed pool sizes, then it

will still remain close to the surface as the pool size is increased. The

experimental observations made by Huber et al. on 2.1 m diameter

sodium pool fires, viz., photographs of the burning surface and temperature

distributions above the pool surface, support this argument.

The burning rate is now calculated using the fact that the reaction

zone is a plane sheet parallel and very close to the pool surface. It is

conventional to calculate burning rates from the rate of heat transfer

from reaction zone to pool, but in this case it is simpler to calculate

the mass transfer of oxygen from the ambient air to the reaction zone,

which is a heated plane sheet ^ 1 mm away from a solid surface. The mass

transfer to the reaction zone is approximated by the mass transfer to a

horizontal, flat heated plate.

Details of the calculation of the turning rate expression are given

elsewhere , but the basic assumptions are:-

that the heat transfer is analogous to the mass transfer, and is

described by the correlations ofFujiiand Imura and Al Arabi

and El Reidy'1 , the Sherwood number is as defined by Bird et al.,

there is no sink for nitrogen in the flame, and the mole fraction

of oxygen in the flame tends to zero. The oxygen flux into the flame

is therefore given by

(9)

1 - X.,,

2/3
D . 0.16

g
(8)

The physical properties v, D, and c are to be evaluated at the 'film

temperature'

+ T

and $ = f-

17

Putting in the measured value of Tf, the flame temperature, this equation
-2 -x

gives the oxygen flux as 0.114 moles m s . Using the fact that 4 moles

of sodium combine with 1 mole of oxygen, the burning rate in terms of sodium
-2 -2 -1

is predicted to be 1.05 x 10 kg m a , in good agreement with the

experimental measurements (see Fig. 3). This rate is independent of pool

size (and does not depend on the heat-transfer mechanism from flame to

pool, because flame geometry is fixed as discussed earlier). At the very

smallest pool sizes (< 0.1 m), the mass transfer correlation becomes Sh = 0.70

(Gr Sc)4, so burning rate increases as pool size decreases below about 0.1 m,

as indicated in Fig. 3.



Thus the theory gives a quantitative prediction of experimental burning

rates using only the flame temperature and geometry as input.

2.1.7 The Smoke Fraction from Pool Burning

The variation of smoke fraction with pool temperature shown in Fig. 2

exhibits a change of slope around 600 C. This coincided with the

sinking of the oxide wicks and the change to burning over a smooth metal

surface at > 600°C. It is postulated that the constant smoke fraction

between temperatures of 25O-6OO°C is allowed by the isolation of the hot

sodium in the wicks from the bulk sodium.

2.2 The Combustion of Vapour Jets and Sprays

2.2.1 The Measurement and Calculation of Flame Lengths

Laminar diffusion flames of sodium vapour burning in air have been

produced by boiling sodium vapour through a 1.5 mm diameter nozzle, with

an initial vapour temperature of - 900 C Peak flame temperatures were

measured to be * 1500 C, and a visible flame length of 190 mm was

observed at a flow rate of 0.06 gs .

Coherent turbulent jet flames were produced by atomising sodium

at 4OO-45O°C into air via a 350 ym swirl nebuliser at a flow rate of

1.25 x 10 m s . It is known from studies of the combustion of fine

hydrocarbon sprays, that heat transfer back from the burning front to the

unignited fuel can be sufficiently rapid as to prevaporise the fuel so
(12)

that the spray burns as a vapour jet . It was observed that the sodium

spray also burnt as a prevaporised jet. Droplet sizes were estimated

from water modelling tests to be in the range 2-200 jim., and the

average flame length was 230 mm.

Flame lengths will depend on the mixing of a greater than stoichiometric

quantity air with the fuel. If the chemical processes are sufficiently

rapid the physical mixing time will dictate the flame length. Two

correlations are widely accepted for laminar flames viz.

and
4irCfD

(10) 18

Applying these equations to the laminar sodium vapour jet flame equation 9

predicts a flame length of 190 mm, and equation 10 a flame length of

185 mm.
(14)The flame length correlation of Hawthorne et al., can be applied

to the fine spray flame treating it as if it were a turbulent prevaporised

jet.

M

For a flame based upon the reaction

(11)

2 Na
(g)

J
(•,)•

1.

a value for g of 10.9 is predicted. In the vaporising spray flame the

350 um nozzle was not a valid dimension for d as the volume flow rate of

the vapour could not be accommodated. Based simply on the conservation of

momentum an apparent value of d can be calculated by relating the ratio of

the apparent to the real nozzle cross sections to the ratio of the liquid

sodium density to the gaseous sodium density. Equation 11 then predicts a

flame length of 220 mm compared to an experimental mean of 230 mm.

2.2.2 The Mechanism of Vapour Phase Combustion

Spectroscopic measurements on the laminar vapour jet flames showed

the presence of a thermal continuum through the visible region emitted

from condensed phases in the flame. Subsidiary maxima low in the flame

were found at 512 mm and 470 nm corresponding to 232 kJ mol and

253 kJ mol . These could originate from chemiluminescent recombinations

such as:~

2 V T
L -

5.7irD T
<• mean

(9)
Na + 0 -> NaO + hv 2.

chemiluminescent reactions on the surface of growing oxide particles or

the unresolved bands of the Na, molecule. Superimposed on the continuum



were the strongly self reversed sodium D lines (589 nm). It was deduced

from the spectra recorded and the calculated flame velocity that there is

appreciable heterogeneous reaction upon the growing oxide droplets, which
-4

have been formed by homogeneous nucleation within 1 x 10 seconds at the

flame temperature.

Thermodynamic considerations show that of the possible gas phase

oxide species, NaO2 cannot achieve a supersaturated partial pressure in the

flame, therefore direct nucleation of NaO, will not occur. The monoxide

Na20 can nucleate, as can the proposed gas phase species Na202 whose

thermodynamic properties were estimated by comparison with those of

Sodium oxidation in the gas phase can occur either by breaking an

oxygen molecule to form an oxide such as Na20, , in a bimolecular process,

or by adding an oxygen molecule intact as for NaO2> by a three-body reaction.

In the temperature range 1000-1500 C, the three-body process becomes the

more rapid when the activation energy of the bimolecular step exceeds

^ 110 kJ mol . As the Na-0 bond is ̂  250 kJ mol and the 0-0 bond

^ 494 kJ mol most bimolecular oxidation processes will be endothermic and

have activation energies in excess of 110 kJ mol

It is calculated that the fastest (and therefore dominant) route to

the nucleation of smoke in the flame is via the reactions:-

Na + 02 + x •+ Na02 + x

Na02 + Na + x + x

nucleation
Na202 + Na2O2 -> (Na2O2)2 5.

followed by heterogeneous reaction and conversion Na20 , , . .

Work is proceeding to develop a computer code to calculate the length

velocity and temperature of a sodium vapour jet flame with entrained sodium

droplets as may be produced following an H.C.D.A. The calculation is

based upon the chemical kinetics of the discrete reactions chosen. To

date temperatures of ^ 1700K have been achieved using reactions 3 and 4 for

both laminar and turbulent sodium vapour jets; and further work is being 19

directed towards quantifying the nucleation and heterogeneous reaction steps

in the formation of Na20. ....

3. THE EXTINGUISHMENT OF SODIUM FIRES

3.1 The Design and Testing of a Catch Pan and Baffle

The BNL version of the "Karlsruhe" Tray System^ ' is shown in figure 4,

the main feature being the increased compartmentalisation of the drainage surfaces.

The system was found to work satisfactorily in tests where 11 kg of sodium

at 400°C was released from a height of 0.6 m onto the baffles. It was found

that the impinging sodium left a film on the drainage surfaces some 1-2 mm

in depth, which continued to burn after drainage for 1-2 minutes.

The burning rate of and smoke emission from drained sodium at 600 C
4 2

was examined in an idealised baffle. The plan test baffle area was 4 x 10 mm

and contained 1.4 kg of sodium. It was found that the burning rate was

greater than predicted from the aperture area at aperture sizes of
2 2

S 1000 mm ; whereas the smoke fractions at aperture sizes £ 1000 mm were

appreciably reduced by deposition on the underside of the baffle. (Figures 5

and 6).

It was observed that reignition could occur as the drained sodium

was allowed to cool within the baffle, due to oxide pillar growth acting

as a wick for the sodium. Vigorous burning commenced as the oxide pillar

reached the aperture. The rate of pillar growth was measured to be - 1 mm

per minute at 400 C for the 400 mm aperture.

The reignition phenomenon was taken into account in the final

baffle design,via the incorporation of self acting valves, which would

close the apertures after the drainage of the sodium. Two types were developed,

the flap valve and the metal ball float. Both systems were successfully

tested by successive deliveries of sodium at 600°C and heating of the

drained sodium beneath the valves for periods of > 1 hour without significant

oxidation. The flap valve and metal ball float are shown together on the

same matrix of baffles in figure 4, together with the basic baffle without

the self acting valve.



3.2 Extinction of Fires by Powders

Sodium fire extinction tests were carried out using the "Graphex CK23"

extinguishant on pools of 220 and 300 mm diameter. Graphex in both pellet

and powder form were added to the 220 mm diameter fire at a pool temperature

of 63O°C, and blocks and powder added to the 300 mm fire at a pool temperature

of 67O°C. The fires were extinguished, but a rise in sodium temperature

following expansion of the Graphex was detected. Upon cooling some

reignition due to sodium wicking through the Graphex covering was detected.

The rate of heat release during the tests was monitored, and from the test

with the 220 mm pool it was found that = 23 kJ of heat was released per

12 g of Graphex (i.e. = 1 mole of carbon) as the material contacted the

sodium. The heat release resulted in a 10% increase over that from the

normal burning rate in the case of the 220 mm diameter fire, but an increase

of > 100% for the 300 mm diameter fire. Analysis of the material showed

the presence of SiOj, and H-0 and S02 were evolved when it was heated in

the range 15O-4OO°C. The heat release can be qualitatively understood in

terms of reaction of the sodium with the non carbon components and the

gases evolved as the expansion occurs.

3.3 Other Systems

The technique of argon flooding at the time of the fire was found in

tests on BNL loops to be less effective than powders or baffle systems.

Laboratory bench scale tests were conducted using liquid nitrogen on small

fires, but it was found that thermal explosions resulted. A system was

devised where in non sealed containment boxes were filled with vermiculite,

to suppress the burning and filter the smoke. This was tested by releasing

1 kg of sodium at 65O°C beneath 300 mm of vermiculite. Some suppression

of the smoke was achieved but local high temperatures of » 1000°C were

detected as the sodium reacted exothermically with the vermiculite.

4. PREVENTION AND PROTECTION

4.1 Corrosion in the Vicinity of Sodium Fires

It has been found that there is considerable material wastage in the

vicinity of sodium fires. In one such incident at BNL a failed 316SS

bellows released sodium at 600 C to the air during a metal fatigue test

causing complete penetration of a 3.2 mm thick 316SS plate below the bellows

over an area of 1000 mm ' ' This corrosion took place beneath Silica

based lagging inside a metal box, and there was no indication of the

leak, prior to dismantling the apparatus.

Information of the likely corrosion rates in fires had been obtained

from some incidental fire tests and a study of the chemistry of material

wastage of 2J Cr 1 Mo steel following sodium water reactions.

A summary of results is shown in table 1 below.

TABLE 1

The Corrosion of 2{ Cr 1 Mo steel
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Environment

Na, ../air flame
(g)

Sodium pool fire

1:1 Na.O./NaOH melt

3:7 Na.O/NaOH melt

Na2°2U)
Na2°2(Jl)

Temperature

S15OO-14OO°C

1000-730°C

900°C

798°C

700°C

1000°C

Penetration Rate

8.5xlO~5 mms"1

1.8xlO~4 mms"1

5.5xl0"4 mms"1

4.6xio"4 mms"1

-4 -1
2x10 mms

S^xlO^mms"1

The corrosion by fires is likely to be caused by the attack of molten

Na20 or Na2O2 from the flame or melts of Na202/Na20 or Na202/Na20/Na0H

in damp atmospheres, formed at the perimeter or surface of sodium pool

fires. Extensive studies of the corrosion of steels and their constituents

have shown that in sodium hydroxide alone, corrosion kinetics are parabolic

due to the accumulation of ternary oxide reaction products . As the

activity of oxide in themelt increases the reaction products become more

soluble, the rates increase and the kinetics tend towards linearity

The variation of the rate of attack with temperature and with changes

in steel composition are also reduced. From the detailed studies of steel

corrosion and sodium water wastage results it is estimated that 316SS would

be corroded some three times slower than 2J Cr 1 Mo, and the rates would be

increased where appreciable flow of the corrosive melts over the steel

surface occurs . The corrosion rates found in the oxide and oxide/hydroxide

melts seem to adequately encompass the rates found in burning tests in

table 1. The slightly low rate of attack found in the vapour jet flame



could be due to the reduced thermodynamic stability of the corrosion

products at the flame temperature, or the relatively low flux of

corrosive compounds in the flame.

The corrosive effects of chloride containing fire fighting
(21)powders on 316SS have been studied . Rapid corrosion was detected in the

case of T.E.C. powder which was molten at the test temperatures of 600 and

65O°C.

It was found that the corrosion process in T.E.C. required the

simultaneous supply of air and a thin film of molten T.E.C.; the

corrosion was stopped completely by a few millimetres deep covering of the

molten extinguishant. It was also found that weld areas could be attacked

faster than tube wall metal. Tests are continuing on the effect of sodium

carbonate on steels. So far it has been found that sodium carbonate is

significantly less corrosive than sodium chloride at the test temperature.

It is recommended that all candidate fire fighting materials should be

submitted to such tests before selection for use on high temperature plant.

4.2 Protective Clothing

A number of simple tests to evaluate personal protection materials against
(22)liquid sodium penetration were conducted . Resistance to penetration

was determined by allowing a 6 mm diameter column of the metal, heated to

45O°C to impinge on material specimens mounted at 45 .

Candidate materials for clothing were asbestos, flame proofed cotton,

"Nomex" and leather, the helmet construction was of either GRP or polycarbonate

and the visor material tested was laminated acetate. The tests showed that

only leather had the ability to reject sodium at 45O°C and resist penetration.

Nomex and asbestos both retained and were penetrated by the molten metal and

the cotton did not retain but was quickly charred and penetrated during the

test.

The helmet materials GRP and polycarbonate did not retain molten sodium,

but only resisted penetration by static burning droplets for <v 30 seconds.

The laminated acetate visor also did not retain sodium when tested as worn,

i.e. vertically, but only resisted penetration by static burning droplets

in the horizontal plane for <v> 5 seconds.

5. SODIUM AEROSOLS PRODUCED FROM FIRES

CEGB studies to date on the behavior of aerosols produced by sodium

fires has principally been initiated by the need to assess the on site

and off site levels of airborne combustion products produced by accidental

fires on experimental plant. The basis of this assessment is divided

into parts as shown below.

(a) The source term or smoke generation rate. This in extreme cases will

be calculated from the burning rate and 100% smoke release fraction as

for fine spray fires. For pool fires the release fraction has been

measured to be close to 0.3 at the maximum pool temperatures and the

smoke generation rate at source expressed in terms of sodium hydroxide

release is

Na0H tsmoke = 5-8 ± 0.7 x lo"3 kg m ' V 1

(b) The evolution of the smoke through containments and buildings. The

change in release rate with time up to an equilibrium value is

calculated taking into account the specific leak-rate of each

containment stage.

(c) The dispersion of the smoke into the atmosphere. Mathematical models

which are regularly applied to the release of radioactive effluent,

and take account of varying weather conditions are used to determine

the variation of smoke concentrations with distance from the point
(23)

of release . The models incorporate possible releases from stacks

and air entrainment in the wake of a building.

(d) A choice of acceptable smoke concentrations to which employees or

the general public can be exposed. The permissible concentrations in

air in the working environment are defined by the threshold limit

values (TLV) which are published by the American Conference of

Government Industrial Scientists (ACGIH). These values are utilised

by the Health and Safety Executive in the UK as guide lines for
—o

industrial air. The ACGIH quote a figure of 2 mg m as the TLV for

NaOH, there is no figure for Na, CO, as such but a TLV of 10 mg m

is assigned assuming it to be a nuisance dust. At present the

21



CEGB at BNL assume that the smoke is in the form of NaOH with no

credit being taken for conversion to Na- CO .

6. NOMENCLATURE

r The burning rate, the quantity (in units of choice) of fuel burnt per

unit surface area per second.

AH The enthalpy of combustion at the flame temperature.

AH The enthalpy of vapourisation of the fuel including the energy

required to heat the vapour from the pool to the flame temperature.

e. The flame emissivity.

e The pool emissivity.

o" The Stephan Boltzman constant.

T f The flame temperature (K)

T The pool temperature (K)

T^ The ambient temperature (K)

0 2 The flux of oxygen.

x0_ The mole fraction of oxygen

c The molar concentration (moles per unit volume)

D The diffusion coefficient.

g The acceleration due to gravity.

S The volumetric thermal expansion coefficient.

v The kinematic viscosity of air.

V The fuel flow rate.

Sh The Sherwood number

Gr The Grashof number

Sc The Schmidt number

L The flame length.

d The nozzle or flame diameter.

Cf The mole fraction of fuel in an unreacted stoichiometric mixture.

o The ratio of the number of moles of reactant to number of moles of

product.

T The nozzle temperature.

M The mean molecular weight of surrounding fluid (air).

Mj. The mean molecular weight of the fuel.

This Paper is published by Permission of Central Electricity Generating Board.
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APPENDIX 2

The Reaction Between Eutectic NaK and
Potassium Superoxide

- by -

S.A. Sloan

Central Electricity Research Laboratories, Kelvin Avenue, Leatherhead,
Surrey, KT22 7SE

The highly exothermic reduction of the oxygen-rich potassium super-

oxide by the parent metal (reaction 1) has been cited as a possible cause

.of explosions when either potassium (Gilbert, 1948; Bil, 1965) or NaK (Mellor,

1965; U.S.A.E.C, 1967) has been incompletely oxidised. The explosions

K02 + 3K - 2K2O AH - - 444 kJ (1)

occurred under conditions where the metal had been exposed to the atmosphere

for a long time and it was often not clear whether any further contaminants

were present.

The present paper reports results of reacting potassium superoxide

with eutectic NaK over a range of initial temperatures. The experimental

method has been described in detail elsewhere (Sloan, 1976). Briefly the

separated reactants were heated in a shallow dish to the required temperature

on a temperature-controlled hot plate. When thermal equilibrium was attained,

the superoxide was pushed into the NaK. The reaction was followed by a

thermocouple immersed in the NaK. Care was taken to avoid contamination by

organic material.

The results of experiments over a range of temperatures are listed

in Table 1, and previously reported potassium results (Sloan, 1976) are

included for comparison. A thermal 'event' is defined as a self-heating

runaway reaction occurring when the rate of heat production due to reaction

exceeds the rate of dissipation. The induction time of the event is the

interval between the contact of the reactants and the first sharp rise of the

temperature profile.

It can be seen that with NaK, the mixture appears to be critically 2$

sensitive to the initial temperature. Only a negligible exotherm was obtained

at 473 K, rising over 10 s before dying away. Sometime later, fresh superoxide

was added to this mixture at 474 K, resulting in a temperature rise of 6 K over

3.8 s followed by a self-heating thermal event with an exotherm of 304 K.

At 502 K high-speed cinfi photography (Sloan and Whitby, 1977) revealed an

induction time of only 9 ms. The temperature rise was only 140 K, achieved

at a slower rate than in the cooler run.

These results with NaK exhibit a major difference from the observations

with liquid potassium, where thera was a well defined range of initial

temperatures (420 — 450 K) in which a significant degree of controlled

reaction was readily detectable. With NaK a more critical situation exists,

and disturbing the equilibrium either way leads to a runaway thermal event,

or a slow decaying reaction. Thus under the prevailing experimental

conditions of heat dissipation, 473 K appears to be a critical temperature for

the reaction between potassium superoxide and eutectic NaK. The experiment

at 451 K on a quartz dish illustrates the sensitivity of the reaction to the

efficiency of heat dissipation. At this temperature on inconel, no significant

temperature rise would be detected, while on the quartz dish of lower thermal

conductivity, a moderate exotherm was recorded.

This work was carried out at the Central Electricity Research

Laboratories and is published by permission of the Central Electricity

Generating Board.
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TABLE 1

Isothermal Reaction Between Liquid

Alkali Metal and .Potassium Superoxide

Liquid
Metal

Eutectic
NaK

K

t

Initial
Temp.

K

451

473

474

492

502

423

447.5

453

472

475

523

Max. Temp.

K

35

4

304

246

140

9

33

110

110

70

72

Max. Temp.
Flux

Ks"1

165

< 1.0

> 2000

> 2000

570

2

9

62

160

120

180

Induction
Tine

s

2.1

3.8

0.2

0.009

0.7

0.4

0.1

< 0.02

< 0.02

Time from
Mixing to
Temp. Max.

s

2.4

11

4.1

0.5

0.3

18.0

4.5

4.0

2.2

< 1.0

2.2

Dish
Material

Quartz

* Inconel

APPENDIX 3

RISLEY DRY POWDER FCTEFIGHTING INSTALLATION

BTOODUCTION

The RNPDL sodium firefighting facilities have been re-appraised due to the
advent of the new large soale sodium rigs in RD6. As a result, a fixed, dry-
powder firefighting installation has been erected between the two main sodium
buildings* The close proximity of these buildings has facilitated the use of
a. fixed system which offers a very considerable saving in cost without loss
of performance. The total powder inventory is 30 Te conform to our policy
of having an available weight of powder equal to four times the weight of
sodium which would be released as a result of the maximum credible inoident
occuring ie 7 Te sodium.

Eefore committing HKKRL to a bulk purchase of fire-extinguishing powder for
the newly installed powder dispenser it was decided to carry out a limited
programme of fire tests followed by analysis of reaction products.

EXTINGUISHING POWDERS 27

Anhydrous sodium carbonate (soda ash) has been in general use for controlling
sodium fires, in the Capenhurst and Risley laboratories since 1954* This had
to be manually applied.

For use in the standard dry powder extinguishers soda ash is unsuitable as it
calces during storage consequently the trlple-eutectio powder (TEC) was formerly
used for this purpose despite its attendant chloride stress corrosion risk; An
additional hazard being the toxio nature of barium chloride which constitutes
51$ of TEC. These extinguishers have now been withdrawn.

Growing concern about chloride stress corrosion of stainless steels has ruled
out the possibility of using any chloride based powder in RNPDL for controlling
sodium fires.

In the USA favourable experience is reported with sodium carbonate based powdew
with flow promoters and containing a nylon additive which, in use, is said to
produce a coherent oarbonaceous raft which is capable of supporting a layer of
soda ash on top of the burning sodium pool.

John Kerr & Co (Manchester) Ltd, who designed the powder dispenser were asked
to supply powder similar to that used in the USA but due to patent difficulties
they offered a soditim carbonate based powder blended with melamine. It also
contains mica and siliconised silioates which improve fluid properties and water
resistance of the powder.

TESTS

Because this blend of powder did not significantly differ from the Amerioan
powder it was decided to carry out a series of simple tests at HERE. The number
of tests being restrioted due to the limited availability of the sodium tniming
rig.

All the tests were carried out in mild steel trays 38cm square and 10cm in
height. In each case approximately 6 to 6.5kg of furiously burning sodium
was used giving a nominal 5cm depth of sodium. The main points of interest
being

a. Speed of fire 'knock down*

b. Secondary ignitiion due to 'wioking1

c. Some indication of thickness of powder layer required to
control the fire

RESULTS AMD OBSERVATIONS

At 35O°C a 1.5cm layer of powder instantly put out the fire with no sign of
secondary ignition.

A 650°C fire was also knocked down very rapidly using about 1.5cm of powder
but within 5 mins clean bright sodium metal was observed coining to the



surface and firing. A further 1.5cm of powder again knocked down the fire
but a few small fwickB* of 'burning sodium subsequently appeared - these were
controlled by the application of small quantities of powder.

A test, with sodium temperature at 55O°C, using approximately 2.5cm layer of
povider gave less secondary ignition and subsequent tests using approximately
3.5cm thick layers of powder were very satisfactory although very occasional
instances of small scale wicking did occur.

CYAHIDE PROBLEM

Melamine, like nylon, is a nitrogen bearing organic compound. Any such compound
will, when heated with sodium produce sodium cyanide (this is the classioal
Lassaigne test for nitrogen in organic compounds). As nylon has been accepted
in the USA it was assumed that the cyanide concentrations produced were acceptable
because of

CONCLUSIONS 21

a.
and/or

b.

Thermal decomposition of the nylon before reacting with the sodium

Thermal decomposition of the cyanide into oxides of nitrogen*

To dear up the uncertainty before ordering the bulk powder qualitative tests
were carried out at R1JPDL, using similar sodium and powder depths* In each
oase cyanide was found.

A simple quantitative test was then oarried out using the melamine blended
powder. Analysis of the sodium-powder interfacila layer gave a figure of
1.55 x 10~2kg cyanide ion per M2 burning area. Only traces were found in the
loose top layer of powder. This must be considered a minimum value as on a
large scale fire, mixing could occur causing significantly higher levels*
Obviously a 100$ conversion of all the available nitrogen to cyanide is not
feasible but even the level measured is considered to be unacceptably high*

A few small scale tests have been carried out at RKFDL using powder blended
with the simple hydro-carbons, polythene and polypropylene* In particular a
5?5 polypropylene mixture looked very promising. However the development
programme needed to produce a satisfactory powder is not justified for the
RKPDL installation.

DKCUSSIOT

1. Although these tests indicate that approximately 1:1 ratio will extinguish
a sodium fire, the installed oapaoity of 4:1 gives a necessary margin to cate*.
for example, laying down a bund wall to contain a continuing spillage as well
as being able to deal with inoidents developing during the subsequent area
clean up.

2* The possible benefits gained from the carbonaceous raft have to be weighed
against the introduction of a cyanide hazard.

1. Sodium fires at up to 650 C can be extinguished using a very limited
amount of the sodium carbonate based powder requiring approximately a
1:1 powder:sodium ratio as a minimum for control.

2. Powders blended with nitrogen bearing organio additives suoh as nylon
or melamine are potentially dangerous in that they produce cyanides*
They are therefore not reoogmended for use in the Authority*

3* For the HBFDIi Dry Powder Installation the sodium carbonate powder blended
with mioa and silioonised silioates but without any nitrogen bearing
.organio additive is recommended.

J Mathison
Rig Eng Sept
RD2

14 1977

APPENDIX 4

PFR EXPERIENCE ON SODIUM LEAKS AND FIRES

There have been no significant sodium fires in the lifetime of PFR to date. Five

are small-scale burnings of sodium involving tens of grams have occurred when

breaking flanges or cleaning sodium filled components but these were dealt with

locally by the use of hand applied sodium chloride based powder.

The main system for dealing with fires in PFR is now a passive one based on the well

known Karlsruhe tray system which directs sodium spillage into trays with limited

air access. The original scheme to use the 30-40% voidage perforated plate above

the trays which allowed sodium to enter them, and then apply a layer of

expanded vermiculite to the perforated plate has been abandoned. Although

laboratory trials on this method were satisfactory there were serious difficulties

with the fluidized bed vermiculite distribution system on the plant scale.

The Installed perforated plate with 30-40% voidage was therefore modified by fitting

below ittroughed plate with about 1% voidage existing in the drain holes at the



bottom of each trough. Laboratory tests carried out at DNE showed that this was as

effective as the vermiculite system as a fire control system. The amount of fume

released due to residual sodium burning on the top of the plates was somewhat higher

as there was no absorption capacity as where vermiculite is used. There is however

a considerable advantage in having a totally passive system and the ability to.

argon sparge the space between the sodium and the perforated plate has been retained.

There have been three cases of liquid metal leakage in the lifetime of FFR and none

have resulted in fires. One of the 14" diameter secondary sodium pipes from a

secondary sodium pump to the IHX showed leak indications from its contact probe

detectors shortly after the initial hot run (400°C) in 1974. Checks were made and

the signals proved to be genuine. Investigations showed that an unauthorised repair

by welding had been made to the pipe during construction. A section of the pipe was

removed and an in-situ repair made within a week.

On the second occasion in 1975 a small leak occurred in one of the header stubs in

one of the NaK/air heat exchangers in the thermal syphon cooling system which provides

for decay heat removal from the core. The leak was discovered using the installed

smoke alarm system although the alarm instrument in the air duct itself failed to

operate. The fault was identified and the system and its best routine modified to

prevent a recurrence. The leak was due to a metallurgical fault in the material of

the header which was however easily repaired.

In 1978 a small sodium leak was detected at a recently re-welded seal on a secondary

circuit bursting disc housing. The leak was directly to air and was found by routine

inspection of the component before it had reached the magnitude to actuate either

the contact probe or smoke detector. No fires took place. The cause was due to a

small defect in the weld procedure and was quickly remedied.

J A BRAY
PFR Operations Group

PFR Division
DNE 20 October 1978
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Extract from "Operating and Decommissioning Experience on DFR" by J Kirk,
Manager DFR

NaK DISPOSAL

Activity

16 The current state of the NaK inventory is shown in fig 6 and it will be
noted that years of reactor operation with vented driver fuel has
introduced an important complication - the presence of about 20000 Ci of
the fission product caesium 137. The primary circuit is the most heavily
contaminated and it has been decided that until it is possible to start
disposal, this particular batch of coolant should remain in the double
jacketed stainless steel primary, circuit which is further protected by
by the biological shield and the containment sphere.

17 The lower but significant levels of contamination in the remainder of the
NaK have resulted from cross contamination between tanks and circuits in
the course of large scale NaK handling operations during the reactor life
time. For example, during the work on the primary circuit leak the
therMl syphon «ut«ctic NaK was introduced into the cold primary circuit
to permit leak location by acoustic (bubbling) methods.

N«KOH Injection

18 The intention is to build a plant in which NaK will be injected at a con-
trolled rate under the surface of an aqueous solution of NaOH. The
resulting stronger caustic solution will be diluted and neutralised so
that it may be handled in the same manner as any other radioactive liquid
effluent. Again, because of the amounts of radioactivity which will be
involved when dealing with primary circuit NaK, this plant is being built
inside the sphere containment. Standards of containment will be modified
to deal with the large quantities of hydrogen which will be produced in
the process. To date very few items of the plant have been completed.

Atomised Burning

19 Meanwhile, attempts have been made to develop an alternative and hopefully
speedier disposal method suitable for the more lightly contaminated batches
of NaK and considerable success has been achieved with atomised spray
burning (figs 9, 13 and 14). In this process, NaK under pressure is ejected
in a nitrogen stream through a jet into air in such a way that complete
combustion takes place immediately.

20 Catch trays situated below the jets collect the solid residue which is oxide
containing a proportion of peroxide and superoxide. This residue is easily
dealt with by steaming and water washing as soon as combustion of a batch of
NaK has been completed.
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The process is carried out in the NaK cleaning and decontamination plant
which includes a venturi water scrubber and cyclone separator to handle the
considerable quantities of gaseous/aerosol effluent (fig 17). Experience
in test burns has shown that 20 to 50% of the NaK burned is trapped in the
scrubber water and overall plant decontamination factors for caesium 137 of
more than 100 car. be attained consistently.

The attractive feature of this process (compared for instance with pool
burning) is its controlability. For example if for any reason (eg, scrubber
break down) it was necessary to stop the process, opening of the tank: by
pass valve (fig 9) stops the burning and blows the line clear of NaK in a
few seconds. If a batch of NaK was being burned in a pool, combustion
could be stopped by fire fighting methods but not so quickly and positively
without elaborate arrangements.
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FIG 13 Close up of Atomising Jet
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Appendix 6

A Sodium Fire associated with an Operating Rig at DNE - J A Smedley, ENPDE

Early In 1975 an incident with a sodium rig designed for the investigation of
the effect of water leakage into sodium resulted in approximately 1.8 tes of
liquid sodium being ejected from the rig building. This produced a pool
approximately 7 m x 7 m in the rig compound which caught fire and burned for
about 45 minutes before being brought under control by the Fire Brigade using
4 tes of fine salt (sodium chloride). The pool also reacted with surface
ground water causing sodium to be spread over an area of approximately 250 m2.

The incident caused very little on site damage and no injury to personnel and
the sodium fume (Na(>2 and NajCcO escaping from the site did not cause a hazard
to the general public or damage to property. The maximum area concentration at
1 mile from site was about l/10th permitted continuous occupational level and
grass samples taken from along the caustic plume path were not more signifi-
cantly contaminated than samples obtained elsewhere.

The solid blanketted area was still at high temperature (approximately 700°C>
an hour after the fire had been extinguished. It was not possible at that
stage to determine if some liquid sodium remained in this mass. As rain could
have reacted with this and caused further fire, a weather forecast was obtained
from the meteorological office which indicated there was little possibility of
rain over the next 12 hours. However, a temporary cover was erected over the
fire area.

As soon as the residues had cooled sufficiently for any unreacted sodium to
solidify, sample cores were taken. Analysis showed there was no free sodium
and the residues were safe to remove providing precautions were taken to safe-
guard against personal contact with any pockets of caustic material. The
material was subsequently removed and neutralised and the area rapidly returned
to a green site condition.

SUMMARY OF HEDL SODIUM FIRE TESTS

R.K. HILLIARD
Hanford Engineering Development Laboratory,
Richland, Washington,
United States of America

ABSTRACT

The sodium fire test program and related studies at the Hanford Engineer-
ing Development Laboratory (HEDL), covering the period from 1972 to 1978,
are described. The program is analytical and experimental in scope, with

computer code development and experimental verification. Tests have ranged
in size from gram quantity laboratory tests to 1600-kg sodium spills. The
experimental work is performed in two facilities: the Large Sodium F1re
Facility (LSFF) and the Containment Systems Test Facility (CSTF). The
facilities are described and the experimental results summarized.

Sodium fire extinguishment tests which verified the Fast Flux Test
Facility (FFTF) secondary sodium fire protection system are described and
related information on sodium burning rates and smoke release rates are cor-
related. The burning rates are compared to theoretical predictions based on
heat and mass transfer analogy, with good agreement. Comparisons with the
SOFIRE-II code are also made.

Sodium combustion aerosol properties are defined as to chemical and
physical nature, settling in closed vessels and effect of added water
vapor. The HAA-3B aerosol behavior computer code is compared to tests in
the 850-m3 CSTF containment vessel. Sodium spray tests in the CSTF are
compared with the SPRAY computer code.

An air cleaning program is described, which has the objective of remov-
ing high mass concentration sodium combustion aerosols from vented cells and
containment buildings. The aerosol mass holding capacity of commercial
filters was measured and an aqueous scrubber system is described.

The effects of sodium spills on cell structures were investigated,
including water release from heated concrete, the reaction of sodium with
concrete, the formation and spontaneous recombination of hydrogen, and the
ability of steel cell liners to withstand large spills of high temperature
sodium without leaking.

I. INTRODUCTION

In May 1972 an assessment of the state of sodium fire technology was
made by a group of specialists from six nations 1n a working group meeting
held in Richland, Washington.(1.2) The meeting was organized by the
International Working Group on Fast Reactors (IWGFR) of the International
Atomic Energy Agency (IAEA). Although a large quantity of information was
exchanged, the group concluded that development was required in several
important areas of sodium fire technology to support the growing LMFBR
industry.(2) Some of the major recommendations were that engineered
sodium fire extinguishment systems be developed and proof tested, that
sodium fire detection systems be improved from a standpoint of sensitivity
and reliability, that differences noted in sodium-concrete reaction tests be
resolved, and that international cooperation in sodium fire test programs be
encouraged.

Since the 1972 IWGFR meeting significant advances have been made in
sodium fire technology including closely related fields of effects on struc-
tures and control of combustion product aerosols. An aggressive program at
the Hanford Engineering Development Laboratory (HEDL) is sponsored by the
U.S. Department of Energy, with emphasis on the following areas:
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