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ABSTRACT 

Equilibrium partition coefficients were experimentally 
measured for volatile fission products of cesium and iodine 
between liquid sodium pool and the inert cover gas.  In the 
experiments, the “transpiration method” was utilized in which 
the saturation vapor of sodium with cesium and iodine vapor in 
an isothermal evaporation pot was transported by inert carrier 
gas and trapped by filters outside the pot.  The objectives of the 
experiments are to: 

a) Obtain the equilibrium partition coefficients of cesium 
and iodine at high temperature between 600 and 850 deg-C and, 

b) Study the dependence of the partition coefficients upon 
the concentration in the sodium pool. 

From the results of previous work and this study, the 
following empirical equations between the partition coefficients 
of cesium and iodine and the sodium pool temperature could be 
obtained: 

log Kd(Cs) = 2173/T - 1.0487 (from 450 to 850 deg-C) 
log Kd(I)  = - 215/T - 0.271 (from 450 to 850 deg-C) 

These equations are consistent with Castleman’s theoretical 
equations.  The partition coefficients of cesium measured at 
five different points of mole concentration in the pool were 
almost consistent with the theoretical values and decreased with 
the increase in the concentration.  On the other hand, the 
measured partition coefficients of iodine increased with the 
increase in the concentration in the pool and this tendency was 
incompatible with the theoretical consideration.  The reason of 
this discrepancy might be attributed to the formation of Na2I2 in 
the cover gas. 

 
1. INTRODUCTION 

In a postulated accident of fuel pin failure of sodium cooled 
Fast Reactors (FRs), volatile fission products such as cesium 
and iodine released from the fuel will be dissolved into the 
liquid sodium coolant and transferred to the cover gas region by 
vaporization.  Cesium is a member of alkaline metals as same 
as sodium and therefore, will be dissolved into sodium perfectly 
to make a eutectic.  On the other hand, iodine is known to be 
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Fig.2  Description of Evaporation Pot 

retained in sodium in the form of sodium iodide (NaI) which has 
a little escape tendency from the sodium to the cover gas. 

The behavior of such a volatile fission products transfer 
from the liquid sodium to the gas phase is one of the important 
issues to study the safety evaluation of fast reactor systems.  
Especially equilibrium evaporation behavior of volatile fission 
products in the liquid sodium coolant is important one to be 
understood since the evaporation in an equilibrium state is 
considered a fundamental physical property which governs 
transfer behavior of solute materials mixed in a solvent. 

In the previous study [1], the equilibrium partition 
coefficients of cesium, iodine and tellurium had been measured 
at the temperature range from 450 deg-C to 600 deg-C.  In this 
study, the coefficients of cesium and iodine have been measured 
at higher temperature range between 600 and 850 deg-C, and the 
dependence of the coefficient on the concentration in sodium 
pool has also been studied. 

 

2. ANALYTICAL DESCRIPTION OF THE EQUILIBRIUM 
PARTITION COEFFICIENT 

The equilibrium evaporation behavior of a binary system is 
often described by a gas-liquid equilibrium partition coefficient 
Kd.  Here, Kd is defined as the ratio of the mole fraction of the 
solute in the vapor to that in the liquid. 

The Kd value of a solute i in a solvent is defined by the 
ratio of the solute fraction in the gas phase to that in the liquid 
phase as follows: 
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where ni is the molar quantity of vapor i, p is the partial vapor 
pressure, and xi is the mole fraction of i in the liquid. 

If Pi <<PNa and xi << (1-xi), 
 

PNa = PNa0,   (2) 
where PNa0 is the vapor pressure of pure sodium. 

Thus, Eq.(1) can be rewritten as 
 
Kdi-Na = Pi / (PNa0xi).  (3) 

The case with which fission products i transfers to the gas 
phase by mixing in the sodium is expressed by the activity 
coefficientγi, which is defined as 

 
γi = Pi / (Pi0xi),   (4) 

where Pi0 is the vapor pressure of pure element i. 
The relation between Kdi-Na and γi can be expressed as 

 
γi = PNa0Kdi-Na / Pi0.  (5) 

 

3. EXPERIMENTS 

3.1 Experimental apparatus and procedure 
Figure 1 shows the schematic of the equilibrium 

evaporation test apparatus.  The apparatus consists of a 
cylindrical evaporation pot, an electric heating furnace, an argon 
gas supplying line, sampling lines, and a data acquisition 
system.  Argon gas is supplied into the pot with predetermined 
flow rate and transported to the downward tube during each 
experiment.  Temperature of liquid pool and of gas region in 
the pot is recorded by the data acquisition system and controlled 
within 5°C around the target temperature even considering the 
measurement accuracy of K-type thermocouples.  The 
evaporation pot is made of type 304 stainless steel and a small 
plate filled with about 50 g of sodium is contained in the pot.  
The sodium is mixed with a volatile fission product simulant and 
heated by an electrical furnace surrounding the evaporation pot.  
The fission product simulants are non-radioactive metallic 
cesium and crystalline NaI particles, respectively. 

The evaporation pot is depicted in Fig.2.  The sodium 
surface area is about 74 cm2, and the average depth is nearly 
12mm.  Three thermocouples were inserted in both the liquid 
phase and the gas phase to confirm temperature uniformity in 
the pot.  During the experiment in this study, sodium pool 
surface was sampled using a suction-type sampling device to 
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Fig. 3  Equilibrium Partition Coefficient of 
Cesium 

measure the substantial concentration of volatile fission product 
stimulant near the surface because the concentration is very 
important to obtain the equilibrium partition coefficient exactly. 

The gas phase temperature was kept slightly higher than 
that of the liquid phase to prevent sodium mist formation.  
Argon carrier gas saturated with the vapor both of fission 
product stimulant and sodium was fed to a sampling line, where 
sintered stainless steel filters trapped the aerosols.  The flow 
rate of carrier gas was controlled using a mass flow meter. 

After the experiments, the vapor elements trapped and 
condensed in sampling tube and the sodium pool surface 
samples were rinsed by distilled water and the solutions were 
analyzed by Inductively Coupled Plasma-Mass Spectroscopy 
(ICP-MS) to quantify the amounts of sodium and simulants.  
The estimated error bands for these chemical quantitative 
analyses are within 10%. 

3.2 Experimental condition 
Experimental conditions are listed in Table 1.  The 

evaporation tests are conducted several times intermittently for 
each simulant, once the specimen for liquid pool is set in the pot. 
The change in the fraction of solute in the pool is negligible 
since the amount of vapor is small enough in each test. 

Temperature conditions are changed from 600 to 850 deg-C 
for the measurement of equilibrium partition coefficients of 
cesium and sodium iodide as shown in Table 1.  The mass 
concentration of stimulant in the sodium pool was adjusted to 
the same value in the previous study (cesium : 300ppm, sodium 
iodide : 200ppm) to measure the equilibrium partition 
coefficient at high temperature region between 600 and 850 deg-
C.  On the other hand, to study the dependence of the partition 
coefficient on the stimulant concentration in the sodium pool, 
the measurements of the coefficients were conducted at five 
different concentration of 1.73×10-5, 9.02×10-3, 1.89×10-2, 
4.15×10-2, 1.03×10-１ as mole fraction at the temperature of 
600 and 700 deg-C for cesium, and 1.44×10-5, 1.73×10-3, 3.45
×10-3, 1.15×10-2, 3.52×10-2 at the temperature of 600, 700 
and 850 deg-C for sodium iodide, respectively.  These values 
of mole fraction are equivalent to the mass concentration of 100, 
50000, 100000, 200000, 400000 ppm for cesium, and 100, 

12000, 24000, 80000, 245000 ppm for sodium iodide, 
respectively. 

Conditions of carrier gas flow rate and time are determined 
so that the saturation of the vapor is maintained. 
 

4．RESULTS AND DISCUSSION 

4.1 Equilibrium Partition Coefficient 
Cesium-Sodium System 

Figure 3 shows the measured data on equilibrium partition 
coefficients in cesium-sodium system under the cesium mass 
concentration of 300 ppm together with those from the previous 
work.  It is found that all data are in almost liner relation in the 
figure.  Therefore, the following empirical equations between 
the partition coefficients of cesium and the sodium pool 
temperature could be obtained from the results of previous work 
and this study in the temperature range from 450 to 850 deg-C: 

 
log Kd(Cs) = 2173/T - 1.0487   (6). 

Table 1 Experimental Conditions
 

Simulated fission product Cs NaI 
Mole fraction in Na 1.73×10-5～1.03×10-1 2.74×10-5～3.27×10-5 
Temperature (°C) 600, 700, 800, 850 600, 650, 700, 750, 800, 850 

Carrier gas flow rate (cm3/min)[*a] 200 200 
Number of tests 28 31 

Liquid Na amount (g) ～50 ～50 
Sampling of liquid pool surface Yes Yes 

Boat material, pool surface area (cm2) Stainless steel, 74 cm2,  
Pot material, inner volume (cm3) Stainless steel, 720 cm3 

[*a] At the temperature and pressure conditions in the evaporation pot 
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(T = 600 deg-C) 

 
In the figure, the following theoretical equation calculated 

by Castleman and Tang [2] under the assumption of infinite 
dilution is also indicated: 

 
log Kd(Cs) = 2022/T - 0.7276   (7). 
 
As shown in the figure, the measured data and the empirical 

equation agree well with the theoretical equation and therefore, 
the obtained data and the empirical equation are consistent with 
the theoretical values. 

Iodine-Sodium System 
Figure 4 shows the measured data on equilibrium partition 

coefficients in iodine-sodium system together with those from 
the previous work.  As shown in the figure, the data obtained 
from the previous work are a little scattered compared with the 
data obtained from this work.  The reason why the previous 
data are a little scattered is attributed to the fact that the Kd in 
the previous study was obtained using the calculated sodium 
iodide concentration in sodium pool (200ppm) based on the 
assumption of complete dissolution of sodium iodide.  On the 
other hand, the Kd in this work was obtained using the measured 
concentration of sodium iodide at the sodium pool surface 
(~100ppm). 

In the figure, the following theoretical equation which was 
recalculated by authors using the corrected thermo-chemical 
data based on Castleman and Tang [2] under the assumption of 
infinite dilution is also indicated: 

 
log Kd(I)  = - 215/T - 0.271   (8) 
 
Although the measured data obtained from the previous 

work are a little scattered because of the above mentioned 
reason, the all measured data are agree reasonably well with the 
theoretical equation.  Therefore, the relation between the 
equilibrium partition coefficient of sodium iodide and the liquid 
phase temperature in iodine-sodium system can be expressed by 
the equation (8). 
 

4.2 Dependence of Equilibrium Partition Coefficient 
on Concentration in Sodium Pool 
Cesium-Sodium System 

The measured and theoretical results for the dependence of 
equilibrium partition coefficient on the cesium concentration in 
sodium pool are shown in Fig. 5 for 600 deg-C and Fig. 6 for 
700 deg-C, respectively.  As shown in these figures, the 
measured coefficients at five different points of mole fraction in 
the pool decreased with the increase in the concentration and 
were almost consistent with the theoretical values. 

In accordance with the theory of chemical thermodynamics, 
a real solution whose solute concentration is relatively high as 
order of % such as this study has a tendency to show a different 
behavior from the behavior of an ideal solution.  However, the 
measured data agreed reasonably well with the theoretical values 
based on the Raoult’s law for the infinite dilution of an ideal 
solution.  Therefore, the results of this study suggest that 
cesium-sodium binary alloy has a similar property of ideal 
solution. 

 

. 
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Iodine-Sodium System 
Figure 7, 8 and 9 show the measured and theoretical results 

for the dependence of equilibrium partition coefficient on the 
sodium iodide concentration in sodium pool under the 
temperature condition of 600, 700 and 850 deg-C, respectively.  
On the contrary to the cesium-sodium system, the measured data 
increased with the increase of sodium iodide concentration in 
the sodium pool under the all temperature condition and this 

tendency was incompatible with the theoretical consideration.  
The reason of this discrepancy might be attributed to the 
formation of Na2I2 in the cover gas at higher temperature 
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condition [3].  Clearly, further experimental work is needed to 
obtain the evidence of the formation of Na2I2 at high 
temperature. 

4．CONCLUSION 
Equilibrium partition coefficients were experimentally 

measured for volatile fission products of cesium and iodine 
between liquid sodium pool and the inert cover gas to obtain the 
coefficients at high temperature between 600 and 850 deg-C and 
to study the dependence of the partition coefficients upon the 
concentration in the sodium pool.  The following results are 
obtained: 
(1) the empirical equations between the partition coefficients of 

cesium and iodine and the sodium pool temperature could 
be obtained: 

 
log Kd(Cs) = 2173/T - 1.0487 (from 450 to 850 deg-C), 
log Kd(I)  = - 215/T - 0.271 (from 450 to 850 deg-C). 

 
(2) The partition coefficients of cesium measured at five 

different points of mole concentration in the pool were 
almost consistent with the theoretical values and decreased 
with the increase in the concentration. 

(3) The measured partition coefficients of iodine increased with 
the increase in the concentration in the pool and this 
tendency was incompatible with the theoretical 
consideration.  The reason of this discrepancy might be 
attributed to the formation of Na2I2 in the cover gas. 
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