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Pressure-Volume-Temperature Relations of Propanet 

Raymond H. P. Thomast and Roland H. Harrison' 
Bartlesvllle Energy Technology Center, U S .  Department of Energy, Bartlesvllle, Okkhoma 74003 

A comprehenrlve experhnental lnvestlgatlon of the 
Isothermal and lsochorlc P-V-T propertles of pure 
propane (99.998 mol %) covered the ranges 
258.15-623.15 K, 0.8-12.5 mol dm-$, and 0-400 bar. 
Measurements on the compressed single-phase fluid and 
the vapor-llquld, two-phase reglon were used to derlve 
vapor pressures, crltlcal constants (P, = 42.4709 bar, pc 
= 4.955 mol dmJ, T, = 369.85 K), P-V-Trelatlons for 
the vapor and llquld branches of the coexlstence 
envelope, and vlrlal coefflcknts (Bo, C,, Do). 

Introductlon 

The varied technologic role of propane as a cryogenic fluid, 
a hydrocarbon fuel, and a source hydrocarbon for petrochem- 
ical processing is sufficiently Impressive, both in terms of its 
tonnage use and because of its mechanical fluid properties, that 
a more exact knowledge of its P-V-T surface is of great 
concern. Propane is not well characterized in thermodynamic 
terms, as compared to methane and ethane. A significant 
improvement in the data base can lead to substahtially improved 
tables of properties and to significant savings in processing 
costs and energy. This work was initiated under the Bureau of 
Mines, Department of the Interior, and continued under the 
Energy Research and Development Administration for about 1 
year. After being inactive for a period of about 2 years, the 
project was supported by the Department of Energy. 

Experlmental Section 

The operation and the accuracy of the compressibility ap- 
paratus have been described ( 7 -4),  so only a brief summary 
is needed here. A sample of propane was sealed in a thin- 
walled pycnometer which formed a loosely fitting liner inside the 
compressibility bomb. The stainless-steel liner ended in a small 
capillary tube of known length and diameter. Before the as- 
sembly of the bomb and liner, the capillary was bent into a hook 
to complete a lock-and-key mechanism, in the assembled 
bomb, of which the bent capillary was the key. The pycnom- 
eter remained sealed and horizontal during assembly and the 
introduction of mercury into the evacuated space in the bomb 
and manifold of the compressibility apparatus. Mercury was 
metered into the void space of the assembled apparatus from 
a thermostated, quantitative-displacement compressor. A 
nuiCvdume reading for the compressor was recorded when the 
pressure exerted by the mercury In the void space equaled the 
pressure of the sample (Le., the vapor pressure of propane at 
303.15 K). After the null setting was made, the bomb was set 
upright and the loosely fitting line! was forced to float upward, 
thereby breaking the capillary tube. Mercury under pressure 
then entered the liner and compressed the sample. The volume 
occupied by the sample was determined from the compressor 
setting, the volume of the pycnometer, and the null volume 
along with the predetermined variation of the volume of the 
entire system with temperature and pressure as determined in 
a run without sample. As usual, pressures were determined 
with a deadweight gauge calibrated against the vapor pressure 
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of pure carbon dioxide at 273.15 K, 34.8501 bar, as determined 
by Sengers and Chen (5). 

For the study of the coexistence envelope and vapor pres- 
sures, a piston of 0.5-in. diameter was used. The sensitivity of 
the deadweight gauge with this piston is 1/200000. The highest 
pressure obtainable wlth the 0.5-in. piston is 100 bar. For the 
study of the supercrltical temperature reglon and of pressure 
regions above 100 bar but below the critical temperature, a 
piston of 0.25-in. diameter was used. The sensitivity of the 
deadweight gauge with the latter piston is 'Isoooo. Both gauges 
are of a new design by Dowlin. The new feature of the design 
is that the vertical piston remains undisturbed while the cylinder 
surrounding the piston oscillates about its axis to reduce fric- 
tional effects at the piston-cylinder interface. Previous designs 
used a piston which oscillated in a fixed vertical cylinder. Here 
the problem of the frictional effects is solved while eliminating 
the movement of the piston. Corrections for the variation of 
the effective piston area for the 0.25-in. piston with pressure 
were based on values determined by Dadson (6). The 0.541. 
piston correction factor was determined by calibration against 
the 0.25-in. piston. 

The temperature of the compressibility bomb, controlled to 
f0.0005 K, was measured with a platinum resistance ther- 
mometer that was calibrated at the National Bureau of Stand- 
ards in terms of IPTS48 (7) and was corrected to IPTS-68 (8, 
9). The ice point of the thermometer did not change signifi- 
cantly during the investigation. The mercury vapor in the sam- 
ple was calculated as loss in volume of liquid mercury, assum- 
ing that the mercury vapor exhibited the same degree of non- 
ideality as the compressed propane sample. A similar as- 
sumption was made in previous work (4). 

Pressures are expressed in bars (1 bar = lo5 Pa). The 
precision of the pressure and volume measurements was pre- 
viously discussed (2). The maximum overall error in the mea- 
sured compression factor, Z = PVIRT,  varied from 0.03% at 
the lowest pressure and density to 0.3% at the highest tem- 
perature, pressure, and density. 

Sample. The sample was purchased from Airco Industrial 
Gases with a reported purity of 99.993%. Propylene was the 
major impurity and was removed from the sample by passing 
the gas through a column of concentrated sulfuric acid on 
palladium sulfate treated Chromosorb W (40 % concentrated 
H2S04). The gas was passed through potassium hydroxide 
pellets to remove any sulfuric acid that might have been taken 
up and through magnesium perchlorate to remove any possible 
water. Removal of propylene was confirmed by gas chroma- 
tography. A column packed with F-20 alumina 100I120 mesh 
treated with hexamethyklisilazane was used. Nitrogen was 
found as another impurity. I t  was removed by alternatively 
cooling the sample to the temperature of liquid nitrogen, 
evacuating the space above the sample, and warming the 
sample to 60-70 O C .  Seven cycles were necessary. The final 
purity of the sample using the F-20 alumina column was 
99.998%. 

The normal procedure in this kind of study is to complete the 
entire series of P-V-T measurements on one filling of the 
bomb using approximately 0.1 mol of sample. In  this study, an 
accident occurred just after the critical temperature was 
reached. I t  was necessary to make a second filling to com- 
plete the measurements. The first filling used 4.46661 g of 
sample while the second filling used 4.414 02 g of sample. The 
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molecular weight of propane was calculated by using the 1969 
atomic weights of C, 12.011, and H, 1.008, and on the as- 
sumption that the samples were 100% propane. The values 
of density given in Table I are based on these values of mo- 
lecular weight for both samples. The vapor-pressure values 
given in Table I1  are, of course, independent of density but 
dependent on purity of sample. Although in general the normal 
procedure for filling the pycnometer was used for both samples, 
the pycnometer was unfortunately not outgassed by heating 
prior to the transfer of propane sample 2 Into it. Thus, a small 
impurity of air was introduced and led to the siishtly higher vapor 
pressures for sample 2, as shown in Table I .  

The P-V-Tvalues given in Tables I11 and I V  for sample 2 
have been corrected for the addi#onal air impurity by using the 
difference in measured pressures at the critical point of 0.0051 
bar. The amount of impurity was estimated to be 0.004 07 % , 
and the moles of sample 2 are increased by 0.00 14 % , The 
corrections were made by assuming an ideal mixture and using 
the equation of state for air given by Yen (70). Corrected 
values for sample 2 and original values for sample 1 are both 
plotted in Figure 1. 

Expethnental Rewits 

Vapor-LlquM CoexMmco ffegh. Vapor and liquid den- 
sities on the coexistence envelopes and the critical pressure, 
temperature, and density were derived from the original uns- 
moothed data for sample 1 which are recorded in Table I and 
Figure 1. 

In  the single-phase region the pressure is referred to the 
vertical center of the sample, and in the two-phase region to 
the surface of the liquid. The way in which these reference 
pdnts were used to calculate the fluid head corrections has 
been described (2). The maximum fluid head correction was 
0.0003 bar in the vapor and 0.0004 bar in the liquid. Volumes 
or densities in Tables I and 111 are bulk values. Corrections 
for density gradients are not invoked. In  TaMe I, at 273.15, 
288.15, 298.15, 303.15, and 323.15 K, some of the closely 
spaced points in the liquid region near the bubble point appear 
inverted, but the differences are due to a high dP/dV. The 

differences may be due to a volume error of no more than 
0.002 mL, which is within the accuracy of the calibration of the 
volumetric mercury compressor. 

Vqnw Rwsuw. Vaporpresswe measurements were made 
on sample 1 over the range 258.15 K and 2.9179 bar to the 
critical point at 369.85 K and 42.4709 bar. The vapor-pressure 
values from 258.15 to 358.15 K were previously available in 
periodic reports of work in progress at the Bartlesviiie Energy 
Technology Center and used in a correlatlon by Goodwin ( 17). 
The vapor pressures are listed in Table I1 and refer to sample 
1. Vapor-pressure measurements were made with various 
fractions of the sample condensed from 0.010 to 0.999. The 
reported vapor pressure is usually the average of the pressure 
when 25%, 50%, and 75% of the sample is condensed. 
Some points at 5 % and 95 % were a b  considered. Duplicate 
vapor-pressure measurements on sample 2 were made at six 
temperatures to tie together the measurements on the two 
samples. The varlation of the vapor pressure over the range 
of 5-95% of sample condensed is about 0.01 % and 0.03% 
at lower temperatures and pressures for samples 1 and 2, 
respectively. At higher temperatures (333.15 K for sample 1, 
348.15 K for sample 2) the variation is a few thousandths of 
a percent for sample 1 and less than 0.01 % for sample 2. This 
small varlation in pressure with percent of sample condensed 
is an indication of the high purity of the sample. The vapor 
pressures of the second sample are higher than those of the 
first by about 0.01 'YO at ali temperatures at which duplicate 
measurements were taken, except for 303.15 K, where the 
second sample has a somewhat lower vapor pressure. 

The vapor-pressure values listed in Table I1 were fitted to 
the Goodwin equation ( 7 1 ): 

In P(bar) = A + Bx + Cx2 + Ox3 + €x(l - x y  (1) 

where x = (1 - Tb/ T ) / (  1 - Tb/ T,) and E is set equal to 1.47. 
T,, the normal boiling temperature, was taken as 231.105 K 
as suggested by Das and Eubank (72). T,, the critical tem- 
perature of 369.85 K, found in this work, was used. Values of 
the parameters were derived by using a weighted least-squares 
procedure (73) and are as follows: A = 0.023099, 8 = 
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Flgure 1. Vapor-liquid coexistence region of propane showing vapor pressure, coexistence envelope curve, critical point, and rectilinear diameter. 

3.1061 I O ,  C = 0.899696, D = -0.280092, and E = 0.675616. calculated by using eq 1 are higher than the experimental 
Table I1 lists the percent deviations from the experimental values obtained by Kratrke by an average of 0.06%, the dis- 
values of the values calculated by using eq 1. agreement increasing at higher temperatures. Kratzke's sam- 

In  numerous investigations, the vapor pressure of propane ple was reported to be 99.954% pure with no indication as to 
has been reviewed ( 1 7 ,  72, 14). The most recently published the impurity, and his pressure standard for the deadweight 
investigation was done by Kratzke (14). Vapor pressures gauge was not documented. 
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Table 11. Vapor Pressure of Propane Based on Sample 1 

T/K P/bar (bP/P) x l o o a  

258.15 2.9179 -0.033 

263.15 3.4549 0.002 

268.15 

273.15 

278.15 

283.15 

288.15 

293.15 

298.15 

303.15 

313.15 

323.15 

333.15 

343.15 

348.15 

353.15 

358.15 

363.15 

365.15 

367.15 

368.15 

369.15 

369.65 

369.75 

369.85 

4.0623 

4.7462 

5.5125 

6.3672 

7.3159 

8.3650 

9.5202 

10.7891 

13.6918 

17.1300 

21.1635 

25.8618 

28.4858 

31.3087 

34.3518 

37.6327 

39.0183 

40.4500 

41.1852 

41.9345 

42.3160 

42.3931 

42.4709 

0.009 

0.009 

0.007 

0.007 

0.003 

0.001 

-0.006 

-0.005 

-0.007 

0.000 

0.005 

0.004 

0.002 

-0.006 

-0.002 

0.001 

0.002 

0.001 

0.001 

-0.001 

.0.001 

0 . 0 0 0  

0.001 

a 
AP/P = (PObs - Pcalc),/Pobs where Pcalc is the pressure 

calculated from equation 1: 

--Phase Re#un. The procedures followed were h i l a r  
to those previously described (4 ). Compressibility measure- 
ments were made on isotherms in the single-phase liquid and 
vapor regions up to the two-phase region. These were used 
to establish the coexistence envelope of sample 1. Such 
measurements were made up to the critical temperature of 
369.85 K and slightly beyond to 370.15 K. Duplicate mea- 
surements on sample 2 were then made at the critical tem- 
perature and six subcritical temperatures so as to compare 
sample 1 and sample 2. For subcritical densities, the com- 
pressibillties were within an average of 0.005% of each other. 
The orthobaric liquid densities obtained at 303.15, 323.15, 
343.15, and 363.15 K were an average of 0.0028 mol dm3 
higher for sample 2 than for sample 1. The orthobarlc vapor 
densities for sample 2 at 323.15, 343.15, and 363.15 K were 
an average of 0.0004 mol dm3 higher than those obtained for 
sample 1. After the dupucate measurements on sample 2 were 
complete, additional measurements were made just below the 
critical temperature and up to 373.15 K. At the critical tem- 
perature and at 373.15 K, measurements were taken starting 
at 0.8 and 1.0 m d  dm3 and increasing In denslty thereafter in 
steps of 0.5 mol dm3 until a pressure of 100 bar was obtained. 
The 0.5-in. piston was then replaced by the 0.2!j-tn. piston, and 
the same density incrementing procedure was followed at 
369.85 and 373.15 K up to 400 bar. Measurements were also 
taken at the critical density, p = 4.955 mol dmm3, at each 

isotherm above 369.85 K. Measurements in the high-pressure 
region up to 400 bar were then taken for 323.15 and 348.15 
K. Isotherms from 398.15 to 623.15 K in steps of 25 K were 
then taken by using densities as described for the critical and 
373.15 K isotherm with the difference that only the 0.25-in. 
piston was used. After each point at 400 bar was taken, a 
check measurement was taken at 0.8 mol dm-3 (last row in 
Table 111) at the same temperature to ensure that the sample 
had not changed during the isotherm. The difference between 
the origlnal and check measurements at 0.8 mol dm-3 was 
usually about 0.003 % , except at 623.15 K, where the pressure 
appeared to be higher by 0.03% or 0.0121 bar. A final check 
made at 373.15 K and 0.8 mol dm-3 showed a pressure of 
20.3521 bar which was only 0.01 % above the original value. 
This change is well within the accuracy of the measurement 
and confirms that the sample had not decomposed. 

The values of pressure given in Tables I11 and I V  were 
adjusted for the air impurity by a minimum of 0.0016%, a 
maximum of 0.0171%, and an average of 0.0044%. The 
corrections decreased with increasing temperature and were 
highest at intermediate densities. In  the temperature range 
from 323.15 to 370.15 K where duplicate points were taken, 
the corrected values for sample 2 dlffer from sample 1 values 
by an average of only 0.0035% and are plotted together in 
Figure 1. 

Jepson, Richardson, and Rowllnson (75) studied the solubility 
of mercury in propane, but their data are too sparse to use for 
making corrections. However, b a r  and Sengers (76) also 
studled the solubility of mercury in dense gases. They found 
the corrections to be important only at high temperature (400 
"C) and actually to be very small in the region where the bulk 
of P-V-T measurements using liquid mercury in the system 
exist. 

Derlved Results and Dlscusslon 

Coexistence Enveiope and the Crltlcai Point. Orthobaric 
liquid and vapor denslties were determined from measurements 
of pressure, volume, and temperature made on sample 1 and 
listed in Table I .  The method is the same as that used for 
ethane (73). Orthobaric liquid densities were obtained from 
258.15 to 369.15 K, and orthobaric vapor densitles were ob- 
tained from 323.15 to 369.15 K. The effect of precondensation 
of the vapor phase Is most noticeable at 323.15 K. orthobaric 
vapor densitiis were not obtained below 323.15 K because this 
required lower sample densities than could be obtained with the 
volume of the pycnometer and the number of moles of sample 
used. The values obtained for the first sample only are in Table 
V and Figure 1. 

Equations 2 and 3 for the vapor and liquid arms of the 

P g / P c  = 

PI/& = 

I + B , , g ~ ~  - T,I@ + B , , ~ I T  - T , I @ + ~  + B , , ~ I  T - r,1@+2A (2) 

i + B,,,(T - rcl@ + B*,,(T - r,(@+A + B,,,~T - rcl@+zA (3) 

coexistence envelope, respectively, were used to represent the 
orthobaric densities. These equations are the same as those 
used by Douslin and Harrison (4). The value of @ = 0.347 was 
derived from the slope of the straight line of log (PI - pg) vs. log 
IT - T,l. An iterative least-squares procedure was used to 
determine the remainhg constants in the equations. The critical 
temperature was determined by an incremental least-squares 
adjustment. The critical density was determined iteratively from 
extrapolation of (Po -I- p1)/2 to T,. The final least-squares fit 
gave a value of A = 0.71 and the coefflclents listed as foot- 
notes to Table V. The value of @ = 0.347 is similar to the value 
of 0.350 found for ethane (73) and ethylene (4). 
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Table III. P- V-T Relations in the Supercritical Region for Sample 2= 

369.85 373.15 398.15 423.15 448.15 473.15 T/K 

p/mol dm-3 P/bar 

0.8000 

1.0000 

1.5000 

2.0000 

2.5000 

3.0000 

3.5000 

4.0000 

4.5000 

5.0000 

5.5000 

6.0000 

6.5000 

7 . O O O O  

7.5000 

8 . o o o o  

8.5000 

9.0000 

9.5000 

10.0000 

10.5000 

11.0000 

0 .a000 

20.0795 

23.8088 

31.2108 

36.2596 

39.4460 

41.2431 

42.1003 

42.4082 

42.4717 

42.4763 

42.4819 

42.5703 

43.0530 

44.5802 

48.2295 

55.5597 

68.6084 

90.3646 

124.373 

174.372 

246.086 

345.621 

20.0796 

20.3502 

24.1616 

31.7963 

37.1124 

40.5926 

42.7041 

43.8814 

44.4922 

44.8193 

45.0450 

45.3007 

45.7557 

46.7583 

48.9645 

53.4499 

61 .E069 

76.0935 

99.1400 

135.040 

186.266 

260.348 

362.073 

20.3500 

22.3694 

26.7937 

36.1326 

43.3761 

48.9559 

53.2871 

56.7427 

59.6463 

62.2921 

64.9526 

67.9654 

71.7167 

76.7903 

84.0207 

94.6332 

110.279 

133.332 

166.738 

212.987 

278 .lo3 

366.591 

22.3692 

24.3558 

29.3715 

40.3449 

49.4228 

56.9965 

63.4633 

69.1775 

74.4742 

79.7018 

85.1946 

91.3988 

98.8374 

108.239 

120.605 

137.347 

160.108 

191.300 

233.973 

291.857 

369.870 

24.3549 

26.3144 

31.9087 

44.4707 

55.3199 

64.8442 

73.4194 

81.4072 

89.1612 

97.0619 

105.556 

115.121 

126.427 

140.326 

157.914 

180.603 

210.598 

249.625 

302.056 

370.443 

28.2574 

34.4194 

48.5381 

61.1218 

72.5689 

83.2293 

93.5002 

103.777 

114.413 

125.962 

138.991 

154.247 

172.689 

195.556 

224.410 

261.309 

308.836 

370.163 

26.3156 28.2586 

T/K 498.15 523.15 548.15 573.15 598.15 623.15 

p/mol dm-3 P/bar 

0.8000 30.1828 32.0969 33.9985 35.8941 37.7837 39.6677 

1.0000 36.9040 39.3728 41.8299 44.2661 46.6957 49.1171 

1.5000 52.5580 56.5390 60.4974 64.4177 68.3197 72.2236 

2.0000 66.8615 72.5397 78.1688 83.7658 89.3120 94.8551 

2.5000 80.2008 87.7522 95.2491 102.691 110.082 117.454 

3.0000 92.9477 102.573 112.135 121.626 131.037 140.477 

3.5000 105.484 117.393 129.242 141.006 152.716 164.415 

4.0000 118.253 132.692 147.065 161.359 175.609 189.822 

4.5000 131.704 148.040 166.151 183.270 200.350 217.378 

5.0000 146.372 166.771 187.133 207.454 227.688 247.935 

5.5000 162.921 186.866 210.807 234.696 258.515 282.336 

321.824 6.0000 182.163 210.154 238.143 266.089 

6.5000 205.158 237.773 270.317 303.005 335.439 367.852 

7 .OOOO 233.324 271.109 308.958 346.903 384.603 

7.5000 268.221 312.089 355.909 399 .a49 

8.0000 312.067 362.836 

8.5000 367.526 

0.8000 

293.990 

35.8949 37.7848 39.6798 30 .1835 32.0969 34.0012 
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Table IV. Pressure on the Critical Isometric Line, p = 4.955 
mol dm-l, for Sample 2'' 

T/K Plbar T/K Plbar 

369.85 42.4709 370.55 43.0100 
369.86 42.4779 370.65 43.0868 
369.87 42.4 86 3 371.15 43.4719 
369.88 42.4936 372.15 44.2444 
369.89 42.5012 373.15 45.0198 
369.90 42.5093 398.15 64.7005 
369.91 42.5 170 423.15 84.6921 
369.92 42.5246 448.15 104.784 
369.93 42.5321 473.15 124.866 
369.95 42.5474 498.15 144.973 
370.00 42.5854 523.15 165.074 
370.05 42.6246 548.15 185.118 
370.15 42.701 2 573.15 205.138 
370.25 42.778 9 598.15 225.083 
370.35 42.8560 623.15 245.018 
370.45 42.9329 

These values have been adjusted for 0.004 07% air impurity. 

Table V. Orthobaric Liquid and Vapor Densities of Propane 

258.15 12.415 3 . 2 0 0  

263.15 12.270 -~l.004 

268.15 1 2 . 1 2 6  - 0 , 0 0 3  

273.15 11.5El 0.003 

278.15 11.825 0.303 

281.15 : 1 . 6 7 1  3.003 

288.15 11.507 0.002 

293.15 11.338 0 .  001 

298.15 11.165 0.002 

301.15 10.982 -0.000 

5 0 c  

500 

5 0 '3 

5C0 

500 

503 

5 0 0  

5 0 0  

5 l C  

5 0 0  

313.15 13.586 -C.Oll 500 

323.15 1 1 . 1 7 3  - 3 . 0 0 0  3.8758 -0.0312 530 

133.15 5.69' 0.000 1.1219 0 0021 500 

363.15 9.144 0.001 1 . 4 4 8 2  0.3014 5 0 0  

348.15 8.825 0 . 0 0 3  1.6565 0.0001 503 

351.15 8.455 3.001 1.910- -0.0016 500 

158.15 8.020 0 . 0 0 0  2.2362 - 0 . 0 0 2 2  495 

363.15 7.451 -0 001 2.6523 - c . 0 0 1 1  496 

365.15 7.146 -0.005 2.9492 0.0028 4 8 4  

367.15 6.156 0.30: 3.2941 1.0038 4 5 7  

368.15 6.486 0.001 ?.5273 - 0 . 0 0 6 4  100 

369.15 6.083 0.010 3.9204 0.0135 50 

a ~ ~ i ~ c a l c ! / m o l  dm-' = 4.955 + 1.25841T-Tc ''14' f 8 . 5 1 1  x T-Tc 1.'157 

5.579 10-5 T - T c ~ 1 . 7 6 7  Tc = 365.85 

icalc!/mol dm-' i 4.555 - :.la52 T-Tc 0 - 3 4 7  + 4.468 x l C - 3 1 ~ - Y c  i"57 

+ 1.573 x 1 0 - 4 1 ~ - q 1 ' 7 6 7  where TC = 365.85 

The critical point which we have determined in this paper 
from the experimental coexistence envelope satisfies the def- 
inition of the critical point. I t  is the point at which the first and 
second derhrathres of pressure with respect to volume are zero, 
namely, (dP/dV),c = 0 and (d2P/dV2)Tc = 0. The 369.85 K 
isotherm, plotted in Figure 1, satisfies this condition. The critical 
pressure, 42.4709 bar, is taken from the experimental data at 
T ,  = 369.85 K and pc = 4.955 mol dm-3. These values and 
previous ones are given in Table VI. Previous values for the 
critical constants were reviewed by Kobe and Lynn (77) and 
later by Kudchadker, Alani, and Zwolinski (78). Lack of 
agreement may arise from varled purities of the samples. 
Several investigators reported having a pressure difference 
between the dew and bubble points of 0.04 bar, which is abart 
30 times larger than the values found in this work. Beattie et 
al. (79) had a sample with only 0.004-bar difference between 
the dew and bubble points at 75 OC but the critical values still 
Mer from the present values. The most recent values reported 
by Mousa, Kay, and Kreglewskl (20) were determined from a 
sample having a dew to bubble point pressure difference of less 

Table VI. Critical Constants for Propane 
ref Tc/ K Pc/bar pc/(mol dm-7 

19 369.96 42.567 5.13 
21 369.82 42.496 
22 369.81 42.486 4.92 
20 369.74 42.537 4.85 
11a 369.80 42.4204 4.96 
this work 369.85 42.4709 4.955 

a Data from this work up to 353.15 K was included in their 
correlation. 

Table VIL Second Virial C o e f f i h t  for Propane 
-BJ(dm3 mol-') 

T,,/K thiswork ref24 ref26 ref25 

323.15 
333.15 
343.15 
348.15 
353.15 
358.15 
363.15 
365.15 
367.15 
368.15 
369.15 
369.85 
373.15 
398.15 
423.15 
448.15 
473.15 
498.15 
523.15 
548.15 
573.15 
598.15 
623.15 

than 0.1 bar. 

0.32 8 
0.3080 
0.2878 
0.2790 
0.2710 
0.2631 
0.2555 
0.2525 
0.2502 
0.248 3 
0.2468 
0.2462 
0.241 3 
0.2089 
0.1814 
0.1584 
0.1385 
0.1213 
0.1064 
0.0931 
0.08 13 
0.0707 
0.0610 

0.329 62 

0.247 0.240 15 
0.211 0.207 21 
0.183 
0.160 
0.139 
0.121 
0.109 
0.096 

0.293 

0.256 
0.224 
0.197 

0.155 

For comparison, several other experimental 
values of the critical properties determined by Kay and Ram- 
bosek (27) and Clegg and Rowllnson (22) are also listed in 
Table V I  along with a correlated value of Goodwin (71) .  

Thennel Pressure Coo-. A definitive study of the 
variations of the isochoric derivative, yv = (dP/dT),,  in the 
vicinity of the critical point was not made because of slight 
inconsistencies of the measurements using the two different 
samples of propane. The slope of the vapor-pressure curve 
at T ,  = 369.85 K was found to be 0.778 bar K-' for sample 
1, and the slope of the critical Isometric line above 369.85 K 
was found to be 0.765 bar K-' from the corrected sample 2 
data. 

Vlrlal Coetllclenls. The virial equation of state is given in 
eq 4. 

PV/RT = 1 + B ~ / V  + c0 /v2  + 00/v3 + ... (4) 

The temperature-dependent Coefficients Bo, C o ,  and Do are 
defined in the equations 

B ( V )  = { (PV/RT)  - l ) V  Bo = lim { B ( V ) )  (5) 
11v-a 

and were evaluated by using the graphical procedure described 
in ref 4 .  Second virial coefficients were derived from 323.15 
to 623.15 K, third virial Coefficients from 343.15 to 623.15 K, 
and fourth virial coefficients from 373.15 to 623.15 K. 

Table V I 1  lists the values for the second virial coefficients 
found in this work and those derived from the analysis (23) of 
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gas constant, dm3 bar K-‘ mol-’ 
P pressure, bar 
R 
r temperature, K 
V molal volume, dm3 mol-’ 

Z compressibility factor = PV/RT 

Greek Letters 

P,  A 

X (1 - rb/T) / ( l  - Tb/T,) 

exponential constants in equations of saturated gas 

exponential constant in Goodwin equation 

and liquid densities 
Y ( a p  /a T I ,  

P molal density, mol dmb3 

Subscripts 
b 
C 

g 
I 
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Table WII. Third and Fourth Virial Coefficients for Propane 

TIK (dm6 mol?) (dm9 mor3) 
lOZC,/ 104~d 

343.15 1.916 
348.15 1.909 
353.15 1.97% 
358.15 1.991 
363.15 2.000 
365.15 1.982 
368.15 2.035 
369.85 2.035 
373.15 1.995 4-1.10 
398.15 1.825 -0.10 
423.15 1.627 0 
448.15 1.480 +0.10 
473.15 1.345 0 
498.15 1.243 -0.10 
523.15 1.155 4-0.20 
548.15 1.083 +0.25 
57 3.15 1.010 +0.90 
598.15 0.941 +1.85 
623.15 0.878 +2.58 

the data of Beattie, Kay, and Kamlnsky (24). The values based 
on the data of Beattie, Kay, and Kamlnsky are more negative 
by 1.5% than those found in this work. The agreement is 
better If the two highest temperatures reported by Beattie et 
ai. are omitted. A possible reason for the greater disagreement 
at h m  temperatues is the decompostbn of the sample used 
by Beattie et ai., as noted in thek paper. Deschner and Brown’s 
(25) values for the second virlal coefficient are in poor agree- 
ment with values of this work. Second virial coefficients based 
on the data of Cherney, Marchman, and York (26) and c a i w  
iated by Pompe and Spurllng (27) are 0.6% less negative than 
the values of this work. Third and fourth virial coefficients are 
listed in Table VIII .  Graphs of the second and third virial 
coefficients would be relatively smooth and have the usual 
shape, including the hump in the third viriai at lower tempera- 
tures. 
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Glossary 
A ,  B ,  
C, D ,  
E 

B 1*9’ 

B 1.11 

BO 
CO 
DO 

constants in Goodwin vapor-pressure equation 

constants in equation of saturated vapor densities 
Bo99 
B3,g 

B2,h 

constants in equation of saturated liquid densities 

second virial coefficient, dm3 mol-‘ 
third virial Coefficient, dm’ mol-? 
fourth virial coefficient, dme mol3 

B3,1 
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