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v; liquid molar volume

X; liquid-phase mole fraction
Subscripts

1 solute

2 solvent

Reglstry No. CCl,, 56-23-5; CS,, 75-15-0; butanone, 78-93-3; chlo-
roform, 67-66-3; 1,4-dioxane, 123-91-1; ethanol, 64-17-5; hexane, 110-
54-3; nitromethane, 75-52-5; octane, 111-65-9; toluene, 108-88-3; cy-
clohexane, 110-82-7; acetone, 67-64-1; 1-propanol, 71-23-8; 1-butanol,
71-36-3; 1-pentanol, 71-41-0; 2-propanol, 67-63-0; methanol, 67-56-1;
heptane, 142-82-5; methylcyciohexane, 108-87-2; ethyl acetate, 141-78-6;
methyl iodide, 74-88-4.

Literature Cited

) Scoft, L. S. Fluid Phase Equilib. 1986, 26, 149-1863.

} Gatreaux, M. F.; Coates, J. AIChE J. 1955, 1, 496.

) Wong, K. F.; Eckert, C. A. Ind. Eng. Chem. Fund. 1971, 10, 20-23.

} Eckert, C. A,; Newman, B. A,; Nicolaides, G. L.; Long, T. C. AIChE J.
1981, 27, 33.

(5) Thomas, E. R.; Newman, B. A.; Nicolaides, G. L.; Eckert, C. A. J.

Chem . Eng. Data 1982, 27, 233.

J. Chem. Eng. Data 1990, 35, 162-165

(6) Newman, B. A. Ph.D. Dissertation, University of lilinois, Urbana, IL,
1977.

(7) Dymond, J. H.; Smith, E. B. The Virial Coetficients of Pure Gases and
Liquids; Clarendon Press: Oxford, 1980.

(8) Hayden, J. G.; O'Connell, J. P. Ind. Eng. Chem . Process Des. Dev.
1968, 7, 213.

(9) Trampe, D. M. M.S. Thesis, University of Iliinois, Urbana, IL, 1987.

(10) Scott, L. S. Personal Communication, 1988.

(11) Hussam, A_; Carr, P. W. Apal. Chem. 1985, 57, 793-801.

(12) Park, J. H.; Hussam, A.; Couasnon, P.; Fritz, D.; Carr, P. W. Anal.
Chem. 1887, 59, 1970-1976.

(13) Deal, C. H.; Derr, E. L. Ind. Eng. Chem . Process Des. Dev. 1964, 3,
394,

(14) Carr, P. W. Personal Communication, 1988.

(15) Magiera, B.; Brostow, W. J. Phys. Chem. 1971, 75, 4041,

(16) Tiegs, D.; Gmehling, J.; Medina, A.; Soares, M.; Bastos, J.; Alessi, P.;
Kikic, 1. Activity Coefficients at Infinite Dilution; DECHEMA Chemistry
Data Series; DECHEMA: Frankfurt, 1986.

(17) Thomas, E. R.; Newman, B. A_; Long, T. C.; Wood, D. A,; Eckert, C. A.
J. Chem. Eng. Data 1982, 27, 399.

(18) Brown, 1.; Smith, F. Aust. J. Chemn. 1954, 7, 264.

(19) Trampe, D. M.; Eckert, C. A. J. Chem. Eng. Data, in press.

Received for review July 20, 1989. Accepted December 12, 1989. The
financial support of the E. I. du Pont de Nemours and Co., Inc., is gratefully
acknowledged.

Bubble Pressures and Saturated Liquid Molar Volumes of Binary and

Ternary Refrigerant Mixtures

Albert Chareton, Alain Valtz, Serge Laugier, Dominique Richon,* and Henri Renon
Centre Réacteurs et Processus, Ecole Nationale Supérieure des Mines de Paris, 60 Boulevard Saint-Michel, 75006 Paris,

France

All measurements have been performed with a static
apparatus using a variable volume cell described
previously. The resuits are given at two temperatures for
the dichiorotetrafluoroethane
(1)-perfluoro-2-butyltetrahydrofuran (2) system
[R114-FC75] and four temperatures for the three systems
trifluoromethane (1)-trichlorofluoromethane (2)
[R23-R11], trifluoromethane (1)-chlorodifluoromethane
(2)-trichlorofiuoromethane (3) [R23-R22-R11], and
trifluoromethane (1)-chlorodifiluoromethane
(2)-dichlorotetrafluoroethane (3) [R23-R22-R114].
Experimental data of binaries are well represented by the
one adjustable parameter Peng-Robinson equation of
state involving a volume translation (simultaneous
representation of vapor-liquid equilibria and saturated
liquid molar volumes within 2% ).

Introduction

This work is a continuing part of the development of a
thermodynamic data base on refrigerant mixtures. Several
systems have already been studied in the same laboratory
(71-4).

The static method with a variable volume cell, which is very
convenient for liquid-phase studies, was used here. Liquid
composition is determined through accurate weighing on an
analytical balance of 1077-kg sensitivity. The static cell used
in this work is that described in Valtz et al. (3).

Experimental Section

Apparatus. Details about the equipment are given in Valtz
et al. (3) and Fontalba et al. (§). The equipment was used as
described in Valtz et al. (3).

0021-9568/90/1735-0162302.50/0

o

Table I. Origin and Purity of Chemicals

purity,
component origin % GLC
trichlorofluoromethane Dehon >99.9
chlorodifluoromethane Prestogaz >98
trifluoromethane Dehon >99
dichlorotetrafluoroethane Dehon >99.8
perfluoro-2-butyltetrahydrofuran ~ 3M France >95

Materlals. The origin and purity of the chemicals are given
in Table I. They were used without any further purification
except for a careful degassing of the liquids.

Results

Two binary systems have been studied; results are reported
in Tables II and IIT and displayed in Figures 1-4. The ac-
curacies on data determination are either given inside the tables
or in their legends. Figures 1 and 2 represent diphasic enve-
lopes P = f(x, or y,), respectively, for trifluoromethane (1)-
trichlorofluoromethane (2) at four temperatures and dichloro-
tetrafluoroethane-perfluoro-2-butyltetrahydrofuran at two tem-
peratures. Figures 3 and 4 represent saturated liquid molar
volumes as a function of mole fractions for the same two binary
systems. The results on the two ternary systems are given in
Tables IV and V.

Data simulation was performed with use of Soave (6) and
Peng-Robinson (P-R) (7) equations of state (see Appendix).
Quite similar results are obtained for bubble curve modeling with
each of these equations. However, saturated liquid molar
volumes are best represented by the Peng-Robinson equation
of state when a volume transiation is used. Only our calcula-
tions with the Peng-Robinson equation of state are reported
here.

1990 American Chemical Society



Journal of Chemical and Engineer/ng Data, Vol. 35, No. 2, 1990 183

Table II. Bubble Pressures and Saturated Liquid Molar Volumes as a Function of Temperature and Composition for the
System Trifluoromethane (1)-Trichlorofluoromethane (2) [R23-R11}

o,Ls/ (107
T°/K P*/MPa 1 0,,/107 Yical’ P.y°/MPa 018/ (dm3/mol) dm?/mol)
298.25 0.099 (1) 0 0.0931 1
298.1; 2,028 (2) 0.2520, 0.6 0.9315 1.994 0.0872 2
298.15 2.981 (2) 0.4999 1 0.9480 3.050 0.0821 2
298.3 3.590 (2) 0.7488 1 0.9545 3.592 0.0799 1
322.7; 2.852 (2) 0.2520, 0.6 0.8847 2.846 0.0919 2
322.9 4.424 (2) 0.4999 1 0.9029 4.567 0.0891 2
348.1, 0.461 (1) 0 0.1019 1
348.0 3.212 (2) 0.2003, 0.3 0.7980 3.177 0.0987 1
347.9 5.230 (2) 0.3997¢ 0.8 0.8327 5.358 0.0975 1
348.2 6.335 (2) 0.5440 1 0.8182 6.516 0.0999 1
373.25 0.817 (1) 0 0.1084 1
372.94 4.053 (2) 0.2003, 0.3 0.7039 4.018 0.1060 1
372.6 6.522 (2) 0.3997¢ 0.8 0.7369 6.607 0.1079 1
372.3 7.727 (2) 0.5440 1 0.6949 7.860 0.1187 2

¢Standard deviation: 0.1 K. ®*Numbers in parentheses correspond to the following deviations: (1) 0.005; (2) 0.008 MPa. °Calculated with
the one-parameter Peng-Robinson equation of state. §; = 0.129.

Table III. Bubble Pressures and Saturated Liquid Molar Volumes as a Function of Temperature and Composition for the
System Dichlorotetrafluoroethane (1)-Perfluoro-2-butyltetrahydrofuran (2) [R114-FC75]

o,Ls/ (1074
T°/K P*/MPa P 0,/ 107 Yieal P.¢/MPa v'8/(dm®/mol) dm?/mol)
398.05 0.188 0 0.2819 2
398.0 0.609 0.2471, 0.9 0.7000 0.612 0.2523 3
398.24 1.112 0.5147; 1 0.8576 1.114 0.2224 2
398.15 1.604 0.7457; 1 0.9280 1.602 0.1941 2
397.54 2.261 1 0.1678 2
423.4;4 0.355 0 0.3010 2
422.9y 0.918 0.2471, 0.9 0.6101 0.915 0.2720 3
423.2 1.622 0.5147; 1 0.7935 1.607 0.2462 2
423.2 2.351 0.7457; 1 0.8821 2.318 0.2230 2
418.8; 3.270 1 0.2407 2
Standard deviation: 0.1 K. ®Standard deviation: 0.005 MPa. °Calculated with the one-parameter Peng-Robinson equation of state. &;
= 0.019.
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Figure 1. Pressure vs composition equilibrium diagram for the tri- Figure 2. Pressure vs composition equilibrium diagram for the di-

fluoromethane (1)~trichlorofluoromethane (2) [R23-R11] mixture at
different temperatures. Key: experimental data, (O) at 298 K, (O) at
323 K, (<) at 348 K, (@) at 373 K; (- - -) calculated results with the
Peng-Robinson equation of state and 6, = 0.129.

Calculated pressure and vapor mole fractions are given in
Tables II and 111, along with the experimental results. The
simulation of data is summarized in Table VI, with values of the
binary interaction parameter adjusted by minimizing the objec-

chiorotetrafluoroethane (1)-perfluoro-2-butyltetrahydrofuran (2)
[R114-FC75] mixture at different temperatures. Key: experimental
data, (O) at 398 K, (O) at 423 K; (- -) calculated results with the
Peng-Robinson equation of state and 3, = 0.019.

tive function, Q, with the temperature and liquid composition
being chosen as independent variables.

n Pj.exp - Pj.cal 2
Q= . re— n

j=1 Pj oxp
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Table IV. Bubble Pressures and Saturatd Liquid Molar Volumes as a Function of Temperature and Composition for the
System Trifluoromethane (1)-Chlorodifluoromethane (2)-Trichlorofluoromethane (3) [R23-R22-R11]

s oLs/
T9/K P?/MPa x, 74,/107 Xy g/ 1074 X3 g/ 107 (dm?/mol) (107 dm?/mol)
298.4; 1.149 (1) 0.0811, 1 0.7173 2 0.2015 1 0.0767 2
298.2; 1.272 (2) 0.0800, 0.5 0.8205 2 0.0994; 1 0.0749 2
298.2 1.324 (1) 0.1070, 1 0.7068, 1 0.1861 1 0.0766; 1
298.5 1.702 (1) 0.1570 1 0.7546 2 0.0883, 1 0.0733 2
323.4 2.215 (1) 0.08114 1 0.7173 2 0.2015, 1 0.0832 2
322.9 2.202 (2) 0.0800, 0.5 0.8205 2 0.0994, 1 0.0819 2
323.0 2.234 (1) 0.1070, 1 0.7068, 1 0.1861 1 0.0833; 1
3239,  2.695 (1) 0.1570, 1 0.7546 2 0.0883, 1 0.0795 2
348.1;  3.277 (1) 0.0793 1 0.7206 3 0.2000; 1 0.0937 3
348.1;  3.587 (2) 0.07964 0.6 0.8254, 1 0.0949, 0.4 0.0940 1
348.2;  3.555 (1) 0.1189, 1 0.6811 3 0.1999, 1 0.0944 2
348.3;  3.885 (1) 0.1210, 1 0.7845 2 0.0944, 1 0.0955 2
363.3,  4.496 (1) 0.1189, 1 0.6811 3 0.1999, 1 0.1049 3
373.0 4.835 (1) 0.0793; 1 0.7206 3 0.20005 1 0.1139 3

¢ Standard deviations: 0.1 K. ®Numbers in parentheses correspond to the following deviations: (1) 0.005; (2) 0.008 MPa.

Table V. Bubble Pressures and Saturated Liquid Molar Volumes as a Function of Temperature and Composition for the
System Trifluoromethane (1)-Chlorodifluoromethane (2)-Dichlorotetrafluoroethane (3) [R23-R22-R114]

LS

13 g,l8
T*/K  P*/MPa . 0,,/10°* . 0,/ 10°* . 0,,/10%  (dm*/mol) (10 dm®/mol)
2982 0.644 (1) 00500 1 0.1637 1 0.7863 2 0.1083 3
2983 0980 (1)  0.0683, 1 0.48805 1 0.4436 2 0.0934 2
298.2,  0.858 (1)  0.1025 1 0.0996, 1 0.7979 2 0.1087 3
208.2,  1.086(2)  0.0898 1 0.4737 2 0.4365 2 0.0933 3
208.2,  L121(2)  0.0996, 0.9 0.4739 1 0.4264 1 0.0928 2
323.1, 1089 (1)  0.0500 1 0.1637 1 0.7863 2 0.1155 3
3229  1.672(1)  0.0683, 1 048805 1 0.4436 2 0.1008 2
323.0, 1359 (1)  0.1025 1 0.0996, 1 0.7979 2 0.1159 3
3229  1.800 (2)  0.0898 1 0.4737 2 0.4365 2 0.1008 3
322.6, 1856 (2)  0.0996, 0.9 0.4739 1 0.4264 1 0.1003 2
3481, 1683 (1)  0.0501, 1 0.15004 1 0.7999 2 0.1263 4
3480,  2532(2)  0.05008 1 0.5010, 1 0.4489 5 0.1125 3
3480  2012(2)  0.0995, 1 0.0994, 1 0.8010 2 0.1266 3
3482 2.895(2)  0.1030, 0.8 0.4533 1 0.4436, 0.9 0.1131 2
3734, 2518 (1)  0.0501, 1 0.15005 1 0.7999 2 0.1413 4
3730, 3783 (2)  0.05004 1 0.5010, 1 0.4489 5 0.1336 3
372.5,  2.846 (2)  0.0995 1 0.0994, 1 0.8010 2 0.1412 4
372.5, 4146 (2)  0.1030, 0.8 0.4533 1 0.4436, 0.9 0.1361 2

aStandard deviation: 0.1 K. ® Numbers in parentheses correspond to the following deviations: (1) 0.005; (2) 0.008 MPa.

Table VI. Representation of Vapor-Liquid Equilibria and Saturated Liquid Molar Volumes of Refrigerant Binary Mixtures

with the Peng-Robinson Equation of State

no. of binary

data used for standard deviation

mixture adjustment® 4, 10008°  1000%¢ 100040,
trifluoromethane (1)-trichlorofluoromethane (2) [R23-R11]) 11 0.129 2.0 3.5 1.9
dichlorotetrafluoroethane (1)-perfluoro-2-butyltetrahydrofuran (2) [R114-FC75] 6 0.019 0.8 6.5 1.5
@ All experimental data are used. ®Interaction parameter. ‘of = [[E7i[(Piexp = Picat)/Piaspl?]/(n = D12 46B = [[X % [(0exp = Vigal)/

Ul’,exp]z] (n - ]-)] iz,

When the P-R equation is used with a null ;, computed bubble
pressures are very far from experimental data (deviation of
32% for the trifluoromethane-trichlorofluoromethane system
and 45% for the dichlorotetrafluoromethane-perfluoro-2-bu-
tyltetrahydrofuran system). When one interaction parameter in
the mixing rule for the energy parameter, a, is adjusted, the
corresponding deviations are decreased to 2% and 0.8%, re-
spectively.

To improve the saturated liquid mole fractions, we used a
volume translation (8) (see Appendix).

For trichlorofluoromethane, dichlorotetrafiuoroethane, and
perfluoro-2-butyltetrahydrofuran, the parameters C,-,, were ob-
tained by adjustment on pure-component densities. For tri-
fluoromethane, which is supercritical at temperatures higher
than 298.75 K, C; , parameters were adjusted on the trifluoro-
methane-trichlorofluoroethane saturated density data (4). C,,
data are given in Table VII. Using a volume translation allows
a better representation of saturated molar volumes (within 1.9%

Table VII. Critical Parameters and Acentric Factors Used in
the Cubic Equations of State

critical critical acentric

component press/MPa temp/K factor

trifluoromethane (R23)° 4.78 298.75 0.272

trichlorofluoromethane (R11)? 4.37 471.15 0.188

dichlorotetrafiluoroethane 3.26 418.85 0.244
(R114)°

perfluoro-2-butyltetrahydrofuran 1.60 500.15 0.567
(FC75)¢

s ASHRAE Handbook Fundamentals; American Society of Heating,
Refrigerating and Air Conditioning Engineers: New York, 1977. ®Reid,
R. C.,; Prausnitz, J. M.; Sherwood, T. R. The Properties of Gases and
Liquids; McGraw-Hill: New York, 1977. °Fluorinert Electronic Li-
quids, General Properties. 3M Company, Information letter dated 28-
08-1978.

for the trifluoromethane (1)-trichlorofluoromethane (2) mixture
and 1.5% for the dichlorotetrafluoroethane (1)-perfluoro-2-bu-
tyitetrahydrofuran (2) mixture, see Table VI).
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Figure 3. Saturated liquid molar volume vs composition diagram for
the trifluoromethane (1)-trichlorofluoromethane (2) [R23-R11] mixture
at various temperatures. Key: experimental data, (O) at 298 K, (0)
at 323 K, (<) at 348 K, (@) at 373 K; (—--) calculated results with
the Peng-Robinson equation of state and 6, = 0.129; (—) calculated
results with the Peng-Robinson equation of state, 5, = 0.129, with
volume translation.
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Figure 4. Saturated liquid molar volume vs composition diagram for
the dichlorotetrafluorosthane (1)-perfluoro-2-butyltetrahydrofuran (2)
[R114-FC75] mixture at various temperatures. Key: experimental
data, (O) at 398 K, (O) at 423 K; (---) calculated results with the
Peng-Robinson equation of state and 45,, = 0.019; (—) calculated
resuits with the Peng-Robinson equation of state, 6,, = 0.019, with
volume translation.

Appendix

Peng-Robinson Equation of Siate. The Peng-Robinson
equation of state is
RT a(T)
v-b v(v+ b)+ b(v-b)
At the critical temperature, pure-component parameters a and
b are given by a(T.) = 0.45724R2T %/P_ and b(T,) =

0.07780RT./P.. Peng and Robinson set the temperature de-
pendence of a as
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a(T) = [1+ m(1 - (Te)"?]?a(T,)

with m = 0.37464 + 1.54226w - 0.26992w? The mixing rules
used here are those proposed by Peng and Robinson:

= S
a; = (ay 8//)1/2(1 -5//)

b= 2 xb
i

The volume translation consists of substituting in the P-R
equation for the molar volume v with v + 37, and covo-
lume b with b + Y7 .C.x, with G, = Y.3_,C, 7.

Glossary

a energy parameter in the Peng—Robinson equation of
state

b covolume term in the Peng—Robinson equation of
state

C pure-component parameter in the equation for vol-

ume transiation (see Appendix)

n number of experimental points

P pressure, MPa

Q objective function for interaction parameter adjust-
ment (see eq 1)

T temperature, K

v molar volume, dm® mol™"

X liquid mole fraction

y vapor mole fraction

Subscripts

cal calculated property

exp experimental property

ij components /and j

P error in pressure

trans translated property

v error in molar volume

c critical

R reduced

Superscripts

LS liquid, saturated

R relative

Greek Letters

6 binary interaction parameter in the Peng-Robinson
equation of state

A uncertainty

g standard deviation

w acentric factor
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