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We have determined the interaction second virial coefficients (BIZ) for the C02 
- C& system between 250 and 300K using a Burnett-isochoric apparatus. The 
technique follows a procedure suggested by Hall and Eubank (1973) and extended 
by Holste et al. (1980). Combined errors for B12 are within 1.2 cm3/mol. In addition, 
values for the binary interaction parameter kl2 calculated from our B12 values show 
definite temperature dependence. 
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SCOPE 

Interaction second virial coefficients, BIZ, contain informa- 
tion about mixtures which is essential for both theoretical and 
practical applications. Because of a direct, statistical mechan- 
ical basis, Bl2 reflects molecular interactions between unlike 
molecules and provides insight for theoretical mixture models. 
On the partial side, Bl2 is necessary for thermodynamic calcu- 
lations at low pressures when the application dictates use of the 
(truncated) virial equation. The binary interaction parameter, 
k12, is an important correlation parameter which we extract 
from the Bl2. 

The usual method for obtaining B12 is by reduction of mixture 
second virial coefficients. Edwards and Roseveare (1942) a p  
parently pioneered the technique. Knobler et al. (1959) devel- 

oped a significantly better technique, the differential pressure 
method. These two methods have produced the bulk of Bl2 data, 
although reduction of vapor-liquid equilibrium data and of 
chromatographic data also have provided less precise values. 
Often the k12 have been extracted from vapor-liquid equilibrium 
data, because extremely precise Bl2 values were not avail- 
able. 

Hall and Eubank (1973) proposed a new, differential method 
for Bl2 determinations using a Burnett-isochoric apparatus. 
Holste et al. (1980) applied this technique to the carbon diox- 
ide-helium system with excellent results. We have applied the 
technique to the carbon dioxide-ethane system and then derived 
kl2 from the resultant B I Z .  

CONCLUSIONS AND SIGNIFICANCE 

We have determined Bl2 values for the carbon dioxide-ethane 
system at 10 K intervals from 250 to 300 K using the modified 
Burnett method proposed by Hall and Eubank (1973) as ex- 
panded by Holste et al. (1980). We have utilized established 
procedures to correct for the effects of higher-order terms in the 
virial equation, and, after a careful analysis, we have concluded 
that random errors in these determinations have masked any 
systematic effects. Therefore, we have determined that the ac- 
curacy of our measurements is f1.2 cm3/mol for Bl2 based upon 
a 99% confidence limit. 

To our knowledge, no measurements, other than the current 
work, have sufficient precision to demonstrate conclusively that 
the binary interaction parameter (defined in the conventional 

manner) depends upon temperature. Our results show the tem- 
perature dependence in the low temperature range. Our 3a ef- 
fect on kl2 from the B12 errors is f0.004 which is significantly 
smaller than even our minimum values of kl2 = 0.088 at 300 
K. 

Having established the feasibility of our experiment for 
producing temperature dependent k12, we shall make a sys- 
tematic study of natural gas and syngas binaries to establish 
these dependences. A knowledge of the correct temperature 
dependence for k12 can have a profound effect on the results of 
many useful correlations and thus on the design of units based 
upon such correlations. 

INTRODUCTION 

In many theoretical and practical applications of the equation 
of state, the virial equation is the preferred form for fluids and fluid 
mixtures. The precise basis of this equation in statistical mechanics 
is the primary reason for this applicability. The derivation produces 
two equivalent (mathematically but not practically) forms: 

2 -  1 = B p  + Cp2 + . .  . = B ' P  + C'P2 + . . .  (1) 

Correspondence concerning this paper should be addressed to K. R. Hall. 
0001-1541-82-6214-0807-)2.00. 8 The American INtituIe of Chemical Engineers. 1982. 
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Statistical mechanics also provides the mixing rules for the virial 
coefficients 

Higher order coefficients have similar mixing rules. More funda- 
mental mixture information resides in the interaction coefficients 
(B i j ,  Cijk, etc.) than in the mixture coefficients (Bm, Cm, etc.), 
because the latter depend upon the pure fluid virial coefficients 
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and the mixture composition. Our purpose in this study is to provide 
accurate experimental values for the interaction second virial 
coefficient. 

We have chosen the carbon dioxide-ethane system because the 
expanding economic importance of these fluids has resulted in an 
increased need for accurate data. Ample information exists for the 
pure compounds but mixture data are scarce. Our values for 
B c o 2  - c ~ H ~  cover the range 250 I T/K I 300. 

REVIEW OF PREVIOUS WORK 

Large amounts of data exist for both carbon dioxide and eth- 
ane-as a result we shall only cite reference works or recent efforts. 
Two principal reviews are available for carbon dioxide: Vukalov- 
itch and Altunin (1968) and Angus et al. (1973). In addition, the 
review of virial coefficients by Dymond and Smith (1969) contains 
information on carbon dioxide. 

Recently, Michels et al. (1954), Douslin and Harrison (1973) and 
Mansoorian et al. (1981) have published data for ethane which are 
in substantial agreement. Dymond and Smith (1969) also report 
virial coefficients. The major review of available ethane data comes 
from Goodwin et al. (1976). 

Many values for B f j  come from a straighforward reduction of 
the equation for binary mixtures: 

(4) 

For example, Zaalishvili (1956) used this technique to obtain values 
for COz-CzH6 in the range 310 I T/K 5 510 using data from 
Reamer et al. (1945). Another technique is the differential pressure 
method developed by Knobler et al. (1959). Mason and Eakin 
(1961) used the latter method to determine Bc- at 288 K. The 
technique we used is the one developed by Hall and Eubank (1973) 
and expanded by Holste et al. (1980). 

B I Z  = (Bm - y f B 1 1 -  Y ~ B Z Z ) / ~ Y I Y Z  

EXPERIMENTAL 

Our basic apparatus for this experiment is a Burnett-isochoric instrument. 
The Burnett-isochoric method, discussed by Burnett (1963), Pope et al. 
(1972), Hall and Eubank (1972), and Holste et al. (1980). is a combination 
of the Burnett method and the isochoric method which possesses advantages 
over the individual techniques. Figure 1 presents a schematic of the ap- 
paratus. Detailed descriptions of the apparatus appear in theses by Watson 
(1978) and Young (1978). 

In our apparatus, the sample fluid remains entirely within the temper- 
ature bath (helium gas is the bath fluid). Communication with the external 
pressure-measurement system is by helium through a Ruska differential 
pressure cell. Our pressure measurement instruments are Ruska air-lubri- 
cated dead weight gauges and an Ideal Arrowsmith manometer. These 
devices are consistent within 0.01% in their region of overlap and have 
assigned accuracies of better than 0.02%. Our precision for pressure ob- 
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Figure 1. Schematic diagram of the Burnell-isochorlc apparatus. 
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T 
Figure 2. BumeH-lsochoric experiment traced upon 8 P-T diagram. 

servation is better than 0.001% using techniques described by Hoke  et al. 
(1977). We measure and control temperature in a potentiometric circuit 
using a standard platinum-resistance element calibrated on IPTS-48. (We 
report IPTS68 values, however.) The temperature measurement accuracy 
is f O . O 1  K but control is within 0.002 K. 

The Burnett-isochoric method consists of filling one cell of the apparatus 
to a predetermined pressure at a convenient temperature and then running 
up and/or down in temperature along an isochore. Returning to the initial 
temperature and pressure provides a leak test for the experiment before 
expanding the fluid into the other, evacuated Burnett volume. Repeating 
this procedure until reaching a minimum observable pressure upon ex- 
pansion constitutes a Bumett-isochoric run. Figure 2 traces theexperimental 
path on a P-T diagram. A single filling suffices to generate an entire P p T  
surface which ensures sample integrity. Superimposed upon the Burnett- 
isochoric experiment is the Burnett-mixing experiment described by Hall 
and Eubank (1974). In this isothermal experiment, one volume is filled with 
a pure fluid to a measured pressure, P I ,  and a second volume is filled with 
a second pure fluid to a pressure, P2. The fluids then are mixed thoroughly, 
and the equilibrium pressure of the mixture, P,, is determined. These data 
and some previously determined pure-fluid properties and apparatus 
constants provide the information required to calculate properties such as 
composition, excess volume and interaction virial coefficients. Combining 
the two experimental techniques produce a single set of mixtures, made 
at a single temperature, from which we can evaluate B I Z  values over the 
entire accessible temperature range. Thus, P1 and P2 come from isochores 
run using the mixture. 

ANALYSIS 

A complete analysis of the experiment for B I Z  appears in Holste 
et al. (1980) and we report only results here. The basic equation 
for the isochorically extended experiment is 

where superscript b denotes the base isotherm, N is the Burnett cell 
constant [ N ,  = (V, + Vj + Vc)/(Vi + Vc)], and vf is a volume- 
distortion parameter. We have developed an empirical expression 
for Tlf 

vf = 2 V = 1 + [(5 x 10-7) 
VP 

+ (7.04 X 10-6)(Pf)0.0905](T - T b )  (5) 
The relationship between Biz (experimentally observable) and B l z  
(desired) is 

(6) 

where A ,  are constants. Equation 6 is valid at any temperature. 
A plot of Biz  vs. P,b/Ziwill have B l z  as an intercept. Third-virial 

B i 2  = B I Z  + 5 An(P! /Z!P  
n=l 
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contributions introduce slope into the plot while higher-order 
contributions will introduce curvature. The present method 
therefore provides an empirical correction for higher-order effects 
without explicit knowledge of the actual higher-order virial coef- 
f icients. 

The advantages of the isochorically extended Burnett mixing 
experiment becomes apparent upon closer inspection of Eqs. 4 and 
6. The only experimental data required at temperatures other than 
the mixing temperature are Pi and T. To account for second-order 
effects, the cell-distortion parameter must be available from a 
previous experiment covering the entire temperature range. Ex- 
plicit information about pure-fluid compressibility factors and 
apparatus constants is required only at the mixing temperature. 
As a result, the mixing temperature may be the most convenient 
temperature in the range, taking into account such factors as 
temperature control, adsorption effects, and experimental ma- 
nipulations. The significant reduction in the total number of re- 
quired mixtures allows increased data production without reduc- 
tion in quality. 

RESULTS 

The interaction virial coefficient experiment requires explicit 
compressibility factor information for the pure fluids only at the 
mixing temperature. We have used 300 K as the mixing temper- 
ature and we report results for carbon dioxide and ethane only at 
300 K. 

Actually, the carbon dioxide results come from earlier work by 
Watson (1978) and Bellomy (1976) as reported by Holste et al. 
(1980). The supplier, Precision Gas Products, certified the carbon 
dioxide sample as 99.996% pure. When we combine all our error 
estimates, we conclude that our value for the second virial coeffi- 
cient of -121.7 cm3/mol has an uncertainty of f0.5 cm3/mol. 
Precision Gas Products also supplied the ethane sample and certi- 
fied its purity as 99.99%. Our combined error estimates for the 
second virial coefficient of ethane, -181.7 cm3/mol, produce an 
uncertainty of f0.5 cm3/mol. 
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Figure 3 presents a comparison of our second virial coefficients 
for carbon dioxide and ethane with those of other investigators. The 
size of the closed circle representing our value in each case covers 
our uncertainty estimates. Figure 4 presents similar information 
on third virial coefficients. In all cases, our pure component results 
show excellent agreement with those of other investigators. Table 
1 presents numerical values for these pure component results. 

We utilized the isochorically extended experiment to collect the 
mixture data. Having selected the desired filling pressures, we ran 
pure-fluid isochores beginning at the pressure chosen for each pure 
fluid. Next, we filled the appropriate cell volume to the chosen 
pressures with each pure fluid and then mixed the fluids. After 
mixing, we measured an entire mixture isochore. We repeated the 
experiment for several different starting pressures to provide an 
unambiguous extrapolation of B;,  to zero pressure. 

Figure 5 presents the isochorically extended data with a least 
squares fit for each temperature. The experimental values of B l 2  
are the zero-density intercepts of these least squares fits. Table 2 
contains our BIZ values along with our estimates of their standard 
deviations. Hoke et el. (1980) show that any significant systematic 
errors would introduce curvature into the isotherms in Figure 5. 
Because this effect is not apparent, we conclude that random errors 
mask the systematic ones. Based upon a 99 % eonfidence limit, the 
average uncertainty for our B12 values is f1.2 cm3/mol. 

Figure 6 compares our results with those reported by Mason and 
Eakin (1961) and Zaalishvili (1956), and with values calculated by 

TABLE 1. VIRIAL COEFFICIENTS FOR PURE COMPONENTS, CARBON 
DIOXIDE AND ETHANE, AT 300 K 

Second Virial Third Virial 
Purity Coefficient Coefficient 

Compound % (cm3/mol) (cm6/mol*) 

Carbon 
Dioxide 99.996 (-121.70 f 0.5) 4,926.7 
Ethane 99.99+ (-182.71 f 0.5) 10,580 
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TABLE 2. INTERACTION SECOND VIRIAL COEFFICIENTS AND 
BINARY INTERACTION PARAMETERS FOR THE C02-C& SYSTEM 

Temperature Biz “8 12 
iK) icm3/mol) (cm3/mol) kri” 

250.00 -181.0 0.58 0.105 
260.00 -167.0 0.47 0.100 
270.00 -154.4 0.39 0.097 
280.00 -142.9 0.35 0.093 
290.00 -132.5 0.34 0.090 
300.00 -122.9 0.35 0.088 

a Uncertainty in kq Corresponding to Son,, is f0.004. 

assuming a Lennard-Jones potential and the simple mixing 
rules: 

€12 = G (7) 
and, 

(8) 812 = -(a11 + u22). 

The force constants given by Mason and Spurling (1969) for COz 
and by Douslin and Harrison (1973) for C2H6 produce elz/K = 
195.55 K and u12 = 4.443 A for the C02-C& interaction poten- 
tial. Our “calculated” B j j  curve uses the generalized Lmnard-Jones 
tables given in Hirschfelder et al. (1954). These calculations assume 
that only dispersion interactions exist, but we have estimated that 
the quadrupole-induced dipole contribution should be on-the- 
order-of 2 cm3/mol or less and therefore of little significance. The 
three sets of experimental values are not consistent, but the cal- 
culated values are in excellent agreement with all our values, and 
with those of Zaalishvili above 375 K.  We note that Zaalishvili ac- 
tually reports values calculated from the experimental PVT data 
of Reamer et al. (1945), who did not calculate values for Bij. Holste 
et al. (1980) also observe excellent agreement between their ex- 
perimental Btj values for the He-COz system and values calculated 
using the mixing rules given by Eqs. 7 and 8. 

Generalized correlations for B,j based upon the principle of 
corresponding states usually do not provide accurate quantitative 
results without the incorporation of a binary interaction parameter, 
hj, in addition to the critical properties of the mixture components 
as pure fluids. This requirement for k,j is not surprising, because 
the pure fluid properties cannot contain any information about the 
interactions between unlike molecules, and it is precisely these 
interactions that give rise to Btj. The conventional definition of ktj 

is: 

(9) 
We have used the Tsonopoulos (1974) modification of the corre- 
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lation of Pitzer and Curl (1957) to determine our experimental 
values for kij .  In this situation, the equations are 

where: 

f“’(T,)  = 0.1445 - O.330/Tr - 0.1385/T,? 
-O.O121/T3 - 0.000607/T~, (11) 

and: 

f(’’(T,) = 0.0637 + 0.331/T,?- 0.423/T: - 0.008/T:. (12) 

The equations require mixture critical values for P,., Tc,  and w to 
calculate Bij values. Equation 9 gives the mixing rule for T,, and 
we have used the forms for P, and o given by Tsonopoulos (which 
do not include kij explicitly) in our calculations. Our kij values are 
calculated by determining the value of T ,  which produces our 
experimental values when used in Eq. 10. This T, value then is used 
in Eq. 9 to calculate k,. The pure fluid critical properties used in 
the calculation are those given by Reid et al. (1977). We note that 
a 3a deviation in Bij produces a corresponding uncertainty of 0.004 
in k d j .  

Figure 7 shows our experimental values of k,j as a function of 
temperature. Clearly, k ,  exhibits significant temperature depen- 
dence, but unfortunately, our temperature range is too restricted 
to justify any conclusions regarding the precise functional form 
of this temperature dependence. The temperature dependence of 
k, indicates that generalized correlations for Bjj derived from the 
Lennard-Jones interatomic potential are not capable of highly 
accurate predictions. These shortcomings may be caused by in- 
adequacies of the interatomic potential model, the mixing rules 
for critical parameters, or both. There is no a priori reason that 
interactions between unlike molecules should give rise to Bij values 
with different reduced temperature dependences than interactions 
between like molecules. Our results therefore suggest that further 
investigations of reduced forms for Btj iqerhaps using potentials 
other than Lennard- Jones) and of appropriate mixing rules will be 
required to provide theoretical descriptions of accuracy compa- 
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rable with the experimental results reported here. Unfortunately, 
few experimental results of comparable accuracy are available for 
other mixtures, therefore additional experimental measurements 
will be required to provide an adequate data base for testing future 
theoretical developments. 
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NOTATION 

A = constant 
B = second virial coefficient (density series) 
B‘ = second virial coefficient (pressure series) 
BIZ = interaction second virial coefficient 
Biz = uncorrected, observed interaction virial coefficient 
C = third virial coefficient (density series) 
C’ = third virial coefficient (pressure series) 
k l z  = binary interaction parameter 
N = apparatus cell constant (ratio of volumes) 
P = pressure 
R = gas constant (8.31441 J/mol-K) 
T = temperature 
V =volume 
Z = compression factor 

Greek Letters 

cij 
7 = cell distortion parameter 
p =density 
u = standard deviation 
uy = intermolecular collision diameter 
o = acentric factor 

= intermolecular potential well depth 

Subscripts 

c = critical property 
i =species i 
j = secies j 
k =species k 
rn = mixture 
r = reduced property 

Superscript 

b = base isotherm 
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A Thermodynamic Approach to 
Multicomponent Distillation System 
Synthesis 

This paper shows a synthesis method of multicomponent distillation systems 
with heat integration based on the available energy concept. With this method, 
the problem of synthesizing the heat integrated distillation systems in which there 
are heat source and sink streams supplied from other processes can be solved so 
as to minimize the process utilities. Moreover, since the system synthesis is executed 
in the (1 - TJT) vs. Q diagram, it is possible to visibly represent the physical 
meanings of the computing process. 
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SCOPE 

Distillation systems are widely employed as the main sepa- 
ration process because such systems have the ability to separate 
various kinds of mixtures into their components and are easy 
to operate. However, the associated energy consumption is 
much larger than that of other separation systems (Fitzmorris 
and Mah, 1980) and it is consequently very important and nec- 
essary to carry out the synthesis of distillation systems paying 
particular attention to saving energy. 

Considering the synthesis problem of a heat-integrated dis- 
tillation system, we are facing two subproblems: (1) the selection 
of a separation sequence, and (2) the determination of a heat 
exchanger network around the distillation system (Rathore et 
al., 1974a). The proposed approach methods are classified into 
two techniques: a mathematical approach and a thermodynamic 
approach. Rathore et al. (1974) presented a synthesis method for 
determining the optimal sequence and operating conditions; 
first investigate all possibilities of condenser-reboiler matches 
for every subsystem and then combine the suitable subproblems 
by using dynamic programming in order to minimize the total 
cost. But as there is the feedback information for the relation- 
ship between two synthesis subproblems, the dynamic pro- 
gramming generates an infeasible solution. Also, this method 
forces users to spend an excessive amount of computation time 
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for all the possible heat matches of subproblems. On the other 
hand, Umeda et al. (1979) presented an evolutionary approach 
method for heat-integrated system design based on the available 
energy concept. This method can advance the heat recovery 
around distillation systems using heat pumps and multi-effect 
as well as intermediate-boilers and coolers. But it cannot sys- 
tematically generate a distillation sequence. 

When saving energy in chemical processes, engineers analyze 
energy flows of units in the systems and then synthesize or 
modify the systems using the information from the analysis. So, 
engineers need a method to treat both of the analysis and design 
problems iteratively. From this point of view, since distillation 
systems are parts of the whole process systems, engineers may 
reconsider the design conditions for heat integration from the 
total system. For example, a mathematical method can derive 
the optimal distillation sequence, but advancing the heat re- 
covery for preheating feed streams and cooling product streams 
needs a very different method. 

The available energy concept is very powerful in the analysis 
of energy flows and thermodynamic efficiencies for chemical 
units. Many researchers have thermodynamically analyzed 
various kinds of distillation systems, multieffect systems and 
distillation systems with heat pumps, intermediate-boilers and 
coolers (Freshwater, 1951; Null, 1976; Mah, 1977, 1979; Naka, 
1980). But, there is a few studies for the application of the con- 
cept to the synthesis problems such as heat exchanger networks 
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