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Introduction

The exchange of carbon between structural materials and liquid

sodium influences the mechanical properties of components of the

cooling circuits (l). Therefore, the estimation of the carbon

content of the alkali metal and the knowledge of its carburizing

potential is of importance. Since some years the measurement of

the carburizing potential of sodium is easy to perform by the

application of the foil equilibration method which leads to good

results in spite of the very low carbon concentrations in the

liquid metal.. Thin foils (0.025 to 0.125 mm) of Fe-18Cr-8Ni-C

alloy ( corresponding to stainless steel type AISI 304 ) are

immersed in sodium at 550 to 700 °C for 200 to 400 hours. The

equilibrium of the carbon distribution must be reached. Chemical

analyses of the steel tabs and relation of concentration to activity

of carbon lead to information on the carbon concentration in the

sodium (2,3), if the saturation concentration of carbon in sodium

is known (4).

The method gives arbitrary values over a longer period of time.

The time needed for equilibration and analysis causes a delay for

the getting of results. Therefore, there is a need for instruments

which are capable to measure carbon directly in the circuits and

give continuously information on the actual carbon activities

in the fluid. Up to 1975 only one carbon meter was commercially

available. We have tested one unit in a chemical analytical

sodium circuit.

1. Principle of the diffusion carbon meter of GUNFC

In 1969 the Gulf United Nuclear Fuels Corporation (GUNFC), Elmsford,

N.Y., USA has published a report (5) in which a monitor for carbon

estimation in flowing sodium is described in detail. The meter is

build in series and extensively tested by GUNFC. Since about 1970

the carbon meter is selled by GUNFC in the USA and in Europe,

The estimation of the carbon activity in the sodium is based on the

diffusion of carbon through a membrane of pure iron into a gas

mixture reacting with carbon to form carbon monoxide. The diffusion

and reaction take place at about 750 °C. The membrane is the active

part of a tube in which a mixture of argon, hydrogen and water vapour

is flowing, keeping low the carbon activity at the gas side of the

membrane.

The diffusion of carbon from the sodium side to the gas keeps a steady

flow of carbon in the probe the rate of which depends on the carbon

potential in the sodium. At the iron gas interface carbon is oxidized

to carbon monoxide. The gas flows to a gas measurement device passing

a catalyst at which the carbon monoxide is reduced to methane.. The

amount of methane is measured continuously in a flame ionization

detector (FID). By the way the methane signal gives information on

the carbon flow which is dependend on the carbon activity in the sodium

circuit.

The probe must be calibrated for the analytical application. The cali-

bration can be done by the foil equilibration method.
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2 . The GUNFC carbon meter
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A schematic diagram of the carbon meter is shown in fig. 1. The meter CD :
CD =

consists mainly of KJ :
the carbon meter probe :



the carbon meter side loop

the carbon meter gas supply and measurement console

the energy supply and control console

The carbon meter probe as shown in fig. 2 is a cylindrical tube

which incorporates the active sensor at the lower part. The sensor is

in the form of 0.25 mm thin walled iron tube of 9*1 mm outer diameter
2

and 33.75 mm length, having an active area of 10 cm .

It is provided vith gas lines for the earburizing gas to sveep the

inner surface of the iron membrane. Since the carbon meter probe is

usually operated at 750 °C it is housed in a specially designed side

loop (see fig. 3). This side loop divert- part of the sodium flow

from the main loop, and is provided with special heaters to heat the

probe area to 750 °C. The details of the gas supply required is evident

from fig. 1. The probe gas supply is argon containing 5jt hydrogen

which picks up 0.3% moisture on pass-ing over the humidifier. This gas

flows at the rate of 10 cm /min, through the probe.. The gas decarbu-

rizes the carbon from the iron membrane with the formation of carbon

monoxide which then passes over the catalyst converting it to methane.

The methane content of the gas is estimated by the flame ionisation

detector ( BECKMAN model 400 hydrocarbon analyser).

The energy supply and control units are placed in a 22" rack, the gas

supply circuits and the FID unit in a second rack. The gas circuit to

measure the carbon flux in the probe is shown by fig. 4..

For the operation of the carbon meter the following gases are needed:

- argon with 5^ hydrogen

- high purity air

- high purity hydrogen (fuel)

- zero gas (free from hydrocarbons)

- calibration gases (Ar + H 2 + CO +

The side loop and the probe are shown in their position in the chemistry

loop by fig.. 5, The tubes between the probe and the FID are made of

AISI 304 stainless steel. All brass- and copper parts of the original

gas circuits are replaced by components of stainless steel in order to

reduce the blanks»

3. Theoretical 110

The flow of carbon into the gas phase involves mainly three steps,

- transfer of carbon from sodium to the iron foil

- diffusion through the iron foil

- transfer from the iron surface to the gas

Since solid state diffusion is a slow process it may be assumed that

the second step limits the flow of carbon*. The activity of carbon

in the iron surface in contact with sodium may be assumed to be nearly

the same as the carbon activity in the bulk sodium. At the same time

the carbon activity in the iron at the gas interface will reach a

very low value governed by the decarburising reaction.. If the diffu-

sivity of carbon through the solid tube wall is independent of carbon

concentration, then at steady state the gradient is constant and the

carbon flux is given by

D ( Cs - Ci > • m

q = (i)

L

where <j = carbon flux ( g/cm a )

D = diffusivity of carbon in the iron foil ( cm /s )

Cs > Ci ** concentration of carbon in the iron foil at the

sodium and gas interface ( g/cm )

L = probe wall thickness (iron foil, assuming flat foil)

( cm )

If the carbon concentration is small in the iron probe wall, the

activity of carbon there is proportional to its concentration, and

where v is the activity coefficient. If the solubility of carbon in

the iron foil is also small,

aQ = ^ C o (3)

where Co is the solubility and aQ is the corresponding activity.

Defining the activity of carbon as unity at the saturation concentration

C leads to
o

Cs " as Co ; Ci = ai Co

and equation (l)'becomes

(4)

(5)



Assuming that the decarburising gas is capable of reducing a.

to a value that is negligible by comparison with a , then the
s

carbon flux becomes

D a C
(6)

If the area of the sensor tube or probe exposed to sodium is

A (cm ) and the constant flow of decarburising gas is Q (cm / s ) ,

then the carbon concentration of the gas, C (g/cm ) becomes

A D a C
K a (7)

At constant temperature, K is constant, so that the carbon

concentration of the gas is proportional to the carbon activity

of the tube wall at the sodium interface. As previously indicated

this carbon activity is assumed to be essentially the same as the

activity in the bulk sodium.

The carbon flux through the iron membrane at 750 °C and the

corresponding methane concentration in the gas for different

carbon activities in sodium, are shown in fig. 7. The calculations

are based on following paramenter:

A => 10 cm2

D = 8'10~7 cm2/s at 750 °C

Co= 1.952'1O"
5 g/cm3 at 750 °C

h = 0.025 em

Q - 10 cm /min.

4. Experiments and Results

The carbon meter probe was installed in the chemical analytical

sodium loop as is shown by fig.. 5. The control panel and the gas

analytical equipment were situated in the instrument room, in which

constant temperature was maintained. It required about 25 meter long

gas lines between the meter probe and the FID, causing a time for

the signals.of about 50 minutes*

The flame ionization detector (PID) was calibrated with calibration

gases with different contents of carbon monoxide and methane, the

zero gas bypassing the probe. The calibration curve is shown

in fig. 6. The' probe was gradually heated to 750 C with proper

control of the heaters in the side loop. The FID output showed

only less than 0-1 ppm carbon in the gas. The dotation of carbon

dioxide to the loop did not result in an increase of the carbon

activity of the sodium due to plugging of the sodium line by

sodium carbonate.. However, the injection of methane to the sodium

was detected by the FID showing a signal of 0.7 ppm methane in

the gas. This value remained constant at the cold trap temperature

of 150 C at which the loop was operated.

Referring to fig.. 7 this value corresponds to a carbon activity

of 10" . Carbon activities of cold trapped ( 150 °C ) sodium in

a loop are in the range of 10 as determined in previous studies

with the foil equilibration method. As yet no definite correlation

has been obtained between the carbon activity measured by foil

equilibration and that by the carbon meter. The results of ASHER

et al. (6) show that the calibration factor ( ration of carbon activity

measured by foil equilibration and that by the diffusion type carbon

.meter ) varies between 5 to 10 for carbon activities in the range of

10 . The factor is still higher for carbon activities less, than 10

the range in which the values in the present study are.

We assume that the hydrogen diffusing from the gas side of the probe

into the sodium as detected by a hydrogen meter operated in the same

loop (7) may influence the signal. The hydrogen contamination can be

suppressed by operating the carbon meter probe at lower temperature

( 650 °C). However, the sensitivity of the meter is also reduced by

this change due to the lower diffusivity and solubility of carbon

in the iron membrane.

The sensitivity of the meter which seems to be insufficient for low

carbon sodium systems can be enlarged by the enlargement of the active

area of the probe. This may be the simplest way to improve the meter

for the operation in sodium loops.

The gas detection system is a reliable and sophisticated equipment

for the continuous measurement of carbon fluxes. In so far the meter

has a potential for the use in sodium cooling circuits.
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Fig.. 2: Carbon meter probe

Figure 1 : Schematic diagram of the carbon meter
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Fig. 3: Carbon meter side loop
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Pig. 6: Calibration curve of the FID of the carbon meter
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10"* WF
Fig. 7: Carbon flux and methane concentration in the gas

function of the carbon activity
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