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Abstract 

A correlation is presented for the thermodynamic properties of pure ftuids 

containing small orlarge molecules. The residual Helmholtz energy is given 

in terms of perturbed-hard-chain{PHC) theory, extended to polar ftuids 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 coeffi.cients, 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 ftuids 

where experimental data are scarce. .More important, separation into low­

density and high-density contributions allows separate mixing rules for each 

density region: this fiexibility in mixin'g rules significantly improves represen­

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

Molecular-thermodynamic correlations are widely used to represent t~ermo­

dynamic properties of tluids for process design. While many correlations are available 

in the literature, few are applicable over a wide density range for tluids containing 

small molecules or large, structurally-complex molecules. However, a correlation 

must be applicable to a wide variety of tluids if it is to be useful for mixtures contain­

ing molecules that ditfer signitlcantly in size or potential energy. 

The ftrst objective of this work is to correlate thermodynamic properties of pure 

ftuids containing small or large molecule.s. Towards that end, a molecular­

thermodynamic expression is here presented for the residual Helmholtz energy; this 

expression is derived from perturbed-hard-chain theory (Beret and Prausnitz, 1975a), 

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

The r"ovel 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 ftuids 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 confidence for high-molecular-weight fiuids within a homolo­

gous series. 
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CONCLUSIONS AND SIGNIFICANCE 

A molecular-thermodynamic correlation is presented for representing thermo­

dynamic properties of pure duids 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 representation of pure-duid properties, the primary advantage follows 

from extension to mixtures, as discussed in Part 2, 

The applicability of the correlation is illustrated for duids of interest in the 

petroleum and related industries. Thermodynamic properties are correlated for polar 

and nonpolar thlids ranging in molecular size from hydrogen to polyisobutylene. 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 reg1on. 

Molecular parameters are reported for a variety of pure duids. For a homologous 

series, these parameters are simple functions of molecular weight. Parameters are 

correlated for four hydrocarbon series: normal parafflns, n-alkylbenzenes, n­

alkylcyclobexanes and fused-ring aromatics. These correlations can be used to esti-

mate molecular parameters for high-molecular-weight duids where experimental data 

are scarce; they are also useful for continuous-thermodynamics calculations where 

parameters are expressed as continuous functions of molecular weight. 

Introduction 

Equations of state are commonly used to cor:"relate ther:"modynamic properties for 

computer:"·aided design of chemical pr:"ocesses. For engineer:"ing purposes, most 

commonly-used equations of state are either:" semitheor:"etical or empirical; the equa­

tions contain adjustable parameter's which are fit to experimental data. Empirical 

multiparameter equations. such as the Eennedict-Webb-Rubin equation(l940) and its 

.. 
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extensions (e.g. Starling and Han, 1972: Watanasiri et al.,1982), have been: widely used 

for engineering 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 retlect 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, 1976). For a comprehensive review, 

see Martin (1979). 

Extension of van der Waals theory to large molecules is based on the dense-duid 

theories of Prigogine (1957) and Flory (1970) for chain molecules or on the theory of 

Boubl!k (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 Kreglewsld. (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 dexibility 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 simultaneously liquid densities and 

vapor pressures for duids containing large molecules. Extension to mixtures has been 

reported by several authors, notably Donohue 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 

advanced temperatures. Although these equations approach the correct ideal-gas 

limit, they are generally poor at moderate densities. This etfect is seen in the poor 

agreement between experimental and calculated second virial coefficients. 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 vi.rial 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 results for pure tluids but, 

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

Part 2. 

An Expression 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 etfect of intermolecular forces: it is the 

difference between the Helmholtz energy for a real tluid and that for an ideal gas at 

the same temperature and volume 

a"(T.V) = a(T. V) - an;(T. V) ( 1) 

where superscript IG refers to ideal gas. 

Following van der Waals. we separate aF' into reference and perturbation terms: 
• 

,. "' pm a =a +a (2) 

The reference term includes repulsive intermolecular forces; the perturbation term 

includes attractive intermolecular forces. 
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The principal novelty of. our work is separation of apm into high-density and low-

density contributions 

pm w · rJf 
a = a (1-F) + a F (3) 

where aw and arJ/ are the attractive contributions to the Helmholtz energy at the 

second-virial and the dense-t1uid limits, respectively. To provide a smooth interpola-

tion between the two density ·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 three characteristic molecular parameters 

for each pure t1uid: ru3
, ~q I lc and c; these parameters cbaraeterize soft-core volume, 

potential energy and the number of external degrees of freedom of the molecule, 

respectively. 

Each molecule is considered to be made up of equisized segments: a molecule has 

r segments and an external surface area q. The soft-core volume, per mole of 

molecules, is 

• 3 
v =raN IV'Z 

IIV 
(4) 

where N
0 

is Avogadro's number and a is the segment diameter. 

The potential energy per molecule is given by eq I lc where t is potential energy 

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

defined by 

(5) 

Parameter (c -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. (c -1) is zero .. 
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3 Reduction of pure-duid data yields parameters c and the products eq 1 k and r a . 

For correlation of mixture data, it is necessary to factor these products, as discussed 

in Part 2. 

The residual Helmholtz energy a"' in 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 c and number of segments r. For simple molecules (c = 1), the residual 

Helmholtz energy per mole of molecules may be written 

.,. .,. 
a=ra_., (6) 

.,. 
where a..g is the residual Helmholtz energy per mole of segments. By introducing 

parameter c per segment (c I r ), Eq. 6 becomes: 

(Sa) 

Equation Sa 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 c. Further, parameter c may be defined either per molecule 

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

Reference Term 

For the reference term a"1 , we use a generalized form of the bard-sphere 

Carnab.an-Star!.ing( 1972) equation 

a"1 (3-rlv-4)(-r/v) 
-=c (7) 
RT (l--r/v)2 

with 

,- = rrv'2/ 6 = 0. 7 405 

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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(8) 

where Vis total volume and n .. 
17 

is the number of segments. Since n .. , is equal to the 

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

becomes 

v - ----=1J-1J • ., = (8a) 

where vis the reduced volume defined per molecule (or mole of molecules). 

To define the reduced volume, we allow for softness of the core volume: following 

Barker and Henderson (1967), we use a temperature-dependent core diameter d.. This 

temperature dependence follows from the Lennard-Janes intermolecular potential. We 

define the bard-core (temperature-dependent) diameter d. by relating it to the 

Lennard-Janes soft-core (temperature-independent) diameter a: 

1 
d. 
- = j(l- ezp[ -u.(z )I kT])d.z 
CT 

0 

(9) 

where u. (z) is the Lennard-Janes potential and z is the center-to-center distance 

between interacting (nonbonded) segments divided by a. For spherical Lennard-Janes 

molecules {c = 1), the integral in Eq. 9 depends on reduced temperature k T I eq: for 

nonspherical molecules (c > 1), the reduced temperature is generalized to T =clc T I eq. 

Figure 1 shows the ratio d. I a as a function of reduced temperature (f = T I 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: 

-d. 1 + 0.29770 T 
- = (10) 
CT 1 + 0.33163T + 0.0010477T

2 

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

and matches the theoretical limits d. I a~ 1 at T =0 and d. I a~o at T :aa. 
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A temperature-dependent hard-core volume v r is defined by 

t • 3 
v = v (d./a) ( 11) 

The reduced volume in Eq. 8 is given by v=v I v r. 

For large temperature changes. the temperature dependence . of the hard-core 

volume can be significant. For example, for a change in reduced temperature from 

- ~ t T =0.5 to T =5.0, the hard-core volume v decreases almost 17 %. 

Dense-Fluid Perturbation Term 

The dense-tluid perturbation term is given by the sum of dispersion and polar 

contributions: 

ad/ = ad/ ( d.isp ersio-n. ) + a rlf (pola.r) (12) 

Following Barker and Henderson{1967), we express the dispersion contribution as a 

perturbation expansion in reciprocal temperature for a Lennard-Janes intermolecular 

potential: we then generalize that result for nonspherical molecules using parameter 

c. We truncate the perturbation series following the second-order term: 

( 1) (2) 
a a 

a rlf ( d.isp ersia-n. ) = - + 
r r2 

(13) 

Functions a(l) and a(
2

) are determined from Monte-Carlo computer simulations for 

Lennard-Janes molecules (Henderson and Barker. 1971). For spherical molecules 

(c = 1), these functions depend only on reduced volume: for nonspherical molecules 

(c > 1). a(l) and a(
2

) depend also on parameter c, as shown in Appendix I.· 

Figure 2 shows .\ionte-Carlo results for a Lennard-Janes tluid as a function of 

reduced hard-core density. The tlrst-order perturbation term a(l) is nearly linear in 

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 tltted with polynomials in reduced 

.. 

.. 
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hard-core density. Appendix I gives coefficients for the polynomials. 

Similar· to the work of Vimalch~nd et al.(198Sa,b), we have extended the PHC 

theory to duids containing dipole and/ or quadrupole moments using the multipolar 

expansions of Gubbins and Twu ( 1978). Polar contributions arise from dipolar, qua-

drupolar and dipolar-quadrupolar interactions. Reduced dipole and quadrupole 

moments are defined by 

(14) 

(15) 

where J.l. and Q are dipole and quadrupole moments, respectively. The expressions 

given by Gubbins and Twu are derived for linear molecules. For nonlinear molecules, 

et!ective values of dipole and quadrupole moments are used in Eqs. 14 and 15. 

Following Gubbins and Twu (1978), we express the polar contribution aft/ (pola.r) 

as a multipole expansion 

arJ/ (pola.r) = ~ + a.QQ + ~Q (16) 

where a~.a QQ and ~Q are contributions due to dipolar, quadrupolar and dipolar-

quadrupolar forces. Equation 16 neglects induction et!ects. Appendix II gives details 

of the expressions for each term in Eq. 16. 

Second-V"ll'ial 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 ror the low-density limit becomes 

arv = RT (~;.p + ~ + BQQ) 
v 

( 17) 

where Br;wp is the contribution to the second virial coefficient from dispersion forces. 

BQQ is the contribution !rom quadrupolar forces and ~ is the contribution from 
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dipolar forces. Only leading polar contributions are included in Eq. 17: induction 
. . 

forces and dipolar-quadrupolar forces are neglected. 

The expression for the dispersion term is correlated as a function of v r. c and T 

using experimental second virial coefficients for the normal alkane series. The polar 

contributions are tlt ·to experimental second virial coefficients for quadrupolar and 

dipolar ftuids. Appendices I and II give details for these contributions. 

The top part of Figure 3 shows calculated and observed second virial coefiicients 

for normal alkanes. Parameter c for each ftuid is indicated in parentheses. Since the 

virial coefiicients are reported in reduced units. the top diagram illustrates the 

inftuence of increasing values of c. 

The bottom part of Figure 3 shows results for several polar ftuids. These ftuids 

have similar c values: ditferences in reduced second virial coefficients are due to 

ditferent strengths of multipolar moments. 

Interpolation Function 

Function Fin Eq. 3 interpolates between 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 

coefr..cient. We choose an exponential function: the argument of the exponential is 

selected to meet the necessary boundary conditions: 

r 6 (eq I k )CoCa£ 1 
F = 1 - expl-(":-) _ 1 

T . Tv 
(18) 

( )
CoCal 

where eq I k is the sum of the dispersion and polar contributions to the potential 

energy: 

total • -2 -2 --
(eqlk) =cT(l+,u. +Q +2,u.Q) (19) 

The coetfcient (61 T) is determined empirically from experimental data for a large 
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number of ftuids. 

Figure 4 shows the interpolation function at two reduced temperatures 

corresponding to the reduced critical temperatures of methane and hexadecane. At 

the critical density of methane,· there are nearly equal contributions to the residual 

Helmholtz energy from the low-density and the high-density expressions. At the criti­

cal density, the relative contribution from the high-density limit rises as molecular 

size increases. 

Data Reduction 

The method ot data reduction is extremely important for evaluating the ability of 

a molecular model to represent experimental data. Regression methods should give 

not only reliable estimates ot molecular parameters but also uncertainties in those 

parameters. If molecular parameters are n.t to only one thermodynamic 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 

regression as suggested, for example, by Cox et al.(1971). 

We ftt parameters simultaneously to vapor-pressure and density data. For most 

ftuids, we use liquid densities at saturation or atmospheric pressure; however, for low­

molecular-weight compounds {H2 ) and polymers, we use tiuid 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 parameters. 

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 :: 2.07o, and pressures :: 2.07o 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 ~ontribution to the virial coefficient in Eq. t 7; 

expressions for these contributions are given in Eq. 1-3 and Eqs. II-10 and II-12. 

Gubbins and Gray {1984) give experimental dipole and quadrupole moments for a 

variety of tiuids. While dipole moments can be measured accurately, experimental 

quadrupole 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 Thermodynamic Properties 

To illustrate applicability, Figure 5 sh-:>ws the calculate'd and experimental 

pressure-density phase diagram for pentane. Agreement between calculated and 

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

The dotted line in Figure 5 indicates behavior of the equation of st.ate 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 behaves 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 overpredicts 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 calculated for strongly polar ftuids such as water or 

ammonia. The qualitative behavior of the equation of state is similar to that for non­

polar ftuids; however, agreement between calculated and experimental properties, 

while good. is somewhat less favorable. Tables 1 and 2 show typical comparisons 

between calculated and observed ftuid densities and saturation properties for several 

ftuids. including water. 

Figure 7 shows calculat~d and experimental densities for hydrogen at three tem­

peratures. To avoid quantum e~ects, only density data above lOOK 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 ftuids. For each ftuid, the range of reduced 

temperatures is indicated; deviations· between calculated and observed results are 

reported as percent average absolute deviations . 

.llolecular Parameters for Pure nuids 

Molecular parameters have been ftt for several polar and nonpolar ftuids. Table 3 

gives some typical parameters. With the exception of hydrogen, these parameters 

were tit 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 moments for several polar ftuids. The quadru­

pole moments for quadrupolar ftuids are experimental values with the exception of 

carbon dioxide. The experimental quadrupole moment for carbon dioxide is 4.3 B ( 1 

Buckingham= 10-28 esu. -em.'\ a slightly smaller value of 3.9 B improves agreement 

with experimental vapor-pressure and density data. Quadrupole moments for dipolar 

tluids are selected to agree with vapor-pressure and density data. However. all dipole · 

moments are independently-reported experimental values. 
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Representation of Volumetric Data for Jlolten Polymers 

Our modified PHC theory is useful for representing volumetric data for high-

molecular-weight ftuids such as molten polymers. Figure 8 shows calculated and 

experimental densities for two polymers: polyethylene (MW" =25000) and polyisobu- ~ 

tylene (MW" =36000). As discussed, for example, by Liu and Prausnitz. (1979), it is 

inconvenient to use molar quantities for polymeric tluids; therefore, we re.place the 

• • molar quantities v and c: with specific soft-core volume v
9 

and characteristic param-

• eter P , defined by 

• • • 
P =cRT I v 

• • 
While both v and c 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 .llolecular Parameters 

As discussed by Wilhelm (1985), pure-fiuid PHC parameters can be correlated as 

simple functions of molecular weight for various hydrocarbon classes. Such correla-

tions are useful to estimate parameters for those ftuids 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 hydrocarbon classes: 

normal paratr.ns, n-alkylbenzenes. n-alkylcyclohexanes and fused-ring aromatics. 

Appendix III 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 dgures show. and as suggested by their physical 
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significance, the potential-energy parameter eq I k {=cT·) and soft-core volume v• 

are linear functions of molecular weight. Since {for a given chemical series) parame­

ters c and q are expected to be linear functions 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 be extrapolated with confidence to higher molecular weights where experimental 

data are scarce. 

To illustrate such extrapolation, we use the correlation shown in Figure 9 to 

determine molecular parameters for polyethylen~. Extrapolating our parameter 

correlations to molecular weight 25000, we find an average deviation of 1.6% between 

calculated densities and experimental densities shown in Figure B. This deviation is 

necessarily but not much higher than that using the fitted parameters in Table 5. This 

example suggests that the generalized correlations can give reasonable estimates of 

molecular parameters for lar~e molecules. 

While the results of this work may be useful for calculating thermodynamic pro-

perties of pure ftuids, 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 
( 1) (2) 

Cl ,CI 

b (l),b (2) 

B 
(1) (2) (3) 

c: ,C: ,C: 

c: 

rl 

F 

J 

K 

It: 

p 

q 

Q -Q 

r 

R 

T -T 

• 

• T 

tl -tl -tl ng 

v 
• 

tl 

• v., 
T 

tl 

v 

molar Helmholtz energy 

coetncients for correlation in Eq. III-1 

coefficients for correlation in Eq. Ill-2 

second virial coetncient {attractive contribution) 

coetncients for correlation in Eq. III-3 

shape and O.exibility parameter 

bard-core (temperature-dependent) diameter 

interpolation function 

integral of two-body radial distribution function 

integral of three-body radial distribution function 

Boltzmann's constant 

number of moles (or molecules) 

number of molecular segments 

absolute pressure 
• • • characteristic pressure, P =c:RT I v 

external molecular surface area 

molecular quadrupole moment 

reduced quadrupole moment 

number of segments per molecule 

gas constant 

absolute temperature - . reduced temperature, T=TI T 
• characteristic temperature, T =eq I c:lt: 

molar volume 
,_ T 

reduced volume, v =vI v 

reduced volume per segment 
• reduced volume, v=v I v 

soft-core molar-volume parameter 

soft-core specitic-volume parameter, v ~ =v • I JIW 

hard-core molar-volume parameter 

total volume 
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Superscripts 

d.f 

d.isp 

IG 

pt1rt 

QQ 

ref 

Greek Symbols 

... 
JJ. 

t 

a 
T 

0 

dense-duid 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 surface area 

soft-core diameter (independent of temperature) 

hard-sphere packing factor (0.7405) 

correction to second virial coetf!.cients due to parameter c: 

17 
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Table 1. Experimental and calculated ftuid densities for several 
nonpolar and polar ftuids. 

t'luid 
Temperature Pressure Density 

Range{K) Range{bar) %AAD 

Methane 200-600 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 ftuids. 

Fluid 
Temperature ,; Average Absolute Deviation 

Range, T/ T
4 

Vapor Pressure Liquid Density 

Methane 0.46-0.95 0.62 0.81 

Pentane 0.31-0.95 0.61 1.57 

Decane 0.45-0.65 0.69 1.42 

Eicosane 0.40-0.65 1.18 0.18 

!so butane 0.46-0.95 0.22 0.98 

Cyclohexane 0.50-0.95 0.26 0.10 

Benzene 0.50-0.95 0.20 . 0.24 

Anthracene 0.56-0.76 0.23 0.21 

Tetralin 0.40-0.94 1.25 1.65 

Nitrogen 0.50-0.95 0.49 0.54 

Carbon Dioxide 0. 72-0.95 0.02 0.55 

Water 0.42-0.95 1.32 1.74 

Ammonia 0.49-0.95 0.14 3.00 

21 
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Table 3. Molecular parameters for.nonpolar and polar duids . 

• • 
Fluid 

T v c 
(K) (cm3/mol) 

Normal Alkanes 

Methane 147.1 21.94 1.000 
Propane 253.5 40.46 1.447 
De cane 357.3 110.9 2.689 
Tetratetracontane 434.9 463.2 7.773 

Alkylnaphthalenes 

Cyclohexane 358.5 61.71 1.705 
Decylcyclohexane 418.8 165.9 ·3.223 

Alkylbenzenes 

Benzene 368.1 50.61 L678 
Decylbenzene 423.9 154.9 3.181 

Fused-Ring Aromatics 

Tetralin 443.9 81.19 2.090 
Triphenylene 626.2 128.2 2.325 

Quadrupolar Fluids 

Carbon Dioxide 200.8 21.09 1.220 
Nitrogen 95.84 20.06 1.000 

Dipolar Fluids 

Water 401.1 12.27 1.052 
Amrnonia 274.8 15.99 1.051 
Sulfur Dioxide 287.9 27.20 1.223 
Hydrogen Sultide 277.0 21.75 1.097 

Light Gases 

. Hydrogen 30.43 11.02 1.000 

• 



Table 4. Dipole and quadrupole moments for several tluids. 

- -
Fluid 

Q Q JJ. JJ. 
(B) (D) 

Quadrupolar Fluids 

Carbon Dioxide 3.9ot 0.821' - -
Nitrogen 1.47 0.516 - -
Chlorine 3.23 0.470 - -
Carbon Disuldde 4.30 0.413 - -
Ethylene 2.00 0.333 - -
Cyclopropane 1.60 0.185 - -

Dipolar Fluids 

Water 1.25t 0.315 1.850 1.428 

Ammonia 1.15t 0.281 1.470 1.201 

Acetone - - 2.880 1.157 

Sulfur Dioxide 3.oot 0.426 1.630 0.925 

Hydrogen Sulfide 1.oot 0.184 0.974 0.665 

Carbon Monoxide t.oot 0.331 0.112 0.133 

t Value of quadrupole moment adjusted lo experimental vapor-pr-essure 

and density data. 

Table 5. Molecular parameters for two molten polymers. 

• • :! • Polymer T.K v.,..cm. I g P, bar 

Polyethylene 511.0 0.7519 946.4 

Polyisobutylene 517.6 0.6903 1250. 

23 



24 

1.0 .. ... 
CD -CD • Calculated for e 
0 Lennard- Jones potential -Q 

• 0.98 Fitted function ... 
0 

(.) 

--0 
en 

0.96 
0 -... 
• -• e 
0 ·- 0.94 Q 

• ... 
0 
(,) 

I 

'0 ... 
0 0.92 z -0 

0 ·--0 
a: 

0.90 

0 4 a 12 

Reduced Temperature, TIT • 

Figure 1. Temperature dependence of bard<ore diameter for a Lennard-lones fluid. 



25 

0 

• Monte Carlo simulation 
results for Lennard-Jones 

-2 
fluid 

- Polynomial fit 

T/T• •1.0 

-4 am -RT 

e ... • ~ -6 
c: 0 0 -a 

.Q ... 
:1 -... • a. -0.1 

T/T••I.O 

a'2' --0.2 RT 

-0.3 

0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 

Reduced Density, v t I v 

Figure 2. First-order and second-order perturbation tenns in Helmholtz energy as a 
function of reduced density for a Lennard-Janes fluid. 



• > ...... 
aJ 

-c: 
G 

u --G 
0 
u 

-c .. 
> 
"C 
G 
u 
:s 

"C 
G 
a:: 

26 

0~------~--------~----------~----

-10 

-20 

0 

-10 

-20 

Nonpolar Fluids 

Polar Fluids 

1.0 

• Recommended values 
from Dymond and 
Smith (1980) 

Calculated from 
equation of state 

1.5 2.0 

Reduced Temperature, TIT• 

Figure 3. Calculated and experimental second virial coefficients for several polar 
and nonpolar fluids. 



lL 
. 

c 
0 

:;::; 
u 
c 
:J -
c 
0 

·.;:::; 
ro 
0 a. 
1.... 
Q) ...... 
c 

1.0 r""""---...-----.....-----------r----r-----,r-----....., 

0.8 

0.6 

0.4 

0.2 

00 

I 
I 
I 

: [.£_ ) tor CH4 
I lv critical :; 
I 

0.2 

-c/Tv 

[~ ·) . . for C16H34 
cnhcal 

0.4 06 

Figure 4. Universal function fnr interpolation hctween low-density and high-dcnsit~ limits. ' 

N 
'-I 



.. 
0 
.a -• .. 
:t .,. -• .. 

C1. 

100 

eo 

60 

40 

20 

Experimental 
• PVT (SaC)e and 

Lacey, 1942) 

• Saturation 
(Oas et al.,l977) 

Calculated 
- PVT 
-- Saturation 

Critical Point 

,...-- __ J. __ -,~~, 
, .... 

, ' A 
~~····· ·Two-Phase ', r .. ' 

~ •••• ReC)ion :'A . . ' I •. • ' 
~ ~ . ~ . . . ' 

··.. ... ''& ·. ', ...... 

2 4 6 

Density, mol/! 

Figure 5. Calculated and experimental phase diagram for pentane showing 
equation-of-state behavior in two-phase region. 

28 



-• .. 
::1 

200 

ISO 

Experimental = IUPAC Tables (1976) 
• PV T • Saturation 

Calculated from EOS 
- PVT -- Saturation 

• 

270K 220K 

: 100 
• .. 
a.. 

Critical Point 

!SO 

__ _i_ 
,~' l:l ... 1, 

/ ' tA 'A, 
/. ~ 

Two- Phase Re9ion ~' 
~ 
' ~ 

' ' 
o~--_. ____ _. ____ ~ ____ ._ __ ~--~_.~ 

0 10 20 30 

Density , mol/.! 

Figure 6. Calculated and experimental phase diagram for carbon dioxide. 

29 

" ;· 



~ 

c 
~ -c 
~ 

= en 
en 
G 
~ 

a. 

600 

400 

200 

• McCarty (1975) 

- Calculated from 
equation of state 

0 __________ _. __________ ~--------~ 

0 10 20 30 

Density, mol/! 

Figure 7. Calculated and experimental supercritical densities for hydrogen at three 
temperatures. 

30 



,., 
e 
u 
' 0 -~ -·-en 

0.95 

0.90 

; 0.85 
Q 

0.80 

• Beret and Prausnitz ( 1975) 
Calculated from EOS 

Polyisobutylene 

Polyethylene 

200 400 600 800 

Pressure, bar 

1000 

Figure 8. Calculated and experimental densities for two molten polymers. 

31 



... 
Q) -
~ a; 
~ 
Q) -«S -Cl! -0 
C: 
0 -«S 

6-
UJ 

4 8 

50 100 

Carbon Number 
12 

150 200 

Molecular Weight 

16 

25:J 

Figure 9. Correlation of equation-of-state parameters for normal alkanes as a 
function of molecular weight. Figure draWn to scale. 

32 



'-
Q) -Q) 

j 
Q) ·-as -en • -9 
§ 

:.;::: 
as 
::l 
C1 w 

33 

100 150 200 250 

Molecular Weight 

Figure 1 0. Correlation of equation-of-state parameters for fused-ring aromatics as a 
function of molecular weight. Figure drawn to scale. 



APPENDIX I 

Nonpolar Contributions to Perturbation Term of 

Residual Helmholtz Energy 

34 

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 deterinined from computer-simulation results: low-density con­

tributions are determined empirically to represent experimental second virial 

coetncients. 

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

duid term a41 as a truncated perturbation series. The tirst-order and second-order 

·terms of this series. a(l) and aC
2>, are dtted to computer-simulation results for 

Lennard-Janes molecules 

aCt) 
-= 
RT 

(2) 
a 
-= 
RT 

c { _ -2 ... s) 
- -8.5959- 4~5424/v - 2.1268/v + 10.285/v - {1-1) 
1J 

(1-2) 

where v is reduced hard-core volume. Pa~ameter c in Eqs. 1-1 and 1-2 follows from the 

derivation of the PHC theory {see Beret and Prausnitz, 1975a). The polynomials in 

Eqs. 1-1· and I-2 are plotted in Figure 2 as a function of reduced density for spherical 

molecules {c =1) at T=l.O. 

The dispersion contribution to the second virial coefficient BrJVp is tltted to 

second-virial-coetncient data for normal alkanes 

B*P = -c:,/{12.541 + O{c )/ T8 )[s%1J {0.67372/ T) - 0.98071] (I-3) 

Universal constants for simple molecules {c:=1) are tlt to second virial coe.tncients for 

methane. Function O(c:) extends Eq. I-3 to ttuids with larger c: values; it is ftt to 

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

0= 
6.9261(c:~1)2 

(I-4) 
1.0 + 0.87720(c: -1) 

Function 0 is zero for simple O.uids and is linear in c for high-molecular-weight tluids. 
• • Equations 1-3 and I-4 contain molecular parameters T , v and c. These parame-

ters are tlt to vapor-pressure and density data. Since the second-virial term B~ 
contributes to calculated vapor pressures and densities, universal constants in Eqs. I-

3 and I-4 and molecular parameters must be determined by sequential and repeated 
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. 
dtting of second virial coefficients and dense-duid 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. 

APPENDIXB 

Perturbation Term for Polar Contributions to 

Residual Helmholtz Energy 

This appendix gives expressions for multipolar contributions to the high-density 

and low-density perturbation terms. The high-density contributions follow from a 

multipole expansion for a Lennard-Jones (dispersion) reference system; low-density 

contributions are correlated to experimental second virial coefficients for several 

polar and quadrupolar tluids. 

Polar and quadrupolar interactions are characterized using reduced dipole and 

quadrupole moments, deftned by Eqs. 14 and 15. These equations may be written more 
• • conveniently in terms of molecular parameters T • v and c: 

Jt 
_ "' r N. ] 

JJ.= (cr·v·)*l.c~ (Il-l a) 

5/8 

- Q :u.f N,.v] 
Q- ,enl-

- (cr.)*(11 ·)5/ 8 ~ 
(Il-l b) 

For r· inK. v • in cm.3/m.ol, JJ. in D (1 Debye = 10-18 esu-cm.) and Q in B (1 Bucking­

ham= 10-28 esu -em. 2), Eqs. ll-la and II-1b become: 

(II-2a) 

(II-2b) 

High-Density Contributions 

A.3 suggested by several authors (for example, Gubbins and Twu, 1978: Stell et 

al .. 1974), multipolar et!ects 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 Padt! 

approximant due to Stell et al.(1974). 



The multipolar contribution due to dipole-dipole forces is 
(3) -1 
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c r ·~ 1 r= a2,l1- -j 
~ (2). 

(11-3) 

·~ 
Since the multipolar expansion is a perturbation to a Lennard-Janes (nonpolar) refer­

ence system. drst-order perturbation terms do not appear. The second-order and 

third-order perturbation terms are given by 

(2) ~ 
~ CJJ. ~,... - = -2.9619-J (T.iT) 
RT T2v 

(II-4) 

.(3) -· 
~ CJJ. .... 

- = 43.596-~(T.v) 
RT -sJ Tv 

{11-5) 

where J(f.v) and K(f.v) are integrals 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 v for 
. . 

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

The multipolar contribution due to quadrupole-quadrupole forces is 
(3) -1 

Q" cz,r •qq 1 a • = agql1- -;,-j 
&qq 

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

.(~ -4 
QQ c Q -- = -12.440-Jqq(T.v) 

RT 'T2v 
~) -· -· &qq c Q . - c Q -

- = 2.6113-~Q(T.v) + 77.716-~(T.v) 
RT T3v r'fl 

(11-6) 

(Il-7) 

(Il-8) 

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 tor the dipole-quadrupole contribution is 

~Q -2Q-z a CJJ. ~ 
- = -8.8858 ~·(r.v-) 
RT 'T2v 

(Il-9) 

As used here, constants reported by Gubbins and Twu for' each of the above 

integrals must be multiplied by ~ 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 Contributions 

As discussed in Appendix I, low-density contributions to rl"" are tit 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 multipolar contributions are tit initially to second virial 

coefficients for Lennard-Janes 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 coeffi.cients. 

For dipole-dipole contributions, 

~ -:S/2 
.-.1111> • \I JJ. 

.rs = CtJ (7.6445-7.4678c-~)(e.:p(1.657B-;:-)- 1] (II-10) 
T T 

where 

a-= 8.9110 - 9.8386c (Il-11) 

For quadrupole-quadrupole contributions, 

• nQQ . Q:s'z 
BQQ = c:u ( -0.090323 + ~)[up (2.8285 -;:-) - 1] (II-12) 

T T 

where 

OQQ = 0.85613 - 0.2810Bc (II-13) 

As discussed in Appendix I, the dnal expressions for Eqs. ll-10 to ll-13 are determined 

by sequential and repeated dtting of universal constants and molecular parameters in 

those expressions to second-virial-coetn.cient data and to dense-t1uid data. 

. APPENDIX m 

Correlation ot Equation-of-State Parameters for 

Various Hydrocarbon Cla.Sses 

Figures 9 and 10 show that, for IS given hydrocarbon class, molecular parameters 
• 

can be correlated ISS simple functions of molecular weight. Parameters v . tq I k: 
• ( =c T ) and c ISre nearly lineiSr in moleculiSr weight: however. over IS wide riSnge of 

moleculiSr weight, p1Srameter c shows non-negligible deviations from linearity. There-
• • 

fore, we correlate characteristic temperature T instead of c:, 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 • = "(1) + "(2)MW 

c T • = b ( 1 > + b (2) M W 

T• = c(l)- c(2)a:p{-c(9)MWi) 

(III-1) 

(ITI-2) 

(Ill-3) 

Constants e~< 1 >. e~<2>, b(l) and b(
2

) are tlt directly to molecular parameters. Likewise. 

constants c<l), c(
2

) and c(s) are tlt initially to molecular parameters: however, these 

constants are later adjusted by tltting, all at o~ce. vapor-pressure and density· data 

for the components in a hydrocarbon class. 

Table ITI-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 ITI-2 gives constants for Eqs. UI-1 to UI-3 for four hydrocarbon classes. With 

the exception of the n·alkylcyclohexanes. these constants are used to calculate the 
• deviatiO'lS listed in Table m-1. For the n·alkylcyclohexanes, the value of cT 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/ (MW -78)] to Eq. IU-2 to 

include cyclohexane. it being understood that the correlation is valid only for MW~84. 

This correction does not contribute signiftcantly to the other compounds: for molecu­

lar weights above 90, this correction may be omitted. 



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

Hydrocarbon Class 
Mol Wt Average Absolute Deviation {%) 
Range Vapor Pressure Liquid Density 

paratfins 58-819 2.03 1.55 
(n-alkanes) 

naphtbenes 84-385 2.98 0.38 
(n-alkylcyclobexanes) 

alkyl aromatics 78-359 2.26 0.79 
(n-alkylbenzenes) 

fused•ring aromatics 7·8-228 2.77 1.27 
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Table lll-2. Correlation of molecular parameters for several hydrocarbon classes. 
Constants for Eqs. Ill-1,2,3. 

Hydrocarbon Class 

paraffins 

napbthenes 

alkyl aromatics 

fused-ring aromatics 

Hydrocarbon Class 

paratfms 

napbtbenes 

alkyl aromatics 

fused· ring ru-omatics 

Hydrocarbon Class 

paramns 

napbtbenes 

alkyl aromatics 

!used-ring aromatics 

• 3 
11 , em I moL 

II (1) II (2) 

8.6855 0.71820 

0.2703 0.73628 

-7.2913 0.74042 

10.1030 0.51714 

• cT ,K 

b (1) b (2) 

120.72 5.8408 

98.527 5.6016 

199.16 5.3269 

180.04 5.6413 

• T,K 

c (1) c 
(2) 

419.86 643.89 

445.04 554.67 

474.58 269.62 

1351.4 1522.3 

APPENDIX IV 

Physical Sign.idcance of 11olecular Parameters 

for Polar Fluids 

c 
(3) 

0.19945 

0.20018 

0.10780 

0.04939 

Pure-duid molecular parameters 11 •• eq I 1: (=cT·, c have a well-defined physical 

significance: they characterize size, potential energy and dexibility of a molecule. 

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

late dtted parameters to estimate parameters for duids where experimental data are 

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

important, for extension to mixtures, physically-significant parameters are necessary 
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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 duids are 

simple functions of molecular weight. For polar duids, by including dipolar and qua­

drupolar e.tfects, values of fitted molecular parameters are consistent with those for 

nonpolar duids. However, if polar effects are neglected. molecular parameters for 

polar tluids are not physically reasonable. For e%ample. Table IV-1 lists molecular 

parameters for several polar duids. neglecting polar e.tfects. These parameters may be 

compared to the corresP,onding values for duids in Table 3. 

The parameters in Table IV-1 are dt. to vapor-pressure and density data. The 

quality of dt i~ nearly the same with or without polar e.tfects. However, the c parame­

ters in Table IV-1 are much larger than those for the same duids in Table 3. When 

polar e.tfects are neglected. these polar-duid c parameters are not consistent with 

parameters for nonpolar t!.uids with similar size and shape. 
• When polar e.tfects are included. larger c 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-duid calculations, 

m.i%ture calculations may be highly sensitive to unrealistic parameters.~ Use of 

physically-unreasonable parameters tends to produce temperature-dependent adju­

stable binary parameters. 

Table IV-1. Molecular parameters for several polar duids 
neglecting polar e.tfects. 

• • T 11 c 

{K) (em. 51 moL) 

Carbon Dioxide 198.08 18.214 1.7064 

Water 433.14 10.516 1.8041 

Ammonia 273.94 14.018 1.6526 

Hydrogen Sulfide 264.01 20.345 1.2931 . 



Supplementary Material 

APPENDIXV 

Two-Body and Three-Body Integral Ezpressions for 

Polar and. Quadrupolar Perturbation Terms 

42 

This appendix gives analytic~ expressions for the integrals based on two-body 

and three-body radial-distributions ~unctions. used in Appendix ll. These expressions 

were dt to computer-simulation data. by Gubbins and Twu (f978). 

The constants reported by Gubbins and Twu are modified 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 

-where X is the particular integral. T is reduced temperature and v is reduced soft;. 

core volume (v=-u/'U ·). Table V-1 give coetf!.cients for e~ch integral. 

Table V-1. Analytical expressions for integrals in. polar perturbation terms. 
Coet!l.cients for Eq. V-1. 

Integral Coetf!.cient in Eq. V-1 

X ct(l) ct(Z) ct (:S) ct(4) ct (8) ct(S) 

Two-body 

r -0.97670 1.72639 1.07670 -1.06078 -0.21856 -0.53846 
~Q -1.22259 2.20678 1.30300 ·1.18625 -0.19800 -0.94071 
rq -1.39776 2.55611 1.44335 ·1.24455 -0.14075 -1.22273 
rQQ 

. 
-1.71331 3.17591 1.65447 -1.31277 0.07485 -1.69885 

Three-body 

~ -2.10107 3.49495 2.47398 -2.82733 -0.66105 -3.02872 

~ -3.23277 5.76201 3.64528 -3.51431 -0.82860 -4.17559 . 
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Supplementary Material 

APPENDIX VI 

Pure-Fluid llolecular Parameters and Correlation Results · 

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

• • 
T 11 c: 

Fluid 
(K) s (em. I mol) 

Normal Alkanes 

Methane 147.1 21.94 1.000 

Ethane 218.8 30.58 1.260 

Propane 253.5 40.46 1.447 

Butane 281.8 50.99 1.609 

Pentane 303.4 60.41 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 366.8 120.9 2.814 

Dodeeane 372.0 129.0 3.008 

Tridecane 373.9 140.8 3.239 

Tetradecane 380.0 150.5 3.383 

Pentadeeane 384.1. 163.6 3.542 

Hexadeeane 387.8 174.0 3.713 

"' 
Heptadecane 395.0 181.9 3.785 

Octadeeane 397.0 191.1 3.971 

Eicosane 397.1 214.2 4.485 

Tetracosane 408.3 256.3 5.038 

Octacosane 416.5 295.9 5.612 

Dotriacontane 423.7 338.9 6.153 

Hexatriacon tane 428.7 . 378.8 6.694 

Tetratetracontane 434.9 463.2 7.773 
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Ta_ble VI-1 (cont.). Molecular parameters for nonpolar and pola:r pure ftuids . 

• • 
T 1J c 

Fluid 
(K) (em~ 1 mol) 

Alkylnapb. tbalen es 

Cyclob.e:x:ane 358.5 61.71 1.705 

Yethylcyclob.e:x:ane 367.9 73.12 1.769 

Etb.ylcyclob.e:x:ane . 379.2 82.96 1.944 

Propylcyclob.exane 385.8 93.38 2.109 

Bu tylcyclob.exane 391.4 103.6 2.287 

Hexylcyclohexane 402.8 124.3 2.604 

Decylcyclohexane 418.9 165.9 3.223 

Hexadecylcyclohexane 423.0 226.4 4.371 

Eicosylcyclob.exane 437.9 268.6 4.832 

Alkyl benzenes 

Benzene 368.1 50.61 1.678 

Toluene 376.4 60.79 1.857 . 
Etb.ylbenzene 387.1 70.90 1.975 

p-Xylene 391.7 71.81 1.946 

Propylbenzene 391.6 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 4.677 

Eicosylbenzene 434.5 256.9 4.943 

Fused-Ring Aromatics 

Naphthalene 477.3 75.89 1.910 

1-Methylnap h thalene 476.0 86.14 2.120 

1-Ethylnaphthalene 464.5 95.26 2.338 -· 
Tetralin 443.9 81.19 2.090 

Anthracene 572.6 103.3 2.058 

Ph en an threne 562.5 101.7 2.129 

Triphenylene 626.2 128.2 2.325 
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Table Vl-1 (cont.). Molec'l,llar parameters for nonpolar and polar pure ftuids . 

• • 
T 1J c 

Fluid 
(K) (em. 3/ m.oL) 

Quadrupolar Fluids 

Car bon Dioxide 200.7 21.08 1.220 

Nitrogen 95.83 20.06 1.000 

Ethylene 204.1 27.69 1.216 

Cyclopropane 286.2 33.90 1.278 

Carbon Disulfide 397.1 35.96 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 Sulftde 277.0 21.75 1.097 

Acetone 331.7 43.42 1.326 

Carbon Monoxide 98.66 19.87 1.109 

Other Fluids 

Hydrogen 30.43 11.02 1.000 
I Propylene 250.1 37.26 1.435 

!so butane 272.7 51.48 1.561 

Neopentane 296.9 63.35 1.484 

Cyclopentane 336.3 52.34 1.629 



Table Vl-2. torrelation results for pure·duid thermodynamic properties. 

Vapor Pressure Liquid Density 

Fluid Temp Data Temp Data 
~AAD ~AAD 

Range,K Source Range,K Source 

Normal Alkanes 

Yethane 91-170 0.62 (1) 92-180 0.81 (2) 

Ethane 100-290 0.65 (3) 100·288 0.59 (3) 

Propane 90-348 0.56 (4) 93·343 o.8o (5) 

Butane 135-401 0.42 (8) 135·378 0.56 (6) 

Pentane 143-443 0.61 (5),(7),(8) 144·443 1.57 (5) 

Hexane 210·473 0.96 (5),(7),(8) 183·473 1.74 (5) 

Heptane 217-513 1.19 (5),(7),(8) 183·513 2.24 (5) 

Octane 232-533 0.59 (5),(7),(8) 216·533 2.10 (5),{9) 

Nonane 248-563 0.91 (5),(7) 219·533 ~.05 (5) 

Decane 264-523 0.89 (5),(7) 253·523 1.42 {5) 

Undecane 348·499 0.27 (5),(7) 253-573 1.72 (5),{9) 

Dodecane 318-520 0.52 (5),(7) 273·623 2.77 (5) 

Tridecane 317-509 0.79 (5),(7) 273·593 1.31 (5) 

'! etradecane 280-559 1.92 (5),(7) 283·533 1.92 (5),(8) 

Pentadecane 362-544 0.39 (5).(7) 283·423 0.13 (5) 

Hexadecane 316·594 0.56 (5).(7) 291·393 0.05 (5).(9) 

Heptadecane 390-610 0.97 (5),(7) 298·613 1.43 (5) 

Octadecane 318·625 4.88 (5),(10) 301-573 1.76 (5) 

Eicosane 344-652 1.18 (5),(10) 310·423 0.18 (5),(9) 

Tetracosane 449-664 2.43 (5) 273·372 0.17 (11) 

Octacosane 481·705 2.44 (5) 335-573 0.60 (9),(11) 

Do triac on tane 510-741 2.85 (5) 273-372 0.16 (11) 

Hexalriacontane 535-771 2.51 (5) 353-573 0.48 (9),(11) 

Tetra tetracon tane 577-821 2.03 (5) 372-408 0.11 (11) 
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Table VI-2 (cont.). Correlation results for pure·duid thermodynamic properties. 

Vapor Pressure Liquid Density 

Fluid Temp Data Temp Data 
~AAD ~AAD 

Range,K Source Range,K Source 

Alkylnaphthalenes 

Cyelohexane 279-523 0.28 (5),(7) 283-353 0.10 (5) 

Met.hyleyelohexane 298-375 0.04 (7) 153-373. 0.63 (5) 

Ethyleyelohexane 294-433 0.13 (5) 253·383 0.26 (5) 

Propyleyelo hexane 346-431 0.03 {7) 253·383 o. t7 (5) 

Butylcyclo.hexane 367-455 0.02 (9) 253-383 0.16 (5) 

Hexyleyelohexane 387·530 0.21 (5) 303·383 0.12 (5) 

Decyleyclohexane 371-571 2.73 (7),(11) 273-383 0.07 (5),(11) 

Hexadecylcyelohexane 497-889 0.58 {5) 313-383 0.03 (5) 

Eieosylcyclo.hexane 471-538 1.04 {11) . 273-372 0.14 {11) 

Alky !benzenes 

Benzene . 288-533 0.41 (7),(9) 279-533 1.15 (5) 

Toluene 309-558 1.58 (8),(9) 183-533 1.40 (5) 

Ethyl benzene 275-583 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 0.50 (5) 

Butyl benzene 369-457 0.05 (7) 193-453 0.37 (5),(9) 

Hexylbenzene 389-531 0.33 (5) 253-453 0.30 (5) 

Decylbenzene 371-571. 1.90 (7),(11) 263·453 0.17 (5) 

Hexadeeylbenzene 500·688 0.54 (5) 303-453 0.16 {5) 

Eicosylbenzene 471·538 1.56 (11) 333·372 0.03 { 11) 

Fused·Rina Aromatics 

Naphthalene 353·492 0.38 {7) 383·593 1.94 {12) 

1-Methylnaphthalene 279-518 0.97 {7),(10) 273·423 0.05 (5) 

1-Et.hylnapht.halene . 393-585 0.20 (5) 273-413 0.17 (5) 

Tetralln 293-673 1.25 {13) 293-673 1.85 ( 13) 

Anthracene 493-673 0.23 (14) 493-593 0.21 (14) 

Phenanthrene 373-633 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.). Correlation results for pure-duid thermodynamic properties. 

Vapor Pressure Liquid Density 

Fluid Temp Data Temp Data 
~AAD ~AAD 

Ra.nge,K Source Range,K Source 

Quadrupolar Fluids 

Carbon Dioxide 218-288 0.02 (16) 218-288 0.55 (16) 

Nitrogen 64-118 0.49 (17) . 64-118 0.54 (17) 

Ethylene 123-267 0.17 (18) 123-265 0.28 (18) 

Cyclopropane 189-373 1.24 (9),(19) 293-373 0.35 (19) 

Carbon Disuldde 277-522 1.81 (7),(20) 277-522 0.54 (20) 

Chlorine 180-25.6 0.23 (5) 173-393 0.60 (5) 

Dipolar P'luids 

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 1.88 (23) 

Hydroaen Su.Uide 188·3~2 0.88 (24),(25) 283-352 1.04 (25) 

Acetone 259•481 0.53 (26) 179-323 1.14 (8) 

Carbon Monoxide 88-126 0.13 (22) 68-126 0.36 (22) 

Other Fluids 

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

Isobutane 188-383 0.21 {5),{7) 193-383 0.96 (5) 

Neopentane 231-398 2.47 {7),{9) . 253-403 0.38 (5) 
I 

Cyclopentane 226-483 0.19 {5),(7) 253-323 0.13 (5) 
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