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Table 111. Measured Equilibrium Tie-Line Compositions 
(in Mole Fractions) for Ethanol-Water-COz Mixtures at 50 
and 60 "C 

fluid phase liquid phase 
H,O ETOH CO, H,O ETOH CO, 

0.004 
0.012 

0.006 
0.027 

0.006 
0.037 

0.005 
0.007 

0.006 
0.019 

0.006 
0.042 

T = 50 "C, P = 10.2 MPa 
0.004 0.992 0.946 0.032 0.022 
0.048 0.940 0.410 0.371 0.219 

T = 50 "C, P = 13.6 MPa 
0.005 0.989 0.945 0.031 
0.083 0.890 0.408 0.356 

T = 50 O C ,  P = 17.0 MPa 
0.006 0.988 0.945 0.031 
0.104 0.859 0.401 0.346 

T = 65 "C, P = 10.2 MPa 
0.005 0.990 0.948 0.031 
0.020 0.973 0.417 0.389 

T = 65 "C, P = 13.6 MPa 
0.006 0.988 0.948 0.030 
0.060 0.921 0.400 0.355 

T = 65 "C, P = 17.0 MPa 
0.007 0.987 0.946 0.030 
0.106 0.852 0.390 0.340 

0.023 
0.236 

0.024 
0.253 

0.021 
0.194 

0.022 
0.245 

0.024 
0.270 

of the measured value or 0.1 mol % whichever is greater. 
Mixture critical points or plait points have also been estimated 
from the experlmental data by using a graphical method (7 ) ,  
and are included In these figures. These estimated plait polnts 
are ilsted in Table 11. Equilibrium tie-line compositions mea- 
sured at the same three pressures but higher temperatures, 50 
and 65 O C ,  are presented in Table 111. 

The experimental results can be used to characterize the 
solvent properties of dense COP In the extraction of ethanol 
from aqueous solutions. At ail conditions studied, fluid-phase 
ethanol SOkrbiUties are appreciably higt?8r than water solubilities, 
which indicates that compressed COP at moderate tempera- 
tures and pressures wouM be a reasonably selective solvent 
for the extraction of ethanol from aqueous solutions. However, 
the results also show that ethanol concentrations greater than 
that corresponding to the ethanol-water azeotrope would not 

be obtained by extraction with COP at the temperatures and 
pressures studied. This finding Is In agreement with the ex- 
perimental observations of Baker and Anderson (3). 

The effect of solvent density on the solvent properties of COP 
is also evldent from the effect of pressure on plait point com- 
positions at 35 O C  (Table 11). Ethanol mole fractions at the plait 
point increase from 0.163 to 0.212 as pressure is increased 
from 10.2 to 17.0 MPa. Water mole fractions also increase 
from 0.062 to 0.102 over the same pressure range. The hi- 
solubilities correspond to greater solvent capacities at higher 
COP densities. However, reduced ethanol selectivities are also 
obtained with greater solvent capacities. A similar effect can 
be found by examining ethanol-water solubilities in the fluid 
phase as a function of isobaric temperature changes. 

Although the observed changes in solvent properties of COP 
are appreciable for this ternary mixture, much more dramatic 
changes have been observed for 2-propanol-water-COP mix- 
tures (8). The phase behavior for this latter ternary mixture in 
the vicinity of the critical point of COP is also much more com- 
plex. This suggests that the solvent properties of supercritical 
COP cannot be correlated with COP density alone; the phase 
behavior for the ternary mixture is an important factor. This 
phase behavior is the subject of a subsequent paper (9). 

Registry No. COP, 124-38-9; ethanol, 64-17-5. 
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Experimental Study of Excess Enthalpies for the Binary Gaseous 
System Methane-Ethylene by Flow Calorimetry 

Carol Gagne, Serge C. Kallagulne, and Rubens S. Ramalho' 
Department of Chemical Engineering, Lava1 University, Ste-Foy, Quebec, Canad G1K 7P4 

Excess enthrrlpke for the bhary sysiem 
meihane-athylene were measured In an Iroth.rmal flow 
caiorlmeter. The .xp.rlmental dudy has been made at 
three temperatures, 293.15, 305.15, and 313.15 K, and 
pressures of 1.114, 1.520, and 3.445 MPa (11, 15, and 34 
aim). The experfmental r&s were compared with 
those prodlcied from Redllch-Kwong and 
Benedlci-Wobb-RuMn equatlons of state. The Mnary 
Inieractbn coefflcieni, kf, ha8 been detenntnecl from 
experimental data by an optlmkaih procedure. A eingle 
value Indsp.mknt of i.nrp.raiure and pressure was 
suffkieni io r e n " l  a# ihe network of data. 

Iniroductlon 
Excess enthalpies are very important for sdving engineering 

problems. They are very useful in equipment design, heat of 

0 0 2 i - ~ 5 ~ a 1 a ~ 1 i 7 3 ~ - 0 2 ~ a ~ o i . ~ 0 1 0  

solution calculations, and energy balances. Excess enthalpies 
are also particularly important from a scientific point of view 
since they are useful to verify prediction of thermodynamic 
properties of mixtures by equations of state. These predictive 
equations are usually based upon theories of molecular inter- 
action. 

The excess enthalpy of a mixture at constant temperature 
and pressure Is defined as 

For an ideal solution, the heat of mixing is zero (AH,' = O), 
so either of the terms excess enthalpy or heat of mixing can 
be used, since these two quantities are numerically equal 

Although many experimental studles of excess enthalpies for 
liquids are reported in literature, few data for gas mlxtures are 

(+,p = AH,)* 

0 1986 American Chemical Society 



Journal of Chemical and Englneerlng Data, Vol. 3 1, No. 3, 1986 299 

Table I. Excess Enthalpies for the Binary Gaseous System Methane-Ethylene 

293.172 
293.160 
293.150 
293.153 

293.180 
293.157 
293.175 
293.153 

293.190 
293.152 
293.137 
293.170 

305.162 
305.142 
305.155 
305.158 

305.170 
305.134 
305.176 
305.131 

305.178 
305.170 
305.177 
305.167 

313.191 
313.167 
313.150 
313.147 

313.153 
313.191 
313.181 
313.184 

3 13.189 
313.179 
313.162 
313.150 

1.099 
1.098 
1.097 
1.098 

1.515 
1.454 
1.498 
1.535 

3.465 
3.416 
3.402 
3.437 

1.099 
1.072 
1.105 
1.080 

1.493 
1.528 
1.458 
1.473 

3.450 
3.472 
3.416 
3.430 

1.057 
1.061 
1.072 
1.058 

1.465 
1.506 
1.500 
1.440 

3.416 
3.457 
3.464 
3.491 

Hf, J/mol 
To, K Po, MPa XA Q / F ,  J/mol H?, J/mol exptl RK BWR 

Nominal Conditions: T, = 293.15 K, P,, = 1.114 MPa 
0.209 22.6 22.3 22.6 
0.462 32.8 33.0 33.6 
0.622 30.5 30.5 31.1 
0.812 21.0 21.5 21.8 

Nominal Conditions: T,, = 293.15 K, P,, = 1.520 MPa 
0.217 35.4 35.0 35.1 
0.430 46.7 46.8 49.5 
0.612 51.3 50.8 51.6 
0.801 31.5 31.6 31.2 

Nominal Conditions: T, = 293.15 K, P,, = 3.445 MPa 
0.228 123.8 122.7 120.9 
0.449 150.3 150.1 153.3 
0.613 147.7 148.0 151.9 
0.788 92.5 91.3 91.9 

0.252 24.0 23.2 23.6 
0.436 25.3 25.4 26.6 
0.621 31.1 30.4 30.7 
0.792 19.0 19.1 19.7 

Nominal Conditions: T,, = 305.15 K, P, = 1.114 MPa 

Nominal Conditions: T, = 305.15 K, P,, = 1.520 MPa 
0.203 33.3 32.2 32.9 
0.425 40.6 41.1 40.8 
0.642 39.7 39.5 41.4 
0.791 24.0 25.1 26.1 

0.245 112.1 111.5 111.2 
0.431 129.5 129.7 129.7 
0.625 125.5 124.6 126.5 
0.784 81.1 80.4 81.1 

0.218 20.3 18.9 20.0 
0.452 28.9 28.5 30.0 
0.645 26.6 26.4 27.4 
0.785 15.0 15.5 16.5 

Nominal Conditions: T,, = 305.15 K, P,, = 3.445 MPa 

Nominal Conditions: T,, = 313.15 K, P,, = 1.114 MPa 

Nominal Conditions: 2'. = 313.15 K, P. = 1.520 MPa 
0.259 31.7 31.4 32.8 
0.456 42.3 40.8 41.3 
0.666 35.7 34.3 34.8 
0.816 24.1 23.2 24.6 

Nominal Conditions: T, = 313.15 K. P, = 3.445 MPa 
0.216 97.2 
0.435 113.4 
0.602 125.9 
0.793 67.5 

available. Complex and expensive apparatus, experimental 
difflcutties, and high cost of purlfled gases are the main reasons 
for the scarcity of data. 

A complete literature review of excess enthalpy data for 
binary gas systems is presented as follows. The first deter- 
minations have been made by Beenakker et ai. ( 7 ,  2) on the 
following systems: H2-N2, Ar-H,, Ar-N,, and CH,-Ar. 
Knoester et ai. (3) published data for H,-N,, Ar-N2, Ar-H, and 
H,-N,-Ar. Van Eijnsbergen and Beenakker ( 4 )  presented data 
for CH,-Ar, CH,-N,, CH,-H,, CH,-He, and He-Ar. Klein (5, 
6) studied the system CH,-N,. Hejmadi et ai. (7, 8) presented 
data on N,-O,, N,-CO,, and N,-C,H,. Lee and Mather (9, 70) 
studied the systems H,-N,, N,-CO,, and CH,-CO, and Attunin 
et ai. (77-73) the systems N,-CO,, He-CO,, and He-Ar. 
Giowacki and Waluga ( 7 4 )  studied the system CH,-N, and 
Wormald et ai. (75) investigated the systems CH,-H,, CH,-N,, 
CH,-Ar, N,-H,, and N,-Ar. Kotousov and Baranyuk (76) 
presented data for the system H,-N,, Kotousov and Popov 
(77- 79) studied the systems He-Ar, He-N,, He-CO,, H2-Ar, 
and H,-CO,. Powers et ai. (20) investigated the systems 
CH,-C,H, and CH4-C,H,-C,H8. In  our laboratory, Be et ai. 

' 9g8  93.5 
112.1 111.0 
125.6 125.0 
67.9 68.9 

20.5 
30.0 
27.9 
17.8 

32.1 
44.7 
42.1 
27.5 

148.8 
184.2 
163.5 
107.4 

21.2 
27.2 
25.6 
17.7 

27.5 
40.2 
36.7 
25.9 

121.8 
148.4 
131.7 
90.2 

18.2 
25.8 
23.5 
17.2 

30.3 
38.1 
33.3 
22.1 

99.2 
131.6 
121.2 
78.5 

21.9 
32.1 
29.9 
19.1 

33.7 
47.2 
44.7 
29.3 

142.7 
180.5 
162.2 
107.6 

21.6 
27.7 
26.2 
18.1 

27.6 
40.6 
37.3 
26.4 

113.8 
140.9 
126.6 
87.4 

17.9 
25.6 
23.4 
17.1 

29.6 
37.4 
32.9 
21.9 

90.7 
122.4 
113.9 
74.4 

(27-23) presented data for the systems N2-02, N2-C2H4, and 
CzH4-CO2. Barry et ai. (24-28) obtained data for the systems 
CH,-COP, CH,-H,S, and COP-H,S and the ternary system 
CH,-CO,-H,S. This article presents data for the system 
CH,-C,H, at temperatures of 293.15, 305.15, and 313.15 K 
and pressures of 1.114, 1.520, and 3.445 MPa with mole 
fraction of methane in the range of approximately 0.2-0.8. 

Experimental Method 

The experimental procedure and a complete description of 
the equipment utilized in this study have been reported in pre- 
vious articles (27 -28). 

The two gaseous streams (CH, and C,H,) arrive independ- 
ently at the calorimeter inlet, at temperature and pressure 
conditions T, ,P ,  and T,,P , which are essentially the same (T, 
= T,, P I  = P,). The two gases are thoroughly mixed and since 
the mixing is endothermic, a temperature drop occurs. To 
compensate for this temperature drop a measured quantity of 
energy is supplied to the mixture by a power supply to bring the 
outlet temperature T o  at approximately the same as the inlet 
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X I CH4 

Flgure 1. Excess enulalples (J/mol) for the binary gaseous system 
methane-ethyhe at 293.15 K: (I) 1.114, (11) 1.520, and (111) 3.445 
MPa. 

Table 11. Effect of the Primary and Secondary Corrections 
on the Excess Enthalpies for the Binary Gaseous System 
Methane-Ethylene 

T, K 
293.15 305.15 I 313.15 

lOO(H! - Q / F ) / ( Q / F )  0.8 1.5 2.3 
lOO(HF - H t ) / H t  1.9 2.2 3.3 

temperature ( T , ,  T,) of the two gases. 
Some improvements have been made on the equipment 

described in previous articles. The two flowmeters have been 
insulated with fiberglass wool s u r r m  by a Styrofoam Jacket 
to reduce external heat effects, which might affect the signal 
output. The micrometer valves and presswe regulators on the 
two lines have been sightly heated to prevent condensation of 
the gases at high pressures. 

The methane and ethylene were supplied by Linde Co. of 
Canada. The methane has a certified purity of 99%, containing 
0.1% COP, 0.2% O,, 0.2% N,, 0.3% C2H& and 0.2% C3H,. 
The ethylene has a certified purity of 99.5%, the main impur- 
ities being 0.25% C&, 0.02% C,H,, 0.02% CH,, and 0.01% 
air. 

Experknental Results 

previously described leads to 

6 = AH,,, = 

Application of the first law of thermodynamics to the system 

Q / F  + x A ( H A . 1  - H A . 0 )  + xB(HB,2  - HB.0) - u k  (2) 

In  eq 2 

where 

Equations 3 and 4 yield the primary corrections on Q I F  to 
obtain 4 at conditions T o  and Po at the calorimeter outlet. 
Notice that only thermcdynamlc properties of the pure gases 
A and B are requlred in the calculation of the primary correc- 
tions. 

For the system CH4-C2H,, within the experimental range 
encompassed In this Investigation, the pressure drops across 
the calorimeter ( A f l  = Po - PI and A P ,  = Po - P,) are 
negligible. Also, the two inlet temperatures T ,  and T ,  are 
nearly indentical (T, = T,), and T ,  - T o  < 0.05 K. Conse- 
quently, mean values for the heat capadties cp,A and C p , B  and 
for the Joule-Thomson bthemal coeftlcients and 4, were 
utilized in the evaluation of the integrals in eq 3 and 4. Then 

(8) H A , ,  - H A , o  = c P P , A ( ~ 1  - To) + 4 A P i  - Po) 

HB,2 - HB,O = c P , B ( T 2  - T O )  + 4dP2 - PO) (9) 

Since it is practically knpossible to adjust the outlet pressure 
and temperature precisely to the nominal conditions desked, the 
following equation must be used: 

The two integral terms in eq 11 are called secondary cor- 
rections. Notice that contrary to the case of primary correc- 
tions, the calculation of secondary corrections requires ther- 
modynamic popertles for the gas mixture. For the primary 
corrections, the molar heat capacities for methane and ethylene 
utilized were those tabulated by Tester (29). The Joule- 
Thomson Isothermal coefflclents for the two gases were cab 
culated from an equation derived from the Benedict-Webb- 
RuMn equation of state for pue components (30). In  the case 
of the secondary corrections, 6 and Q E were determlned by 
application of BWR equation of state. The m b g  rules required 
to calculate C$ and were those reported by Bishnoi and 
Robinson (37). 

The effect of the ImpuriUes in the gases has been evakrated 
by Hej"s technique (7),  and found to be less than 0.7 J / d ,  
but not entirely negligible. 

Corrections relative to the variation of kinetic energy of the 
gases are of the order of IO-' J/mol, which is negligible. 

The experimental results of the excess enthalpy for the 
system CH,-C2H4 are presented In Table I. These data are 
also shown in graphical form in Flgures 1-3. 

The effects of the primary and secondary corrections on the 
excess enthalpies values have also been caiculated, and BV- 
erage values for these corrections are reported In Table 11. 

Accuracy of the Experknental Results 

The same technique as in previous articles (24-28) was 
utitlzed for estimation of errors. The summation of experimental 
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Flgure 2. Excess enthalpies (Jlmoi) for the binary gaseous system 
methane-ethylene at 305.15 K: ( I )  1.114, (11) 1.520, and (111) 3.445 
MPa. 
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Flgure 3. Excess enthalpies (Jlmol) for the binary gaseous system 
methane-ethylene at 313.15 K: (I)  1.114 (11) 1.520, and (111) 3.445 
MPa. 

errors and those due to primary and secondary corrections 
yields a precision between 3 and 5 %  of the excess enthalpies e for the system methane-ethylene. 

Comparlson of Experimental Data with Prediction from 
Equation of State 

Since experimental data of excess enthalpies for the binary 
system methane-ethyiene were not available in the literature, 
the only feasible comparison was that with predicted values 
obtained from equations of state. The Redlich-Kwong (32)  and 

Table 111. Comparison of Experimental Values of the 
Excess Enthalpies for the Binary Gaseous System 
Methane-Ethylene with Predictions from Equations of 
State 

Table IV. Constants Utilized in RK Equation of State 
CHI 

Q,, dimensionless 0.4546 
Qb, dimensionless 0.0872 
T,, K 190.6 
P,, MPa 4.60 
V,, cm3/mol 99.0 
w ,  dimensionless 0.0013 
kl2 

CZHI 
0.4290 
0.0815 
282.4 
5.04 
129.0 
0.085 

0.0229 (by optimization 
procedure) 

ref 
34 
34 
35 
35 
35 
34 

- 

Table V. Constants Utilized in BWR Equation of State 
CHI (31) C,H, (36) 

Ao, MPa 0.1896036 
dm6/mo12 

Bo X lo2, 4.320305 
dm3/mol 

Co, MPa dm6 2381.152 
K2/mo12 

a, MPa 0.007011487 
dm9/moP 

b X lo3, 3.9787382 
dm6/mo12 

c X MPa 0.03057917 
dm9 K2/moP 

ff x 105, 9.6835765 
dms/mo13 
x 103, 5.7118125 
dm6/mo12 

k12 

0.338383 

5.56833 

13287.8 

0.0262432 

8.6000 

0.21400 

17.8000 

9.23000 

-0.0058 (by 
optimization 
procedure) 

Benedict-Webb-Rubin (30) equations of state were employed. 
The RK equation was utilized to calculate the excess en- 

thalpies 6 with the modified mixing rules suggested by Chueh 
and Prausnitz (33). The network of equations required is 
presented in ref 2 4 .  [See eq 16-27 of ref 24.1 

The enthalpies of the pure components CH, and C2H, and 
of binary mixture were calculated from eq 28 of ref 24. 

The excess enthalpy, 6, is calculated as follows: 

The values for the constants utilized in the calculations are 
presented in Table IV. 

The BWR equation of state is also applied to predict excess 
enthalpies, Joule-Thomson isothermal coefficients, and heat 
capacities at constant pressure, utilizing the mixing rules 
presented by Bishnoi and Robinson (31). The network of 
equations utilized is presented in ref 24.  [See eq 33-35 of ref 
24 .] 

The values for the constants utilized for calculations in BWR 
equation are listed in Table V. 

The binary interaction coefficient, kv,  has been determined 
by an optimization procedure in order to have the minimum 
deviation between the experimental network of data and the 
values of excess enthalpies predicted by equations of state. 
The coefficient kv is usually considered independent of tem- 
perature and pressure. A single value of this coefficient for 
each equation of state was found to be sufficient to represent 
all the network of experimental data. The values for the kv are 
listed in Tables I V  and V. 
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The excess enthalpies predicted by equations of state are 
presented in Table I and are also shown in graphical form In 
Figures 1-3. The comparison of experimental vahm of excess 
enthalpies for the binary gaseous system methane-ethylene 
with calculated values from equations of state is presented in 
Table 111. 

Conclusion 

The hrgest deviation between experimental data and excess 
enthalpies values predicted from equations of state was 13.8% 
at 293.15 K, for the RK equation of state. I t  was the only 
deviation above 10%. This deviation can be explained by the 
fact that a single value of the binary Interaction coefficient, k,,, 
was used. Consequently, the data cannot be represented with 
the same precision at all temperatures and pressures. Utili- 
zation of adjustable binary interaction coefficients should im- 
prove the prediction from equations of state. 

I t  is of interest to notice that the RK equation of state, w h i  
contains only two constants, represents the data as well as the 
BWR equation of state, which contains eight constants. Con- 
sequently, the RK equatlon seems preferable to BWR equation, 
because of its relative simplicity. 

coefficients in BWR equation of state, dimensions 
listed in Table V 

molar heat capacity at constant pressure, J/(mol K) 
kinetic energy, J/mol 
flow rate, mol/s 
molar enthalpy, J/mol 
binary interaction coefficients, dimensionless 
pressure, MPa 
energy supplied to gas system by the power supply, 

temperature, K 
mole fraction, dimensionless 

J/s 

Superscripts 
E 
- 

denotes an excess thermodynamic property 
denotes mean values for thermodynamic properties 

(for Joule-Thomson isothermal coefficients, C#J , 
and heat capacities at constant pressure, C,) 

Subscripts 

A 
B 
A-B 
C 

i 

m 
n 
P ,  T 
1 
2 
0 

1 

denotes pure gas A (CH,) 
denotes pure gas B (C2H4) 
denotes gas mixture (CH4-C2H,) 
denotes critical temperature, critical pressure or 

critical volume (T,, and T,, critical temperatures 
for gases 1 and 2, respectively: P,, and Pc2, 
critical pressures for gases 1 and 2, respectively; 
V,, and V,,, critical volumes for gases 1 and 2, 
respectively) 

denotes component i 
denotes component j 
denotes mixture 
denotes a nominal outlet condition 
denotes constant temperature and pressure 
denotes Inlet conditions ( P l ,  T,) for gas A (CH,) 
denotes inlet conditions (P2,  T2)  for gas B (C2H4) 
denotes outlet conditions (Po, To)  for gas mixture 

(CH4-C2H4) 

Greek Letters 

ff, Y 

LE,  

AH 
AH, 
AH," 

4 
Qa, Q, 
wl, w2 

constants in BWR equation of state, dimensions 

change of kinetic energy for gaseous system across 

change of molar enthalpy, J/mol 
heat of mixing for a real solution, J/mol 
heat of mixing for an ideal solution (AHmM = 0), 

Joule-Thomson isothermal coefficient, J/(mol MPa) 
dimensionless constants, listed in Table I V  
acentric factor, dimensionless, listed in Table I V  (w, 

and w2 refer to acentric factors for CH, and C2H4, 
respectively) 

listed in Table V 

calorimeter, J/moi 

J/mol 

RqlSltry NO. CH4, 74-82-8; C,H4, 74-85-1. 

Llterature Cited 

Beenakker, J. J. M.; Coremans, J. M. J. proceedings of the 2nd Sym- 
posium on Thermophysical Roperties ; American Society of Mechanl- 
cai Engineers: New York, 1962 p 3. 
Beenakker, J. J. M.; Van Elinsbergen, 8.; Knoester, M.; Taconls, K. 
W.; Zandbergen, P. R W n g s  of the 3rd Symposium on Thermo- 
physical Roprfies; American Society of Mechanical Englneers: New 
York. 1965; p 114. 
Knoester, M.; Taconis, K. W.; Beenakker, J. J. M. fhysica (Utrecht) 
1987, 33, 389. 
Van Eijnsbergen, B.; Beenakker, J. J. M. fhysica (Ufrecht) 1988, 39,  
499. 
Klein, R. R. Ph.D. The&, Yale Universlty, New Haven, CT. 1969. 
Klein, R. R.; Bennett, C. 0.; Dcdge, 8. F. A I C M  J. 1971, 17, 958. 
Hejmadi, A. V. Ph.D. Thesis, Unhrersity of Michigan, Ann Arbor, MI, 
1970. 
Hejmadi. A. V.; Katz, D. L.; Powers, J. E. J. Chem. Thermodyn. 1971, 
3 ,  483. 
Lee, J. I.; Mather, A. E. J. Chem. Thermodyn. 1970, 2, 881. 
Lee, J. I.; Mather, A. E. J. Chem. Eng. Data 1972, 17, 189. 
Akunin, V. V.; Bondarenko. V. F.; Kutznetsov, D. 0. Tepbfir. Vys. 
Temp. 1973, 1 1 ,  3, 533. 
Akunin, V. V.; Bondarenko, V. F.; Kutznetsov, D. 0. Tepbfir. Vys. 
Temp. 1974, 12, 3, 513. 
Altunin, V. V.; Bondarenko, V. F.; Kutznetsov, D. 0. Teplofiz. Vys. 
Temp. 1977, 15, I, 216. 
Glowacki, K.; Waiuga, T. Chem. Stosow. 1974, 18, 425-36. 
Wormald, C. J.; Lewis, K. L.; Mosedale, S. J. Chem. Thermodyn. 
1977, 9 ,  27. 
Kotousov, L. S.; Baranyuk, V. V. Zh. Tekh. f i z .  1989, 39, 372. 
Kotousov, L. S. I r v .  Lenlngr. Elecfrotekh. Inst. 1972, 116, 20. 
Popov, Y. I. Inzh.-fir. Zh. 1982, 42, 946. 
Kotousov, L. S.; Popov. Y. I. Zh. Tekh. Fir. 1982, 583. 
Powers, J. E.: Furtado, A. W.; Kant, R.; Kwan, A. J. Chem. fng.  Data 
1979. 24. 1. 46. 
Ea, L. B.;'Naln, V. P. S.; Kaliagulne, S. C.; Ramalho, R.  S. J. Chem. 
€no. Data 1977. 22. 171. 
Bay L. 8.; Kaliaguine, S. C.; Ramalho, R. S. J. Chem. Thermodyn. 
1970, 10, 603. 
Be, L. B.; Kaliaguine, S. C.; Ramalho, R. S. Can. J .  Chem. Eng. 
1979, 57,  363. 
Barry, A. 0.; Kaliaguine, S. C.; Ramalho, R. S. J. Chem. Eng. Data 
1982. 27.  258. . . - -, - . 
Barry, A. '0.; Kaliaguine, S. C.; Ramaiho, R. S.  J. Chem, Eng . Data 
W82, 27, 436. 
Barry, A. 0.; Kallaguine, S. C.; Ramaiho, R. S.  Can. J .  Chem. Eng. 
1983, 81 ,  241. 
Barry, A. 0.; Kaliauine. S. C.; Ramalho. R. S.  J. Chem. €no. Data 
1983, 28, 375. - 
Barry, A. 0. Ph.D. Thesis, Lava1 University, Ste-Foy, QC, Canada, 
1983. 

- 

Tester, H. E. Thermodynamic function of Gases; Butterworths: Lon- 
don, 1961; Voi. 2 and 3. 
Benedkt. M.; Webb, G. B.; Rubin. L. C. J. Chem. fhys. 1940, 8, 334. 
Blshnoi, P. R.; Robinson, D. B. Can. J .  Chem. Eng. 1972, 50, 2, 101. 
Redlich, 0.; Kwong, J. N. S. Chem. Rev. 1949, 44 ,  233. 
Chueh. P. L.; Prausnltz, J. M. Ind. Eng. Chem. Fundam. 1967, 6 ,  
492. 

(34) Chueh, P. L.; Prausnitz, J. M. A I C M  J .  1967, 13, 6. 1094. 
(35) Prausnitz, J. M.; ReM, R. C.; Sherwood. T. K. The Propeft/es of Gases 

and Liqulds, 3rd ed.; McGraw-Hill: New York, 1977. 
(36) Benedict, M.; Webb, G. E.; Rubln, L. C. Chem. fng.  Prog. 1951, 47 ,  

419. 

Received for revlew July 29, 1985. Accepted December 26, 1985. 


