Greek Letters

a, = defined in Eq. 13

a = defined in Eq. 14

B = kinetic constant (K/C3,)

v = kinetic constant (K/C,,)

. = nondimensional deactivation rate constant (k,C%,/k)
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Determination of Interaction Second Virial
Coefficients; He-CO, System

We have obtained values for interaction second virial coefficients of the
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M. Q. WATSON,
M. T. BELLOMY,

P. T. EUBANK,

helium-carbon dioxide system in the range 230 < T/K = 300. Our experimental and

technique is essentially the Burnett mixing method described by Hall and Eubank
(1973, 1974). We have modified the analysis to account for higher-order effects
and to detect significant systematic errors. We also report virial coefficients for
the pure components: helium in the range 100 < T/K < 300 and carbon dioxide at

300 K.

K. R. HALL

Chemical Engineering Department
Texas A&M University
College Station, TX 77843

SCOPE

Interaction second virial coefficients, B;;, contain informa-
tion about mixtures which is essential for both theoretical and
practical applications. Within statistical mechanics, Bj; reflects
molecular interactions between unlike molecules and provides
insight for theoretical mixture models. On the practical side,
B;;is necessary for thermodynamic calculations atlow pressure
when the application dictates use of the (truncated) virial equa-
tion.

The normal method for obtaining Bj; is reduction of mixture
second virial coefficients, B,,. This is the most obvious but least
accurate method. The sources of inaccuracies are experimen-
tal errors in the B;; and B,, as well as any errors in composition
determination. Edwards and Roseveare (1942) appear to have
pioneered this method. Knobler et al. (1959) developed a sig-
nificantly better technique: the differential pressure method.

Correspondence concerning this paper should be addressed to K. R. Hall.

0001-1541-80-3374-0954-801.25. ®The American Institute of Chemical Engineers,
1980.
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Their technique eliminated composition and B,, as experimen-
tal parameters but retained the B;; explicitly and ignored cor-
rections for the effects of higher-order terms in the virial
equation. Although other procedures are possible for obtaining
B;; (reduction of vapor-liquid equilibrium data; analysis of
chromatographic data), these two techniques have produced
the bulk of the B;; data and essentially all of the precise values.

In this project, we extend a technique for isothermal deter-
mination of B;; originally proposed by Hall and Eubank (1973).

Their method was “direct” in that the pure-component virial
coefficients, B;;, did not appear explicitly. Because B;; was a
principal source of error in previous methods for obtaining B;;,
the direct method appeared to have potentially greater
accuracy. We chose to evaluate the method with mixtures of
simple molecules, because they are more tractable for theoret-
ical studies. This particular test involves helium (a spherical,
nonpolar molecule) and carbon dioxide (a linear, quadrupolar
molecule).

AIChE Journal (Vol. 26, No. 6)



CONCLUSIONS AND SIGNIFICANCE

The By; values we have determined are for the helium-
carbon dioxide system at 10 K intervals from 230 to 300 K.
These results indicate that the method proposed by Hall and
Eubank (1973) is a definite improvement over earlier tech-
niques for determining B;; data.

In the process of applying the direct method, we have de-
veloped procedures for including and minimizing the effects of
higher order terms in the virial equation (not considered in the
original article). We also carefully studied possible systematic

errors in the experiment, and it appears that our experimental
accuracy is approximately equal to our experimental precision.

Because we are able to collect accurate data relatively
quickly, we shall embark on a program to produce B;; for
several systems of interest to both theoreticians and practicing
engineers. These systems will involve both natural and syn-
thetic gas components. We expect that the long-range value of
the data will be to provide insight for theoretical mixture
models. The immediate value will be for design calculations in
the gas processing industry.

Introduction

In many applications, both theoretical and practical, the virial
equation is the preferred equation of state for fluids and fluid
mixtures. In theoretical studies, this equation is essential be-
cause of its precise basis in statistical mechanics. For practical
applications, corresponding-states estimates of the virial
coefficients may be the only source of information for some
fAluids.

A statistical-mechanical derivation produces the virial equa-
tion in two equivalent forms:

Z-1=Bp*' =73 B P! 1
k=2 k=2
where Z is the compressibility factor, p is the density, P is the

pressure and By are the virial coefficients. In addition, for mix-
tures the virial coefficients become:

I

Bem =By = yiy;Bi; @)

D)

1 J
Bam =Cn > yy¥iCine @)
Fr)

where yy is the mole fraction of the component. Higher virial
coefficients have equivalent sums. Obviously, the fundamental
information concerning mixtures resides in the interaction virial
coefficients; By;, C;j, etc.; not in the mixture virial coefficients;
B, C ., ete. The principal goal of this project is to provide values
for the interaction second virial coefficient, B;;.

For the current study, we have chosen the helium-carbon
dioxide system. Although this system is of limited practical
interest, the interaction of a spherical, nonpolar molecule with a
linear, quadrupolar molecule is of theoretical significance. For
this study, the mixture dew point establishes the minimum
temperature, while apparatus design fixes the maximum tem-
perature.

Review of Previous Work

Helium and carbon dioxide are among the most thoroughly
studied substances. For example, Kuenen (1895) measured PpT
properties for helium before the turn of the century, and helium
data still appear in the current literature, although, as in this
case, they are usually ancillary data. Cook (1961) and Barieau
(1968) have published reviews of thermodynamic properties for
helium, and the International Union of Pure and Applied
Chemistry (1.U.P.A.C.) has published a volume of ther-
modynamic tables for helium (Angus et al., 1975). Carbon
dioxide is receiving increased attention at this time, primarily
because of its significant role in tertiary oil recovery processes.
Two collections of CO, data are available as monographs: Vuk-
alovich and Altunin (1969) and the I. U.P.A.C. volume by Angus
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et al. (1973). The book of Dymond and Smith (1969) is a good
source of virial-coefficient data for both He and CO,.

Values of the interaction second virial coefficient have come
primarily from determination of mixture second virial
coefficients. For a binary mixture, Eq. 2 becomes:

By, = (Bp — nyu - yzszz)/zylyz )

Edwards and Roseveare (1942) appear to have pioneered use of
this model. In their method, the error in B,, will be essentially
the sum of the errors in the determinations of the compositions,
the mixture virial, and the pure fluid virial coefficients. The
result is roughly four to five times the error in a pure-fluid virial
determination. Knobler et al. (1959) determined B,, by observ-
ing the pressure change on mixing of two pure fluids originally
contained in two identical volumes at the same pressure. The
interaction second virial coefficient is related to the relative
pressure change on mixing by:

L 21+ Byp) AP
P2 P

In Eq. 5, the error caused by uncertainties in composition is
reduced significantly, but many cases require corrections for
third-virial contributions. Hall and Eubank (1973) proposed a
new technique using a Burnett cell to determine B,,—this is the
basic technique used in this work although we have extended it
to account for higher-virial effects. It also is a difference tech-
nique as will become obvious.

The He-CO, interaction virial coefficient has received some
attention in the past. The sources we were able to identify
include: Pfefferle et al. (1955), Cottrell and Hamilton (1956),
Harper and Miller (1957), Brewer (1967), Weems and Miller
(1969), Weems and Howard (1970), Linshits et al. (1975), Bel-
lomy (1976), and Pak and Schultz (1978). All authors used the
reduction of By, as in Eq. 4 except Brewer (1967), who used the
differential-pressure method, and Bellomy (1976) who used the
Hall-Eubank method.

1
B, = E (B + B,,) )

Apparatus

We used a conventional Burnett apparatus in this work. Bel-
lomy (1976), Watson (1978) and Young (1978) present the details
of the apparatus which we now summarize. Figure 1 shows the
general layout of the apparatus. The sample fluid is entirely
within the temperature bath and the pressure is compared to an
external pressure medium (helium) by a differential pressure
indicator (DPI). The gas-lubricated dead weight gauge (0.1 to 5
MPa) and the mercury manometer (0 to 0.2 MPa) are consistent
within 0.01% in the region of overlap (0.1 to 0.2, MPa). The
pressure-measurement technique represents a significant ad-
vance, and it is described in detail by Holste et al. (1977). We
can obtain precisions in pressure measurements of approxi-
mately 0.001% and absolute accuracies of approximately 0.015%
with this technique, except at the lowest pressures. For the
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Figure 1. Overall schematic of apparatus.

particular experiments of interest here, extreme precision is of
greater importance than absolute accuracy.

Figure 2 shows details of the cryostat schematically. The
sample cells are Invar because this alloy has a relatively small
coefficient of thermal expansion. (Invar does, of course, limit the
use of this apparatus to noncorrosive fluids). Helium gas is the
fluid medium in the bath with several advantages: convenience,
low cost, high thermal conductivity, extreme temperature
capabilities, nontoxic, and nonexplosive. Our platinum resist-
ance thermometer is in the gas stream, and a thermopile pro-
vides a measure of thermal gradients in the system. The
platinum resistance thermometer temperature is controlled to
0.001 K, and the thermopile indicates gradients of the same
magnitude at 300 K (the temperature where all expansions and
manipulations occur), while atlower temperatures the gradients
are larger, but never exceeding 0.015 K. The mixing pump is
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Figure 2. Detailed sketch of Burnett isochoric apparatus.
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similar to the one described by Mansoorian (1975), and it pro-
vides mechanical mixing of the sample fluids.

We used the plumbing arrangement in Figure 3a for this
work, but an alternative plumbing scheme (Figure 3b) deserves
attention. Note that in this schematic, the valve arrangement
allows the feature that no stem packings are included in the
combination of volume A and the DPI. This is a particular
advantage for isochoric runs (discussed later), particularly when
the sample fluid is highly corrosive or strongly adsorbing. The
principal disadvantages of this arrangement are that volume A
must be filled to fill volume B to a known pressure, and the DPI
null reading can be determined only at the end of the entire run.
For the arrangement in 3a, each volume can be filled indepen-
dently and the null can be verified after every expansion, but
one valve stem must remain in the principal experimental vol-
ume (A + DPI).

Burnett Analysis

A conventional Burnett apparatus consists, in principle, of
two cells with unspecified volumes connected by a valve. The
first cell is filled with the fluid of interest, a series of isothermal
expansions into the second volume (evacuated) is performed,
and the pressure is measured after each expansion. The con-
tinuous series of isothermal expansions constitutes a run, and a
run terminates upon reaching the minimum observable pressure.
Burnett (1936) conceived the experiment and provided the orig-
inal analysis. The Burnett relations are well known, but we
present special forms that prove advantageous in the statistical
analysis of the data.

Because there are seven possible permutations of the Burnett
experiment in the apparatus shown in Figure 1, we shall present
the analysis in a general form. We also consider both the
pressure and density forms of the virial equation for reasons that
will become apparent later.

The equation of state for the fluid after the jth expansion is:

P; = p,Z,;RT ©)

where T is the temperature and R is the gas constant. (Note thatj
= 0 denotes the original filling.) Because the number of moles is
conserved during an expansion, the ratio of the densities before
and after the expansion is inversely proportional to the volume
available to the fluid. We denote this ratio by N; and note that:

N; = p;/p; = ViV, ™

where V; is the volume occupied by the fluid before the expan-
sion and V/ is the volume after the expansion. The cell volumes
will distort with pressure, and we define the cell constant rela-
tive to the zero pressure value as:

_ +9y P
NNy ®
a) b}
pPl ORI
M| m |
E
1
CELLS CELLS
A PUMP A PUMP
© ny
B B
I

Figure 3. Schematic of tubing arrangement: a) as used for this work; b)
suggested by Glowka (arrows point toward valve stem seals).
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wiere N is the undistorted volume ratio while y and y’ are the
pressure distortion coefficients for V and V' respectively. (For
high pressure work, higher order pressure coefficients also may
be necessary.)

We developed two alternative working equations for data
analysis: a pressure-explicit form and a density-explicit form.
These forms are respectively:

Pj _ ZJ- _ Zj [1 + ‘}'Pj_l]

P, NZ_, NZ;, L1+ y'P

1+ iP5t
k=2

- el | ®

© » m 1 + ,nyi )]k—l
j = i m-j —_—
P; = RT k§=1 Bk[pmmN I I ( 1+ vP, (10)

i=j+1

1+ Y BiPE
k=2

Eq. 9 is simply a ratio form of Eq. 6 and has adjustable param-
eters N and 8}. Eq. 10 results from substituting Eq. 7 written for
m continuous expansions,

. Com 14y
by = P = oV [T (1) D

i=i+1 1+ yPey
into the virial equation,

P/ = RT Y, Busk 12)
k=1
and it has adjustable parameters N, pmin and 8. For both Egs. 9
and 10, we require a priori estimates of y and y’. The initial
guesses of parameters for nonlinear fitting routines with Egs. 9
and 10 are: N = P,_1/Pp, Pmin = Po/RT and B, = B}, = Oforall k
# L.

In both the density and pressure virial cases, an appropriate
truncation of the virial equation is necessary. Hall and Canfield
(1967), Hall and Righter (1975), and Lee et al. (1978) discussed
this problem in depth, and we shall not comment further here.
The actual parameter estimates were obtained using an adapta-
tion of the maximum likelihood principle described by Britt and
Luecke (1973), and Waxman and Hastings (1971).

Burnett-Isochoric Coupling

The isochoric method is another high-precision technique for
collecting PpT data. Basically, this method consists of introduc-
ing aknown mass of sample into a known (calibrated) volume and
measuring pressures at a sequence of temperatures. Represent-
ative studies using this technique include Weber (1968) and
Vennix (1965). A Burnett apparatus can serve equally well as an
isochoric apparatus, and Burnett (1963) suggested combining
the two experiments into the Burnett-coupled isochoric exper-
iment.

Burnett’s coupling procedure is to fill one volume of a Burnett
apparatus with a sample to some pressure at a convenient base
temperature. Then, varying the temperature and observing
pressures produces an isochore. Having adequately traced an
isochore, returning to the base isotherm provides an apparatus
check for leaks or chemical reactions—the pressure must again
be the original pressure. At this point, performing a Burnett
expansion establishes a new isochore. Repeating this procedure
to the pressure limits of the apparatus constitutes a coupled run;
see Hall and Eubank (1972) for details. Figure 4 illustrates the
coupled run; the closed squares represent the base isotherm
(the Burnett run) and the open circles represent the isochoric
trace. Note that all measurements at T # T, occur only in V,, +
V, (Figure 3a) or V, (Figure 3b). The Burnett-coupled isochoric
experiment is a single Burnett isotherm coupling many isochoric
runs.

Pope et al. (1972) suggested a different coupling procedure:
the isochorically coupled Burnett experiment. This experiment
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T

Figure 4. Trace of a Burnett-isochoric run: heavy line ending at critical

point (closed circle), vapor pressure curve; open circles and solid squares,

experimental measurements; dashed lines, isothermal (Burnett) expan-
sions; and solid lines connecting data, isochores.

consists of Burnett runs coupled by a few isochoric runs. Each
procedure has advantages; we have chosen the Burnett-coupled
isochoric experiment for this study. One important feature of
the coupled experiment is that every isotherm is a true Burnett
run although expansions occur only at the base temperature.
Burnett (1963) stated this fact and Pope et al. (1972) presented a
proof.

The primary advantages of Burnett-isochoric coupling are:
generating the PpT surface over the entire fluid region with a
single sample which minimizes the possibility of sample con-
tamination and the sample cost; operating valves a minimum
number of times and ata convenient temperature which reduces
the probability of equipment failure or operator error. Other
advantages are: linearization of the Burnett analysis in some
cases; reduction and possible alleviation of adsorption errors;
internal leak tests; precision checks on the pressure mea-
surements; experimental determination of the temperature de-
pendence of the volume distortions. Of course, the Burnett
advantage remains: volume and mass need not be measured.
The principal disadvantages are: increased run times for a given
sample and correlation of experimental errors throughout PpT
surface. The overall advantages far outweigh the disadvantages.
Additional isothermal Burnett runs at the base isotherm further

enhance the quality of the data for the entire PpT surface.

Burnett Mixing Experiment

Hall and Eubank (1973, 1974) described a Burnett mixing
experiment which utilizes conventional Burnett-type mea-
surements to determine mixture properties such as composi-
tion, excess volumes, and interaction second virial coefficients.
In this isothermal experiment, one volume is filled with a pure
fluid to a measured pressure, P,, and a second volume is filled
with a second pure fluid to a pressure, P,. 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 prop-
erties of interest.

It is obvious from Figure 3 that there are many possible
permutations in the actual performance of this experiment. We
develop here a model that is more general in application than
that originally presented by Hall and Eubank. We also include
third-virial effects in our analysis and utilize extrapolation to
zero density to minimize these effects on our Bj; values.
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Expressions for B;

We have collected the analysis of the mixing experiment for
B;; into Appendix A and present only the results in this section.
Experimentally, we shall determine:

N,N.Z,Z,RT [ P,
By, =1t p -1 -
B 2P,P, Z.N2 Wi+ 2, = 1)
P, ]
_— + —
TN (N, +Z,— DI (13)

which is equivalent to the expression for B;; presented by Hall
and Eubank (1973) but collected in a more general form. Ap-
pendix A shows the relationship between Bj; and B} as:

B = B + APo/Zy) + Ap(Po/Zy)* + . .. (14)

where the A, are constants for isothermal, constant composition
conditions. Clearly, the true value of By, is given by the inter-
cept of a plot of Bf; vs. (Py/Z,) for a series of experiments carried
out at constant composition. Third-virial contributions intro-
duce slope into the plot; fourth- and higher-order contributions
will introduce curvature. The present method, therefore, pro-
vides an empirical correction for higher-order effects without
explicit knowledge of the actual higher-order virial coefficients.
In addition, we shall show later that most significant sources of
systematic error in the experiment also introduce curvature to
this plot; this provides a further internal consistency test for the
experimental data.

Isochoric Extension of Mixing Experiment

The mixing experiment described in the previous section may
be combined with the isochoric method using mixtures made at
a single temperature to determine interaction second virial
coefficients as a function of temperature. In other words, a single
set of mixtures, made at a single temperature, is sufficient to
evaluate B, values over the entire accessible temperature
range. For the isochorically extended experiment, P, and P, in
Eq. 13 come from isochores run for each pure fluid before
mixing; P, comes from an isochore run using the resulting
mixture. The analysis of the experiment proceeds as before,
except that the fluid densities must be corrected for the temper-
ature expansivity of the cell volume.

Because all isochores are run in the same volume, only a
single distortion-correction correlation is required. We define a
cell-distortion parameter as:

v =pllp  (E=1,2m) (15)

where p; is the density at temperature T, p? is the density at the
mixing temperature T?, and superscript b denotes properties
evaluated at the mixing temperature. The subscript i is neces-
sary because n; = 0,(T, P), where P! is the pressure of fluid i at
the mixing temperature. The cell-distortion parameters are de-
termined in a self-consistent fashion over the entire pressure
and temperature range using pure-helium data. The actual
numerical correlation used to describe m; for our apparatus
appears later.

In the analysis of the isochorically extended experiment, the
cell-distortion parameters must be included to eliminate alge-
braically the terms containing the pure-fluid second virial
coefficients. The isochoric equivalent of Eq. 13 is:

Nlsz?ZgR(Tb)z { 7]12P1 "722P2
BH(T) = — X2 ' niP, — —
12( ) ZPngT Nmt'm le N22
T [ P P2 ]}
_ 5 _ Ltz _
o | (1 = N+t (1 = N |} 10
We note that for T = T?, m; = 1; these equations reduce to their
isothermal analogs, as required. In addition, since 7; — 1 =

0.001 in all cases, the temperature dependence of the third-
virial contribution (Eq. Al2) is principally caused by the tem-

Page 958 November, 1980

perature dependence of Cyyy, Cyyg, Ciop, and Cage. It is also
important to note that the isochoric form of Eq. 14 is:

B}, = By + A(PYZY) + ALPUZEE + . .. 17)

regardless of temperature.

The advantage of the isochorically extended Burnett mixing
experiment becomes apparent upon closer inspection of Egs. 16
and 17. The only experimental data required at temperatures
other than the mixing temperature are P; and T. To account for
second-order eflects, the cell-distortion parameter must be
known from a previous experiment covering the entire tempera-
ture range. Explicit information about pure-fluid compressibil-
ity 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 manipulations. The significant reduction in the
total number of required mixtures allows greater care in the
preparation of each individual mixture, thereby improving the
overall experimental accuracy.

Cell Distortion Parameter

The cell-distortion parameter for the volume used in the
isochoric experiments (V, + V¢ in Figure 1) was determined
from a complete Burnett-isochoric run for pure helium over the
ranges 100 = T/K < 300 and 0 < P/MPa = 5. The cell distortions
were calculated by an iterative procedure. The uncorrected data
first were analyzed using Egs. 9 and 10 with y = ' = 0 to obtain
approximate compressibility factors, then trial distortion pa-
rameters were calculated using these estimates. After using the
trial parameters to correct the raw data, compressibility factors
again were obtained, and the procedure was repeated until no
further change was observed. A single iteration provided con-
vergence because of the small departures from ideality for
helium in this pressure and temperature range. The distortion
parameter represented as a function of temperature and base-
isotherm pressure by a purely empirical correlation is:

n=V/V=1+][a+ s (T - T (18)

Herea = 5.0 X 1077K™}, s = 7.04 x 107 (psia)™K~', and ¢ =
0.0905. We note that a represents the thermal expansion of
Invar.

Pure-Helium Resuits

We analyzed the pure-helium data using the pressure virial
series because of the high reduced temperatures. Eq. 9 was
used to obtain virial coefficients for each experimental tempera-
ture. At every temperature, only the second pressure virial
coefficient was necessary to provide an adequate fit for our
pressure and temperature range. Density virial coefficients then
were calculated using:

B: = B;RT (19)

When the analysis was performed using the individual data or
using smoothed polynomial fits to the isochoric data, no sig-

TABLE 1. SECOND VIRIAL COEFFICIENT OF HELIUM

BHe
th;gp' (cm®*mol)
100.00 11.3
125.00 11.9
150.00 12.1
175.00 12.12
200.00 12.10
225.00 12.06
250.00 12.02
273.16 11.95
275.00 11.94
300.00 11.81
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Figure 5. Comparison of results for second virial coefficient of He.

nificant differences appeared. Table 1 contains our pure-helium
second virial coefficients, and Figure 5 presents the excellent
agreement between our results and those of selected other
workers.

The reproducibility of our pure-helium results at 300 K is
approximately +0.1 cm*mol, as determined from the numerous
experiments required to determine the various apparatus con-
stants and to recalibrate the apparatus after minor repairs. The
results of these experiments, as well as all the experimental
pressure and temperature data (including the results presented
here), are available in Bellomy (1976), Watson (1978), and
Young (1978).

The helium sample was certified as 99.9999% pure when
received from the U.S. Bureau of Mines. It was, however, used
without drying provisions after storage in a steel cylinder for
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Figure 6. Deviation of CO; pressure data from the best fit to all data using
Eq. 10 (fit porameters listed in Table 2).

several years. As a result, it may have contained up to 0.02 mol
% water. After including realistic estimates for the uncertainties
due to sample purity and pressure distortion effects, we feel that
the overall uncertainty for our results is better than +0.3 cm¥
mol. The agreement shown in Figure 5, therefore, is well within
the combined experimental errors.

Pure Carbon Dioxide Results

The interaction virial coefficient experiment requires explicit
compressibility factor information for the pure fluids only at the
mixing temperature. Therefore, we ran COj isotherms only at
300 K. We have accumulated (over several months) a total of four
conventional Burnett runs. Two runs were made by each of two
different experimenters, and the apparatus was repaired in the
interim (with a significant change in apparatus constant). Table 2
reveals the internal consistency of this entire data set, where we

TABLE 2. PURE CARBON D10XIDE RESULTS (T = 300.00 K)

Second
Number Virial
Data Coefficient
Data Set Points (em¥mol)
All Runs: 39 -121.70
MTB-5
MTB-6
MQW-6
MQW-7
MTB Apparatus: 18 —121.55
MTB-5
MTB-6
MQW Apparatus: 21 -121.80
MQW-6
MQW-7
Individual Runs:
MTB-5 10 —-121.65
MTB-6 8 ~121.73
MQW-6 11 -121.75
MQW-7 10 —-121.84
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Third RMSD
Virial Minimum Pressure
Coeflicient Apparatus Density Residual
(em%mol?) Constant (mol/m?) (%)
4926.7 0.0063
1.677772 26.136
33.516
1.685184 19.782
15.261
4883.2 1.677728 0.0056
26.138
33.514
4953.1 1.685209 0.0062
19.782
15.261
4914.2 1.677733 26.138 0.0011
4968.4 1.677773 33.512 0.0048
4946.0 1.685180 19.783 0.0062
4962.6 1.685233 15.261 0.0060
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Figure 7. Comparison of results for second virial coefficient of CO;: size of
closed circle, estimated uncertainty; recent experimenta! data of Waxman
et al. are in excellent agreement with correlation of Levelt-Sengers et al.

show the results for all data combined, for each individual
experimenter, and for each individual run. These results are
indicative of the general reproducibility of our measurements.
The deviations of the pressure data from the fit of Eq. 12 to all
the data appear in Figure 6 as an illustration of the overall
precision of the experiment. We note that only eight adjustable
parameters in the model fit thirty-nine data points. The density
virial equation is necessary for carbon dioxide, because the
proximity of the critical temperature would require too many
terms in the pressure series and adversely affect evaluation of
the virial coefficients.

The CO, sample was certified as more than 99.996% pure by
the supplier, Precision Gas Products, at the time of purchase.
This sample also was not dried upon removal from the cylinder,
but the water problem discussed previously should not be im-
portant here due to the presence of substantial amounts of liquid
carbon dioxide in the cylinder. The reproducibility of our data,
coupled with estimates of the possible error contributions due to
sample-purity and pressure-distortion effects, leads to an overall
uncertainty estimate of £0.5 cm¥mol for the CO, second virial
coefficient results. Overall estimates for the uncertainty in third
virial values are crude at best, but we note the 1% reproduci-
bility among our four runs. Our second-virial coefficient results
are compared to the other reported values in Figure 7, where
the size of the closed circle indicates the overall estimated
uncertainty in our results. Figure 8 compares third-virial re-
sults; here the size of the closed circle indicates the reproducibil-
ity of our data. The agreement with previous workers is excel-
lent for both the second and third virial coefficients for carbon
dioxide.

He-CO; Interaction Virial

Two series of mixing experiments were performed on the
helium-carbon dioxide system. The first consisted of mixing
experiments performed at 300 K with no isochoric extension,
while the second included isochoric extension to the dew point
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Figure 8. Comparison of results for third virial of CO,: size of closed circle,
reproducibility of our result.

curve after mixing at 300 K. In the first case, we measured the
pressure of each fluid as the appropriate cells were filled. The
fluids then were mixed thoroughly, and the mixture pressure
recorded. The isochorically extended data were more compli-
cated. The desired filling pressures were selected, then pure-
fluid isochores were run, beginning at the pressure chosen for
each pure fluid. The appropriate cell volumes then were filled to
the chosen pressures, and the fluids mixed. After mixing, an
entire mixture isochore was measured. In each case, the exper-
iment was repeated several times to provide an unambiguous
extrapolation of Bf; to zero pressure. The experimental pressure
and temperature data and the explicit experimental procedures
appear in Bellomy (1976) and Watson (1978) for the first and
second sets respectively.

T T T T T
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Figure 9. Experimental B,, data at 300 K: solid line, best fit of a linear

function to all data; dashed line, best fit to all circles. Experimental value

of By, is determined from the left-hand intercept. Uncertainties listed with

the compaositions represent the extreme variation in composition over the
entire set of samples with that symbol.
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TABLE 3. INTERACTION SECOND VIRIAL COEFFICIENTS FOR
HE-CO, SYSTEM

Bip
Temp. (cm¥mol)

(K) Experimental: Calculated:
220.00 13.1 —
230.00 14.1 14.46
240.00 15.4 15.47
250.00 16.2 16.47
260.00 17.0 17.46
270.00 17.7 18.27
280.00 18.4 18.93
290.00 18.9 19.60
300.00 19.6 20.27

Figure 9 presents the experimental mixing data as a function
of Py/Z, for all the 300 K data. These data, acquired on mixtures
of four compositions ranging from 40 to 60 mol % CO,, agree
within 0.5 cm®mol. The triangles represent the mixing-only
data, while the circles represent the isochorically extended
mixtures. Strictly speaking, the extrapolation to zero pressure
should include only points at constant composition with the
same apparatus constants (e.g., open circles or open triangles),
but since the differences here are not significantly larger than
the experimental imprecision, we have chosen to fit all the
points to the same curve. The solid line represents a least-
squares fit of a linear function to all the data, while the dashed
line represents a fit which includes only the isochorically ex-
tended mixtures. The differences are not significant within the
precision of the experiment. Third-virial contributions to Bf; are
not significant at this temperature, as the slopes are essentially
zero.

The isochorically extended data appear in Figure 10, along
with the least-squares fit to the data at each temperature. The
experimental precision does not change significantly with tem-
perature, but the magnitude of the third-virial contribution does
increase substantially as the temperature decreases. The ex-
perimental values for the actual interaction second virial
coefficient, Bi,, are the zero-pressure intercepts of the least-
squares fits to the data.

The He-CO, results appear in Table 3, where the 300 K value
includes all data in Figure 9. The 300 K value becomes 19.3
cm®mol when only the isochorically extended mixtures are
used, but the statistical uncertainty overlaps the difference.
Systematic errors should not exceed the experimental precision
greatly for reasons discussed in the following section. Therefore,
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Figure 11. Comparison of B results. The solid line was calculated using a
Lennard-Jones model with simple mixing rules. The curves k;; = 0.00 and
0.06 were calculated using the correlation of Tsonopoulos.

based on a 99% confidence limit, the uncertainties in our B,
values are estimated to be +1.0 cm*mal.

Figure 11 compares our results to those reported by other
workers. In general, our values lie below those previously re-
ported, but significant differences exist only with respect to the
low-temperature data of Brewer (1967), and Weems and How-
ard {1970). In both cases, however, their temperature depen-
dence indicates a large experimental uncertainty.

Calculated B,, values based on the Lennard-Jones inter-
molecular potential function also appear in Table 3 and Figure
11. We used the simple combining rules €, = Ve €5 and o7y, =
Y%(0y; + Ogp), where the pure-component parameters are those
selected by Mason and Spurling (1969). Hirschfelder et al.
(1954) provide a sample calculation following this procedure.
The agreement is remarkable (although probably fortuitous), as
the calculated value lies within the estimated experimental
uncertainty of our experimental point in every case.

We also have used the modification of the Pitzer and Curl
(1957) correlation for second virial coefficients given by
Tsonopoulos (1974) to determine a binary interaction param-
eter, ki; = 0.03 = 0.03, for the He-CO, system. We used
pure-fluid critical properties from Reid, Prausnitz, and Sher-
wood {1977) for carbon dioxide and the classical values recom-
mended by Prausnitz (1969) for helium. The curves correspond-
ing to the extreme values of k;; are compared in Figure 11.

Errors in B;, Determination

The principal sources of error in the B;; determinations are: a)
uncompensated higher-order virial effects; b) pressure-
distortion effects on the cell volume; ¢) random pressure-
measurement errors; d) errors in the determination of the ap-
paratus constants or the pure-fluid compressibility factors; and
e) adsorption effects. We shall now consider the influence of
each of these factors on our results, in particular, on the plots of
B3y vs. Py/Z,.

The technique for eliminating errors due to higher-order
virial contributions has been discussed already (Eq. 17, for
example). A truly unambiguous extrapolation of Bf, vs. PyfZ, to
zero pressure would eliminate completely the higher-order vir-
ial effects, but experimental imprecision always introduces
some ambiguity. The primary practical problem encountered
here is maintaining a constant composition over an entire series
of mixtures. Fortunately, for the CO,-He system, the etfect of
composition appears to be insignificant.

The distortion of the cell volumes with pressure is the most
difficult source of error to analyze and to detect. We have used a
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computer simulation to determine that the effect on the pure-
fluid virial coefficient determinations should be less than 0.1
cm¥mol. To minimize the effects on the B,, experiment, we use
apparatus constants and pure-fluid compressibility factors de-
termined for a particular volume with the pure fluid to be used
in that volume in the mixing experiment. In this manner, some
of the undetected cell-distortion errors should cancel.

Pressure-measurement errors will introduce random scatter
into the B% vs. P,/Z, plot. Only extreme precision (significantly
better than 0.01%) in pressure measurements will provide ac-
ceptable precision in B, determinations, because Bf; involves
small differences in large terms. Pressure measurements of a
precision illustrated in Figure 6 will provide precision better
than 0.5 cm®/mol in B%,. Errors from this source become obvi-
ous in the analysis plots (B%, vs. Po/Z,).

Errors in the prior determinations of apparatus constants,
cell-distortion parameters, and pure-fluid properties will appear
as systematic errors on the analysis plots, because the same
determinations will be used throughout the entire series of
mixtures. In general, the effect on B,z of systematic errors in the
variables O; will be given by:

0B1»

8B, = O; 20
"= S5 20)
A careful consideration of Eq. 16 shows that:
9BY;, ( Zy )“ _ .
50 - K\g, (u=1o0r2) (21)

where K;is essentially constant. Then, any significant systematic
error in the N;, Z;, or m; must appear as curvature, (Py/Z,)"" or
(Po/Zy)7%, on the analysis plot. The precision of the Bf; values
then becomes the limiting factor for the detection of systematic
errors, and such errors cannot greatly exceed the experimental
precision. We do note that an error in Z that is linearly or
quadratically proportional to the pressure would be difficult to
detect.

Errors due to adsorption effects are difficult to detect and
describe quantitatively. Such effects are pressure-dependent,
however, and they tend to zero as the pressure approaches zero.
As aresult, an unambiguous extrapolation of the analysis plot to
zero pressure tends to minimize or eliminate any possible ad-
sorption effects as well.

The accuracy of determination of the interaction second virial
coefficient then depends principally on an accurate extrapola-
tion of the plot of B% vs. Py/Z, to zero pressure. Most significant
sources of error introduce either random scatter or curvature in
this plot. Therefore, the uncertainty in the experimental deter-
mination of By, cannot greatly exceed the uncertainty in the
determination of the intercept as Py/Z, (or equivalently, the
density) goes to zero. Appropriate analysis of the experimental
data, therefore, provides a powerful test for the presence of
significant random or systematic errors.

ACKNOWLEDGMENTS

The authors gratefully acknowledge financial support for this work
from the following sources: NSF Grants ENG 77-01070 and ENG 76-
00692, GPA Project 772, AGA Grant BR 110-2, and GRI Grant 5014-
363-0118. Acknowledgment is made to the donors of the Petroleum
Research Fund, administered by the American Chemical Society, for
partial support of this research. The assistance of Dr. Patrick ]. White in
the preparation of many of the computer programs used in this work is
also gratefully noted.

Appendix A

The virial equation of state for a fluid (either mixture or pure) may be
expressed as:

P, = pZRT = RT Y BwoF  (i=1,2,m) (A1)

k=1

We now insert an interaction model into Eq. Al to determine interac-
tion second virial coefficients from data for binary mixtures. For such
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binaries, Eqs. 2 and 3 become:

Bom = Bm = yiBy; + 2y,ysBys + yiBm (A2)

and

Bsm = Cw = yiCyyy + 3yfysCryp + 3y1y3Ciae + y3C 90 (A3)

Here, subscripts 1 and 2 denote the properties of the respective pure
fluids and m denotes mixture properties. The apparatus constants can be
expressed by an alternative relationship as:

N; = pil§ (i=12) (A4)

where p, is the density of pure fluid i before mixing, and &, is the density
of component i in the mixture. We note that this ratio is equal to the ratio
of the final mixture volume to the original volume of the pure fluid i, or
equivalently, to the cell constant for an expansion of i from its original
volume into the volume containing the mixture. The composition and
the total mixture density are:

4 = &/pm (A5)
and
pn =&+ & (A6)
Eqs. A2, A3, and AS lead to:
PaBm = EiBy + 2£,6,B1 + €5By (AT)
and

PnCm = EiC11y + 3¢PE,C11s + 3E,E]C 20 + E§Can (A8)

Substitution of Eqs. A7 and A8 into Eq. Al yields:
Pu = RT(¢, + & + €1Byy + 26,6:Byy + €8Boy + p%Cm + . . 2
(A9)

The terms containing the pure-fluid virial coefficients By, and By, now
can be eliminated using the equations of state for the pure fluids. We
note that:

PN} = &/N; + €B;; + NEXCyy + ... (i=1,2) (Al0)
Then,
Pn — P,/N? — PyN? = RT[&,(1 — UN,) + &(1 — UN,)
+ 2,E,By + D+ .. ]  (ALD)
where the contribution due to third virial effects, ®;, is:
Dy = (1 = NEICu + BEPECrz + 36:1£8C 100 + (1 = NpJéfCons

(A12)
The entire result can now be expressed in terms of pure fluid properties,
apparatus constants, and the pressure data by using the relationship:

& = p/N; = P/NZ,RT i=12 (A13)
Eq. All then becomes:

N\N,Z,Z,RT [ P,
- Ny +7Z,—-1
2P1P2 m Zlle ( 1 1 )
P, NN,
- Ny + Z, — = By + b, + ... Ald
oy et 2 1)] nt g (A1)

In this expression, all quantities in the left-hand expression represent
experimental observables which are measured either during the
Burnett-mixing experiment or during previous experiments on the indi-
vidual pure fluids. The leading term on the right is the property of
interest and the second term is directly related to third virial coefficient
effects. We now examine the third virial term in detail. Combination of
Eqgs. Al2 and Al3 leads to:

N\N,
2p:1p;

1
&, = > E£XTQ = N)C X3P + 3C0X% + 3C50X

+ (1 = Np)Cass] = i [ !

Z, L 2RTN, f(x)] (A15)
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where
X = ¢/ = yl/!lz = yl/(l - yl)

Then, for a series of mixing experiments performed at constant composi-
tion (X), the third-virial contribution varies linearly with Py/Z,. Similar
arguments applied to the higher-order contributions lead to the conclu-
sion that:

(A16)

NN,

By + Qs + ... = By + APYZy) + AfPYZE + ... (ALT)

P1Pz

where the A, are constant for constant composition. The left-hand side of
Eq. Al7 is what we observe experimentally and we label it:

NNy
2p1P2

For the isochorically extended experiment, Eqgs. ‘All and Al2 be-
come respectively:
1P, N3P, \

B = B, +

b+ ... (A18)

NPm — N T nNZ = RT[EX(Nm — MIN)) + £ — M/No)
1 2
+ 28088By, + @3 + ... (A19)
1 N
DyT) = ('— -— ) f{ﬁCnl
Tim L

3 3
+ E?zggcllz + gffgzc 122
M ”

m m

1 N.
+( -~ —) 2 Con (A20)
Nm N2

These expressions lead to Eqs. 16 and 17 in the body of the paper.

NOTATION

a = constant

A; = constant

B = second virial coefficient

B’ = second virial coefficient for pressure-explicit form of
virial equation

B;; = interaction second virial coefficient

B% = uncorrected observed interaction second virial
coefficient

o = third virial coefficient

Cc’ = third virial coefficient for pressure form of virial
equation

Cyx = interaction third virial coefficient

ki = binary interaction parameter

K; = constant

N = apparatus constant

0, = observable

P = pressure

q = exponent

R = gas constant

8 = constant

T = temperature

u = exponent

\% = volume

X = ratio of mole fractions

Yi = mol fraction of component i in vapor phase

z = compressibility factor

Greek Letters
B = general virial coefficient
y = pressure-distortion coefficient
= error operator
€ = Lennard-Jones energy parameter
n = cell-distortion parameter
& = density of component i in the mixture
p = density
o = Lennard-Jones separation parameter
d = third virial contribution to B

AIChE Journal (Vol. 26, No. 6)

Subscripts

A,B,C
i

various volumes in a Burnett cell
component ¢

component j or expansion number
index

mixture

i

il

J
k
m

Superscripts

b = base isotherm or mixing temperature property

! = property after Burnett expansion is made; also de-
notes virial coefficients in pressure-explicit virial
equation
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Modeling Pulverized Coal Conversion in

Entrained Flows

A detailed description of pulverized coal conversion in one-dimensional en-
trained flows has been formulated and correlated to hydrogasification data from
the Rockwell International Flash Hydropyrolysis (FHP) reactor using bituminous
coals. This analysis contains physical and chemical descriptions which have not
been included in previous mathematical models. These descriptions provide
further important insights into the nature of entrained flow coal gasification.

K. M. SPROUSE

Energy Systems Group
Rockwell International
Canoga Park, CA 91304

SCOPE

Entrained flow reactors are increasingly becoming an im-
portant concept in the processing of coal into synthetic fuels
and thermal energy for power generation. This is primarily
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due to the fact that entrained flow reactor concepts generally
produce faster coal gasification rates (through increased coal-
gas surface areas which reduce diffusional resistances) and
have a greater ease of operability than fluidized or fixed bed
reactors operating at the same coal-firing rates.
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