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The compressibility behavior of the CO2-C2H 6 system was investigated 
experimentally. In this work, the refractive indexes of the pure gases and the 
mixtures were measured using an optical apparatus. On the basis of these data, 
density and compressibility factors were computed using the Lorentz-Lorenz 
taw. For the pure components, carbon dioxide and ethane, the data from the 
optical system were slightly adjusted by a fit to Burnett apparatus data 
measured separately. The experiments produced very accurate virial coefficients 
and refraction virial coefficients. This paper reports on the effect of temperature 
on the second and third virial coefficients. For the first refraction virial coef- 
ficient, no influence of temperature was found with the equipment used. The 
interaction second virial coefficient B~2 (as a function of temperature) was com- 
puted from experimental data for the CO 2 C2H 6 binary system. The data, for 
which an accuracy of + 1.5 cm 3" tool ~ was estimated, are in agreement with 
the data published by Holste et al. [AIChE & 28:807 (1982)]. 

KEY WORDS: carbon dioxide; ethane; Lorentz-Lorenz law; mixtures; refrac- 
tion virial coefficient; interaction second virial coefficient; compressibility factor. 

1. I N T R O D U C T I O N  

Exact information on the compressibility behavior of natural gases is essen- 
tial for sales gas metering. To determine gas volumes, compressibility fac- 
tors must be predicted accurately from an equation of state. 

Existing methods of prediction [1, 2] do not provide the accuracy 
required and are sufficiently accurate only in a very narrow range [2, 3]. 

Both the European Gas Research Group (GERG) and the Gas 
Research Institute (GRI) of Chicago have therefore sponsored projects 
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calling for the development of a highly accurate equation of state. 
Preliminary results of the GERG work [4, 5] and the GRI work [-6] have 
been published. Both new equations have been derived exclusively from 
data for pure gases and their binary mixtures. For this work, a substan- 
tial-experimental data base has been developed by the GERG [7-9]. 
Further experimental work has been sponsored by the GRI [10, 11]. 

A system of major importance for natural gas measurement is the car- 
bon dioxide--ethane binary system, since the pure gases are major con- 
stituents of natural gases. To determine the interaction parameters, which 
have an impact on equations of state, accurate experimental data are 
required. 

This paper reports such experimental work. 

2. M E A S U R E M E N T  M E T H O D S  

The compressibility of carbon dioxide and ethane was investigated 
using the Burnett apparatus and an optical system. 

The Burnett method does not involve direct measurement of a gas 
volume or a gas mass. It is sufficient to measure pressure during a series of 
isothermal expansions from one chamber filled with a gas sample into a 
second chamber which is then evacuated [12]. 

The optical method does not necessitate direct gas volume or mass 
measurement either, since the density of the gas is derived from a known 
correlation between the index of refraction n and the density p. The method 
is, above all, fast, allowing a series of experimental data to be obtained in 
rapid succession. 

The accuracy of the optical method is limited, since the specific refrac- 
tion in the Lorentz-Lorenz law 

n2--1 1 
r=n2+2 p (1) 

from which the density is predicted is not constant, but depends on the 
density and temperature T [13-16]. It is, however, possible to predict by 
calibration the part of the specific refraction which depends on density. For 
this purpose the dat~,of another accurate test method, such as the Burnett 
apparatus, were used. 

During a series of Burnett expansions, the experimental data for the 
isothermal line decrease as the pressure increases. For this reason, several 
series of expansion tests would be necessary for each isothermal line to 
obtain sufficient experimental data at high pressures. This approach 
therefore takes considerable time and is hence inefficient. The optical 
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method is much better suited to generate a sufficiently dense set of data at 
high pressures. To calculate the density from the optical test data, the 
specific refraction is expanded in a virial series. The refraction virial coef- 
ficients were adjusted by a fit to the Burnett data. 

Further, if both the Burnett apparatus and the optical system are used, 
a wide range of conditions can be covered by experiments. Whereas the 
Burnett apparatus can be employed in the gaseous phase above critical 
conditions, optical-system experiments can approach the vapor pressure 
curve of a pure gas or the two-phase region of a binary mixture. 

Since the Burnett method is well known, this paper merely presents 
the optical method of measurement used for investigating the carbon 
dioxide-ethane system. 

3. OPTICAL SYSTEM 

The optical system exploits the simple correlation between the refrac- 
tive index n and the density p expressed by the Lorentz-Lorenz law. 

The optical apparatus consists essentially of two connected inter- 
ferometers. One interferometer measures the refractive index of the sample 
gas, while the second instrument determines the refractive index of nitrogen 
at a fixed temperature. The two instruments are interconnected to adjust 
the nitrogen pressure to the pressure of the sample gas. The nitrogen inter- 
ferometer was calibrated using the deadweight tester of the Burnett 
apparatus. For this reason, the sample gas pressure could be determined 
rapidly from the refractive index of nitrogen. 

Figure 1 is a schematic of the grating interferometer incorporated in 
the optical apparatus. The interferometer consists of a sample gas chamber 
and a reference chamber. The refractive index of the sample gas is deter- 
mined at a given temperature T and a pressure p of the sample gas in the 
test chamber (3) and under vacuum conditions while the gas in the 
reference chamber (4) is always under atmospheric conditions. 

To measure the refractive index n of the sample gas, a laser beam is 
split into a test beam and a reference beam by diffraction grating. After 
traveling through the two chambers, the two coherent beams are reunited 
and display interference. If the path of the laser beam is changed in the test 
chamber by one wavelength, a full bright-dark-bright interference fringe 
will be produced. The second diffraction grating (10) before the 
reunification of the beam splits the interference pattern to show whether 
the phase difference is increasing or decreasing. The refractive index n is 
calculated from the interference fringe numbers kn according to 

2 
n = lo(1 + aim) k.  + 1 (2) 
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Fig. I. Schematic diagram of the optical measuring device. 

9 10 

where 2 is the wavelength (632.99 nm for the helium-neon laser used for 
the experiments), l0 is the effective length of the test chamber at 0~ and t 
is the temperature in degrees centigrade. In the experiments, the effective 
length l o of the test chamber was 249.897 mm and the coefficient of linear 
thermal expansion of the stainless-steel test chamber was 

= 16.5 x 10 6 K 1. The number of the interference fringes from vacuum 
to the density measured in the test chamber is represented by kn. 

Temperature was measured and controlled using platinum resistance 
thermometers and mercury thermometers. The test apparatus is designed 
for a temperature range from 0 to 80~ The uncertainty of temperature 
measurements is _+0.01 K. For pressure measurement, the largest part of 
the uncertainty in the upper part of the pressure range is determined by the 
uncertainty of the deadweight tester. At a pressure above 6 bar, the uncer- 
tainty is 10 4. In this pressure range, the resolution of the interferometer is 
by as much as 102 greater. Below 6 bar, the uncertainty is only 0.6 mbar. 
The accuracy of the refractive index measurement has been estimated to be 
approximately 1.5 x 10 - 4  above 5 bar. As for pressure measurement, the 
resolution of the interferometer is much greater. 

4. OPTICAL-TEST DATA 

The compressibility factor Z 

Z -  P 
R ~  (3) 
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(where p is the pressure, R is the universal gas constant, T is the tem- 
perature, and p is the molar density) may be computed from the refractive 
index n, if the specific refraction 

n2--1 1 L,, 
- ( 4 )  r = n 2 + 2 p  p 

(where L n is the refraction) as defined by the Lorentz-Lorentz law is 
known. The dependence of the Lorentz-Lorentz  law on density is normally 
described by the virial equation 

r = A,,+ B,,p + C,,p 2 + ... (5) 

where An, Bn, C ...... are the first, second, third, and further refraction virial 
coefficients. If the series is truncated after the third term, then on the basis 
of Eqs. (3) to (5), 

j o -  

and 

Z =  p__p_{A,, B,, A, ,C, ,~B2) 
RT\L , ,+-~ , - t  A~ L,, ] (7) 

To compute the density p or the compressibility factor Z, the refraction 
virial coefficients must be known. The first refraction virial coefficient A,, is 
determined directly from the measured isothermal refractive indexes. The 
ratios of refraction Ln over pressure p are for this purpose computed and 
plotted as a function of pressure. Including the known universal gas con- 
stants R for each isothermal line, An is expressed by the following limit: 

An=RTlim {L./p} (8 )  
p ~ O  

A, hence represents the intercept of the (RTLn/p) versus pressure curve. 
The first approximation of the density p and-- i f  p, R, and T are 

added-- the  compressibility factor Z from the refractive index are obtained 
using the first refraction virial coefficients only. The analysis of the 
experimental data shows that the accuracy of An is better than 6 x 10-4. 
The agreement between the densities and the compressibility factors deter- 
mined using the first virial coefficient with the true density and com- 
pressibility factors is usually better than 0.3% for pressures up to 60 bar. 
The results obtained by this approach were corrected by a fit using data 
from the Burnett apparatus. For  this purpose, Bn and Cn were varied. 
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In the final analysis, the overall accuracy of the experimental data 
depends on the accuracy of the Burnett data. On the basis of a conservative 
estimate, this accuracy was better than 0.1%. 

5. EXPERIMENTAL DATA 

The compressibility factors of pure carbon dioxide, pure ethane, and 
three binary carbon dioxide-ethane mixtures were measured by the optical 
apparatus at least for the 0, 20, 40, and 80~ isothermal lines at pressures 
up to 60 bar. 

The purity of the two pure gases certified by Air Liquide, the supplier, 
was 99.995 % for both gases. The binary mixtures were prepared by Gaz de 
France from gases with a purity of 99.995% (carbon dioxide) and 99.95% 
(ethane). The exact composition of each of the three binary systems con- 
taining approximately 25, 50, and 75% (molar) carbon dioxide was deter- 
mined by weighing during the mixing process. 

To determine the second and third refraction virial coefficients B,, and 
C,,, additional measurements were made with the optical system and the 
data were compared with those obtained using the Burnett apparatus. The 
maximum pressure was 260 bar for the 46.88~ (320.03 K) isothermal line 
(for carbon dioxide) and for the 75~ isothermal line (for ethane). 

5.1. Pure Gases 

The first refraction virial coefficients for the pure gases (carbon dioxide 
and ethane) were obtained directly from the measured refractive index and 
are very accurate. The maximum uncertainty is 0.06%. Within the uncer- 
tainty limitations, the coefficients are independent of the gas temperature. 
The second and third refraction virial coefficients have hardly any influence 
on specific refraction and are therefore more uncertain. Nevertheless, the 
influence of temperature on these coefficients appears to be negligible. 

The experimental refractive index data were processed further using 
the refraction virial coefficients from Table I to obtain experimental density 

Table I. Refraction Virial Coefficients for Carbon Dioxide 
and Ethane Between 0 and 80~ 

An Bn Cn 
Component  Purity (cm 3. m o l - l )  (cm 6- mol 2) (cm 9- mol -3)  

Carbon dioxide 99.995 6.641 + 0.003 0.0 _+ 2 224 + 80 
Ethane 99.995 t 1.229 _+ 0.006 22.9 • 3 - 1560 • 400 
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and compressibility factor data using Eqs. (6) and (7). The second and 
third virial coefficients for the two pure gases were calculated from these 
density and compressibility factor data. For the latter work, 

Z = 1 -I- B(T) p -I- C(T) p2 (9) 

was not determined for each isothermal line but for all isothermal lines 
together for each gas. In this process, the virial coefficient and temperature 
were correlated by third-degree polynomials: 

B(T)  = bo + bl T +  b 2 T 2 + b 3 T 3 (10) 

C ( T ) = c o  + c 1 T + c 2 T 2 + c 3 T  3 (1l)  

Experimental data for eight isothermal lines were available for carbon 
dioxide and ethane for the 0 to 80~ temperature range. The root mean 
square error of the densities predicted by the virial equations is better than 
2 x 1 0  4for  the two pure gases. 
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Figures 2 and 3 present the second and third virial coefficients 
measured for the various isothermal lines and compare these data with the 
data of other investigators. The accuracy of the measured second virial 
coefficient data was estimated at +_0.5 cm 3. m o 1 - 1  

The results are in excellent agreement with the data reported by 
others. For the third virial coefficient, the scatter is somewhat wider, 
mainly for carbon dioxide. The temperature dependence is somewhat 
greater than reported by Michels and Michels [17] (Table II). For ethane, 
the experimental data are in good agreement with the data of Michels 
[18]. 

5.2. Binary Carbon Dioxide-Ethane Mixtures 

The refraction virial coefficients must be known for the prediction of 
the density or the compressibility factor from the refractive index measured 
by the optical system. 
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Fig. 3. Comparison of the third virial coefficients for CO2 and 
C2H6 from this work with other values for the 270 to 360 K 
temperature range. 
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Table II. Temperature Dependence of Virial Coefficients for 
Carbon Dioxide and Ethane 

89 

b o b~ b 2 b3 
(cm3.mol i) (cm3.mol i. K 1)(cm3.mol ~'K 2)(cm3.mol i. K 3) 

Carbon dioxide - 1.22383 7.66671 x 10 3 - 1.75020 x 10 5 1.39859 x 10 
Ethane -2.02508 1.38719 x i0 2 -3.52689 x 10 s 3.16954 x 10 ~ 

CO CI C2 ('3 
(cm6.mol 2) (cm6.mol 2. K ~) (cm6.mol 2 K 2) (cm6.mol 2. K 3) 

Carbon dioxide 2.57396x10 i 2.57595x10 3 -8.34982xi0 6 8.92371x10 9 
Ethane -8.17533xi0 2 8.71390x10 4 2.66632x10 6 2.60730x10 ~ 

F o r  the  b i n a r y  mix tu re s ,  the  m e a s u r e d  first  r e f r a c t i o n  virial  coeff ic ients  

A,, in T a b l e  I l I  are  in g o o d  a g r e e m e n t  w i th  the  vir ial  coeff ic ients  c a l c u l a t e d  

by the  fo l l owing  m i x i n g  rule:  

A,,=xlA,,~ l + x2A,,.2 (12) 

w h e r e  

xj  = m o l a r  f r a c t i o n  o f  c a r b o n  d i o x i d e  

x2 = m o l a r  f r a c t i on  o f  e t h a n e  

T h e  fo l l owing  m i x i n g  rules  were  u sed  for  the  s e c o n d  a n d  t h i r d  r e f r ac t i on  

virial  coeff ic ients :  

B,,.mi• = x12B,,,1 + xx2B,,.2 + 2XlX2(B,,.j B,,.2) ~ (13) 

C,,,mix= xI3C,,,1-l- X23C,,.2 + 3xI2x2(C,,,j2C,,.2)~+ 3)cIx22(C,,,1C,,.22) ~ (14) 

Table lII. First Refraction Virial Coefficients for the 
Binary Carbon Dioxide-Ethane System 

Carbon dioxide fraction 
(tool %) 

A, (cm 3.tool -z) 

Measured Calculated 

77.33 
54.32 
28.45 

7.687 _+ 0.004 7.684 
8.744 + 0.005 8.739 
9.927 +_ 0.005 9.926 
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The densities and the compressibility factors of the binary mixtures were 
predicted from the experimental refractive index data, using the second and 
third refraction virial coefficients calculated. No attempt was made to 
obtain these virial coefficients directly from the Burnett data, since the 
maximum pressure of the Burnett apparatus experiments was 40 bar and 
the effect of the coefficients on density or the compressibility factor at this 
pressure is less than 0.05 %. 

Figures 4 to 6 present the compressibility factors measured for four 
isothermal lines as a function of pressure. The figures show the difference 
A Z  between the compressibility factors predicted by the GRI Super Z 
method [6]  and the experimental data, 

A Z -  Zsuper Z -- Zexp 100 (15) 
Zexp 

The agreement between the predicted compressibility factors and the 
experimental data is better than _+0.4% for the three binary mixtures con- 
taining some 75, 50, and 25 mol % carbon dioxide. The difference between 
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Fig. 4. Difference between calculated Z values (GRI Super 
Z) and measured Z values for a binary CO2 C2H6 mixture 
containing 77.3 mol % CO2. 
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the GRI Super data and the experimental data is greatest for 0 and 80~ 
The differences are greatest for the high-ethane mixtures. 

Figure 7 presents experimental compressibility factors determined in 
this work and Reinsema's experimental data [7]  for a binary mixture con- 
taining some 75 tool carbon dioxide. The figure shows again the differences 
between the experimental data and the compressibility factors predicted by 
the GRI Super Z method. Both experiments overlap for pressures of about 
35 bar. The isothermal lines for which comparable data are available are 
20~ and 36 to 38~ The experimental data differ by some 0.3% in this 
pressure and temperature region. 

Interaction virial coefficients were calculated from the measured den- 
sity and compressibility factor data. To begin with, the virial coefficients B 
and C for each mixture were calculated by means of Eqs. (10) and (11). 
The second interaction virial coefficients B12 were computed directly 
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from the second virial coefficients for the three binary mixtures using the 
following formula: 

B = x ~ B  1 + x2B2 + 2x~ x2B12 (16) 

The coefficients in Table II were used for the second virial coefficients of 
the pure gas BI and B2 (subscript 1 relates to carbon dioxide, and subscript 
2 to ethane). 

The analysis of the data resulted finally in the following temperature 
dependence of the interaction second virial coefficient B12 for the carbon 
dioxide-ethane system in the temperature range between 0 and 80~ 

B 1 2  = -0.703973 + 2.83266 x 10-3T-  2.52381 x 10-6T2 - 1.57545 x 10-9T3 

(17) 

where  B12 is in cm 3. mol 1. 
Figure 8 compares the experimental result for Bl2 from this work 

with data published by Mason and Eakin [23] and Holste et al. [11]. 
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Assuming  the accuracy  of  ___ 1.2 cm 3. m o l - '  specified by Hols te  et al., the 
low- tempera tu re  Hols te  da t a  and  the da t a  from this project  do  agree. The  
uncer ta in ty  es t imated  for the work  covered  by  this paper  is 
+1 .5  cm 3 . m o l  1. 

The effect of t empera tu re  on B12 is subs tan t ia l  for pred ic t ions  by 
equat ions  of s tate and,  in par t icu la r ,  compress ib i l i ty  factors ca lcula ted  by 
such equat ions .  F o r  the same reason the th i rd  in te rac t ion  virial  coefficients 
are of m a j o r  impor tance .  H a r d l y  any rel iable  da t a  are r epor ted  in the 
l i terature.  Therefore,  the exper imenta l  da t a  will be fur ther  processed to 
ob ta in  these th i rd  in te rac t ion  virial  coefficients and  to invest igate  the effect 
of h igher  virial  coefficients on B12 (T). F o r  this purpose ,  new b ina ry  
mixture  exper iments  will be made ,  ma in ly  at  low tempera tures ,  somewha t  
be low 273 K. 

A C K N O W L E D G M E N T S  

The au tho r  wishes to t hank  Mr.  J. Jo l ibois  of  G a z  de F rance  for 
supply ing  the b ina ry  mixtures ,  Dipl . - Ing.  H. Hinze  and  M. Scheuren for 
their  technical  suppor t ,  and  Ms. M. Scholz, Ms. S. Schmeing,  and  Dr.  

R. Hel ler  for their  c o m p u t a t i o n a l  assistance.  

R E F E R E N C E S  

1. American Gas Association (AGA), AGA PAR Research Project NX 19 (Dec. 1962); 
AGA, AGA Gas Measurement Committee Report No. 3 (Apr. 1955) (reprinted Oct. 
1964). 

2. IGU paper C4-82, 15. World Gas Conference, Lausanne (1982); Presented by the Infor- 
mation Committee on the Thermodynamic Properties of Natural Gases of the European 
Gas Research Group (GERG). 

3. M. Jaeschke and B. Harbrink, gwf-gas/erdgas 123:20 (1982). 
4. J. A. Schouten, J. P. J. Michels, C. Prins, P. S. van der Gulik, and N. J. Trappeniers, 

Report 8410, Van der Waals Laboratory, University of Amsterdam, Amsterdam (1984). 
5. G. E. H, Joosten and M. Jaeschke, IGU Poster A36-85, World Gas Conference, Munich 

(1985). 
6. K. E. Starling, K. H. Kumar, and J. L. Savidge, Paper E-08, International Gas Research 

Conference, London, June 13-16 (1983). 
7. S. Reintsema, H. Reinhardus, and W. Rensen, Measurement of compressibility factors of 

various natural gases and mixtures. Gasunie Research Laboratories (Mar. 1982). 
8. F. Dewerdt, Rapport pour le Comit~ d'information sur les propri6t6s thermodynamiques 

des gaz naturels du Groupe europ6an de recherches gazieres, CERIG-Gaz de France, 
(Nov. 1980). 

9. M. Jaeschke and H. P. Jfilicher, B W K  36(11):445 (1984). 
10. K. R. Hall, R. T. Eubank, and J. C. Holste, GR-84/0038 report (Jan. 1984). 
11. J. C. Holste, J. G. Young, P. T. Eubank, and K. R. Hall, AIChE J. 28:807 (1982). 
12. S. Burnett, A S M E  Trans. J. Appl. Mech. 3:136 (1936). 



Virial Coefficients for Carbon Dioxide-Ethane 95 

13. H. J. Achtermann, Entwicklung und Erprobung einer optischen Versuchsanlage zur Bestim- 
mung der Dichte aus Brechungsindexmessungen, Dissertation (University of Hanover, 
Hanover, 1978). 

14. A. D. Buckingham and C. Graham, Proc. R. Soc. Lond. A 336:275 (1974). 
15. J. Haedrich, F. W. Seemann, and P. Sliwinski, Z. Phys. Chem. N.F. 70 (1970). 
16. J. M. St Arnaud, Dktermination directe de la contribution d'interactions molOculaires 

l'indice de rdfraction du C02, C2H 4 et SF6, These (L'Universit6 du Qfiebec Trois-Rivi6res, 
Qfiebec, 1979). 

17. A. Michels and C. Michels, Proc. R. Soc. Lond. A 153:201 (1935). 
18. A. Michels, W. van Stratten, and J. Dawson, Physica 20:17 (1954). 
19. A. E. Hoover, I. Nagata, T. W. Leland, Jr., and R. Kobayashi, J. Chem. Phys. 48:2633 

(1968). 
20. R. D. Gunn, Volumetric' Properties of Non-polar Gas Mixtures, M.Sc. thesis (University of 

California, Berkeley, 1958). 
21. E. G. Butcher and R. S. Dadson, Proc. R. Soc. Lond. A 277:448 (1964). 
22. D. R. Douslin and R. H. Harrison, J. Chem. Thermo. 5:491 (1973). 
23. D. M. Mason and B. W. Eakin, J. Chem. Eng. Data 6:499 (1961). 


