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Abstract

The solubility of oxygen in liquid sodium was determined by vacuum
distillation. Oxyigen concentration was controlled by a cold trap in a
dynamic sodium loop, and sodium was sampled from an expansion tank by
dipping cup method and analysed by on line vacuum distillation method.

A least-squares fit of the 37 experimental data over the range from
150 to 250 ©C of cold trap temperature yielded a correlating equation of

log1pS = 6.118- (2383/T)

where S
T

The heat of solution 4H of NagO in liquid sodium was calculated from this

wt ppm of oxygen in sodium assumed to be NasO.

absolute temperature (°K)

equation to be 10902 cal /mole. The reproducibility of results was ob-
tained at equillibrium temperature of 150, 200, and 250 °C with a stand-
ard deviation of 1.2, 1.8, and 4.1 ppm, reépectively.

The oxygen analysis results with cold trapping sodium from various
sodium test loops in QOarai Engineering Center almost correspond with

the solubility curve of this work.

This is the translation of the report, SN941 75-92, issued in
Aug., 1975. ,

* Sodium Technology Section, Sodium Engineering Division, Oarai
Engineering Center

#* Experimental Reactor Division, Oarai Engineering Center
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- 1. Introduction

Oxygen in sodium has a large effect on the compatibility of the
materials to sodium in the primary and secondary heat transport system
in sodium cooled reactors. Accordingly, concentration of oxygen in
liquid sodium must always be monitored and controlled within the per-
missible level. Concentration of oxygen in sodium in the loop is usually
controlled by cold trap and can be determined in relation to the saturated
oxygen concentration or solubility.

Many solubility equations have so far been published.

Claxton(6), Eichelberger(3) and Noden(D) statistically treated the pub-
lished experimental data and recommended solubility equations respec-
tively. Rutkauskas(?? and other investigators derived solubility equa-
tions from the data of their own experiments respectively. However,
various solubility equations are not in good agreement. This may be
attributable to the difference in the method of sodium sampling and oxygen
analytical method or difference in elimination of causes of error arising
from the development of analytical method.

The present work was performed on a sodium loop made of stainless
steel. The oxygen concentration in sodium was controlled by cold trap-
ping. After equilibrium state was attained, spdium was sampled by
dipping cup method apd distilled in the on-line sampling device. To
eliminate systematic errors arising from the use of a single method,
sodium was sampled out from the various kinds of loops and analyzed and
the data obtained therefrom were discussed comparatively with the
solubility equation obtained in the pre'sent work and its propriety was

ascertained,



II. Equipment

1. Test loop

Tn the present work, the daughter loop of General Purpose Sodium
Test Loop installed in the Sodium Engineering Division was used, The
flow sheet for the loop is shown in Fig. 1, The loop consists of an pot
which served as an expansion tank, a plugging meter, two oxygen meters,
an on-line vacuum distillatipn sampler, a by-pass flow through sampler
and cold trap for contrelling concentration of impurities.

Sodium was charged from the storage tank of the mother loop
through V8-1, then separated from the mother loop by closing V8-1 to
make possible the operation under independent conditions, The piping
material was type 304 stainless steel, diameter of the main pipe was
3/4B and that of the oxygen meter line and the flow-through sampler line
was 3/8B. The volume of sodium in the loop while in operation was
192 ¢.

The sodium flow from the electromagnetic pump on the main line
was directed into the co¢ld trap line, the plugging meter line and the flow
rate adjusting line (V8 - 8 line), and other lines respectively.
Temperature of sodium was controlled by heaters, H8-1, H9-1, H-0 and
cooler C-0. Then sodium flowed into the expangion tank and mixed there
and came into the eléctromagnetic pump again. Flow rate fluctuation in
the system during plugging meter operation was absorbed by V8-8 which
prevents almost all the effects of flow-rate fluctuation on other lines.

Table 1 shows the operating conditions of this loop.

2. Vacuum Distillation Sampler

Outline of this device is shown in Fig. 2.

.2 -



This device consists of vacuum distill&tion section, the vacuum argon
gas line and heating and cooling system.

This is mounted on the uppér part of the expansion tank, Sodium
was sampled from the expansion tank into a nickel crucible and impurities
were separated from sodium by vacuum distillation, Namely, this is an

on-line dipping cup vacuum distillation sampler,

2.1 Vacuum Distillation Section

Fig. 3 shows the vacuum distﬂlation section, This section was
connected by flange to the nozzle of the expansion tank and sepérated
from the cover gas of the expansion tank by closing the bellows seal
gate valve. The upper and 1owef ends of the pyrex glass tube (outer
diameter 60 m/m, length 250 m/m and thickness 5 m/m? used for the
distillation chamber was pressed by the upper and lower keep p.lates
respectively, The upper keep plate was fixed with a stop bolt to pre-
vent it from coming off caused by a rise in internal pressure in the
distillation chamber. The glass tube permitted to be taken out by re-
moving the stop bolt and the upper flange. For the vacuum seal be-
tween the glass tube and the upi)er and lower keep plates, a modified
type of Wilson seal was used. Biton O-ring and a doughnut- shaped
metal keep plate were piled alternately up to 3 stages so as 1o obtain
a high vacuum and the glass tube permitted to be fixed vertically.

In order to prevent air in-leakage caused by vertical movement
of the crucible holder at the time of sodium sampling and to maintain
the vacuum seal during distillation, Wilson seal was adopted as a
shaft seal between the upper keep plate and the crucible holder.

The shaft seal consists of 2 silicon rubber packings, teflon packing

gland and a shaft guide, which ensured smooth vertical movement of

-3 -



the crucible holder. The crucible holder and the crucible are pre-
pared to sample sodium as shown in Fig. 4~1 and 4-2. Type-(1) in
the Fig. is the prototype and Type-(2) is an improved type, In the
present test, both types were used, In both types, the holdér by it-
self made an earthing type sheath thermocouple. In Type-(1), the
crucible was put en the saucer and fixed by inserting the projection

on its side into the hole on the side of the saucer, The crucible was
in horizontal contact with the saucer. In Type-(2), the bottom of the
crucible was fixed by setting the external threads around the periphery
of the crucible into the internal threads on the saucer. To insure
exact measuring of temperatures until the end of distillation, the bottom
of the crucible was made convex-shaped and was in contact with _the '
saucer between curved surfaces. The material for the crucible was

nickel and its capacity was bm£. ¥

2.2 Vacuum and Argon line

Fig. 5 shows the gas line flow-sheet of the vacuum distillation
sampler, High purity a?gon gas was supplied directly from the bomb.
For a rough evacuation, an oil rotary pump, and for the final evacua-
tion, an oil diffusion pump were used in series, " For cooling the
oil diffusion pump, turbine oil was circulated by a gear pump and air
cooling was given by a radiator, Liquid nitrogen was used for the
cold trap of the oil diffusion pump, Pressure in vacuum distillation

was 103 - 104 Torr which was continuously measured by an ionization

* When liquid sodium was sampled, its meniscus was convex caused by
the surface tension, Accordingly, the capacity of the sample sodium
was determined by gravimetric method, sampling cold water by dipping
cup method, The sodium sample weight was corrected for the sodium
density and the expansion of the crucible at sampling temperature.
Sampling volume at room temperature was 6m# and sodium sampling
weight at 375 °C ~ 400 ©C was 5.2 g,
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gauge near the distillation section.

2.3 Heating & Cooling System

Medium-frequency induction heater was used as the heat source
for distillation, The frequency produced by this device is 5 - 10 KHz
and the output powef was conﬁnuously variable maximum 900W. The work
coil (copper, cross section being 13m/m x6,5m/m ), 62@!’111/111 in internal dia-
meter, 88¢m/m in external diameter and 70 in height, were used. The
work coil was set outside the distillation chamber and the crucible in
which sodium was sampled was placed in the center of the work coil and
then heating and distillation were performed. Crucible temperature is
automatically controlled while heating. Near the distillation chamber,
air cooling duct was fitted and the chamber was cooled by air to condense

the evaporated sodium,

3. Expansion Tank

This tank served also as a loop expansion tank and a sampling pot.
(Fig. 6) Sodium flowed into the pot from its side at a rate of 104 /min.,
and went out downward. The sodium level was measured by an inductive
level gauge. Usually, the over-flow line was not used.
The sodium level in operation is about 350m/m from the tank bottom and
the volume of sodium in the tank is about 164 for sodium. Sodium tem-
perature in the tank was controlled at 375 °c - 400 °C. TFor sodium
sampling, the crucible was brought down about 100 m/m below the sodium
surface and washed by sodium for 10 minutes. Then the crucible was

brought up and seodium was sampled.



4., Cold Trap

Cold trap was used as a means of controlling concentration in sodium.
The construction of the cold trap is shown in Fig. 7, Five buffer plates
were fitted in its bo&y and wire mesh are filled between the plates. About
200 pieces of 30-mesh wire mesh, wire diameter beingO.Sém/m, made of SUS-
304 were arranged one over the other. Mesh packing density was-0.43
g/ cmJ and the capacity of mesh zone (apparent effective capacity ) was
19.24. Sodium flowed in from the upper part and went down the mesh
zone during which it was cooled. When it reached the settling zone at the
bottom, temperature fell to the lowest, and then went up in the return tube
and heated, then it flowed out, Thermocouples were inserted, 3 from
the upper side and 2 from the lower side, and the temperature distribution
in the cold trap could be measured, Two thermocouples in thé settling
zone indicated the same temperature. The sodium temperature distribu-
tion in the cold trap showed nearly uniform falling of temperature from
the upper side to the lower side. In case the flow rate is 3l¢/min, and
cold trap operation temperatures (lowest) were 250, 200 aﬁd 150 ¢,
the temperature gradient for each was about 0.78, 0,70 and 0,63 °C/em.
The residence time in the trapping zone (mesh zone) was approximately
6 minutes and that in the settling zone (cold zone) is about 1 .5 minutes.
The cold trap was cooled by forced convection air, Adjusting air flow
rate by a P,1.D. controller, the cold trap temperature was controlled
continuously and ’automatically. The lowest temperature in the cold

trap was maintained at 120 °C - 250 °C * 3 °C.

5. Plugging Meter
An orifice type plugging meter was used to ascertain whether the

oxygen concentration in sodium reached the equilibrium state, and also
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used to monitor the oxygen level in the transient state,
The principle of the plugging meter is shown in Fig. 8. The ori-
fice plate had 24 holes, each O.Sém/m X 2.5-'4 mm, on the Slém/m concentric circle.
In the plugging meter, 6 thermocouples were inserted making it possible
to measure sodium temperature distribution. The rate of temperature
drop along the sodium flow direction was nearly constant, about 8 °C/ cm,
and 5 °C/cm when the cold trap temperature was 120 °C and 200 °C and
the lowest temperature is found in the orifice section, Impurities were

precipitated and dissolved at the orifice section alone.

6. Oxygen Meter

The UNC oxygen meter (TP-1) made in USA was used to observe
the activity of oxygen in sodium. A schematic diagram of the oxygen
meter is shown in Fig, 9. The oxygen meter is shown in Fig, 9, The
oxygen meter is an instrument to measure the electromotive force gene-
rated between the reference electrode, Cu, CupO and sodium monoxide
dissolved in sodium through solid -electArolytre by a p’oténtiomletrer.

Temperature of sodium was maintained at 315 °C + 1 °C,



1I1. Experimental Procedure
In the present work, sodium was sampled from the sodium loop by

the dipping cui), and on-line vacuum distillation method was adopted to meas-

ure the oxygen concentration in sodium. Ascertaining the results of the
following 3 tests, solubility of oxygen was determined.

(1) Test to ascertain that the oxygen concentration in sodium
reached the equilibriumrstate at the cold trap temperature,

(2) Test to determine the conditions of vacuum distiliation in terms of
temperature and time required to separate sodium oxide quantitatively
from sampling sodium.

(3) Test to obtain the data of oxygen solubility, using the conditions

determined in the above (1) and (2) tests.

1. Control of oxygen concentration by cold trap

1.1 Control under transient state

The cold trap temperature was changed stepwise 120 — 199 °C,
199 — 254 °c (process of impurities dissolution) and 254 — 199 °C,
197 — 120 °C (process of impurities precipitation) and the process
thereof was monitored by the plugging meter. Relations between cold
trap temperature and the indicating temperature of the plugging meter
are shown in Fig. 10-1 to 10-4.

Equilibrivm automatic measurements were made by the plugging
meter under conditions where the orifice section of the meter was
partially plugged (about 10% decrease in flow rate) with impurities
and yet a constant flow rate was maintained. Accordingly, at the
orifice section, dissolution and precipitation of impurities procéss_ed

at the same speed, suggesting a state very close to an equilibrium at
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this temperature., The plugging temperature of the equilibrium meas-
urement was considered to be a saturated temperature of oxygen in
sodium. Judging from Fig. 10-1 t010-4, a steady state seemed to
have attained in 5 - 10 hours.

Under assumption that sodium in the loop is éompletely mixed
and no impurities come in from other system and the cold trap temper-

ature is changed by stepwise, equation (1) is obtained.

Ct - C
—C—ta—_—%*;—:exp (-'\I\%tn) .............. cesan (1)
where t : Time from cold tnap temperature change (min).

Co: System oxygen concentration att =0 (W ppm)
Cw: TFinal oxygen concentration att = o (W Ppm)
M : Total quantity of sodium (£)
W : TFlow rate of sodium in the cold trap (£ /min), and
p + Efficiency of the cold trap
In this test, M = 192£'and W = 3£ /min.
The relation bq,tweven thé indicating femperature of the plugging
meter and the saturated oxygen concentration was calculated from the
following Eichelberger's (3) equation for oxygen éolubility. The

efficiency of the cold trap,?7 , was shown in Fig. 11.
logio C = 6,239 - 2L .. e (2

where T : Absolute temperature (°k)

C : Satulated oxygen concentration (wppm 0)
As shown in Fig. 11, the efficiency of the cold trap, 7 , in this work
was 0.5 == 1 and this relation was presumed to exist all the time

while the cold trap temperature was 120 °C 10250°C. Therefore, the

-9 .



time required to shift equilibrium state from one to another could be

obtained from equation (1) as follows,
t = 9.8 (hr)

where 5= 0.5, Equilibrium ratio (Ct - C)y/ (Co - Cy = 0.99
For the measurement of oxygen solubility, equilibrium state was
made from transient state for the cold trap temperature, 120 Z 150 =
200 ;2 250. Sodium sampling from the loop was made about 12 hours
(approx. 1.2 times the shortest necessary hours) after the start of
transient state and upon confirmation by t}le plugging meter of the

equilibrium state attained.

1.2 Control under steady state
Relations between the cold trap temperature and the indicating
temperature of the plugging temperature in the steady state are shown
in Fig., 12. Measurements were made manually and automatically
under a special condition to ascertain the steady state during the pres-
ent test. The results suggest the following.

(1) The varying range of the indicating temperatures of the f}lugging
meter for respective cold trap temperatures was 5°C - 7°C both at
the plugging and unplugging temperatures.

Taking into consideration the varying range of the cold trap tem-
peratures, ¥ 3 OC, the steady state was well maintained.

(2) The plugging and unplugging temperatures well followed the cold
trap temperatures, and the quantity of oxygen and other impurities
in the loop was sufficient enough to obtain saturated concentration
at 120 °C - 250 °C.

(3) The cold trap temperature was between the plugging and unplug-

ging temperatures when manually measured (started in a condition

- 10 -



where impurities were not precipitated at the orifice section) as
shown in Fig. 12,

When measured by oscillating method (precipitation and dissolution
weré repeated in a state where orifice s_ectién was partially plugged
with impurities ), the plugging temperature became close to the un-
piugging temperature (almost constant) which became very close to
the cold trap temperature (Fig. 13).

When measured continuously by the equilibrium method, the plugging
meter temperature was close to the unplugging temperature that
measured by manual and oscillating method, namely, close to the
cold trap temperature ( Fig. 10-1 ~ 10-4 and Fig. 12).

Thus, oxygen concentration in the loop was maintained by the cold
trap at a saturated concentration corresponding to the cold trap
temperature in a steady state. Therefore, saturated oxygen con-
centration could be obtained by measuring the oxygen concentration
in the steady stafe. Then, oxygen solubility could be obtained from
the relations between the concentration thus obtained and the cold

trap temperature.

2. Determination of distillation conditions
In vacuum distillation, analytical results were remarkably affected
by the crucible temperature, the overheating temperature and time.

These distilling conditions were determined by the following tests.

2.1 Crucible temperature measurement
Using Type 1 and Type 2 crucible holders and crucibles, corre-
lation between the temperature of the thermocouple of the holder and

that of the inside bottom of the crucible was obtained in a condition

-11 -



with no sodium in the crucible. The power of the induction heater

was changed stepwise, keeping the pressure in the distillation chamber
lower than 10_3 Torr. and temperature was measured when the crucible
temperature reached constant. The results are shown in Fig. 14.
Using these results, degassing temperature of the crucible and the
over heating temperature were obtained.

Temperature of sodium in the crucible is determined by the relation
between pressure and the heating capacity. The heating capacity was
kept constant during distillation, but the pressure changed between 1 x
10_3 ~1x 10-4 Torr. and accordingly the temperature didn't become
constant. The distilling temperatures measured by the thermocouple
of the holder in steady state was about 300 °C with Type 1 and 370 °c

with Type 2.

2.2 Detection 'of the End of Distillation

Generally, the end of distillation is detected by a sharp rise in
crucible temperature. However, in the present work, temperature
fluctuated often according to the manner of contact between the crucible
and. its holder and the change in matching with the induction coil.
This resulted a profile of rising temperature that resembles the end of
distillation, and therefore, it was difficult to detect exactly the end of
distillation only by the temperature profile. A typical example of the
pressure and temperature in such case is shown in Fig. 15-1, Pattern
(1). In this case, heating was shutoff at point C when distillation
temperature started rising at point A, and no change was observed in
the pressure. When the temperature rise in such case was mistaken
for the end of distillation and heating was shutoff, distillation ended

imperfect with metallic sodium remaining in the crucible. Accordingly,
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in the case of Pattern (1 ), needed for continuing further heating.
Fig. 15-2 Paitern (2) shows a typical example of the end of distil-
lation. In this case, temperature rise was observed at point A but
no change was observed in the pressure and therefore heating was
continued. Thereafter, a sharp peak of pressure appeared at point
B together with a temperature rise and heating was shutoff at point
C. In such case distillation was nearly perfect but in some case
small quantity of sodium was found with distillation residue as men-

tioned later.

2.3 Correlation between overheating time and analytical values

A very small quantity of metallic sodium was found with the
residue and a tendency was observed for the occurrence of positive
errors in the analytical value when heating was shutoff immediately
after appearaﬂce of pressure peak. Therefore, overheating was
performed to the crucible at a constant temperature after the end of
distillation to distil metallic sodium perfectly.

The effect of overheating time on the oxygen analytical value
is shown in Fig. 16. In case the overheating time was shorter than
3 minutes, the analytical value showed a higher level. When it ex-
ceeded 4 minutes, a tendency was observed for very slight reduction
in analytical value with overheating time. ( the reduction rate was
0.15 ppm/min. when calculated by the least square method, but for
the duration of 4 - 30 minutes, such rate could be regarded constant
within the limits of analytical errors.) For the measurement oxXy-

gen solubility, overheating was applied for 10 minutes.

2.4 Correlation between overheating temperature and analytical value

(4)

As a result of off-line vacuum distillation test ™, it was

- 13-



clarified that oxygen analyfical value was affected by the overheating
temperature and that temperatures higher than 500 °C caused a large
loss of oxide. The effects of overheating temperature on analytical
value in this work are shown in Fig. 17. In case of overheating time
is 10 minutes, the analytical values are nearly constant until 500 °C
within the limits of analytical errors. When overheating temperature
was higher than 500 °C, loss of oxide was observed. In case of
overheating time was within 3 - 3.5 minutes, maximum allowable tem-
perature was about 550 °C. :But, as mentioned before, there was a
‘possibility of leaving metallic sodium in case of the overheating time
was less than 3 minutes.

Fig.-18 shows the allowable condition of overheating tempera-
ture and time obtained from the data of 2.3 and 2.4 above., The Fig.
suggests that the overheating temperature lower than 500 °C and
heating time longer than 4 minutes are the adequate condition,

Measurement of oxygen solubility was conducted under this condition.

3. Measurement of oxygen solubility

Loop sodium, while in steady operation at cold trap temperature
120, 150, 200, 250 °C, was sampled by dipping cup method from the
expansion tank (impurities pot). By on-line vacuum distillation, metal-
lic sodium was separated from distillation residues, then the residue
was dissolved in dilute nitric acid, and sodium in the solution was
determined by frame spectrophotometry. The quantity of oxygen in the
sodium sample was calculated on the basis that the distillation residue
in a form of NagO.

Fig. 19 shows the typical profiles of temperature and the pressure

in the vacuum distillation process, The distillation conditions were used on
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the basis of the following values obtained from the preceding tests.

Sodium sampling temperature: 375 °C - 400 °C
Crucible cleaning time (in Na): 10 min.
Distillation temperature: 249 °c - 386 °C

( thermocouple of the holder)
Distillation pressure: Order of 107 Torr.
Overheating temperature {in crucible): . 430 °C - 500 °C
Overheating time: 10 min.

( Distilling temperature indicate the lowest in the case of Type-(1)

holder and the highést in the case of Type-(2) holder. )

The distillation procedure was taken as follows. The crucible
were fitted to the crucible holder in the distillation chamber and de-
gassing was applied about for 5 minutes at about 400 °C in the pres-
sure of 10% Torr. The argon gas was supplied in the distillation
column and after making the pressure in the column about the same as
that of the expansion tank, the gate valve was opened and the crucible
was brought down into the expansion tank. The reaching of the cru-
cible to the surface of liquid sodium was detected by the thermocouple
in the holder with a sharp increase in temperature. The crucible was
brought down about 100 mm below the liquid surface and subjected to
cleaning for 10 minutes in liquid sodium circulation. Then the cru-
cible containing sodium sample was brought up quietly into the distilla-
tion chamber, Next, the gate valve was closed
and evaluation and induction heating was begun. The pressure dropped
rapidly and distillation began immediately. The distillation temperature
became nearly constant when the pressure came to constant. About 30
minutes after the start of distillation, a sharp change appeared in the
pressure which was immediately féllowed by a sharp rise in tempera-

ture, indicating the end of distillation. Thereafter, heating power
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was increased a little and overheating was continued for 10 minutes at
a specified temperature, then heating was terminated. Keeping the
vacuum in the distillation chamber, the crucible was cooled down to the
room témperature. Then, the crucible was taken out from the distilla-
tion chamber and the distillation residue in the crucible was dissolved
in 0.1 N nitric acid solution. Sodium concentration in the solution was
determined by the flame spectrophotometry and the oxygen equivalent Of,
the sample was calculated.

The cold trap temperature and the analytical value of oxygen in
sodium are shown in Table-2 and their correlation in Fig. 20.
Generally, solubility, S, can be expressed by logjp S = A+ B T
(A, B = constant). This equation fits the practical use whenn = -1
is used therein, and in many cases solubility has so far been obtained
in this way. Using n = -1, a straight line (1) was obtained in the pres-
ent test as shown in Fig.20, The straight line (1) was derived from ail
the data at 43 points using the least squares method but the analytical
values for each temperature didn't agree w‘ell with that from the equation.
The reason was that no change was observed in the analytical values
corresponding to the change of temperature as seen in the values which
were nearly the same for 150 °C and 120 °C. If the solubility at 150 °C
didn't differ from that at 120 °C, the solubility curve must break in the
neighborhood of 150 °C and a curve (2) which was deviated to upper
direction from lineality is conceivable. However, such solubility
curve (2) was not reasonable in view of the indicating values of the
oxygen meter ( Fig.21) in the present work (.refer to the paragraph of dis-
cussion ). It might be reasonable to consider that actually the oxygen
concentration at 120 °C was lower than that at 150 °c , and analytical

value at 120 °C was greatly affected by analytical blank error, and
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accordingly, the analytic value became higher than the actual value.
Therefore, the data at 120 °C were excluded. From the data at re-
maining 37 points, a best fit straight line was derived using the least

squares method and the following equation (3) was obtained.

logn S - 6.118 - 2383 (3)

where S : Oxygen solubility in sodium (W ppm O)
T : Absolute temperature (K°)

The equation (3) is explained in the Fig.22. This was the solubility of
oxygen in sodium obtained in the present work based on the experimental
values at 150 °C - 250°C. Viewed from the behaviors of the plugging meter and
oxygen meter, it was presumed that the above equation was in applicable

upto 120 °c by extraporation. The resultant relations are plotted

linear coordinates in Fig. 23. The temperature dependence of the

saturation concentration S would be described by:

logyp S = (2 303R) SF ot eomst. L.ieee.iiiai.. (4)

where R : Gas constant, 1.987 cal/deg-mole
H : Differential heatof solution of NasO in liquid sodium
at infinite dilution
From (3) and (4) above, aH = 10902 cal/mole is obtained by calculation.
Reproducibility of the analytical results at equilibrium temperature of
150 °C, 200 °C and 250 °C were obtained with a standard deviation of
1.2 ppm (35%), 1.8 ppm (18%), 4.1 ppm (10%). The figure in each

parenthesis mean the relative standard deviation.
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iVv. Discussion

1. Comparison of the test results by different authors
The results of the present test and different solubility curves are

compared in Fig. 24. Values obtained in the present test was well

(»

agreement with equations recommended by Noden*~” and Eichelberger

6

&),

but fairly lower than those from Claxton' ’ and higher than those from

)

Rutkauskas'’’/. These recommended equations and experimental equa-
tion of oxygen solubility are shown in ’I‘able-.?,.

The characteristics of these solubility equations were as follows:

(6)

derived a least-squares best fit equation using all the data

&

Claxton

(88 results) presented by earlier investigators. Eichelberger

derived a generalized equation based on the following criteria for the

selection of data.

(1) Experimental data obtained by using glass apparatus were excluded
as they involved high errors caused by sodium-glass reaction.

(2) Experimental data obtained by mercury amalgamation analysis
obtained at a saturated temperature below 250 °C were excluded.

Noden(S) applied criteria (1) and (2) in case of the temperature

above 250 °C for the selection of data. As regards the data for

3 )

temperatures lower than 250 °C, Eichelberger’ and Noder
selected the data obtained from the vacuum distillation using metallic
apparatus. Such criterion of selection was in accord with the
temperature range and test method of this work and that was a
supporting factor that the present test results agreed with those -
from the recommended equations. Rutkauskas, using an overflow

type on-line vacuum distillation, obtained a lower solubility than

that of the present test, especially in a range of low temperature.
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2. Analytical blank

Generally, in the on-line distillation, blank corrections are not
required because the equipment design eliminates the probability of
sample contamination by atmospheric impurities. In the present work,
it was impossible to obtain oxygen-free sodium and accordingly blank
correction was not attempted.,

Under assumption that blank value is constantrregardless of the .
quantity of sodium sampled, the blank value in the present test can be
estimated as follows. Changing the capacity of the crucible, sampling
was made. Relations between the quantity of sodium sampled and the
analytical values (total oxygen) are shown in Fig.-25. Though the
data varied widely, linear relation was sought by the method of least
squafes method, and blank value was obtained by intercept method.
Quantity of oxygen was about 10 ug in case the sampled sodium quantity
was zero. This was the theoretical blank value throughout all pro-
cesses of measurement which corresponded to 2 ppm when 5 g of sodium
was sampled. This might indicate a possibility that the blank value in
this work might be around 10 ug. However, no correction was made

in the present test as the blank value was not determined.

3. Relation between the indicating values of the plugging meter and
those of oxygen meter
The analytical value for 120 °C was excluded in the calculation
- of the solubility curve. The actual oxygen concentration was lower
;chan the analytical value and yet the analytical value for 120 °C was
nearly the same with that for 150 °C under a remarkable effect of
analytical error. The reason that the analytical value for 120 °c

should be excluded in the calculation of solubility was as follows:
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(1) Under a equilibrium state, the indicating temperature of the
plugging meter and cold trap temperature were nearly in a linear
relation in a range of 120 °c . 150 °c (Fig.-12). The indicat-
ing temperature of the plugging meter for 120 °C of the cold trap
was clearly lower than that for 150 ©°C. The oxygen concentration
in sodium for 120 °C in this work was controlled at the saturation
temperature by the cold trap. Such behavior of the plugging meter
was clearly noted in manual and automatic measuring.

(2) Relation between the output of the oxygen meter and the cold trap
temperatures in equilibrium state, 120, 150, 200 and 250 °c respec-
tively are shown in Fig. 21. The oxygen meter used here was that
of UNC Corp. in USA. A schematié diagram is given in Fig. 9.
From Fig. 21, the following relation was clarified between the out-

put of this oxygen meter and the oxygen concentration in sodium,

E=A+—?— ...................................... (5)

where A, B: Constant from experimental value

E : OQutput of oxygen meter (V)

T : Ccc)ald trap temperature ( saturation temperature)
(°X)

On the other hand, the theoretical voltage generated by the oxygen
meter, Cu, Cuz 0| ThO, - Y203 I} Na, NayO (dissolved) can be

represented as follows:

_ _ 2,303Rt | C
E = EO e e nF ].Oglofa" ..................... (6)
where E : Cell EMF

Eo : Standard cell EMF

n  : Number of electron involved in the cell reaction

- 20 -~



gas constant
Faraday constant
.Oxygen concentration in sodium

Co : saturated oxygen concentration at temperature
(sgdium temperature ) of the oxygen meter
tC°K) ..., constantly 315 ©C in the present

test

From the equation (6) the following is obtained:
E=Kj-Kplog1gC  ciririinnineenneninieninnnns (7)

where K1, Ko : constant.
Then logig C = a + —% (where a, b: const. ) is introduced from
(5) and (7).
The experimental results in the present work with the oxygen meter
revealed that the logarithm of satur-ated oxjrgen concentration and 1/T
were in a linear relation. To this the phenomenon.that the analytic.al
value for 150 °C was on the same level with fhat for 120 °C was con-
tradictory.
(3) In light of the tendency in analytical values and the blank value
mentioned above, 150 °C was considered to be a detectable’ imit
for the oxygen analysis in the present test and the analytical value
for 120 °C was under greater effects of blank value as compared
with others. Therefore, it might be appropriate to exclude it in
the calculation.
For reasons mentioned in (1), (2) and (3) above, the analytical
values at 120 °C was excluded. It might be appropriate to use 250 °C -

150 °C lineality as exterpolation for the oxygen solubility at 120 °c.
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4. Comparison of results of test using other sodium loops

Table-4 shows the relation between the oxygen concentration in
sodium and the cold trap temperature in various kinds of loops operat-
ing at Qarai Engineering Center. Fig. 26 shows a comparison between
the values obtained and solubility curves for the present test. Sodium
in loops were sampled by the vacuum thief or bypass flow- through method,
then conveyed to the laboratory for anaﬂysis and subjected to the sec-
ondary sampling in the globe box and analyzed by amalgamation method
or vacuum distillation method. Thus, analytical method was different
from the on-line vacuum distillation method for the measurement of
solubility,

As shown in Fig. 26, the data obtained from various loops agreed
well with the solubility curves obtained in the present test. The loops
included large-size ones such as a test loop for 5OMW steam generator |
and a small one for material test. The cold traps were of forced con-
vection and gas cooling type, including large and small sizes. It was
clarified that while the loop was in a steady state, the oxygen concen-
tration was controlled by the cold trap quite close to the saturated
oxygen concentration at the trapping temperature within a range of

120 °¢C to 250 °C.
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V.

1.

2.

3.

4.

5.

6.

Summary

The experimental results for the solubility of oxygen in liquid
sodium within the temperature range, 250 °C - 150 oC, was expressed

by the following equation.

logyg S = 6.118 — 2383

T
where S : Weight (ppm) of oxygen in sodium assumed to be
NasO
T : Absolute temperature ( Ok )

Reproducibility of the results obtained at each temperature was 1.2
ppm at 150 °C, 1.8 ppm at 200 °C and 4.1 ppm at 250 °C as shown by

the standard deviation.

From the solubility equation obtained in the present test, the heat
of solution of NagO in liquid sodium was:

~AH = 10902 cal/mole

In the case of various sodium loops, the oxygen concentration in
sodium and cold trap temperature relations were in good agreement

with the oxygen solubility curve obtained in this experiment.

A possibility was noted that the analytical blank in this method was

about 10 4gO throughout all processes.

1) The end of distillation was detectable by a sharp change in
pressure.

2) The allowable temperature for overheating was below 500 °c.
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Fig.-26. Comparison between Oxygen Concentration in various

Sodium Test Loops of Qarai Engineering Center and
Oxygen Solubility
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Table-1: Loop operating conditions

Sodium capacity - 192

Flow rate of cold trap line 3 £/min,
Flow rate of plugging meter line 0 - 3 4/min.
Flow rate of flow through sampling line 2 ¢/min,
Flow rate of V8-8 line 5 - 2 4/min,
Cold trap temperature 120 - 250 °C
Temperature of heater (H8-1) 400 °C
Temperature of heater (H9-1) _ 400 °C
Temperature of impurities tank (expansion tank ) . 375 - 400 °c
Piping and values over 315 °C
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Table-2 Oxygen solubility in sodium (analytical values)

1) 2) 3) 4) 5)
Tem- Analytical Mean Standard thlr?;;‘;?l
perature values values deviation gevia tion
(°C) (ppm) (ppm) (ppm) (%)
121 2.7 - - -
122 4.4
" 4.6 ~ - -
2.5
124 3.1 2.8 - -
2.7
2.1
5.1
150 2.5 3.4 1.2 3.5
4.2 :
" 3.3
3.5
1.7
151 4:7 3.3 0.9 2.7
4.2
3.3
3.7
13.1
9.4
196 14.0 12,1 1.8 15
11.2
13.0
11.6
11.4
7.8
10.3
201 9.4 10.0 1.8 18
12.7
8.8
7.8
34.8
246 40.1 - -
" 46.1 36.7 - -
251 36.7 |
252 37.5 - .
252 47.9 )
252 41.0
33.4
253 41.0 39.1 4.1 18
36.5
43.8

1) Cold trap temperature at sampling time.

2) More than 5 analytical values under same condition were statis-
tically treated.
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Table-3: Recommended equations and experimental equations of oxygen solubility
.. ' ded tion or
Orl?lnal worker or lfi"é’;'ﬁ{u;éﬁ I&T:rgber 05 '}-‘:;.gzrature E‘;;:T?;gnialeggﬁatiou
reviewer used ¢ _a use © log, S({wppmo )=
(6
77
Claxton 4 88 110~555 521 — 17'1‘
review . ‘
3 :
X : 107 2447
Elchel_berger é Selected 125~555% 6239 — T
{ review )
(5)
2 384,
Noden 11 17 114~555 6.1579--——2—-—8-—4-3—
. Selected ‘ T
r_evlew :
m
%9
Rutkauskas - 52 125~300 8.25 - 54T
Experiment
. 3
This work — 37 150~250 6118~ 25T8

% TFor the original data and auth

introduced.
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Table-4: Oxygen concentration in various sodium test loops

, Cold trap Age.i‘llytieal no;e(l)i Mean| Netel?) *  Note(®)
Loop name care] & P value |22174 | sampling
temperatur w ppm o0 ! mathod me thod -
General_Pur%Ociﬁum 150 149, 49, 50, 2.1 53 | AM B
i
Low-purity sodium 189 8.7. 102 101, 2.7, |
materia poe7 AM SV
T 1l test loop 112, 83 :
T
185 | 108, 60, 20, 86 ! 86 AM GV
!
i
Medium-purity sodi- 144 50, 68, 39, 62 | 5.5 AM SV
um material test loop |
i
]
Activated materi- 190 9.0, 106, 103, 95, |
al test loop ' | 98 AM GV
e 7 1
i
200 66, 65, 81 A AM GV
205 157, 10.8, 10.7 E 11.7 AM GV
T
260 40.1 | 40.1 v.D sV
E ) |
Endurance test 147 39, 37 I 38 v.D B
loop for "Joyo' . - : .
, 150 2.7. %0, 35, 38 | 33 v.D B
190 11.0, 10.2 ; 106 | V.D B
50MW steam gene- 120 - 20 |20 | v B
rator test loop l
120 1.7 |17 V.D B
i

Note (1): Analytical blank value is corrected

Note (2): A.M.: Amalgamation method

V.D. Vacuum distillation method

Note (3): B 3 By-pass flow through sampling method
SV :' Vacuum thief sampling method using stainless steel tube
GV : Vacuum thief sampling method using glass tube
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