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Experimental work at Harwell on the injection of sodium int o

liquid steel

R .C . Asher, L . Bradshaw, R. Collett, D. Davie s

Abstract Reynolds

The equipment and experimental technique used to inject molten sodiu m

beneath the surface of molten steel (and subsequently molten uranium dioxide )

are described .

The results of an exploratory experiment, in which 2 g of sodium a t

380°C were injected into 54 g of steel at 1530 °C, are outlined . A violent

reaction occurred, apparently as a result of a vapour explosion, and a numbe r

of pulses were recorded by a force transducer . A preliminary examination o f

the steel debris is reported .

Introduction

The current experimental programme on Fuel-Coolant Interactions a t

Harwell aims to inject a small quantity (- 2 g) of liquid sodium into - 100 g

of liquid uranium dioxide at ti 3000°C ; the possibility of larger scal e

experiments is also being considered . An important feature of this work is

that the sodium will be injected beneath the surface of the UO 2 . Armstrong(' )

has reported similar injection experiments but in his work (with on e

exception) the sodium was projected from above the U02 surface .

Because of the difficulties of handling liquid uranium dioxide the firs t

step in the programme is to inject sodium into molten steel . The result s

should be relevant to a possible 'FCI' between stainless steel fuel cladding

and sodium coolant and at the same time should provide valuable experience o f

the experimental techniques .

This paper describes the first test (Na - CS/1)* in which 2 g of sodiu m

at - 380°C was injected into - 54 g of steel at 1530°C . It is believed that

a vapour explosion occurred . The crucible containing the molten steel was .

fractured and a number of pulses were recorded by a force transducer supportin g

the crucible . The steel and sodium were ejected and dispersed and the stee l

debris has been examined .

*An abridged form of the title 'Sodium - carbon steel, experiment 1 '
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2 .

	

Experimenta l

2 .1 Genera l

A schematic layout of the apparatus is shown in Fig . 1 . A crucible ,

heated by an RF coil and containing the molten steel, was locate d

centrally inside a steel box (the primary containment) which was designe d

to retain fragments and to withstand the shock wave from a vapou r

explosion. The sodium was contained in the injector unit which wa s

initially in the ' up ' position as shown . After heating the sodium to

the correct tc,nperature the injector was rapidly lowered until the ti p

of the injector (the ' proboscis ' ) was ti 1 cm below the surface of th e

steel . Injection then occurred automatically as described beiow (2
.2'1) .

The occurrence of a vapour explosion was detected by a force transduce r

on which the crucible was supported . The primary containment was not

intended to be gas-tight and was therefore mounted in an inert-gas glove

box which acted as a secondary containment. As a further safety

precaution the secondary containment was connected to a meteorologica l

balloon, the inflation of which would accommodate excessive gas pressure .

The operations of filling the injector with sodium and examination of

the debris were carried out in an auxiliary inert-gas glove-box .

2 .2 EtcuiAment. Detail s

2 .2 .1 Injector (Fig. 2 )

The sodium was contained in a stainless steel bellows unit the

base of which was connected to the stainless steel proboscis ; the

bellows was externally pressurised with argon at- 5 x 105 Nm 2.

The tip of the proboscis was sealed with a steel ball held in

position with a braze melting at- 730
0
C (cf Fig. 3) . Hence when

the tip of the proboscis was inserted beneath the surface of th e

molten steel at- 15300C the braze rapidly melted, the ball wa s

released and the molten sodium injected into the steel (cf Fig. 4) .

The quantity of sodium injected (- 2 ml) was controlled by the

arrester which limited the movement of the bellows .

Three distinct time intervals are important in defining the

performance of the injector .

(a) The 'submersion time ' ts , - the time required for the tip o f

the proboscis to travel from the surface of the steel to the

required depth (1 cm) .
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(b) The ' melting time ' tM , - the time interval between th e

proboscis entering the steel and the melting of the braze .

(c) The ' injection time ' tI , - the time required for the desire d

volume ( .,. 2 ml) of sodium to be injected into the steel .

The time is must presumably not be too short if severe hydro -

dynamic disturbance of the steel and entrainment of gas was to b e

avoided . A pneumatic actuator was used to provide the vertica l

movement of the injector unit . High speed photography of a mock-up

(in which the steel was simulated by molten salt and the sodium wa s

simulated by Woods metal) showed that is was ... 50 ms and that, with

these fluids, gas entrainment did not occur . Direct confirmation

that entrainment was not present in the steel-sodium system has not

yet been possible . The total movement of the actuator was - 20 cm s

and took place over . .. 2 secs ; the movement was reversible .

It was also not possible to determine tM directly in the firs t

experiment but steps are being taken to provide suitable instrument-

ation in subsequent experiments . The subjective impression of th e

observers was that the total time between injection and the vapou r

explosion was less than one second . In fact the mock-up experimen t

mentioned above gave a figure of 1 .4 secs for tM but since this wa s

obtained using Woods metal ate.. 100°C injected into molten salt a t

... 800°C and with the braze represented by soft solder (mpt - 200°C )

it is difficult to know how relevant it was to the conditions o f

experiment Na - CS/1 .

Attempts to predict tM theoretically were made by Professo r

Hunt of Reading University but it appeared that the simplifying

assumption made (viz that the heat flow was solely axial) was

unrealistic . Currently more sophisticated calculations, taking int o

account radial heat flow, are being carried out at Harwell .

It was important to have an approximate figure for tM for two

reasons . Firstly, if tM was less than is ejection of the sodium

would occur before the proboscis had reached the desired dept h

beneath the surface . In fact it appears that tM » ts ; therefore

there is also a possibility that any residual hydrodynamic distur-

bances or entrainment of gas in the steel could have disappeared

before injection occurred .



Secondly if tm was too large the sodium in the proboscis woul d

have seriously overheated or even boiled before injection occurred .

From the evidence available before (and even after) the experiment

it seemed that tm would be a maximum of .,. 2 secs . Calculations

showed that the heat flow through the walls of the steel probosci s

tube would be serious in this period . Therefore a layer of zirconia

2.5 mm thick was plasma sprayed on to its exterior and approximat e

calculations confirmed that there would be no significant conductio n

of heat through this barrier during the period represented by t m.

The extreme tip of the proboscis was sheathed with a short lengt h

of stainless steel tube because empirical tests with the Wood s

metal/molten salt system seemed to suggest that this was beneficial .

The injection time t l could not be determined in the firs t

experiment although instrumentation in later , experiments should

make this possible . The high speed photography of the mock-u p

experiment already mentioned showed that t I for Woods metal at 1009C

into molten salt at- 800 0C was - 50 ms using a proboscis geometry

similar to that of Na - CS/1 . Theoretical calculations by Professo r

Hunt using the best available information on viscosity and the flow

resistance of this type of geometry gave a figure of 104 ms, whic h

is in gratifyingly good agreement with the experimental figure .

The same calculation applied to the conditions of Na-CS/1 gave a

predicted figure of 46 ms for t I and it is surmised that this i s

within a factor of two or three of the experimental figure . The

mock-up experiment also showed that the injected jet did no t

seriously depart from a simple geometry ; it was actually a cone of

... 20-300 included angle with noticable but not outstanding turbu-

lence at the metal/salt interface .

2.2 .2 Primary Containmen t

The design of the primary containment was intuitive and

pragmatic but was confirmed by non-destructive testing . The

primary containment took the form of six mild steel plates approxi-

mately 2.5 cm thick and 30 cm square, bolted together to form a hollo w

cube . A number of ports permitted access for the injector, the RF

coil, instrumentation etc .

As a basis for non-destructive testing of the primary contain-

ment the highly pessimistic assumption was made that a vapou r
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explosion would occur in which there was 100% conversion of therma l

to mechanical energy . Approximately 30 k cals would be release d

and, on the assumption that 1 g of TNT is equivalent to 1500 cals ,

this corresponds to 20 g of TNT . Hence the primary containment wa s

tested by detonating successive charges of 10 g and 20 g of TN T

equivalent inside it . There was no observable effect on the vesse l

and the bolts did not show a detectable increase in length . The

inside of the primary containment was lined with removable sheets

of aluminium thus facilitating cleaning up and the examination o f

the debris after the experiment .

2 .2 .3 Crucible and crucible suppor t

For reasons of expediency the crucible for the first experimen t

was machined from Pile Grade Graphite (Fig . 5) although it was

realised that this would likely result in carburisation of th e

molten steel .

The crucible was supported on a vertical pillar which it wa s

intended should transmit a semiquantitative measure of the vapou r

explosion to the pressure transducer . The design of this pillar

was not very satisfactory. The original scheme (Fig . 5a) involved

an alumina recessed dish supported on an alumina tube but thi s

failed during commissioning . The alternative scheme utilised a

modified design of crucible and an additional vertical tube (Fig .

5b) and was the best that could be achieved in the time available .

The thin disc of plastic between the transducer and the anvil wa s

incorporated to minimise ' bouncing ' .

2 .2.4 Heaters

The injector was heated to a uniform temperature (to withi n

10°C) by two independently controlled resistance heaters . The

upper one was attached to the injector and actuator and therefor e

moved with them. The lower had a vertical slot along one side thu s

permitting it to be removed sideways before the actuator operated .

There was therefore a short period (- 15 secs in the first experi-

ment) during which the proboscis was cooling before operation o f

the actuator ; preliminary trials suggested that the temperature o f

the sodium in the proboscis fell by only 20°C during that period .

The RF generator for melting the steel was a 20 kW, 400 kHz
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unit ; the copper work coil was oil-cooled and operated at less than

I kV . No radiation shields were needed to achieve

	

15009C .

2 .2 .5 Temperature measuremen t

Thermocouples attached to the surface of the injector allowe d

the temperature of the sodium to be measured with sufficien t

precision for the first experiment. The temperature of the steel

was determinedby an optical pyrometer sighting on the surface o f

the metal via appropriate windows and a mirror ; an experimentally

determined correction of ,.. 300C was applied to allow for the losse s

at the windows and the mirror .

2.2 .6 Force transducer and associated instrumentation (Fig. 6 )

A Meclec Type HQ 20 piezo-electric transducer (resonan t

frequency 275 kHz, rise time 1 .5µs) was linked to a Meclec Type M

24 amplifier (frequency response 30 kHz) . The output was fed to a

Datalab Type 905 transient recorder incorporating 1024 storag e

channels . For lack of any firm information on what signal t o

expect, the transient recorder was adjusted so that its storag e

channels spanned an interval of 100 ms, i .e. each channel corres-

ponded to- 100 µs . In fact the signal stored in each channel wa s

the average signal received during a period of a few nano secs a t

the beginning of the 100 µs interval . This point is important sinc e

it means that it is in principle possible for pulses of significantl y

less than 100 µs duration to be undertaken by the recorder .

The transient recorder had a self-triggering facility . In the

present experiment this was used in such a way that directly a

signal corresponding to a force of more than 500 N was observed b y

channel number 100, then the contents of all channels were recorded .

In this way the events occuring 100 channels ( ... 10 ms) before and

... 900 channels (- 90 ms) after the signal causing the triggerin g

were recorded . The contents of the storage channels in th e

transient recorder were subsequently examined either by an oscillo-

scope or by a Y/T plotter .

2 .2 .7 Pressure Transducer s

Piezo-electric pressure transducers were mounted in the wall s

of the primary containment but were not used in the presen t

experiment .
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2.2 .8 Remote Operation

As a safety precaution, operation of the actuator whic h

lowered the injector into the steel was carried out remotely fro m

a neighbouring laboratory . This laboratory also contained the

recording instruments, the RF heater trip switch and a close d

circuit television for viewing the progress of the experiment an d

in particular to confirm that the injector had been successfull y

lowered .

2.2.9 Material s

(a) Steel Carbon steel bar (1%C, 0.25% - 0.45% Mn, 0.3% Si )

19 mm diameter weighing 53.8 g.

(b) Sodium Industrial sodium purified by Chemical Engineerin g

Division, Harwell, for use in loops and dispensed under dry

argon.

2 .2.10 Filling the injector uni t

Molten sodium at ... 150°C was forced into the injector uni t

under vacuum through a sintered pyrex disc (40 - 90 µ pore size )

and the sodium filling tube sealed ; the unit was weighed to confir m

that it was full .

2.3 Operational Procedure

After assembling the equipment and carrying out the usual commis-

sioning trials, the sodium temperature was raised to 4000C . Then,

without delay, the temperature of the steel was raised over a period of

less than 10 mins to 1530°C . Directly the temperatures were stable th e

laboratory was evacuated and the last person leaving removed the lower

injector furnace . Lowering of the injector was then initiated remotel y

and the subsequent events observed on the closed circuit television an d

recorded on the instrumentation . After an interval of -90 s the injector

was withdrawn and the RF power switched off .

3 .

	

Results

3 .1 Visual observations during the injection sequenc e

The closed circuit television showed that the lowering of the

injector and its subsequent withdrawal after an interval of ..• 90 sec s

were successful . A bright flash occurred within- 1 sec of the injecto r

reaching its lower position, but the meteorological balloon did not
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inflate . About. 60 secs later small quantities of ' smoke' started to

escape from the primary containment .

3 .2 Post-mortem examination of the apparatu s

On dismantling the apparatus the following observations were made :

(a) The crucible was broken into six fragments which were lying on th e

floor of the primary containment .

(b) The RF coil had ruptured by melting apparently as a result o f

arcing between adjacent coils . Consequently a considerable amoun t

of cooling oil had escaped into the primary and secondary

containments .

(c) Metallic debris (sodium and steel) was scattered round the insid e

of the primary containment with a concentration on the roo f

directly above the original position of the crucible ; some steel

was adhering to the aluminium liner of the primary containment .

(d) The steel ball originally plugging the end of the proboscis wa s

found on the floor of the primary containment. Further confirmation

that injection of ti 2 g of sodium had occurred was obtainable b y

re-weighing the injector .

(e) The pillar supporting the crucible was intact except that the to p

1 cm of the mullite tube (Fig . 8) was fragmented ; the clamping ring

had apparently not moved .

3 .3 Examination of the debri s

The mixed steel and sodium debris were washed with petroleum ether

to remove the oil contamination. The steel and sodium were inextricably

mixed and could not be separated magnetically . Therefore the sodium wa s

dissolved in methanol and only the steel debris examined . Only,.. 50%

recovery of the original steel was obtained ; most of the remainder was

adhering to the liner of the primary containment but a small quantity

may have been dispersed in the oil .

The particle size distribution was determined by sieving and i s

given in Fig. 8, this shows that the preponderate particle size (on

a weight basis) is

	

0 .5 mm diameter. Above and below this diamete r

the weight of material decreases ; this decrease is rapid for the smalle r

diameter but less rapid for the higher diameter .
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Preliminary examination of the fractions by optical microscopy has

shown that the small particles, up to 125 µ diameter are predominantly

spherical, with a relatively smooth surface . The surfaces of some o f

them bear a single shallow hole or indentation having a diamete r

approximately 10% of the particle diameter . As the particle size

increases the shape, although still smooth, becomes less spherical an d

elongated particles appear . The largest particles are clearly the resul t

of a quantity of liquid metal impinging and'splat-cooling'on a col d

surface (the primary containment) .

3.4 Force transducer outpu t

The first 15 m s of the force transducer output is given in Fig . 7 ;

the total output covered 100 m s but the final.. 85 m s showed only a

continuation of the pattern established at about 12 m s in Fig . 7, viz a

low amplitude vibration of frequency - 4 kHz. Peak H was the first

pulse exceeding 500 N and was obviously the one which triggered th e

retention of the record ; the previous 10 ms (i.e. 0 - 10 ms on Fig . 7 )

were therefore recorded and naturally there are no peaks of greater tha n

500 N during that period . With this type of instrumentation, any record

of earlier pulses is lost and all that can be said is that if an y

occurred they must have been less than 500 N .

In interpreting Fig . 7 it must be remembered, as pointed out above ,

that very rapid pulses (of less than 100 µs duration) may be recorded a t

much less than their true amplitude or even lost completely .

A tentative interpretation of Fig. 7 seems to be that three separat e

series of events took place . Each series consists of a number of pulse s

of progressively decreasing amplitude e .g . peaks ABCD. It is possibl e

that peak E is an incompletely recorded peak of greater amplitude, an d

the same may be true of peaks K and L. It appears also that there wa s

at least one other peak in the same series as ABCD but earlier than A .

It can be claimed that the amplitudes of the peaks in each series fal l

off in a way reminiscent of natural damping of simple harmonic motion ;

the frequency of this SUM is approximately 200 Hz. The interval between

the beginning of the second and third series of events (i .e . between

peaks E and H) is- 6 ms and it is possible that a similar interva l

separated the first series from the second but that the first three o r

four peaks of the first series were not recorded . Finally it is perhaps

significant that the natural frequency of vibration of the system seem s

to change after peak M from - 2k Ilz to - 4k Hz .
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4 .

	

Discussion

There is no doubt that- 2 g of sodium was injected into the steel an d

there appears to be little doubt that. a violent vapour explosion occurred a s

a direct result . The alternative suggestion, that arcing of the RF coil wa s

responsible for the main observations, would, we believe, not account for th e

fracturing of the crucible and the violent dispersion of the steel . The

postulated sequence of events i s

i) injection

il) violent vapour explosion causing fracturing of the crucible and

dispersion of the steel and sodiu m

iii) arcing of the RF coil brought about by molten steel or by sodiu m

vapour between the coil s

iv) rupture of the RF coil, escape of oil and automatic tripping of th e

RF power .

The flash observed during the injection was probably the arcing, and th e

' smoke ' escaping from the primary containment was possibly condensed oi l

vapour .

Detailed analysis of the pulses recorded by the force transducer i s

difficult and may hardly be worthwhile in view of the unsatisfactory desig n

of the crucible support . It appears that at least three main pulses occurred ,

separatel by ... 6 m sec, and that there may have been earlier ones which wer e

not recorded . Each pulse is followed by a number of regular pulses o f

decreasing amplitude and it is tempting to attribute these to the dampe d

vibration of the pillar at its natural frequency of vibration . Because of

the complex mechanical design of the pillar the term ' natural frequency of

vibration ' may almost be meaningless . However it may be significant that the

calculated natural frequency of vibration of the main component (the alumin a

tube) is about 6k Hz .

The possibility that only one series of pulses occurred and that subse-

quent pulses were reflections needs to be considered in detail but th e

situation is exceedingly complex . The speed of sound in the cerami c

components of the crucible support is probably . .. 5000 metres sec-1 ; hence

reflections in this component (which is - 20 ems long) would be expected a t

intervals of ti 0 .08 ms .

The sudden cessation of large pulses after the series H, J, K, L and M

may have been caused by the crucible failing and the reactants being dispersed
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at this point. This would perhaps also account for apparent change in th e

natural frequency of vibration of the system from- 2k Hz to ... 4k Hz.

The maximum force observed (- 600 N) corresponds to a pressure of - 2 0

bar on the inside base of the crucible .

The final significant comment about the observed pulses is that th e

rather simple instrumentation used provided no means of establishing the tim e

interval between injection and the pulses . Hence the only available infor-

mation on ' dwell time ' is the direct and subjective observation that it wa s

less than 1 sec .

Little can be said about the particle size distribution until there ha s

been an opportunity to compare it with previous observations from othe r

laboratories . The surface area calculated from the data is approximatel y

13 .5 cm2 g 1 ; the calculation assumes that the particles are spherical and

optical microscopy confirms that this is quite an accurate assumption . Indeed

the larger particles, which deviate considerably from the spherical shape ,

contribute only a small percentage to the calculated area . The particles i n

the size range 125 - 500 4 contribute ti 50% of the total area and another 30%

is contributed by those between 500 and 1400 4 .

The indentation observed in some of the particles will presumably hav e

interesting implications when possible mechanisms for the vapour explosio n

are discussed .

5.

	

Conclusions

The injection of - 2 g of sodium at- 3800C beneath the surface of - 54 g

of steel at 1530 0C resulted in a vapour explosion. A series of three pulses

(perhaps more) at intervals of - 6 ms were observed ; the peak amplitude was

at least 600 N (equivalent to a pressure of ti 20 bar on the base of the

crucible) . The steel was highly dispersed giving material of predominan t

particle size - .. 500 4 and calculated surface area N 13 .5 cm2 g-1 ; the

particles were almost spherical but some had a small indentation on thei r

surface.

The apparatus operated very well, especially considering its rudimentar y

nature and the speed with which it was assembled . Nevertheless experience o f

the first experiment showed that many improvements are desirable .

(a) Interpretation of the pulses recorded by the force transducer wa s

difficult and would be facilitated by the use of a strong crucibl e

and by a redesigned pillar .
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(b) Instrumentation on the injector would enable t M and tI to be

determined and %could permit the injection timing to be related to

the pulse record, thus giving a measure of the dwell time .

(c) The closed circuit television needs to be linked to a video tape

recorder .

(d) The recording instrumentation should have a better resolution so

that short pulses are not lost or inaccurately recorded ; a multi-

channel tape recorder may be desirable .

(e) Direct measurement of the surface area of the debris should b e

carried out using an existing technique (BET low temperature ga s

adsorption using Xe
133 ) .
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Fig :1 .EXPERIMENTAL	 EQUIPMENT	 FOR THE INJECTION OF MOLTEN SODIUM	 INTO	 MOLTEN
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Fig 3 :	 END OF PROBOSCIS FORNa-CS/1
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Fig 4 INJECTION	 SEQUENC E
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ag5.	 CRUCIBLE AND SUPPORTING PILLAR ASSEMBLY No-CS/ 1
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FIG .6 INSTRUMENTATION BLOCK DIAGRA M
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