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Molecular Thermo'}dynamics fdr Fluids at Low and High Densities
Part 1. Pure Fluids Containing Small or Large Molecules
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Materials and Molecular Research Division
Lawrence Berkeley Laboratory
, and
Chemical Engineering Department
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Abstract

A correlation is presented for the thermodynamic properties of pure fluids
containing small or large molecules. The residual Helmholtz energy is given
in terms of perturbed-hard-chain(PHC) theory, extended to polar fluids with
a multipolar expansion. The novel feature of this correlation is a separation
of the Helmholtz energy into low-density and high-density contributions. The
low-density contribution follows from a virial expansion and the high-density
contribution from a perturbation expansion. For intermediate densities, a
continuous function is used to interpolate between the two density limits.
This modification of PHC theory improves agreement with experimental
second virial coeflicients, vapor pressures and saturated liquid densities.
Since all molecular parameters used here have a well-defined physical
significance, they can be reliably estimated for high-molecular-weight fluids
where experimentai data are scarce. More important, separation into low-
density and high-density contributions allows separate mixing rules for each
density region; this ﬂeiibility in mixing rules significantly improves represen-

tation of mixture properties, as discussed in Part 2.
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SCOPE

Molecular-thermodynamic correlations are widely uéed to represent thermo-
dynamic properties of fluids for process design. While -many correlations are available
in the literature, few are applicable §ver a wide density range for fluids containing
vsmall molecules or large, structurally-complex molecules. However, a correlation
must be applicable to a wide variety.of ﬂuidé if it is to be useful for mixtures contain-

ing molecules that differ significantly in size or potential energy.

The first objective of this v?ork is to correlate thermodynamic properties of pure
fluids containing small or large molecuilevs. Towards that end, a molecular-
thermodynamic expression is here presénted for the residual Helmholtz energy: this
expression is derived from perturbed-hard-chain theory (Beret and Prausnitz, 1975a),

extended to polar Aluids with the multipolar expansions of Gubbins and Twu (1978).

The novel feature of this correlation is a separation of low-density and high-
density contributions to the Helmholtz energy. A separate expression is written for
each density limit; for intermediate densities, a continuous function is used to inter-
polate between these two limits. The expression for the residual Helmholtz energy
combines a perturbation expansion valid at high densities, with a virial expansion valid
at low densities, to represent simultaneously both density regions with high accuracy.
Separation into two contributions is particularly advantageous for extension to mix-
tures, as discussed in Part 2.

The second objective of this work is to present a procedure for estimating molec-
ular parameters for high-molecular-weight fuids where experimental data are scarce.
Three characteristic molecular parameters are used for each pure component.
Because these molecular parameters have a well-defined physical significance, they

can be estimated with confldence for high-molecular-weight fluids within a homolo-

gous series.



CONCLUSIONS AND SIGNIFICANCE

A molecular-thermodynamic correlation is presented for representing thermo-
dynamic properties of pure fluids containing small or large molecules. The novel
feature of this correlation is a separation of high-density and low-density contribu-
tions to an expression for the residual Helmholtz energy. While this separation leads
to accurate repre#entation of pure-fluid p;operties. the primary advantage follows

from extension to mixtures, as discussed in Part 2,

The applicability of the correlation is illustrated for fluids of interest in the
petroleum and relaf.ed industries. Thermodynamic properties are correlated for polar
and nonpolar fluids raﬁging in molecular size from hydrogen to polyisobutyléne. For
each pure component. three characteristic molecular parameters are fit to experi-
.mental vapor-pressure and/or density data. Calculated and experimental results are
in good agreement over wide ranges of temperature and pressure except in the criti-
cal region.

Molecular parameters are reported for a variety of pure fluids. For a homologous
series, these parémeters are simple functions of molecular weight. Parameters are
correlated for four hydrocarbon series: normal paraffins, n-alkylbenzenes, n-
alkylcyclohexanes and fused-ring aromatics. These correlations can be used to esti-
‘mate molecular parameters for high-molecular-weight luids where experimental data
are scarce; they are also useful for contmuous-thérmodynanﬁcs calculations where

parameters are expressed as continuous functions of molecular weight.

Introduction

Equations of state are commonly used to correlate thermodynamic properties for
computer-aided design of chemical processes. For engineering purposes, most
commonly-used equations of state are either semitheoretical or empirical; the equa-
tions contain adjustable parameters which are fit to experimental data. Empirical

multiparameter equations, such as the Bennedict-Webb-Rubin equation(1940) and its
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extensions (e.g. Starling and Han, 1972; Watanasiri et al.,1982), have been widely used
for engineériné calculations. Such equations are useful if sufficient data are available
to determine the large number of parameters; however; extension to mixtures is often
difficult because essentially arbitrary mixing rules must be applied to a relatively large

number of equation-of-state constants.

Semitheoretical equations are based on simplified molecular models; the parame-

_ters of such equations usually have some physical significance. The most common

class of semitheoretical equations are based on van der Waals theory (e.g. see Vera
and Prausnitz, 1972; Sandler, 1984). The two main parameters are related to molecu-
lar size and to intermolecular potential energy: a third empirical parameter, e.g. the
acentric factor, may be used to reflect the molecules’ (small) deviation from spherical
symmetry. Examples of this class are discussed in numerous references (e.g., Redlich

and Kwong, 1949; Soave, 1972; Peng and Robinson, 1978). For a comprehensive review,

see Martin (1979).

Extension of van der Waals theory to large molecules is based ou the dense-fuid
theories of Prigogine (1957) and Flory (1970) for chain molecules or on the theory of
Boubllk (1975) for elongated hard convex bodies. Examples of this class are the
Perturbed-Hard-Chain(PHC) equation (Beret and Prausnitz, 1975a), the Chain-of-
Rotators equation (Chien et al., 1983) and the hard-convex-body equations of Chen
and Kreglewski (1977) and Chung et al.(1984). These equations use a third molecular
parameter in addition to the two of the simple van der Waals theory; this third param-

eter is used to take into account the ellipticity or flexibility of high-molecular-weight

molecules. Equations of this class are slightly more complex than the simple van der

Waals equations but they may be used to represent sirnultaneously liquid densities and
vapor pressures for fluids containing large molecules. Extension to mixtures has been

reported by several authors, notably Donochue and Prausnitz (1978), Chien et al.(1983)

and Kreglewski and Chen (1978).
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The semitheoretical equations tend to give good results at high densities and
advafxced temperatures. Al£hough these equationé approach the correct ideal-gas
limit, they are generally poor at moderate densities. This effect is seen i.n'the poor
agreement between experimental and calculated second virial coeflicients. For exam-
ple, Kaul and Donohue (1980) found it necessary to add to the PHC equation an empir-
ical correction to give a good second virial coefficient. Similar modifications for
simpler equations of state were proposed by El-Twaty (1980) and Brandani (1981).

In this work, both high-density and low-density regions are represented with a
single equation of state; however, instead of adding a correction term for the low-
density region, we separate the high-density and low-density regions as suggested by
Dimitrelis and Prausnitz(1982). This separation improves resultsv for pure fluids but,

more important, it allows flexibility to select mixing rules for mixtures, as discussed in

Part 2.

An Expréssion for the Residual Helmholtz Energy

We seek an expression for the molar residual Helmholtz energy a’; derivatives of
that quantity give the equation of state, enthalpy and chemical potential. The resi-
dual Helmholtz energy represents the eflect of intermolecular forces; it is the
difference between the Helmholtz energy for a real fluid and that for an ideal gas at

the same temperature and volume
- e
a (T.V)=a(T.V)-a (T.V) (1)
where superscript /G refers to ideal gas.
Following van der Waals, we separate a’ into reference and perturbation terms:
a =a +a ' (2)

The reference term includes repulsive intermolecular forces; the perturbation term

includes atiractive intermolecular forces.
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The principal -novelty of our work is_separation of a®™ into high-density and low-
density contributions

a”" = a” (1=-F) + a” F (3)

where a™ and a¥ are the attractive contributions to the Helmholtz energy at the

second-virial and the dense-fluid limits, respectively. ‘To provide a smooth interpola-

tion between the two d_ensityA limits, we use a generalized interpolation function F

which depends on density and temperature.

Perturbed-Soft-Chain Theory

As suggested by PHC theory, there are vtﬁree characteristic molecular parameters
for each pure fluid: ra’s. £q/k and c; these parameters characterize soft-core volume,
potential energy and the number of external degrees of freedotﬁ of the molecule,
respectively.

Each molecule is considered to be made up of equisized segments; a molecule has
r segmen.ts and an external surface area gq. The soft-core volume, per mole of

molecules, is
. _ 3 .'
v =raN,/V2 (4)
where N, is Avogadro’s number and ¢ is the segment diameter.

The potential energy per molecule is given by £gq/k where ¢ is potential energy

- per unit surface area and k is Boltzmann's constant. A characteristic temperature is

defined by
T =eq/ck (5)
Parameter (¢-1) accounts for the density dependence of external molecular

vibrations and rotations (Prigogine, 1957); for a chain molecule, it is a measure of the

flexibility. For simple molecules such as methane, (¢ —1) is zero..
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Reduction of pure-fluid data yields parameters ¢ and the products sg/ k and ro.
For correlation of mixture data, it is necessary to factor these products; as discussed

in Part 2.

The residual Helfrxboltz energy a’ i.n. Eq. 2 is defined per mole of molecules.
Expressions for reference and perturbation contributions to a’ are derived for spheri-
cal molecules; those expressions are generalized to nonspherical molecules using
parameter ¢ and nurnber‘ of segments r. For simple molecules (¢=1), the residual

Helmholtz energy per mole of molecules may be written
a =ra, | (6)
where a:., is the residual Helmholtz energy per mole of segm'ents. By introducing

parameter ¢ per segment (c/r), Eq. 8 becomes:
a’ =7 (c/7)a,, =ca, (6a)

Equation Ba indicates that expressions for the residual Helmholtz energy derived for
simple molecules (or molecular segments) can be generalized to chain molecules by
multiplying by parameter ¢. Further, parameter ¢ may be defined either pe'r molecule

or per molecular segment; the resulting expressions are numerically equivalent.

Reference Term
For the reference term a™’. we use a generalized form of the hard-sphere

Carnahan-Starling(1972) equation

™ . (37/ 0 =4)(7/7) )

RT (1-1/ )
with
r=nV2/8 =0.7405

The reduced volume v may be defined per molecule or per segment; the two

choices are equivalent. To illustrate, the reduced volume per segment is given by
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Ty = (8)

L. s \/'2

where V is total volume and n__ is the number of segments. Since Lo is equal to the

product of number of segments per molecule (r) and number of molecules n, Eq. 8

becomes
Vg = —_—cv , a
nro/ V2 '

where v is the reduced volume defined per molecule (o'r mole of molecules).

To define the reduced volume, we allow for soffness of the core volume; following
Barker and Henderson (1967), we use a temperature-dependent core diameter d. This
temperature dependence follows from the Lennard-Jones int.eruiolecular potential. We
defilne the hard-core (temperaf.ure-dependent) diameter d by relating it to the

Lennard-Jones soft-core (temperature-independent) diameter o:
1
d
—= [(1 -ezp[-u(z)/kT])dz : (9)
"
0 _

where u(z) is the Lennard-Jones potential and z is the center-to-center distance
between interacting (nonbonded) segments divided by g. For spherical Lennard-Jones
molecules (¢=1), the integral in Eq. 9 depends on reduced temperature kT/¢eq: for

nonspherical molecules (¢>1), the reduced temperatufe is generalized to T=ckT/ £q.

Figure 1 shows the ratio d/ ¢ as a function of reduced temperature (f: T/ T.).
The points in Figure 1 are calculated from Eq. 9 for several reduced temperatures:
these points are fit as a function of reduced temperature T

1 +0.297707T
= : (10)

1+ 0.331637T + 0.0010477 T2

Q |R

for 0 < T < 15. Equation 10 accurately represents d/ ¢ values calculated from Eq. 9

and matches the theoretical limits 4/ 0-1 at f=0 and 4/ 0-0 at ?:m.



A temperature-dependent hard-core volume v'is defined by
v'=v'(d/a)’ (11)
The reduced volume in Eq. 8 is given by 0'=v/v".

For large temperature chan-ges. the temperature dependence of the hard-core
volume can be significant. For example, for a change in reduced temperature from

=0.5to ?:5.0. the hard-core volume 'uf decreases almost 17 Z.

~?

Dense-Fluid Perturbation Term
The dense-fluid perturbation term is given by the sum of dispersion and polar

contributions:
aV¥ = d’(d'i.spersian) + ad!(pola.r) ' (12)

Following Barker and Henderson(lVQS'?). we express the dispersion contributiﬁn as a
perturbation expansion in reciprocal temperature for a Lennard-Jones intermolecular
potential; we then generalize that result for nonspherical molecules using parameter
c. We truncate the perturbation series following the sécond-order term:

(1) ()

ar, . . a a ‘
a (dispersion) = —/— + — (13)
T T2

(1) )

Functions a' ' and a(z are determined from Monte-Carlo computer simulations for
Lennard-Jones molecules (Henderson and Barker, 1971). For spherical molecules
(¢=1), these functions depend only on reduced volume: for nonspherical molecules

(c>1). am and am depend also on parameter ¢, as shown in Appendix [.°

Figure 2 shows Monte-Carlo results for a Lennard-Jones fluid as a function of

) is nearly linear in

reduced hard-core density. The flrst-order perturbation term a
density; this linearity is consistent with the density dependence of the perturbation
term in the original van der Waals model. The magnitude of the second-order term is

much smaller than that of the first-order term; the perturbation series converges

rapidly. The simulation results in Figure 2 are fitted with polynomials in reduced
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" hard-core density.- Appendix I gives coefficients for the polynomials.

Similar to the work of Vimalchénd et al.(1'985'a.-b). we have extended the PHC
theory to fluids containing dipole and/ or’quadrupole moments using the rmultipolar
expansions of Gubbins and Twu (1978). Polar contributions arise frbm dipolar; qua-
drupolar aﬁd dipolar-quadrupolar interactions. Reduced dipole and quadrupole

moments are defined by

n

U= ————— (14)
g (eq (r o™t
g — | (15)

where u And @ are dipole and quadrupole moments, respectively. The expressions
given by Gubbins and Twu are derived for linear molecules. For nonlinear molecules,

eflective values of dipole and quadrupole moments are used in Egs. 14 and 15.
Following Gubbins and Twu (1978), we express the polar contribution a¥ (polar)
as a multipole expansion

a¥ (potar) = a* + 2% + a*? (18)

’

where a““.acq

and a"q are contributions due to dipolar, quadrupolar and dipolar-
quadrupolar forces. Equation 16 neglects induction eflects. Appendix Il gives details

of the expressions for each term in Eq. 16.

Second-Virial Perturbation Term
At low densities, we use a virial expansion to derive an expression for a" in Eq. 3.

We truncate the virial expansion after the second virial coefficient. The resulting

expression for the low-density limit becomes

a™ = EI-.(B"“"" + B* + g% (17)

v

where B is the contribution to the second virial coefficient from dispersion forces,

qu is the contribution from quadrupolar forces and 7™ is the contribution from
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dipolar forces. Only leading polar contributions are included -in Eq. 17; induction
forces and dipolar-quadrupo.lar forces are neglected.

The expression for the dispersion term is correlated as a function of v,cand T
using experimental second virial coefficients for the normal alkane series. The polar
contributions are fit to experimental second virial coefficients for quadrupolar and

dipolar fluids. Appendices I and Il give details for these contributions.

The top part of Figure 3 shows calculated and observed second virial coefficients
for normal alkanes. Parameter ¢ for each fluid is indicated in parentheses Since the
vu‘xal coefficients are reported in reduced umts. the top diagram Lllustrates the
influence of increasing values of ¢.

The bottom part of Figure 3 shows results for several f:olar fluids. These fluids
have similar ¢ values: differences in reduced second virial coefficients are due to

different strengths of multipolar moments.

Interpolation Function

Function F in Eq. 3 interpolates betﬁeen the two density limits. The interpolation
function is not unique but must meet several boundary conditions: it must be zero at
zero density, it must approach unity at high densities and it must approach zero at
very high temperatures. Further, it must not contribute to the second virial
'coeﬂ’lcient. We choose an exponential function; the argument of the exponential is
seiected to meet the necessary boundary conditions:

8 (8 /k)totd ]

F=1 —exp (':)
T T

(18)

‘% is the sum of the dispersion and polar contributions to the potential

where (£q/ k)
energy:

lotal

(eq/ k) =cT.(1+ﬁ2+52+255) (19)

The coeflicient (8/ ’F) is determined empirically from experimental data for a large
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number of fluids.

Figure 4 shows the interpolation function at -two reduced temperatures
correspon&ing to the reduced critical temperatures of methane and hexadecane. At
the critical density of rne_thane.' there are nearly equal contributions to the residual
Helmholtz energy from the low-density and the high-density exp’fessions. At the criti-
cal density, the :elatife cdntribution from the high-density limit rises as n’m'lec.ular

size increases.

Data Reduction

The method of data reduction is extremely important for evaluating the ability of
a molecular mbdél to represent experimental data. Regression methods should give
not only reliable estimates of molecular parameters but also uncertainties in those
parameters. If molecular parameters are fit to only one tberm&dynamic property
(such as vapor pressure or density), they tend to be correlated to each-other. The
uniqueness of parameters is much improved if more than one property is used for the
regressibn as suggested, for example, by Cox et al.(1971).

We fit parameters sirnultaneousl_‘} to vapor-preséure and density data. For most
fluids, we use liquid densities at saturation or atmospheric pressure; however, for low-
molecular-weight compounds (Hz) and polymez:s. we use fluid densities in the single-
phase region at high pressures.

A data-reduction method should take into account experimental uncertainties.
We use a maximum-likelihood procedure described by Anderson et al.(1979) to
account for errors in both dependent and independent variables. Anderson and
Prausnitz(1980) discuss maximum-likelihood techniques for obtaining equation-of-
state éarameters. .

We assume standard error estimates for each type of data. Typical expected

errors are: temperatures + 0.05 K and pressures £ 1.0% for vapor-pressure data; tem-

peratures + 0.05 K, densities = 2.0%, and pressures = 2.0% for density data. These
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estimates suffice to account for typical experimental uncertainties. Since uncertain-

ties for vapor-pressure data are lower than those for density data, vapor-pressure

data are, in effect, given preferential weight in data reduction.

We use experimental second virial coefficients from Dymond and Smith(1980) to
determine universal constants for each contribution to the virial coefficient in Eq. 17;

expressions for these contributions are given in Eq. -3 and Egs. II-10 and II-12.

Gubbins and Gray (1984) give experimental dipole and quadrupole- moments for a
variety of fluids. While dipole moments can be measured accurately, experimental
guadrupole moments have large uncertainties; therefore, for molecules with both
dipole and quadrupole moments, we adjust the quadrupole moment slightly to give

good agreement with vapor-pressure and density data.

Comparison of Calculated and Experimental Thermndyﬁamic Properties

To ilustrate applicability, Figure 5 shows the calculated and experimental
pressure-dénsity phase diagram for pentane. Agreement between calculated and

experimental PVT and saturation properties is good, except in the critical region.

The dotted line in Figut;e S indicates behavior of the equation of state in the two-
phase region. The equation gives a simple van der Waals loop inside the two-phase
region, similar to that of cubic equations such as the Redlich Kwong equation or the

Peng Robinson equation.

Figure 6 shows a pressure-density phase diagram for carbon dioxide. Due to the
large quadrupole moment of.carbon dioxide, the quadrupolar perturbation terms con-
tribute significantly to the equation of state. The equation of state l{ehaves smoothly
throughout the phase diagram, producing a van-der-Waals loop (not shown) in the
two-phase region. As. with pentane, our equation of state overpr;adicts the critical
pressure. This overprediction is a common feature of essentially all semi-theoretical

equations of state.
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Phase diagrams may also be calcula.ted for strongly polar fluids such as water or
amnionila. _’I’hé qualitative behavior of the equation of state is similar to that for non-
polar fluids; however, agreement between calculated and experimental properties,
while good, is somewhat less tavorable. Tables 1 and 2 show typical comparisons
between- caléulated. and observed fluid densities and saturation properties for several |
fluids, including water.
Figure 7 shows calculated and experimental densities for hydrogen at three tem-
peratures. To avoid quantum eflects, only density data above 100K are used to deter-
mine hydrogen parameters. Above 100 K, hydrogen is supercritical; the parameters

given here should not be used to calculate saturation properties for hydrogen.

Table 2 shows typical agreement between calculated and experimental saturation’
properties for several polar and nonpolar fluids. For each fluid, the range of reduced
temperatures is indicated; deviations:between calculated and observed results are

reported as percent average absolute deviations.

Molecular Parameters for Pure Fluids

Molecular parameters have been it for several polar and nonpolar fluids. Table 3
gives some typical parameters. With the exception of hydrogen, these parameters
were fit simultaneously to vapor-pressure and density data. A more extensive list of

parameters with data references is deposited as supplementary material.

Table 4 lists dipole and quadrupole mdments for several polar fuids. The quadru-
pole moments for quadrupolar fluids are experimental values with the exception of
carbon dioxide. The experimental quadrupocle moment for carbon dioxide is 4.3 B (1
Buckingham=10-2° esu-cmz); a slightly smaller value of 3.9 B improves agreement
with experimental vapor-pressure and density data. Quadrupole moments for dipolar
fluids are selected to agree with vapor-pressure and density daté. However, all dipole -

moments are independently-reported experimental values.
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Representation of Volumetric Data for Molten Polymers |
bur modified PHC theory is useful for representing volumetric data for high-
molecular-weight fluids such as molten polymers. Figure 8 shows calculated and
experimental densities for two polymers: polyethylene (MWn=25000) and polyisobu-
tylene (MW,=36000). As discussed, for example, by Liu and Prausnitz (1979), it is
inconvenient to use molar quantities for polymeric fluids; therefore, wé replace the

molar quantities v’ and ¢ with specific soft-core volume v; and characteristic param-
eter P.. defined by
P =cRT /v’
While both v and ¢ are molar quantities, the ratio P is independent of molecular
weight.
Table 5 gives pure-component molecular parameters for the two molten polymers

shown in Figure 8. These parameters were fit to the polymer compressibility data of

Beret (1975b).

Correlation of Molecular Parameters

As discussed by Wilhelm (1985), pure-luid PHC parameters can be correléted as
simple functions of molecular weight for various hydrocarbon classes. Such correla-
tions are useful to estimate parameters for those fluids where experimental data are
not available. These correlations are also useful for continuous-thermodynamics cal-
culations (for example, see Cotterman and Prausnitz, 1985) where parameters are
expressed as continuous functions of some characterizing property such as molecular
weight.

We have correlated equation-of-state parameters for four hydroca;bon classes:
normal paraffns, n-alkylbenzenes, n-alkylcyclohexanes and .fused-ring aromatics.
Appendix Il gives correlation functions and constants. Figures 9 and 10 show correla-
tion results as a function of molecular weight for normal alkanes and fused-ring

aromatics, respectively. As these figures show, and as suggested by their physical
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significance, the potential-energy parameter sq/k (=cT’) and soft-core volume v*
are linear functions of molecular weight. éin‘ce (for‘a given chemical series) parame-
ters ¢ and ¢ aré expected to be linear functioris of molecular weight for intermediate
and high molecular weights, we expect characteristic temperature T to approach a
constant as molecular weight becomes large. Therefore, these parameter correlations
may t;e extrapolated with confidence’ £o higher molecular weights where experimental
data are scarce.

To illustrate such extrapolati§n. we use the correlation shown in Figure 9 to
determine molecular parameters for polyethylene. Extrapblating our parameter
correlations to molecular weight 25000, we find an average deviation of 1.87 between
calculated vdensities and experimental densities shown in Figure 8. This deviation is -
necessarily but not much higher thari that using the fitted parameters in Table 5. This
example suggests tbat the generalized correlations can give reasonable estimates of
molecular parameters for large molecules. |

While the results of this work may be useful for calculating thermodynamic pro-
perties of pure fluids, the most important application is for calculation of phase equili-

bria in mixtures, as described in Part 2.
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Notation
Symbols
a molar Helmhoitz energy
a(‘l).a(z) coeflicients for correlation in Eq. III-1
5@ coefficients for correlation in Eq. III-2
B second virial coefficient (attractive contribution)
cm.cm.cm coeflicients for correlation in Eq. III-3
c shape and ﬂexibilif.y para.rnet'er.
d hard-core (temperature-dependent) diameter
F interpolation function
J integral of two-body'radial distribution function
K integral of three-body radial distribution function
k Boltzmann's constant
n number of moles {or molecules)
- number of molecular segments
P abgolute pressure .
P characteristic pressure, P'=crT /v’
q external molecular surface area
q molecular quadrupole moment
5 reduced quadrupole moment
r number of segments per molecule
R gas constant
T absolute temperature
T reduced temperature, T=T/ T
T characteristic temperature, T.=eq / ck
v molar volume
v reduced volume, 0 =v/v'
17,.’ reduced volume per segment
7 reduced volume, 1=v /v
v’ soft-core molar-volumerparametet
v,; soft-core specific-volume parameter, 'u,; =v / HW
T

hard-core molar-volume parameter

total volume

Qd



Superscripts ‘

af
disp
G
pert
@
ref
su
Kb
ne

.Greek Symbols

DA Q9 e

dense-fluid contribution
dispersion contribution -
ideal-gas property

perturbation term

quadrupolar contribution
reference term

second-virial contribution
dipolar contribution
dipolar-quadrupolar contribution

molecular dipole moment

reduced dipole moment -

potential energy per unit surfage area

soft-core diameter (independent of temperature)
hard-sphere packing factor (0.7405)

correction to second virial coefficients due to parameter ¢

17
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Table 1. Expenmental and calculated fluid densities for several
nonpolar and polar fluids.

Fluid Temperature -.Pressure Density
Range(KX) Range(bar) % AAD
Methane 200-800 1-500 0.19
Propane - - 390-700 1-700 - 0.70
Pentane 344-510 1-100 1.19
Hydrogen 100-700 1-500 0.04
Carbon Dioxide 220-720 1-200 0.14
- Water 273-773 1-250 1.54

Table 2. Calculated and experimental saturation properties for
several nonpolar and polar fluids.

. Temperature % Average Absolute Deviation
Fluid Range, T/ T, Vapor Pressure Liqﬁid Density
Methane 0.48-0.95 0.82 0.81
Pentane 0.31-0.95 0.81 1.57
Decane 0.45-0.85 0.89 1.42
Eicosane 0.40-0.85 1.18 0.18
Isobutane 0.48-0.95 0.22 ' 0.96
Cyclohexane 0.50-0.95 0.28 0.10
Benzene 0.50-0.95 0.20 -0.24
Anthracene - 0.56-0.78 0.23 0.21
Tetralin 0.40-0.94 1.25 1.85
Nitrogen 0.50-0.95 0.49 0.54
Carbon Dioxide 0.72-0.95 0.02 0.55
Water 0.42-0.85 1.32 . 1.74
Ammonia 0.14 ' 3.00

0.49-0.95




Table 3. Molecular parameters for nonpolar and polar fluids.

*

30.43

. T v c
Fluid {(K) (cms/ maol )
Normal Alkanes
Methane 147.1 21.94 1.000
Propane 253.5 40.48 1.447
Decane 357.3 110.9 2.689
Tetratetracontane '434.9 483.2 7.773
| Alkvinaphthalenes
Cyclohexane 358.5 81.71 1.705
Decylcyclohexane 418.8 185.9 ‘3.223
Alkylbenzenes _
Benzene ass.1 50.81 1.878
Decylbenzene 423.9 154.9 3.181
Fused-Ring Aromatics |
Tetralin 443.9 81.19 2.090
Triphenylene 828.2 128.2 2.325
Quadrupolar Fluids
Carbon Dioxide 200.8 21.09 1.220
Nitrogen 95.84 20.08 1.000
Dipolar Fluids
'_Nater 401.1 12.27 1.082
Ammonia 274.8 15.99 1.051
Sulfur Dioxide 287.9 27.20 1.223
Hydrogen Sulfide 277.0 21.75 1.097
Light Gases
. Hydrogen 11.02 1.000




Table 4. Dipole and quadrupole moments for several fluids.

 Pluid Q @ | uw W
(B) | (D)
Quadrupolar Fluids
Carbon Dioxide | 3.907 0821 - -
Nitrogen 1.47 0518 - -
Chiorine 3.23  0.470 - -
Carbon Disulfide 4.30 0.413 - -
Ethylene 2.00 0.333 - -
Cyclopropane 1.80 0.185 - -
Dipolar Fluids
Water 1.257  0.315 | 1.850 1.428
Ammonia 1.157  0.281 | 1.470 1.201
Acetone - - 2.880 1.157
Sulfur Dioxide 3.007 0.426 | 1.830 0.925
Hydrogen Sulfide | 1.007 0.184 | 0.974 o0.885 |
Carbon Monoxide | 1.007 0.331 | 0.112 0.133

T Value of quadrupole moment adjusted to experimental vapor-pressﬁre

and density data.

Table 5. Molecular parameters for two molten polymers.

Polymer " K v;.cma/g P’, bar
Polyethylene | S511.0 0.7519 948.4

Polyiscbutylene |  517.8 0.6903 1250.
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APPENDIX 1

Nonpolar Contributions to Perturbation Term of
Residual Helmholtz Energy

This appendix gives expressions for the dispersion (nonpolar) contributions to the
high-density and low-density perturbation terms. Dispersion contributions to the
high-density term are determined from computer-simulation results; low-density con-
tributions are determined enipi.rically to represent eiperirnental second virial .

coeflicients.

Equation 13 gives an expression for the dispersion contributions to the dense-

fluid term aV as a truncated perturbation series. The first-order and second-order

‘terms of this series, a'’) and a?, are fitted to computer-simulation results for

Lennard-Jones molecules
(1)

a e
— = —(-8.5959 - 425424/ 7" - 2.1288/0°% + 10.285/ 3" (I-1)
RT ¢

@)
a ) e ~ ~2 ~3
— = —(=1.9075 + 9.9724/ 7" - 22.2168/ 7" + 15.904/7%) (1-2)
RT v ' '

where ¥ is reduced hard-core volume. Parameter ¢ in Egs. I-1 and I-2 follows from the
derivation of the PHC theory (see Beret and Prausnitz, 1975a). The polynomials in
Eqs. I-1-and I-2 are plotted in Figure 2 as a function of reduced density for spherical
molecules (c=1) at T=1.0. | '
The dispersion contribution to the second virial coefficient BM is ftted to

second-virial-coeflicient data for normal alkanes
B*™® = —cv"(12.541 + Q(c)/ T*)[ezp (0.87372/ T) - 0.98071]  (1-3)

Universal constants for simple molecules (c=1) are fit to second virial coefficients for
methane. Function ((¢c) extends Eq. I-3 to fluids with larger ¢ values; it is fit to

second-virial-coeficient data for alkanes from ethane to n-octane

2 |
Q- 8.9281(c—1) (1)

1.0 + 0.87720(c -1)

Function (Q is zero for simple Auids and is linear in ¢ for high-molecular-weight Quids.

Equations [-3 and [-4 contain molecular parameters T.. v’ and ¢. These parame-
ters are fit to vapor-pressure and density data. Since the second-virial term ) i
contributes to calculated vapor pressures and densities, universal constants in Egs. I

3 and -4 and molecular parameters must be determined by sequential and repeated
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fitting of second virial coefficients and dense-fluid properties, until convergence is
achieved. Therefore, the constants in Eqs. I-3 and I-4 are consistent with the molecu-

~ lar parameters reported in Table 3.

APPENDIX H

Perturbation Term for Polar Contributions to
Residual Heimhoitz Energy

This appendix gives expressions for multipolar contributions to the high-density
and low-density perturbation terms. The high-density contributions follow from a
muitipole expansion for a Lennard-Jones (dispersion) reference system; low-density
contributions are correlated to experimental second virial coefficients for several
polar and quadrupolar fluids.

Polar and quadrupolar interactions are characi‘.erized using reduced dipole and
quadrupole moments, defined by EQS. 14 and 15. These equations may be written more

conveniently in terms of molecular parameters T.. v andec:

(N |
p=—F5 [ —~ (II-1a)
(cT.u.)” V2
N s/8
3 = 9 k”r - (11-1b)
(T )¥* vz

For T'in K, v in cm®/ mal, 4in D (1 Debye = 107'® esu -cm) and @ in 5 (1 Bucking-
ham =10"2* esu ~cm®), Eqs. II-1a and II-1b become:

B = 55.537——{1: (1I-2a)
(cTv)

@ = 41.783— : - (11-2b)
' (cT )Y(v )

High-Density Contributions

As suggested by several authors (for example, Gubbins and Twu, 1978; Stell et
al.,1974), multipolar effects may be introduced into molecular-thermodynamic models
as multipolar perturbation expansions to the Helmholtz energy. Since these series
expansions converge slowly for strong multipole moments, they are replaced by a Padé

approximant due to Steil et al.(1974).
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L

The multipolar contribution due to dipole-dipole forces is
2 -

(2)

1= . -
[ (z) (1-3)
Since the multipolar expansion is a perturbation to a Lennard-Jones (nonpolar) refer-
ence system, first-order perturbation terms do not appear. The second-order and

third-order perturbation terms are given by
()

~d
c ~

— = -2.98 19LJ‘“‘(T.1T) (11-4)

RT 5
2t oz _

s m ~ .
—— = 43.596 KT .7) (II-5)
RT F372 v

where J(?.zT) and K(f.t?) are integi'als based on two-body and three-body radial-
distribution functions. Analytical expressions for these integrals, given by Gubbins
and Twu (1978), are shown in the supplementary material. Reduced volumes ¥ for

polar perturbation terms are defined using the soft-core volume (T=v/v .).

The multipolar contribution due to quadrupole~quadrupole forces is
[ afr
Q (2),
a  =agil- 11-6
| “l a? J (11-8)

" The second-order and third-order perturbation terms are given by

3q0 3 |
c ~
—_— = ~12.440 —JF 7) (11-7)
RT T
o 5° -0
—_= 23113—-—1“"(? 7) + 77.71186——K9(F 7) (11-8)
RT T - ?3172

For dipole-quadrupole forces, the perturbation series is truncated after the
second-order term since contributions from higher-order terms are expected to be

small. The resulting expression for the dipuvle-quadrupole contribution is

‘lbq ~2 2
~— = -8.3858- J“"(r 7) (11-9)
RT Tq

As used here, constants reported by Gubbins and Twu for each of the above
integrals must be multiplied by V2 wherever reduced density appears because the
reduced volume in this work is based on a close-packed molecular volume. Analytical

expressions for the integrals are included in the supplementary material
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Low-Density Contributidns ,

As discussed in Appendix |, low-density contributions to & are ﬁt to experimen-
tal second-virial-coefficient data. Contributions are included for quadrupole-
’ quadrupole forces and for dipole-dipole forces; dipole-quadrupole contributions are
neglected because the magnitude of dipole-quadrupole contributions is much smaller
than that for dipole-dipole contributions. '

Expressions for the muitipolar contributions are fit initially to second viria'l
coefficients for Lennard-Jones molecules with point dipoles (Stockmayer, 1941) or with
point quadrupoles (Buckingham and Pople, 1955). Universal constants in these
expressions are then adjusted using experimental second virial coeflicients.

For dipole-dipole contributions,

. Q““ ~3/2 .
B* = cu.(7.6445-7.4678c—T')[ezp'(l.ss’la - -1] (11-10)
T T

where

0™ = 8.9110 - 9.8386¢ (U-11)

For quadrupole-quadrupole contributions,
Q“ ~3/2 .
B¥ = cu’(—o.osoaza + ——)[ezp(2.8285 —) - 1] ' (11-12)
T _ T

where

0% = 0.85813 - 0.28108¢ ' (11-13)

As discussed in Appendix I, the final expressions for Egs. II-10 to [I-13 are determined
by sequential and repeated fitting of universal constants and molecular parameters in

those expressions to second-virial-coeflficient data and to dense-fluid data.

APPENDIX M1

Comlat;on of Equation-of-State Paramaters for
Various Hydrocarbon Classes

Figures 9 and 10 show that, for a given hydrocarbon class, molecular parameters
can be correlated as simple functions of molecular weight. Parameters v’ eq/ k
(=cT’) and ¢ are nearly linear in molecular weight; however, over a wide range of
molecular weighf.. parameter ¢ shows non-negligible deviations from linearity. There-

fore, we correlate characteristic temperature T instead of ¢, since T approaches a
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constant value at high molecular weights.

For a given hydrocarbon class, the functions chosen to correlate parameters v ’

cT‘ and T. are

v =a" + a®uw (11I-1)
e’ =0 + 0P uw (11-2)
‘=M c(z’ezp(-c(s)ﬂwx) : (111-3)

Constants am a(z’. 5 and 5@ are At directly to molecular parameters. Likewise,

constants cm @ and c(s) are fit initially to molecular parameters; however, these
constants are later adjusted by fitting, all at once, vapor-pressure and density data
for the components in a hydrocarbon class.

Table III-1 lists ranges of molecular weight and comparisons between calculated
and observed vapor pressures and densities for four hydrocarbon classes. Agreement
between calculation and experiment is reported for each class as overall percent aver-
age absolute deviations.

Table 11I-2 gives constants for Eqgs. III-1 to [I1I-3 for four hydrocafbon classes. With
the exception of the n-alkylcyclohexanes, these constants are used to calculate the
deviations listed in Table [II-1. For the n-alkylcyclohexanes, the value of eT’ for
cyclohexane does not lie on the same straight line with the other compounds in that
hydrocarbon class. Therefore, we add the term (243.90/ (47 -78)] to Eq. III-2 to
inciude cyclohexane, it being understood that the correlation is valid only for ##¥=84.
.This correction does not contribute significantly to the other compounds. for molecu-

lar weights above 90 this correction may be omitted.



Table III-1. Calculated and expenmental vapor pressures and liquid
densities for several hydrocarbon classes. _

78-228

Mol Wt Average Absolute Deviation (%)
- H bon Cl
ydrocarbon Class Range Vapor Pressure Liquid Density
paraffins _ 58-819 2.03 1.55
(n-alkanes)
naphthenes | 84-385 2.98 0.38
(n-alkylcyclohexanes)
alkyl aromatics - 78-359 2.28 0.79
(n-alkylbenzenes)
fused-ring aromatics v2.77 1.27
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Table III-2. Correlation of
Constants for Egs. I11-1,2,3.

molecular parameters for several hydrocarbon classes.

v .. cma/ mal

Hydrocarbon Class aV a®
paraffins 8.8855 0.71820
naphthenes 0.2703 0.73628
alkyl aromatics -7.2913 0.74042
fused-ring aromatics 10.1030 0.51714

eT K

Hydrocarbon Class sV »®@
paraflins 120.72 5.8408
naphthenes 98.527 5.6018
alkyl aromatics 199.18 5.3289
fused-ring aromatics 180.04 5.8413

T’ K

Hydrocarbon Class cm c(z’ c @
paraflins 419.88 843.89 0.19845
naphthenes 445.04 554.87 0.20018
alkyl aromatics 474.58 269.82 0.10780
fused-ring aromatics 1351.4 1522.3 0.04939

APPENDIX IV

Physical Significance of Molecular Parameters
for Polar Fluids

Pure-fluid molecular parameters v.. eq/k (=cT.. ¢ have a well-defined physical
significance; they characterize size, potential energy and flexibility of a molecule.

This physical significance of parameters is important for two reasons. First, we corre-

late fitted parameters to estimate parameters for fluids where experimental data are

scarce. These correlations require unique estimates of molecular parameters. More

important, for extension to mixtures, physically-significant parameters are neceséary
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to determine mixture parameters using appropriate mixing rules.

As suggested by Figures 9 and 10, parameters for a class of nonpolar filuids are
simple functions of molecular weight. For polar fluids, by including dipolar and qua-
drupolar eflects, values of fitted molecular parameters are consistent with those for
nonpolar fluids. However, if polar eflects are neglected, molecular parameters for
polar fluids are not physically reasonable. For example, Table IV-1 lists molecular
parameters for several polar fluids, neglecting polar effects. These parameters may be

ompared to the corresponding values for fluids in Table 3.

The parameters in Table IV-l are fit to vapor-pressure and density data The
quality of fit is nearly the same with or without polar effects. However, the ¢ parame-
ters in Table IV-1 are much larger than those for the same fluids in Table 3. When
polar effects are neglected, these polar-fluid ¢ parameters are not consistent with

parameters for nonpolar fluids with similar size and shape.

_ When polar effects are included, larger ¢ parameters follow since the product cT’
now accounts for both dispersion and polar energetic contributions. While
physically-unreasonable parameters may not be important for pure-fluid calculations,
mixture calculations may be highly sensitive to unrealistic parameters.* Use of

physically-unreascnable parameters tends to producg temperature-dependent adju-

stable binary parameters.

Table [V-1. Molecular parameters for several polar fluids
neglecting polar effects.

T v c
() (em®/ mal)
Carbon Dioxide 198.08 - 18.214 1.7064
Water 433.14 , 10.518 1.8041
Ammonia 273.94 14.018 1.8528
Hydrogen Sulfide 284.01 20.345 . 12931
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Supplementary Material

APPENDIX Y

Two-Body and Three-Body Integral Expressions for
Polar and Quadrupoiar Perturbation Terms

This appendix gives analytical expressions for the integrals baéed on two-body
and three-body radial-distributions functions, used in Appendix II. These expressions
were fit to computer-simulation data by Gubbins and Twu (1978).

The constants reported by Gubbins and Twu are modifled here since reduced- volume

in this work is based on a close-packed molecular volume.

Each integral is represented with an analytical function of the form

InT 1 inT 1 ~
nX=dV——+3d@— 4 g — 4 W= gy F 4 q® (V-1)

where X is the particular integral, T is reduced temperature and ¥ is reduced soft-
core volume (T=v/v .). Table V-1 give coeflficients for exch integral.

Table V-1. Analytical expressions for integrals in polar perturbation terms.
Coeflicients for Eq. V-1.

Integral : Coeflicient in Eq. V-1
X ey 4@ 4 4@ 4® 4@

Two-body ,

e .0.97670 1.72839  1.07670 -1.08078 -0.21856 -0.53846

> -1.22259 2.20878 1.30300 -1.18625 -0.19800 -0.94071

il -1.39778 2.55611 1.44335 -1.24455 -0.14075 -1.22273

el -1.71331  3.17591  1.85447 -1.31277 0.07485 -1.89885
Three-body

) aan -2.10107 3.49495 2.47398 -2.82733 -0.86105 -3.02872

K™ | -323277 578201 3.84528 -3.51431 -0.82860 -4.17559




Pure-Fluid Molecular Parameters and Correlation Results

Table VI-1. Molecular parameters for nonpolar and polar pure fluids.
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Fluid T iy ¢
(x) (em”/ mal)
Normal Alkanes
Methane 147.1 21.94 1.000
Ethane 218.8 30.58 1.280
Propane 253.5 40.48 1.447
Butane 281.8 50.99 1.809
Pentane 303.4 80.41 1.778
Hexane 317.9 70.48 1.974
Heptane 330.4 80.02 2.158
Octane 342.1 90.28 2.318
Nonane 349.9 100.2 2.510
 Decane 357.3 110.9 2.689
Undecane 3886.8 120.9 2.814
Dodecane 372.0 129.0 3.008
Tridecane 373.9 140.8 3.239
Tetradecane 380.0 150.5 3.383
Pentadecane 384.1. 183.8 3.542
Hexadecane 387.8 174.0 3.713
Heptadecane 395.0 181.9 3.785
Octadecane 397.0 191.1 3.971
Eicosane 397.1 214.2 4.485
Tetracosane 408.3 258.3 5.038
Octacosane 418.5 295.9 5.6812
Dotriacontane 423.7 338.9 8.153
Hexatriacontane 428.7 - 378.8 8.694
Tetratetracontane 434.9 483.2 7.773

43



Table VI-1 (cont.). Molecular parameters for nonpolar and polar pure fluids.

Fluid T v ¢
(KX) (em’/ mal)
Alkylnaphthalenes
Cyclohexane ! 358.5 81.71 - 1705
Methylcyclohexane 387.9 73.12 1.769
Ethylcyclohexane v - 379.2 82.96 1.944
Propyleyclohexane  385.8 93.38 2.109
Butylcyciohexane 391.4 103.8 2.287
Hexylcyclohexane 402.8 124.3 2.804
Decyicyclohexane | 418.9 _ 185.9 3.223
Hexadecylcyciohexane 423.0 228.4 | 4.371
Eicosyleyclohexane 437.9 268.8 . 4.B32
Alkylbenzenes |
Benzene 388.1 . 50.81 1.678
Toluene 376.4 80.79 1.857
Ethylbenzene 387.1 70.90 1.975
p-Xylene 391.7 71.81 1.946
Propylbenzene 391.8 81.87 2.128
Butylbenzene | 399.4 92.47 - 2.269
Hexylbenzene 409.0 113.2 2.582
Decylbenzene 423.9 154.9 3.182
Hexadecylbenzene : ' 415.4 214.3 © 4.877
Eicosylbenzene I 434.5 ‘ 258.9 : 4.943
Fused-Ring Aromatics
Naphthalene _ 477.3 75.89 1.910
1-Methylnaphthalene _ 478.0 88.14 2.120
1-Ethylnaphthalene 484.5 85.28 2.338
Tetralin 443.9 81.19 2.090
Anthracene 372.8 103.3 2.058
Phenanthrene 582.5 101.7 2.129
Triphenylene 828.2 128.2 2.325
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Table VI-1 (cont.). Molecular parameters for nonpolar and polar pure fluids.

.

Fluid T v c
ui
(X) (em?/ mal)
Quadrupolar Fluids
Carbon Dioxide 200.7 21.08 1.220
Nitrogen 95.83 20.08 1.000
Ethylene 204.1 27.69 1.2186
Cyclopropane 286.2 33.80 1.278
Carbon Disulflde - 397.1 35.86 1.220
Chlorine 306.0 26.47 1.144
Dipolar Fluids
Water 401.1 12.27 1.052
Ammonia 274.8 15.99 1.051
Sulfur Dioxide 287.9 27.20 1.223
Hydrogen Sulfide 277.0 21.75 1.097
Acetone 331.7 43.42 1.326
Carbon Monoxide 98.88 19.87 1.109
Other Fluids
Hydrogen 30.43 11.02 1.000
Propylene 250.1 37.28 1.435
Isobutane 272.7 51.48 1.561
Neopentane 298.9 63.35 1.484
338.3 52.34 1.629

Cyclopentane




Table VI-2. Correlation results for pure-fluid thermodynamic properties.

Fluid

Vapor Pressure

Liquid Density

Temp Data
AAD
Range, K Source

Temp z Data
Range, K Source

Normal Alkanes

Methane
Ethane
Propane‘
Butane
Pentane
Hexane
Heptane
Octane
Nonane
Decane
Undecane
Dodecane
Tridecane
Tetradecane
Pentadecane
Hexadecane
Heptadecane
Octadecane
Eicosane
Tetracosane
Octaccsane
Dotriacontane
Hexatriacontane

Tetratetracontane

91-170  0.82 (1)
100-290 0.85 (3)

90-348 0.58 (&)
135-201 0.42  (8)
143-443  0.81  (5).(7).(8)
210-473 0.98  (5).(7).(8)

217-513 119 (5).(7).(8)

232-533 0.59 (5).(7).(8)
248-563 0.31  (5).(7)
284-523 0.89 (5).(7)
348-499 0.27 (8).(7)
318-520 0.52  (5).(7)
317-508  0.79  (5).(7)
280-559 1.82  (5).(7)
382-544 039  (5).(7)
3168-584 0.58  (5).(7)
380-810 0.97  (5).(7)
318-825 4.88  (5),(10)
344-852 1.18  (5).,(10)
449-864 2.43  (5)
481-705 2.44 (5)
510-741 285 (5)
535-771  2.51 (5)
577-821  2.03  (5)

92-180 0.81 (2)
100-288 0.58 (3)
93-343 080  (5)
135-378 0.58  (6)
144-443 157  (5)
183-473 . 174 (5)
183-513 2.24¢  (5)
218-533  2.10  (5).(9)
219-533 2.05 (5)
253-523 1.42  (5)
253-573 172 (5).(9)
273-623 277 (5)
273-583 131 (5)
283-533  1.82  (5).(8)
283-423  0.13  (5)
291-393 0.05  (5).(9)
298-8613 143  (5)
301-573 176  (5)
310-423 018  (5).(9)
273-372  0.17  (11)
335-573  0.80  (9).(11)
273-372 0.18  (11)
353-573  0.48  (9).(11)

372-408  0.11  (11)
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Table VI-2 (cont.). Correlation resulits for pure-fluid thermodynamic properties.

Vapor Pressure

Liun.id Density

Fluid Temp Data Temp Data
Range, K Source Range, K Source
Alkylnaphthalenes
Cyclohexane 279-523 0.28 (8).(7) 283-353 0.10 (8)
Methylcyclohexane 298-375 0.04 () 153-373. 0.83 (8)
Ethyleyclohexane 294-433 0.13 (5) 253-383 0.26 - (58)
Propylcyclohexane 346-431 0.03 (7) 253-383  0.17  (5)
Butyleyclohexane 3687-455 0.02 9) 263-383 0.18 (5)
Hexylcyclohexane 367-530 0.21 (5) 303-383 0.12 (5)
Decylcyclohexane 371-871 2.73 (M.(11) 273-383 0.07 (8).(11)
Hexadecylcyclohexane | 497-889 0.56 (5) 313-383 0.03 (8)
Eicosylcyclohexane 471-538 1.04 (11) - 273-372 0.14 (11)
‘Alkylbenzenes
Benzene 288-533 0.41 (M).(9) 279-533 1.15 (5)
Toluene 309-558 1.56 (8).(9) 183-533 1.40 (8)
Ethylbenzane 27 5-583 0.34 (5).(8).(9) 183-573 1.27 (5)
p-Xylene 298-412 0.13 . (7) 293-573  1.07 (5)
Propylbenzene 349-603 0.42  (5).(7) 183-473 050  (5)
Butylbenzene 3688-457 0.05 (7) 183-453 0.37  (5).(9)
Hexylbenzene 389-531 0.33 (5) 253-453 0.30 (5)
Decylbenzene 371-571° 190  (7).(11) 263-453 0.17 (5)
Hexadecylbenzene 500-888 0.54 (5) 303-453 0.18 (5)
Eicosylbenzene 471-538 1.56 (11) 333-372 0.03 (11)
Fused-Ring Aromatics
Naphthalene 353-492 0.38 M 363-593 1.94 (12)
1-Methylnaphthalene 279-518 0.97 (M.(10) 273-423 0.05 (5)
1-Ethylnaphthalene - 393-585 0.20 (5) 273-413 0.17 (8)
Tetralin 293-873 1.25 (13) 293-873 1.885 (13)
Anthracens 493-873 0.23 (14) 493-583 0.21 (14)
Phenanthrene 373-833 1.29 (14) 373-593 0.22 (14)
Triphenylene 533-693 7.95 (15) 471 3.46 (15)
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Table VI-2 (cont.). Correlaticn results for pure-fluid thermodynamic properties.

8).(M

Vapor Pressure Liquid Density

Fluid Tem Data Tem ' Dat

P zaap P zaap
Range, K Scurce Range, K Source
Quadrupciar Fluids .

Carbon Diaxide 218-288 0.02  (18) 218-288  0.55 (16)
Nitrogen 84-118  0.49 (17) 84-118  0.54 (17)
Ethylene 123-287 0.17  (18) 123-265  0.28 (18)
Cyclopropane 189-373  1.2¢  (9).(19) 293-373  0.35 (19)
Carbon Disulfide 277-522 1.81 (7).(20) 277-522 0.5¢ - (20)

Chlorine 180-256 0.23  (5) 173-393  0.80 (5)

_ Dipolar Fluids

Water 283-613 1.33 (21) 283-613 1.74 (21)
Ammonia 200-380 0.14 (22) 200-380 2.97 (22)
Sulfur Dioxide 283-408 0.44 (23) 323-408 1.86 (23)
Hydrogen Sulfide 188-352 0.88 (24).(25) 283-352 1.04 (25)

Acetone 259-481 0.53 (28) 179-323  1.14 (8)
Carbon Monoxide 88-126 ¢.13 (22) 88-1286 0.36 (22)

Other Fluids

Propylene 90-345 0.38 27) 80-340 0.89 27)

Isobutane 188-383 6.21 (5).(7M 183-383 0.96 (5)

Neopentane 231-398 2.47 (7).(8) 253-403 0.38 (5)

Cyclopentane 228-483 0.19 253-323 0.13 (5)
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