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1. Introduction

Sodium spills are of great importance in the safety analysis for

sodium cooled nuclear plants. Large leakages can lead to a depletion

of the heat transfer system and cause the loss of cooling of the

reactor. Further the hot sodium may attack structural materials.

In areas with air atmosphere large amounts of sodium can burn and

cause great damages. Therefore the control of large leakages is an

indispensable task in design and construction of sodium cooled

reactor systems. Because of the typical arrangement of widespread

long pipe systems loop type plants are subject to a gradually

greater risk of damage than pool type plants. The sodium catching

devices of the SNR-3OO are described and their function is illustra-

ted as an example for the treatment of large spills.

Since the equipment for the control of large amounts of leaking

sodium is very expensive, great efforts are made in order to save

costs and to decrease safety problems. It is aimed to minimize

the probability of such events to a degree that they no longer are

to be considered realistic. The advantageous operating conditions

and the favourable material properties support this aim. Under the

well known keyword "leak-before-rupture" criterion this task is

persued. Crack growth measurements are made at structural materials

under LMFBR conditions, and leakage detecting systems are being

developed. Some test results concerning this task are described.

Despite the fact that there are good chances to verify the leak- J44

before-rupture criterion it is assumed that certain hypothetical

accidents occur, which are to be considered in the design of the

reactor plant. The extremely improbable Bethe-Tait-accident (HCDA)

is such an event. It would lead to a super spill, that means to the

complete depletion of the reactor tank. For the SNR-3OO plant a

system is provided that is able to catch this super spill and the

core melt. This core catcher must withstand the high temperatures

and remove the decay heat. The purpose of this system is to

restrict the consequences of the accident to the inner containment

and to guarantee the integrity and the function of the outer

containment. It is reported on investigations concerning the

design of the core catcher, especially on experiments which were

performed to find suitable materials which are able to withstand

the extreme operating conditions of the system.

2. Large leakage catching and draining system of the SNR-3OO plant

The design of the SNR-300 primary sodium loops is based on the

requirement that the reactor tank must not be depleted during

a large accident. In any case a minimum amount of sodium must

remain in the vessel in order to guarantee the decay heat removal.

This requirement will be met by placing all big components of the

primary loops (pumps, intermediate heat exchangers) in cavities

which have small free volumes and as a consequence can absorb

only limited amounts of sodium. In addition the piping systems

are arranged in a manner that in case of a tube rupture the

sodium in the tank can not be sucked out below the emergency level.

The situation is illustrated in Fig. 1. Nevertheless safety

analyses show that amounts of sodium up to 80 m may be spilled

within a few minutes under unfavourable conditions. These amounts

have to be catched and to be brought under control without >£

endangering the stability of structures and the integrity of g

systems which are of importance in regard to the safety of the §

piant. This applies mainly to the secondary systems which are ^

endangered by sodium fires. M



A combined system of sheet-metal liners, catching trays and drain

vessels has been provided (Fig. 2). The sheet-metal liners protect

the walls, so they will not be damaged by the sodium. The trays

catch the spilled sodium and guide it through channels and

pipes into the drain tanks. The bottom of the trays is slightly

inclined to the drain channel. The channel itself is also

inclined to the drain tube. In order to guarantee the drainage

of the sodium even in case of small sodium leakages, which could

solidify and therefore lead to a blockage of the drainage system,

the channels can be heated. The surface of the channels is partly

covered in order to avoid large debris, which may be produced by

a pipe rupture (e.g. insulating material) from getting into

the drain system and causing blockages.

The construction of the primary and secondary catch pans is

essentially the same. In the secondary system with air atmosphere

the following special features are foreseen: To limit the sodium

wetted areas and the resulting burning surfaces the catch pans

are supplied with bulkhead type metal sheets forming small

compartements. The pans are covered with sieves in order to

diminish the burning rate. They have a mesh aperture of 2 mm,

a wire gauge of 0,9 mm and a residual opening of 47,5 % which

allows the sodium to pass with negligible restraint.

In case of a fire the sieves will be blocked by the developing

oxide smoke. The access of oxygen will be decreased and so the

intensity of a fire will be reduced substantially. This is of

great importance with respect to the thermal stresses which will

affect the systems concerned. Thus the sieve arrangements are

rather inexpensive means to reduce the consequences of sodium fires.

Another special feature of the secondary drain system is that the

drain piping is closed by a plug of low melting alloy which under

normal operating conditions will keep the drain tanks filled with

inert gas. In case of a leak the plug will be molten by the hot

sodium and the drainage will start. Then inert gas will have to

be supplied from outside. Built-in valves allow to shutoff the

drain vessels after termination of the leakage.

The flow of the spilled sodium from the catch pans into the drain J45

tanks normally occurs by gravity. In some cases where a direct

drainage is not possible because of the system design a drain off

by means of vacuum is neccessary. The leak flow can be led from

the guard vessel directly or indirectly via several catching

pans into the tanks.

By means of this catching and draining system, large leaks in

the primary system can be handled without problems. Because of

the air-atmosphere in the secondary system and the time needed

for the draining procedure a fire cannot be completely prevented,

but it will be limited to a very small amount of sodium and to a

short time period. Thus the probability of danger to the structures

is reduced to a level which in practice can be neglected. One

can say that this system is an optimal solution with respect to

both effectivness and costs.

If it is desired for future plants to further decrease the risk

of damage by leaking and burning sodium, similar but more expensive

devices can be installed. Instead of a sieve cover a plate

arrangement may be used (Fig. 3). The single plates are inclined

against each other forming a series of parallel drain channels.

At the deepest point of the channels holes are foreseen to allow

the sodium to drain into the pan. The cross section of the holes

is less than 0,5 % of the total tray surface. In order to prevent

small amounts of sodium to spread over the whole pan, bulkheads

form single compartements. This arrangement is very effective in

fire fighting. Only about 10 % of the sodium will be burnt. The

rest cools down and solidifies in the pan /1/.

Another solution is based on a newly developed extinguishing

powder /2/ (Fig. 4). Plates or pellets of pressed graphite could

be put on the bottom of the catch trays. The graphite is pre-

treated by sulfuric acid. Coming in contact with hot sodium the

graphite expands increasing its volume by a factor of up to 200.



Since the density of the expanded graphite is very low it floats

on the surface of the sodium. The graphite forms a thick layer

which nearly completely prevents the access of oxygen to the

sodium. So the fire will be extinguished and the sodium can cool

down.

In some areas of especially high risk of damage (e.g. the steam

generators) additional local fire fighting systems will be

installed, which will be needed in case of a failure of the drain

system in order to cover the sodium surface and to extinguish the

fire. Of course a sufficient number of fire extinguishers is

distributed over the secondary sodium part of the plant to fight

small fires caused by limited local leakages.

The appearance of large leakages should be detected early and

precisely in order to control the leakage event and to be able to

counteract. A large number of different measuring devices are

available. Level gauges in the free surface areas of the loops

indicate the loss of coolant. Short circuit type or level gauge

type leakage sensors signalize the entrance of the sodium into

the catch pans and the drain vessels respectively. Smoke detectors

give an alarm caused by the smoke coming from burning sodium.

In conclusion the following statement can be made: Although the

catching and draining systems of sodium cooled plants will possibly

- and this is to be hoped - never have to demonstrate their

reliability in practical service, the treatment of large sodium

spills does not raise major problems. A large number of different

methods is available for the safe handling of leaking sodium.

3. Verification of the "leak-before-rupture" criterion and

detection of small leakages

Large leakages can be controlled successfully, as is shown in

the previous chapter. Nevertheless great efforts are made to

further decrease the risk of leakage events. Besides safety j^

aspects economical considerations are the driving force for

these efforts. It is aimed to show for future plants and - if

possible - even for plants in operation or under construction

that large leakages are very unlikely to occur. If this can

successfully be done, large sodium spills are no longer to be

considered in the design of sodium cooled nuclear plants.

In this connection the so called "leak-before-rupture" criterion

is a well known term. The operating conditions of fast breeder

reactors, especially the low system pressure and the high

ductility of the materials used support the intention of verifying

this criterion. We can have good hopes to reach this aim.

Fracture mechanic tests show that cracks in austenitic materials

grow very slowly under the operating conditions of LMFBR's.

The critical crack lengths are of the order of some decimeters

(Fig. 5). On contrary it can be shown that developing cracks have

already penetrated the system wall and lead to a detectable

leakage as soon as they have reached a length of a few centimeters

(Fig. 6). That means that there is a large safety margin between

the occurence of a leakage and the failure of the system. The

results described were gained from crack tests with small

specimens and with models of typical pipe arrangements, however

without fully simulating the operating conditions of fast reactors

/3, 4 /.

Nevertheless as a result the leak-before-rupture criterion was

accepted for the primary loop of the KNK II plant at Karlsruhe,

which is made of ferritic steel /3/. With respect to the SNR-300

plant we were able to demonstrate that even under extremely adverse

conditions, that is to say for circumferential cracks with

stiffening rings thus simulating the influence of flanges or similar

arrangements, a leakage starts long before a complete rupture

occurs /4/ (Fig. 6). These results, however, are still to

be confirmed for the actual operating conditions (temperature

55O°C, sodium environment). Corresponding experiments are under

preparation. Since the leakage behaviour is dependent on the



development of the crack opening it can be assumed that the

high temperature results will not largely differ from the room

temperature experiences.

The acceptance of the leak-before-rupture criterion and its

consideration in design and licensing procedures will consequently

lead to the demand for a fast and reliable detection system for

small sodium leakages. Measurements during crack tests indicate

that the leakage starts as soon as the crack has penetrated the

system wall (Fig. 6). Normally it increases steadily with increasing

crack length showing a slightly progressive slope

up to a total crack length of a few centimeters (e.g. > 1 cm /min

per mm increase of crack length). Beyond this limit a steep

increase of the leak rate is to be found caused by the over-

proportional rise of the crack width, whereas the increase of

the crack length remains approximately constant for a rather

long period of time or load cycles respectively. If it is possible

to find methods qualified for the detection of leakages of the

order of some 10 cm , a substantial span of time is avialable

for actuating safety measures.

When looking for suitable detection systems, at first smoke

detectors were tested which are generally used for the control

of large volumes. It appeared that a spatial control system could

not fulfill the appointed task. There are two reasons of importance.

Investigations on the behaviour of spilled sodium within the

insulation of pipe systems at the Kernforschungszentrum Karlsruhe

have shown that large amounts of sodium (some ten litres) will be

absorbed by the insulating material without formation of smoke

outside the insulation /5/. But even if an exhaust system would

be applied in order to suck the smoke directly out of the insulation

there would only be a partial success. Special tests at INTERATOM

on the development of smoke from hot sodium surfaces resulted in

the observation that under certain operating conditions of LMFBR's

a smoke detection system could not work. In the range of sodium

temperatures of 200 to 300°C which corresponds to the start up or

standby situation of a fast breeder plant the smoke release from 147

a sodium surface in an inert gas atmosphere with a few percent of

oxygen as it is used in the primary system area is below the de-

tection level of standard smoke sensors (Fig. 7).

Concerning these facts one comes to the conclusion that only

a local detection system directly attached to the pipes and

components can guarantee a fast and reliable indication of small

leaks. Development work on this special problem has been performed

in several countries. For SNR-300 a leak detection system has been

developed that utilizes the electrical conductivity of the sodium.

It consists of two wires which are guided by insulating beads.

Leaking sodium will shortcircuit the wires. The resulting change

in resistance between the wires will be percifeved by an ohmmeter

thus signalizing the persence of a leak. A schematic few of the

system is shown in Fig. 8.

Because of the risk of false alarms the arrangement of the detecting

chains and the protection of the wires against strange particles

are very important. In order to obtain a solution that is optimal

with respect to the reliability of the system the insulation is

fitted out with an inner cladding and the detector chains are

arranged - in the case of a horizontal pipe - in a groove at the

deepest point of the cladding. At vertical pipes the chains are

twisted round the tubes. However, since the vertical parts of the

reactor pipe system are short compared to the horizontal parts,

in most cases a separate detector arrangement is not necessary,

but the leaking sodium can be drained through the gap between

the tube and the inner cladding to the horizontal part of the

pipe.

The described leakage detection system is in practical service

at the KNK II primary system since August 1977 - till now without

any difficulty. Before the system was installed experiments were

performed in order to demonstrate its function and reliability

over the whole range of operating conditions. Small amounts of



sodium were released by means of artificial leaks in a test setup

simulating the KNK II primary pipe system (Fig. 9, 10, 11).

Leakage volumes of about 10 cm could be detected at the latest

within 1 minute (Fig. 12, 13).

This successful demonstration was an essential condition for the

acceptance of the leak-before-rupture criterion for a part of the

KNK II primary loops. One can have good hopes that this is only

a first step and that the efforts which are steadily going on

will finaly result in the application to further plants. The

situation is illustrated in Fig. 14. If one compares the crack

development and the corresponding leakage behaviour depending on

time, one comes to the conclusion' that there is a good chance

to detect small leakages in time and to prevent large system

failures with high reliability.

4.Precautions against hypothetical spills

The SNR-300 is the first reactor plant in the world for which the

extremely hypothetical core melt down accident has to be considered

in the design. This event leads to a super spill, that means to

a complete depletion of the reactor tank. A very expensive system

is to be installed below the reactor vessel in order to catch the

core melt and the sodium filling of the tank and to retain it for

a short period of time (Fig. 15). The bottom part of this core

catching system has to withstand the hot core melt (temperatures

up to 27OO°C) and the vertical walls of the pan must resist the

liquid sodium even near the boiling temperature (900°C). Many

investigations and extended test work was necessary in order to

design the core catcher, to find suitable materials and to

guarantee the function of the system.

The core catcher itself will be made of uranium oxide or of

thorium oxide /6/. This layer protects the cooling system beneath

it against the high temperature of the melt. The sodium retaining

system consists of a steel vessel and a heat insulating cover

which prevents the high temperature to affect the steel wall. The 148

heat conductivity of this insulation has to be lower than 22 W/mK

in order to not exceed the temperature limit of the wall (75O°C).

This value is based on the temperature development of the sodium

in the core catcher (Fig. 16). The highest load of the catch pan

is to be expected in the range of the sodium surface where steep

temperature gradients occur. The following requirements must

be met by the material of the wall insulation:

- high resistance against thermal shocks

- temperature resistance up to 900°C

- sodium resistance at high temperatures

- maintainance of dimensions

- low thermal conductivity even at high temperatures and

in contact with sodium

- absence of water

- high radiation resistance

- availability at acceptable costs.

Different insulating materials were examined in small scale

tests mainly looking after the sodium compatibility at high

temperatures. The test pieces were exposed to sodium of 900°C

over 100 hours. Three ceramic materials of a French supplier

proved to be most suitable. The materials are molten and then

cast into blocks. The composition is shown in Fig. 17. The

main component is alumina.Fig. 18 shows a cross section of a

test specimen. It is evident that the material is rather

inhomogeneous. This is due to the casting process. However by

carefully controlling the production process the cavern like

big holes can be avoided. The remaining holes are smaller and

dispersed over the entire volume (Fig. 19).

Since the tests with small specimens could not give information

about the influence of the changing density on the behaviour

of the materials in hot sodium further experiments in a technical

scale were necessary. A test setup was designed and constructed

in which a cylindrical insulating arrangement with a model scale



of 1 s 10 could be examined with the single blocks having full

scale dimensions (Fig. 20). The insulating wall is mounted in

a protective vessel that is filled with nitrogen. Above the test

vessel a storage tank with a preheating system is installed.

400 litres of sodium can be brought to a start temperature of 75O°C.

At the beginning of a test run the hot sodium is drained from the

storage tank into the test vessel containing the insulation setup

to be examined. In the centre of the cylinder a 40 kW heater is

arranged. It brings the sodium to the final temperature and delivers

the heat for the conductivity measurement. On the outer wall

of the vessel a cooling jacket is attached. From the temperature

difference across the insulating wall and a heat balance calcula-

tion the thermal conductivity of the wall can be determined. Fig. 21

gives an impression of the insulating wall before and after the

test.

The first experiment resulted in a conductivity value of about

70 W/mK. Since this value is higher than the coefficient of sodium

at 800°C (54 W/mK), it was concluded that there must be gaps

between the blocks of the wall leading to a considerable convection

of the sodium. These gaps could be caused by differences in thermal

expansion of the alumina wall and the supporting structure which

was made of steel. The block arrangement was changed then in order

to get it free from gaps. This was achieved by installing a ball

bearing between insulating wall and supporting device that has a

low friction coefficient, and by putting mortar between the blocks

of the wall (Fig. 22). The test with dispersed holes were performed

with Jargal H only which material showed the lowest swelling

effect. The temperature course of the third experiment is shown

in Fig. 23 as an example.

By means of the heat conduction equation

Q. ln(da/di)
AT.2.IT.L

with X = thermal conductivity 149

Q = heat flux

L = length of cylinder

da = outer diameter of cylinder

di = inner " " "

AT = temperature difference

an integral heat conductivity of 10 to 11,5 W/mK at temperatures

of 600 to 75O°C could be derived from the experimental data. This

value is on one hand much lower than the limit that was specified

(22 W/mK). On the other hand it is much higher than the value of

the bulk material which was found to be 1,3 to 2,7 W/mK for the

pure material and about 5 W/mK for sodium saturated material.

Theoretical estimations showed that the big differences were

mainly due to the shrinkholes in the blocks which were filled

with sodium, whereas the small test specimens for the laboratory

tests were made of cavern-free material.

The colour of the insulating material which is originally white

was changed to black during sodium insertion. The sodium migrates

along the crystal boundaries and fills out all holes and caverns.

The compressive strength of the material was measured before and

after sodium insertion. The surprising result was found that the

strength was a little bit higher after sodium contact over 100

hours at temperatures between 600 and 800°C than for the untreated

material. The increase, however,did not significantly exceed the

accuracy limits of the testing machine. From the test data it

can be stated that the Jargal H-material shows a quite good resistance

against sodium even at extremely high temperatures.

In order to prove the swelling behaviour the overall dimensions

of 3 specimen have carefully been measured before and after the



tests in sodium. A measurable change in volume could not be

detected. However, it must be admitted that the post test measure-

ment was difficult because of sodium and sodium hydroxide which

covered the surface of the blocks.

The sodium absorption of the tested materials was also determined.

By weighting several blocks before and after the sodium tests

it was found that a block of 60 kg - this corresponds to a volume

of 20 litres - can absorb about 3 kg of sodium. The time constant

of the sodium absorption was measured in a separate experiment.

A value of about 1,3 g/kg.h at a temperature of 600°C was found.

This value may vary depending on the form of the block, the

percentage and the distribution of shrinkholes in the block and

the temperature of both the sodium and the block material.

The shock resistance of the tested materials was excellent.

At the start of the single tests the blocks were subjected to

shocks of 5OO°C with transients of 25 K/s. The post test examina-

tion revealed neither cracks nor particles which were splitted

off.

The radiation resistance of the insulating material was not

proven. From literature data it can be expected that there will

be no difficulties.

As a conclusion form the various tests it can be stated that

the Jargal H-material withstood all the extreme conditions as

they are to be expected for the SNR-300 core catcher during

a hypothetical core disruptive accident. Except the heat

conductivity changes - within acceptable limits - due to the

sodium absorption, no significant change of the properties of

importance was found. The insulating material can withstand

extreme temperatures, high loads and chemical attack, and is

qualified for the intended application.
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leak probe after test
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Crack Growth, Leakage Behaviour and Detection

in Sodium Cooled Reactor Systems
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Composition of the tested insulating materials
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Fig. 19

Cross section of an insulating brick
of Jargal H with dispersed shrinkage
cavities (SEPR)
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Fig.21
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REVIEW OF CNEN ACTIVITIES
IN THE FIELD OF SODIUM FIRES

Presented by:

A. GEROSA
CNEN/CSN Casaccia,
Rome,
Italy

1. SODIUM ?IHES

1.1 Introduction

The problems related to sodium fires have received

increased attention at CNEN in recent years.

Sodium fires have been reported in several countries

with a rate that is. relatively high if compared to the

number of plants in operation. The consequences of fires

have been usually quite limited but it appears that more

adequate precautions could often be applied to minimize

risk of more serious consequences.

Many alternatives exist for fire prevention and for

fire extintion, but the fact that many alternatives have

not been sufficiently tested make choices rather difficult.

CNEN has been facing the problem of sodium fire prevention

and extintion in relation to:

- Design of PEC reactor.

- Design of experimental loops in its own centres (Casaccia

and Brasimone-Ref. 1,2).
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