
NOMENCLATURE 
P, = vapor pressure of pure component i at equilibrium tempera- 

x ,  = mole fraction of component i in the liquid phaae 
y8 = mole fraction of component i in the vapor phase 
7 ,  = activity coefficient of component i 
x = total pressure, mm. of Hg 

Subscripts 

ture, mm. of Hg 

1 = hexamethyldisiloxane 
2 = n-propyl alcohol 
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Figure 3. Density at 25” C. vs. weight fraction 
hexamethyldisiloxane for the system 

hexamethyldisiloxane-n-propyl alcohol 
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Data were obtained for the solubility of helium at pressures up to 2000 p.s.i.a. 
in liquid argon at temperatures of -125O, -140°, -160°, and -180°C.; in liquid 
oxygen at -130°, -145’, -160°, -180°, and -195.8”C.; and in liquid carbon 
monoxide at -145’, -160’, -180°, and -195.8” C. A static sampling technique 
was used and samples were analyzed by gas chromatography. The data are presented 
in temperature-composition and pressure-composition diagrams. A comparison is made 
between the data of this study and previously published data for the helium-argon 
and helium-oxygen systems. 

THE SOLUBILITY of helium in certain liquefied gases 
is of interest because of the limited availability of helium 
and the method of producing it. Helium is obtained by 
extraction from either liquefied natural gases or liquefied air. 
The efficiency of the recovery process depends upon the 
solubility of helium in the liquid. 

A number of investigators (3-7, 9, 12) have directed 
their attention to the solubility of helium in liquid nitrogen. 
Several studies of the solubility of helium in liquid methane 
also have been made (8, 10, 14, 15) and data have recently 
been reported for the helium-argon system (11)  and the 
helium-oxygen system ( I ,  2 ) .  The object of this investiga- 
tion was to determine the solubility of helium in the li- 
quefied gases argon, oxygen, and carbon monoxide. 

’ Present address, Rocketdyne, a Division of North American Avia- 
tion, Inc., Canoga Park, Calif. 

EXPERIMENTAL 

Materials. The helium used was a special analyzed stock 
furnished by the United States Bureau of Mines and had 
a maximum impurity of 12.0 p.p.m. The argon and oxygen 
were commercial grades, purchased from the Linde Co. 
with specified purities of 99.996 and 99.770, respectively. 
Carbon monoxide was obtained from Olin-Matheson with 
a purity of 99.5%. All gases were used without further 
purification. 

APPARATUS AND PROCEDURE 
The experimental apparatus and operating procedures 

have been described in detail (13,14). A static sampling 
cell of approximately 100-cc. volume was placed in a con- 
trolled low temperature bath. The contents of the cell 
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were agitated by means of a solenoid-operated plunger. 
After obtaining two-phase equilibrium conditions within the 
cell, liquid samples were withdrawn through capillary tubing 
and analyzed by gas chromatography. 

Temperatures within the low temperature bath were 
maintained constant to within =k 0.01" C. A platinum resis- 
tance thermometer was used for temperature measurements 
and is believed to be accurate to k0.02" C., as related to 
the International Temperature Scale. 

Pressures were measured with bourdon tube gages, which 
had been calibrated against a dead-weight tester. All 
reported pressures are accurate to within f 1.5 p.s.i. 

The component peaks in the gas chromatograph were 
separated using a column packed with Linde Type 4-A 
molecular sieve for the argon and oxygen mixtures and 
with silica gel for the carbon monoxide mixtures. 

The carrier gas was nitrogen and the column temperature 
was approximately loo" C. Sample pressures were kept con- 
stant to within f 0.1% by means of an aneroid-type 
absolute pressure gage. The accuracy of the analytical pro- 
cedure is estimated to be f 1% of the helium concentration, 
or f 0.03 mole % helium, whichever is greater. 

EXPERIMENTAL RESULTS 
Five different isotherms of the helium-oxygen system 

were investigated and four each in the systems helium- 
argon and helium-carbon monoxide. In each case the iso- 
therms were spaced to cover as completely as possible the 
temperature range between the melting point and critical 
point of the heavy component. For kach temperature, liquid 
compositions were determined a t  intervals of 250 p.s.i. from 
some pressure greater than the vapor pressure of the heavy 
component to 2000 p.s.i.a. At least two samples were taken 
at  each temperature and two chromatographic analyses 
made of each sample. The results in Tables I, 11, and 
111, therefore, represent an average of at least four chroma- 
tograph runs for each data point. The data were taken 
at  the same pressures along each isotherm, making it possi- 
ble to present the experimental results directly, without 
interpolation, on both P-X (pressure-composition) and T-X 
(temperature-composition) diagrams. 

Figure 1 is the P-X plot obtained for the helium-argon 
system. I t  shows regular increases in the solubility of helium 
with pressure at every temperature. The data exhibit very 
little scatter about the smooth lines; the deviations are 
not much larger than the estimated accuracy of the analyti- 

Table I .  Helium-Argon 
Liquid Composition, Mole % Helium hessure, 

P.S.I.A. -125°C. -140°C. -160°C. -180°C. 
250 0.25 0.15 
-50 0.68 0.75 0.35 ..__ . . _. ---  
750 1.21 1.71 1.19 0.52 
lo00 3.93 2.76 1,64 0.71 
1250 6.50 3.70 2.10 0.87 
1500 8.95 4.61 2.49 1.02 
1750 11.38 5.49 2.87 1.14 
2000 13.80 6.32 3.25 1.29 

Table I t .  Helium-Oxygen 
Liquid Composition, Mole % Helium Pressure, 

P.S.I.A. -130°C. -145'C. -160°C. -1so'C. -195.8'C. 
250 0.27 0.14 0.04 
500 0.86 0.74 0.33 0.14 
750 1.80 1.59 1.13 0.53 0.20 

3.30 2.37 1.54 0.68 0.25 
1250 3.14 1.95 0.83 0.32 
1500 5.98 3.84 2.32 0.99 0.36 
'Oo0 4.61 

1750 7.26 4.46 2.67 1.14 0.43 
2Ooo 8.60 5.08 3.02 1.27 0.48 

Table 111. Helium-Carbon Monoxide 

Pressure, Liquid Composition, Mole % Helium 

250 0.42 0.30 
500 1.64 0.90 0.45 
750 4.24 2.90 1.35 0.62 

lo00 6.93 3.96 1.89 0.73 

P.S.I.A. -145°C. -160°C. -180°C. -195.8"C. 

1250 9.65 5.10 2.21 0.94 
1500 12.14 6.05 2.49 1.06 
1750 14.55 7.00 3.00 1.22 
2000 16.73 7.81 3.28 1.34 
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Figure 1.  f - X  diagram, helium-argon 

cal procedure. The data for each isotherm extrapolate 
smoothly through the vapor pressure of pure argon at  0% 
helium concentration. The lowest of the temperatures 
studied is about 9" above the melting point of argon and 
the highest is approximately 3" below the critical tem- 
perature. Liquid compositions as functions of temperature 
are presented in Figure 2. The data of Mullins and Ziegler 
(11) are included for comparison. Their results indicate 
a somewhat lower solubility for helium than was found 
in this study. Figure 2 shows that at higher pressures, 
as with the helium-nitrogen and helium-methane systems, 
the solubility of helium in liquid argon increases with tem- 
perature. At lower pressures the solubility passes through 
a maximum value, and for pressures less than the critical 
pressure of argon, intersects the 0% helium axis at the 
temperature corresponding to the vapor pressure of pure 
argon. In general, the behavior of the helium-argon system 
is like that of the helium-nitrogen (3-7, 9, 11) and helium- 
methane (8.10,14,15) systems. 

Experimental results for the helium-oxygen system appear 
in Figures 3 and 4. Five isotherms were selected. The 
lowest and the highest were approximately 22" and 11" 
from the melting and critical points, respectively. The low- 
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Figure 2. 7 - X  diagram, helium-argon 
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eat temperature for study was limited to that obtahable 
by the experimental apparatus-the boiling point of nitro- 
gen. Figure 4 includes the data of Barrick and Herring 
(2)  which fell within the range of this study. Their data 
in general were taken a t  higher pressures than were covered 
here. In view of the large disagreements often noted between 
the experimental work of different investigators in the field 
of low-temperature phase equilibria, the correspondence of 
the authors' data with those of Bamck and Herring is 
exceptionally good. The experimental data for the solubility 
of helium in liquid oxygen as a function of temperature 
and pressure follow very closely the behavior of the helium- 
argon data just discussed. 

Four isotherms of the helium-carbon monoxide system 
were investigated, with the experimental results shown in 
Figures 5 and 6. In this case the lowest temperature is 
some 13" above the melting point of carbon monoxide and 
the highest is 6" below the critical temperature. The same 
type of behavior is evident as has been seen in the other 
helium-containing systems. The maximum solubility in car- 
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Figure 3. P-X diagram, helium-oxygen 
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Figure 4. T-X diagram, helium-oxygen 

LIQUID COMPOSITION MOLE % HELIUM 

Figure 5. P-X diagram, helium-carbon monoxide 
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Figure 6. T-X diagram, 
helium-carbon monoxide S 

bon monoxide, however, is considerably higher than in 
argon or oxygen. 

An interesting differentiation between the three heavy 
components studied in this investigation is the fact that 
the vapor pressure curve of oxygen ciosses those of argon 
and carbon monoxide. Thus, oxygen has both a lower 
melting point and a higher critical temperature than either 
argon or carbon monoxide. The theory of perfect solutions 
suggests that the solubility of a gas in a liquid is a function, 
among other things, of the slope of the liquid vapor pressure 
curve. Since the oxygen vapor pressure curve has a lesser 
curvature than either of the other two, one might expect 
a somewhat lower solubility in oxygen. This generally is 
confirmed by the data, which show helium to be less soluble 
in oxygen than in the other components a t  the temperatures 
where the vapor pressures are equal. 
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