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THERMODYNAMIC PROPERTIES OF GASEOUS ETHANE AND ETHENE*

By Masanrko UemaTtsu®, Snoco Saecusa®*, KoicHr WaranaBe*
AND IcHIMATSU TANISHITA®*

Based on the most probable values and additional recommended values proposed by
the High Pressure Data Center of Japan, new equations of state for gaseous ethane and
ethene are devised for the range of temperatures 273.15K to 498.15K and of pressures
up to 30 MPa for ethane and for the range of temperatures 273.15K to 423.15K and of
pressures up to 80 MPa for ethene. The canonical functions are also derived from the
new equations of state, and the thermodynamic property values are calculated by dif-
ferentiating these functions. The calculated values of compressibility factor, molar
volume, molar enthalpy and molar entropy are tabulated in this paper.

Introduction

According to the critical evaluation of the P-I-7 data. the most probable values of compressibi-
lity factor for gaseous ethane and ethene were proposed by the High Pressure Data Center of Japan
(HPDCJ) orgenized in the Society of Material Science, Japan, under the sponsorship of the Agency
of Science and Technology?. As the nest program of the HPDCJ. new cquations of state for both
ethane and ethene are formulated based on these mast probable values in order to calculate the P-I'-T
property values as well as other thermodynamic property values at respective states. In the present
paper. new equations of state which cover the range of temperatures 273.15K to 498.15K and of
pressures up to 30MPa for ethane and that of temperatures 273.15K to 423.15K and of pressures up
to 80M Pa for ethene are described and the tables of thermodynamic property values are presented.

New equalicns of state

The skeleton table values of compressibility factor far gaseous ethane and ethene which were
proposed by the HPDC]J cover the ranges shawn in Figs. 1 and 2, respective! ¥. These skeleton table
values accompanied with estimated uncertainties are classified into two groups, such as the most pro-
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Fig. 2 The most probabie values and additional recommended values for ethene
@: most probable value, (): additional recommended value
[1: critical point (282.36 K, 5.032 MPa, 7.77 mol-dm-3)®

bable values and additional recommended values, according to the derivation of these values. Both
the most probable and zdditional recommended values were used as the basic data in the present study
of devising new equations of state.

Because of the wide ranges of parameters as shown in Figs. 1 and 2, density and temperature are
chosen as independent variables. As is well known, Benedict-Webb-Rubin (BWR) equation of state,
which expresses pressure as a function of density and temperature, describes well the P-V-T properlies

of hydrocarbons. However, the BWR equation is limited in its validity in a maximum reduced density
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of about 1.5 excluding the critical region owing to the fact that it has only 8 constants. Although the
skeleton table for ethane covers the region of reduced density less than 1.5 and excluding the critical
region, that for ethene is extended up to about 2.7 times larger than the critical density?. Therefore,
additional terms are required to describe accurately the P-V-T properties of ethene. After several
possible additional terms had been applied. the following functional form, which was developed from
the original BWR equation, was adopted for the preseat purpose:
P=RTp+(a\T+az+ a3/ T?)p*
+(a.T+as)p’
+(asta:/ T*)p?
+(as+as{ T*)p®
+(ajo+au/T)p’
{2+ 013/ T + a1/ T 1+ 7 p*)o exp( — ro°). (1)
where P=pressure in MPa,
R=molar gas constant in J-K~’mol™?,
=temperature in K, T=1+273.15,
{=temperature in °C on IPTS-68,
p=molar density in mol-cm™3,

a4, dg,7++, @14. Y=numerical constants.

Table | Numerical constants in Eqs. (1) and (2) for ethane and ethene

Ethane Ethene
T 1.2658363 x 104 1.3929979 x 104
a; 50639348 x 102 5.7505391 x 102
'] —4.0180384 x 105 —3.9857311 x 105
a —1.8913502 x 1010 — 10630701 x 101®
ey 8.4222162 x 14 4.0629605 x 10#
as —3.1167109 x 107 —3.0058264 x 108
g o 2.3489094 x 108
a7 0 6.8649318 x 020
a8 0 —2.8650224 x 1010
dg 0 —6.3746747 % 1017
oyp 9.0228835 x 1012 4.1892581 x 1012
03 0 —1.0768430 x 1014
an 0 —7.7042510x 106
a3 3.0699808 x 1012 1.5572266 x 1012
214 0 —1,3328900 % 1016
A 1.7464272 % 103 1.6711271 x 102
Az —1.7468344 x 100 5.2608796 x 10°
A3 1.7907139 x 10! 1.4293953 x 10-!?
Ay —5.3644526 x 1075 —5.4900378 % 1075

2) A.P. Kudchadker, G, H. Alani, and B, J., Zwo!inski, Chem, Rev., 68, 659 (1968)
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Table 2 Average deviations from Eq. (1)

Number of Average
Author data points deviation
(%)
Ethane Skeleton table values!? 157 0,082
Douslin and Harrison (73)® 132 0.143%*
Michels et al. (54) 89 0.085
Reamer ¢f gl. (44)9) 65 0.259
Beattie ez al, (39)® 34 0.140
Sage el al. (37)10) 148 0.406
Beattie et al. (35)1 82 0.322
Ethene Skeleton table valuest) 170 0.060
Lee and Edmister (70)'2 70 0.772
Sass ef al. (6701 29 0.194
Ku and Dodge (67)14 25 0.242
Thomas and Zander (6€)'® 30 0.052
Walters et ol, (54)1® 139 0.167
Michels et al. (4211 217 0.091
Michels af al. (36)'®) 103 0,038

* Calculated by
o (961 L\ Eomp = Zontl/ Zent| X100
where Zexp=original experimental values of compressibility factor,
Zeai=calculated values by Eq. (1),
z=number of data points. -
**  Skeleton table values had been already determined, before these data were published.

The following values were adopted as the atomic weights recommended by IUPAC3) and molar gas
constant recommended by CODATAY:
C=12.011-:0.001,
H==1.007%--0.0001,
R=8.31441-0.00026 (J-K~'-mol~1).
In order to determine the numerical constants in Eq. (1), the skeleton table values were in-
troduced as a set of input data into 2 least-squares procedure and the characteristics of the computed
C, values were also examined. In consequence of this procedure, the numerical constants for both
ethane and ethene in Eq. (1) were fixed on as listed in Table 1.
When the C, values were computed, the following C,° correlations for ethane and ethene which
were newly correlated based on the values recommended by Touloukian and MakitaS)were used :

C}]D=J‘!1/T+ A2+ A3T+ Aifﬁ'. ( 2 )

3) Pure and Appl. Chem., 37, 589 (1974)

4) CODATA Bull., No.11 (1973)

5) Y.S. Touloukian, and T, Makitan. “Specifc Heat-Nonmetallic Liquids and Gases, (Thermophysical
Properties of Matters)", The TPRC Data Series val. 6, IFI/PLENUM. New York (1970)
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This C,° correlations in J-K~'mol~? reproduce the C,° values recommended by Touloukian and Makita
within the deviation of 0.032¢ for the range of temperatures 273.15K to 573.15K both for ethane
and ethene, The numerical constants in Eq. (2) are also tabulated in Table 1.

Comparison of the compressibility factor values computed from Eq. (1) with the skeleton table
values and experimental data of both ethanef~11) and ethene!2~18 was shown in detail in the previous
paperi?). Table 2 shows that the computed values are in satisfactory agreement with the skeleton
table values and experimental data’-17.18) which were evaluated to be the most reliable by the
HPDCJU. The computed compressibility factor values as well as their comparison with the skeleton
table values are tabulated for ethane and ethene in Tables 3 and 4, respectively.

As for experimental C, data of ethane and ethene, there do not exist any reliable C, data except
that of Bier ¢ ul.2®, for ethane as far as our present survey could determine. The average percentage
deviation of these C, data from the computed C, values is 0.739 (61 data points) by using the same

C," values.

Canonical function

When density and temperature are chosen as the independent variables. the expressions for
pressure and all other thermodynamic properties can be derived directly by the partial differentiation
of the canonical function A=A(p. T), where A is molar Helmholtz function. In the present study,
molar Helmholtz function A in Jemol~! is derived from Eqgs. (1) and (2) as follows

A=By+ BT+ BaT2+ BT ByInT+ BsTIn T
+ RTInp
+ (b, T+ b+ b/ T?)p
+ (BT +be)p*
+(bs+ b1/ T5)p*
+(bg+by/ T?)p*

6) D.R. Douslin, and R. H, Harrison, J. Chem. Thermodynamics, §, 491 (1973)

7) A. Michels, W. Van Straaten, and J. Dawson, Pkysica, 20, 17 (1954)

8) H.H. Reamer, R. H. Olds, B. H. Sage, and W. N. Lacey, /nd, Eng. Chent., 36, 956 (1944)

9} J. A. Beattie, G. J. Su, and G. L. Simard, J. Ame. Chem. Soc., 61, 926 (1939)

10} B. H. Sage, D.C. Wehster, and W.N. Lacey, Ind. Eng, Chem.. 29, 658 (1957

11) J. A. Beattie, C. Hadlock, and N. Pofienberger, J. Chem. Phys., 3,93 (1935)

12) R.C. Lee, and W. C, Edmister, AICAE J., 16, 1347 (1970)

13} A. Sass, B. F. Dodge, and R. H. Bretton, J. Chem. Eng. Dalg, 12, 168 (1967)

14) P.S. Ku, and B.F. Dodge, ibid., 12, 158 (1967)

15) W. Thomas, and M. Zander. Z. angew. Phys., 20, 417 (1966)

16) R.]. Walters, J. H. Tracht, E. B. Weinberger, and J. K. Rodgers. Chem, Eng. Progress, 50, 511 (1954)

17) A. Michels, and M. Geldermans, Physica, 9. 967 (1942)

18) A. Michels, J. De Gruyter, and F. Niesen, ibid., 3, 346 (1936)

19) M. Uematsu, S. Sacgusa, K. Watanabe, and 1. Tanishita, Proceedings of the 4 th International Con-
ference on High Pressure, Kyoto, Japan, November, 1974 ,p.561

20) K. Bier, G. Maurer ef al., Private communication, will be published in Chemical Engineering Science,
vol. 30 (1973)
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Table 5 Numerical constants in Eq. (3) for ethane and ethene

Ethane Ethene
By —1.5168402 x 104 —8.2217326 x 10?
B 6.1635642 x 10! 1,.0307823 x 102
B, —B8.93533695 x 102 —7.1469765 % 10-2
By 8.9407543 x 103 9.1500630x 10-6
B, 1.7464272 x 103 1.6711271x 102
Bs 1.0061244 x 10! 3.0535304 x 100
T 1.2658363 x 104 1,.3929979 x 10!
[ 5.0639348 x 102 57505391 x 102
bs —4.0180384 x 105 —3.9857311 x 10°
by — 18913502 x 1010 —1,0630701 x 1010
by 42111081 x 104 20314802 % 10
by —L.5583555 x 107 - 1.5029132 x 10¢
bg 0 7.8206080 x 107
by 0 2.2883106 x 1020
bg 0 = 7.1625560 % 103
by 0 — 1.5936687 x 1017
byo 1.8045767 x 1012 8.3785162 x 101!
by 0 —2.1536860 x 1013
b o —7.7042510 x 10°
bz 3.0609808 x 1012 1.5572266 < 1012
by 0 ~1,3328900 x 1016
+(bio+bu/T)o°
+(bratbaa T+ b/ T 1y —(0*/ 2+ 1 /1) exp (= 10%)) . (3)

The numerical constants in Eq. (3) are listed in Table 5. The numerical values of B, and B, in Eq.
(3) are fixed due to the following conditions :

(i) S=0(J-K'mol ") at 208.15K and 0.101325 MPa,

(ii) H=0 (J-mol~') at 298.15K and 0 MPa.

Derived functions

According to the general thermodynamic relations, the pressuse P in MPa, the molar entropy S
in J-K~! mol~', the molar enthalpy H in J-mol™! the molar heat capacily at constant volume C, in J-
K- mol=? and the molar heat capacity at constant pressure Cp in J-K~'mol~? can be calculated by

the following expressions:

P=p%d4/00)T, (4)
S=—(0A4/0T), . (5)
H=A—T(dA/8T), +8(84/00)7, (6)

v=—T(G*A[0T")s , (7)
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Co=TL—GAIT % + gy + o aTos0) )
In addition, the compressibility factor Zand the molar volume V in em® mol™' can be calculated irom
Egs. (9) and (10). respectively.
Z=P|RTp (9)
V=1/p (10)

Calculated thermodynamic properties

By diiferentiating the new equations of state expressed in the canonical forms for gaseous ethane
and ethene, Eq. (3). thermodynamic properties are calculated. The calculated molar volume. the
molar enthalpy and the molar entropy both for ethane and ethene are tabulated in Tables 6 and 7,
respectively.

Conclusion

As a part of the activity of the High Pressure Data Center of Japan, new equations of state, Eq.
(1), both for gaseous ethane and ethene are formulated based on the most probable values and ad-
ditional recommended values proposed by the HPDC]. These values cover the range of temperatures
273.15K to 498.15K and of pressures up to 3J0MPa for ethane and that of temperatures 1?;3.151{ ta
423.15K and of pressures up to 80 MPa for ethene. The thermodynamic property values in these
ranges can be calculated by differentiating the canonical functions, Eq. (3). for both ethane and ethene
which are derived from the new equations of state. The calculated values of the compressibility
factor, the molar volume, the molar enthalpy and the molar entropy are tabulated in Tables 3. 4. 6
and 7.
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Table 3 Calculated values of the compressibility factor, Z, for gaseous ethane

and their compariscn with the skeleton table values

0.037/0.15 [

Pressure Temperature K (°C)
MPa (atm) 273.15 298.15 . 323.15 348.15 373.15 398.15 423.15 448.15 473.15 498.15
(o) (25) (50) (75) (100} {125) {150) (175} (200} (225)

0.101325 (1) | 0.99003 0.99233 0.99406 0,99534 0,99628 0.99699 0,99755 0.99799 0.99837 0.99870

0,96977 0.99232 0,99409 0.99538 0.99632 0.99703 0.99760 0.99804 0,99839 0.99867
: 0.026/0.030 0.001/0.030 -0,003/0.030 -0.003/0,030 -0.004/0.030 -0.005/0.030 -0.005/0.030 -0.005/0.03¢ -0.002/0,030 0,003/0,030
Fe—m————————

1,0131 (10) | 0.8921 | 0-9199 0.9386 | 0.9523 0.9623 0.9697 0.9755 0,9800 0,9835 0.9864
0.8€947 y 0.91911 0.93884 | 0,95266 0,96270 0.97021 0.97595 0.98043 0.98398 0.98683
0.294/0.10 | 0.086/0.12 =0.026/0.09 Fl.o.uum\a.: -0.042/0.20 =0.052/0,15 =-0,046/0.17 =-0,043/0.20 -0.048/0.30 -0.044/0.30
r-———  §BFmm—m——m—m——— e — = — = = — —

2, 0265 (20) |j0.7522 0.8268 0.8718 0,9025 0.9237 0,9387 0.9502 | 0.9593 0.9662 0.9726
|0- 74962 0.82621 0.87213 0.90265 0.92416 0.93993 0.95183 0.96102 0.96825 0.97403
0,343/0.10 0,071/0.12 =-0.037/0.10 =0,017/0.17 =-0.050/0.20 =-0.131/0.14 -0.171/0.16 "no.w...w\o.uo -0,212/0,30 -0.147/0.30

T R
3.0398 (30) 10,7125 0.7976 0. 8491 0.8836 0.9084 0.9269 0.9400 0.9510 0. 9603
| 0.71204 0.79775 0.84946 0,88432 0,90923 0.92773 | 0.34186 0,95290 0.96166
| 0.064/0,12 -0.019/0.10 -0.042/0,17 -0.081/0.17 -0.091/0.12 -0.090/0.16 | -0.198/0.25 -0.199/0.35 -0.141/0.40
4.0530 (a0} " 0.5301 0.7116 0.7921 0,8426 0.8776 0.9031 I 0.9212 0.9363 0.9486
| 0.53773 0.71194 0,79247 0.84315 0.87822 0,90378 | 0,92307 0.93800 0,94978
-1.439/0,12 -0.048/0,10 =0.047/0.16 =-0.066/0.15 =-0.071/0.12 -0.076/0.15 _ -0,203/0,30 -0.181/0,40 -0.124/0.45
S s |
5,0662 (50) | 0,6069 0.7312 0. 8006 0.8463 0.8793 | ©.2023 0.,9235 0.9382
| 0.60676 0.73105 0.80079 0.84710 0.88015% 0, 90476 0.92365 0.91846
| 0.024/0.10 0.020/0,15 -0.024/0.15 -0.094/0.11 -0.096/0.15 | -0.162/0.30 -0.016/0.40 -0.028/0.55
I
6.0795 (60) | 0.4664 0.6664 0.7576 0.8157 0.8566 _ 0.8865 0.9097 0,9274
| 0.46346 0.66495 0.75759 0.81617 0.85700 | o.es709 0.90995 0.92778
|_9:630/0.11  0.227/0,14 ©0.001/0.14 -0.058/0.11 -0.051/0.15|-0.066/0.35 -0.027/0.40 -0.041/0.55
Ty
7.0928 (70) | 0,597 0.7146 0.7859 0.8347 | 0.0697 0.8969 0,9178
| 0.59590 0.71441 0.78590 0.83474 | 0.87022 0,89702 0.91780
| 0.285/0.13 0.026/0.13 =-0.001/0.11 =0.005/0.15 | -0,060/0.35 -0,013/0,40 =0.000/0.55
8.1060 (80) | o,s327 0.6735 0.7571 0,8135 | 0-854L 0.8853 0.9092
| 0.53146 0.67288 0.75697 0.81359 0.85437 0,98497 0.90861
I 0.232/0.12 0.082/0,12 0.018/0.11 -0,011/0.16 | -0.031/0.35 0.037/0.40  0,065/0.55
9.1192 (90) | o0.4849 0.6365 0.7306 0,7942 | 0.8396 0.8744 0.9003
| 0.48495 0.63552 0.73022 0.7939%9 | 0.83973 0,87393 0.90028
| -0,011/0.11  0.154/0.12 0.052/0.11 -0,015/0.35 0.053/0,40 0.002/0.50
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10,133

11.146

12.159

13.172

14,186

15,199

16,212

17.225

18.239

19.252

20,265

25,331

30. 398

{100)

(11a)

(120}

(130)

{140}

{150)

{160)

{170)

{180)

{190)

{200}

{250}

(300)

| 0.4618 0.6059 0.7072
| ©.46189 0.60519 0.70663
Pluc.cNO\o-Hc 0.118/0,13 0.081/0.11
. |
| o.5839 0.68731
| 0.58375 0.68709
I 0.026/0.15 0,031/0,11
| 0.5713 0.6720
_ 0.57131 0,67218
| 0.002/0.17 -0.027/0.11
| 0.5668 0.6612
| 0.56665 0.66207
| 0.027/0.19 -0.132/0.11
| 0.5878 0.6555
| 0.56813 0.65652
0-059/0,23 -0.155/0.12
-7
0.5738 | ©.B540
0.57426 0.65504
|o.cwoxc.qu -0,158/0.13
|
0.5835 | 0.6568
0.58381 0.65705
-0.053/0.32 | -0.038/0.15
I
0.5957 | 0.6618
0.50588. | 0.66100
-0.030/0.35 rhw.ouq\c.uw
T 5
0.6104 0.5694 |
0.60980 0.66931 _
0.099/0,39 O.QHu\o.uo_
-
L lu" the most probable values M.Mwwwa M.M“wa “
lst line: skelaton table value, Nma -0.013/0.44 o.cau\o.nc_
0,6900 |
2nd line .
t calculated value, Namu 668949 |

3rd line: deviaticn (%) / uncertainty (%)

{deviation = nﬁnmd - NQDH

Y/ unnw_ x 100}

0.7767
0.77635
0.045/0.1

a.7614
0.76107
0.043/0.1

0, 7484
0.74848
-0.010/0.1

0,73%81
0.73876
0.046/0.1

0.7320
0,73198
0.003/0,1

0.7275
0.72803
-0.075/0.1

0.7259
0.72678
-0.120/0,1

9.7270
0,72792
-0.126/0.1

0.7302
0.73121
-0.138/0.1

0.7358
0.73638
-0.075/0.1

0,7426
a.74318

5

5

4

|
al
|
I

al

al

|
|
3l
|
I
3
|
|
3
N
|
3

£.074/0.20 Fﬂo.cum\o.wu

0, 7954
0.79460
0.101/0,2

0

0.8264
0.82651
=0.0L3/0.35

0.8151
0.81492
0.022/0,35

0.8056
£.80512
0.059/0.40

0.7972
0.79724
-0.004/0. 35

06,7912
0.79312
-0.015/0. 25

0.7886
G, 78737
0.156%/0.20

0.7862
0.78535
0.108/0.20

0,7859
a, 788158
0.096/0.20

0.7869
0.78664
0.033/0.20

0.7900
0.78968
0.040/0.20

@, 7943
0.79414
0,020/0,20

0.8330
0.82280
0,024/0.20

0.88%5
0.88926
0.028/0.20

0,8643
0.86402
0.033/0.40

0.8557
0.85533
0,043/0.40

C.B4B5
0.B84796
0.064/0.40

0.B8423
0.B4197
0.035/0.40

0.8377
0.83741
0.035/0.40

0.8342
0.83420
=-0.009/0,40

0.8322
C.B3258
~0.043/0.40

0.8335
0.83221
0.155/0.30

0.8348
0.8321e
€.196/0.25

0.8366
0.81535
0.149/0,25

0,B396
0.83869
0,108/0,25

0.8693
0.86951
-0,024/0,25

0.9163
0.91704
-0.080/0.25

0.8933
0.89287
Q.048/70.50

0.8R66
0, 088645
0.017/0.50

0.8812
0.88106
0.016/0. 50

0,8766
0.87673
~0.015/0.45

0.a732
0.87350
-0.034/0.45

0.8707
0,87135
-0.075/0.45

0.8694
¢.97029
-0.103/0.45

0.8689
a.a7029
=0.160/0.40

0.8729
0.87130
0.183/0.25

0.8744
0.87329
0.126/0,25

0.8768
0.87621
0,067/0. 25

0.9021
0.90263
-0.058/0.25

0.94258
0.94387
-0.145/0.25
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Table 4 Calculataed values of the compressibility factor. Z, for gaseous ethene
and their comparison with the skeleton table values
Pressure Temperature K {°C)
MPa (atm) 273.15 298,15 323.15 348.15 373.15 398.15 423.15
(0) (25) (50) (75) (100) {125) (150)
0,101325 (1)] 0.99242 0.99443 0.99571 0.99661 0.99727 0,99779 0,99822
0,99242 0.99426 0.99557 0,99654 0.99726 0.99781 0.99824
0,000/0,030 0.017/0.030 0.014/0.030 0.008/0,030 0.001/0.03C -0,002/0.030 -0,002/0,030
r - = | I
1,0133 (10) _o .9215 0.9406 ||“ 0.9546 0.9647 [ 0.9720 0.9778 0.9821
0.91999 0.94055 0.95470 0,96485 | 0.97236 | 0.97807 0.98248
_O.Hmw\c.wo 0.005/0.11 |-0.011/0.05 -0.016/0,04 _:u .037/0.03 | -0.027/0.10 =-0.039/0.10
_ I
2.0265 {20) |} 0.8284 0.8749 I 0.9066 0.9283 | 0.9438 " 0.9555 0.9645
_o B2774 0.87564 0.90686 0.92856 | 0.94430 0.95607 0.96511
0.080/0.10 =0,085/0.12 _|c 029/0.07 -0.028/0. mlp ~0.052/0.03 | -0. 060/0,10 =-0,063/0,10
— e =TT R e e e ey |
3.03¢%8 (30) | 0.8030 0.8552 0.8204 0.9153 0.9334 0.9471
| |
0.80337 0.85607 0,89109 0.91586 | 0.93410 0.94794
_lo.ahm\a.wu -0,102/0.10 =-0.078/0.06 -0.061/0.03 _ =-0.075/0.10 =0.08%9/0.10
_
4.0530 (40) 0.7195 0.80123 0.8518 0.68866 0.9114 0.9302
_
0.72034 0.80185 0,85248 0.88717 _ 0.91227 0.93108
-!o.me\o.um -0,068/0.15 -0.079/0,07 <~0,064/0,04 | -0,095/0,10 =0,095/0.10
|
5.0662 (50) | 0.61%0 0.7436 0.8124 0.8579 _ 0.8898 0.9136
| 0.61969 0.74369 0.81282 0.8583% * 0.892070 0.91463
_ 0.112/0.16 -0.011/0.19 -0.052/0.08 -0.057/0.05 _ -0.101/0.10 -0.112/0.10
6.0795 {60) _ 0.4844 ‘ 0.6818 0.7723 0.8295 _ 0.B638 0.8977
| 0.4B496 0,68137 0.77244 0.82977 0,.86957 0,09869
_IO.HHO\O.HQ 0.063/0.24 -0.018/0.11 -0.033/0.06 _ -0,088/0.10 -0,110/0.10
I
7.0928 [70) | 0.340% 0.6171 0.7323 0.8017 H 0. hmb 0.8825
0.34062 0.61595 0.73196 0.80167 0.84909 0.B8339
__I .083/0.18 0.186/0.28 0.047/0.14 0.003/0.07 | -0.081/0.10 -0.101/0.10
— T |
B.1060 (80) 0.3170 0.5541 0.6934 0.7749 0.8290 0.8682
I |
0,31753 0.55235 0.69253 0.77458 0.82951 0.B86889
| o 0.042/0.09 _ ~0.061/0.10

-0.165/0.20

.317/0,.32

0.125/0.15

-0.0792/0,10
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9.1192

10.133

11.146

12,159

13.172

14,186

15,199

16.212

17.225

18.239

19,252

20. 265

25.331

(90)

(100}

(110)

(120)

(130)

{140)

(150)

(160)

{(170)

(180)

(190)

(200)

(250)

0.6572 0.7497
0.65598 0.74911
0.185/0.17 0.079/0.11
0.6255 0.7268
0.62461 0.72601
0.142/0.18  0.109/0.12
1
| 0.6012 0.7074
0.60048 0. 70602
| 0.120/0.20 0.196/0.13
|
_ 0.5847 0.68913
0.58451 0.68977
_ 0.033/0,22 0.222/0.14
|
| 0-5756 0,6793
_ 0.57626 0.67764
_ -0.114/0.23  0.245/0,15
_ 0.5731 0,6712
~ 0.57445 0.66968
|0-236/0.24  0.226/0.15
— -
0.577C _ 0.6668
0.57765 0. 66568
-0.112/0.25 ) 0.167/0.16
0.5839 _ 0. 6657
0.58458 | 0.68522
-0.116/0.25 | 0.072/0.16
|
0.5937 | 0.6679
0.59426 0.66779
-0.093/0.26 | 0.016/0.16
0.6055 _ 0.6728
0.60596 | 0.67290
-0.076/0.28 | -0,015/0.16
0.6188 | o.es01
0.61916 | 0.68010
-o.omm\o.um_ 0.000/0.16
0.6333 | ©.e889
| 0.63348 0, 68899

0.060/0.43 | -0.081/0.57 |-0.028/0. Nm_ -0.014/0.15

I
0.3273 | 0-5017
0.32769 0.50134

-0.12070.22 | 0.071/0.35
]
0.3451 | 0.4706
0.34535 | 0.47168
=0.071/0.23 ' =0.230/0.38
0.3656 0.4605
0.36574 0.46109
-0.037/0.25 -0,129/0,41
0.3872 0.4622
0.38737 0.46272
-0.043/0.27 =0.112/0.43
0.4096 0.4711
0.40961 0.47140
-0.003/0.28 =-0.063/0.46
0.4321 0,4841
0.43217 0.48418
-0.016/0.30 -0.017/0.48
0.4549 0.4996
0.45488 0.19946
0.005/0.32  0.029/0.50
0.4777 0.5166
0.47764 0.51630
0.013/0.3¢ 0.058/0.52
0, 5005 0.5346
0.50040 0.53416
0.021/0.36 0.082/0.54
0.5233 0.5533
0.52312 0.55272
0.035/0.38  0,106/0,55
0.5460 0.5724
0.54578 0.57174
0.041/0.40 0.116/0.56
0. 5687 M. 5906
¢.s6836 | 0.59108

—I'IIIIII-L

| c 6798 0.6898

_ .67994 0.68993

-o 020/0.48 =0.019/0.59

| EERET |

0.7149
0.71442
0.067/0.30

0.7494
0.74957

-0.022/0.14

o e o e — — et S — . — — — — — — — — — — — — — — — — i — — —— —— e — -
1

0.8108
0.81112
0.039/0.10

0.7942
0,79423
0.003/0.10

0.7793
o.qqmwm
c.

0
0,75555
0

0
0.74739
0.055/0.10

0.7421

0.74175

0.047/0.10
.7388

0
0.73a58
0.030/0.10

7379
73774
022/0.10

oo
D)

0.7391
0.73903
0.009/0.10

0.7422
0.74225
0.007/0.10

0.7470
0.74716
0.022/0.10

0.789%6
0.79006
0.059/0.10

0.B548
0.85533
-0.062/0.10

0.8425
0.84286
-0.043/0.10

0.8314
0.83165
-0.030/0.10

0.8218
0.82183
-0.003/0.10

0.8136
0.81352
0.010/0.10

0.8070
0.80681
0.024/0.10

0.8020
0.80178
0.031/0.10

0.7987
0.79836
0.043/0.10

0.7969
0,79661
0.036/0.10

0.7969
0.79645
0.056/0.10

0.7980
0.7977¢9
0.027/0.10

0.8007
0.80052
0.023/0.10

0.8309
0.83104
-0.017/0.10
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| [
30.398 (300) | 0.7889 0.7888 0.8027 0.8223 | 0.8503 0.8800
0,78919 0.78936 0.80185 0,82345 | 0.85066 0.88026
|-0.036/0.51 -0.071/0.61 ©0.105/0.30 -0,140/0.13 _;o.oaw\o.wa -0.029/0.10
35.464 (350) _ 0.8962 0.8880 0.8916 0.9027 | o.9189 0.9390
| o.89626 0.88791 0.89095 0.90231 0.91925 D.93935
|-0.006/0.55 0.010/0.63 0.073/0.30 0.043/0.11 |-0.038/0.10 -0.037/0.10
40,530 (400) _ 1,0015 0.9851 0.9802 0.9839 _ 0.9913 1.0033
| 1.00137 0.98520 0.98010 0.98300 | 0.99149 1.00359
{ ©:013/0.57 -0.011/0.64 0.010/0.30  0.091/0.09 |-0.019/0.10 -0.029/0.10
45,596 {450) | 1.1048 1.0813 1.0684 1,0653 | 1.0652 1.0702
_ 1,10473 1.08118 1.06871 1,06419 | 1.06538 1.07052
_|o.cwwxo.mm 0.011/0.65 -0.029/0.30 0.104/0.07 |-0.017/0.10 -0.030/0.10
50,663 (500) _ 1,2063 1.1758 1.1560 r
1.20651 1.17587 1.15652 |
|-0.018/0.58 -0.006/0.66 -0.045/0.30| — —1
_ | | I't+ the most probable value
60,795 (600) 1.4058 1.3615 1.3293 bees mad
: _ 1,40596 1.36171 1.32953 H 1st line: skeleton table value, Nm_H.
|-0.011/0.58 -0.015/0.65 -0.018/0.28 |
2nd line: calculated value, 2
70.928 (700) | 1.6008 1.5430 1.4995 | el
_ 1.60066 1.54331 1.49909 | 3rd line: deviation (%) / uncertainty (%)
_ 0.009/0.55 =0.020/0.64 0.028/0.25 |
e {deviation = [(Z - & ) / & ] x 100)
81.060  (800) 1.7920 1.7208 r 5T el sl
1,79133 1.72122 [

0.038/0.48 -0.025/0.62 ;

—— — ———— e —— — ——
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Table 6 Calculated values of molar volume, molar enthalpy and molar entropy for gaseous ethane

e e A ] e e et A B e e . et ——— e i, g ol i e et s SRR
Pressure ___Temperature K {°C}

MPa (atm) 273,15 298.15 323,15 348.15 373.15 398.15 423,15 44B.15 473.15 498,15
{0) (25) (50) (75) (100) (125) (150) {175) {200) (225)

0.101325 (1) 22185 24277 26360 28436 30507 32574 34639 36702 ie763 40822
-1354 -62 1306 2752 4276 5877 7556 9311 11143 13049

-4.53 0.00 4,41 B.71 12.94 17,09 21.18 25,21 29.18 33. 11

1.0133 (10} | 1993.7 2248.6 2489.5 2721.6 2947.7 3169.8 3388.7 3605.4 3820.3 4033.8
-2101 -656 B19 2342 3925 5573 7289 9075 10932 12859

-25.61 ~20.55 ~15.80 ~11.26 -6.87 -2.60 1.58 5.68 9.7 13.68

2.0265 (20) | 840,09 1010.7 1156.3 1289.4 1414.,9 1535,4 1€652.5 1767.0 1879.6 199%0,8
-3165 ~1424 219 1853 3515 5222 6984 8807 10694 12646

=-34.30 -28,19 -22,90 -18.03 =13.42 -8.99 -4.,70 -0.51 3.58 7.60

J.0398 {30) 580.68 705,12 age, 21 902.58 290,18 1073.8 1154.5 1233.2 1310.3
-2398 -468 1219 3079 4856 6670 8533 10453 12432

-34,07 -27.85 -22.52 -17.64 -13.03  -g,61  -4.34  -Q.17 3.91

4.0530 (40) 328.8% 471.96 565.99 645,42 717.31 784.54 B848.62 210.45 970.59
-3974 =1290 728 2615 4474 6347 8254 10208 12216

-40.89 =-32.21 -26.19 -20.95 -16,13 -11.57 -7.19 -2.95 1.19

5.0662 (50) J21.78 417.70 490. 40 553.51 611.21 665,43 717.21 767.22
=236l 63 2118 4075 6015 7971 9962 11998

=-36.75 -29.51 -23.81 -18.73 ~-14.01 -9,52 -5.20 -1.00

6.0795 {60) 204.82 316.61 386.62 444.42 495,97 543,69 588. 82 632,07
-4027 -698 1585 3660 5674 7683 9713 11781

~42.73 -32.76 -26.42 -21.04 -16.13 -11,52 -7.11 -2.85

7.0928 (70) 243.19 312.50 Jeo6,.80 414,06 457,16 497.53 535.95
=1574 1017 3230 5327 7392 2464 11564

=36,09 =-28.89 =23.14 =18.04 =-13,29 =-8.80 -4.47

8.1060 (80) 1892.79 257.54 309.14 a53.12 392.73 429,49 464.26
-2533 419 2789 4975 7100 9215 11347

=39.46 -31.26 -25.11 -19.78 -14.90 -10.31 -5.92

9.1192 (90) 153.93 216.21 265,08 306.32 343.11 377.01 408_R9
-3438 ~190 2342 4622 6808 B967 11132

-42,56 -33.53 -26.96 -21.40 -16.38 -11.70 -7.24

10.133 (L00) 131,95 185,30 230,86 269,57 303.94 335,46 364.98
-4158 -779 1899 4271 6519 8722 10921

-45.04 -35.66 -28.70 -22.92 -17.76 -12.98 -8.44
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11.146

12.159

13.172

14.186

15.199

16,212

17.225

18. 239

19.252

20. 265

25,331

30,398

(110)

(120)

(130)

(140)

(150)

{160)

{170)

(180)

(190)

(200)

{250)

(300)

lst line

2nd line

3rd line

162.49
-1318
-37.57

145.78
=-1787
-39, 24

133.47
-2181
-40. 68

124,26
-2508
-41.90

117.22
2776
-42,95

111,72
-2997
-43.85

107,33
-3180
-44.64

103,73
-3331
-45.33

100,74
-3457
-45,95

3

molar volume V in cm”-mol”

1

molar enthalpy H in ﬁ.!ﬂwnw

mclar entropy § in u.xlwaowu

204,07
1471
-30.33

183.01
1067
-31.83

166. 39
697
-33.21

153.21
83
-34.45

142,67
67
-35,57

134.16
-193
-36.58

127,22

-420
-37.48

121,48

-618
-38.29

116,69
-790
=39.03

112.63

-919
-39.69

1

240,24
3927
=24.34

216.57
3596
-25.67

197,32
3280
~25.91

181.54
2984
=28.07

168.53
2710
-29.13

157.72
2458
-30.12

148,68
2229
-31.03

141,05
2022
=31.86

134,57
1835
-32.63

129,02
1667
-33.34

110,236
1060
~36.20

272.43
6235
-19.04

246.73
5958
-20.25

225.52
5691
~21.38

207.86
5435
-22.44

193.03
5194
-23.43

180.50
4966
-24,36

169.84
4754
-26.23

160.71
4557
~26.04

152.84
4375
-26.80

146.02
4208
-27.51

122.30
31562
-30.46

147,39
8521
~19.96

128.61
8091
-22.23
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Teble 7 <Calculated values of molar volume, molar enthalpy and molar entropy for gaseous ethene

Pressure Temperature K _{°c)
MPa {atm] 273.15 298.15 323,15  348.15 373.15 398.15 423,15
(0) (25) (501 (75} {100) (125) (150)
0.101325 (1) 22244 24325 26399 28469 30536 32599 34661
-1109 -45 1034 2278 3536 4855 6236
-3.73 0.00 3.64 7.19 10.68 14.10 17.47
1.0133 110) | 2062.1 230l.1 2531,5% 2756.4 2977.3  3195.4 34l1l1.4
-1632 =473 725 1971 3269 4621 6028
-24.20 -20.14 -16,28 -12.57 -8.97 -5.47 -2.04
2.0265 {20) | 927.84 1071.1 1202.4 1326.4 1445.7 1561.8 1675.5
~-2312 -1000 297 1612 2962 4355 5794
~31.77 -27.17 -22.99 -15.07 -15.33 ~11.71 -8.21
3.0398 {30) 655,15 756,67 B48,56 934.77 1017.3 1097.2
-1602 =169 1233 2644 4081 5555
=-32.03 -27,41 -23.23 -19.32 -15.59 -12.00
4.0530 140) 440.58 531.56 608,84 679,12 745,12 B808.24
-2319 -682 830.2 2312 3800 5313
-36.26 -30.98 -26.48 -22.137 -18.51 ~14.82
5.0662 (50) 303.22 394.40 464.42 525,67 £82.00 635.16
-3239 -125% 402 1968 3513 5067
~40,60 -34,1% -29,25 -24.91 -20.90 -17,11
6.0795 {60) 197.75 301.1: 367.79 423.45 473.49 520.08
: -4620 -1904 -55 1511 3220 4819
-46.08 -37,2¢ -31.77 -27.14 -22.97 -19.08
7.0928 70} 119.05  233,3% 298,72 350.67 396.29 438.19
-6682 -2644 -539 1243 2922 4569
-53.51 =-40.41 -34.12 -29.18 -24.82 -20.81
8.1060 {8Q) 97.104 183,08 247,30 296.46 338.76 377.12
-762] -3463 -1048 866.2 2620 4317
-57,03 -43.55 -36.38 -31.06 =-26,51 -22,38
9.1192 (90) 89,079 147.71 208.22 254.86 294,44 329.99
-8029 -427€ -1570 484 2318 4067
-58.71 -46.63 -3B.51 -32.83 -28.07 -23.BlL
10.133 (100) B4.490 125,07 178.44  222.30 259,48 292,66
e 5 e . ... =B272 _=4963—_ =2085- 103% 2016 - ..3818 . - J—

-59.82 -~49.17 ~40.58 -34,50 -29,5) -25,15

11.146 (110) BiL.344 111.15 155.95 196.53 231.41  262.52
-8439 -5473 -2570 -270 1719 3572
-60.66 -51.12 -42.,45 -36,07 -30.90 -26.39
12.159 (120) 78.975 102.25 139.15 176.00 208.60 237.B0
-B8563 -58431 -3003 -627 1430 3332

-61.34 -52.60 -44.13 -37.53 -32.19 -27.55

13.172 (130) 77.087 96,153 126.64 159.61 189.88 217.29
-8658 -6117 -313176a -861 1152 3099

-61,93 -53.76 -45.58 -38.88 -33.39 -2B.65

14,186 (140) 75.523 91.707 117.22 146.47 174.41  200.10
-8733 -63126 -3689 -1266 888 2874

-62,44 -54,70 -46.84 =-40.1} -34.52 -29.68

15.19% {150) - 74.191 68,293 110.02 135.89 161.56 185.59
-8793 -6490 -3950 -1541 641 2660

-62.89 =55.49 -47.92 -41.23 -35.57 -30.65

16,212 (160) 73.035 85.566 104,38 127,30 150.8B1 173.26
-§841 -6622 -4167 -1784 412 2456

-63.31 ~-56.17 -48.85 -42.24 -36.54 -31.56

17.225 (170) 72.014 83.319 99.863 120.28 141.78 162,71
-g881 -6728 -4349 -1999 202 2265

-63.69 -56. 7€ -49.67 -43.15 -37.44 -32.41
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18.239 (180) 71.101  B1.423 96.172 114.47 134.14 153.64

-8913 -6818 -4502 -2188 10 2086
-64,04 -57,30 =50.39 -43.97 -38,27 =33.2]
19,252 {190) 70.276 79.792 93,09 109.60 127.63 145.79
-8939 -6892 -4631 -2353 ~164 1919
-64.36 -57.78 -S51.04 -44,72 -39,04 -133.97
20.265 (200} 69,525 78.367 90.48B7 105.48 122.05 138.98
-B959 -6955 -4742 -2498 -322 1765
-64.67 -58.22 -51,63 -45,40 =-39.75 -34.67
25.331 (250) 66,539 73.179 B1.638 91.805 103,25 115.42
-9007 -7142 ~5103 -2957 -500 1164
-65.98 -60.01 -531.91 -48.07 -42.63 -17.60
30,398 (300) 64.359 £9.771 76.358 B4.046 92.640 101.88
-8993 -7226 -5279 -3265 -1237 784
-67.05 -61.36 -55,56 -49.98 -44.72 -39.79
35,464 {350) 62,649 67,270 72.722 78.938 85.808 93.190
-8942 -7239 -5357 -3406 -1431 550
-67.96 -62.48 -56.87 -5l.46 -46.34 -41,51
40.530 (400) 61.247 65,311 6£9.999 75.248 B0.982 B7.118
-B867 =7211 ~-5376 -3469 -1535 414
-6B.76 =63.43 ~57.96 -52.67 -47.66 -42.91
45.596 (450) 60.061 63,709 67.846 72.411 77.349 B2,602
-~B774 -7155 -5355 -13482 -1578 344
-63.48 -64,17 -58.920 -~53.71 -~4B.77 -44.09
50.663 {500) 59.035 62,360 66,079
-8668 -7079 -5306

-70.13 -65.32 -59.74

55.729 [$50) 58.133 61.198 B4.5B8
-8551 -6988 =-5237
-70,73 -65.70 -60.49

3 1

60.795 {(600) 57.329 60. 180 63.304 1st 1ine: molar volume V in cm
-8427 -6884 -5152 -1
-71.30 -€6.34 -€1,17 2nd line: molar enthalpy H in J°mol

~mol~

65,661 (650) 56.603 59.275 62.179 3rd line: molar antropy S in I-K ‘mo1”l

-B295 -6771 -5054
-71.83 -66.92 -6l.81

70.928 (700} 55.944 58,462 61.180
-B159 -6651 -4946
-72.32 -g7.q7 ~—62.3%9

75.994 (750) §5.339 57,725
-80a18 -6524
-72.80 -67.99

81.060 (800) 54.782 57.051
-7873 -6391
=73.25 -6B.48




