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Surface Tension of Ternary Mixtures of Nitrogen, Oxygen, and Argon

Takami Kai," Hidetoshi Nomoto, Masanobu Deguchi, and Takeshige Takahashi

Department of Applied Chemistry and Chemical Engineering, Kagoshima University, Kagoshima 890, Japan

Surface tensions for the liquid mixture nitrogen + oxygen + argon have been measured using the capillary
rise method. The measurements were made for various compositions at temperatures from 90 to 115 K and
at vapor pressures up to 300 kPa. The experimental data were correlated with those calculated from a simple

equation using the pure component results.

Introduction

The surface tension of liquid nitrogen, oxygen, and argon
is an important property in designing a distillation column
for an oxygen plant. Although measurements have been
carried out for the pure components (1-3), few measurements
have been made on the binary and none on the ternary
mixtures. Inthe presentstudy, we report the surface tensions
of the liquid mixture nitrogen + oxygen + argon. The results
were correlated using a simple equation containing an
adjustable parameter.

Experimental Section

The differential capillary rise method was used. Figure 1
illustrates the experimental apparatus. Four capillary tubes
of different bore size were fixed to a supporting rod. The
bore size was obtained from the measurements of the length
and weight of mercury enclosed in the capillary before the
experiments. The measurements were carried out at some
positions along the axis of the capillary. We checked the
variation in bore size along the axis of the capillary and selected
four capillary tubes of uniform bore from about thirty tubes
tested. The bore sizes of the capillaries were 0.1827, 0.2504,
0.3061, and 0.4249 mm. The variation in the bore size over
the working length was estimated to be £0.4% for each
capillary. The capillaries were cleaned with hot chromic acid,
water, and acetone before use.

The supporting rod was placed in a cylindrical pressure
cell made of stainless steel. Two glass windows in the cell
wall allowed illumination and observation of the interior of
the cell. The cell containing synthetic liquid air was cooled
by passing liquid nitrogen through an outer jacket. The cell
was fixed in a cold box made of aluminum plates and acrylic
resin plates. Small Styrofoam balls were stuffed into the
cold box as heat insulating materials.

The synthetic liquid air was composed of nitrogen, oxygen,
and argon. The impurity was below 4 ppm according to the
supplier (Nippon Sanso Co., Ltd.). Before an experimental
run, the whole gas system was evacuated and flushed with
nitrogen gas. The liquid mixture was introduced into the
cell, and the liquid surface was adjusted to be observable
from the windows. The pressure in the cell was controlled
by valves and measured using a pressure transducer with a
precision of £0.11%. Temperature was kept constant by
maintaining a constant pressure. The temperatures of the
vapor phase and the liquid phase were measured with digital
thermometers with an accuracy of £0.15 K. When the
pressure and temperature stabilized, the system was con-
sidered to have reached thermal and mass transfer equilib-
rium. Ittook about 20 min to reach the equilibrium. At this
time, photographs were taken and a small amount of liquid
was sampled. The mixture sampled was vaporized and
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Figure 1. Schematic diagram of the experimental setup used
to measure the surface tension of synthetic liquid air: (A)
liquid syntheticair, (B) liquid nitrogen, (C) cell, (D) capillaries,
(E) windows, (F) fluid measured, (G) temperature measuring
unit, (H) pressure measuring unit, (I) gas chromatograph, (J)
cold boxes, (K) vacuum pump.

Table 1. Parameters in Eq 3

system oo/ (mN m-1) p devd/ %
nitrogen 28.2 1.235 0.90
oxygen 39.5 1.256 0.99
argon 38.7 1.299 1.09

a@ Average deviation = L(a(exp) — o(calc))/a(exp).

analyzed using a gas chromatograph. The absolute error in
the composition expressed in mole fraction was estimated to
be less than 0.005.

The pressure in the cell was then raised to the next desired
value, and another set of measurements was made. The
procedure outlined above was repeated. Inthepresentstudy,
the measurements were carried out over a pressure range
between 260 and 900 kPa judging from the condition of
industrial distillation columns.

The difference in the height between the points of the
menisci of two capillaries was obtained from the photograph
using a caliper rule. The value of the capillary constant was
calculated from the equation

a® = Ah/(1/b, - 1/by) (4N}

where b, and b, are the radii of curvature at the bottom of
the two menisci. Because the relationship between the radii
of curvature and the capillary constant is given in Sugden’s
table (4), the value of the capillary constant was obtained by
iteration. The values obtained from the six combinations of
the four capillaries for one condition were averaged. Finally,
the surface tension was calculated by

o = a’g(py, — py)/2 @
where g is the acceleration due to gravity and pr, and py are
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Table 2. Surface Tension for the Nz (1) + Oz (2) + Ar (3) Ternary System

T/K P/kPa x X g/mNm-1) T/K P/kPa X X9 o/mMMm-) T/K P/kPa x X9 g/(mN m-1)
90.1 2620 0.080 0.505 8.61 984 3915 0.096 0.722 8.62 104.7 485,56 0.361 0.494 8.41
91.1 265.0 0.078 0.506 8.41 98.4 4195 0.096 0.722 7.91 1049 7349 0.357 0.496 6.01
923 3030 0.077 0.507 7.97 98.5 390.8 0.092 0.725 8.75 105.2 500.7 0.369 0.495 8.29
93.5 311.8 0.076 0.509 8.52 98.5 467.0 0.089 0.728 7.62 105.2 5235 0.367 0.497 770
93.6 348.0 0.075 0.509 7.95 98.6 4254 0.184 0.782 7.94 105.8 510.0 0.358 0.495 8.36
93.8 263.7 0.107 0.476 991 986 4434 0.184 0.782 8.08 105.6 51056 0.35656 0.499 8.09
939 3429 0.073 0.511 8.30 986 5018 0.186 0.781 7.09 105.7 521.1 0.356 0.398 8.12
94,1 328.2 0.160 0.577 8.34 986 399.4 0.178 0.788 8.23 105.7 532.6 0.357 0.497 8.02
94.2 3656.0 0.1564 0.583 7.76 98.7 4405 0.181 0.785 8.12 1059 556.2 0.352 0.501 7.53
944 3376 0.156 0.586 8.27 987 509.6 0.178 0.788 6.84 10569 635.7 0.292 0.661 6.88
946 2399 0.1563 0.583 10.24 98.7 3944 0.178 0.788 8.37 106.0 550.5 0.265 0.688 7.75
94.6 380.1 0.142 0.595 7.85 987 3120 0.176 0.791 912 106.1 6503 0.265 0.690 6.97
947 2488 0.144 0.593 9.76 987 5640 0.170 0.795 6.47 106.3 534.0 0.259 0.695 7.77
947 243.8 0.134 0.602 10.07 98.8 4325 0.171 0.796 7.95 106.4 5639 0.263 0.691 7.56
947 3355 0.133 0.602 8.03 99.0 4394 0.167 0.799 8.03 106,56 5772 0.289 0.667 7.62
948 3629 0.134 0.602 8.02 99.1 520.2 0.167 0.798 6.70 1066 796.3 0.2560 0.704 6.00
948 3469 0.143 0.592 8.14 99.2 4123 0.130 0.831 8.44 106.7 591.8 0.285 0.670 7.51
95,0 373.7 0.142 0.593 7.51 99.2 446.7 0.127 0.834 7.95 106.7 5825 0.283 0.670 7.29
95.0 351.8 0.138 0.596 8.23 99.6 3146 0.104 0.856 9.83 106.8 588.6 0.172 0.551 7.256
95.0 2522 0.143 0.593 9.99 99.6 4653 0.107 0.852 7.88 1069 586.8 0.191 0.530 7.44
95.1 2574 0.106 0.626 9.95 99.7 339.6 0.102 0.857 9.53 107.0 5181 0.190 0.531 8.08
956.1 3504 0.104 0.624 8.04 99.9 3274 0101 0.858 9.67 107.0 7203 0.18 0.536 6.56
953 3626 0.118 0.549 8.15 100.0 4959 0.099 0.860 7.77 107.0 605.1 0.180 0.542 7.29
95.3 261.8 0.124 0.542 9.78 100.2 484.5 0.093 0.866 7.83 107.1 593.6 0.181 0.540 7.56
95.6 214.6 0.116 0.549 10.44 100.3 3544 0.097 0.858 8.80 1073 572.8 0.188 0.533 7.711
95.6 362.6 0.096 0.569 7.91 100.3 4527 0.070 0.842 8.25 1074 6159 0.198 0.527 7.25
95.6 3056.7 0.094 0.571 9.19 100.4 4974 0.073 0.884 7.67 1074 603.2 0.196 0.528 7.54
95.6 3729 0.096 0.568 8.07 100.4 3297 0.071 0.886 9.71 1076 6270 0.187 0.535 7.23
956 266.8 0.099 0.565 9.80 1004 4824 0.073 0.883 7.83 107.7 6266 0.195 0.528 741
9567 363.6 0.097 0.568 7.97 1004 493.1 0.076 0.881 7.84 107.7 598.2 0.180 0.545 7.45
957 3656.2 0.117 0.549 7.87 100.56 360.4 0.074 0.882 9.36 107.8 603.5 0.177 0.546 7.42
956.8 369.7 0.098 0.566 7.94 100.7 3399 0.073 0.883 9.48 107.8 1746.0 0.412 0.365 6.43
959 3682 0.099 0.565 7.98 100.7 3700 0.073 0.884 9.10 107.9 6373 0.394 0.377 7.76
95.9 3168 0.097 0.567 8.85 1009 3464 0.069 0.886 9.28 108.0 614.2 0.410 0.367 7.49
95.9 379.7 0.088 0.577 8.11 101.1 3799 0.068 0.889 9.19 108.1 6489 0.401 0.376 7.09
96.0 345.5 0.087 0.592 8.24 101.1 351.8 0.293 0.496 9.27 108.1 6493 0.404 0.371 7.32
96.0 3716 0.090 0.588 7.96 101.2 3575 0.280 0.508 9.03 108.2 5597 0.563 0.356 7.67
96.0 272,56 0.092 0.585 9.72 101.3 3839 0.276 0.512 8.92 1084 610.9 0.596 0.327 7.87
96.0 42563 0.084 0.594 7.33 101.5 367.2 0.284 0.503 9.05 1084 629.3 0.561 0.358 7.89
96.1 27569 0.078 0.602 9.57 101.6 3624 0.289 0.425 9.25 1085 667.1 0.5563 0.366 6.93
96.1 3869 0.196 0.671 7.91 101.6 399.9 0.273 0.438 8.82 1086 663.1 0.559 0.358 7.37
96.2 2815 0.191 0.675 9.67 101.7 399.3 0.279 0.433 8.64 1089 584.8 0.556 0.363 7.69
96.2 3919 0.151 0.672 8.07 101.7 371.7 0.330 0.391 9.08 1089 6818 0.543 0.375 7.04
96.2 2788 0.149 0.674 9.64 101.8 4076 0.329 0.400 8.98 109.0 680.0 0.457 0.362 7.23
96.2 436.7 0.148 0.674 7.33 101.8 617.2 0.315 0411 6.77 109.0 652.7 0.452 0.368 7.06
96.3 322.0 0.147 0.675 8.45 101.8 413.7 0.332 0.397 9.10 109.1 686.8 0.451 0.368 7.06
964 3315 0.146 0.677 8.63 102.0 501.0 0.330 0.401 7.31 109.1 ©686.8 0452 0.369 7.02
96.4 2852 0.144 0.679 9.75 102.0 379.1 0.335 0.395 9.16 109.3 700.5 0.454 0.366 7.25
96.5 3791 0.120 0.699 8.20 102.1 385.3 0.438 0.455 8.90 109.3 7285 0.449 0.372 6.92
96.56 452.0 0.120 0.700 7.15 102.2 421.0 0.349 0.536 8.77 1094 602.8 0452 0.372 7.63
96.7 2299 0.116 0.704 10.87 102.3 4294 0.439 0.453 8.83 1096 809.9 0452 0.369 6.09
96.7 3414 0.147 0.670 8.56 102.3 3919 0.401 0.488 8.84 109.6 772.2 0452 0.369 6.58
96.7 3846 0.146 0.670 8.16 102.4 400.0 0.268 0.391 891 1096 737.3 0.450 0.369 6.94
96.9 231.0 0.145 0.670 10.59 1026 404.8 0.268 0.391 8.44 109.7 616.7 0.415 0.391 7.40
969 3967 0.109 0.703 7.92 1026 4366 0.266 0.392 8.67 109.8 748.1 0.423 0.382 6.51
969 478.8 0.155 0.685 6.72 102.7 4104 0.270 0.388 8.55 110.0 865.0 0.422 0.388 6.05
97.0 2916 0.165 0.671 9.91 102.8 41565 0.270 0.388 8.66 110.0 753.5 0.427 0.384 6.73
97.0 3912 0.165 0.672 7.92 1029 6343 0.273 0.386 6.58 110.1 730.8 0.520 0.415 6.68
97.1 502,56 0.162 0.674 6.90 102.9 4489 0.272 0.388 8.60 110.2 6319 0.535 0.402 7.37
973 3669 0.1569 0.676 8.53 103.0 552.7 0.262 0.394 7.47 1106 813.3 0.5629 0.407 6.73
976 2688 0.1568 0.678 9.80 103.0 385.9 0.269 0.389 9.20 1106 6485 0.531 0.404 7.36
97.5 399.9 0.153 0.682 8.09 103.1 6429 0.267 0.392 6.32 1106 776.5 0.514 0.423 6.55
975 351.0 0.150 0.684 8.58 103.1 560.6 0.268 0.391 7.7 110.7 780.0 0.520 0.417 6.98
97.5 418.7 0.154 0.680 8.11 103.1 419.2 0.267 0.391 8.45 111.0 9203 0.534 0.404 5.65
975 4780 0.146 0.689 7.40 103.3 6569 0.269 0.390 6.56 111.3 748.5 0.528 0.410 7.35
976 366.3 0.166 0.661 8.76 103.4 4356 0.268 0.390 8.55 111.56 799.0 0.453 0.386 6.53
977 404.7 0.170 0.656 8.12 103.5 530.4 0.264 0.391 7.61 1119 788.2 0.444 0.393 6.62
97.7 4489 0.156 0.670 7.94 103.8 588.7 0.406 0.524 7.35 112.3 810.0 0.443 0.394 6.67
978 4283 0.103 0.713 7.89 104.1 4752 0.398 0.531 8.40 112.5 824.5 0.436 0.402 6.42
979 4094 0.116 0.700 7.95 104.2 498.0 0.421 0.510 7.81 112.8 850.7 0.443 0.395 6.66
979 453.1 0.109 0.708 8.04 104.2 599.0 0.400 0.532 6.98 112.8 8425 0.441 0.399 6.37
979 533.4 0.151 0.666 6.49 104.3 466.0 0.423 0.510 8.56 113.1 861.5 0.480 0.467 6.34
98.0 4399 0.106 0.711 7.74 1044 500.8 0.377 0.555 7.17 113.6 8522 0.652 0.398 6.48
98.0 461.2 0.102 0.716 7.76 104.4 490.7 0.360 0.493 8.30 1137 8545 0.537 0.414 6.63
98.1 542.0 0.096 0.722 6.87 1046 707.1 0.355 0.499 6.20 113.7 853.3 0.546 0.403 6.48
98.1 412.5 0.101 0.717 8.14 104.6 480.5 0.359 0.495 8.31 113.9 857.7 0.541 0.409 6.46
98.2 4172 0.103 0.715 7.93 1047 620.7 0.359 0.494 6.81 1142 877.0 0.545 0.406 6.31
98.3 5287 0.091 0.726 7.10 1047 580.0 0.359 0.495 7.25 114.8 904.1 0.527 0.424 6.15
98.3 3743 0.103 0.713 8.23



Journal of Chemical and Engineering Data, Vol. 39, No. 3, 1994 501
Ar

o (calc)/(mN-m")
a
T

 (exp)/(mN-m™)
Figure 2. Comparison between measured and calculated
surface tensions.

the densities of the liquid and vapor, respectively. The value
of g used for the calculation was 9.7947 m+s-2. The maximum
error introduced by the measurement of the heights upon the
obtained surface tension was estimated to beless than 1.2%.

Results and Discussion

The surface tension o of a pure liquid can be correlated
using the following equation (5):

o = o1~ TIT,)P 3)

where T, is the critical temperature. The values of the
parameters oo and p were determined from the experimental
results by a least-squares analysis, and are given in Table 1.
Values of p were reported to be close to 1.222 (5), and similar
results were obtained in thisstudy. The deviations were about
1% for the three pure components,

The experimental results for the ternary mixture are
presented in Table 2. The temperature scale was the
international temperature scale ITS-90. Figure 2 shows the
comparison of the experimental results with the predictions
from the empirical equation

3
DY o

=1

When the adjustable parameter r was (.25, the average
deviation was the smallest. The average deviation was 2.0%,
and the standard deviation was 0.161 mN m-1, whereas the
average deviation was 5.26 % and the standard deviation was
0.391 mN m-! for the simple mole fraction average calculated
from eq 4 in the case of r = 1.

Figure 3 shows the surface tension deviation at 100 K
defined as

do=o,—0, (5)

where o, is the mole fraction averaged value. The value of
an was calculated fromeq 4. The surface tension of the binary
system oxygen + argon can be predicted from the simple
mole fraction average with an absolute error of less than 0.1
mN m-1. For the ternary mixture, however, the simple mole
fraction average is not appropriate. The value of the surface

0. 0.2 0.4 0.6 0.8 N:

Figure 3. Relationship between the surface tension deviation
and the composition of the mixture at 100 K.

tension shifts to a valuesmaller than the mole fraction average,
especially in the case where the mole fraction of nitrogen is
from 0.3 to 0.7.

Glossary

a capillary constant

by, b radii of curvature at the bottom of the menisci
g acceleration due to gravity
Ah difference in height

M; molecular weight

p adjustable parameter in eq 3
r adjustable parameter in eq 4
T temperature

T. critical temperature

xi mole fraction

Greek Letters

do surface tension deviation

pL density of the liquid

pv density of the vapor

c surface tension

ao adjustable parameter in eq 3

Oa mole fraction average of surface tension
Om surface tension of the mixture

Registry Numbers Supplied by Author. N, 7727-37-9;
0., 7782-44-7; Ar, 7440-37-1.
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