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ABSTRACT 

Experimental vapor-liquid equilibrium data for 

the carbon dioxide - difluoromethane binary were determined 

at -60, -20, 20, and 50°F. The liquid phase was observed 

to behave nearly ideally at each temperature level. 

The data were correlated as a function of tempera

ture and composition. The vapor phase was described by 

the Redlich-Kwong equation of state. The liquid-phase 

activity coefficients were correlated with the Redlich

Kister equation for excess free energy. The Redlich

Kister constants at each isotherm were correlated by a 

least-squares fit with temperature. The correlation 

developed predicts the vapor-liquid equilibr1a for this 

system at any temperature between -60 and 50°F. 
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l) INTRODUCTION AND BACKGROUND 

l.l) Introduction 

The selection of a refrigerant for a particular 

process is dictated by the physical and practical proper

ties of the materials under consideration. Desirable 

physical properties include a high critical and a low 

frec:ing temperature, low liquid and vapor densities, 

~nd reasonable evaporation and condensation pressures. 

Practical properties of importance are cpst, chemical 

and physical inertness, corrosiveness, toxicity, and 

explosiveness (1,2), Quite often this desirable range 

of properties for a particular application is achieved 

by a combination of two or more refrigerants. In par

ticular, mixtures of fluorocarbons have undergone increased 

use in this respect, These compounds are for the most 

part nontoxic, noncorrosive, nonflammable, and physically 

and chemically inert. 

Difluoromethane is an important exception1 its 

flanunability has restricted its development. as a commer

cial refrigerant~ In combination with a second refrigerant 

which is an effective -fire extinguishi?g· agent, such as 

2 
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carbon dioxide, this fire hazard may be overcome. At 

tho same time, this mixture may produce a refrigerant 

whose physical property rango has yet to be achieved. 

Establishment of such a property range requires accurate 

thermodynamic data describing the vapor-liquid equilibria 

of the mixture. Accordingly, it was decided to determine 

experimentally the vapor-liquid equilibria of the binary 

system: carbon dioxide - difluoromethane (CO2 - CH2F2). 

Carbon dioxide is a nonpolar molecule with a large quad

rupole moment, while difluoromcthane is highly polar. 

The basic problem in the study of the thermodynamic 

properties of mixtures has been to relate these mixture 

properties to those of its components with a minimum 

amount of experimental information on the mixture itself. 

Therefore, in addition to satisfying a commercial need, 

this investigation is another step toward the final goal 

of predicting a mixture's properties using only pure

component data. 

1. 2) Background 

While the published data on the phase equilibria of 

systems consisting of carbon dioxide as one of the components 

is abundant, those containing a fluorocarbon as. a second 

3 
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component arc rare. Zceninger (3) has studied the 

co2 - CCIF3 binary via calorimetric anJlysio. Studies 

of fluorocarbon solution5 containing difluoromcthanc 

arc also scarce. Scott (4,5) has reported phase diagrams 

a~d bubble-point curves at one temperature level for the 

:,,·o:·.• .• ,,;., •. 1·,, .,. .. 1 
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2) EXPERIMENTAL APPARATUS AND PROCEDURE 

2.1) Introduction 

An equilibrium still utilizing the vapor

recirculation technique was used throughout this work. 

The apparatus, built by Piacentini (6), is a modification 

of that designed by Stein (7). It has since been used 

by several other investigators for the determination of 

vapor-liquid equilibrium of binary fluorocarbon solutions. 

A flow diagram of the apparatus in Figure l illustrates 

the important features of the vapor-recirculation tech

nique. Design specifications for the equipment have 

been detailed by Piacentini. 

A mixture of the components is introduced into 

the circulation loop to establish a liquid level in the 

equilibrium cell. The vapor above the liquid is pumped 

out of the cell, ·passed through a vapor-sampling coil, and 

returned to the.bottom of the cell at the temperature of 

the system. As the vapor bubbles up through the liquid, 

continuous and intimate phase contact is achieved and the 

attainment of equilibrium i$ assured. 

5 



,----------------------'------------- - ----------

Cryostat 
with 

Equilibrium 
Cell 

Volume 
Regulator 

From Gas-Jnlcl Manifold 

Bourdon Tube Gage 

- Elec tr·omagnet le 
Pump 

Figure 1 

Flow Diagram of the Circulation Loop 

. - -- Manometer 



··•i 

2.2) Vapor-Liquid Equilibrium Cell 

The cquilibriwn cell is suspended in the cryostat, 

or low-tcmpcrJturc bath, as illustrated in Figure 2. A 

coil of copper tubing, also su~pcnded in the bath, cools 

tho recirculating vapor from ambient air temperature to 

the equilibrium temperature. The cooled vapor enters 

tha cell through five small holes which were drilled 

through the bottom of the stainless steel flange supporting 

the cell. The bubbles are dispersed through the liquid as 

they pass through a disc of stainless steel screen. The 

v~por then leaves through copper tubing at the top of the 

cell. 

Liquid sampling is done by means of a stainless 

steel capillary tube which enters the cell through the 

.J vapor-outlet line. This probe leads to the liquid sampling 
~. 

manifold, as shown in Figure l. The liquid level was main-

tained at least one-half the height of the cell to provide 

sUfficient liquid for sampling. This minimum height also 

assures good vapor-liquid contact. 

2.3) Vapor Circulation Loop 

The vapor leavin9 the equilibrium cell pass.es 

through a vapor-sampling coil. This coil can be closed 

off to entrap a vapor sample for analysis~ 

•,,j .·:.:.·., .... ,.,: .. ~ •• .!.~·-.. ·,~i.;.~ t 

7 



j 
" 

' '_, '· .,),_,·,._, . .;·-:...; • • •> ." • .:' •'.r' • •C ~1 

i 
I :-, . , ·• e:::pe.:-a ture 
I 
I 

I Stirring Rod 

Heater 

Stainless 
Rod 

Vapor Cooling,.. 
Coil 

Evacuated· Dewar 
Flask 

u 

Figure 2 

.S::ain~ess Steel 

\• , r ,... ~ t7 ... -.• , ... • -'o .... . 

Ref:--lgerator 

Gasket 

E:1tra1:;r.;t:nt 
SE:parat~r 

Glass Equ1libr!um "' ... :> ' v ........ 

VapJr D1s~erslo~ 
Ho1es 

The Cryostat and the Equilibrium Cell 

8 



The vapor then passes through an electromagnetic 

pump, whose function is that of providing continuous 

vapor rccircul.:>. tion. 'l'hc b.:>.sic design of the pu:np is 

illustrated in Figure 3. An i~portant feature of ~~c 

pur:ip is its double actinCJ nature which permits the volume 

of the system to remain const.:>.nt while equilibriu.11 is 

being attained. The pump is capable of producing a 

pressure head of about one psi, which is sufficient to 

force the vapor bubbles up through the liquid in the cell. 

The circulating vapor leaves the pump and passes 

through the volume regulator before returning to the cell. 

The volume regulator is simply a stainless steel piston 

which can be screw-driven into the free space of a cyl

inder. During the liquid sampling procedure, as liquid 

is withdrawn, the pressure of the system would tend to 

decrease. The function of the volume regulator is then 

to maintain the pressure of the system constant during 

liquid sampling by driving the piston into the cylinder. 

2.4) Temperature Measurement and Control 

The temperature -of the system wa_s determined by 

measuring the millivoltage output of a tjlree junction 

thermopile within the equilibrium cell and a single 

9 
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junction thermocouple immersed in the cryostat fluid. 

Measurements were taken with a Leeds and Northrup Type 

3-K Universal Potentiometer using an ice bath as reference. 

The thermopile and bath thermocouple were originally 

c~librated by Piacentini (6) and later by Smolcha (8). 

Tables of temperature versus millivolts were calculated 

by these investigators, the former doing so at tempera

tures of 32°F and below in 0.1°F increments, and the lat

ter at temperatures greater than 32°F in O.Ol°F incre

~ents. These calibrations were verified by measuring 

the vapor pressure of each of the pure components at 

several temperatures. The technique used and the results 

obtained are discussed in Sections (2.7) and (3.1), 

respectively. 

The heat-transfer fluid used in the low-temperature 

bath was trichloromonofluoromethane (CC13F). It was con

tained in a clear glass Dewar flask of approximately 

three liters. An electric stirrer provided continuous and 

vigorous agitation. 

The temperature was controlled with a Bayley 

Instrurne~t Company precision, proportional temperature 

controller. The bath temperature was· first cooled'to 

·' 
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slightly below the desired equilibrium temperature by 

vaporizing liquid nitrogen as it passed through a copper 

finned heat exchanger immersed in the bath. The refrig

eration supplied to the bath was then maintained at a 

constant rate while the bath temperature was adjusted 

and controlled by supplying heat at a rate determined 

by the controller. 

2.5 Pressure Measurement 

The system pressure was measured by Heise Bourdon

tube pressure gauges. As the system temperature was 

increased, the range of the system pressure also in

creased. It was therefore necessary to change pressure 

gauges as follows: for the -60°F isotherm, a 0-100 ps-ia 

range in intervals of 0.1 psi was used1 for -20 and 20°F, 

a 0.-500 psia range in intervals of O. 5 psi; and for 50 °F, 

a 0-1000 psia range in intervals of 1.0 psi. 

2.6) Sample Analysis 

2.61) ~alytical Apparatus 

Both the liquid and the vapor samples were analyzed 

using a Beckman GC-2A gas chromatograph. The composi'tion 

I 
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of each unknown phase sample was determined by 

comparing it with a standard sample of composition 

approximately that of the unknown. A charging manifold, 

in series with a mercury manometer and a vacuum pump, 

was attached to the chromatograph so that the pressure 

of each sample charged to the evacuated manifold could 

be measured. The pressure of each gas sample could be 

determined within an accuracy of ±0.5 mm Hg. 

The chromatograph column consisted of an eighteen

foot length of one-quarter inch copper tubing packed 

with di-n-butyl maleate coated onto a stationary sup

port. The chromatograph operating conditions were 

maintained constant throughout the study. These were 

as follows: carrier gas (helium) pressure, 30 psigJ 

column temperature, 40°C; and filament current, 100 ma. 

The sample size varied from 220 to 600 mm Hg in a 1.0 cc 

sample loop. The majority of the samples were charged 

at 560 mm Hg. 

The composition of the sample was determined by 

a comparison of its chromatogram pea~ area to that of a 

known standard. Each component passed through the sensing 

side of .a thermal conductivity cell in the chromatograph. 

The volt~ge output of .the c.ell was amplified and converted 

13 
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to signals of proportion~! frequency by an electronic 

integrator. A count~r mounted above the voltagc-to

frcqucncy converter then totalizcd thc6c signal~. The 

total nu.'nbcr of count6 recorded for each component was 

divided by the sample 6izc to give a normalized counts 

per rr .. 11 Hg. These normalized counts were found to be 

valid if the sample size varied by no more than 100 mm Hg. 

2.62) Calibration Procedure 

A series of nine high-pressure standard gas 

mixtures of known composition was prepared several weeks 

prior to operating the experimental apparatus. These 

standards were used to analyze all unknown phase s~~ples 

on the gas chromatograph. The high pressure was necessary 
J; 
·' to assure sufficient standard mixture for the duration-

.~ 
C 

of the experimental program. 

The standards were mixed in 300 cc laboratory 

lecture bottles at total pressures varying from 218 to 

300 psia. This nonuniformity of standard size was due 

to the fact that the vapor pressure of the heavy com

ponent, CH2F
2

, a~ room temperature, was 240 psia. The 

maximum pressure of the mixture was therefore restricted 

14 



by the possibility of liquefaction of cu2r2• As a 

precaution, when the mole fraction of cu2F2 exceeded 

0.25, the partial prcs:Jurc of CH2F2, coupled with ilp

proximatc corrections for nonidcality, was not allowed 

to exceed 214 psia. For these standards, the total 

pressure of the mixture was not allowed to exceed 

230 psia. At compositions less than 0.25 mole fraction 

CH2F2, a maxim~~ total pressure of 300 psia was per

:nitted, where the partial pressure of CH2F2 was never 

greater than 70 psia. 

At room temperature and 300 psia, the compressi

bility factors of co2 and CH 2F2 are 0.88 and 0.84, 

respectively. Attempts to determine the composition of 

these standards by corrections for nonideality could be 

grossly in error. Accordingly, a series of low-pressure 

primary standards was prepared, each having a composi

tion approximately that of a high-pressure standard. 

The final composition of the high-pressure mixtures would 

then be determined by a comparison of the chromatograms 

of each high-pressure standard with that of a corres

ponding low-pressure standard of known composition. 

The primary standards were prepared at a total 

pressure of approximately two atmospheres. Corrections 

15 



for the gas nonidealities were determined by using 

the pressure explicit form of the virial equation of 

state truncated after the second virial coefficient. 

This equation has the form 

Pv B 
RT = -V (2, l) l + 

where vis the molar volume of the gas, and Bis the 

second virial coefficient. For a pure component, the 

second virial coefficient is a function only of tempera

ture. Second virial coefficients for each component 

were calculated from the Pitzer and Curl (9) correlation 

based on a three parameter theory of corresponding states. 

For the nonpolar component, co2 , it has the following 

form 

i?ci B·,. 
l. J. 

RT · Cl. 
= (2,2) 

16 
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. ,, 
where P01 • critical pressure of i 

. ,, 
Tei• critical temperature of i 

• reduced temperature, T/T01 

The acentric factor is defined by 

W, -
l 

p~ 
log10· (...L) - 1.000 

Pei 
(2. 3) 

wheI'.e P~ 
l 

is the saturation (vapor) pressure of "i." at 

T/Tci = 0.7. 

The two empirically determined function·s of reduced 

temperature are 

o.1445 - o. 33o 

TR 

0 .1-385 ---- 0.0121 

T 3 
R 

(.2. 4) 

17 
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0.0073 

'l' 8 
R 

Difluoromethane has a large dipole moment. 

(.2. 5) 

Prausnitz (10) has developed an extension of the Pitzer 

and Curl correlation for polar gases. It has the form 

p . B .. 
Cl 11 

RT . . Cl 

(2.6) 

where wH· represents the acentric factor of the polar 
l 

component's homomorph. A homomorph is a nonpolar mole-

cule having approximately the same size and shape as 

those of the polar molecule. The functions f(O) and 
B 

fJl) are the same as presented by Equations (2~4.) and 

(2.5). The function fµ (µR,TR) -depends on the reduced 
I 

dipole moment and the reduced temperature as follows: 

18 
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fµ (Pa,Ta> • -5.237220 + 5.665807 1n Pa 

where 

-2.133816 (1n µR)2 + 0.2525373 (1n ~R)3 

+1/Ta [S.769770 - 6.181427 1n µR 

+ 2.283270 (1n µa)2 -0.2649074 (1n µR)l] 

T = 
R 

105 µ,2 p . 
l Cl 

T 

(2.7) 

( 2. 8 ). 

(2.9) 

µi is the dipole moment in debye, Pei is the critical 

pre~sure in atmospheres, and Tei is the critical tempera

ture in degrees Kelvin. The fourth term in the correla

tion is a dimerization term, where ni is the association 

constant. For CH2F2, this constant was taken to be zero. 

19 
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The virial coefficients obtained by this method 

agreed closely with those calculated from the Martin

llou (11,12) equation of state. 

For gas mixtures, the second virial coefficients 

are functions of composition as well as temperature. 

This composition dependency is given by the following 

rigorous relationship 

Bmixture = 
N 
,: 
i 

(2.10) 

where B .. , the cross-coefficient, is equal to BJ, i. For 
lJ 

a bin~ry mixture 

( 2 .11) 

The cross-coefficient was estimated by using the 

following mixing rules suggested by Prausnitz (10) for 

the case where "i" is· a nonpolar molecule and 

polar: 

... 

n ·• II • J l.S 

20 
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(2.12) 

(2.13) 

Pcij 111 

4 [Pei Vci Pcj Vcj] 
T.. +------ClJ Tei Tcj 

(V ,1/J + V ,1/J)J 
Cl CJ ( 2 .14) 

Table A-1 lists each of the low-pressure primary 

standards with its ideal gas composition and its final 

composition as corrected by the virial equation of state. 

It can be seen that the average deviation from ideality 

was o •. 66 %, with maximum deviations of 2.0 to 2.9 % in 

the three ~ixtµres with a high CH2F2 concentration. 

Table A-2 lists each o.f the high-pressure secondary 

standards with its final composition as determined by 

compariso·n to the corresponding primary standard. 

Both the high- and low-pressure standards·were 

·prepared by means of a gas mixing apparatus equipped with 

I. 
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a 1000 psia Heise Bourdon-tuba pressure gauge, a 

mercury mJnomctcr, .:ind a ~~cLcod vacuum gauge. Tho 

appJ.ratus was initially cvJ.cu.:itcd to o.os mm Hg, purged 

ncveral ticcs with co2, and re-evacuated. In preparing 

the primary standards, the minor component was slowly 

introduced until the appro:dmate desired partial pressure 

was attained. Five to ten cinutcs were allowed for 

temperature and pressure equilibration, at which time 

the partial pressure was recorded from readings taken 

from the mercury r:ianorr,ctcr. 'l'he major component was 

then introduced at a pressure greater than that of the 

minor component. Once again, after sufficient time for 

equilibration, the total pressure of the mixture was 

recorded. The final pressure for all primary standards 

was approximately 1550 mm Hg. Several days were allowed 

to insure adequate mixing of these standards. 

The high-pressure secondary standards were pre

pared in the same manner as the low-pressure set, with 

the exception that all pressure readings were taken on 

the Heise gauge. Several weeks were allowed for mixing. 

During this time, the lecture bottles were periodically 

heated on one side, then allowed to cool to room temp

erature • 

--···" -··· c,::.---
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2.63) Sample Analysis Procedure 

The composition of each unknown liquid and vapor 

sample was determined by comparing its chromatogram poa.k 

area to that of a. secondary st,:mda.rd whose composition was 

as close as possible to t:1c ~n ticipa tc:;d composition of the 

unknown. For samples containing the minor component in 

excess of ten per cent, the final compositions were 

determined by normalizing the values calculated for both 

cor:iponents. Where the minor component was less than ten 

per cent composition, the major component was determined 

by difference. 

2.64) Gas Impurities 

The carbon dioxide purity as received was 99.8 %, 

and no further steps were taken to improve this purity. 

However, no analysis for the difluoromethane was avail

able. Chromatographic analysis of a vapor sample of 

CH2F2 revealed the presence of an impurity in quantities 

of approximately one per cent. The chromatograph reten

tion time of this impurity was nearly equal to that of 

the carbon dioxide, causfng a distortion of the CO2 

chromatogram peak. This distortion invalidated any 

measurement.of the co2 concentration. 
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It was suspected that the impurity was more 

volatile than the cu2F2• A portion of the gas was there

fore transfered to a stainless steel cylinder, which was 

then submerged in a Dewar containing dry ice and acetone. 

The vapor space above the liquid was then evacuated ~or 

a period of several hours. The cylinder was then allowed 

to warm up to room temperature, and the gas was again 

analyzed. Although this procedure effectively reduced 

the impurity content to approximately 0.4 i, the co2 

chromatogram peak remained slightly distorted. This 

procedure of cooling and evacuation, followed by analysis, 

was repeated several times with no additional improvement 

in purity. 

However, when the cylinder was inverted and a 

liquid sample obtained, the chromatogram revealed the 

liquid contained about one-half of the impurity observed 

in the vapor phase. In addition, no distortion of the 

co2 peak was observed. Consequently, the cylinder was 

permanently mounted in an inverted position and liquid 

CH2F -4 was used for all .subsequent experimental work .• 

2.7) Experimental Procedure 

.The system was initially evacuated to 0.15 mm Hg, 

purged with ca2r2, and re-evacuated. The cryostat Dewar 
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was filled with the bath fluid and raised into position 

completely submerging the equilibrium cell and ito 

surrounding devices, a3 illu~trated in Figure 2. The 

electric bath stirrer was then started, and liquid nitro

gen was directed into the finned-tube heut exchanger at 

a pressure of 6 psig. Potentiometer readings were then 

taken. When the tenpcraturc of the bath fell slightly 

below the desired O?erating temperature, the temperature 

controller w~~ turned on. The controller set point 

corresponding to the equilibrium ter.:perature was deter

mined, and final adjustrr.cnts were made by varying a 

rheostat connected in parallel to the control heater. 

When the desired operating temperature was reached, 

the heavy component, CH2F2, was introduced until a liquid 

level of approximately one-half the cell height was 

achieved. In an extension of the purity procedure dis

cussed in Section (2.64), the system was slightly vented 

in an attempt to yet improve upon the purity previously 

attained. The circulation pump was then ~tarted. ·When 

the system pressure reached a constant value., it was 

recorded as the vapor pressure of the heavy component 

at this operating temperature. 

The light component, co2., was then slowly intro

duced into the system, taki~g care to prevent any drastic 

25 



changes in system pressure. Tho system would react 

to component additionn first by a drop in liquid lcvol 

and a rise in prc~surc, followed by A ri5c in liquid 

level to a level higher th~n that preceding the addi

tion, and a sub::;cqucnt lowering in pressure. Some 

minir.1um pressure would be reached, at which point a 

slight rise would again be observed. This slight rise 

and drop continued over a period from a few minutes to 

several hours, depending on the operating temperature. 

At the three lo·.vcr temperature levels, this 

fluctuation was very slight. At -60°F, this period was 

approximately ten minutes; at -20°F, about fifteen 

cinutes; and at 20°F, one-half hour. It was at 50°F, 

however, where this phenomenon was most pronounced. At 

this temperature, these fluctuations continued for as 

long as three to four hours before pressure equilibri~~ 

was attained. At all temperature levels, once equilibrium 

was achieved, the gases were allowed to circulate for an 

additional twenty to thirty minutes at equilibrium con

ditions before the sampling procedure was begun. 

Th~ vapor circulation was then stopped and the 

system pressure was recorded. A vapor sample. was trapped 

in the vapor-sampling manifold and dire.cted into a 
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previously evacuated 75 cc high-pressure sampling 

cylinder. Tho liquid sampling consisted of fir~t purging 

the liquid-s~mpling probe, and then directing a liquid 

sa=?lc through the probe and into an evacuated sa~?ling 

cylinder. During the liquid sampling, the systcw pressure 

was maintained constant with the volume regulator. This 

sa~pling procedure was accomplished within thirty to 

sixty seconds following the shutdown of the pump. 

A new operating pressure was then attained by 

adding co2 and CH2F2• This entire procedure was repeated 

until a set from five to seven different pressures had 

been accumulated, at which time chromatographic analysis 

was begun. 

The number of runs which could be accomplished 

during one day varied from two to five, depending upon 

the operating temperature as discussed previously. Fol

lowing the final run of the day, providing an isotherm 

had not been completed, the system was maintained at a 

pressure from 50 to 100 psig while not in operation in 

order to preserve internal gaseous purity. After the 

final run of an isotherm, the system was evacuated, and 

then purged with co2 several times. Carbon dioxide was 

then added to the system until a liquid level was attained 

27 



and the system pressure was then recorded as the vapor 

pressure at that temperature. 
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3) EXPERIMENTAL RESULTS AND DISCUSSION 

3.l) Pure-Component Vapor Pressures 

The vapor pressure of the pure components was 

measured at each of the four temperature levels studied. 

The technique for these mcasureffients is presented in 

Section (2.7). These expcrincntal data, accompanied 

by a comparison to published vapor pressure data, are 

p=esented in Table 1. 

The carbon dioxide vapor-pressure data represent 

that published by the American Society of Refrigerating 

Engineers (13). A comparison with the experimental data 

shows an average deviation of 0.22 %, with a maximum 

deviation at -20°F of 0.33 %. 

The difluoromethane vapor pressures represent 

those calculated at the experimental temperature levels 

from an equation proposed by Malbrunot (14). The equa

tion is based on vapor pressure measurements at thirty 

temperature levels, none of which corresponds to those 

of this work. A comparison with the experimental data 

shows an .average deviat:ion of O. 34 % , with a .maximum 

deviation at 20°F of o·.ss %. . .. 

29 
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Temp,, 
Op 

-60 

.-20 

20 

so 

-60 

-20 

20 

so 

Table l 

Comparison of Experimental and 

Literature Vapor Pressures 

Carbon Dioxide ( 13) 

Experit'lental Literature 
Vapor Pressure, Vapor Pressure, 

psia psia 

94.6 94.7 

214.2 214.9 

.422·. 4 421,8 

651.6 653.6 

Difluoromethane (14) 

15.18 

41. 6. 

95.2 

161.·0 

! 

15.13 

41,5 

94.7 

160.4 

Per Cent 
Devia-
tion 

0.106 

0.33 

0.14 

o. 31 

0.29 

0.16 

o.ss 
0.36 

30 

':1 • 



3.2) Vapor-Liquid Equilibrium Data 

Experimental vapor-liquid equilibrium data were 

determined at four temperature levels: -60, -20, 20, 

and S0°F. These data arc tabulated in Tables B-1 to 

B-4, Jnd plotted on pressure-composition diagrams in 

Figures 4 to 7. 

Inspection of these pressure-composition diagrams 

reveals the liquid phase to be nearly ideal at all 

temperature levels studied, the idcality decreasing 

with the incrccising ter:1pcraturc. At the two lower

temperature isotherms, the liquidus curves were very 

nearly straight lines. Using only this geometric 

property and the vapor-liquid equilibrium equation for 

each component, it can be shown that the straight liquidus 

line permits the vapor phase curve to be calculated from 

only the pure component vapor pressures. The predictive 

consequences of this observation are discussed in detail 

' l in Section (5.4). 
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4) THERMODYNAMIC TRJ::AT?J.ENT OF EXPERIMENTAL DATA 

4,1) Introduction 

The therr:iodyna~ic treatment of multicomponent 

phase equilibria is bascc on t~c concept of the chc~ical 

potential, or partial colal free energy, as introduced 

by J. Will.;).rd Gibbs (10). 'I'hcrmodynamic cquilibriu.":l 

between a liquid phase and a vapor phase is established 

when the tc:::pcraturc of e2.ch phase is equal to that of 

the other and when the chcr.lical potential of each molec

ular species present is the sa~e in both phases. The 

concept of the che~ical potential is, however, an in

convenient one ~athematically, as it can be expressed 

only relative to some arbitrary reference state. G. N. 

Lewis defined a more useful quantity, the fugacity, which 

is directly related to the chemical potential and can 

be expressed in absolute values. The fugacity may be 

thought of as a partial pressure which is corrected for 

nonideal behavior in real mixtures. At low pressures, 

where the mixture approaches ideality, the fugacity of 

each component is very e:losely ap~roximated by its partial 

pressure, 

.. -,,. -··-· .. 
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In terms of tho fugacity f, the equilibrium 

equation for each component "i" in a liquid and a vapor 

ph~se at the sa~c tc~pcraturc becomes: 

£? 
l 

f~ 
l 

( 4 .1) 

where the superscripts V and L denote the vapor and liquid 

ohascs, resoectivclv. . . . 

This cquatio~ can be expressed in terms of the 

experinentally ~~asura!:Jlc qua~tities of temperature, 

pressure, and co~positio~ by defining two auxiliary func

tions, the fugacity coefficient and the activity coefficient • 

The fugacity coefficient, ¢., relates the vapor-
1. 

phase fugacity of co~9oncnt "i", fy, to its mole fraction 

in the vapor, Yi, and to the total system pressure, P. It 

is defined as follows: 

cp . -
l. 

f~ 
l. 

y.P 
l. 

( 4. 2) 

The activity coefficient, yi, relates the liquid-
,, ,, L 

phase fugacity of component i, fi' to its mole :fraction in 
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the liquid, xi, and to standard-state fuqacity, f~L. 

It is defined as follows: 

Y. 
l 

( 4. 3) 

The equation of equilibrium for each component 11 i 11 

may be rewritten by combining equations (4.1), (4.2), and 

( 4 .3) : 

~ p y .. vl. fo.L ..,, . y. = .... 
l l l . l 

{ 4. 4) 

4.2) The Fu~acity Coefficient 

The fugacity coefficient is a function of tempera-

ture, total pressure, and the composition of the .vapor 

phase. It can be evaluated from volumetric data of the 

vapor phase as expressed in the form of an equation of 

state. '!'his equatioil of state is usually pressure expl_icit, 

that is, the press~re is expressed as a function of the 
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temperature, volume, and mole numbers, 

Beattie (15) presents a rigorous thermodynamic 

relationship for the fugacity coefficient in terms of a 

pressure-explicit equation of state 

!n ~i = i# f 
·V 

[ (fn;) dV - 1n z 

(4.5) 

where ni represents the number of ·moles of component II' n 
J. ' 

Vis the total volume of the vapor mixture, and z is the 

compressibility factor at temperature T and total system 

pressure P. 

It is, therefore, necessary to specify a particular 

equation of state in order to obtain numerical results for 

the fugacity coefficient. The Redlich-Kwong equation, 

explicit in pressure, was used to describe the. vapor phase· 

in this work • 

. ' 
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4.3) The Rodlich-Kwong Equation of State 

The Rcdlich-Kwong equation of state (16) has 

the form: 

where 

P· = 
RT 

v-b 
a 

TO.S v(v+b) 

n R2 T .2.s 
a Cl 

a = -------P . 
. C.l 

nb ... RT . 
. Cl 

b = 
p . 

Cl 

(4.6) 

( 4. 7) 

( 4. 8) 

If the first and second isothermal derivatives of pressure 

with respect to volume are set equal to zero and evaluated 

at the critical point, the dimensionless constants n and a 

nb are 0.4278 and 0.0867, respectively. f!Owever, in vapor-

liquid equilibrium studies such as this work, interest in 

the volumetric behavior of saturated vapors is not focused 

40 

1 

'I, 

,f 



. ,/ 

,,, 
I" 

' . - t---"--~··!1-'..:.,; . '_ •. -_ ' 

- -·---":'" - .. -·-- ·-· .-

on the critical region only, but rather over a wide 

range of tc~pcraturc. Prausnitz (17) proposed fitting 

the Rcdlich-,\wong cqu.J.tion to the volu.inctric data of the 

saturated va?or in order to evaluate n and nb for each a 

pure cowpo~cnt studied. The range of temperature used is 

fro~ the ~or~al boiling point.to the critical temperature. 

These parameters arc listed in Table 2. 

To apply the Redlich-Kwong equation to mixtures, 

Prausnitz proposes the fqllowing mixing rules for the 

constants "a" and "b": 

where 

and 

N 
a = l: 

i=l 

b = l; y.b. 
. l l l. 1= 

b. = 
l. (4.10) 

(.4 .11) 

• 
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'l'c1ble 2 

Critical Properties and Parameter 

CO2 CH2F2 

Tc (oR) 547.5 632.B 

Pc(psia) 1069.4 845.3 

V c ( ft 3 / lb • mo le ) l.512 1.943 

Zc 0.277 0.242 

w 0.225 0.276 

WH 0.152 

µ (debye) 0 1. 97 

na 0.4470 0.4550 

ob 0.0911 0.0921 

Reference 
(C02,Cll2F2) 

(12,14) 

( 12, 14 ). 

(12,14) 

(12,14) 

(10) 

(20,20) 
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where 

2P .. 
ClJ 

= ;:cij R Tcij 

vcij 

l/3 
V .. 

Cl.J 
= 1/ 2 ( V , l/J + V ; l/ 3') 

Cl. CJ 

z .. = 0.291 - o.oa 
Cl.J (.

wi 
2

+ wj) 

(1 - k ... ) . l.J 

(4.12) 

( 4 .13) 

(4.14) 

(4.15) 

(4.16) 

(4.17) 
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The binary constant kij represents tho deviation from 

tho gco~ctric-~can rule for T ..• In general, this constant 
ClJ 

must be obtained :ro~ ~o~c cxpcri~cntal information about 

the ~in~ry intcrJction. Second virial cro~s coefficients 

or naturJtcd liquid volumes of binary systems provide good 

sourccz of in::or~ation. For the carbon dioxide - difluoro-

rr.ethJnc bir.2iry, hc•.,:cvcr, such expcrimcntc.11 inform11tion is 

not available. Several value~ of kij were considered, but 

these wc:c ::o'Jnd to be no ir:-1?rovcmcnt over a value of zero. 

The binary constant was therefore taken to be zero for 

this system. 

When the Rcdlich-Kwong equation of state and the 

mixing rules arc substituted into Equation (4.5), the 

fugacity coefficient of component ni" in the mixture 

becomes 

.2.n 4>. 
l. 

+ 

2 
N 

r yJ. aij 
j=l 

ab, 
l. 

in 

[ 

v+b 
in --;- -

v+J:? -b 

b] p 
v+b - R.n;; 

(4.18) 
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Equation (4.18) was used to calculate the fugacity 

coefficient ~teach cxpcriracntal point. Figures 8, 9, 

10, and 11 show thc~c result~ plotted against tho mole 

fraction carbon dioxide in the vapor phase. 

4.4) The Standard-State Pugacities 

The activity is completely defined only when the 
. QL 

star.dard-statc (or reference-state) fugac1ty f. is clearly 
l 

specified. This rc~crcncc st~tc is quite arbitrary, and 

its choice is dict~tcd only by convenience. Although it 

is neccssarv that fOL be the fugacity of component "iu at 
- i 

the same temperature as that of the solution, its pressure 

and composition may be chosen arbitrarily. 

At the temperature levels of this work, both 

45 

carbon dioxide and difluoronethane are condensable com

ponents. That is, the critical temperature of each component 

is above the temperature of the solution. The standard-state 

fugacity for each component was then taken to be that pure 

liquid component at the system temperature. For maximum 

convenience, a -reference pressure of zero was chosen. 

The standard-state: fugaci ty is then given by 

s 
= p, 

~ 

vl;, -=-- dP 
RT 

( 4 .19) 
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where 

• 

¢~ 
l 

= 

saturation (vapor) pressure of pure 

liquit· i" at tcmoorature T .. 

fugacity coefficient of puro saturated 

vaoor'' i'' at temoeraturo T and pressure P
5 

.. .. i 

L vi = molar liquid volume of pure •i• at 

temperature T 

The vapor pressures were experimentally measured, as 

described in Section (3.1). The fugacity coefficients 

of the pure saturated v«:>.pors were calculated from the 

Redlich-I<wong equation of state. The molar liquid volumes 

for carbon dioxide (13)· and difluoromethane (14) at each 

temperature were obtained from published data. 

4.5) The Activity Coefficient 

The activity coefficient, at constant temperature, 

depends on the pressure and the composition. The effects 

of these two independent variables may be separated by 

us,ing the exact thermodynamic relation (18) 

(

. a 9..n y ·) 
c)P 

1 

T ,x=· RT (4.20) 



l: 
l 

h 
-L . were vi 1s the partial molar volume of component •1• 

in the liquid philse. 

If an integrated form of the Gibbs-Duhem equation 

is to be used to correlate isothermal activity-coefficient 

data, i.e. 

l: 
i 

X d .2.n y ::: 0 
i i 

(at constant T,P) (4.21) 

i~ is necessary that these coefficients be evaluated at 

the saffie pressure. Expcri~cntal activity coefficients 

obtained at t~c total pressure of the system, P, can be 

corrected to a constant, arbitrary reference pressure, 

Pr, by integration of Equation (4.20): 

y. (?) l. . . exp 

-L v. 
l. 

RT 
dP (4.22) 

The adjusted activity coefficients, 

ized such _that 

(Pr) 
Y. , were normal-

J. 

as x -+ 1 
i 

(4.23) 
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The fugacity of each component then becomes equal to the 

mole fraction times the ~tandard-statc fugacity as the 

composition o: the solution ap~roachcs that of the pure 

liquid. In this case, the standard-state fugacity of 

component "i" is the :ugiJ.city of pure liquid "i" at the 

temperature of the solution and at the reference pressure. 

rn Section (4.4), a reference pressure of zero 

was specified. 

bccooes 

Equation (4.22), when solved for Y. (P), 
l 

~: -L 
y~P) (PO) 

V 
i dP (4.24) 

= Y. exp -
l. l. RT 

Substituting Equations (4.19) and (4.24) into Equation 

(4.4) gives the result 

9· Y· P l l 

(PO) s s = y X, P. ""1
• i l. l '*'1 

[o Jt rP 
exJL\ 5 -2:. dP+ J [pi RT 0 

-1 
V. 
.....!. dP 
RT 

(4.25) 
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For the subcritical components in this study, tho 

partial r.,ol.:ir volur.1c q can be cqu.:itcd to the molar liquid 

·53 

1 L . L vo ~c vi, w;1crc vi is .1zzu.i:cd to be independent of pressure. 

Equation (~.25) can then be integrated and solved for 

Y~?O) as follows: 
l 

(PO) 
y. = 

l 

n x. 0, 
l • l. ¢7 

l 
[ 

(P 

exp 
P~) ,.,J.: J l l 

RT 

(4.26) 

Equation (4.26) was used to calculate all activity 

coefficients from the experimental data. These results 

appear in Figures 12, 13, 14, and 15 as the activity 

coefficient of each component plotted against the mole 

fraction of carbon dioxide in the liquid phase. 
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5) CORRELATIVE TECHNIQUE ANO RESULTS 

S.l) Correlation of Activity Coefficients 

The activity cocfficic~ts were correlated using 

an eauation ccv(;lo::icd b•, Rcdlich and Kister (19). At - . -
cor.ditio:15 of co:1st.:i:1t t.c:-::pcra.ture a.nd pressure, the 

excess free c:1crgy is related to composition by a series 

function 

(5.1) 

Differentiation of Equation (5.1) ~ith r~spect to x1 

gives 

('5. 2) 

I I 
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Equations can be written for the individual activity 

coefficients using the relations 

GE 
.tn Yl = - + 

RT (S. 3) 

(5.4) 

Substitutio:i of Equations (5.1) and (5.2) into Equations 

(5.3) and (5.4) gives 

(8x1 x~ - l)+ ••• ] (5.5) 
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(5.6) 

?he expcri~cntal data were fit to Equation (5.2) by 

a second-order least-squares technique. At compositions 

less tha~ ten mole per cent carbon dioxide, the data 

exhibited considerable sc~ttcr at each temperature level. 

It will be recalled fro~ Section (2.64) that purification 

attempts were nade to eliminate a distortion of the co2 

chromatogran_by an ir.1purity in the CH 2F2• Although all 

observable distoz-tion \ira-s successfully eliminated, it is 

believed that undetectable quantities of the i_mpuri ty 

affected the "low composition measurements of carbon dioxide. 

It. is in this low composition range also where the totalized 

count of the electronic integrator is inherently suscep-

tible to the greatest error. 

Accordingly, at each tempe:i;ature level, compositions 

of less than ten mole per cent co2 were discarded in 



fitting the data. Figures 12, 13, 14, and 15 show the 

activity coefficients calculated from the experimental 

data compared to the fit given by the correlation. 

The Redlich-Kister constants at each isotherm 

were correlated with absolute temperature by a second

order least-squares fit. The results are presented in 

Table 3. 

5.2) Correlation of Fugacity Coefficients 

The fugacity coefficients calculated from the 

Reclich-Kwo:1g cc::uation of state at each isotherm were 

_found to vary linearly with liquid cor.1posi tion. The 

constants obtained fro~ this fit were in turn found to 

vary linearly with absolute temperature. These constants 

are given in Table 4. This correlation greatly facili

tated the calculation of pressure-composition diagrams 

given any temperature and liquid phase composition. 

5. 3) Prediction of Pressure-Compos.i tion Diagrams 

The vapor-liquid equilibrium equations for each 

component as presented in Section (4.1) are I 

I 
·I 

I 
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Table 3 

Temperature Correlation of Redlich•Kister 

Constants (Band C) 

Bo = 4 .12000 J x 101, Bi = 
-1 . . -4 

-2.7760 X 10 ·, B2 = 6.200 X 10 

= -1.531781 X 10
1

, Cl 
1 

= 1.0553 X 10 , c2 

T = Absolute Temperature in Deg. Rankine 

• I 
I 
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Table 4 

Correlation of Fug~city Coefficients 

with Liquid Composition and Temperature 

PHI (CO2) = K + L X 

where x = mole fraction co2 in liquid phase-

K =Ko+ K1 T 

K0_= 1.11943, Kl= -3.200 x 10-
4 

L =Lo+ Ll T 

LO= 4.7901 x 10-l, Ll = -1.360 ~ 10~3 

~1 = Mo + Ml T 

MO= l.3~346, Ml= -9.600 x 10-i 

N =NO+ Nl T 

NO= 5.8614 X 10-l, Nl = -1.700 X 10-J 

T = Absolute lemperature in Deg. Rankine 

- !" -.•: - ,~ 
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(5,7) 

(P - P~) J (5. 8) 

As~ first approximation of pressure, the exponential 

ter.r.s rn.:iy !Jc tcikcn .:is unity, and Equations ( 5. 7) and ( 5. 8) 

:nay be cor..bined as follows: 

5 s PS ¢5 
Y1 xl ?1 ¢1 Y2 X2· 2 2 

p = + 
¢1 ¢2 .( 5. 9) 

Using the correlations developed in this section, Equation 

(5.9) may be solved for pressure given any tempe.rature and 

liquid-phase cornposi tion. Equations (5. 7) and (5. 8) can 

then be so1ved for. the respective vapor-phase compositions. 

Pressure-composi~ion diagrams were calculated at each temp

erature using this procedure. The results are shown in 

Figures 4, 5, 6, and 7. 

-'-·.' . 
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5.4) Predictive Consequences of an Ideal Liquid Phase 

As discussed in Section (3.2), the liquid phase 

behaved nearly ideally at all temperature levels. This 

id~~lity increased with decreasing temperature. The 

liquidus curves at -60 end -20°F were nearly linear. It 

can be shown that the straight liquidus curve allows 

prediction o: the vupor phase curve from only the pure 

component v.:ipor pressures. The exprcsJion for this pre

diction, derived in Appendix C, has the following form: 

1 

p 
(5.10) 

where co., is denoted as cor:iponent 1 and CH 2F2 as .corn-
... 

ponent 2. 

Equation (5 .10) ~.,as used to predd.ct the pressure

cornposi tion diagrams at -60 and -20°.F·. A comparison of 

this prediction with the experimental data is presented 

in Figures 16 and 17. Maximum deviations in predicted 

pressure of five and two per cent at -60 and -20°F, 
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respectively, were observed, These deviations may be 

accounted for by the fact that the liquidus curves, 

although nearly straight, were not perfectly linear. 

In both cases, however, the shapes of the predicted 

vapor curves were nearly identical to those constructed 

by fitting a smooth curve through the experimental data 

points. At 20 and 50°F, the liquidus curves exhibited 

some curvature and this technique was found not to be 

valid. 
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APPENDIX A 

Calibration Data 

Table A•l 

Compositions of the Primary Standards 

Priraary Ideal Gas 
Standard Composition 

Number Mole Per Cent 

CO2 
CH2F2 

4 1.07 98. 9 3 

51 s.os 9 4. 92 

7 10.06 89.94 

71 24.83 75.17 

5 49.95 50.05 

6 74.76 25.24 

1 90.04 9.96 

2 94.88 5.12 

3 98.87 1.13 

70 

Real GilS 

Composition 
Mole Per Cent 

CO2 CH 2F2 

1.04 5 8 •. 9"6 

4.98 .95.02 

9.87 90.13 

24.54 75.46 

49.77 50.23 

74.79 25.21 

90.11 9.39 

94.92 5.08 

98.88 1.12 
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Table A-2 

Compositions of tho Secondary Standards 

Secondary 
Standard Cooposition 

Number ~tole Per Cent 

CO2 CH 2F2 

8 1.81 9 8.19 

14 4.12 95.88 

8. 4 3 91. 5 7 

2 22.17 77.83 

7 47.60 52.40 

6 74.87 25.13 

5 90.52 9.48 

3 95.08 4.92 

l 98.75 1.25 

..... ·.,· .:.:~:- ., 



Pressure, 
psia 

15.18 

16.60 

18.80 

24.67 

30.20 

~0.60 

51.10 

60.30 

70.00 

so.so 

83.90 

89 .10 

94.60 

.. ,,...,, ................ _,_.,' . _,,., ._· .... - ... - ; .. - - •' 

APPENDIX B 

Experimental Data 

'ruble 3-l 

Experi~cn~al Data at -60°F 

Liquid Mole 
Fraction, CO2 

0.000 

0.0200 

0. 0,HO 

0.124 

0.199 

0.324 

0.458 

0.564 

0.688 

0.822 

0.864 

0.·927 

1.000 

72 

Vapor Mole 
Fraction, CO2 

0.000 

0.101 

0.213 

0.447 

0.587 

0.737 

0.825 

0.882 

0.92~ 

0.961 

0.969 

0.982 

1.000 



Pressure, 
psia 

41.6 

44.7 

-19.S 

54.4 

6-!. 9 

75.9 

95.6 

115.l 

138.8 

161.l 

180.4 

193.8 

204.0 

214.2 

---··e.;~- . .,,,.._.h _._, - '<-·· ·• __ -...- ·'' ••¥ 

Table B-2 

Experimental Data at -20°F 

Liquid Mole 
Fraction, CO 2 

0.000 

0.0190 

0.0480 

0.0730 

0.135 

0.197 

0.313 

0. 429 

0.560 

0. 689 

o.798 

0.883 

0.944 

1.000 

73 

Vapor ?·~olc 
Fraction, CO2 

0.000 

0.0790 

0.183 

0.275 

0.'12~ 

o.s~o 
0.676 

0.771 

0.847 

0.904 

0.942 

0.965 

0.982 

1.000 



Pressure, 
psia 

95.2 

99.7 

107.l 

127.7 

1(9.4 

175.2 

197. 0 

227.7 

273.4 

297.7 

333.9 

363. 5 

386.5 

·408. 5 

422.4 

Table n-3 

Experimental Data at 20°F 

Liquid Mole 
Fraction, co2 

0.000 

0.0140 

0.0370 

0.103 

0.173 

0.252 

0.320 

o.~21 

0.567 

0.633 

0.747 

0.831 

0. 898 

0.960 

1.000 

Vapor :~ole 
Fraction, CO2 

0.000 

0.0510 

0.120 

0.296 

0.442 

0.556 

0.628 

o. 712 

0.804 

0.847 

0.895 

0.932 

0.959 

0.981 

1 •. 000 
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Pressure, 
psia 

161.0 

171.0 

198.0 

217.1 

244.6 

290,3 

3~8.5 

387.6 

~3-8. 4 

503.9 

553,·o 

592.2 

624.4 

651.6 

-.., • •l 1, I.!.~ _ ,_ ,• ~ -~ -~ ~-

Table B-4 

Experimental Data at S0°F 

Liquid :•!ole 
Fraction, CO2 

0.000 

0.0200 

0.0810 

0.120 

0.186 

0.2S6 

0.418 

o.~sJ 

o.583 

o.719 

0.814 

0.893 

0. 9.49 

1.000 

-e··__;:--; .•• -. - "f•" 
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Vapor l·:olc 
Fraction, CO 2 

0.000 

0.0620 

0.215 

0.294 

0. 41-il 

0. 5.13 

0.656 

0.721 

0.789 

0.863 

0.910 

0.948 

0.975 

1.000 



APPENDIX C 

DERIVATIONS 

Derivation of the Equation Predicting the Pressure
Composition Diagram for a Binary !H:-:ture Whose Liquid 

Phase Behaves Ideally 

Denoting c~rbon dioxide as coreponcnt l ~nd 

difluoromcthanc as com?oncnt 2, the vapor-liquid equilib

rium cquJtio~s for each component arc 

(C-1) 

(C-2) 

Equations (C-1) and (C-2) may be solved for x1 and x2, 

respectively, and added, to give 

(C-3) 
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Noting that y2 • (1 - y1), Equation (C-3) can be 

written 

l = p 

Solving for pressure gives 

l 
p = 

(. 

¢, 
y -

l y .;:OL 
1 ·l 

(C-4) 

(C-5) 

Equations (C-1) and (C-2) may be similarly manipu

lated to elimin~te y
1 

and y2• ~he resulting equation is 

p - X 
l (C-6) 
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Equation (C-6) is the equation of a straight line of 
OL OL 

slope ( Yi f
1 

/ o1 - y2 f 2 / t 2 ) and intercept 

OL ( Y
2 

f
2 

/ o2 ), expressing the relationship between 

the co
2 

liquid mole fraction, x1, and the total system 

pressure, P. 

When the systc~ is coraposed of pure difluoroneth~~e, 

the syster:1 pressure is the vapor pressure of cu2r2 at the 

system temperature. Setting x1 = 0 in Equation (C-6) 

r~vcals that the vapor pressure of CH 2F2 is given by 

(y 
2 

f~L / Q 
2 

) • Sirrii larly, when the sys tern is co:-;:?oscc 

of pure carbon dioxide, x1 = 1 in Equation (C-6), and the 

vapor pressure of co2 at the system temperature is given 

by ( Y1 f~L / ¢1 ). 

Equation (C-5) may theref°ore be rewri~ten as 

1 
p = 

(-+ 1 \ 1 
Y1 + -

p PS ) pS 
. 1 2 2 

(C-7) 



Thus, for a binary mixture whose liquid phase behaves 

ideally, Equation (C-7) predicts the vapor phase curve 

from only the pure component vapor pressures. 
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a;b 

B, 

l3 
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f OL 

G E 

,. ....... 
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R 

T 

T R 

V 

V 

V 

y 

z 

. 

.. L 

c, D 

7) NOMENCLATURE 

constants i~ ~edlich-Kwong equation of 
state 

Rcdlich-Kister constants 

second virial coefficient 

fugacity, psia 

standard-state fugacity for the pure liquid 
at the ten?craturc of the solution, psia 

·- excess free energy, Btu/lb.mole 

binary interaction constant 

pressure, psia 

gas constant, 10.73 psia • ft
3
/lb.mole • 0

R 

temperature, 0 R, unless otherwise noted. 

reduced te~perature 

total vol tm~e of vapor mixture 

molar volu.11e of vapor phase, ·ft3/lb.rr.ole 

partial molar volume in the liquid phase, 

ft3/lb.mole 

liquid-phase rr.ole fraction 

vapor-phase mole fraction 

compressibility factor 
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.'.'.i.),· • .t,.c'-\-,.,·),o,,.., •• ,;. ,,.,.,, 

Greek Letters 

y 

n 

µ 

¢ 

r.a, nb 

w 

WH 

- liquid-phase activity coefficient 

- association constant 

- dipole ~omcnt, debye 

- vapor-p~a~~ fugacity coefficient 

dioensionlc~s co~stants in Redlich
Kwong equation of state 

acentric :actor 

accntric facto= of the homomorph of 
the polar co~?onent 

Super~cripts 

L 

PO 

r 

s 

V 

liquid phase 

calculated at total pressure of systern 

calculated at reference pressure r 

.calculated at zero pressure 

reference pressure 

saturation 

vapor phase 

- ' :- - ~~··- ;.;:, -· 
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Subscripts 

C 

i 

j 

ii 

jj 

ij 

l 

2 

-
-

critical point 

component ni" 

component II ' II 

J 

pure component 11 i" 

pure cor.1poncn t n . " J 

-,· 

interaction between components "i
11 

and "j" 

carbon dioxide 

difluoromethane 
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