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EVALUATION OF P-V-T RELATIONS

The Most Probable Values of Compressibility Factor of Methane!

By Jiro Osucr*, Yosuivasa TAKEzZAKI* anp Tabasar MaxiTatds

It is true that no scientific treatment is ever complete as [ar as its evaluation is made in reference
to the previously published reports. It is also necessary to evaluate the previously obtained values not
for the emphasis on significance of the author's own experiments, but for the establishment of the
scientific data internationally acknowledged. The Committee of High Pressure Data Center of Japan
(HPDC]), the Society of Material Science, Japan, has worked on the evaluation of the compressibility
factor of methane with the sponsorship of the Agency of Science and Technology.

The evaluation of P-V-T relations of methane has already been made by Din!? and Canjor® who
obtained the relations of specific volume or residual volume against pressure. Many papers have been
presented for the purpose of obtaining the equation of state, the second virial coefficient or the reduced
equation of state from their experimental values which have usually been left unexamined. However,
it is difficult to evaluate the original values published which are various in the ranges and scales of
experimental conditions,

For the establishment of basic scientific data, it is urgently required to evaluate critically the origi-
nal values obtained directly from the experiments, independent of thecoretical and other modifications.

Upon the considerations mentioned above, the evaluation of the compressibility factor of methane
has been worked along the following procedures. The following members of the Committee for the

evaluation have been nominated,

Jiro Osugi (Chief) Kyoto University, Ichimatsu Tanishita Keio University,
Yoshimasa Takezaki Kyoto University, Hiroji Iwasaki Tohoku University.
Tadashi Makita Kobe University,

And the following researchers attended for the discussions,
Koichi Watanabe Keio University, Shinji ‘T'akahashi Tohoku University,
Akira Nagashima Keio University, Kaoru Date Tohoku University.

{Received November 10, 167 1)

t OQutline of this paper was read at the U. S.-Japan Seminor "Evaluation, Compilation and Presen-
tation of Physical Properties Data and Data Center Activities” on November 15~17, 1971 in
Tokyo.
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Qutline of Processing

The compressibility factor in the expression of P-V-T relations

From the consideration on the techniques used in the determination of P-V-T relation, one of the
most favorable expression should be given by the original values of volume /mass (i.e. specific volume,
or equivalently specific density) obtained directly from the measurements. In this case. the introduction
of additional errors resulting from the use of other experimentally determined constants in calculation
could be avoided.

However. the figures of specific velume vary in so wide a range according to £ and 7, and this is
inconvenient for the purpose of evaluation which involves the process to examine a number of diferent
measurments over a wide range of Pand 7.

An alternative expression is PXx(sp. vol.), which is precise as well and iree from the above-
mentiened fault, but the use of this quantity still has another weak point that the values at a fixed set
of P and 7T changes with the molecular weight of the substance. It is also a shortcoming for the com-
parison of a variety of substances planned. It has been decided, therefore. to take the molar volume
instead of the specific volume from the consideration of the convenience for practical use and of the
correlation with the virial expression. Ta express the P} relative to that of the ideal gas, the compres-
sibility factor has been adopted in the present work.

PV
=rr
where 1" is the molar volunie and R the universal gas constant.
Molecular weight and gas constant

The Committee has decided to adopt the atomic weights recommended by IUFAC (19691 in the
present work concerning methane: as for C and H necessary for methane, C:12.0112£0.001% and H:
1.00B0==0.0003*. Since 1925 the changes of these atomic weights have been so small that no correction
has been needed for the molecular weight of methane given by the authars at the date of issue. Rather,
the maximum relative error due to the uncertainties of atomic weights, which amounts to 1.4 x 10~ for
methane, is not well below the experimental errors in the precisest measurements.

As for the universal gas constant, the figure recommended by IUPAC (the 23rd Conference)s)i0}

has been adopted:

R=8.314330.00044 (J/°K - mole)
=82.056=+0.004 (cm?-atm/ K -mole)

* Attached uncertainties are three times the standard deviations.

3) Commission on Atomic Weights, Pure and Appl, Chem., 21, 95 (1970)

4} M. L. McGlashan. ibid.. 21, 37 (1970}

5) F.R. Rossini. ibid., 9. 453 (1964)

10) Thermodynamics Research Center Data Project, “Selected Values of Propertics of Chemical Com-
pounds”, Texas A & M Univ,, pp. 11~20 (1966)
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The relative uncertainly of Z caused by introducing R amounts to 5.3 x 10~5, which can be neg-
lected even for the precisest measurements.
Temperature and pressure scales
In the tabulation of Z with respect to the common and fixed points of P and T, which is necessary
for the comparison of the data determined by many authors, the following sets of discrete temperatures
and pressures have been employed:
Temparature °C (Int, 1948): 0, 25, 50, 75,...225 (interval of 25°C)
Pressure (atm): 1, 3, 5, 10, 20, 30,...100 (interval of 10atm)
100, 120, 140..,.200 (interval of 20atm)
200, 250, 300,...1000 (interval of 50atm)
1000, 1200, 1400,...3000 (interval of 200atm).
The thermodynamic temperature scale should be used as the absolute temperature in the calcu-
lation of Z. This conversion has been made according to the international decision in 1948, that is, by

T (°K therm)=273.15+{ (°C therm)&,

= ¥
£ (:C therm)=1; (°C Int, 1948)+(0.04106 —7.363 X 10-54; )(T%J'l(_)) (i%‘a—l) ,

where ¢ (°C, Int.) is the experimental temperatures given in °C in the literatures. No conversion is
necessary for the international Celsius temperatures between the scales of 1927 and 1948 in the tem-
perature range processed in this report®,

In 1968 the revision of the temperature scale was made®, but in consideration of the fact that the
new scale is not so prevalently used, especially not legally announced in Japan®, it has been decided
to use the 1948 scale* for the time being.

The conversion of the temperature given in °F or °R into 7 (°K therm) is made through

“C (Int)=(°F (In9)— 32) x5,

°F (Int)="R (Int)—459.69 .

As the unit of pressure, the use of the international unit system (SI Unit)®? seems desirable in
view of the trends in the scientific fields. However, most of the original determinations have been made
in terms of atm unit and many properties other than P-F-T are also determined with atm unit. There-
fore, it seems convenient for the moment to use the heretofore commoaly used unit in order to connect

% The deviation of IPTS-1948 scale in the thermodynamic temperature from the 1968's is less than
5% 105 between 0 and 160°C and less than ! x 10~4 for 160~225°C®, These deviations are negligible,
comparing with other uncertainties included.

6) J. A.Hall, “Temperature, its Measurements and Control in Science and Industry”, Vol. 2, p. 115,
ed. by H. C, Woeff, Reinhold, New York (1955)

7) J. A. Beattie, ibid., p. 63 (1955)

8) F.D. Rossini, Pure and Appl. Chem., 22, 557 (1970); T. Mochizuki, Keirye Renkyusho Hokoku (Report
of the Nulional Research Laboralory of Meirology, Japan), 18, 12 (1969)

9) ref. 4) p. 19 (1970)
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these properties. Thus. in compromise of these facts the Committee has settled to prefer atm unit at
least for the present work. But. on this point further consideration should be put forward.

Conversion of atm into SI Unit is given by
1atm=1.013250 bar=1.013250% 10* N /m? (exactly by definition)3.
Consideration on the purity of sample

The most abundant impurities in methane used are nitrogen and ethane. Though the effect of
these impurities on Z is difficult to estimate. a rough calculation shows that maximum relative error
is ca. 2 % 10~* for 99.92s purity and that is ¢a. 2X 1075 for 99.99%. No carrection has been made in the
calculation of Z and the considerations on purity have been given together with other factors in the
evaluation.

Method of interpolation

In the present evaluation, a number of common temperatures and pressures are specified as men-
tioned in the preceding sections, in order to compare the available data collected from various sources.
When the data reported are not at one of the common temperatures and pressures specified. inter-
polating procedures should be carried out 2long an isotherm or an isobar on a digital computer using an
appropriate program designed by the HPDC]J.

The original data points along an isotherm have been fitted to several equations by the least squares
method. If necessary, one isotherm has been divided into two or three sections in arder to obtain the
standard deviations less than the experimental errors reported by the original authors. In many cases,
cubic or quartic equations of pressure are found to be satisfactory for the present interpolation. When
the original data were reported at temperatures other than the specified common temperatures, the same
procedures of interpolation have been performed along an isobar of common pressure. The cubic
equations of the reciprocal temperature are found to be excellent to reproduce the original data within
the reported errors.

Procedures in the critical evaluation

In order to evaluate a number of original works critically, the following items have been referred
to from the original papers, using the properly designed “Extraction Form'"';

The investigators

The laboratory where the research was carried out

The nature of the journal in which the work was published

The method of the experimental measurements

Calibration of the apparatus

Correction of the experimental results

Considerations and precautions paid on the measuring techniques

The experimental errors reported

The fundamentzl constants used

The overall accuracy estimated by the original authors

Purity of the sample used. ‘

Furthermore, the original data have been plotted in a large graph, and the scattering of the experimental
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data has been also considered in the present evaluation. When the old values of fundamental constants
were used in the original report, the final values have been recalculated as mentioned in the preceding
section, if necessary.

The final evaluation has been performed by the Committee members and several researchers in
this field of Japan, referring to the extraction forms mentioned above, as well as the interpolated values
at the common temperatures and pressures. The weight in this critical evaluation has been given to each
original work. Then, the weighted mean value has been taken as the most probable value at each point
of common temperatures and pressures. The standard deviation has been also calculated at the data
point.

Evaluation of Compressibility Factors of Methane

The references on the P-F-T relations of methane were searched for and collected by the HPDC]J.
A list‘ of literature on these properties was published as the Reference List Series No. 4 in 1971. Al-
though there exist 87 references on the P-V-T relations of methane, only nine papers are available on
the original experimental data as listed below:

F. CG. Keves and H. G, Burks (19271

H. M. Kvalnes and V. L, Gaddy (19312

A. Michels and G. W. Nederbragt (1936)t3)

R. H. Olds, I1, 1. Reamer, B. H. Sage and W, N, Lacey (19434

H. W. Schamp, Jr., E. A. Mason. A. C. B. Rictardson and A. Altman (1958}

I, Iwasaki and K. Date {1961)18)

D. R. Douslin, R. H. Harrison, R. T. Moore and J. T. McCullough (1964317

L. Deffet and F. Ficks (1965)18)

S. L. Robertson and S. E. Babb. Jr. (196919

_ The original data of P-J'-T relations of methane have been first extracted from these papers listed

above. The compressibility factors have been calculated and. if necessary, small corrections have been
made based on the temperature scale and fundamental constants, as described in the preceding sections.
Then, the vailues at specified common temperatures and pressures have been computed by the method
of interpolation mentioned above. These sets of data have been carefully examined in details and
critically evaluated. From the view point of the experimental procedures and precautions, three sets of

11) F.G. Keyes and H. G. Burks, J. Am. Ckem. Sot., 49, 1403 (1927)

12) H.M. Kvalnes and V. L. Gaddy, ibid. 55, 394 (1931)

13} A.Michels and G. W. Nederbragt, Physica, 2. 1000 (1935); 3. 549 (1936)

14) R.H, Olds, H, H, Reamer, B, H, Sage and W, N, Lacey, /nd. Eng. Chem., 35, 922 (1943)

15) H.W. Schamp, Jr., E. A, Mason, A. C. B, Richardson and A. Altman, Phys. Fluids, 1, 379 (1958)

16) H.Iwasaki and K. Date, Chem. Resear. Instil. Non-Agueows Solutions, 10, 67 (1961)

17) D.R, Douslin, R. H. Harrison, R. T. Moore and J. T. McCullough, J. Ckem, Eng. Daty, 9, 358 (1964)

18) L. Deffet and F. Ficks, “Advances in Thermophysical Properties at Extreme Temperatures and
Pressures”, p, 107, ASME, New York (1965)

19) S. L. Robertson aund S. E. Babb, Jr, J. Chem. Phys., 51, 1357 (1969)
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datal®$1ID are considered to be the most reliable and the highest weight has been given to them.
Weight second to the above has been given to three other sets of datal4)16)18) jn the present analysis.
No weighl has been given to two earlier works!12), nor to the recent paper!® in which the data were
reported in higher pressure range than the present common pressures.

The most reliable values of the compressiblity factors of methane have been determined by taking
the weighted mean at every common temperature and pressure. The final recommended values are
shown in Table 1 with the standard deviations, The percentage deviations of the original data from
the tabulated values have been calculated by :

100(Z—2)

percentage deviation= 7

where Z is the compressibility factor interpolated from the original measurements, and Z is the most
probable values determined in this evaluation. Some of them are given graphically in Fig. 1.

Conclusion

The method of the critical evaluation of the P-I'-T relation has thus been established and the most
reliable values of the compressibility factors of gaseous methane are determined. This method will be
applicable to other gases, and therefore, we have just initiated the work on the new evaluation of the
compressibility factors of ethane and ethylene. Furthermore, since the present results can be used to
produce the new equations of state, new efforts will be also concentrated on this field by the HPDC].



