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A Review, Evaluation, and Correlation of the Phase Equilibria, Heat of 
Mixing, and Change in Volume on Mixina for Liquid 

Mixtures of Methane + Propane 

R. C. Miller*, A. J. Kidnay* * , and M. J. Hiza 
Xhermophysical Properties Division, National Engineering Laboratory, National Bureau 0/ Standards, Boulder, Colo. 80303 

The available experimental data for liquid-vapor equilibria, heat of mIxmg, and 
change in volume on mixing for the methane + propane system have been reviewed 
and where possible evaluated for consistency. The derived properties chosen for 
analysis and correlation were liquid mixture excess Gibbs free energies, Henry's 
constants, and K values. Data sets, selected on the basis of the consistency tests 
appliea, were correlated as a function of temperature and composition. to provide 
internally consistent sets of property values suitable for engineering design calculations. 

Key words: Binary mixtures; data correlation; excess volumes, heat of mixing; liquid-vapor 
equilibria; methane + propane. 
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1. I'ntroduction 

Thi~ i~ a r.nntinu:.tion of prp.vion!Ol work [1] 1 on the re. 

view, evaluation, and correlation of phase equilibria and 
related data on industrially important binary systems. The 
first system considered was methane + ethane [I], and 
the present work is concerned with the methane + propane 
system. These are two of· the most ilnportant systems re· 
lated to the natural gas industry. 

Many of the methods used to evaluate and correlate data 
were descrihed in detail in the previous paper [1]. Where 
possible, discussion of these techniques has been kept to a 
minimum in the present manuscript. 

Units for physical quantities have heen consistently taken 
from the SI system, although the literature data appear in 
many diverse systems. The conversions used in this work 

are as follows: 
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P(MPa) == 0_1 P(har) == 0_101325 P{atm) == 
0.0068948 P(psia), (1) 

273.15 == T(OR)/1.8 
[T(OF) + 459.67]/1.8. (2) 

A number of surveys were used to locate the pertinent 

methane + propane literature [2,3,4]. Published liquid
vapor equilihria references are listed in table I. Papers in 
which phase equilibrium variables (P-T-y-x) were reported 
in connection with measurements of other physical prop
erties were 11,0t included unless there were indications that 
the liquid and vapor were In fact brought to equilibrium. 
Experimental methods, approximate temperatures and 
pressures, and comments concerning the type of data pre
sented are listed in table I for each reference. 

2. Evaluation of Phase Equilibria Data 

A preliminary ~valuation of the methane + prop~ne 
data has been published [24]. Equimolar excess Gibbs 
energies and infinite dilution Henry's constants for methane 
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Reference 

Frolich, Tauch, 
Hogan and Peer (1931) [5] 

Sage, Lacey and 
Schaafsma (1934) [6] 

Reamer, Sage 
and Lacey (1950) [7] 

Akers, Burns and 
Fairchild (1954) [8] 

Price and 
Kobayashi (1959) [9] 

Rutherford (1962) [10] 

Cheung and 
Wang (1964) [ll] 

Cutler and 
Morrison (1965) [12] 

Ahland (1966) [13] 

Roof and 
Baron (1967) [14] 

Yesavage, Katz 
and Powers (1969) [15] 

Skripka et at (1970) [16] 

MillER, KIDNAY, AND HIZA 

TABLE 1. Survey of liquid-vapor equilibria data for methane + propane 

Experimental method 

Static gas solubility system 

Dew points plus bubble points from 
breaks in volumetric curves from 
isochoric system 

Dew and bubble points from breaks 
in volumetric curves from isochoric 
system 

Single pass separator 

Vapor recirculation cell 

Dew-point, bubble-point cell 

Static equilibrium cell 

Static equilibrium cell 

Dew point cell 

Dew-point, bubble-point cell 

Dew and bubble points from breaks 
in enthalpy curves from flow 
calorimeter 

Vapor recirculation cell 

Approximate temperatures 
and pressures 

298 K (3 to 9 MPa) 

293 K (l to 10 MPa) 
313 K (2 to 9 MPa) 
328 K (2 to 8 MPa) 
343 K (3 to 7 MPa) 
353 K (4 to 6 MPa) 
363 K (4 to 5 MPa) 

278 K (l to 10 MPa) 
294 K (1 to 10 MPa) 
311 K (1 to 9 MPa) 
328 K (2 to 8 MPa) 
344 K (3 to 7 MPA) 
361 K (4 to 5 MPa) 

158 K (0.3 to I MPa) 
174 K (l to 3 MPa) 
195 K (1 to 5 MPa) 
213 K -0 to 7 MPa) 
226 K (1 to 8 MPa) 
241 K (1 to 9 MPa) 
2!)6 K (1 .to lU MPa) 
273 K (l to 10 MPa) 

14.4. K (0.7 MPa) 

172 K (0.7 t9 1.4 MPa) 
200 K (1 to 4 MPa) 
228 K (1 to 7 MPa) 
255 K (1 to 9 MPa) 
283 K (1 to 8 MPa) 

316 K (6 to 9 MPa) 

92 K (0.001 to 0.009 MPa) 
113 K (0.005 to 0.06 MPa) 

Comments 

Data are given in graphical form only. 

Smoothed isothermal P-x-y data are 
given in tabular form (including 
critical data). All data from this 
source were later repeated in the same 
lab with more accurate methods. 

Smoothed isothermal P -x-y data are 
given in tabular form (including 
critical data). 

Smoothed isothermal P-x-y data are 
given in tabular form (including 
critical data). Vapor compositions are 
not given for the 158 K isotherm. 

Dire~t isothermal p.x-y data are 
tabulated for the methane + ethane 
+ })ro})ane system, including 31 points 
for the methane + propane binary 
system. 

Data are given in graphical form only. 

Isothermal pox data are given in 
tabular form at low CH, concentra· 

128 K (0.01 to 0.2 MPa) tiona. 

90 K (0.001 to 0.01 MPa) 
95 K (0.002 to 0.02 MPa) 
100 K (0.003 to 0.03 MPa) 
105 K (0.005 to 0.05 MPa) 
no K (0.007 to 0.08 MPa) 

271 to 274 K 
(0.6 to 7 MPa) 

305 to 356 K 
(6 to 9 MPa)· 

210 to 350 K 
(2 to 5 MPa) 

123 K (0.02 to 0.2 MPa) 
133 K (0.04 to 0.5 MPa) 
143 K (0.05 to 0.8 MPa) 
153 K (0.09 to 1 MPa) 

Isothermal pox data are given in 
tabular form. 

T-P-y data are tabulated. Gases were 
used which were contaminated with 
butanes. 

Tabulated T-P-x data are given along 
the critical locus. 

Tabulated T-P data are given for a . 
77 mole percent CaHa mixture. 

Smoothed isothermal pox data are 
given in tabular form. 

J. Phys. Chem. Ref. Data, Vol. 9, No.3, 1980 
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TABLE 1. Survey of vapor-liquid equilibria data for methane + propane - Continued 

Approximate temperatures 
Reference Experimental method and pressures Comments 

Stoeckli and Static equilibrium cell 91 K (0.005 to 0.01 MPa) Isothermal Pox data are given in 
Staveley (1970) [17] tabular form. 

Yesavage, Katz and Dew and bubble points from breaks 180 to 329 K Tabulated T-P data are given for a 
Powers (1970) [18] in p.nthalpy cnrves from flow (2 to 7 MPa) 51 mole percent CaHs mixture. 

calorimeter 

Wichterle and Vapor recirculation cell 130 K (0.2 to 0.3 MPa) Direct isothermal P-x-y data are 
Kobayashi (1972) [19] 144 K (0.2 to 0.7 MPa) tabulated (including the critical 

158 K (0.2 to 1 MPa) region). Data are also given for the 
172 K (0.2 to 2 MPa) methane + ethane + propane ternary 
187 K (0.3 to 4 MPa) system; 
190 K (4 to G MPa.) 

191 K (2 to 5 MPa) 
192 K (0.2 to 5 MPa) 
195 K (0.2 to 5 MPa) 
200 K (0.2 to 5 MPa) 
214K (0.2 to 6 MPa) 

Calado, Garcia Static equilibrium cell 116 K (0.02 to 0.1 MPa) Isothermal pox data are given in 
and Staveley (1974) [20] 135 K (0.1 to U.5 MPa) tabular form. 

Poon and Lu (1974) [21] Vapor recirculation cell 114 K (0.04 to 0.1 MPa) Isothermal p-%-y values are tabulated. 
118 K (0.05 to 0.2 MPa) Vapor compositions are not reported 
122 K (0.05 to 0.2 MPa) for some points. 

Kalraand Static equilibrium cell 214 K (0.8 to 4.7 MPa) Isothermal P-x-y data are given in 
Robinson (19'75) [22] tabular form. 

Wilson (1975) [23P Static equilibrium cell III K (0 to 0.1 MPa) Isothermal pox data are given in 
tabular form. 

a ThIS Isotherm was madvertently omItted In the evaluatIOn and correlatIOn work reported In thIS paper. 

were obtained and intercompared from the reported iso
thermal P -x data using the orthogonal collocation method 
[25]. The available critical locus data were also compared .. 
The conclusion was that there are inconsistencies in the 
data throughout the available leIIll'enllun~ H1111:;e (90 tv 

360 K), including some modest disparities in the reported 
critical conditions. 

The first step in the current data evaluation was to com
pare reported component vapor pressures with the 'recent 
compilations of Goodwin [26, 27]. Comparisons in table 
2 lnCll~atp. that the methane and higher temperature pro
pane values agree with the best available compilations 
within the accuracy of the pressure gauges used for meas
urement. The lower temperature propane vapor pressures 
reported by Wichterle and Kobayashi [19] were taken 
from measurements in a separate apparatus by Carruth 
[28]. They probably lie within the uncertainties in the 
compilation. No excessive temperature measurement, pres
sure measurement, or sample impurity problems are indi

cated by the table 2 comparisons. 
If reported, the experimental vapor pressures were used 

in all evaluation work. If not reported, they were taken 
from the Goodwin compilations [26, 27]. 

For evaluation purposes, the methane + prop:mp. lifJ.1riCl. 
vapor data were divided into low-temperature and high-tem-

perature regions. A temperature of approximately 172 K, or 
0.9 T c for methane, was chosen as the dividing line. 

2.1. Low-Temperature Phase Equilibria Data 

Initial screening of the data below 172 K was done by 
intercomparison of excess Gibbs energies (GE). Barker
method [29] calculations were used to determine coeffi
cients in the three-term Redlich-Kister expansion for GE 
at zero reference pressure. The Peng-Robinson equation 
of state [30] was used to calculate gas phase fugacity 
coefficients. Component parameters were calculated from 
the generalized relations of [30], and the mixing rules 
were as per Appendix C of [1]. The binary parameters. 

were taken to be h2 == 0.015 and k12 == 0.080, as opti
mized to liquid-vapor equilibria calculations (discussed 
below). Actually, gas-phase fugacity coefficients are not 
very sensitive lo lhe valu~::; u{ the::;e binary parameters 

for methane + propane phase equilibria conditions below 
172 K .. Barker-method GE results changed by less than 
0.1 J/mol when the parameters were changed to h2 == 
o and k12 == 0.050 or to h2 == 0 and k12 == 0.080. 

Except for the equation of state, all other details of the 
Barker-method calculations were ~iven in Appendix A of 
[1]. The Goodwin compilations [26, 27] were used as a 
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TABLE 2. Comparison of experimental (EXPR) vapor pressures (in MPa) with those listed in compilations (COMP) 

Methane 

T,K EXPR 

90.68 0.011688 
95.00 0.019845 

100.00 0.034508 
105.00 0.056509 
110.00 0.088243 
114.10 0.123 
115.77 0.14033 
118.30 0.170 
122.20 0.223 
123.15 0.238 
130.37 0.372 
133.15 0.442 
134.83 0.48668 
143.15 0.752 
144.26 0.786 
153.15 1.194 
157.59 1.482 
158.15 1.469 
172.04 2.493 
174.20 2,oRQ 
187.54 4.178 
190.58 4.599 
190.95 
192.30 
195.20 
213.71 
277.59 
294.26 
310.93 
327.59 
344.26 
360.93 

• Reference 26. 
b Reference 27. 

COMp· 

0.01174 
0.01991 
0.03451 
0.05657 
0.08840 
0.12359 
0.14065 
0.16985 
0.22356 
0.23839 
0.37630 
0.44260 
0.48662 
0.75318 
0.79538 
1.1975 
1.4451 
1.4788 
2.5069 
2,709.~ 

4.1867 
e 

e Above the critical temperature. 

~,% EXPR 

0.4 
0.3 
0.0 
0.1 
0.2 
0.5 
0.2 
0.1 
0.3 
0.2 
1.1 1.78 X 10.5 

0.1 
0.0 
0.2 
1.2 1~287 X 10" 
0.3 
2.6 
0.7 6.674 X 10'~ 
0.6 2.655 X 10-3 

0.7 
0.2 8.853 X 10-3 

e 

0.01122 
0.01224 
0.01483 
0.04379 
0.545 
0.862 
1.303 
1.889 
2.648 
3.620 

source of liquid molar volumes and isothermal compress i
bilities. Liquid mixture exce55 volumes were estimated 

from [31], with extrapolations to higher temperatures by 
an extended corresponding states approach [32]. 

Rp.~l1Wing lp.ast-sqnare Redlich-Kister coefficients, with 

their standard deviation, and average deviations in pres
sure are given in table 3. Also shown are the average 
absolute deviations between calculated and experimental 
y values for isotherms where they were measured. 

Equimolar GE values were compared on a plot of GE IT 
against liT (figure I). Although the (;E values shown are 
at zero pressure, the maximum difference from saturated 
liquid GE values was only 7llmol (at 172 K). Also shown 
on the plot is a dashed curve with slopes at 91.5 and 
112.0 K equal to equimolar HE values from [33]. On the 
basis of this comparison, five isotherms (data points circled 
on figure I) stand out as being in serious disagreement 
with the remaining data. 

The differences between calculated and experimental y 
values shown in table 4 also serve as a form of thermo
dynamic consistency test. For the isotherms at lower tem
peratures [21], the measured propane y's are more than 

Propane 

COMpb ~,% Reference 

Stoeckli and Staveley [17] 
Cutler and Morrison [12] 
Cutler and Morrison [12] 
Cutler and Morrison [12] 
Cutler and Morrison [12] 
Poon and Lu [21] 
Calado et al. [20] 
Poon and Lu [21] 
Poon and Lu [21] 
Skrlpka et al. [16] 

1.858 X 10-5 4.2 Wichterle and Kobayashi [19] 
Skripka et al. [16] 
Calado et al. [20] 
Skripka et al. [16] 

1.353 X 10-4 4.9 Wichterle and Kobayashi ['19] 
Skripka et al. f161 
Akers et ale [8] 

6.786 X 10-' 1.7 Wichterle and l{obayashi [19] 
2.560 X 10-3 3.7 Wichterle and Kobayashi [19] 

Akers et aL [9J 

8.705 X 10-3 1.7 Wichterle and Kobayashi [19] 
Wichterle and Kobayashi [19] 

0.01106 1.4 Wichterle and Kobayashi [19] 

0.01212 1.0 Wichterle and Kobayashi [19] 

0.01470 0.9 Wichterle and Kobayashi [19] 

0.04368 0.3 Wichterle and Kobayashi [19] 

0.5431 0.3 Reamer et al. [7] 

0.8629 0.1 Reamer et al. [7] 

1.3034 0.0 Reamer et al. [7] 

1.8893 0.0 Reamer et at [7] 

2.6484 0.0 Reamer et al. [7] 

3.6155 0.1 Reamer et al. [7] 

an order of magnitude larger than the calculated values, 
indicating a :5eVel'e inconsistency. The propane y values 

are larger at the higher temperatures [19], and there is 
agreement between calculation and experiment within 
reasonable expcrimental uneertaintics. 

The equal areas test was also applied to the isotherms 
where y values were measured. Activity coefficients were 
calculated directly from the isothermal P-x-y data using 

equations AI, A2, A12, and A14 of [1]. 

The Peng-Robinson equation of state was used for gas
phase fugacity coefficients. The test was applied by plotting 
In (Y11 Y2) against Xl and comparing areas above and 
below the In (Y1/Y2) == 0 line. For the higher temperature 
isotherms [19], the difference divided by the sum of the 
absolute values of the positive and negative areas ranged 
from 0.15 to 0.3. These values are not excessive for light
hydrocarbon mixtures exhibiting only moderate nonideal
ity, and they compare favorably with results for the 
methane + ethane system [1]. Data for the lower three iso
therms [21] were well below the In (Y1/Y2) == 0 line at 
all compositions, again indicating severe inconsistency. 



T,K A 

90.00 755.5 ± 8a 

90.68 753.0 ± 13 
95.00 753.1 ± 5 

100.00 756.9 ± 5 
105.00 763.5 ± 6 
110.00 772.5 ± 7 
114.10b 1010.7 ± 25 
115.77 836.8 ± 9 
1I8.30b 1003.9 ± 28 
122.20b 1142.7 ± 37 
123.15b 635.8 ± 25 
133.15 870.7 ± 31 
134.83 902.9 ± 6 
143.15b 738.6 ± 47 
144.26 897.7 ± 81 
153.15 938.6 ± 55 
158.15 1151.6 ± 22 
172.04 1227.1 ± 19 
172.04. 1249.8 ± 37 
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TABLE 3. Results of Barker-method analyses of the individual isotherms 

CHi (l) + CaHs(2) 

GE = Xl X2 [A + B(Xl - X2) + C(Xl - X2)2] 

(ILlPIIP1S) 
B C X 100 It.\Y21 

277.1 ± 12a 19.5 ± 20a 0.29 
299.6 ± 18 75.0:!: 21 0.21 
286.6 ± 7 39.0 ± 11 0.17 
297.1 ± 7 44.6 ± 12 0.17 
308.2 ± 8 42.1 ± 13 0.19 
321.2 ± 10 44.2 ± 16 0.19 
289.9 ± 37 74.7 ± 67 0.59 0.00048 
275.3 ± 12 151.5 ± 19 0.21 
218.5 ± 46 250.3 ± 71 0.62 0.00064 
346.5 ± 66 259.4 ± 116 1.19 0.00065 
344.7 ± 35 210.7 ± 54 0.38 
182.5 ± 44 182.3 ± 70 0.53 
287.2 ± 8 130.1 ± 13 0.10 
310.5 ± 65 262.1 ± 100 0.64 
575.8 ± 137 58.4 ± 189 0.94 0.00003 
334.0 ± 76 347.1 ± 118 0.71 
532.7 ± 32 112.4 ± 51 0.36 0.00009 
516.1 ± 26 225.2 ± 41 0.25 0.00046 
!;35.?'± !;4 2M.3 ± 101 0.39 0.00045 

Reference 

Cutler and Morrison [12] 
Stoeckli and Staveley [17] 
Cutler and Morrison [12] 
Cutier and Morrison [12] 
Cutler and Morrison [12] 
Cutler and Morrison [12] 
Poon and Lu [21] 
Calado, Garcia and Staveley [20] 
Poon and Lu [21] 
Poon and Lu [21] 
Skripka et al. [16] 
Skripka et aI. (16] 
Calado, Garcia and Staveley [20] 
Skripka et al. [16] 
Wichterle and Kobayashi [19] 
Skripka et aI. [16] 
Wichterle and Kobayashi [19] 
Wichterle and Kobayashi [19] 
Wichterle and Kobayashi rI91 

a Standard deviations in the coefficients. 
b Isotherms not used in correlational work. 

T,K 

90 100 120 140 160 180 
2.4 

G) 

2.2 G) 

"- G) 

" Simultaneous fit :::.=:: '= 2.0 .....: 
I L:I.-..;: 

of HE & CE ~ g -....: 
E L:I.~ 

-...::: 
......... 7 0 -:I 1.8 Slopes at ""...... • 

0 
0 

....: L:I. ........ 

......... 91.5 & 112.0 K / -, 
w from HE values <> C!:J 1.6 

6 Cutler and Morrison [12] 0 

<> 
v Poon and Lu [21] 

1.4 
o St~eckli andStaveley [17] 

o Wichterle and Kobayashi [191. @ @ 

1.2 • Calado et al. [20] 

o Skripka et al. [16] 

to 
0.012 0.010 0.008 0.006 

T-1 ,K -1 

FIGURE 1. Excess Gibbs energies at zero pressure (GE
) as a function of temperature for equimolar 

liquid mixtures of methane + propane. 
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On the basis of the above evaluations the five isotherms 
at 114.10, 118.30, 122.20, 123.15, and 143.15 K (data 
points circled on figure 1, d., table 3) were dropped from 
consideration in the correlational work. 

2.2. High~T£lmp~rature PhacG EquUibria Data 

The orthogonal collocation method (unsymmetric con
vention) of Christiansen and Fredenslund [25] was used 
to test the phase equilibria data above 172 K for thermo
dynamic consistency. Documentation for this method is 
given in [24, 25] and in Appendix B of [1]. P-x data 
along isotherms were processed to calculate consistent y 
values. Comparisons are made in table 4 with the experi
mental vapor mole fractions. The number of collocation 
points was chosen to minimize the average absolute .6.y 
values, although changing this number within reasonable 
ranges has little effect. The method failed to give results 
for the highest temperature isotherms using larger num
bers of collocation points. Results could not be obtained 
for an isotherm at 361 K [7] using any reasonable num
ber of collocation points. 

As proposed [25], thermodynamic consistency is indi
cated if the average absolute .6.y is within the combined 
uncertainty in measured x and y values. By current stand. 
ards combined error5 in tht::: ddt:::lll1imlLiuIl of phase com
positions (x and y) should not greatly exceed 0.006 in 
mole fraction. At very low concentrations of propane in 
the gas phase, the accuracies must be even better to yield 

meaningful phase equilibria data. For most of the iso
therms, average j.6.yj values do not greatly exceed the 
above criteria. According to this test, somewhat hetter 

consistency is indicated for the reference [19] data at 
lower temperatures and reference [7] data at higher temd 

peratures than for the other data sets available. The newer 
Reamer, Sage, and Lacey data [7] should definitely be 
used instead of the older Sage, Lacey, and Schaafsma data 
[ 6], as 8ugget'5tcd by the~e . worker::; them:selves. 

Henry's constants from the orthogonal collocation work 
are also listed in table 4. There is considerable scatter in 
these results ~hich is in some part due to the emphasis 
placed on the data at lowest methane concentrations in the 
liquid. There are generally greater uncertainties in the 
P -x curve under these conditions. The collocation program 
[25] uses a Lagrangian extrapolation scheme to obtain 
infinite dilution Henry's constants. It is not possible to 
reach definite conclusions concerning data set discrepan
cies by intercomparison of these Henry's constants. 

2.3. Critical Locus 

The available critical locus data are shown in figure 2. 
There are significant discrepancies between the newer data 
of Roof and Baron [14] and the older data of Reamer 
et al. [7], The more recent data were obtained by dew 

. and bubble point measurements in a visual cell, with 
observation of critical opalescence. Dew points are difficult 
to observe accurately. The older data were obtained in a 
blind cell from discontinuities in volumetric curves, which 
are also hard to pinpoint accurately on the dew point curve. 

With only two sets of data available from 280 to 360 K, 
definite conclusions cannot be reached concerning which 
set is more accurate. 

TABLE 4. Results of the orthogonal collocation ca!culations 

Number of 

T,K collocation points Avg I AYzl H12, MPa Reference 

187.54 10 0.002 4.20a Wichterle and Kobayashi [19] 
190.95 11 0001 !;_o? Wlr.htp.rlp. :mil Kohl1Yl1shi f19] 

192.30 14 0.002 4.63 Wichterle and Kobayashi [19] 
194.82 14 0.005 4.74 . Akers et al. [8] 
195.20 14 0.002 5.11 Wichterle and Kobayashi [19] 
199.82 14 0.005 4.21 Price and Kobayashi [9] 
213.15 13 0.009 6.10 Akers et al. [8J 
213.71 14 0.004 7.27 Wichterle and Kobayashi [19] 
226.48 14 0.005 10.23 Akers et al. [8] 
227.59 12 0.007 (i.S8 Ptit;t;; I1ml KuLI1YI1::;hi [9] 

241.48 11 0.006 10.18 Akers et al. [8] 

255.37 12 0.014 11.12 Price and Kobayashi [9] 

256.48 11 0.012 11.66 Akers et aL [8] 
273.15 10 U.U14 18.16 Akers et at [8] 

277.59 10 0.006 13.35 Reamer et al. [7] 

283.15 12 0.010 17.64 Price and Kobayashi [9] 
293.15 14 0.014 20.58 Sage et al. [6] 
294.26 9 0.007 15.20 Reamer et al. [7J 
310.93 13 0.005 13.66 Reamer et al. [7] 
327.59 9 0.007 14.49 Reamer et al. [7] 

328.15 10 0.013 20.30 Sage et al. [6J 
343.15 8 0.020 17.90 Sage et al. [6] 
344.26 8 0.005 14.21 Reamer et al. [7] 
353.15 8 0.020 16.66 Sage et al. [6] 

a Evaluated at the propane vapor pressure. 
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FIGURE 2. Critical pressure and critical Ip.olefraction of methane versus temperature 
for methane + propane. Solid curves are estimated best fits of the data. 

3. Correlation of Phase-Equilibria Data 

3.1. Correlation of Barker-Method GE Values 

The methane + propane phase equilibria data helow 
172 K have been correlated by use of a liquid-phase 
activity-coefficient model combined with a gas-phase equa
tion of state. A three-term Redlich-Kister expansion with 
coefficients quadratic in temperature was used to represent 
the zero pressure GE (T,x) data. Values of GE at each 
reported liquid composition from the Barker-method analy
sis of the 14 selected isotherms (table 3) were fitted simul
taneously with the available HE data [33J at 91.5 and 

112.0,K. Details of the least squares procedure were re
ported in [1]. The correlating GE equation and the least
squares coefficients with standard deviations for the 
simultaneous GE and HE fit are given in table 5. 

TABLE 5. Temperature-dependent Red1ich-Kister equation 
determined by simultaneous fit of selected GE and 
HE data 

CH4(l) + CsHs(2) 
C·J 

::::: X1XZ (Ao + A1T + A2T2) + (Bo + BiT + B2T2) (Xl - X2) 

+ (Co + CIT + C2T2) (Xl - Xz) 2 

Coefficient Value& Standard deviationa 

Ao 1032.54 58 
A1 - 7.2816 1.1 
A2 0.046710 0.0048 
Bo 468.04 139 
Bl - 4.6099 2.5 

B2 0.028344 0.011 
Co 966.96 416 
C1 -17.1126 7.1 
C2 0.079304 0.029 

Standard deviation in GIn and JlE fit 9.48 J / mol. 
a Units are such that T is in kelvins and GE is in J Imo!. 

Standard deviation for the 117 experimental GE and HE 
values was 9.5 J Imol, which is only slightly larger than 
than 8.4 llmol value for a similar methane + ethane data 
fit [1]. Root-mean-square deviation for the HE data alone 
was 13.9 llmol, which is considerably larger than the 
estimated uncertainly in these data. Weighting the HE data 
produced an inferior GE correlation at the higher tem
peratures. This is because the HE data are an at the low 
end of the temperature range. 

Comparisons were made between the experimental iso
therms and calculations based on the table 5 equation. 
The Peng-Robinson equation of state was again used for 
gas-phase fugacity cocfficient5, and all data and re1ation5 

were the same as used in the original Barker-method. cal
culations (Section 2.1). Bubble-point pressures were calcu
lated for comparison with the experimental isotherms fo"!' 
which y values were not measured. For comparison with 
isothermal P-x-y measurements, x-y values (and K values) 
were calculated at the experimental T-P values. The com
parisons are given in table 6. Most of the calculated bubble 
point pressures agree with experiment within 0.5% of the 
methane vapor pressures for the isotherms used to develop 
the correlation. There is considerable scatter in the two 
Skripka et al. [16] isotherms at 133.15 K and 153.15 K. 
For the four Wichterle and Kobayashi [19] isotherms, 
avt:lage aL:;vluLt: Jt:viaLiuu:s iu K valut::s art: aLout 2% fVl' 

methane and 13% for propane. For the most part, cal. 
culated propane K values are larger than the experimental 
values. Average deviations in all properties are excessively 
large for the isotherms not used in the correlation (bottom 
portion of table 6) . 

Representation of the GE values is given by table S. For 
inixtures in the mid range of compositions, the absolute 
uncertainty in GE values from the equation is estimated 
to be about 3 J/mol at 90 K, increasing to about 20 
J / mol at 172 K. Larger uncertainties at the higher tem-
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TABLE 6. Comparison of deviations between correlation and experiment for low temperature bubble point pressures or y-x values 

Average "deviationsa 

T,K (i~PI/PlS) X 100 ~P/Pl') X 100 I~Xll ~Xl 16Y21 ~Y2 Reference 

90.00 0.45 -0.22 Cutler and Morrison [12] 
90.68 0.31 0.23 Stoeckli and Staveley [17] 
95.00 0.25 -0.20 Cutler and Morrison [12] 

100.00 0.26 -0.15 Cutler and Morrison [12] 
105.00 0.30 -0.18 Cutler and Morrison [12] 
110.00 0.30 -0.15 Cutler and Morrison [12] 
115.77 0.53 0.36 Calado et al. [20] 
133.15 1.26 -0.52 Skripka et al. [16] 
134.83 0.51 -0.41 Calado et al. [20] 
153.15 1.25 -0.37 Skripka et al. [16] 
144.26 0.015 -0.010 0.0000 0.0000 Wichterle and Kobayashi [19] 
158.15 0.009 -0.009 0.0001 0.0001 Wichterle and Kobayashi [19] 
172.04 0.005 -0.001 o.ouu~ 0.000:'> Wichterle and Kobayashi [19] 
172.04b 0.009 -0.007 0.0005 0.0005 -Wichterle and Kobayashi [19] 

123.1Sc 2.19 -1.51 Skripka et al. [16] 
143.1Sc 2.13 -1.52 Skripka et at [16] 
114.lOc 0.034 -0.034 0.0005 0.0005 Po on and Lu [21] 
118.30e 0.024 -0.024 0.0006 0.0006 Poon and Lu [20 
122.20c 0.049 -0.049 0.0007 0.0007 Poon and Lu [21] 

RAIl deviations are "experimental" minus "calculated". Subscript 1 refers to methane. 
bBinary data taken as part of the ternary CHi + C2Ha + C3Hs study. 
cThese isotherms were not used in the development of the correlation. 

peratures are due to restricting the temperature. depend
ence of GE to a quadratic form, greater scatter in the 
phase equilibria P-x data, and the absence of any HE data 
above 112 K. Curves are shown in Figure 3 of GE (at 
zero pressure) versus composition at 90, 130, and 170 K 
as calculated from table 5. 

3.2. Correlation using an Equation of State 

The methane + propane liquid-vapor equilibria data 
from 90 K to 280 K were correlated using the Peng
Robinson equation of state [30] (described above in sec
tion 2.1). Two binary mixing rule deviation parameters 
were determined to optimize the fit of y and x values for 
selected experimental isotherms. The values so determined 
are h2 == 0.015 and k12== 0.080. Table 7 presents devia
Lions beLween calculated and experimental x and y values 
and K values for each component. On the basis of these 
results, combined with the data evaluations discussed above, 
the isotherms are divided into two categories. Those in the 
top portion of the table are selected as being the data of 
highest quality and in best internal agreement. For the 
selected isotherms below 280 K average deviations in K 
values were 5% for methane and 10% for propane. Above 
280 K, deviations in K values increase for methane. 

3.3. Henry's Constants 

The selected high-temperature isotherms (d., table 7), 
for which data were reported at reasonably low concen-

trations of methane in the liquid, were treated by the method 
of Gunn et al. [34] to determine infinite dilution Henry's 
Law constants at the propane vapor pressures. This method 
was discussed in Appendix B of [1]. Resulting Henry's 
constants are plotted against temperature in figure 4. A 
least-squares procedure was used to fit these data with the 
following results: 

T <270 K (H 12/MPa) == - 17.97 + 0.11798 (T /K) (3) 
T>270 K (H12 /MPa) == - 70.29 + 0.54030 (T /K) 

- - 0.00084327 (T/K)2 (4) 

Standard deviations from equations (3) and (4) were 
both 0.17 MPa_ 

3.4. K-Value Chart 

The K-value versus pressure chart for the methane + 
propane system, shown as figure 5, was produced by com
bining information from a number of sources. Vapor_ 
pressures were taken from the compilations of Goodwin 
[26, 27], and critical points were estimated from figure 2. 
Isotherms below 172 K were calculated by the method of 
section 3.1. This correlation was based on a Redlich-Kister 
equation for the liquid-phase activity coefficients, combined 
with the Peng-Robinson equation of state for gas-phase 
nonidealities. Above 172 K, isothermal K-values were evalu
ated by the method of section 3.2. This method used the 
Peng-Robinson equation of state for both phases. 

The K-value chart covers temperatures from 90 K to 
280 K, with pressures from 0.001 MPa to 10 MPa. It is 
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FIGURE 3. Excess Gibbs energies at zero pressure (GE
) from table 

. 5, excess enthalpies at zero pressure (HE) from table 8 
and excess volumes (VE) from table 9 versus liquid mole 
fraction methane for methane + propane along various 
isotherms. 

believed that the methane K-values are as accurate as they 
can be read from the chart (± 5%). The propane K-values 
should be accurate to about ± 10% at most conditions. At 
the lowest temperatures there is insufficient experimental 
information to confirm the absolute uncertainty in the 

propane K-values. The line for K CooR of figure 5 is not in 

good agreement at all temperature~ ~ith the values listed 
by Wichterle and Kobayashi [19]. This is not surprising 
considering the difficulties associated with the measure
ment of the extremely small vapor phase concentrations 
of propane in this region and the inaccuracies involved in 
extrapolation to infinite dilution. 

3.5. Excess Enthalpies and Volumes 

As mentioned in section 3.1, the table 5 simultaneous 
fit of GE and HE data does not represent the HE data at 
91.5 K and 112.0 K [33] within the estimated experimental 
uncertainty of 3 J Imol. A two-term Redlich-Kister expan
sion with coefficients linear in temperature was used to 
closely fit the HE data from reference [33]. The resulting 
least-squares coefficients with their standard deviations are 
shown in table 8. Standard deviation in HE for the fit was 
1.1 J/mol, with a maximum deviation of 1.7 J/moI. The 
data do not justify use of a third coefficient in the general 
Redlich-Kister expansion. Curves of HE against mole frac
tion methane from table 8 are shown in figure 3 at 90 K 
and 110 K. These HE values may be considered to be at 
either zero pressure or at the mixture saturation pressures, 
since differences are less than 0.1 J Imol in all cases. 

Sat1lrated Hquld excess volume data were reporterl in 

references [17, 31, 35, 36, 37] between 90 K and 130 K, 
and the data were fit by a three-term Redlich-Kister expan
sion with coefficients quadratic in temperature. The result. 

TABLE 7. Comparison of Peng-Robinson calculations with experimental phase equilibria data 

Average absolute deviations" 

T,K Pma7..,MPa L::,.Xl L::,.Y2 L::,.K1,% 6K2,% Reference 

9O.00b c 0.013 d 2.9 d Cutler and Morrison [12] 
90.68 c 0.007 d 1.5 d Stoeckli and Staveley [17] 
95.00b c 0.010 d 2.1 d Cutler and Morrison [12] 

IDO.DOb c 0.011 d 2.5 d C.ntler and Morrison fl21 
I05.00b c 0.011 d 2.6 d Cutler and Morrison [12] 
lIO.OOb c 0.012 d 2.6 d Cutler and Morrison [12] 
115.77 u 0.014 d 3.6 d Calado et al. [20] 
128.40 c 0.005 d 2.3 d Cheung .and Wang [11] 

130.37 c O.OlD 0.0000 2.2 10.9 Wichterle and Kobayashi [19] 
133.15 c 0.009 d 3.8 d Skripka et at (16) 
134.83 c 0.008 d 2.3 d Calado et a1. [20] 
144.26 c 0.014 0.0000 3.3 17.9 Wichterle and Kohllyo.ehi [19] 

153.15 c 0.009 d 2.2 d Skripka et al. [16] 

158.15 c 0.014 0.0000 3.2 6.1 Wichterle and Kobayashi [19] 

158.15 c 0.008 0.0002 2.6 7.2 Wichterle and Kobayashi [19] 
172.04 ~ 0.010 0.0003 1.8 15.7 Widlle.de amI Kubdya:5hi [19] 

172.04f c 0.007 0.0003 2.1 11.6 Wichterle and Kobayashi [19] 

185.93 1.4 0.005 0.001 2.7 7.2 Wichterle and, Kobayashi [19] 

187.54 4.0 0.006 0.001 1.3 10.6 Wichterle and Kobayashi [19] 
190.58 4.5 0.003 0.000 0.3 Z9.B Wichterle and Kob(l)'il.::lhi [l9J 
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TABLE 7. Comparison of Peng-Robinson calculations with experimental phase equilibria data - Continued 

Approximate Temperatures 

T,K Pma"" MPa 6X1 t::S2 6K1,% 6K'}.,% Reference 

190..95 4.5 0..0.0.8 0..0.0.1 1.2 15.5 Wichterle and Kobayashi [19] 
192.30. 4.6 0..0.0.5 0.0.0.1 1.4 11.9 Wichterle and Kobayashi [19] 
195.20. 4.7 0..0.0.7 0.0.0.1 1.3 8.2 Wichterle and Kobayashi [19] 
199.82 ·5.0. 0..0.10. 0.0.0.1 2.7 10..5 Wichterle and Kobayashi [19] 
213.71 6.5 0..0.13 0..0.0.2 2.5 8.4 Wichterle and Kobayashi [19] 
213.71 5.5 0..0.14 0.0.01 3.2 5.3 Wichterle and Kobayashi [19] 
227.59b 6.9 0..0.0.9 0..0.0.1 2.1 3.8 Price and Kobayashi [9] 
241.48 8.3 0..0.07 0..0.0.3 1.7 3.3 Akers et al. [8] 
255.37 9.0 0.009 0.00.7 2.6 5.6 Price and Kobayashi [9] 
256.48 8.3 0..0.0.6 0..00.4 1.8 3.8 Akers et al. [8] 
273.15 9.0. 0..012 0..0.16 3.5 6.9 Akers et al. [8] 
?77!19 9.7 0.004 0.009 2.& .:t.? Rp:lmPT pt:lt [7] 
283.15 8.3 0..0.0.7 0..0.10 4.6 2.2 Price and Kobayashi [9] 
294.26 9.7 0..0.0.4 0..0.16 4.4 4.8 Reamer et al. [7] 
310..93 9.0. 0..0.0.6 0.021 5.9 6.6 Reamer et al. [7] 
327.59 7.6 0.010 0.011 8.0 4.4 Reamer et ul. [7] 

344.26 6.2 0..0.0.9 0..0.0.9 10..1 2.5 Reamer et al. [7] 
360..93 5.0 0..0.0.3 0.0.20 21.0 2.6 Reamer et al. [7] 

91.70.° e 0..0.41 d 19.2 d Cheung and Wang [11] 
112.50 e 0..0.12 d 6.8 d Cheung and Wang [11] 
114.10. e 0..0.42 0..0.0.0.5 10.5 95.2 Poon and Lu [21] 
118.30. C 0..0.39 0..0.00.6 8.8 92.1 Poon and Lu [21] 
122.20. c 0..0.60. 0..0.0.0.6 15.9 80..5 Poon and Lu [21] 
123.15 c 0.013 <l 5.7 d Skripka et al. [16] 

143.15 e 0..0.15 d 5.2 d Skripka et al. [16] 
144.26 C 0..0.43 0..0.0.0.6 5.0 78.9 Price and Kobayashi [9] 
157.59 e 0..0.36 d 8.3 d Akers et al. [8] 
172.0.4 e 0..0.0.5 0..0.0.21 1.7 41.8 Frice and Kobayashi 19J 
174.26 c 0..0.23 0..0.0.12 5.2 68.9 Akers et al. [8] 
194.82 4.1 0..0.17 0.0.0.4 5.0. 30..4 Akers et al. [8] 
199.82 4.1 0..0.10. 0..0.0.4 4.2 17.6 Price and Kobayashi [9] 
213.15 6.2 0..0.15 0..0.0.6 5.0. 16.0. Akers et al. [8] 
226.48 7~6 0..0.24 0..0.0.7 4.9 12.6 Akers et al. [8] 
293.15 9.1 0..0.20. 0..0.16 9.1 1.9 Sage et al. [6] 
328.15 7.6 0..0.18 0..0.12 13.2 4.7 Sage et al. [6] 
343.15 6.1 0..014 0..0.18 19.1 4.4 Sage et al. [6] 
353.15 5.6 0..0.17 0..0.25 29.4 5.2 Sage et al. [6] 

"The deviations in the K values are expressed as percentages of the experimental K valut::s. 
bThe data point with lowest methane concentration was omitted for the~e isotherms as being inconsistent with the Peng.Robinson -calcula

tions. 
CAt the lower temperatures, the maximum pressure was simply the highest pressure point reported. At higher temperatures convergence 

could not be obtained for points at pressures ,above those indicated in this table. 
dN 0 Y values were measured.· 
eIsotherms in the lower part of the table (91.70 K to 353.15 K isotherms) involve greater scatter in the data, are not highly consistent with 

the isotherms in the upper part of the table, and/or are thermodynamically inconsistent. 
fBi nary data taken as part of the ternary CHi + C2HG + GHs study. 

ing least-squares coefficients with their standard deviationf:, 
are shown in table 9. Standard deviation in VE for the fit 
was 0.020 cm3/mol, with a maximum deviation of· 0.037 
cm3/mol. This maximum value is less than 0.1% of the 
smallest mixture molar volume and certainly within the 
estimated absolute uncertainties in the VE data. A two
term Redlich-Kister expansion, again with cqefficients 
quadratic in temperature, gave a standard deviation of 
0.030 ems Imol. This fit was considered satisfactory; how~ 
evel, tht:: pluts uf VE agaim:il mult:: fnu;tiuu mt::tllO.llt:: aluug 

isotherms were of peculiar sh~pe at low methane concen-

J. PhVl1. Chem. Ref. [)niN. Vnl Q N ... ~ lORn 

tration. Since there are no data in this region, it can not 
be stated with cert<;l.inty that the three-term form extra
polates more accurately to low methane concentrations 
than the two-term form. It does appear that the three-term 
form is somewhat more reasonable, based on the VE 
behavior for other systems. 

In hgure 3, curves are shown of VB versus mole fraction 
methane at 90 K, 110 K, and 130 K from the equation in 
table 9. These VE values may be considered to be at zero 
pre:;sure, thuugh eV(ilu(iLed (it the mixture satul·aLiuu ple~· 

sures, since differences are less than 0.01 cm3/mol. 
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J. Phvs. Chern. Ref. Data. Vol. 9. No.3. 1980 



THERMODYNAMIC PROPERTIES OF METHANE + PROPANE 733 

TABLE 8. Coefficients for temperature-dependent Redlich-Kister 
equation determined by fit of HE data at 91.5 K and 
112.0K 

Coefficient Value'" Standard deviationa 

Ao 1062.81 15.2 
Al -4.8754 0.15 
Bo 203.94 54.5 

B1 -0.6514 0.52 

aU nits are such that HE is in J Imol when T is in kelvins. 

TABLE 9. Coefficients for temperature-dependent Redlich-Kister 
equation determined by fit of VE data at 91 K to 
130K. 

VE = Xl X2 [(Ao + AIT + A2T2) + (Bo + BIT + B2T2) (Xl - X2) 

+ (Co + CIT + C2T2) (Xl - X2) 2] 

Coefficient Value" Standard deviation'" 

Ao - 6.182 1.8 
A1 0.13852 0.034 
Az - 0.0010142 0.00016 
Bo 17.875 14.7 
Bl - 0.34944 0.30 
Bz 0.0015535 0.0015 
Co -27.096 30.8 
C1 0.54203 0.62 
Cz - 0.0027772 0.0031 

a Units are such that VE is in cm8 1mol when T is in kelvins. 

Acknowledgments 

The orthogonal collocation computer program and some 
vf the calculated le::;ulL::; lluadwlIl w~r~ ::;ul'l'li~d by W. R. 
Parrish. Financial support for this work was provided by 
the Office of Standard Reference Data, National Bureau 
of Standards. 

Notation 

Symbols 

Ao,Al,A2' 
Bo,Bh B2 , == Redlich-Kister coefficients 
CO,Cb C2 , 

GE == excess Gibbs energy 
== Henry's constant 
== excess enthalpy or heat of mixing 
== equation-of-state interaction constants, dimen

sionless 

Symbols (cont.) 

K == y/x 
P 
R 
T 
VE 

== pressure 
== gas constant 
== absolute temperature 
== excess volume 

x 
y 

y 

== liquid mole fraction 
== vapor mole fraction 
== liquid activity coefficient, dimensionless . 

Subscripts 

I 
2 
c 

== methane 
== propane 

critical 

Superscripts 

S saturation conditions 
00 == value at infinite dilution 
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