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New Procedure for Vapor-Liquid EquiHbria. Nitrogen + Carbon 
Dioxide, Methane + Freon 22, and Methane + Freon 12 

Masahlro Yorlzane, Shoshln Yoshlmura, Hlrokatw Masuoka, Yoshlmorl Mlyano, and Yukihlko Kaklmoto 

Department of Chemical Engineering, Hiroshima Universw, Higashhiroshima, 724 Japan 

A new procedure to measure Mgh-preswre vapor-ilquid 
equlllbrla k proposed, In which both vapor- and 
Hqukcphaw samples are withdrawn without dkturbhtg the 
equl#brkm condnkns. Vapor-#qukl qullibrlum data are 
reported for pressures approachlng the crHicai pressures 
for the nkrogen-carbon dloxide system at 273.2, 293.2, 
and 298.2 K, and for the methane-Freon 22 
(c-hane) system and the methancfreon 
12 (dkMotodlfluoromothane) system both at 263.2, 273.2, 
and 298.2 K. CrRlcal preswres and comporltlons at 
several temperatures were determined by means of a 
graphkal method. 

Introductlon 

Of the problems encountered in the measurement of va- 
por-liquid equilibria at elevated pressures, two are the most 
troublesome. They are the methods for agitating the system 
to facilttate the approach to equliibrium and for withdrawing the 
sample from the equilibrium phases without disturbing the 
equilibrium. 

A static method or a circulation method is usually used for 
meawing hlgh-presswe vapor-liqukl equilibria. In general, with 
a static method it is difficult to withdraw a sample from the 
equilibrium phases without disturbing the equlllbrlum, and some 
special designs to wlthdraw a sample are needed ( 7 ,  2). A 
circulation method (3-5) usually uses a pump to circulate gas 
and/or liquid to obtain the necessary mixing effect, and the 
pressure is slightly fluctuating. 

I n  this paper, a gravitational circulation method, where gas 
and liquid are clrculated by a gravitational force, is used to 
reduce the pressure fluctuation. 

Exwrlmentai Apparatus 

Figure 1 shows a schematic diagram of the experimental 
apparatus. This apparatus has two equHibrium cells, which are 
connected to each other at both top and bottom ends by means 
of flexible stainless steel tubes. one cell is fixed while the other 
is moved slowly up and down by means of a mechanical de- 
vice. As a result of this up and down motion of the movable 
cell, liquid tends to flow from the cell which Is at a higher ele- 
vation to the one at a lower elevation, while at the same time 
vapor tends to flow from the lower cell to the higher one to 
keep the pressures in the two cells equal. As a result of the 
vertical motion the vapor and the liquid are slowly mixed. 

The two cells are of the same size (55" i.d., 63 mm in 
height, and 150 cm3 in volume) and made of type 304 stainless 
steel. The sampling sections for vapor and liquid phases are 
located between the tubes which connect the cells to each 
other. Each sampling section has three valves: two of them 
are to isolate the sample, and the third, which is located be- 
tween the other two, ls a three-way valve and is used to with- 
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Table I. Conditions for Analysis 
CH4-Freon CH4-Freon 

system N 2 4 0 2  22 12 
carrier gas H2 (99.99%) H2 (99.99%) H2 (99.99%) 
carrier gas 100 100 100 
flow rate, 
cm3/min 

temp, K 
detector 373 303 383 

column silica gel TCP (6C-80 Porapack Q 

column 368 273 373 

column 3-m length, 3-m length, 3-m length, 
3-mm i.d. 3-mm i.d. 3-mm i.d. 

detector TCD" 
gas chroma- Shimazu 

integrator Takeda 

(I Thermal conductivity detector. 

packing (80 mesh) mesh) (60-80 mesh) 

temp, K 

tograph GC-4BPTF 

TR-2215A 

draw the sample to the sample chamber. The design of the 
three-way valve is shown in Figure 2. The samples are iso- 
lated, and an entire sample is then expanded into the sample 
chambers at low pressure. The samples are analyzed by 
means of a gas chromatograph which is directly connected to 
the sample chambers. The conditions for analysis of the var- 
ious mixtures are tabulated in Table I. 

A precise Bourdon gauge, which has been calibrated against 
a calibrated dead-weight balance, is used to measure pressure 
to a precision within 10.5% of the measured values. The 
equilibrium temperature is measured by a standard mercury 
thermometer. The temperatures are accurate to within fO.l 
K. The equiiitxium cell temperature did not fluctuate by more 
than 0.1 K during the determination of all the points on the 
isotherms at 263.2 and 273.2 K. At 293.2 and 298.2 K, the 
cell temperature did not fluctuate by more than 0.05 K. 

Experimental Procedure 

Initially the bath temperature was reduced below room tem 
peratwe. After evacuation of the whole system, the higkbdling 
gas was introduced into the fixed cell, where It condensed until 
it filled the cell. Then the valves between the fixed ceii and the 
movable cell were opened slowly and half of the liquid was 
allowed to flow from the fixed cell to the movable one, which 
was held at the same level. Then the solute gas was fed into 
the two cells. After the bath was adjusted to the experimental 
temperature, the movable cell was set in motion at a rate of 
1 cycle per 10 min. This cycle time had previously been found 
suitable as a result of calculations and experiments conducted 
by using air and water. The vertical up and down motfon of the 
cell was continued for 3-5 h until equilibrium was reached as 
observed by a constant system pressure. Then the vertical 
motion was stopped and the cells were brought to the same 
level. Vapor and liquid samples were isolated by closing both 
valves beside the three-way valves. Then the vapor- and liq- 
uid-phase samples were withdrawn to their respecttve sample 
chambers by opening the three-way valves. The pressures in 
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5 q  0- needle valve 

Figure 1. Schematic diagram of experimental apparatus: (1) fixed 
equlkium cell, (2) movable equHibrknn ceH, (3) vapor+ample chamber, 
(4) liquid-sample chamber, (5) pressure gauge, (6) sampling section 
for vapor phase, (7) sampling sectlon for IlquM phase, (8) constant- 
temperature bath, (9) four-way glass cock. 

n 
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Figure 2. Details of three-way valve. 

Table 11. Experimental Vapor-Liquid Equilibrium Data 
for the Nitrogen-Carbon Dioxide System 

[NA mole [ N d ,  mole 
fraction fraction 

press., MPa vapor liquid press., MPa vapor liquid 
273.2 K 

4.50 0.020 0.154 8.39 0.110 0.375 
4.51 0.019 0.158 9.95 0.156 0.397 
5.09 0.037 0.214 9.99 0.147 0.386 
5.71 0.054 0.264 10.92 0.184 0.378 
6.61 0.066 0.298 11.45 0.214 0.368 
6.70 0.072 0.318 12.04 0.298" critical 
7.83 0.105 0.356 

6.59 
6.60 
7.56 
7.59 
8.31 
8.33 
8.35 
8.37 
8.43 

0.021 
0.021 
0.050 
0.049 
0.068 
0.070 
0.070 
0.070 
0.073 

293.2 K 
0.067 8.53 
0.066 8.86 
0.117 8.91 
0.118 9.26 
0.138 9.32 
0.139 9.37 
0.140 9.55 
0.140 9.60 
0.139 9.79 

0.077 
0.093 
0.093 
0.102 
0.111 
0.114 
0.118 
0.123 
0.140" 

0.143 
0.142 
0.145 
0.145 
0.147 
0.149 
0.150 
0.148 
critical 

298.2 K 
7.40 0.026 0.058 8.17 0.050 0.088 
7.41 0.027 0.057 8.51 0.067 0.098 
8.14 0.053 0.084 

" Estimated values. 

the sample chambers were observed to be from 0.01 to 0.03 
MPa. For analysis the samples In the chambers were with- 
drawn to the analyzing sections and then brought to the gas 
chromatograph by means of hydrogen carrier gas. 

Table 111. Experimental Vapor-Liquid Equilibrium Data 
for the Methane-Freon 22 System 

[CH,], mole [CH,], mole 
fraction fraction 

press., MPa vapor liquid press., MPa vapor liquid 

1.12 0.051 
2.03 0.096 
3.21 0.172 
3.99 0.195 
5.02 0.276 
8.00 0.434 

3.18 0.147 
4.11 0.195 
4.98 0.239 
6.67 
8.32 0.445 

1.92 0.040 
2.72 0.072 
4.24 0.157 
5.95 0.219 
7.28 0.296 

"Estimated values. 

263.2 K 
0.617 8.86 
0.775 9.25 
0.843 9.80 
0.859 10.21 
0.881 10.48 
0.880 10.67 

273.2 K 
0.806 8.83 
0.830 9.82 
0.847 10.27 
0.853 11.08 
0.831 

298.2 K 
0.401 8.20 
0.507 9.13 
0.665 10.01 
0.716 10.36 
0.721 10.76 

0.480 0.852 
0.510 0.850 
0.540 0.844 
0.601 0.819 
0.631 0.760 
0.712O critical 

0.458 0.838 
0.537 0.828 
0.580 0.818 
0.711" critical 

0.355 0.721 
0.380 0.701 
0.461 0.680 
0.517 0.644 
0.592" critical 

Table IV. Experimental Vapor-Liquid Equilibrium Data 
for the  Methane-Freon 12 System 

[CH,], mole [CHI], mole 
fraction fraction 

uress., MPa vauor liquid uress.. MPa vaDor liquid 

1.36 
2.79 
3.87 
5.11 
6.28 

1.53 
1.75 
2.12 
3.00 
3.79 
4.43 

1.99 
2.96 
4.06 
4.51 
4.90 
5.61 
6.44 
6.99 
7.40 

0.091 
0.221 
0.305 
0.371 
0.434 

0.088 
0.107 
0.136 
0.203 
0.256 
0.338 

0.104 
0.147 
0.222 
0.246 
0.272 
0.327 
0.365 
0.401 
0.431 

263.2 K 
0.773 7.29 
0.866 8.41 
0.893 9.14 
0.904 9.60 
0.907 9.93 

273.2 K 
0.785 5.72 
0.816 7.49 
0.844 8.30 
0.877 8.59 
0.891 9.33 
0.901 11.16 

298.2 K 
0.512 7.95 
0.630 8.51 
0.723 8.98 
0.759 9.27 
0.791 9.79 
0.801 9.98 
0.816 10.25 
0.833 10.67 
0.829 

0.498 0.899 
0.577 0.892 
0.635 0.875 
0.655 0.872 
0.753' critical 

0.400 0.914 
0.506 0.896 
0.541 0.884 
0.566 0.887 
0.615 0.866 
O.77Ba critical 

0.465 0.828 
0.497 0.828 
0.562 0.825 
0.547 0.818 
0.604 0.815 
0.608 0.811 
0.647 0.796 
O.74Oa critical 

a Estimated values. 

Materlals 

The specified purities of carbon dioxide, nitrogen, and 
methane were 99.99, 99.99, and 99.9 voi %, respectively, and 
those of both Freon 22 (chlorodifluoromethane) and Freon 12 
(dlchlorcdlfluoromethane) were 99.95 vol % . 
Results and Dircurslon 

Experimental vapor-liquid equilibrium data for the nitrogen- 
carbon dioxide system obtained at 273.2, 293.2, and 298.2 K, 
and for the methaneFreon 22 system and the methane-Freon 
12 system both at 263.2, 273.2, and 298.2 K, are listed in 
Tables 11-IV, respectively. Uncertainties In the phase com- 
positions, due mainly to errors associated with sampling, are 
estimated to be f0.005 in the mole fraction, although this may 
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Flgwe 3. Comperison of experimental data with Meratwe values for 
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Flgure 4. Comparison of experimental data with Meratwe values for 
the methane-Freon 22 system at 273.2 K. 

be as large as fO.O1 near the critical region. In these tables, 
the critical values were estimated by using a simple graphical 
method (redlinear diameter method). Uncertainties in the es- 
timated critical compositions and pressures are fO.O1 and 
f0.15 MPa, respectively. Experimental data for the nitrogen- 
carbon dioxide system and the "+Freon 22 system both 
at 273.2 K are compared with literature values (8- 70) in Fig- 
ures 3 and 4. From these comparisons it may be observed 
that the data of this work agree wen with those from the liter- 
ature. 

Consistency tests for experimental data measured In this 
work were p"d by using the enhancement factor method 
( 7 7). The enhancement factor, E ,  Is based on an increasing 
concentration of solvent in the vapor phase as a resuit of an 
Increasing pressure. I t  is defined as 

where P Is the total pressure, y2  is the vapor-phase mole 
fractkn of sokent. and P; is the vapor prsssue of pue solvent 
at the system temperature. I f  the concentrations in the vapor 

0 293.2 K 
1.4 0 298.2K 

VIN 
1.3 
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1.1 

1.0 

a 
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P - P i ,  MPa 

F I p v  5. Enhancement factors for the nlt rogen-caM dioxide system 
at 293.2 and 298.2 K. 

phase exhiwted the ideal values, the enhancement factor wwid 
approach unity as P approached P2*. The resuits for the ni- 
trogen-carbon dioxide system at 293.2 and 298.2 K using this 
method are shown in Figure 5. The enhancement factor did 
indeed approach unity as required for consistency. The en- 
hancement factor tests for other systems indicated that the data 
for the other systems were also consistent. 

Conclusions 

During the past three or four decades many investigators 
have measwed hi#+presswe vapor-iiquld equilibria ushg many 
different types of equipment. The apparatus described in this 
paper is considered to be simple and reliable and hence a 
useful improvement In equipment design. A minor defect of this 
apparatus is the length of time required to reach equilibrium, 
usually taking from 3 to 5 h. I t  may be possible to reduce the 
equilibration time by utilizing glass beads to fill a portion of the 
cell volume. 
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