EVALUATION OF THE MODIFIED PARK-GASEM-ROBINSON
EQUATION OF STATE AND CALCULATION OF
CALORIMETRIC PROPERTIES USING
EQUATIONS OF STATE

By
KYOUNG HO ROW

Bachelor of Science
Yonsei University
Seoul, Korea
1987

Master of Science
Florida Institute of Technology
Melbourne, Florida
1991

Submitted to the Faculty of the

Graduate College of the

Oklahoma State University
in partial fulfillment of
‘the requirements for
the degree of
DOCTOR OF PHILOSOPHY
May, 1998






EVALUATION OF THE MODIFIED PARK-GASEM-ROBINSON
EQUATION OF STATE AND CALCULATION OF
CALORIMETRIC PROPERTIES USING

" EQUATIONS OF STATE

Thésis Approved:

KFMBARO
S e
(ol d 3 wﬁ

Laws A Lo

- (/Dean of the Graduate College

ii



PREFACE

The Park-Gasem-Robinson (PGR) equation of state has been modified to improve
its volumetric and equilibrium predictions. Specifically, the attractive term of the PGR
equation was modified and a new expression was developed for the temperature
dependence of the attractive term in this segment-segment interactions‘ model. In
addition, Elliott’s expression for the repulsive term was further refined to approximate the
Carnahan and Starling repulsive term more accurately. Thé predictive capabilities of the
modified PGR equation were compared to those of the Peng-Robinson (PR), the
simplified-perturbed-hard-chain theory (SPHCT) and thé original PGR equations of state.
Pure fluid vapor pressures, saturated liquid and vapor densities of selected compounds
were used in such comparisons. Sifnple one-fluid mixing rules with one interaction
parameter were used to apply the modified equation to mixtures. Several case studies
were performed to evaluate the model representation of binary mixtgres involving ethane,
carbon dioxide or hydrogen with normal paraffins. The calculated bubble point pressures
were compared to those of the PR, the SPHCT and the original PGR équations of state.

The predictive abilities of the equations of state for calorimetric properties were
also evaluated. Specifically, the accuracy of enthalpy and entropy prgdictions using the
original and the modified SPHCT and the modified PGR equations of state were

compared with those of the widely used PR equation of state. The evaluations were

iit



conducted for six pure fluids of varying chemical structure and covering the two-phase
and single-phase regions.
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CHAPTER 1
INTRODUCTION

Most chemical processes involve near equilibrium conditions of vapor and liquid
fluid phases; thus, accurate predictions of thermodynamic properties are essential in
designing and optimizing these processes. Practical phase equilibriﬁm calculations are
performed by means of an equation-of-state model or the activity coefficient method,
where the activity coefficients are us{ed to représent the nonideality of the liquid phase
while fugacity coefficients are used to describe the vapor phase nonideality. This method
is accurate for equilibria at low and moderate pressures and can be applied to a wide
variety of mixtures. However, its application to supercritical systems is rather
demanding.

In the equation-of-state approach, a single equation is used to represent all fluid
phases over a wide range of temperature and pressure. An equation of state (EOS) has
long been considered fhe most conveniéﬁt form for re’presénfating equilibrium phase
behavior as well as Volumetl_'ic and calorimetric properties f@r process design and
optimization calculations. An equation of state is an analytical expression relating
pressure, volume, temperature, and compositioﬁ. The expression is used to describe
volumetric behavior, multi-phase equilibria, and the thermal properties of pure substances

and mixtures.



Numerous equations of state have been proposed since van der Waals first
introduced his expression in 1873. Among these, the most commonly used equations of
state are the cubic van der Waals-type equations such as the Peng-Robinson (PR) and the
Soave-Redlich-Kwong (SRK) equations (1, 2). While these equations (and cubic
equations in general) are used frequently in industry for vapor-liquid equilibrium (VLE)
calculations, they suffer from several shortcomings including poor density predictions,
the inabilify to describe mixtures containing molecules with large variation in size, the
inability to describe adequately mixtures of polar and associating molecules, the inability
to handle proper mixtures of polymeric co'mpoundsv,‘ and the restricted range of use due to
improper limiting behavior at high temperatﬁres (3, 4).

In order to overcome some of these drawbacks, attention has been focused
increasingly on equations of state with improved theoretical bases. The perturbed-hard-
chain theory (PHCT) of Beret and Prausnitz (5) and Donohue and Praﬁsnitz (6) has
formed the basis of several successful equations of state (7-17). A feature of the PHCT is
the factoring of the partition function into external and internal contributiohs. This
theoretically-based PHCT equation of state helps to narrow the gap between conventional
equations of state representing both liquid and vapor and those used fof rei)resentation of
polymeric liquids. However, a shortcoming of the equation of state derived from the
PHCT partition function is its complexity, especially for ‘rrrlixtures'.

Since the development of the original PHCT eéuation of state, a number of
equations based on the same theoretical structure have been proposed and tested (10-16,
20-22). A widely used model, the simplified-perturbed-hard-chain theory (SPHCT)

equation of state, was proposed by Kim, et al. (9). The attraction term of the PHCT



equation was replaced with the local composition model of Lee et al. (23). The SPHCT
equation has a comparable predictive capability to the SRK and PR equations in
representing the phase behavior of simple molecules, and it has a better capability for
handling some asymmetric mixtures (24, 25). However, the SPHCT equation suffers
from the several shortcom-ings. First, the SPHCT equation of state often fails to generate
accurately the vapor-liquid phase envelope for pure fluids. Second, it fails to predict
adequately pure fluid vapér pressures below 0.007 bar (24, 26). Third, it yields worse
vapor density predictions than the PR equation of state (25, 26). A modified SPHCT
equation of state’vwas introduced by Shaver to improve the SPHCT equation of state
prediction capabilities (25). Although the modified -S-PHCT equatioh of state is better
than the original SPHCT equation of state in representing equilibrium and volumetric
properties for a variety of pure fluids, its algorithms for the critical constraints and
volume translation require additional éomputaﬁbnal time.

Another new equation of state was introduced by Park (26). The PGR equation of
state is capable of representing the phase behavior of simple, normal, and asymmetric
mixtures involving molecules of diverse molecular sizes. It is theoretically based and its
parameters are evaluated from various equilibrium and volumetric pvroperties of pure
fluids. The PGR equation of state was derived from the generalized van der Waals
partition function for chain-like molecﬁles proposed by Donohue and Prausnitz (6). The
equation has a simple repulsive term proposed by Elliott and coworkers (27) which
performs similar to the Carnahan and Starling equation (18). Since the attractive term of
the generalized cubic equation of state under-predicts compressibility factors of fluids, a

correction term was added to the attractive term of the generalized cubic equation. Like



the original and modified SPHCT equations of state, the PGR equation has three
substance-specific parameters for each pure fluid.

The PGR equation of state is more accurate than Shaver’s modified SPHCT
equation of state (25) in predicting fluid phase equilibrium and volumetric properties of
pure fluids from the triple point to near the critical point,; as well as for rrﬁxture properties
over a wide range of conditions (25). However, the PGR equation of state is nbt as
accurate as the PR equatién of state (2) in predicting the vapor pressure of pure fluids and
the bubble point pressures of binary mixtures.

In this work, the attractive term of the PGR equation of state has been modified to
improve its predictive capabilitiéé.' Case studies similar to those performed By Shaver
and coworkers (25) were ap};)lied to deterﬁine an improved temperature-dependent
expression in the attractive term. Also, a more generalized form of the attractive term
was introduced. Two repulsive térms, Carnahan and Starling (1 8) and Elliott et al. (27),
were used as a basis to produce a simple and accurate repulsive term.

| Detailed modification and derivation of the equation is shown in Chapter 2 along
with a brief literature review on equations of state. Chapter 3 presents the equation-of-
state p‘arameter ‘evah‘lati'ons and assessment of pure fluid property predictions. The
predictive cé.pability of the new equation is compared to that of the PR, SPHCT, and
original PGR equations. For this purpose, predictions of tile vapor pressure and saturated |
vapor and liquid densities for a variety of pure fluids are compared to those of the other
equations. Bubble point pressure calculations for binary mixtures of ethane + n-paraffins,

carbon dioxide + n-paraffins and hydrogen + n-paraffins with the new equation are shown



in Chapter 4. Comparisons are also undertaken with the PR, SPHCT, and original PGR

equations.



CHAPTER 2
A MODIFICATION OF THE PGR EQUATION OF STATE

Abstract

The Park-Gasem-Robinson (PGR) equation of state has been modified to improve
its volumetric and equilibriuni predictions. Speciﬁcally,»(a) a new expression was
developed for the temperature dependence of the attractive term in this segment-segrnent
interactions model, (b) the second attractive term of the original PGR equation was
modified to enhance the flexibility of the model, and (c) Elliott’s expression for the
repulsive term was further refined to approximate the Carnahan and Starling repulsive
compressibilities more accurately. Case studies similar to those of Shaver and coworkers

were used to evaluate the optimal temperature-dependent expression in the attractive term

of the equation.

Introduction

An equation of state is commonly applied to many chemical engineering
problems. In particular, it is well suited for phase equilibria calculations because the

pressure, temperature, volume, and composition (in case of mixtures), of all coexisting



phases can be simultaneously determined. A quantitative description of vapor-liquid
equilibria (VLE) is required in mass transfer calculations and separation operations such
as distillation and absorption. VLE information is also significant in the design of
chemical reactors. Therefore, there has been continuous demand from industry for
accurate thermodynamic médels.

There are two common approaches in the VLE calculations. One is the equation
of state approach and the ‘other is the activity coefficient model approach. Activity
coefficient models such as the Wilson (28), NRTL (29) and UNIFAC (30) models are
very convenient in the calculation of vapor-'liquia equilibrium or distribution coefficients
of highly nonideal systems. On th‘ve other hand, application of these models to high
pressure systems containing supercritical components is’ rather difficult (31).

| Dvespite their long history, equations of state have continued to be an important
research subject in applied thermodynamics. Since its first appearance more than a
hundred years ago, van der Waals equation of state has been a basis for several equations
of state, which provide both volumetric and equilibrium properties. Among these
equations of state, the SRK (1) and PR (2) equations are widely used in industry.
Although these equations are essentially empirical, their predictive capabilities for the
equilibrium properties of mixtures containing simple and normal fluids are good.
However, since both equations are basedlon molecule-molecule interactions, application
of either equation to asymmetric mixtures produces poor prédictions.

Recent interest in asymmetric mixtures has generated new requirements for
thermodynamic models for systems containing small molecules and heavy solvents. Also

the development of fast computers makes it possible to perform Monte Carlo simulations



and molecular dynamics simulations to delineate molecular interactions. These
simulation results have stimulated the development of theoretically-based equations of |
state. Park (26) introduced a new simple equation of state (PGR) for chain-like
molecules by utilizing an existing free volume expression and a new expression for the
attractive term. The structure of the equation is, in part, similar to both the Peng-
Robinson (2) and SPHCT (9) equations of state. In this work, the PGR equation of state

is modified to obtain more accurate volumetric, equilibrium and calorimetric predictions.

Literature Review

The first equation of state that represented reasonably both vapor and liquid

phases was proposed by van der Waals in 1873

p= -7 (2-1)
or

=ﬂ=v_a
RT (V-b) RTV

z 2-2)

where b is a co-volume parameter and a/v* is an expression for the internal pressure (32).
The currently used van der Waals-type equations of state resemble their common

predecessor in that all of them contain a repulsion term, Z™, and an attractive term, Z**

Z=2" +27" (2-3)



Among this type of equation of state, cubic equations proved to be preferable due to their
simplicity, short complitation time and reliability. A cubic equation is the simplest
polynomial form capable of satisfying the ideal gas limit and of representing both vapor
and liquid phases. The most general formb of a cubic equation of state contains five
parameters and takes the form (33)

RT ' 0(v-m)

P= Ve (v-b)(v2 +8v +g-) -4

where the adjustable parameters b, 0, 1, O and € are, in general, functions of temperature.

Redlich and Kwong (RK) proposed the first cubic equation of state that was
widely accepted as a tool for routine engineering calculations (33). The equation was
proposed to satisfy the boundary conditions in the low and high density ﬁmits (34). The
temperature-dependent part of the attractive term in the RK equation was investigated by
severé.l researchers (1, 35-36). Soave ﬁroposed the first widely used method (SRK
equation of state) for expressing the temperature dependence, which was both more
accurate and simple (1).

, While an approprigte temperature-dependent part of the attractive term is
sufficient for re;;resenting the vapor pressure, modification of the préssure-volume
functional dependence is necessary to improve the prediction of the volumetric
properties. Peng and Robinson 2) récogniZed that the critical compressibility factor of
the RK equation of state (Z, = 0.333) is overestimated, thus impairingiliquid volume
calculations. They postulated an equation reducing the cﬁtical compressibility factor to

0.307.



RT a(T)

p=v-b_v(v+b)+b(v-b) 2-3)

This form improved the representation of liquid density relative to the SRK equation of
state (2). These two-parameter cubic equations of state predict a constant critical
compressibility factor for all components. Thereforé, a third parameter has been used by
several researchers to introduce a component-dependent criticai compressibility factor
and'thus to enhancé the flexibility (37-40).

In general, these cubic equations of state can be treated as convenient engineering
tools due their simplicity and reliability. Such equations with generalized parameters
provide reasonable predictions of thermodynamic properties. However, extrapolation of
the equations beyond the range of the prbperties and conditions for which they are
designed may be unreliable. Also, these empirical equations are ihtrinsically limited in
their ability to describe mixtures chtaining molecules of diverse molecular sizes and
polar species.

Equations of state such as the perturbed-hard-chain theory (PHCT) equation (5,
6), the chain-of-rotators (COR) equation (13), the simplified-perturbed-hard-chain theory
(SPHCT) equation (9) and the cubic chain-of-rotators (CCOR) equation (41, 42), which
originated from statistical mechanics, have proved useful in predicting fluid phase
equilibria of industrially important mixtures. |

The COR equation has a rotational term in the compressibility factor along with

the repulsive and attractive terms. The equation is given as

Z=1+Z" +cZ™ +(1+cf(T))Zz* (2-6)

10
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The repulsive term of the COR equation is that of the Carnahan and Starling equation,
and the rotational term is from the hard-dumbbell equation provided by Boublik and
Nezbeda (43). The basic assumption in the rotational term is that a chain molecule
consists of a series of hard dumbbell molecules. Each dumbbell has three translational
degrees of motion and two rotational degrees of motion. The attractive term of the COR
equation is given by Alder and coworkers (19). The equation shows reasonable
performance in predicting vapor pressures and saturated liquid and vapor densities of
some paraffins and aromatics (13). However, the COR equation is considered more
complex than most other equations of state. Thus, Lin et al. (41) simplified the COR
equation using a simple cérrelation for the repulsive term and the rotational term along
with two empiricél expressions in the attractive term. One of these expressions is similar
to that of the SRK equation.v Evaluations of the simplified COR equation using two
binary interaction parameters for some hydrogen binary mixtures were conducted (41,
42), and the results were compared to those of the SRK equation using one interaction
parameter. The simplified COR equation showed better precision than the SRK equation
for the systems considered. However, no evaluation of the equation with one interaction
parameter is available in the literature.

The perturbed-hard-chain theory equation of state is one of the accurate equations
for representing vapor—liquid equilibrium properties of chain-like hydrocarbons. Similar
to most van der Waals tyﬁe equations of state, this equation of state consists of repulsive

and attractive terms.

Z=1+c(z* +2™) (2-7)
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where c is the degrées of freedom parameter and Z™ and Z** are repulsive and attractive
contributions, respectiyely, given in terms of compressibility factors. The repulsive
model of Carnahan and Starling (CS) is used in this equation (18). The attractive term is
based on molecular simulation results for molecules having a square-well potential (19).
The resultant equation contains as many as 24 terms. Cons;equently,_when applied to
mixtures, its application in practical systems becomes fairly complicated.

Kim and coworkefs (9) introduced a simplified version of the PHCT (SPHCT)
equation of state. The double summation form of the attractive term of PHCT equation
of state is replaced with single term of thé Lee-Lombardo-Sandler (LLS) local
composition model (23). The predictive capability of this modified equation is
comparable to the SRK equation, which is commonly used in industry (24). Furthermore,
the SPHCT equation of state shows better performancé than the SRK equation in the
prediction of phase properties of heavy hydrocvarbons. However, the SPHCT equation of
state requires more computatioh time than a cubic equation of state such as thé SRK
equation for calculating thermodyﬁamic properties in the two-phase region. This is
because the SPHCT equation of state requires more computation time to identify a proper
liquid root of the equation in each iteration of the equilibrium calculations.

A number of researchers have assessed the predictive ability of';the SPHCT
equation of state for various mixtures (8, 44-47). Its ability to predict the critiéal points
was demonstrated on foﬁr oil reservoir fluid systems.containing up to forty-eight
components by Garcia-Sanchez et al. (47). The SPHCT equation has successfully

converged to all the critical points in few iterations without any difficulty.
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Shaver and coworkers (25) introduced a modified version of the SPHCT
(MSPHCT) equation of state. In the SPHCT, the molecular attraction is expressed as a
ratio of the potential energy of a molecule to its kinetic energy. Shaver replaced this term
with a four-term polynomial function of temperature (25). The critical constraints were
applied to both the SPHCT and MSPHCT equations to improve near-critical property
predictions. Vapor pres;suees and phase densities of twenty-three pure components and of
bubble point pressures of .a number of binary mixtures comprised of ethane + n-paraffins
and CO, + hydrocarbons were calculated and compared with the original SPHCT and the
PR equations of state.

Wang and Guo (48) .modiﬁed the SPHCT equation of state by reformulating the
attractive portion of the canonical partition function for mixtures and replacing the
repulsive portion by a simple simulated expression. The evaluaﬁon of this equation of
state was made on pure fluids, binary/multi-component mixtures and reservoir fluids.
This cubic SPHCT (CSPHC) equation of state showed significant improvements over the
SPHCT in predicting VLE and liquid phase density of mixtures of CO, + heavy
hydrocarbons.

Park introduced a new equation of state (PGR) based on the generalized van der
Waals partition function for chain-like molecules (26). This equation of state utilized an
existing expression for the free volume of hard spheres in the repulsive term and
augmented the generalized cubic equation of state attractive term. A square-well
potential was used to describe the attractive energy between segments of molecules, and
temperature and density correction functions were introduced to amend the low-density

radial distribution function. The predictive ability of this equation of state was



demonstrated through vapor-liquid equilibrium predictions involving pure fluids and n-

paraffin binary mixtures containing ethane, carbon dioxide, and hydrogen.

The PGR Equation of State

The following is a brief review on the PGR equation of state and a detailed
derivation of its repulsive and attractive terms.

A well defined interaction energy between molecules and the free volume of a
system, along with the aid of the statistical mechanics, are very important in calculating
thermodynamic properties accurately. A typiéal example of the statistical mechanical
connection between the behavior of particles aﬁd bulk thermodynamic properties is the
canonical partition.ﬁ.lnctiOn. The necessary equations for relating the canonical partition

function of statistical thermodynamics to classical thermodynamics are as follows (49)

A = —kTIn(Q) | 2-8)
_[(0A)  _iqf Q) ]
r~{%), ), @

T2 oIn(Q)
U—kT( = )N’v (2-10)

where Q is the canonical partition function, A is the Helmoltz energy, k is Boltzmann's
~ constant, T is absolute temperature, V is total Volume, N is the number of molecules, p is
pressure and U is internal energy. The partition function can be written as a sum over all

possible energy states for a collection of N molecules as
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Q(N,V,T) = ) e BNV (2-11)

Once a partition function is established, theﬁnodynamic properties can be derived.
Among the expressions for partition functio}ns, the generalized van der Waals partition
function has been the starting point for develeping equations of state having repulsive and
attractive terms. T‘hisv generalized van der Waals partition function requires a free volume
expression and intermoleeular potential energy to account for dispersion effects or
attractive interactions between molecules (50).

The extended van der Waals partition fuhction to chain-like molecules using the
degree of freedom perameter, Cc, was ihtroduced by Donohue and Prausnitz (6). The
kinetic energy of a ehain-like molecule is assumed to be affected by the translational,
rotational aﬁd vibrational degrees of freedom. Consequently, the totall degrees of freedom
for a chain-like melecule is assumed to be 3c instead of 3 in the generalized van der |

Waals partition function. The partition function for chain-like molecules is (6)

N(}\/Tfe"p( 2;1?TD N @-12)

where V. is the free volume of hard-spheres and A is the de Broglie wave length given by

17V
Q(N,V,T) = ﬁ(ﬁ)

A=—e—es i (2-13)

For simple molecules, such as methane and argon, the degree of freedom parameter c is

one and the partition function of Equation (2-12) becomes the generalized van der Waals

15
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partition function. The relationships between system pressure and the partition function

is given as
p (61nQ)
——=|— 2-14
kT oV /1 @-19)

By taking the logarithm of Equation (2-12) and applying Stirling Approximation,

InN! =NIn N - N, the following equation is obtained

1nQ=—N‘1nN+N+N1nV—N1nA3+Nc(1an—1nV—5§1;:r-) (2-15)

Application of the expression of Q of Equation (2-15) to Equation (2-14) becomes

\Y VvV oV V b
P +c(___ £ ¢)

-1 TR A & 2-16
NKT V, oV 2ckT 6V (2-16)

When Equation (2-16) is rewritten on a molar basis using the definition of the molar

volume, v = V(N,/N).

oy [—V—-avf l- @j (2-17
RT Ay, ov  2¢kT ov | 17)

where N, is Avogadro's number, and N is the total number of molecules in a system. An

equation of state for chain-like molecules can be obtained from Equaﬁon (2-17) when the

free volume expression and the potential energy for a given system are specified.



The free-volume expression given by Elliott and coworkers (27) was used, which

leads to
Yo
v, OV © 1-19n
(2-18)
B 47
h V., — 197
v v
where n=—, v, = —, and 1=0.7405
v v

' The attractive term in the partition function of the PGR equation of state was
expressed in terms of the segment number within the interaction range by Kim and

coworkers as follows (9)

-0 _l T - : :
T2 - N (p,T)d(1/T) (2-19)
h T T _Ck_T
where =T " eq

The coordination number, N, is the number of segments within the interaction range of a

center molecule, and € is the potential energy between segments. Applying the square-

well potential between two segments, the coordination number, N,, becomes

N, = % _[:(c g(r;p,T) s (47cr2) dr (2-20)
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where the lower limit, o, is the radius of a hard-sphere; the upper limit, Ko, is the
potential well width from o; s is the number of segments in the center molecule; and g(r;p
,T) is the radial distribution function.

At the low density limit, the radial distribution function is given as (51)

})1_{% g(r; p,T) = exp( —E,E,r)j ‘ (2-21)

where u(r) is the potential energy between molecules. The degree of freedom parameter,
¢, which represents the ratio of the total system energy (translational, rotational and
vibrational energy) to the translational energy, was iﬁtroduced into the attraction energy
term in the partition function of chain-like molecules. It was also introduced in the

potential energy term of the radial distribution function of Equation (2-21).

%)1_{% g(r; p,T) = exp( _Cl;(;)) (2-22)

Integration of Equation (2-20) for a square-well potential fluid leads to

N 4n £q :
li =——c’(K’-1 (—) 2-2
imN, v3© (K )sexp T | (2-23)

p—0

where ¢ is the intermolecular potential energy per unit external surface area and q is the
external surface area of a molecule. The term €q represents the total square well potential

energy of a center molecule. From Equation (2-19), the attraction term at the low density

limit becomes

18



) -0 ) 1 @t ~
P kT T e [5 LT=0N°(p’T)d(1/T)]

(2-24)
1@t | ~
- 5 -[/T:O li}pl_l;rol{Nc(p’T)}jP(l/T)
Substitution of Equation (2-23) into Equation (2-24) gives
o (P Ll
= - = |dl1/T -
bkt -\ 2 A5 [ 7)1/ T) | (2-25)

. ~ T
where T =ﬂandT= -
ck T

The following potential energy expression at the low density limit can be obtained by

eliminating the integral in Equation (2-25).

b (V) (1 |
i T = “0( v j(eXp(T) - 1j (2-26)

where o, = (K3-1)/2

Even though the potential energy expression in Equation (2-26) is a function of
temperature, Park (26) added two empirical functions, which are dependent on density

and temperature, to amend the limiting definition of the radial distribution function.

=4 aoh(T)A(p)(%)(exp(%) - @27)
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By taking a partial derivative of molar volume to Equation (2-27) the attractive term of

the equation of state becomes

2;va (g%) o O“?h(T)[eXp(%) B 1) v (51283) B %p)]

—catof e ) ) 22

The PGR equation of state used an augmented generalized cubic equation of state

(2-28)

attractive term. The following eXpression for the density-dependent function A(p) was

used as the attractive term of the PGR equation of state.

GA(p) A(p)_ \a Q
v, v,  vViiuv, +w v +1 ' (2-29)

T

The actual form of the density correction function, A(p), is given by integrating Equation

(2-28) fromv,=w tov,=0

V'A( ) Ve 2v, +u—-+vu’ - 4w 40 'lnvr+1 o (2:30)
= = n A% -
P Vu® —4w  2v, +u+vu’ —4w ' Ve

ifu?>4wor

Alo) —2v, [t o 2v, +u n] +Q> 0V +1 231)
p) = === tan”" ——=—= - —|+Qv, -
4w —u? Vdw-u* 2 v,
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The final form of the PGR equation of state can be obtained from Equations (2-

17), (2-18), (2-28) and (2-29).

— ( 41 aYv, QaY) )10
e v, =191 vi+uv +w v +1 (2-32)
o = ot h(T) | | (2-33)
and
veon(D-1
=exp| =|— -
PLF) , (2-34)
An empirical expression for h(T) is -
hWT) =1 + «, T + «,T + x,T* + «, T (2-35)

where k,, k,, K; and k, are the original PGR equation of state constants.

Modification of the PGR Equation of State

The Repulsive Term

The repulsive term of an equation of state is often used to describe hard-sphere,
hard-disc, or hard-chain interactions without attraction energy between molecules. Monte
Carlo or molecular dynamic simulation results are available in the literature for the
repulsivé contribution to the ﬂuid compressibility for different densities (52, 53). Among
the equations of state for hard-spheres, Carnahan and Starling (18) provided one of the
better known and more accurate expressions. Their expression is a simple correlation of

the virial type analytical derivation for the hard-sphere compressibility factor (54).
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(2-36)

»

v

1 ' .
where 1 = P’ (n\/f ) (7) and v is molar close packed volume for hard spheres. Several

equations of state with the Carnahan and Starling repulsive term have been proposed in
.the literature (55757). In general, these equations showed better or comparable
performance to the PR and SRK equations in calculating fluid phase equilibrium
properties of simple mixtures. Recently, an empirical_expression for hard spheres was

proposed by Elliott and coworkers (27).

2-37)

where B, =4 and 3, = 1.9.

The models of Carnahan and Starling and Elliott et al. have a limiting value of ).
The limiting value of n) is 1 for the Carnahan and Starling model and 0.53 for the Elliott
et al. model. The repulsive model of Carnahan and Starling is more accurate than that of
Elliott et al. (26) when the expressions for the repulsive compressibility factors
(Equatioﬁs (2-36) and (2-37)) are compared to the molecular dynamics calculations of
Erpenbeck and Wood (52). Furthermore, as shown in Figure 1, the Elliott expression

produced repulsive compressibilities which varied from the Carnahan-Starling values by
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40 |

Repulsive Compressibility Factor - 1

(1) C-s
(2) Elliott
— —— _(3) This Work

Figure 1.

Comparison of Repulsive Compressibility Factor Expressions.

(1) Carnahan and Starling; (2) Elliott et al.; (3) This Work
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as much as 200% when the reduced density exceeded 0.38. To retain the simplicity of the
Elliott repulsive expression and to produce Carnahan-Starling repulsive compressibilities
more accurately, the model parameters in the Elliott equation were re-optimized. This

new expression for the repulsive compressibility is given as
(2-38)

where v, = 5.34 and y, = 1.57. As shown in Figure 1, this expression compares favorably
with the Carnahan-Starling model. However, the plire-ﬂuid results of the Elliott model

are better; thus, the model was retained in the current work.

Modification of the Attractive Term

The attractive term of most eqﬁations of state,v such as the SPHCT equation,
contains several assumptions which simplify its temperature >and density dependence.
Thus, improvements in equation of state predictions can be achieved by modifying the
temperature and/or structural dependence of the attractive term (24, 25, 58-60).

The attractive term of the PGR equation of state is an augmented generalized
‘cubic equation of state. The attractive term of the generalized cubic equation of state
such as SRK equation under-predicts compressibility factors compared to molecular
simulation results (27, 31). The additional term i;s, eXpected to eliminate one of the

deficiencies of the cubic equation of state attractive term. The two attractive terms are



) A S (2-39)
R S N )
QayY
ZII - _ 2-40
att Vr +1 ( )

In this study, a more general expression is suggested for the attractive term, which gives

the equation added flexibility when applied to chain-like molecules

QY

ZII —
att
Vr + QZ

(2-41)
where Q, Q,, and Q, are all equation constants. The fact, along with the high sensitivity
of calculated properties to T discussed by Shaver and coworkers (25), suggest that
improvement in equation of state predictions can be achieved by modifying the
temperature dependence of the attractive term. A modified form for the radial

distribution function of Equations (2-39) and (2-40) are

oY = Zya [exp(F,) - 1] (2-42)
where
a=1+xT7 +,T +x, T + T v (2-43)
_ 1) 1 ‘ 12 12
F = ml(ﬁ) + 602(‘2‘%) + 603(’2-T—) + 604(5%) (2-44)

and Z;, Ky, K,, Ky, K4, ©y, ©,, 05, and @, are constants.
Combinations of three repulsive equations (Equations (2-36) to (2-38)) and

several functions for the attractive term (Equations (2-41) to (2-44)) were studied using
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vapor pressure data for the pure paraffins methane, propane, n-decane, and n-tetradecane.

The predictive abilities of each combination was evaluated by optimizing the function
parameters and equation of state parameters simultaneously.

Table I presents a summary of results for several cases studied attempting to
identify a more accurate equation of state. Using the Elliott repulsive model and the F,
function provides the best results (average absolute % deviation of 1.0). Using o in
addition to F, does not prévide any improvement in vapor pressure predictions over the
use of F, alone. Therefore, the present work is restricted to the use of only F,. The
optimized hcoefﬁcients for F, are givenin Table II. The new repulsive expression of
Equation (2-38) and Carnahan and Starling model p‘redicts close to molecular simulation
results. Nevertheless, the evaluaﬁon results in Table I indicafe that the Elliott model
performs better than the other two repulsive expressions.

By combining Equation (2-37), (2-39), (2-41), (2-42), and (2-44), the final form

of the modified PGR equation of state can be written as

BT aYv, QoY
Z=14cl — -— — (2-45)
v,-B,T vit+uv. +w v +Q,
where
aY = Z, [exp(F{) - 1] (2-46)

and function F, is defined in Equation (2-44).
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TABLE I

EVALUATION OF MODIFYING FUNCTIONS FOR THE
REPULSIVE AND ATTRACTIVE PORTION OF THE PGR EQUATION

Function Number of % AAD*** For Vapor Pressure Predictions )
Included Constants ’
Carnahan and Elliott et al. This Work
Starling
o* 4 6.3 2.0 5.6
Fpx* 4 _ 5.9 1.0 2.0
o and F, 8 | 57 1.0 1.5

* Equation (2-42)
ko, Equation (2-43)
**%  average absolute % deviation



TABLE 11

COEFFICIENTS FOR THE MODIFYING
FUNCTION F, FOR THE PGR EQUATION OF STATE

Coefficient Value -
®, ' 0.07635
o, ' 2.01240
©, ' -0.22322

o, ~-0.70301




Characteristics of the Modified PGR Equation

The limiting behavior of this equation follows that of the other equations of state.
As the molar volume apﬁroaches infinity at any temperature, the repulsive term of the
equation becomes unity, and the attractive term becomes zero. Similariy, the equation of
state can be simplified to‘t.he ideal gas law as the system molar volume approaches
infinity. At the highly compres.sed state, the molar volume can be calculated from the

denominator of the repulsive term

Vo =BV | (2-47)

This molar volume of Equation (2-47) is the smallest possible molar volume. The initial
guess for Z can be obtained from this molar volume to find the liquid root in the

equilibrium calculation

\
Z = B‘% (2-48)

_ As the temperature approaches infinity, the attractive term becomes negligible
because‘ (QY) in thé atffactive term convergés to zero, as éhown in Figure 2. Moreover,
when the molecular size (characteristic volume, v') is zero and the temperature goes to.
infinity, the equation g_lso satisfies the ideal gas law.

The effect of introducing the modified function of (dY) with F, of the attractive
term can be seen in Figure 2. The original and the modified PGR equation show similar

behaviors. However, the teniperature derivative of (oY) of the modified PGR equation
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Reduced Temperature, (T/T*)

Figure 2. The Temperature Dépendencer of the Attractive Term.
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is smoother near the break point where the reduced temperature value is 0.4. The
stability of this derivative plays an important roie in calorimetric property calculations.
Below this point the values of (aY) are less steep than those of the original PGR
equation. In Figure 3, the values of (oY) from.the original and modified PGR equations
of state are shown relative to the values obtained from individual regressions of
experimental data fovr methane. The values of (aY) obtained from the original PGR
equation show consideraﬁle deviation from the regressed values v‘vhile those obtained
using the modified PGR equation show good agreement. Detailed evaluations of this
modified PGR equation for both pure fluid and mixture calculations are included in the
following chﬁpters.

The sensitivity of calculated propérties (vapor pressures and saturated liquid and
vapor densities) to each of the three pafameters was determined from the triple point to

the critical point for methane. The parameter sensitivity is defined as

% (2_3 o | (2-49)

where C vis the calculated property (vapor pressure and vapor and liquid density) and A is
one of the equation paraméters (25). The parameter sensitivity may be viewed as the
percentage change in the calculated préperty, C, caused by a 1% change in the equation
parameter, A. Figures 4 through 6 show the sensitivity of calculated vapor pressure,
saturated liquid and saturated vapor densities, respectively. These figures show that the
effect of v is nearly constant over the entire temperature range for all calculations.

Vapor pressure and liquid density are least sensitive to the parameter v'. All property
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Figure 3. Comparison of Calculated and Regressed Values of (oY) for Methane.
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calculations are more sensitive to T", which may indicate some remaining deficiency in
the attractivé term. ‘The effects of T" and c on vapor pressure and vapor density
calculations are similar and both have greater impact at low temperatures. Since the
property calculations and parameter géneralizatiori broutine use the same objective
function with even-weight-distribution, better predictions on vapor pressure and Vapor

density were expected according to the sensitivity study result.

Summary

The original ’Park'-Gasérr.l-Robinson (PGR) equation was modified to enhance its
volumetric and equilibrium predictive cépabilities; The two temperature-dependent terms
in the attractive part of the equation were replaced with a new simpler term, which was
tested for its efficacy and numerical stability. The universal equation of state constants
and the pure component parameters for selected compounds were obtained for the
modified version of the PGR equation of state. A study of the modified PGR equation
parameters (T, v, ¢) was performed to gain insight into the sensitivity of calculated
properties to the equation parameters and to investigate the behavior of the parameters
reqﬁired to produced accurate vapor-liquid equilibrium calculations. The lcharacteristic
temperature, T, showed stronger dependence on terhperature in vapor pressure and
saturated phase density calculations. As such, é possible deficiency in the attractive

portion of the equation of state may still exist.
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CHAPTER 3

EVALUATION OF THE MODIFIED PGR EQUATION OF STATE
FOR SELECTED PURE COMPOUNDS

Abstract

The equation of state modification discussed in the previous chapter was
investigated. The predictive capability of the modified PGR equation of state for vapor
pressure, and saturated liquid and vapor densities was evaluated for selected normal
paraffins, normal alkenes, cyclo-paraffins, light aromatics, argon, carbon dioxide and
water. Tile generalized equation of state constants and substance-specific characteristic
parameters in the modified PGR equation of state were obtained from the pure
component vapor pressures, and saturated liquid and vapor molar volumes. The
calculated phase properties were compared to those of the Peng-Robinson (PR) equation
(2), the si‘mpliﬁed-perturbed-hard-chain theory (SPHCT) equation (9) and the original
Park—Gasem—Robinson (PGR) equation (26). Generally, the performance of the proposed
equation of state (%AAD of 1.3, 2.8 and 3.7 for vapor pressure, saturated liquid and
vapor densities, respecfively) was better than the PR, SPHCT and original PGR equations

in predicting the pure fluid properties.
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Introduction

Accuracy, simplicity, and generality have been most desired characteristics of an
equation of state. Even though a large number of equations have been introduced and
analyzed, most have satisfied these requirements >on1y partially. To develop a useful
equation of state, one has to begin with theory and some sound approximations for the
physical reality. However, such attempts typically evoke a lack of fit with experimental
data. Therefore, adjustable substance-specific model parameters of the equation are
utilized to fit pure fluid Aexperimental data and render the equation useful for practical
applications. Such parameters are then generalized and mixing rules are introduced to
handle mixtures.

The equation of state constants and the component-specific parameters of an
equation of state can be determined from the vapor-liquid equilibrium phase properties.
In vapor-liquid equilibrium, a pure component has one degree of freedom. Thus, any
experimental data set containing more than one thermodynamic intensive property can be
used to evaluate constants and parameters. Temperature, pressure, and saturated liquid
and vapor densities (or mola; volumes) are the commonly used the@odmmic properties
in the developmenf and evaluation of pure—ﬂuid equations of state.

The purpose of this sfudy is to demonstrate the usefulness of the changes to the

original PGR equation of state through the prediction of pure fluid saturation properties.
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The Equation of State

The pressure explicit form of the modified PGR equation of state derived in the

previous chapter may be written as

- where

and

) _ ZyY Z,Y
ﬂ=1+c( BIT -— MYV, _Ql M ) (3_1)
RT v,-B,t v,+uv,+w v, +Q,
Y = exp(F,) -1 | (3-2)
1) 1 ' 1 2 1)2
F = uh(ﬁ) + mz(ﬁ) + wa(ﬁ) + w4(ﬁ) (3-3)
~ T : \%
T= * d =%
T ¢ VTS

The universal constants in this equation are shown in Table III. These equation of state

constants, including u, w, Z,,, Q,, Q, and ©, - ®, are regressed from pure fluid

experimental data.

The modified equation of state shown in the Equation (3-1) is fifth order in

volume (or in compressibility factor). This equation can be expanded in terms of the

compressibility factor, Z, as

Z* +AZ* +BZ’ +CZ* +DZ+E=0 (3-4)
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UNIVERSAL CONSTANTS FOR THE MODIFIED PGR EQUATION OF STATE

TABLE III

Constant Value

T 0.74048

u -2.8969

w 2.6944
Q 10.5121
Q, 1.0226
Zy 1.4264
o, 0.076354
o, 2.0124
O -0.22322
Wy -0.70301
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A, B, C, D and E are constants for a given temperature and pressure. This expanded form
of the equation of state (Equation (3-4)) and definitions for the coefficients are presented
in Appendix A. During equilibrium calculations, E’quation (3-4) is solved to identify
liquid and vapor roots of Z.

Fugacity coefficients are required in multi—phaSe equilibrium calculations. The
fugacity coefficient of a pure fluid can be derived as follows (32)

h1¢=v—i _[:(p—BVI) dv+Z-1-InZ | (3-5)

For the modified PGR equation of state given in Equation (3-1), the following expression

is obtained for the fugacity coefficient.

Ing = —c o in Ve P2t

BZ Vr
2 4 2v.+u =wm) Q,, v.+Q
+eZ Y| | tant 2R T R Nt (3-6)
; [\/4w—u2( Vaw —u? 2} Q, v, ]

cB,T cZ, YV, cZ,,YQ,
v,=B,t vi+uv,+w Vv, +Q,

Detailed derivation of this fugacity coefficient is given in Appendix B.

Methods

The modified PGR equation of state proposed in this work has a set of universal

constants for all compounds (u, w, Q,, Q,, and ®, - ®,) and substance-specific pure
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component parameters (T*, v* and ¢). Experimental vapor pressure data along with liquid
and vapor phase densities at different temperatures were used to evaluate the universal

constants and component parameters. The various data sets used in this work contain T-

P-P1-Py> T-p-p1» T-D, or T-p,, as shown in the next section. The parameters for the original

form of the PGR equation of state (T", v', and c) were regressed to minimize the

following objective function for both vapor pressures and phase densities

2 2 2
o pex - calc EX - (I;ac ;( - (\:/ac
ss=% [ p _P 1) +[p p ~ Peal + Pep ~ Peatc. (3-7)

L \%
i=1 pexp pexp pexp

i i

The form of this objective function can be changed according to the availability of the
information in thé database. For the corhpounds with no available vapor densities, the
three equation parameters were fit only to vapor pressures and liquid densities. When
neither phase density data was available, the last two t¢rmS of Equation (3-7) were
omitted from the objective function and the three equation parameters were fit only to
vapor pressures. The calculated values of vapor pressure and phase densities in the
objective function were obtained using the equation of state.

~ Multiple nonlinear regressions were used to regress the constants and thé pure-
component pafameters (T, §" and c) in the equation. Thé constants in the equation (u, w,
Zy» Q) Q, and o, - ®,) were obtained mainly with the methahe, ethane, propane, and
" butane saturation data. More information on the equilibrium calculation method and the

regression technique used in this work are given by Gasem (61).
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In calculating vapor pressures and saturated phase densities, a reliable solution
algorithm is essential in determining the compressibility factors for the equation of state.
As mentioned in theé previous section, both the original and modified PGR equations of
state are fifth order in terms of the compressibility factor. To solve this.equation. . -
efficiently, an initializing routine was implemented. This equatién—solver algorithm,
which is similar to Park’s (26) approach, is as follows. F’irst, the lower limit value of the
compressibility factor in Equation (2-47) was taken as the initial value of compressibility
factor, Z", for a liquid phase. The right-hand side of Equation (3-4) was calculated,
starting with this initial value until its sign changed from negative to positive upon
increasing Z" in 2% increments. When the change of sign occurred, the Z" value
becomes a new initial value, and the simple Newton-Raphson Method was then used to
locate the correct root. The initial value of the compressibility factor, Z", for a vapor
phase was set to three. This value was decreased by 2% until the sign of the right hand
side of Equation (3-4) changed from positive tov negative. Then, the same Newton-
Raphson Method was applied with the updated Z" as an initial guess. When the relative
change of compressibility factor with a previous iteration was smaller than 1.0x103, the
system converges and the iteration terminates. This solution algorithm is more adequate

than that introduced by Shaver ahd coworkers (25).

The Pure Fluid: Database

A database of 20 pure compounds described previously by Shaver and coworkers

(25) and Park (26) was used in this work. The database covers almost the entire vapor-



TABLE IV

SOURCES AND RANGES OF PURE FLUID SATURATION DATA

Temperature Pressure Liquid Density Vapor Density Source

Compound Range, K Range, bar Range, g/cm3 Range, g/cm?

(# of pts)

Methane (9) 90.68 - 188.0 0.1172 - 42.412 0.2299 -0.4512  2.514x10 - 0.0986 62
Ethane (9) 90.348 - 295.0 1.131x10%-39.16  0.3309-0.6519  4.557x10-% - 0.0925 63
Propane (26) 85.47 - 360.0 3.0x109 - 35.55 0.3453-0.6574  2.72x10 - 0.1054 64
n-Butane (12) 134.86 - 420.0 6.736x106-34.83  0.3281 - 0.7353 3.492x108 - 0.1335 65
n-Octane (8) 243.15 - 553.15 3.16x10+ - 19.97 0.3818 -0.7102  0.0003 - 0.09873 66
n-Decane (12) © 330.85-613.15 0.01'333 - 20.366 0.324 - 0.6996 * 67
n-Tetradecane (11) 394.26 - 573.15  0.0129 - 2.605 0.6685** * 67
Ethene (12) 103.986 - 276.0 0.0012 - 43.73 0.3242 - 0.6549 4.01x106-0.1115 68
Propene (11) 87.89 - 360.0 9.54x109-42.202  0.3292-0.7688  5.49x10-!! - 0.1338 69
1-Butene (12) 119.95 - 413.15 5.0x107 - 36.18 0.345-0.618 * 67
1-Hexene (12) 156.15 - 493.15 5.0x107 - 26.86 * * 67
Cyclopropane (12) 171.85-393.15 0.01333-51.252 * * - 67
Cyclobutane (13) 204.95 - 453.15 0.01333 -45.191 * * 67
Cyclohexane (15) ~ 279.82-543.15  0.05328-35.889  0.3130-0.7102 * 67
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TABLE 1V (Continued)

Temperature Pressure Liquid Density Vapor Density Source

Compound Range, K Range, bar Range, g/cm3 Range, g/cm3

Cyclooctane (17) 308.45-633.15 0.01333 - 31.309 * * 67
trans-Decalin (9) 334.06 - 492.03 0.01333-1.9998 0.7726 - 0.8355 * 67
Benzene (10) 278.68 - 555.0  0.0478 - 44.8502  0.4355 - 0.8965 1.62x104 - 0.1750 70
Toluene (12) 270.0 - 580.0 0.0076 - 35.56 0.2914 - 0.8873 2.87x105-0.1318 71
Argon (8) 84.0 - 146.0 0.7052 - 49.05 0.8296 - 1.413 0.004194 - 0.2680 68
Carbon Dioxide (17) 216.55-298.15 5.179 - 64.356 0.7138 - 1.1778 0.0138 - 0.2424 72
Water (14) 273.16 - 633.15 0.006117 - 186.55 0.5281 - 0.9998 4.855x10¢ - 0.1437 73
n-Eicosane (5) 473.15-623.15 0.01533-1.110 0.5903 - 0.6668 * | 67
n-Octacosane (5) 323.15 -704.45 7.0x10°-1.0133  0.6226 - 0.7876 * 67
n-Hexatriacontane (6) 373.15-769.15 6.9x10%-1.0133  0.6399 - 0.7667 * 67
n—Tetratetracohtane (5) 373.15-818.15 6.9x10%-1.0133 0.7450 - 0.7760 * 67

*

Saturated density data for these compounds was not available.

** Only one saturated liquid density value was available for n-tetradecane.
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liquid saturated regipn from the triple point to a reduced temperature of about 0.95. For
several compounds, only limited saturated liquid density data are available, and for six
compounds only vapor pressures are used. Specific ranges of saturated data used for pure
fluids and their sources are given in Table IV. Additional data for heavy normal = -
hydrocarbons (n-C,,, n-C,4, n-C¢ and n-C44) and hydrogen were also used to evaluate the
pure component parémeters of the equation for those compounds. The temperature,
pressure and saturated deﬁsity ranges for these heavy normal hydrocarbons and hydrogen
with their sources are shown in Table IV. The critical properties, required in the PR
equation, and the pure component parameters for the SPHCT and PGR equations are

provided by Park (26) as shown in Tables V to VIIL.

Results and Discussion

The PGR equation of state niodiﬁcations discussed in Chapter 2 were evaluated.
Errors in predicted vapor pressures for 20 selected compounds are shown in Table VIII,
along with those of the PR, SPHCT and PGR equations. The errors are expressed using
the root-mean-squared error (RMSE) and the absolute-average-percentage deviation

(%AAD). The RMSE and %AAD are defined as,

N

Z (Ycalc,i - Yexp,i )2 :
RMSE = |/ = - - (3-8)

and
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TABLE V
CRITICAL PROPERTIES USED IN THE PR EQUATION OF STATE

T, P. ® Source

Compound X) (bar)

Methane 190.56 45.95 0.0110 62
Ethane 305.41 48.20 0.0990 63
Propane 369.80 42.42 0.1530 63
n-Butane , 425.16 37.96 0.1990 63
n-Octane 569.35 24.96 0.3980 24
n-Decane 617.50 20.97 . 0.4890 24
n-Tetradecane 691.58 15.62 0.6442 61
n-Eicosane ‘ 766.60 10.69 - 0.8791 64
n-Octacosane 845.40 . 8.30 1.1070 61
n-Hexatriacontane 901.10 6.80 1.2850 61
n-Tetratetracontane 944.30 6.00 1.4180 61
Ethene 282.34 50.40 0.0910 65
Propene 365.57 46.65 0.1440 65
1-Butene 419.95 40.43 0.1910 63
1-Hexene 504.03 31.43 0.2850 63
Cyclopropane 398.25 55.75 0.1300 63
Cyclobutane 460.00 49.85 0.1810 63
Cyclohexane 553.50 40.74 0.2100 63
Cyclooctane 647.20 35.67 0.2360 63
trans-Decalin 687.10 31.40 0.2700 63
Benzene 561.75 48.76 02120 63
Toluene 591.80 41.04 0.2630 63
Argon v 150.86 49.05 0.0010 65
Carbon Dioxide 304.20 73.76 0.2390 63

Water 647.13 220.55 0.3440 66




"~ TABLE VI
PURE FLUID PARAMETERS FOR THE SPHCT EQUATION OF STATE (25)

T* v* c

Compound (K) ~ (cm3/mol)

Methane 80.050 18.889 1.0298
Ethane 120.73 26.988 1.2485
Propane ~136.94 35.876 1.5015
n-Butane . 151.73 43.922 1.6867
n-Octane 177.91 74.084 2.6453
n-Decane 186.03 193.130 3.0697
n-Tetradecane - 196.70 127.416 3.9218
n-Eicosane 205.98 181.657 5.1600
Ethene ' 111.58 24.684 1.2379
Propene  133.85 31.881 ; 1.5267
1-Butene . 157.89 40.457 1.5212
1-Hexene 255.90 26.597 - 1.0854
Cyclopropane 252.76 13.699 0.6646
Cyclobutane 312.12 13.976 0.6413
Cyclohexane 199.49 49.825 1.7077
Cyclooctane 212.41 69.815 2.1068
trans-Decalin 381.13 29.826 0.9682
Benzene 192.59 41.457 1.8866
Toluene 205.78 52.971 1.8921
Argon 63250 14.275 1.0270
Carbon Dioxide 104.32 14.486 1.9258

Water | 225.08 9.0710 2.0233




TABLE VII
PURE FLUID PARAMETERS FOR THE PGR EQUATION OF STATE (26)

T* v* c

Compound (K) (cm3/mol)

Methane 81.287 ' 23.180 1.0000
Ethane 121.46 30.817 1.2545
Propane ' 143.01 40915 1.3990
n-Butane _ 157.04 . 50.202 1.5973
n-Octane 189.10 84.736 2.3581
n-Decane - 201.84 105.16 2.5979
n-Tetradecane - 206.31 155.95 3.5223
n-Eicosane 208.53 204.99 5.2086
n-Octacosane 218.51 286.38 6.5399
n-Hexatriacontane 230.91 395.89 7.0828
n-Tetratetracontane 234.06 491.49 8.1107
Ethene 112.58 : 27.566 1.2402
Propene 138.78 36.804 1.4365
1-Butene 158.68 47.191 1.5180
1-Hexene 170.35 73.850 2.0271
Cyclopropane 156.97 33.757 1.3242
Cyclobutane 177.17 41.313 1.4512
Cyclohexane 205.40 59.327 1.6119
Cyclooctane 227.67 77.828 1.8601
trans-Decalin 203.89 161.70 2.4709
Benzene 205.02 48.701 1.6738
Toluene 212.37 60.107 1.7995
Argon 64.055 16.928 " 1.0000
Carbon Dioxide 11131 18.052 1.6565
Water 231.08 10.352 1.9365

Hydrogen | 20.555 18.434 . 0.38545




TABLE VIII
EVALUATION OF PURE FLUID VAPOR PRESSURE PREDICTIONS

Peng-Robinson SPHCT PGR This Work
Component RMSE %AAD RMSE %AAD RMSE %AAD RMSE %AAD
bar bar bar - bar
Methane 0.162 1.6 0.444 3.8 0.383 1.6 0.032 0.5
Ethane 0.075 3.5 0.721 44 0.685 25 0.536 22
Propane ‘ 0.074 5.8 0.721 3.7 0.053 0.0 : 0.203 0.8
n-Butane 0.094 1.7 0.764 4.5 0.311 1.7 0.100 0.5
n-Octane 0.050 2.0 0.408 42 . 0.259 25 0.258 2.1
n-Decane | 0.063 39 0.489 - 3.6 0.551 2.2 0.424 27
n-Tetradecane 0.030 7.3 0.021 1.3 0.036 1.8 0.014 0.7
Ethene 0.056 2.8 0.923 4.1 0.719 2.1 0.077 2.6
Propene 0.053 1.2 0.655 4.0 - 0.710 23 0.203 1.1
1-Butene 0.052 10.3 0.685 33 0.271 0.8 0.247 09
1-Hexene 0.039 1.1 0.227 0.9 0.171 1.6 0.158 0.8
Cyclopropane 0.072 1.6 0.384 1.0 0.150 0.5 0.086 0.5
Cyclobutane 0.061 0.5 - 0378 1.2 0.411 . 0.9 0.286 1.1
Cyclohexane 0.029 2.1 0.668 22 0.284 1.0 0.283 0.7
Cyclooctane 0.176 73 1.029 4.0 0.182 1.0 0.207 1.2
trans-Decalin 0.049 119 0.009 0.8 0.002 0.1 0.004 03
Benzene 0.082 2.1 0447 3.8 0.963 2.7 0.522 2.1
Toluene 0.056 1.8 1.105 4.1 0.162 1.0 0.145 1.0
Argon 0.110 04 0.338 23 1.012 27 0.609 1.8
Carbon Dioxide 0.344 2.2 0.651 3.0 0.582 23 0.384 0.5
Water 0.829 4.7 3.763 7.0 4.824 6.5 1.792 4.1
Overall 0.243 3.8 1.094 33 1.268 1.7 0.207 1.3
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. N Y L= Y .
%A.AD — i z calc,i exp,i

x100 , ’ 3-9
N< (3-9)

exp,i

respectively. In both equations, Y stands for a property being evaluated.

Table VIII shows the results -Qf the vapor pressure predictions for the modified
PGR equation of state along with the results obfained from the PR, original SPHCT and
original PGR equations. The comparisons shown in Table VIII are based on vapor
pressures greater than 0.007 bar (0.1psia) and reduced temperatures less than 0.95. The
SPHCT and PGR equations showed poor vapor pressure prediction bélow 0.007 bar (24,

25, 26). The overall RSME and %AAD are defined, respectively, as

N

(Ycalc,i - Yexp,i )2

M
2N,

=l

i i
(RMSE),,., = | ==

overall =

(3-10)

and

M Nj

. Yca c,i —Yex ,i M

Z;ZE‘—P— x100 Z(Nj(/"AAD)j)
(%AAD),  y = =& G-11)
2N, 2N,

=1 =

M indicates the total number of pure components analyzed and N; is the number of data
points of the jth component. For vapor pressures, the overall RSME is 0.2 bar and the
overall %AAD is 1.3. The overall %AAD for the modiﬁed PGR equation is less than
half of those for the PR and SPHCT equations and 20% less than that for the original

PGR equation. The overall RSME of the modified PGR equation is less than the original
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PGR equation and one third of that of the original SPHCT equation. However, a slightly
higher overall RSME value than the PR equation indicates that the modified PGR
equation produced less evenly distributed errors. Among these equations considered, the
modified PGR equation of state showed the best vapor pressure predictions.

In fhe prediction of vapor pressures for afgon, .cyclobutane, and n-octane, the
modified PGR equation performed worse than the PR equation while the modified PGR
equation performed mostlSI befter than the original SPHCT and the original PGR
equations. Otherwise, the modified PGR yequations gave better predictions than the PR
equation, which implies the superiority of the segment-segment interactions model to that
of molecule-molecule interactions model in predicting the vapor pressure for heavy as
well as light compounds. In comparison, for vapor pressures of carbon dioxide and a
highly polar fluid, such as water, the original SPHCT and original PGR equations of state
yielded worse results than the PR. This drawback is shown to be lessened using the
modified PGR equation (%AAD of 0.5 énd 4.1, respectively), albeit the RSME values of
the modified PGR equation are higher than that of the PR. Accordingly, the performance
of the modified PGR equation is generally better than the PR, the original SPHCT and the
original PGR equations of state in predicting vapor pressilres of pure fluids over the full
saturatioﬁ range.

Tables X and X show the results for saturated Hquid and vapor density
predictions of the PR, oﬁginal SPHCT, original PGR; and modiﬁéd PGR equations. For
saturated liquid densities, the overall RMSE of 0.02 g/cm?3 and %AAD of 2.8 are
obtained. In spite of its larger vapor pressure errors for argon, the modified PGR

equation shows much better results for the liquid density of this component. Like the PR



EVALUATION OF PURE FLUID LIQUID DENSITY PREDICTIONS

TABLE IX

Peng-Robinson SPHCT PGR This Work
Component RMSE  %AAD RMSE _ %AAD RMSE %AAD RMSE %AAD
g/cm3 g/em3 g/cm3 g/cm’
Methane 0.036 8.8 0.028 7.0 0.017 4.6 0.004 1.1
Ethane 0.030. 5.5 0.045 7.8 0.010 2.1 0.013 2.8
Propane 0.032 5.6 0.047 7.8 0.014 2.7 0.012 2.1
n-Butane 0.029 5.0 1.049 7.9 0.022 43 0.017 2.8
n-Octane 0.030 52 0.062 9.9 0.042 7.7 0.042 7.1
n-Decane 0.043 7.2 0.068 11.5 0.028 4.9 0.008 0.9
n-Tetradecane 0.079 8.8 0.002 0.3 0.020 29 0.000 0.2
Ethene 0.041 7.1 0.037 7.4 0.011 2.2 0.016 2.7
Propene 0.041 6.6 0.039 7.6 0.022 4.2 0.020 3.6
1-Butene 0.024 39 0.024 3.7 0.017 29 0.020 29
Cyclohexane 0.018 2.6 0.029 4.1 0.022 3.9 0.017 2.0
Benzene 0.038 5.6 0.072 9.3 0.043 6.2 0.042 6.1
Toluene 0.027 2.9 0.060 7.2 0.033 - 4.8 0.027 33
Argon 0.145 10.0 0.077 5.9 0.018 14 0.014 1.0
Carbon Dioxide 0.047 44 0.051 4.5 0.047 4.5 -0.048 43
Water 0.156 19.5 0.077 8.3 0.032 3.6 0.041 34
Overall 0.062 6.8 0.052 6.9 0.028 3.8 0.017 2.8
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EVALUATION OF PURE FLUID VAPOR DENSITY PREDICTIONS

TABLE X

Peng-Robinson SPHCT PGR This work
Component RMSE %AAD RMSE %AAD RMSE %AAD RMSE %AAD
g/lem3 g/em3 g/em3 g/cm3
Methane 0.002 3.1 0.007 6.6 0.006 5.0 0.002 34
Ethane - 0.001 4.0 0.006 7.1 0.002 2.0 ~0.003 2.2
Propane 0.001 6.1 0.006 53 0.004 3.6 0.003 2.7
n-Butane 0.001 2.1 0.010 6.5 0.005 2.2 0.002 2.6
n-Octane 0.001 23 . 0.009 8.1 0.005 4.1 0.006 44
Ethene 0.001 29 0.008 6.5 0.002 1.7 0.003 39
Propene 0.000 1.6 0.009 6.1 0.003 1.5 0.005 2.5
Benzene 0.002 2.8 0.014 7.1 0.008 3.0 0.009 34
Toluene 0.004 4.0 0.009 5.1 0.003 2.2 0.001 1.8
Argon 0.003 14 0.014 4.0 0.003 14 0.007 1.6
Carbon Dioxide 0.001 2.7 0.015 . 4.6 0.007 23 0.012 53
Water 0.003 6.0 0.017 113 0.010. 6.6 0.015 8.6
Overall 3.6 0.011 6.4 0.006 3.1 0.007 3.7

0.002
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equation of state, the modified PGR is observed to be less accurate than the original PGR
equation for ethane. However, the overall performance for pure fluid liquid density
predictions of the modified PGR equation of state exceeds those of the PR, the original
SPHCT, and the original PGR equations of state.

For saturated vapor densities, an overall RMSE of 0.007 g/cm? and %AAD of 3.7
are obtained. The overall RSME and %AAD of the modified equation are higher than
those of the original PGR.equation w}iich are 0.005 g/cm3 and 3.1%, respectively. The
results show that the vapor density prédictive capability of the modified equation exceeds
that of the original SPHCT equation of state and is cc)rriparable to that of the PR equation.

The modified equation is better than the PR, original SPHCT and original PGR
equations in representing both vapor pressure and saturated liquid densities of pure fluids.
While the PR and original PGR equations show comparable performance in predicting
the saturated vapor densities of pure fluids (%AAD of 3.6 and 3.1, respectively), the
SPHCT equation showed the worst results for saturated vapor density predicticins
(%AAD of 6.4).

Figures 7 to 9 show the experimental and calculated phase envelopes for methane,
ethane, and propane. The calculated properties are obtained from the vapor-liquid
equilibrium calculations at selected temperatures. As shown in Figures 7 and 9, the
proposed equation prqvides accurate saturated liquid density predictions while larger

. deviations occur in cvalculating the saturated vapor densities near the critical points. The
phase envelope plot for ethane in Figure 8 shows a relatively constant deviation from the
experimental values on the saturated vapor side and larger deviations near the critical

point on the saturated liquid side.
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Table XI presents the pure-component parameters of the modified PGR equation
of state. The parameters follow the general behavior of those of the SPHCT and PGR
equations. The characteristic temperature, T*, is proportional to the normal boiling point
of the compound. The characteristic volume, v*, increases as the molecular size of the n-
paraffin increases. The trend for the degree of freedom parameter, c, is similar to the
characteristic volume. Figures 10 to 12 show the pure-component parameters of several
normal pafafﬁns as a function of their carbon number. In Figure 10, the characteristic
temperature shows an asymptotic behavior as the carbon number increases; n-octane
deviates slightly from the trend of the other paraffins. The characteristic volume and the
degree of freedom parameter are almost linear relative to the carbon number of the
compound. For heavier n-paraffins such as n-C,,, n-C,;, n-C,4, and n-C,,, accurate pure
component parameter determinations were not easy due to the scarcity of available
saturation data. For these components, both pure component and binary mixture data
were used simultaneously td obtain accurate para’metérs. The resulting trends of the pure-
component parameters are similar to those of the original SPHCT, modified SPHCT (26),

and original PGR (25) equations of state.

Conclusions and Recommendations

The universal constants and the substance-specific characteristic parameters of the
modified Park-Gasem-Robinson (PGR) equation of state for selected pure components

were obtained from the pure component vapor pressures and saturated phase densities.



TABLE XI
PURE FLUID PARAMETERS FOR THE MODIFIED PGR EQUATION OF STATE

T* v* c

Compound (K) (cm3/mol)

Methane 81.217 20.413 1.0000
Ethane 116.67 27.809 ' 1.3459
Propane : 137.74 37.752 1.4821
n-Butane , 151.59 46.941 1.6862
n-QOctane 180.89 79.449 _ 2.5204
n-Decane 191.32 90.444 2.8887
n-Tetradecane 199.87 137.78 3.7097
n-Eicosane 213.75 180.99 4.,6851
n-Octacosane - 212.96 249.00 6.6735
n-Hexatriacontane 208.07 307.01 9.4587
n-Tetratetracontane 212.25 345.81 _ 10.889
Ethene 107.38 - 25.880 1.3452
Propene 133.45 34.359 1.5260
1-Butene 150.31 44.345 1.6533
1-Hexene 169.65 63.663 2.0272
Cyclopropane 140.11 37.070 1.5685
Cyclobutane 180.86 32.561 1.4232
Cyclohexane 197.62 53.480 1.7204
Cyclooctane 231.08 61.238 1.8287
trans-Decalin 207.06 123.79 2.4176
Benzene 196.03 44.800 1.8007
Toluene 203.28 55.991 1.9281
Argon 62.793 15.451 - 1.0269
Carbon Dioxide 106.02 ~ 16.096 1.8331
Water 228.95 9.4878 1.9452

Hydrogen 20.556 18.434 0.38545
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According to the comparison results, the modified PGR equation of state is superior to
the PR, original SPHCT, and original PGR equations of state in the prediction of vapor
pressure and saturated liquid density. The saturated vapor densities from the modified
PGR equation (%AAD of 3.7%) are better than the original SPHCT equation, while the
other equations (the PR and original PGR equations) are comparable. The original PGR
equation is the best émong the equations considered in representing saturated vapor
densities (%AAD of 3.1%). The modification reduces %AAD of the vapor pressure
calculation from 1.7% to 1.3% (23% improvement) and of the saturated liquid density
calculation from 3.8% to 2.8% (26% improvement). However, the modification
worsened the saturated vapd_r density prediction capabﬂity'from %AAD of 3.1% to that of
3.7% (19% increase).

For most of the systems, the modified equations performed better than the PR,
SPHCT and original PGR equations in representing vapor pressures and saturated phase
densities. However, the modified PGR equation of state produces larger deviations in the
saturated vapor densities near the critical region. Like the other equations of state, the
pure-component parameters of the modified PGR equation exhibit a systematic trend with
carbon number. This distinct behavior of the pure component parameters indicates that
the’pure component parameters can be generalized eésily.

Based on the present work, the following future investigations are recommended.

1. The equation of state constants and the pure component parameters of the equation
should be obtained from data covering the entire p-v-T surface, including volumetric

properties in the single-phase region.
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. Evaluations of the equation with the parameters obtained by including critical-point
constraints should Be pursued.

. Evaluation and implementation of a volume translation strategy should be performed.
. Generalization of the pure component parameters for n-paraffins should be

undertaken to expand the applicability of the equation of state.



CHAPTER 4

EVALUATION OF THE MODIFIED PGR EQUATION OF STATE
FOR SELECTED BINARY MIXTURES

Abstract

The Park-Gasem-Robinson (PGR) equation of state modifications discussed in
Chapter 2 were investigated in applicatiohs to selected binary mixture systems. A set of
mixipg rules was proposed for the modified equation of state to extend its predictive
capabilities to mixtures. The predictive capability of the modified PGR equation of state
for bubble point pressures was evaluated for selected carbon dioxide + normal paraffins,
ethane + nbrmal paraffins, and hydrogen + normal paraffins.

Three case studies for the use of an interaction parameter (C;) were performed for
the binary mixtures considered. For a given solute, the cases are (1) predictions without
~any interaction parameter, (2) with one interaction parameter for ee;ch solvent, and (3)
with one interaction parameter for each isotherm of each solvent. The predicted bubble
point pressures for the ethane + n-paraffin and carbon dioxide + n-paraffin binaries were
compared to those of the Peng-Robinson (PR), simplified-perturbed-hard-chain theory
(SPHCT) and original PGR equations of state for each case studied. For the hydrogen
binaries, comparisons were limited to the PR and original PGR equations using a system-

dependent (Case 2) or temperature-dependent (Case 3) interaction parameter. The
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predictive capability of the proposed equation is better or comparable to the PR, SPHCT
and original PGR equations of state for the ethane binaries (%AAD of 1.9) and the carbon
dioxide binaries (%AAD of 2.0). For the hydrogen binaries, the modified PGR equation
showed much better performance (%AAD of 1.7) than the original PGR equation and

very comparable to the PR equation.

Introduction

Accurate knowledge of equilibrium propérties is one of the k.ey factors in most
calculations for chemical processes such as separation and purification. Equations of
state are widely used for mixtures of nonpolar and slightly polar substances. The present
chapter describes tests of the proposed equation of state for vapor-liquid equilibrium
predictions of selected asymmetdc mixtufes.

The one-fluid approach, introduced by v'én der Waals, is the most commonly used
method for extending equations of state to nonpolar mixtures (74). This one-fluid
approach assumes that the properties of a mixture are equivalent to those of a
hypothetical pure component at the same temperature and pressure with the characteristic
constanfs properly averaged over the composition (74). The averaging function of the

one-fluid mixing approach is.quadratic in mole fraction and expressed as

LEDIPIET T (1)

On the right hand side of Equation (4-1), p; is an equation of state constant for pure

component i and p; (i # j) is obtained by an appropriate combining rule with or without



binary interaction parameters. The standard method for introducing a binary parameter,
C;, into the mixing rule is to assume a corrected geometric mean rule for the energetic

interaction parameter such as ‘a’ in the cubic equation of state

aj E(aiaj)l/z (l'cij) . (4-2)

This classical one-ﬂuid method is very simple and reliable, primarily for nonpolar
mixtures. However, compared to the other mixing rules, more computational difficulties
were reported with vBenedict-Webb-Rubin (BWR) type equations (31).

The van der Waals mixing rules fail to give satisfactory results for complex
mixtures at extreme conditions of pressure or density; tﬁis has led to the development of
new mixing rules. Mixing rules used in conjunction with a “shape factor” approach are
proposed by several researchers. Lee et al. (76) extended the van der Waals one-fluid
mixing rule by using an additional éorresponding-states parameter. Johnson and Rowley
(77) employed mixing rules based on a three-parameter principle of corresponding states
(PCS) proposed by Wong et al. (78) for their extension of the Lee-Kesler method (ELK)
to pplar mixtures. The mixing rules in explicit corresponding-states format require one
binary parameter employed and the computation time differs according to the reference
equation of state. Applicability of these mixing rules is limited primarily to nonpolar and
weakly polar mixtures (74;76).'

Huron and Vidal claimed that any mixing model that gives' a finite excess Gibbs
free energy at infinite pressure can be used to construct a mixing rule (79) for the SRK

»

equation. Their mixing rules are
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(b) =Y zb, (4-3)

and
= Za - E0x)] -

where values of C* for SRK and PR are 0.6931 and -0.6232, respectively. Since Huron
and Vidal developed the Basic idea of excess Gibbs free energy mixing rules, similar
models have been proposed. Vidal derived the infinite-pressure limit of the excess Gibbs
energy calculated from the Redlich-Kwong equation with quadratic mixing rules (80).
The local composition models of Wilson (28) and NRTL (29) are typical examples of the
excess Gibbs energy'modéls. Wong And Sandler intrbduced a similaf mixing rule (Wong-
Sandler mixing rule) that is also based on the idea of equating free energies at infinite
pressure (81). However, the Wang-Sandler mixing rule makes use of the excess
Helmholtz free energy of mixing rather than the Gibbs free energy. This mixing rule is
simpler than the mixing rules that use the excess Gibbs free energy.

Mansoori and Lerand (82) introduced density-dependent mixing rules. They
postulated that for mixtures of molecules differing in size, better results can be obtained
by allowing the mixture parameters to be a function of composition and density.

The lack of fit of an equation of stéte in representing equilibrium properties of
mixtures may be due to inherent deficiencies in the equation and/or the mixing rules
applied. Normally, binary interaction parameters are required to improve the predi;:tive

capability of an equation of state. These binary interaction parameters (characterizing



interaction between different species in the mixture) are commonly obtained from a small
amount of experimental data. The parameters thus obtained can be generalized to expand
the capability of the equation of state.

In the present work, the one-fluid mixing rules of van der Waals with one binary
interaction parameter are introduced to improve the‘ VLE prediction capability. These

interaction parametérs are evaluated for ethane, carbon dioxide and hydrogen binary

mixtures with n-paraffins.

Literature Review

Chemical pfocess design for separation processes, such as distillation and flash
separations require thermodynamic models for phase equilib‘rium calculations. Accurate
predictive methods are of great importance for efficient design of separation units.

Numerous equations of state have been presented in the literature for calculating
vapor-liquid equilibria and thermodynamic properties of mixtures. A comprehensive
comparison of mixing rules was presented for nonpolar and weakly polar binary mixtures
(83). These included the one- and two-fluid conventional mixing rﬁles, the pressure; and
density-dependent mixing rules, and two mixing rules based on the excess Gibbs free
energy. The two-fluid mixing rules were reported to give the bést fésults and the density-
dependent mixing rules gave poor predictions for systems where one component is highly
supercritical.

Marrucho et al. (84) modified the extended corresponding-states mixing rules to

obtain theoretically-correct composition dependence for the second virial coefficient.
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The modified mixing rules were applied to analyze selected binary mixtures of natural
gas. Clarke et al. (85) applied their modified versiqn of extended corfesponding—states
mixing rules to binary and ternary mixtures. The model represented single-phase and
VLE properties well over a wide range of compositions. However, in these studies, no
comparisons with the other mixing rules were made.

Liand Huang (86) applied the density-dependent mixirig rules to polar and
strongly nonideal fluid systems. The augmented hard sphere equation of state was used
to evaluate the capability of the mixing rules. The model was cor_npafed with the van der
Waals one-fluid mixing rules (VDW) and provéd to be comparable to the VDW for polar
systems and supérior to the VDW for strdngly nonideal systems. Alvarado and Eubank
(87) examined the density-dependent mixing rules and the van der 'W“aals one-fluid
mixing rules with the _Redlich-Kwong equation of state. The density-dependent mixing
rules produced better results than the one-fluid mixing rules without interaction
parameters. They concludéd that the density-dependent mixing rules are highly complex
for every equation of state except the van der Waals equation of state.

Recently, numerous mixing rules based on the excess Gibbs free energy (79, 88-
92), Helmholtz energy (81, 88), and ’enthalpy (93, 94) have been studied by various -
researchers. Studiés by Kalospiros and Tassios (89) ahd Kaiospiros et al. '(90). showed
that two modified Huron-Vidal mixing rules (MHV1 and MHV2) can be directly and
easily applied to the prediction of VLE in polymer solutions. Orbey and Sandler (88)
pointed out the drawbacks generated by replacing theb original mixing rules based on the
excess Gibbs free energy with the convenient mixing rules based on the excess Helmholtz

energy. Fliho and Costa (95) studied the influence of the three mixing rules that
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incorporate excess Gibbs energy models. The SRK equation was applied to several
liquid-liquid binary mixtures. According to their work, the Wong-Sandler mixing rules
were superior to the others for weakly p‘olar- and strongly polar-nonpolar and strongly
polar-strongly polar binary systems. Huang et al. (96) showed that an extended PR
equation of state and the Wong-Sandler mixing rules can correlate hydrogen +
hydrocarbon system's successfully. The resufts were compared to van der Waals one-fluid
mixing rules. Their work.concluded that the three parameters of the Wong-Sandler
mixing rules can be generalized in terms of temperature and the acentric factor of the
hydrocarbon. Furthermore, the exfrapolation of the parameters, which is one of problems
in mixing rules, was reported to be solved. Other extensive comparisons of selective
excess Gibbs free energy fnixing rules in the prediction of vapor-liquid equilibria in
asymmetric binary (9’7) and ternary (98) systems were presented. For both asymmetric
binary and selected ternary systems, unlike the results by Huang et al. (96), the Wong-

Sandler mixing rules showed poor performances.

The Equation of State for Mixtures

Mixing rules are required to extend the applicability of an equation of state to
mixtures. The assumption inherent in mixing rules is that the same equation of state used
for pure fluids can be used for mixtures with a satisfactory way of obtaining the mixture
parameters. The mixing rules empléyed by Park (26) are used in this study after
appropriate modification is made for the temperature-dependent part in the attractive

term.



For pure fluids, the second virial coefficient of the modified equation of state is

B=c[p,t-(1+Q,)z, Y]V’ | (4-5)

In order to satisfy the quadratic combining rules of van der Waals for a mixture, the

following relationships must be satisfied

c[p,t-@ +Q1)ZM'Y]v‘ = zN:izizj(Bltcv‘ —c(1+Q,)Zy YV ), (4-6)

]
=l =l

where N is the total number of components in the system.
In the cross-terms, the geometric average for energy paraineter (g;) and the
arithmetic average for volume parameter (dij) were selected for use. The mixing rules

“adopted in this study are similar to those of the SPHCT equation of state

cv )= » Z,Z.C,V} B @7
() =22 zzevi

i=l j=1

(v')= Zi 7,2,V (4-8)

i=l j=1

where

3

= 4-9
V=22 (4-9)

and z; and z; are the mole fractions of component i and j, respectively. Equations (4-7)
and (4-8) are the same as those of the original PGR equation of state. When the
employed mixing rules are applied to the modified temperature-dependent term, the

resulting expression is
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<CYV‘> = iizizjci(eXp(Ft )ij “1)V;i (4-10)

where
(F) Ti; 172 Ti; Ti; 3/2 Ti; 2 ‘ o
=0 —=| +to,—|+0,]—]| +o0, — -11
Vi 2T Zler) ler P4 21 (11
* 8i'qi 7 :
T, =?{_ | (4-12)
1
oij=§(cﬁ+ojj)(1+Dij) - | (4-13)
and

g; = Jeag; 1-C;) @1

The properties in anguiar brackets, (), are for the mixture. The D;; and C; in Equations
(4-13) and (4-14) are the co-volume and energetic interaction parameters, respectively. In
this study, the co-volume interaction parameter was set to zero and the energetic
interaction parameter was the only concern.

According to the expres.sions shown above, the modified version of the PGR

equation of state for mixture systems becomes

Blr<cv'> Z, <ch'>v | Q,Z,, <ch'>

Zk=1+ - 5 -
v—th<v > V2 +u<v‘>v+w<v'> V+Q2<V >

(4-15)

When the hard core radii, 6, in Equation (4-13) are the same and the co-volume
interaction parameter, D;, is set to zero for all components in a mixture, v:j may be

expressed as
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(4-16)

For ethane binary mixtures, Equation (4-16) is applied in calculating v,J For carbon
dioxide binary systems, Park (26) perforrnedv preliminary calculations of the hard sphere
radius, o, of carbon dioxide and normal paraffins and found that they are almost
equivalent. Thus, Equatién (4-16) is also used for carbon dioxide + normal paraffins
binary systems. Due to a scarcity of information about the hard sphere radius for
hydrogen, the same assumption which was used by Park is used in this work. This
assumption along with a zero value for D;; leads to the linear mixing rule for the
characteristic volume of a mixture, as shown in Equation (4-16). These assumptions
simplify the mixture versic;n of the equation of state. Another reason for this
simplification is to avoid the use of multiple interaction parameters.

As suggested in several previous works (9, 24-26), a constant characteristic
energy term in Equation (4-12) is used throughout the evaluation of the modified
equation of state for the binary mixtures considered in this study. As a consequence, the
expression for Ti; can be written as

Ti; = T; (1 "C")

U (4-17)
Tj = Tu (1'—- Cij)

n
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The Binary Mixture Database

The databases used in evaluating the modified equation of state for mixtures are
the same as those used by Park (26) for ethane, carbon dioxide and hydrogen binaries
with n-paraffins. The ethane + n-paraffin binary database consists of bubble point
pressures (p at fixed x) or, equivalently, ethane solubilities (x at fixed p) at different
temperatures. The datab’ase covers solvent molecular sizes extending from n-butane (C,)
to n-tetratetracontane (C,,), temperatures from 310.9 to 423 K and pressures to 82.4 bar.
In the present work, the normal paraffin solvents selected are n-butane, n-octane, n-
decane, n-eicosane, n-octacosane, n-hexatriacontane and n-tetratetracontane. The normal
paraffin solvents selected for the evaluation of carbon didxide binaries are n-butane, n-
decane, n-eicosane, n-octacosane, n-hexatriacontane and n-tetratetracontane. The carbon
dioxide binary database covers temperatures from 310.9 to 510.9 K and pressures to
172.4 bar. The database for hydrogen + n-paraffins covers solvent molecular size
variations from n-butane to n-hexatriacontane,vtemperatures from 323.2 to 573.3 K and
pressures ‘up to 173.9 bar. Ranges of temperature, pressure and mole fraction considered
in the ethane, carbon dioxide and hydrogen binary mixture database are shown in Tables

XII to XIV.
Results and Discussion

Bubble point pressure predictions were performed at various temperatures and
liquid phase compositions using the modified PGR equation of state. The equation was

evaluated using the binary mixtures of ethane, carbon dioxide and hydrogen with normal
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TABLE XII
ETHANE + N-PARAFFIN SYSTEMS USED IN MODIFIED
EQUATION OF STATE EVALUATIONS

Solvent Temperature Pressure H, Mole Source
Range, K Range, bar Fraction Range (# of pts)
n-C, 338.7-3943  324-503 0.118-0.753 99

(19)
n-Cq 323.2-373.2 4.1-52.7 0.047 - 0.863 100
(33)
n-Cy, 3109-4109 4.2-824 0.105 - 0.638 101
- G0
n-C,, 3232-4232 5.0-76.9 0.118 - 0.653 102
| (19)
n-Cyq 348.2-4232  5.6-51.8 0.102 - 0.520 103
24)
n-Cy 373.2-4232  3.7-47.6 0.087-0.531 102
| (13)
n-Cyy 373.2-4232  39-317 0.099 - 0.516 102

(16)
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TABLE XIII
CARBON DIOXIDE + N-PARAFFIN SYSTEMS USED IN MODIFIED
EQUATION OF STATE EVALUATIONS

Solvent Temperature Pressure H, Mole Source
Range, K ~ Range, bar ~ Fraction Range (# of pts)

n-C, 310.9-4109 55-754 0.002 - 0.908 104
- (52)
n-ClO 3109-5109  35-1724 0.045 - 0.864 105
| (70)
n-C,, 3232-3732  6.2-67.6 0.073 - 0.501 106
. (22)
n-Cyq 323.2-4232  8.1-96.0 " 0.070-0.617 106
- (23)
n-Cy¢ 373.2-4232 52-865 0.062 - 0.502 106
(18)
n-C,, 373.2-4232  5.8-70.8 0.082 - 0.502 106

(14)
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TABLE XIV
HYDROGEN + N-PARAFFIN SYSTEMS USED IN MODIFIED
EQUATION OF STATE EVALUATIONS

Solvent Temperature Pressure H, Mole Source
Range, K Range, bar Fraction Range (# of pts)
n-C, 327.7-3943  27.78-168.8  0.0190-0.2660 107
(60)
n-C,, 3443-4232  37.07-1739  0.0369-0.1288 26
@1
n-C,, 323.2-573.3 © 9.940-1182  0.0113-0.1289 26,108
| 37
n-Cyg 348.2-5732  9.859-131.0  0.0206-0.1728 - 26,108
| v (33)
n-Cyq4 373.2-573.2 1022-167.5  0.0154-02272 26,108

@7




paraffins. Results were generated for three cases involving the use of interaction
parameters, as described in Table XV. Case 1 with no interaction parameter (C; = 0)
represents the raw predictive ability of the equation to predict bubble point pressures.
Case 2 is the most commonly used representation of the interaction parameter in
literature, in which a separate C; is usea for each binary mixture system. In Case 3, a
separate C;; is used for each‘isotherm of each binary system. Similar evaluations were
conducted using the PR, SPHCT and original PGR equations for ethane and carbon
dioxide binary mixtufes. For hydrogen binaries, evaluations were undertaken only with
the original PGR equation and the PR equation for Cases 2 and 3. The SPHCT equation
was not evaluated for hydrogen binaries because pure cofnponent parameters for the
equation are not available.

The following objective function was used in all model evaluations to obtain the

optimum interaction parameters

X ) .
> pcalc _pexp (4-18)
i=1 pexp ;

where p,,, is the experimental bubble point pressure and py, is the calculated bubble

SS =

!
M

point preséure. The regressed parameters through the above objective function leads to
the minimum value of average absolute percentage deviation (%AAD) in bubble point
pressure. The same regression and calculation methods used for the original PGR
equation of state evaluatioﬁ wére applied in this study. Details oﬁ the regression
technique and bubble point calculation method used in this work are described by Gasem

(61).
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TABLE XV

CASE STUDIES USED IN EVALUATING THE
MODIFIED PGR EQUATION OF STATE

Case  Interaction Parameter Description
1 C;=0 A simple mixing rule with no interaction
parameter.
2 C; (CN") A séparate value of C; is determined for each

binary mixture. The value of C; is dependent

only on the normal paraffin carbon number for a
given solute.

3 C; (CN",T) A separate value of C; is determined for each
binary mixture at each temperature. The value of
C; is-dependent only on the normal paraffin
carbon number and system temperature for a
given solute.

* Carbon number of the specific n-paraffin



The required fugacity coefficient expression for component i in a mixture was

derived for the modified PGR equation of state

Ing, =—Pr| L 15n2<cv->_<cv'>6n<v'> 1 Ve =Bt
B.((v)n on, (v') on, v

r

*[‘*"<<cvv*'>>‘<vl'> on,

z, on{eyv’) (evww)z an(v')) 2 (tan'l 2v. +u nJ
u2

anm} 1 [<ch'> 1 an<v*>] Zyv,

v, =B,7 -<V‘> <V'> on; |vi+uv +w

) TaE T T ) e w2
_ Zy an<CYV.>_<CYV‘> Zy an<V'> Qllnvr +Q,
() e ) () e )
- <CYV.>‘ ZM‘8n<V‘> Q -InZ | (4-19)
) ) o vt Qs |
where
6n<ch*> N . . .
P =§lzj(ciYijvji +chjivij)—<ch > : (4-20)
anaiv >=Zj;zg(v;+VL)-<v‘> | (4-21)
and

y | Ti; 1/2 Ti; Ti; 3/2 T,-; 271 1 (4 22)
. =exp| o, — + 0, — |+0,] — +o, —1 |- -
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Detailed derivation of the fugacity coefficient expression for components in a mixture is
given in Appendix C.
Results for the modified PGR, the original PGR, the original SPHCT and the PR

equations of state for the three cases studied are discussed below.

Ethane + n-Paraffin Systems

Bubble point pressure calculations for the three evaluation cases described above
were performed for ihe selected equations of state. A summary of the results is presented
in Table XVI. Detailed tables containing the complete statistics for each isotherm of each
case are shown in Appendix D. The modified version of the PGR equation showed the
best results in Case .1 (RSME of 1.55 bar and %AAD of 5.0) while the SPHCT equation
was the worst (RSME of 4.83 bar and %AAD of 16.6). This implies that the modified
PGR equation is the most accurate among the equations considered in predicting bubble
point pressures without any interaction parameter. With thé introduction of interaction
parameters (Cases 2 and 3), the modified PGR equation was still the best among the
equations considered. When the interaction parameters are considered to be independent
of system temperature (Case 2), the prediction capability of the modified equation exceed
that of thg other equations (RSME of 1.19 bar and %AAD of 2.8). In Case 3, the
modified equation was shown to be compatible to the origina_l SPHCT equation, which
showed the best results. The quality of fit for Case 3 is 4.1%, 1.6%, 2.8% and 1.9% for

the PR, the SPHCT, the original PGR and the modified PGR equations, respectively.



TABLE XVI

SUMMARY OF RESULTS FOR CALCULATION OF
BUBBLE POINT PRESSURES FOR ETHANE + N-PARAFFIN SYSTEMS

Peng-Robinson SPHCT Original PGR "~ This Work
Case Number ~ RMSE %AAD RMSE %AAD RMSE %AAD RMSE  %AAD
(bar) (bar) (bar) (bar)
1 2.06 9.5 483 16.6 3.95 7.7 1.55 5.0
2 1.79 4.4 1.29 32 2.47 5.1 1.19 2.8

3 1.77 4.1 0.78 1.6 1.34 2.8 0.68 1.9

¥8



The modified PGR equation performed much better than the PR and original PGR
equations.

Figure 13 shows the effect of the solvent molecular size on the optimum
interaction parameter for Case 2. For systems whose solvents are lighter than C,,, the
optimum interaction parameters obtained from the modiﬁed PGR equation are close to
the arithmetic mean of those from the SPHCT and the original PGR equations. Both the
original and modified PGR equations réquire smaller values for the interaction
parameters than the original SPHCT equations. The figure indicates thgt both the SPHCT
and modified PGR equations result in fairly constant interaction parafneters with
increasing carbon number as compared to those of the PR equation of state. This is one
of the typical characteristics of an equation of state based on segment-segment
interactions (25).

The effect of temperature on the optimum interaction parameters is shown in
Figures 14 to 17, in which the C;’s of Case 3 are plbtted for the modified PGR equation,
the original PGR equation, the SPHCT equation and the PR equation, respectively. As
can be seen from these figures, the modified PGR equation has interaction parameters
that are less sensitive to temperature than the other equations selected. This weak
temperature dependence of the interaction parameters may indicaté the adequacy of the
mixing rules used. The Cy’s of the original and modified PGR equations behave like
those of the cubic equation of state. The values decrease as the temperature increases-
while the interaction parameters of the SPHCT equation exhibit the opposite trend.

Comparison of Figures 14 and 15 indicate that interaction parameters from both
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Figure 15. PGR equation Interaction Parameter, C;;, Temperature and Carbon Number Dependence
for Ethane + n-Paraffin Systems.
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equations exhibit similar trends. Also a compactness in the parameter dispersion is

observed.

Carbon Dioxide + n-Paraffin Binaries

A summary of the bubble point pressure calculations‘ of carbon dioxide + n-
paraffin binary mixtures for three cases déscribed in Table XV is presented in Table
XVIL Detailed calculation results are shown in Appendix. D. ‘For the zero interaction
parameter case (Case 1), the modified PGR equation showed the best results among the
equations considered. Convergence problems were observed with the SPHCT equation
for the high pressure data points. This can be mainly because the SPHCT equation of
state was derived for nonpolar compounds. The origihal PGR equation performed the
worst for all cases. The original PGR equation and the modified PGR equation were less
sensitive to the introduction of the interaction parameters than the PR equation and the
SPHCT equation, which showed great improvements in the RSME and %AAD. Once the
interaction parameters were introduced, both the original and modified PGR equations
gave larger errors than the PR and SPHCT equations.

The relatively poor predictions of the modified PGR equations for Case 2 may be
caused by the character of the partition function of the P.GR:anud modified PGR equations.
The partition function of the PGR equation of sfate did not éxplicitly account for polar
effects (26). If the polar effects were considered in the partition( function for the segment- |
segment interaction models, better performances of the model would be expected.

Assumptions used in the simple one-fluid mixing rules may be another factor for these



TABLE XVII

SUMMARY OF RESULTS FOR CALCULATION OF BUBBLE
~ POINT PRESSURES FOR CARBON DIOXIDE + N-PARAFFIN SYSTEMS

Peng-Robinson SPHCT Original PGR - This Work

Case Numbér RMSE %AAD RMSE %AAD RMSE  %AAD RMSE  %AAD
(bar) (bar) (bar) : (bar)

1 13.45 19.9 1477%  268% 8.83 17.9 7.87 14.3

2 . 276 33 2.73 4.6 595 100 3.26 7.0

3 2.17 2.5 2.10 19 236 21 0.86 2.0

* Approximately 1/4 of the higher pressure data proints were predicted as being single phase.

4



poor results. Like in the case of the original PGR and SPHCT equations, a common
value of the hard core radius (o) and the square-well potential depth (€) are used for all
compounds. Actually, the hard core radius for the carbon dioxide molecule is different
from that of a segment in normal paraffins. Similarly, the attractive energy between the
carbon dioxide molecule and a segment in normal paraifﬁns is expected to be different. It
is likely that this assumption limits the capability of the equation.

For Case 3, the prédictive capability of the modified PGR equation (%AAD of
2.0) is almost identical to that of the SPHCT (%AAD of 1.9) and original PGR (%AAD
of 2.1) equations. However, the RMSE of the modified PGR equation (RMSE 0f 0.86
bar) was much smaller than that. of the other equations considered_(RMSE of 2.17 bar,
2.10 bar and 2.36 bar for the PR, SPHCT and PGR eciuations, respectively) which implies
that the errors of the modified equation are more eveniy distributed throughout the
isotherms. For all equaﬁons of state studied, temperature-dependent interaction
parameters (Case 3) are needed to obtain accurate predictions.

Figure 18 shows the effect of carbon number on the optimum interaction
parameter of Case 2 for all the equations considered. As with the ethane systems, the
modified PGR equation requires smaller interaction parameters than the PR, SPHCT, and
original PGR équations. The interactioh parameter values of the modified PGR and
SPHCT equations are less scattered than those of the other equations. The parameter
values for the modified PGR and SPHCT equations are relatively constant (0.02 and 0.06,
respectively) with increase in solvent molecular size. This makes extrapolations to

heavier molecular weight compounds for the CO, systems more reliable.
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The effect of temperature on the interaction parameters can be seen in Figures 19
to 22. Unlike the ethane + n-paraffin systems, Figu;e 19 shows a very strong temperature
dependence for the binaries containing heavy components. The figures indicate that the
interaction parameters are more sensitive to temperature than to the solvént molecular
weight. The magnitude of the température dependence for the modified PGR equation is
greater than that of the SPHCT equation‘and less than the PR and original PGR

equations. This observation matches the results for Case 3 in Table XVII.

Hydrogen + n-Paraffin Binaries

A summary of the bubble point pressure calculatiohs of hydrogen + n-paraffin
binary mixtures for selected cases are presented in Table XVIII. Detailed calculation
results are shown in Appendix D. Since all equations showed convergence problems for
the zero interacﬁon parameter case (Case 1), evaluations and comparisons were made
only for Cases 2 and 3.

The m;)diﬁed PGR equation performed worse than the PR equation in Case 2
(%AAD of 5.8 and 4.5, respectively) while the RSME values of the modified PGR were
lower than that of the PR equation (RSME of 4.06 bar and 5.23 bar, respectively). The
original PGR equation showed consideréble errors in Case 2. The modified PGR
equation appeared preferable to the PR and original PGR equations when the
temperature-dependent interaction parameters were introduced (%AAD of 1.7, 2.0 and

2.7 and RSME of 1.09 bar, 3.22 bar and 3.35 bar, respectively). Overall, the
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TABLE XVIII

SUMMARY OF RESULTS FOR CALCULATION OF BUBBLE
POINT PRESSURES FOR HYDROGEN + N-PARAFFIN

SYSTEMS
Peng-Robinson Original PGR This Work
Case Number RMSE %AAD RMSE %AAD "RMSE  %AAD
(bar) (bar) (bar)
2 5.23 4.5 ©30.29 33.2 4.06 5.8

3 3.22 2.0 3.35 2.7 1.09 1.7
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modified PGR equation is the most accurate among the equations considered in
predicting bubble point pressures. | -

‘Figure 23 shows the effect of carbon number on the optimum interaction
parameter of Case 2 for the equations considered. Unlike the ethane and carbon dioxide
systems, the modified fGR equation does not contain smaller interaction parameters than
the PR and original PGR equations. .Apparently, except for the n-C, system, the
interaction parameters of the original and modified PGR equation are almost equivalent
in magnitude wjth opposite signs. The interacfion parameter of the ilydrogen +n-C,
system is almost unthinkable. However, no error was detected during repeat runs.
Overall, the interaction parameter values for the selected equatioris are less sensitive to
the carbon number and may be treated as constants. This makes extrapolations to heavier
molecularb weight compounds for the H, systems more reliable.

The effects of temperature on the optimum interaction parameter are shown in
Fi gures 24 to 26. Both the ﬁodiﬁed and original PGR equations have interaction
parameters that are less sensitive to molecular weight of the solute than the PR equation.
The interaction parameters for the modified PGR equation showed less variation with
temperature than that of the original PGR equation, which may imply that the simple one-
fluid mixing rules were sufficient to describe the characteristics of binary mixture
systems. Also, the behaviors of the C;; values were opposite to those of the original PGR
equation. This observation was similar to that obtained from Figure 23. The C;’s from

the PR equation show a great deal of scatter in comparison with the other equations of

state.
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Since hydro gén is a quantum gas, its molecular potential energy is expected to be
significantly different from that of other compounds. Thus, the phase behavior of
systems invoIving hydrogen is different from other binary mixtures such as methane,
ethé.ne, carbon dioxide with n-paraffins, and the characteristics of the interaction
parameters showed noticeable differences. Nevertheless, the predictive capability of the

modified equation was more accurate than the other equations, for systems containing

hydrogen.

Conclusions and Recommendations

The modified Park-Gasem-Robinson (PGR) equation of state was evaluated using
binary mixture systems of ethane, carbon dioxide, and hydrogen with n-paraffins. The
systems contain simple mixtures such as ethane + n-butane and asymmetric mixtures
such as ethane + n-tetratetracontane systems. Simple van der Waals one-fluid mixing
rules with one interaction parameter, C;, were used in the evaluation. Throughout the
evaluations, the modified PGR equation predicted bubble point pressures within 2
%AAD with one temperature dependent interaction parameter (Cage 3).

For ethane + and carbon dioxide + n-paraffin systems, the bubble point pressure
prediction results of the modified PGR equation were compared to those of the PR,
SPHCT and original PGR equations.- With no interac;tion’parameter, the new equation
showed the best results among the equations tested. For ethane binaries, the segment-
segment interaction models such as the SPHCT, original PGR and modified PGR

equations showed better performance than the PR equation in Case 3. The modified PGR



equation showed better results than the SPHCT equation in Case 2. For carbon dioxide
binaries, the modified equation showed worse perfommce than the PR and SPHCT
equations in Case 2. In Case 3, the modified PGR equation showed comparable results to
the SPHCT equation.

For hydrogen + n-paraffin systems, the bubble point pressure predictions of the
modified PGR equaﬁon were compared to those of the PR and originél SPHCT
equations. In Case 2, the modified PGR éqﬁation gave worse predictions than the PR
equation. However, in Case 3, the modified equation performed better than the PR and
original PGR equations.

The effects of the carbon number and system temperature on the interaction
parameters were studiéd. The interaction parameters of the modified equation showed
less sensitivity to the carbon number for each binary system. The modified equation also
showed a weak temperature dependence, resulting in more flexibility. The fnodiﬁed PGR
equation hés less scattered interaction parameters with the carbon number and, thus, more
suitable for extfapolation.

Fundamental changes in the partition function( are still necessary for systems
containing polar cﬁmponents like carbon dioxide. Also, the assumptions regarding the
hard core radius and potential well depth fof various bcompoimds should be further studied
to improve mixture predictions. Further study on the mixing mles is needed to eliminate
the interaction parameter temperature dependence. The mixture database should be
expanded to include more types of chemical compounds for use in future equation of state
evaluations. bThe database should include other types of solute compounds (such as CH4,

H,S and N,) as well as a wider variety of solvent compounds.
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CHAPTER §

PREDICTING CALORIMETRIC PROPERTIES USING
SELECTED EQUATIONS OF STATE

Abstract

Previous evalﬁations of the modified Park-Gasem-Robinson (PGR) equation of
state have documented its ability to predict the equilibrium properties of many pure fluids
and mixtures. Shaver (25) has offered modiﬁéations to the SPHCT model, which have-
resulted in improved pure-fluid vapor pressure and phase density predictions. Park (26)
introduced a new form of an equation of state, the PGR equation of state, which is based
on segment-segment interactions. The predictive capability of the PGR equation was
evaluated for vapor pressure and phase densities of pure compounds and for bubble point
pressures of seiected binary mixture systems. The resulfs were shown to be better or
comparable to those of the Peng-Robinson (PR), original SPHCT and modified SPHCT
equations of state. In fhe previous chapters, the modified version of the PGR equation of
state was introduced and shown to yield better perfonﬁance than the original PGR
equation of state. In this work, the predictiVe abilities of the original SPHCT, modified
SPHCT and modified PGR equations of state for representing calorimetric properties are
evaluated. Specifically, the accuracy of enthalpy and entropy predictions using those

selected equations of state are compared to those of the widely used PR equation of state.
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The evaluations were conducted for six pure fluids of varying chemical structure
and covering the two-phase and single-phase regions. The results indicate that the
abilities of the PR, the original SPHCT, the modiﬁéd SPHCT and the modified PGR
equations of state to predict calorimetric properties are similar to their comparative
abilities to predict volumetric properties. The absolute avefage percentage deviations
obtained for liquid density, enthaipy, and entropy, respectively, are: 14.4%, 6.6% and
4.4% for PR; 7.1%, 9.0% .and 5.6% for the original SPHCT.; 12.8%, 11.6% and 8.7% for
the modified SPHCT; and 4.0%, 3.3% and 3.6% for the modified PGR equation of state.
Thus, the modified PGR equation appears to be more accurate in pfediéting calorimetric

properties than the other equations of state considered.

Introduction

- Analytic equations of state have long been recognized as the most convenient way
of representing equilibrium phase behavior for process design and optimization
calculations. The most commonly used analytic equations are the cubic van der Waals
type equations such as the PR and the Soave-Redlich-Kwong (SRK) equations. The
cubic equations are largely empirical and have been found to be iﬁherently deficient in
their ability to describe mixtures of small and large molecules, mixtures containing polar
and associative molecules and mixtures of polymeric compounds. In order to overcome
some of these deficiencies and to develop a more theoretically based equation of state
capable of describing both vapor and liquid phases, Beret and Prausnitz (5) and Donohue

and Prausnitz (6) developed the perturbed-hard-chain theory (PHCT). The PHCT model
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serves to bridge the gap between conventional equations of state and those used for
representation of polymeric iiquids. It is applicable to both liquid and vapor phases for
compounds ranging in structural complexity from rﬁethane to heavy hydrocarbons and
polymers. However, the drawback of the PHCT model is its complexity in
implementation. In 1986, Kim et al. (9) proposed a simplification to the PHCT equation
making it more conVeniént for engineéring calculations. Since its introduction, the
simplified perturbed-hard;chain theory (SPHCT) model of Kim et al. (9) has been studied
| by several investigators. Petérs et al. (109, 110) assessed the quality of the pﬁase
behavior predictiﬁns of the SPHCT for normal alkanes 6f various sizes and their
mixtures. Ponce-Ramirez et al. (46) applied the SPHCT equation to the prediction of
phase equilibria of CO, + hydrocarbon systems and showed that bubble point pressures
can be predicted for these systems with average errors of less than»S %. Gasem and
Robinson (24) evaluated the SPHCT equation of state for the prediction of phase
behavior of normal paraffins and mixtures of normal paraffins with ethane. They showed
that vapor pressures and saturated liquid densities of normal paraffins extending from
methane to n-Cy, can be predicted reasonably well by the SPHCT equation of state;
comparable predictions of phase compositions were obtained from the SPHCT and the

~ SRK equation of state for ethane + n-paraffin systems. Other studies on the SPHCT
model include those Qf Georgeton and T¢ja (111), van Pelt et al. (44) and Garcia-Sanchez
et al. (47). In this work, the above studies are complemented by evaluating the SPHCT

equation of state for prediction of calorimetric properties, for which there are no studies

available.



The SPHCT equation of state has a sound theoretical base in statistical
thermodynamics, and its underlying assumptions offer good opportunities for improving -
its ‘ability to predict thermodynamic properties. Shéver and coworkers (25) offered
modifications to the SPHCT model, Which yielded improved pure-fluid vapor pressure
and phase density predictions for é wide variety of pure fluids. For mixtures, the
modified SPHCT was found to be comparable to the original SPHCT model and the PR
cubic equation in predictiflg bubble point pressures, phase compositions and phase
densities. In the present work,v the modified version of the SPHCT model is also
evaluated for the prediction of calorimetric properties.

Park (26) intréduced a new equation of state model (PGR equation of state) which
is based on segment-segment molecular interactions. The PGR equation of state contains
the attractive term of both the cubic and SPHCT equations. This equation was evaluated
for the predictions of vapor pressure aﬁd phase densities for pure compounds and of
bubble point pressures for selected binary mixture systems. The result showed that this
equation was comparable to the PR equation and better than both the original and
modified SPHCT equations of state. In the present work, the modified version of the
PGR model is also evaluated for the prediction of calorimetric properties.

The evaluations were conducted using six pure fluids, covering thé two-phase and
the single-phase regions. The fluids considered included methane, ethane, propane,
benzene, carbon dioxide, and water. The predictive capabilities of the modified PGR,
original SPHCT and modified SPHCT models are compared to those of the PR cubic

equation of state. This assessment of the accuracy of enthalpy and entropy predictions
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"'using the SPHCT and its modifications serves as a valuable complement to the ongoing

efforts to evaluate and develop segment-segment interaction models.

The Equations of State

I'he Original and Modified SPHCT Equations of State

An approximz-ltion. for the canonical ensemble partition function for chain-like
molecules may be presented as a combination of contributions from the ideal gas, the -
molecular attractions, the molecular repulsions, the molecular translgtional contribution,
and the external and internal rotational/vibrational contributions (6). Kim et al. (9)
proposed a simple expfession for the attractive term of the partition function by using the
model of Lee et al. (23). Further, by adopting Carnahan and Starling's (18) expression for

hard-sphere molecular repulsion, Kim et al. (9) developed the following SPHCT equation

of state
Z=1+CZ,, +cZ,, (3-1)
where
Pv
Z=— 5-2
RT (5-2)
_ 46p)-2(5) 53
i (1 - 15)3
Z..a
Zy =—— (5-4)
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a=cv’ I:exp(%j - 1} “ (5-5)

and T = T/T*, p= v*/v; 1=0.7402, T* and v* are fhe characteristic temperature and
volume, réspectively, and Z,, is the maximum coordination number.

Shaver and coworkers (25) carried out an extensive study of the parameters of the
above SPHCT model using four selected fluids (methane, water; carbon dioxide and
benzene). They found thaf all property calculations were extremely sensitive to the
parameters T* and Z,,, and the parameters weré,strongly dependent on temperature. The
reason for the above behavior was attributed to the inadequacy in the temperature
dependence of the attractive term of the SPHCT equation of state. The effect of applying
critical point constraints to the SPHCT eduation was also investi'gated. Constraining the
SPHCT equation was observed to result in simple correlations to relate T* and v* toc .

Shaver et al. (25) investigated several modifications to the attractive term of the
constrained equation using vapor press‘ure data for four pure paraffins (methane, propane,
n-decane and n-tetradecane). They found significant improvement in the predictive
capability by including a polynomial correction to the temperature dependence within the
exponential part of the attractive term. The proposed modifications to the original
SPHCT equation of state included application of critical point constraints and

modification in the attractive term of the original e(juation as follows

Zatt == (5'6)

where
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a=cv'[exp(F,)-1] (5-7)

and
F, - Zb(—l—-J (5-8)

where b's are constants obtained by regression (25).

The Modified PGR Eguation of State

The equation of state proposed by Park (26) was based on the generalized van der
Waals partition function for chain-like molecules. The PGR equatioh of state utilized an
expression for the free volume of hard spheres inv.the repulsive term and augmented
generalized cubic equation of state attractive terms. A square-well potential was used to
describe the attractive energy between segments of molecules. In this work, this PGR
equation of state was modi.ﬁed to provide simplicity and flexibility as well as more

accurate prediction capability. The proposed modified PGR equation of state is

Y Y :
Z=1+c(' Pe ___o¥v, Qo ) (2-45)
v.-B,t vi+uv,+w v +Q, .

where

aY = Zh% [exp(Ft) - 1] | - (2-46)

1 1/2 1 1 3/2 1 2
F - m(z—T) - w(ﬁ) N w(ﬁ) + w(ﬁ) (2-44)
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and Z,, 0,, ®,, ®;, and ®, are universal equation of state constants.

Calorimetric Property Calculations

Any calorimetric property (enthalpy, infemal energy, Helmholtz energy, Gibbs
free energy or entropy) at a given state (T, p) can be expressed as a summation of three

quantities

X(T9 p) = [X(T9 p) - X(T9 po)] ;+ [X(T7 po) - X(To’ po)] + X(T°9 po) (5'9)

The first quantity, [X(T, p) - X(T, p°)], is called the departure function, and it
represents the isothermal effect of pressure on the property. It is the difference in the
value of the property at the temperature-pressure condition of interest and its value in the
ideal gas state at the‘ same temperature and reference pressure, p°.

The second quantity, [X(T, p°) - X(T°, p°)], represents the isobaric effect of
temperature on the property in the ideal gas state. It is the difference in the value of the
property in the ideal gas state at the temperature of interest and the reference state of T°,
both at the pressure p°. The last quantity X(T°, p°) is the value of the property at the
reference state, chosen as (T°, p°).

One of the binary sets (U, S) or (H, S) can be used to completely represent the set
of calorimetric properties (U, H, A, G and S). For this work, the binary set of ‘(H, S) has

been chosen. The reference state chosen for the calculations is



T°=0K
p°=1.01325 bar |
H(T% p) =0 | | (5-10)
S(T°, p°) =0
This reference state must be kept in mind when comparing the cglculated enthalpy and

entropy values of this work with eﬁ;perimental data.

Ideal Gas Enthalpy and Entropy

The ideal gas enthalpy and entropy differences can be determined from available
standard correlations which have been developed by fitting experimental 1deal gas data
closely. These correlations produce accurate experimental ideal gas data. Examples of
such correlations are those suggested in the API Technical Data Book - Petroleum
Refining (112), the cofrelations of Thinh et al. (113), Passut and Danner (114) and the
more recent correlations of Aly and Lee (115). The correlations of Passut and Danner
(114) are thermodynamically consistent and predict the absolute Valués of ideal gas
enthalpy, entropy and heat capacity with good accuracy. They have been shown to be
better than the correlations of the API‘Technical Data Book (112) and those ov.f Thinh et |
al. (113) for both eﬁthalpy and entropy. The correlations of Aly and Lee (115) have been

found to be better than those of Paséut and Danner (114), but they are more complicated

to use. Thus, for this work, the correlations of Passut and Danner (114) have been chosen -

to predict ideal gas enthalpy and entropy values. The forms of the equations are as -

follows. For enthalpy,
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H° =A+BT+CT?+DT® +ET* +FT® (5-11)
where A, B, C, D, E, and F are derived coefficients with the enthalpy in Btuw/Ib and the
temperature in °R.

The heat capacity and entropy equations are obtained from Equation (5-11) by

CO
using the appropriate thermodynamic formulae (C; = % and S° = I TPdT) to ensure

thermodynamic consistency

Cp =B +2CT +3DT*+4ET? + 5FT* (5-12)
0 3072 + A BT 4 2 pre
S =BlnT+2CT+EDT +§ET +ZFT +G (5-13)

where G is the constant of integration.

Passut and Danner (114) obtained the constants by fitting the above three
equations to experimental ideal gas data of 89 compounds taken from API - Research
Project 44 for the entire temperature range. The bases used were 0 Btu/Ib at 0°R for

enthalpy, and 0 Btu/Ib°R at 0°R and 1 atm for entropy; the same basis was used for the

API-RP 44 tables.

The enthalpy and entropy departure functions are obtained from the pvT
properties of a fluid, as described by an equation of state. For a pressure-explicit

equation of state, the departure functions are expressed as follows
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v ‘.
A-a = p- B lv_rTIn L (5-14)
v Ve
v
S-8° = (QP-] _R v +RIn— (5-15)
Jer), v Ve
H-H°® =(A-A°)+T(S-5°)+RT(Z-1) (5-16)

For the modified PGR, the Qriginal and the modified SPHCT equations of state, the
derived departure functiorl eXpressiorls are given‘ in Tables XIX ro XXI. Reid et al. (116)
have reported the expressions of the departure functions for the generalized cubic
equation of state, which we have ilsed in this study.
~ The departure function (H - H°) does not depend on the value of the ideal gas
reference state p° (or‘\’/f’)‘ while (A - A”) and (S - S°) are dependent on p° (or V°). The
most commonly used ideal gas pressure reference states are unit pressure or zero

preéssure.

Model Evaluation

‘The abilities of the modified PGR, the original SPHCT and-the modified SPHCT
equations of state to predict calorimetric properties were evaluated by comparison with
experimental data and with predictions generated by the widely used PR cubic equation
of state. following are brief descriptions for the database used, the cases studied, and

evaluation results.
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TABLE XIX

DEPARTURE FUNCTION EXPRESSIONS

FOR THE ORIGINAL SPHCT EQUATION OF STATE.

H-H° =RT[Z—1+ZMcT(9-a—) ! ]
vCc+a

S_g° = { 4ov’ (o'} ( ve ﬂ
-S8% =—cR -+ ———+ZyIn
V=1V (V—tv') | vc+a

+R1n(l)+cRTZM( ! )(d—a)
v° vc+a AdT /)

For the original SPHCT equation of state

— | =cv'| ——|exp
dT 2T 2T

) ideal gas
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TABLE XX

DEPARTURE FUNCTION EXPRESSIONS
FOR THE MODIFIED SPHCT EQUATION OF STATE.

H—H°=RT{Z—1+ZMCT[E] 1 :l
' dT ) vc+a

4tv° (’cv'l2

S—S°=—cR{ -+ 2+ZMln( A ﬂ
V-1V (v——*cv') vc+a

+ Rln(—v—J +cRTZ,, (__1__)(_@_)
v° Sve+aAdT

For the modified SPHCT equation of state

da) _ - ﬂ)
(dT) e (dT ex(F)

where

. Ny
T
F‘_Zbi(zT]

i=1

and

v

1
oF, b (T)% %  (T)1 3 (T
) =- T7 —b,| —|=-=b,
oT 22 2)1 22

0 ideal gas
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TABLE XXI

DEPARTURE FUNCTION EXPRESSIONS
FOR THE MODIFIED PGR EQUATION OF STATE.

H-H°® =RT z—1—chT(d—a) Q
dT ),

; c,zMR[Y + T(QXJ Q] +R 1n(l°] ‘
: oT ), v

\ _BZT
\'

r

S-S° =cRB—‘ln

2

where
Qz__z—(tan_lﬂ_lt_ __Q_l._lniﬂ
Vaw-u? - Vaw-u? 2) Q, \A
and

P \1/2 . . \3/2 N2
da) 1} (T T} 30,(T T
— ) =-—=| = = +O,|—|+ — | 420, — Y +1
(dT)v T‘: 2 (2TJ Z(ZT] 2 (ZT) m“(sz }( )
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Database Used

A limited database of six pure fluids including three n-alkanes (methane, ethane
A‘and propane) and three polar fluids (carbon dioxide, water and benzene) was used. The
sources and ranges of the data used are shown in Table XXII. Where available, saturated
data for the six combOu_nds were included from the triple point to the critical point.
Unlike the database used in Chaptér 3, data points with pressure lower than 0.007 bar afld
the critical points were included. For four comp§unds (methane, ethane, propane and
benzene), only saturated liquid enthalpy and eﬁ&opy data Wcre utilized, in addition to the
National Institute of Standard§ and Technolo gy (NIS_T) saturated liquid and vapor
densities. For water and carbon dioxide, data in the single-phase region were also

included. No departure data was used in this study.

Reference States

Different sources employ different réference states for reporting calorimetric
property data. For example, the reference states employed by NIS'f to report the
calorimetric pfoperties of propane over a range of temperatures and pressures afe: The
internal energy of propane at the 1iciuid triple point (EQ = (0 Btw/Ib and S(0°R, latm)=0
Btu/Ib °R. All the reported data in this source are the result of a non-analytic equatioh of
state, developed specifically for propane to derive its therrhophysical properties
accurately. Daté for most pure fluids published by NIST are reported in the above

manner, i.e., as results of a substance- specific equation of state. In the above case, to



TABLE XXII

SOURCES AND RANGES OF DATA USED

Compound Temperature Range Pressure Range Source No. of
> (9] (bar) Points
Saturated data
Methane 90.68 - 190.5_6 0.1174 - 45.988 118 11
Ethane 90.348 - 305.33 | 01 131E-04 - 48.71 63 14
Propane 180.0‘ -369.9 0.0505 - 42.475 64 27
Carbon dioxide 216.55-304.2 5.179 - 73.834 119 18
Water 283.15 - 647.13 0.0123 - 220.55 73 37
Benzene 278.68 - 561.75 0.0478 - 48.7575 70 29
Single-phase data
Carbon dioxide 273.15-313.15 10.0 - 55.0 119 29
Water 373.15-673.15 0.5-260.0 73 49
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achieve E, = 0 Btw/Ib, E(0°R, 0 atm) was set to a certain arbitrary value.

The reference states used by the Thermodynamic Research Center at Texas A&M
University (67) tov report calorimetric property data of hydrocarbons and certain related
compounds for API RP-44 tables are: H(0°R, 1atm) = 0, S(0°R, latm) = 0. NIST/NRC
Steam Tables have used the following reference states for reporting calorimetric property
data of water: E, = 0 Btw/Ib and S,=0 Btl_i/1b°R. Gas Processoré Association (GPA) have
reported enthalpy (iata baged on two different reference states: (a) H = 0 in the ideal gas
state at 0°R, and'(b) H = 0 for the elements at 25°C. Presently, GPA reports enthalpy
data merely as departure funcﬁons, a more favorable method.

As evident, the experimental data and the predictions of an.‘equation of state based
on a certain reference state must be brought to a common basis before comparing them.
For this, the H(T®, p°) and S(T®, p°) values must be known for the data source. More
specifically, as the (T, p°) values used in this work are (0 K, 1.01325 bar), the values of
H(OK, 1.01325 bér) and S(0 K, 1.01325 bar) based on the source's reference states need
- to be determined. The H(0 K, 1.01325 bar) and S(OYK, 1.01325 bar) values used in this
wbrk, as stated earlier are: H(O K, 1.01325 bar) = 0 kJ/mol and S(0 K, 1.01325 bar) =0
kJ/mol K. Determining these quantities for a given source of data is difficult, as they are
not explicitly stated in the above manner. To avoid the abOVé problem, a strategy was
developed for estimating the H (0 K, 1.01325 bar) and S (0K, 1.01325 bar) values of a
given data-set from easily available informatioﬁ, which éould then be used to bring the
experimental data and the predictions to a common basis before comparison. Following

is a description of the strategy employed.
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Strategy to Estimate H (0 K, 1.01325 bar) and S (0 K, 1.01325 bar

Five of the literature sources of the database used employ the same reference state
for entropy as this work, i.e., S(0 K, 1.01325 bar) = 0 kJ/mol K. Thus, for those five
compounds, the entropy predictions could be compared directly with experimental data.
However, for the en;cropy data of wafer and the énthalpy data of all compounds, the above
could not be done. The véllues of H(O K, 1.01325 bar) and S(0 K, 1.01325 bar) had to be
determined or at least estimated. |

The underlying assumption of the estim‘ation method used is that the error in the
liquid/vapor enthalpy and entropy predictions would be least for that data point (T, p) for
which the error in the phase density prediction is least. This assumption has been made
by noting the dependence of enthalpy and entropy values on the corresponding phase
densities. Thus, the estimation métho'd is as follows:

(1) Phase densities, enthalpy and entropy for each data point ére calculated using the
selected equation of state.

2) The data points of minimum absolute percent deviation (APD) for liquid and
vapor densify predictions are noted. |

3) At the data point of minimum APD for liquid density predictions, the difference
between the experimental and the calculated liquid enthalpy (and/or entropy)

values is determined. This difference is the estimat1ed value of H(0 K, 1.01325

bar) or S(0 K, 1.01325 bar) for the liquid phase. This value is added to all the

calculated liquid enthalpy (or entropy) values to bring them to the same basis as
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.the experimental vélues. The resulting calculated values are then compared with
experimental values.
4) The same procedure given in Step 3 is also followed for the vapor phase. The
check for the method is that thé estimated values of H(0 K, 1.01325 bar) or S(0 K,
1.01325 bar) ﬁom the liquid phase and the vapor phase should be very close to

experimental data.

Cases Studied

In 'evaluating the modiﬁca‘_cions to the original SPHCT equation of state, as
suggested by Shaver et al. (25), two cases wére studied. Case 1 is the original SPHCT
equation with Z,; = 18, subjected to the critical point constraints and without the modified
attractive term (or any volume translation). Case 2 is the modified SPHCT equation of
state with Z; = 18 including the application of the critical point constraints and the
modified attractive term. Volume translation was not .studied in the present work.

For the original SPHCT equation of state, Case 1 and Case 2, the equation of state
parameters used were those obtained by Shaver et al. (25) using thé following objective
function, SS, involving vapor pressures and phase densities

. er [Pcalc ~ Py ]2 +‘[ Prosic = Pl Jz +{pv,calc P ]ﬂl 1)

i=1 P i Prexp ; Py,exp ; _I

exp
For Case 1 and Case 2, only the SPHCT parameter ¢ was optimized to minimize

percentage errors in calculated vapor pressures. The other two parameters (T* and v*)
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were obtained from the correlation genefated by Shaver and coworkers (25). Table XXIII
- gives a listing of the equation of state parameters used for the six compounds studied, for

. the original SPHCT equation of state, Case 1 and Cﬁse 2. For the modified PGR equation
of state, the equation of state parameters presented in Chapter 3 were used. The same

objective function of Equation (5-17) was used to optimize the modified PGR equation of

state parameters.

Results and Discussion

Tables XXIV and XXV show the results of the liquid density and vapor density
predictions of the modified PGR, Case 1, Case 2, the_ PR and the original SPHCT
equations. The constrained SPHCT equation of state (Case 1) showed worse
performance than the original SPHCT equation of state for phase density predictions.
The constrained SPHCT equation of state showed improved prediction capabilities near
critical points but much worse predictions in the low pressure regions. HoWever, the
constrained SPHCT equation of state with a modified temperature-dependence term
(Case 2) showed preferable pérformances for vapor density predictions. Since the critical
point of each compound was included in the data base used in this study, large %AAD
values were obtaing:d. All equations of state except the modified PGR eQuation of state
showed poor performance in pfedicting vapor pressurés for data at low pressures (less
than 0.007 bar). The overall results showed that the Iﬁodiﬁed PGR equation handles

saturated properties better than the other equations considered in this study.
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TABLE XXIII

PURE FLUID EOS PARAMETERS

Original SPHCT** Case 1** o Case2** Modified PGR

Compound c T* v* c T* v* c T* v* c  T* v*

(K) (cc/mol) (K)  (cc/mol) - (K)  (cc/mol) (K) (cc/mol)
Methane 1.0298 80.05 18.889 1.0409 149.78 18.614 1.OOO3V 95;23 18.858 1.0000 81.217  20.413
Ethane 1.2485 120.73  26.988 1.3096 221.34 26.31 1.2423 142.28  26.795 1.3459 116.67 27.809
Propane 1.5015 13694 35.876 1.5779 252.01 33.886 1.4273 165.27 35.123 1.4821 137.74 37.752
Carbon dioxide 1.9258 10432 14486 2.2271 186.79 14.104 1.6258 131.05 15.858 19378 104.12 15.593
Water 2.0233 225.08 9.071 23534 3912 9.824 1.9416 266.06 10.568 1.9452 22895 - 9.488

Benzene 1.8866 192.59  41.457 1.9049 361.08 41.794 1.6142 24248  44.417 1.8007 196.03  44.800

**  from Shaver (25).
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TABLE XXIV

"EVALUATION OF PURE FLUID LIQUID DENSITY PREDICTIONS

PR Original SPHCT “Case 1 Case 2 Modified PGR

Component RSME %AAD  RSME %AAD RSME %AAD RSME %AAD RSME %AAD
glcc g/cc glec : glce glcc

Saturated data

Methane 0.041 10.1 0.033 7.2 0.042 12.7 0.039 11.8 0.016 5.4
Ethane 0.033*  7.0* 0.056*  10.2* 0.059*  13.3* 0.056 11.6* 0.019 4.0
Propane 0.033 5.3 0.034 6.2 0.043 8.4 0.044 75 0.017 3.1
Carbon dioxide 0.067 6.5 0.062 5.7 0.114 11.0 0.123 12.7 0.052 5.2
Water 0.153 = 185 0.079 -~ 8.6 - 0.183 21.7 0.182 224 0.044 4.0
Benzene 0.034 4.8 0.056 8.0 0.065 10.7 0.055 8.2 0.035 5.3
Single-Phase data

Water 0.563 48.6 0.044 3.6 0.142 12.7 0.138 12.8 0.017 1.3
Overall 0.132 14.4 0.052 7.1 0.094 12.8 0.092 12.4 0.027 4.0

* divergence occurred at low pressure region
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TABLE XXV

EVALUATION OF PURE FLUID VAPOR DENSITY PREDICTIONS

PR Original SPHCT Case 1 Case 2 . Modified PGR

Component RSME %AAD RSME %AAD RSME %AAD RSME %AAD RSME %AAD
g/lcc . g/cc g/ce g/ce glcc

Saturated data

Methane 0.033  11.2 0.024 9.9 0.020 9.1 - 0.022 53 0.015 9.2
Ethane 0.018* 5.1*% 0.033* 8.7* 0.033* 9.6* 0.034* 5.0% 0.021 3.8
Propane 0.014 2.9 0.016 4.9 0.018 8.3 0.021 45 0.014 3.7
Carbon dioxide 0002 14 0015 44 . 0.006 2.3 0.008 2.8 0.005 2.3
Water 0.004 6.1 0.044 114 0.033 12.8 0.029 4.2 0.027 8.4
Benzene 0.034 3.7 - 0.030 5.7 0.027 6.0 0.003 3.5 0.017 2.7
Single-Phase data

Carbon dioxide 0.002 1.3 VO.OO3 2.8 0.004 1.7 0.003 1.6 0.002 1.8
Water 0.033 133.3 0.004 2.0 0.003 1.3 0.004 1.3 0.002 2.1
Overall 0.022 20.6 0.024 6.2 0.023 6.4 0.013 3.5 0.012 4.3

* divergence occurred at low pressure region
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Tables XX VI through XXIX present the prediction results for the PR equation of

state, the original SPHCT equation of state, Case 1, Case 2 and the modified PGR

equation of state for the liquid phase and vapor phase enthalpy and entropy. Considering

these results, the following observations are made:

The abilities of the PR equation of state, the original SPHCT equation of state, the
constrained SPHCT (Case 1), the modi-ﬁed SPHCT equation of state (Case 2) and
the modified PGRAequation of state to predict calorimetric properties aré very
similar to their comparative abilities to predict volumetric properties. This was
expected, since the calorimetric properfy caléﬁlations depend significantly on the
volumetric property ‘v.values predicted by the equation of state.

The vapor phase predictions are significantly better than those for the liquid
phase, as is often seen using an analytic equation of state. Also typical of these
equations is their poor predictions near fhe triple and the critical points.

The predictions of the modified PGR equation of state for all liquid phase
properties are consistently better than the predictions of the constrained SPHCT
equationvv_‘of state and the constrained modified SPHCT equation of state. Further,
for both liquid and vapor phase properties, the predictions of the modified PGR
equation of state are better than those of the PR equation of state and the original
SPHCT equation of state.

Regarding the ability to deal with normal fluids (n-alkanes), the PR and modified

PGR models are able to predict both volumetric and calorimetric properties of



EVALUATION OF PURE FLUID LIQUID ENTHALPY PREDICTIONS

TABLE XXVI

| PR Original SPHCT Case 1 Case 2 Modified PGR
Component RSME® %AAD RSME %AAD RSME %AAD RSME %AAD RSME %AAD
kJ/mol kJ/mol ~ kJ/mol kJ/mol kJ/mol :

Saturated data
Methane 0.303 2.5 0.354 5.3 0.822 8.0 0.530 3.5 0.310 2.9
Ethane 0.454 2.1 0.850 7.8 1.434 8.5 1.333 9.3 0.863 7.1
Propane 0.305 1.3 0.572 3.2 1.229 4.6 0.872 1.8 0.333 1.3
Carbon dioxide 0.667 1.4 0.456 1.8 1.478 4.9 0.880 1.8 0.485 2.1
Water 1.518 26.4 2.028 32.0 7.222 38.5 2.624 8.0 0.856 4.5
Benzene 1.260 103 '0.832 8.4 1.920 7.3 0.698 5.8 0.593 34
Single-Phase data
Water 0.634 2.0 1.330 4.4 3.334 94 - 1.98 2.2 0.720 2.0
Overall 0.733 6.6 0.919 9.0 2.493 11.6 1.163 4.6 0.585 3.3
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TABLE XXVII

EVALUATION OF PURE FLUID VAPOR ENTHALPY PREDICTIONS

PR Original SPHCT Case 1 Case 2 Modified PGR

Component RSME %AAD RSME _ %AAD RSME %AAD RSME %AAD RSME  %AAD
“kJ/mol kJ/mol kJ/mol kJ/mol kJ/mol

Saturated data
Carbon dioxide ~ 0.618 0.7 0940 1.7 0.604 0.9 0.665 0.9 0.545 1.4
Water 0.889 1.7 3321 4.1 2485 4.4 2178 2.7 2741 4.0
Single-Phase data
Carbon dioxide ~ 0.051 0.1 0344 0.8 0.198 0.5 0.154 0.4 0.264 0.6
Water 8133 8.6 1252 12 0.870 08 0697 0.7 1350 1.2
Overall

2.424 2.8 1.463 2.0 1.042 1.7 0.924 1.2 1.227 1.8
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EVALUATION OF PURE FLUID LIQUID ENTROPY PREDICTIONS

TABLE XXVIII

Case 2

PR Original SPHCT CaSe 1 Modified PGR
Component "RSME* %AAD RSME* %AAD RSME* %AAD RSME* %AAD RSME* %AAD

Saturated data

Methane 0.003 1.1 0.003 2.5 0.012 4.2 - 0.004 1.7 0.004 2.2
Ethane 0.002 1.2 0.010 3.8 0.009 4.5 0.005 5.7 0.008 4.5
Propane 0.004 0.4 0.002 1.0 0.002 1.6 - 0.002 0.6. 0.001 04
Carbon dioxide 0.002 0.8 0.002 1.1 0.007 3.2 0.003 1.2 0.002 1.3
Water 0.003 18.1 0.003 26.2 - 0.016 38.2 0.006 7.4 0.002 3.7
Benzene 0.003 0.9 0.002 0.8 0.004 1.3 0.004 0.7 0.001 0.5
Single-Phase data

Water 0.004 8.5 0.004 3.7 - 0.010 8.2 0.004 1.7 0.002 1.6
Overall 0.004 4.4 0.004 5.6 0.011 8.7 0.004 2.7 0.003 2.0

* kJ/mol/K
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TABLE XXIX

EVALUATION OF PURE FLUID VAPOR ENTROPY PREDICTIONS

PR Original SPHCT - Casel Case 2 Modified PGR

Component RSME* %AAD RSME* %AAD RSME* %AAD RSME* %AAD RSME* %AAD

Saturated data

Carbon dioxide 0.004 0.4 0.003 1.1 0.004 0.5 0.003 0.5 0.003 0.9
Water 0.004 0.9 0.005 3.0 0.004 2.9 0.003 1.9 0.004 2.8

Single-Phase data

Carbon dioxide 0.002 0.1 | 0.003 0.7 0.004 0.4 0;002 0.3 0.002 0.3
Water 0.006 5.9 0.003 0.9 0.003 0.7 0.002 0.5 0.003 0.9
Overall 0.004 1.8 0.004 14 '0.004 1.1 0.003 0.8 0.003 1.2

* kJ/mol/K
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normal fluids with accuracy close to or better than the PR equation of state
predictions. |

For three polar fluids (water, carbon dioxide and beﬁzene), the constrained
modified SPHCT equation of state is poor ih its volumetric property predictions.
However, it is noteworthy that its calorimetric proberty predictions for polar
fluids still compare very favorébly with the PR equation of state predictions.
Among polar ﬂuid.s, the coﬁstrainéd, modified SPHCT equation of state shows a
disfinct improvement over the original and the constrained (Case 1) SPHCT
equation of state in the liquid enthalpy and liquid entropy predictions for water.
For polar fluids, the modified PGR'equatior'l of state i‘s much better than the PR,
original SPHCT and constrained SPHCT equations in its volumetric and
calorimetric liquid property predictions. For calorimetric properties of saturated
vapor fluid (Tables XXVII and XXIX), the PR equation of st’at‘e is better than the
modified PGR equation of state. However, the modiﬁed PGR equation of state is
still much better in its volumetric and calorimetric properties of vapor isotherms.
Constraining the original SPHCT equation of state has been found to shift the
predictiéns in éne direction, i.e., it ifnproves the vapor phase predictions and
worsens the liquid phase predictions consistently for all properties.

The results of the predictions in the single phase data of water and carbon dioxide
demonstrate to some extent the ability of the constrained modified SPHCT
equation of state and the modified PGR equat‘ionb of state to describe the single-

phase region better than the other equations.



The comparisons presented for the equation of state enthalpy and entropy
predictions, and the resultant deviations from experimental values, involve errors
originating from both the equation of state departure functions and possible errors from
the ideal gas enthalpy expressions (e.g., Equation 5-11). .Since the user of calorimetric
properties is typically interested in enthalpy and entropy values, evaluations and

comparisons are made on such basis instead of comparing departure functions.

Conclusions and Recommendations

‘Predictions of caloﬁﬁletﬁc properties of selected pure fluids using several
different equations of state were evaluated. The abilities of the PR, the original SPHCT,
the modified SPHCT and the modiﬁéd PGR equations of state to predict calorimetric
properties are similar to their comparative abilities to predict volumetﬁc properties.

The predictions of the modified PGR equation of state and the constrained
modified SPHCT equation of state (Case 2) for calorimetric propertiés are qonsistently
better than the predictions of the original SPHCT equation of state and the constrained
SPHCT equation of state (Case 1). In addition, the modified PGR equation of state and
the conétrained modified SPHCT equation of state predictibns compare favorably with
those obtained by the PR equatién of state. Furthenﬁore, the modified PGR equation of

state has less difficulty in the triple and critical property calculation.

Based on the present work, the following tasks are recommended:

1. Extensive evaluations for a large variety of systems
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. Evaluations of the equation for binary and ternary mixtures
. Evaluation and implementation of the volume translation strategy to the modified
PGR equation of state

. Evaluations of departure values for enthalpy and entropy of pure and mixture systems
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~,

. To obtain solutions of the equation of state, the fifth order expanded form of1
equation was obtained by rearranging the equation of state given in Chapter 2 in the

following manner.

Z+AZ' +BZ’ +CZ*+DZ+E=0 (A-1)
o Where

A=38@u-p,t+Q,)-1

B=38%(w—-B,tu+Q,u-p,1Q,)+8(B,t—u—-1-cp,t+ CZyY -~ cZ, YQ,)

C =5[Q,w -B,t(w +uQ,)]

+62[B217(u + Qz)"w -uQ, - CBlf(u _Q2)+ CZMY(Qz —Bz‘H' Qu _Qle)]

D =8’[B,t(w -uQ,)+Q,w —cp,tw —cB,tQ,u +(Qw - Q,B,7— Q,B,tukZ,, Y]

—64(B27WQ2)

E= 64(B27WQ2 —-cwB,7Q, _CZMYQszr)

and

5= PV
RT

- When these equations were applied for mixtures, proper mixing rules described in
Chapter 4 were used.

AN
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The fugacity coefficient, ¢, of a pure component were derived from the expression given

below.

B 1 RT §<// |
1n¢—Z—1—an—ﬁ£/(p—T}1v——/ Z (B-1)

The equation of state considered in this work is given as follows.

% — Zrep + Zattl + Zatt?. (B_z)

zw —l4o Pt : (B-3)
Vr -—BZT

Zattl =—¢ ‘ ZMYVr ) (B-4)

vi+uv, +w

Zatt?. =—c QIZMY

B-5
v, +Q, (B-5)
where
Y=exp(F)-1
1 172 1 1 3/2 1 2
Fo= "’I(E) * ‘D(z—T) * ‘D(‘z‘f) “('{T‘)
T= T,
T
-and
v
vV, =—
v

From these equations, the following expression was obtained for integrand:
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(B-6)

RT RT[ cBv’ ZyYV  Q czMYv‘]
v

p - = -~ - 2 “x
v(v=PB,tv) vi4uvvewy'  Q, v(v+v)
Substituting Equation (B-6) into Equation (B-1) and integrating, the following pure fluid

fugacity coefficient expression was derived:

lnq):—cB—‘1nV'_BZT+cZMY———2 ( a2V, U n)

tan? — =T
B, ve Vaw —u?\  V4w-u® 2

‘ (B-7)
&hlvr+Q2+ cpr cZyYv,  Q cZyY

-cZ,Y 5
Q, v, v,=B,t vi+uv, +w Q, v +Q,

Values for the EOS constants and substance-specific parameters are described in Chapters

2 and 3.



APPENDIX C

) FUGACITY COEFFICIENT
EXPRESSION FOR COMPONENTS IN A MIXTURE

154



155

The fugacity coefficient, ¢,, of a certain component i in the mixture were derived from the
expression given below.
A 1
g, =—[ L% _Lhv-omz (C-1)
RT\on, )., ~V

where V is total volume of a system. As shown in Chapter 4, linear mixing rules for ¢ and

v*, and quadratic mixing rules for T* and Y were applied:
1 N
C)=— n.c.
> n ; o

(V)= 53 Sy
) i

i=l j=1-

}—%iinln](exp( )1)

i=l j=1

where
)y
4 T )2
F:
t 1; (Dk( ZT]
. __I_N = 1_]q|
<T>—n2;§ckT
and

v;j=%(v:+v;)and €5 = /€48 l1(1 C, )

where N, n, n; and n; are the total number of compounds, the total number of moles and

number of moles of i™ and j™ components, respectively. To perform the integration of



Equation (C-1), it was necessary to calculate (a_p

T,V,n.
s Volljai

i

derivatives have T, V and n,; as constants for convenience unless otherwise mentioned.

| . 6n<cv'> z, 6<ch'>
1 [ o J 1 o, on,

VTV BV (Ve ol )

| Bltn2<cv'>B21 an;r: >

- V(V + Q2n<v'>) T V(V - thn<v'>)2

QIZMn2<ch'> ana<nv >

| i | - (C-2)
V(V + Q2n<v' >)Z

Substituting Equation (C-2) into Equation (C-1) followed by integration of Equation (C-1)

yields the final form of the fugacity coefficient of component i in a mixture.
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o) 4w
<V'> <v> on, |vi+uv +w

z,, on(cYv’) 2 [, 2v.+u =
+[<v'> o }m(ta" m“i}

ZM<c?{§‘>,1 an<v'>J ) ( L 2vtu n}

tan -—
Vaw —u’ Naw—u® 2

[z, an<ch‘>_zM<ch‘> 1 6n<v'>}& Vet Q

<V'> on, <v> <v*> on, ‘QZ v,
(C-3)
Ze¥v) 1 alv)] o
B <v> <v> on; |v,+Q,
-InZ
where
onfeYv') & : N
" on. ;Zj(ciYijVji_"' CijiVij)—"<CYV > (C-4)
ana<n"i >=izj(vi‘j+v;)—<v'> | o (C-5)

and
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TABLE D.I

BUBBLE POINT CALCULATIONS USING THE PENG-ROBINSON
EQUATION OF STATE FOR CARBON DIOXIDE +
N-PARAFFIN SYSTEMS (CASE 1)

RMSE BIAS = AAD

ISO CN TX) C@L) D)) %AAD NO PT
1 4 3109 .0000 .0000 6.93 -5.84 5.84 24.2 18
2 4 344.3: .0000 .0000 4.72 -3.22 322 12.4 17
3 4 377.6°  .0000 - .0000 2.44 -1.54 . 154 52 12
4 4 410.9 .0000 .0000 0.64 -0.35 0.35 1.0 5
5 10 3109 .0000 .0000 14.61 -13.21 13.21 . 37.0 11
6 10 3443 0000 0000 16.06 -13.05 13.05 269 8
7 10 377.6 .0000 .0000 16.06 -1295 12.95 21.7 10
8§ 10 4109 .0000 .0000 1496 -1226 12.26 18.6 10
9 10 444.3- 0000 .0000 17.91 -15.90 - 15.90 19.3 11
10 10 477.6 .0000 .0000 29.98 -23.13  23.13 23.1 11
11 10 5109 .0000 .0000 15.86 -13.75 13.75 18.3 9
12 20 323.1 .0000 .0000 11.36 -9.91 991 34.7 13
13 20 3731 0000 .0000 11.52 -10.17 10.17 = 237 9
14 28 3481 0000 .0000 1825 -13.90 13.90 26.4 8
15 28 3731 0000 .0000 13.09 949  9.49 20.0 9
16 28 4231 0000 .0000 1046 = -731 = 7.31 13.2 6
17 36 3731 0000 .0000 673  -509 5.9 15.1 10
18 36 423.1 .0000 .0000 9.85 -7.11 7.11 13.6 8
19 44 373.1 .0000 .0000 7.43 -5.09 5.09 13.9 7
20 44 423.1  .0000 .0000 7.99 -5.60 5.60 12.9 7

MODEL OVERALL STATISTICS

RMSE 13.45 BAR NO PT = 199

AAD = 9.44 BAR %AAD = 19.9

MIN DEV 62.84 BAR MIN %DEV -46.2

MAX DEV = 0.00 BAR MAX %DEV 0

BIAS = -9.44 BAR

NONE

RESTRICTIONS
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TABLE D.II

BUBBLE POINT CALCULATIONS USING THE PENG-ROBINSON
EQUATION OF STATE FOR CARBON DIOXIDE +
N-PARAFFIN SYSTEMS (CASE 2)

ISO CN TX)* CQLJ) D(J) RMSE BIAS AAD %AAD NOPT
1 4 310.9 .1363 .0000 0.73 -0.30 0.49 1.2 52
2 10 310.9 .1149 .0000 3.26 0.19 2.11 2.9 70
3 20 323.1 0984  .0000 1.40 : 0.08 1.16 34 22
4 28 348.1 .0833 .0000 4.01 ;1.51 2.47 5.9 23
5 36 373.1 .0702 .0000 3.16 -1.19 1.85 49 18
6 44 373.1 .0750 .0000 3.29 -1.36 2.03 . 6.1 14

MODEL OVERALL STATISTICS

RMSE = 2.76 BAR NO PT 199

AAD = 1.59 BAR %AAD = 33

MIN DEV = 1275 BAR MIN %DEV = 133

MAX DEV = 11.87 BAR MAX %DEV 11.6

BIAS = 038 BAR

RESTRICTIONS NONE

* minimum temperature, see Table D.I for the full temperature range
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TABLE D.III

BUBBLE POINT CALCULATIONS USING THE PENG-ROBINSON
' EQUATION OF STATE FOR CARBON DIOXIDE +
N-PARAFFIN SYSTEMS (CASE 3)

ISO CN T(K) CL) D®@J) RMSE BIAS AAD %AAD NOPT
1 4 3100 1346 0000 051 _ 005 036 T.1 8
2 4 3443 138 0000 036 -005  0.23 0.6 17
3 4 3776 1530 0000 021  -004  0.17 0.4 12
4 4 4109 .1297 0000 080 -0.61 0.6 14 5
5 10 3109 .1205 .0000 229 088 174 45 11
6 10 3443 1099 0000 372 092 273 4.1 8
7 10 3776 .1087 .0000 243 . 057 173 1.8 10
§ 10 4109 .1081 .0000 144 011 114 13 10
9 10 4443 1128 0000 1.06  -007  0.80 0.9 11
10 10 4776 .1240 0000 123 ~ 003  0.80 0.8 11
11 10 5109 .1532 .0000 097 008  0.64 0.9 9
12 20 3231 .1045 0000 053  -0.16 0.3l 1.0 13
13 20 3731 0852 .0000 097 -036 071 1.8 9
14 28 3481 0926 .0000 3.80 -1.62  2.63 6.0 8
15 28 3731 0793 .0000 372 -151 221 5.2 9
16 28  423.1 0652 0000 376 -1.73 246 5.5 6
17 36 3731 0678 0000 206 -0.88 128 42 10
18 36 4231 0750 .0000 3.85 -147 238 5.4 8
19 44 3731 0706 .0000 312 -130  1.95 6.5 7
200 44 4231 0822 0000 327 -127 201 5.5 7
MODEL OVERALL STATISTICS
RMSE 2.17 BAR NO PT 199
AAD 1.18 BAR %AAD = 2.5
MIN DEV = -10.01 BAR MIN %DEV =  -125
MAX DEV 8.53 BAR MAX %DEV 11.1
BIAS 030 BAR
RESTRICTIONS NONE
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TABLE D.IV

BUBBLE POINT CALCULATIONS USING THE SPHCT
EQUATION OF STATE FOR CARBON DIOXIDE +
N-PARAFFIN SYSTEMS (CASE 1)

ISO CN TE) CLJ) D(J) RMSE BIAS AAD %AAD NOPT
1 4 310.9 .0000 .0000  8.07 -1.17 717 26.7 18
2 4 3443 .0000 .0000  6.27 -4.60  4.60 15.7 17
3 4 377.6. .0000 .0000  4.24 -3.16  3.16 9.9 12
4 4 410.9 .0000 .0000  1.53 -0.89  0.89 27 5
5 10 310.9 .0000 .0000 16.08 -14.94 14.94 40.2 11
6 10 3443 .0000 .0000 19.91 -17.09 17.09 31.1 8
7 10 377.6  .0000 .0000 1991 . -16.61 16.61 247 10
8 10 410.9 .0000 .0000 16.17 -13.86 13.86 19.9 10
9 10 4443 0000 .0000  7.63 -15.89 15.89 19.9 11
10 10 477.6 .0000 .0000 20.34 -17.89 17.89 20.5 11
11 10 5109 .0000 .0000 22.72 -18.54 18.54 23.6 9
12 20 323.1 .0000 .0000 14.42 -12.95  12.95 46.9 13
13 20 373.1  .0000 .0000 .14.04 -12.76  12.76 312 9
14 28 348.1 . .0000 .0000 22.62 -18.74 18.74 41.6 8
15 28 373.1  .0000 .0000 16.47 -13.36  13.36 34.1 9
16 28 423.1 .0000 .0000 12.10 -9.66  9.66 23.2 6
17 36 373.1 .0000 .0000 11.60 -9.94  9.94 35.8 10
18 36 423.1 .0000 .0000 11.95 -10.11  10.11 244 8
19 44 373.1 .0000 ..0000 12.32 -10.10 10.10 37.6 7
20 44 423.1 .0000 .0000  9.89 -8.30  8.30 25.0 7
MODEL OVERALL STATISTICS
RMSE 1477 BAR NO PT 199
AAD 11.63 BAR %AAD = 26.8
MIN DEV -4428 BAR MIN %DEV = -48.6
MAX DEV 0.00 BAR MAX %DEV - 0.0
- BIAS -11.63 BAR
RESTRICTIONS "NONE
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TABLE D.V

BUBBLE POINT CALCULATIONS USING THE SPHCT
EQUATION OF STATE FOR CARBON DIOXIDE +
N-PARAFFIN SYSTEMS (CASE 2)

ISO CN TX)* CdJ) DJJ) RMSE BIAS AAD %AAD NOPT
1 4 344.3 0937 .0000 2.02 -1.19 1.46 3.6 52
2 10 4109 .0667 .0000  2.89 -0.78 2.16 3.7 70
3 20 323.1 .0626 .0000  3.52 0.76 2.83 8.3 22
4 28 348.1 .0553 .0000 341 0.40 2.25 5.1 23
5 36 373.1  .0531 .0000 2.17 0.55 1.68 5.1 18
6 44 373.1  .0551 .0000 2.11 037 1.70 5.7 14

MODEL OVERALL STATISTICS

RMSE 2.73 BAR NO PT = 199

AAD = 1.99 BAR %AAD = 4.6

MIN DEV = -10.42 BAR MIN %DEV = = -10.2

MAXDEV = 11.07 BAR MAX %DEV 12.0

‘BIAS = -0.38 BAR

RESTRICTIONS NONE
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TABLE D.VI

BUBBLE POINT CALCULATIONS USING THE SPHCT
EQUATION OF STATE FOR CARBON DIOXIDE +
N-PARAFFIN SYSTEMS (CASE 3)

ISO CN TX) CdJ) D(J) RMSE BIAS AAD %AAD NOPT
1 4 3109 ..0885  .0000 1.35 -0.72 0.86 2.1 18
2 4 3443 .0970 .0000 1.90 -0.79 1.19 24 17
3 4 377.6 .1138 .0000  0.56 -0.18 0.49 1.4 12
4 4 4109 © .1634 .0000 2.18 -0.81 1.94 5.1 5
5 10 377.6  .0619 .0000 4.77 -2.21 3.00 34 10
6 10 410.9  .0596 .0000 4.63 -2.31 3.20 34 10
7 10 4443 0614 .0000 2.82 -1.36 2.11 2.3 11
8 10 477.6 .0678 .0000 ~ 128 -0.59 1.06 1.2 11
9 10 5109 .0809 .0000 0.89 0.15 0.57 1.0 9
10 10 3109 .0736 .0000  1.87 -0.40 1.05 2.0 11
11 10 3443 0666 .0000 394 - -1.59 2.10 2.6 8
12 20 323.1 ~ .0703 .0000 - 0.81" 0.26 0.57 2.0 13
13 20 373.1  .0504 .0000 036 = 0.15 0.32 0.9 9
14 28 348.1 0621 .0000 1.51 0.42 091 1.9 8
15 28 373.1 =~ .0544 .0000 0.87 0.29 0.49 1.1 9
16 28 423.1 - .0422 .0000 0.56 0.20 0.32 0.7 6
17 36 373.1 .0589 .0000  0.55 0.24 041 1.5 10
18 36 423.1 .0444 .0000 0.26 0.05 0.17 0.5 8
19 44 373.1 .0624 .0000 0.59 0.21 0.38 - 1.2 7
20 44 423.1 .0462 .0000 0.18  0.07 0.15 0.4 7
MODEL OVERALL STATISTICS
RMSE 2.10 BAR NOPT 199
AAD = 1.08 BAR %AAD = 1.9
MIN DEV = -12.36 BAR MIN %DEV = 9.2
MAX DEV = 392 BAR MAX %DEV 6.4
BIAS = -0.49 BAR
RESTRICTIONS ‘NONE
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TABLE D.VII

BUBBLE POINT CALCULATIONS USING PGR EQUATION OF
STATE FOR CARBON DIOXIDE + N-PARAFFIN

SYSTEMS (CASE 1)
ISO CN T() C@J) DQI) RMSE BIAS AAD %AAD NOPT
T 4 3109 0000 0000 628 559 559 218 I8
2 4 3443 0000 0000 623  -506 507 137 17
3 4 3776 0000 0000 422  -336 342 80 12
4 4 410.9 .0000  .0000 1.69 -1.36 1.43 33 5
5 10 3109 0000 .0000 1224  -1143 1143 322 11
6 10 3443 0000 .0000 11.74  -11.07 1107 197 8
7 10 3776 0000 .0000 7.67 683 683 86 10
§ 10 4109 0000 0000 3.65  -141 235 = 27 10
9 10 4443 0000 0000 4.07 269 374 63 11
10 10 4776 0000 .0000  4.85 3.17. 448 15 11
11 10 5109 0000 .0000 3.15 242 270 54 9
12 20 3232 0000 .0000 1425  -12.86 12.86  46.9 13
13 20 3732 0000 .0000 10.86  -1001 1001  25.0 9
14 28 3482 0000 .0000 1990  -1667 1667  37.6 8
15 28 3732 0000 0000 1224  -10.13 1013 265 9
16 28 4232 0000 .0000 211  -1.86 186 54 6
17 36 3732 00000 0000 9.17  -7.86  7.86 284 10
18 36 4232 0000 0000 260  -212 212 50 8
19 44 3732 0000 0000 1021  -834 834 308 7
200 44 4232 0000 .0000 269  -221 221 65 7
MODEL OVERALL STATISTICS

RMSE 8.83 BAR NO PT = 199
AAD = 6.62 BAR %AAD = 17.9
MIN DEV -35.86 BAR MIN %DEV =  -487
MAX DEV 6.59 BAR MAX %DEV = 136
BIAS = -5.56 BAR

RESTRICTIONS NONE
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TABLE D.VIII

BUBBLE POINT CALCULATIONS USING PGR EQUATION OF
STATE FOR CARBON DIOXIDE + N-PARAFFIN
SYSTEMS (CASE 2)

ISO CN TE)* CILJ) D(J) RMSE BIAS AAD %AAD NOPT
1 4 3109 0620 0000 144  -47 99 2.4 52
2 10 3109 0107 .0000 741 102 647 122 70
3 20 3232 0507 .0000 593 .84 489 14.3 22
4 28 3482 0328 .0000 7.9 00 516 122 23
5 36 3732 0242 .0000 532 58 443 13.1 18
6 44 3732 0258 0000 4.95 08 411 13.7 14
MODEL OVERALL STATISTICS

RMSE 595 BAR NO PT 199
AAD = 436 BAR %AAD = 10.0
MIN DEV =  -13.42 BAR MIN %DEV -35.6
MAX DEV 25.18 BAR MAX %DEV 27.2
BIAS 39 BAR

RESTRICTIONS NONE
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TABLE D.IX

BUBBLE POINT CALCULATIONS USING PGR EQUATION OF

STATE FOR CARBON DIOXIDE + N-PARAFFIN

SYSTEMS (CASE 3)
ISO CN TX) CIL) DIJ RMSE BIAS AAD %AAD NOPT
1 4 3109 .0643  .0000 83 -44 51 1.2 18
2 4 3443 0582 .0000 2.10 -92 1.33 2.8 17
3 4 3776 0594 .0000 1.68 -49 1.30 2.9 12
4 4 4109 .0708 .0000 27 .09 25 7 5
5 10 3109 .0528 .0000 125 = 44 1.00 24 11
6 10 3443  .0320 .0000 1.37 47 .90 1.3 8
7 10 377.6 .0139 .0000 1.65 -.62 79 9 10
8 10 4109 -0015 .0000 4.11 -2.06 2.63 2.6 10
9 10 4443 -0121 .0000 5.02  -2.47 3.40 3.4 11
10 10  477.6 -0121 .0000 495 - -1.40 3.58 4.4 11
11 10 5109 -.0142 .0000 3.59 = -148 2.57 3.1 9
12 20 3232 0644 0000 1.11 33 72 2.4 13
13 20 3732 .0342  .0000 92 35 74 1.9 9
14 28 3482 .0493 0000 2.26 63 1.36 2.8 8
15 28 3732 0356 .0000 1.56 51 .86 1.9 9
16 28 4232 0074 .0000 1.06 41 62 1.3 6
17 36 3732 .0405 .0000 41 18 31 1.1 10
18 36 4232  .0071 .0000 36 -.03 23 5 8
19 44 3732  .0452 .0000 24 .08 18 7 7
20 44 4232 0094 .0000 17 -.04 12 3 7
MODEL OVERALL STATISTICS

RMSE 2.36 BAR NO PT = 199
AAD = 1.24 BAR %AAD = 2.1
MIN DEV = -12.30 BAR MIN %DEV = 271
MAX DEV = 592 BAR MAX %DEV 7.2
BIAS -41 BAR

RESTRICTIONS NONE
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TABLE D.X

BUBBLE POINT CALCULATIONS USING MODIFIED PGR EQUATION OF
STATE FOR CARBON DIOXIDE + N-PARAFFIN
SYSTEMS (CASE 1)

ISO CN T(K)

CdJ) D({dJ) RMSE BIAS AAD %AAD NOPT
1 4 310.9. .0000 .0000 5.95 -5.26 5.26 19.7 18
2 4 3443  .0000 .0000 4.93 -2.34 3.95 11.0 17
3 4 377.6 - .0000 .0000 3.90 -0.83 3.24 7.0 12
4 4 4109 .0000 .0000 1.14 -0.78 0.99 24 5
5 10 310.9  .0000 .0000 10.16 - -9.50 9.50 26.9 11
6 10 3443  .0000 .0000 9.08 -8.57 8.57 15.5 8
7 10 377.6  .0000 .0000 = 5.96 -5.43 543 7.0 10
8 10 4109 .0000 .0000 3.46 -2.43 253 23 10
9 10. 4443  .0000 .0000 291 -1.29 2.12 24 11
10 10 477.6  .0000 .0000 - 13.88 2.43 6.25 4.7 11
11 10 510.9  .0000 .0000 - 5.01 -3.63 3.63 3.7 9
12 20 3232 .0000 .0000  9.55 -8.54 8.54 35.6 13
13 20 373.2  .0000 .0000 6.23 -5.63 5.63 13.6 9
14 28 348.2  .0000 .0000 15.83 -13.02 - 13.02. 28.5 8
15 28 3732 .0000 .0000  8.82 -7.13 7.13 18.0 9
16 28 4232  .0000 .0000 0.95 -0.25 0.77 2.5 6
17 36 373.2  .0000 - .0000 23.24 -6.33 6.33 23.2 10
18 36 4232 .0000 .0000  3.57 -3.05 3.05. 7.6 8
19 44 3732  .0000 .0000 5.18 -4.31 431 16.3 7
20 44 4232  .0000 .0000 1.20 0.96 0.96 2.7 7
MODEL OVERALL STATISTICS
RMSE 7.87 BAR NOPT 199
AAD = 5.87 BAR %AAD = 14.3
MIN DEV = -29.42 BAR MIN %DEV = -38.8
MAXDEV = 41.32 BAR "MAX %DEV 24.0
BIAS = -4.23 BAR
RESTRICTIONS »

NONE
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TABLE D.XI

BUBBLE POINT CALCULATIONS USING MODIFIED PGR EQUATION OF
STATE FOR CARBON DIOXIDE + N-PARAFFIN

SYSTEMS (CASE 2)

ISO CN T®K)* C(IJ) D) RMSE BIAS AAD %AAD NOPT
1 4 3109 0589 0000 135 018 107 33 2
2 10 3109 0189 0000 399 051  3.17 65 70
320 3232 0271 0000 404 LIS 367 130 22
4 28 3482 0266 .0000 469 057 334 89 23
5 36 3732 0181 .0000 295 -058 253 8.2 18
6 44 3732 0060 .0000 338 031 279 96 14

MODEL OVERALL STATISTICS

RMSE 326 BAR NO PT - 199

- AAD - 2.66 BAR %AAD = 7.0
MIN DEV -8.66 BAR MIN%DEV =  -264
MAX DEV = 1260 BAR MAX %DEV 26.1
BIAS = -027 BAR

RESTRICTIONS NONE
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TABLE D.XII

BUBBLE POINT CALCULATIONS USING MODIFIED PGR EQUATION OF
STATE FOR CARBON DIOXIDE + N-PARAFFIN

SYSTEMS (CASE 3)

ISO CN T(K) C@J) D@J) RMSE BIAS AAD %AAD NOPT
T 4 3109 0626 0000 092 001 _ 0.75 31 I8
2 4 3443 0597 0000 160 015 = 1.32 45 17
3 4 3776 0523 0000 106 036 101 3.0 12
4 4 4109 0255 .0000 056 006 0.5l 13 5
5 10 3109 0454 0000 081 -025 071 2.3 11
6 10 3443 0292 0000 1.17 -026 105 2.3 8
7 10 3776 0189 0000 053  -004 045 0.7 10
§ 10 4109 0131 0000 1.14 030 0386 1.7 10
9 10 4443 0114 0000 161 047  1.39 2.5 11
10 10 4776 0167 0000 207 072 186 3.1 11
11 10 5109 0256 .0000 148 048 135 2.5 9
12 20 3232 0464 0000 019 002 001 0.5 13
13 20 3732 018 0000 015 002 0.3 0.3 9
14 28 3482 0352 0000 051 -020 = 0.42 1.0 8
15 28 3732 0233 0000 026 -0.10  0.20 0.6 - 9
16 28 4232 0175 .0000 084 011 0.3 1.7 6
17 36 3732 0298 0000 033 -0.16 031 1.8 10
18 36 4232 0108 .0000 022 004  0.17 0.6 8
19 44 3732 0193 0000 033 -0.15 028 1.4 7
20 44 4232 -0041 0000 0.10  -004  0.09 0.4 7
MODEL OVERALL STATISTICS
RMSE 0.86 BAR NO PT = 199
AAD = 0.73 BAR %AAD = 2.0
MIN DEV = -3.52 BAR MIN %DEV 42
MAX DEV = 2.76 BAR MAX %DEV 6.6
BIAS = 0.09 BAR
RESTRICTIONS 'NONE
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BUBBLE POINT CALCULATIONS USING THE PENG-ROBINSON

TABLE D.XIII

EQUATION OF STATE FOR ETHANE + N-PARAFFIN

SYSTEMS (CASE 1)

ISO CN TX) CQLJ) DI RMSE BIAS AAD %AAD NOPT
1 4 3387 0000 0000 171  -150 1.0 3.4 3
2 4 3665 .0000 .0000 208 -1.80  1.80 42 8
3 4 3943 0000 .0000 0.77 -0.60  0.60 1.6 5
4 8 323.1  .0000 .0000 . 144 -1.35 1.35 4.4 11
5 § 3481 0000 .0000 192 -178 178 7.2 13
6 § 3731 .0000 .0000 137 -128 128 6.7 9
7 10 3109 .0000 .0000 058 -047 047 3.1 10
8§ 10 3443 0000 .0000 0.66 -0.44  0.50 15 7
9 10 3776 .0000 0000 056 -0.10 047 1.7 6
10 10 4109 .0000 .0000 122 = -032  1.02 2.6 7
11 20 3231 .0000 .0000 140  0.78 130 114 6
12 20 3731 .0000 .0000 194 061 179 7.1 6
13 20 4231 0000 .0000 280 227  2.60 9.7 7
14 28 3481 .0000 .0000 254 251 - 251 17.2 10
15 28  373.1 .0000 0000 246 239 239 15.8 7
16 28 4231 .0000 .0000 338 328  3.28 15.9 7
17 36 3731 .0000 .0000 267 258  2.58 20.3 7
18 36 4231 .0000 .0000 235 207 207 116 6
19 44 3731 .0000 .0000 330 323  3.23 26.2 9
20 44 4231 0000 .0000 233 225 225 15.7 7

MODEL OVERALL STATISTICS

RMSE 2.06 BAR NOPT = 154

AAD = 1.76 BAR %AAD 9.5

MIN DEV = 342 BAR MIN %DEV =  -13.1

MAX DEV = 421 BAR MAX %DEV 48.7

BIAS = 0.50 BAR

RESTRICTIONS NONE
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TABLE D.XIV

BUBBLE POINT CALCULATIONS USING THE PENG-ROBINSON
'EQUATION OF STATE FOR ETHANE + N-PARAFFIN

SYSTEMS (CASE 2)
ISO CN T )* CELJ) D(J) RMSE BIAS AAD %AAD NOPT
1 4 338;7 .0251" 0000 1.14 -0.85 0.95 2.0 19
2 8 323.1 0185 0000 034  -0.02 030 17 33
3 10 310.9 .0049 .0000 0.64 -0.10 0.49 2.0 30
4 20 323.1 . -.0042 .0000 3.21 -1.44 2.34 7.0 19
5 28 348.1 -.0281 .0000 1.88 -0.76 1.42 6._5 24
6 36 373.1  -.0251 .0000 275 -1.29 1.86 7.6 13
7 44 373.1 -.0485 .0000 2.16 -1.07 1.55 8.5 16

MODEL OVERALL STATISTICS

RMSE 1.79 BAR NO PT = 154
AAD = 1.10 BAR %AAD = 4.4
MIN DEV = 785 BAR MIN %DEV 147
MAX DEV = 1.82 BAR MAX %DEV 20.8
BIAS -0.64 BAR
RESTRICTIONS NONE

* minimum temperature, see Table D.XIII for the full temperature range
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BUBBLE POINT CALCULATIONS USING THE PENG-ROBINSON

TABLE D.XV

EQUATION OF STATE FOR ETHANE + N-PARAFFIN

SYSTEMS (CASE 3)

ISO CN TK) CEL) DI RMSE BIAS AAD %AAD NOPT
1 4 3387 .0250 .0000 1.05 -0.75 0.88 1.8 6
2 4 3665 .0378 .0000 090  -0.29 0.71 1.5 8
3 4 3943 -0018 .0000 0.70  -0.52 0.52 1.4 5
4 8 3231 .0137 .0000 044 -0.26 040 - 1.3 11
5 8  348.1° .0211 .0000 0.34 0.10 029 1.7 13
6 8 3731 .0199 .0000 0.33 0.06 0.28 1.7 9
7 10 3109 .0064 .0000 020 . -0.06 0.15 1.0 10
8 10 3443 .0020 .0000 048  -0.24 0.35 1.3 7
9 10  377.6 -0025 .0000 075  -0.37 0.51 1.5 6
10 10 4109 -0043 .0000 1.60  -0.83 1.19 25 7
11 20 3231 -0224 .0000 229 ~ -1.09 1.55 7.4 6
12 20 373.1 -0144 .0000 321  -1.60 2.48 6.4 6
13 20 4231 -0305 .0000 372 -1.79 2.70 6.3 7
14 28 3481 -0424 0000 149  -0.62 1.11 6.1 10
15 28  373.1 -.0439 .0000 2.02  -0.97 1.56 6.9 7
16 28  423.1 -0552° .0000 253  -1.10 1.75 59 7
17 36 373.1 -0634 .0000 218  -0.97 1.42 75 7
18 36  423.1 -0458 .0000 2.79  -125 222 7.7 6
19 44 3731 -.0923 .0000 2.60  -1.29 1.86 10.5 9
20 44 4231 -0706 .0000 137  -0.63 0.99 5.4 7
MODEL OVERALL STATISTICS

RMSE 1.77 BAR NO PT = 154
AAD = 1.06 BAR %AAD = 4.1
MIN DEV = -8.08 BAR MIN %DEV = -16.3
MAX DEV = 1.37 BAR MAX %DEV 18.8
BIAS = -0.65 BAR

RESTRICTIONS - NONE
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TABLE D.XVI

BUBBLE POINT CALCULATIONS USING THE SPHCT EQUATION OF

STATE FOR ETHANE + N-PARAFFIN SYSTEMS (CASE 1)

ISO CN T(X) C@J) DQJ) RMSE BIAS AAD %AAD NOPT
T 4 3387 0000 0000 354 291 291 71 6
2 4 3665 0000 .0000 443 370  3.70 9.0 8
3 4 3943 0000 .0000 2.61 -183  1.83 5.2 5
4 § 3231 0000 .0000 339 -325 325 10.5 11
5 § 3481 0000 .0000 443  -410 410 16.1 13
6 8 3731 0000 .0000 391 -359  3.59 18.5 9
7 10 3109 0000 .0000 154 -147 147 11.8 10
8 10 3443 0000 .0000 297 275 275 11.3 7
9 10 3776 0000 0000 435 -394 394 12.7 6
10 10 4109 0000 .0000 685 -614  6.14 13.6 7
11 20 3231 .0000 .0000 2.85 -2.54 254 14.6 6
12 20 3731 0000 .0000 621 -575 575 15.4 6
13 20 4231 0000 .0000 7.93 -7.13 7.3 16.8 7
14 28 3481 0000 .0000 398 -370 370 209 10
15 28 3731 0000 .0000 487 -431 431 21.7 7
16 28 4231 0000 0000 607 -542 542 204 7
17 36 3731 0000 .0000 498 -439 439 259 7
18 36 4231 .0000 .0000 7.80 -7.02  7.02 251 6
19 44 3731 0000 .0000 5.10 -446 446 256 9
20 44 4231 0000 0000 542 -486 486 276 7
MODEL OVERALL STATISTICS

RMSE = 483 BAR NO PT = 154
AAD = 409 BAR %AAD 16.6
MIN DEV =  -1236 BAR MIN%DEV =  -30.5
MAX DEV = 0.00 BAR 'MAX %DEV = 0.0
BIAS -4.09 BAR

RESTRICTIONS

NONE
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TABLE D.XVII

BUBBLE POINT CALCULATIONS USING THE SPHCT EQUATION OF

STATE FOR ETHANE + N-PARAFFIN SYSTEMS (CASE 2)

ISO CN TX)* CL]) DIL]) RMSE BIAS AAD %AAD NOPT
1 4 3387 0600 .0000 179 -1.14  1.50 33 19
2 8 3231 0290 .0000 1.12 -031  0.85 35 33
310 3109 0190 .0000 167 -0.62  1.01 30 30
4 20 3231 0216 .0000 1.55 -049 119 3.6 19
5 28 3481 0292 .0000 067 000 055 27 24
6 36  373.1 0391 .0000 083 -0.02  0.58 23 13
7 44 3731 .0401. .0000 0.6 -0.08  0.58 4.1 16
MODEL OVERALL STATISTICS

RMSE 129 BAR NO PT 154
AAD = 0.91 BAR %AAD = 32
MIN DEV = 543 BAR MIN %DEV = 9.2
MAX DEV = 2.40 BAR MAX %DEV = 9.3
BIAS = <040 BAR

RESTRICTIONS NONE
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TABLE D.XVIII

BUBBLE POINT CALCULATIONS USING THE SPHCT EQUATION OF |
STATE FOR ETHANE + N-PARAFFIN SYSTEMS (CASE 3)

ISO OCN T(X) C(IJ) DIJ) RMSE BIAS AAD %AAD NOPT
1 4 338.7 .0546 .0000 147 -0.82 1.20 2.6 6
2 4 366.5 - .0653 .0000 1.45 -0.43 1.19 2.6 8
3 4 3943 0874 .0000 0.41 -0.06 0.34 0.8 5
4 8 323.1 .0209 .0000 1.70 -0.97 1.21 3.1 11
5 8 348.1°  .0308 .0000  0.63 -0.10 0.50 2.1 13
6 8 373.1 0350 .0000 0.29 0.05 0.25 1.6 9
7 10 3109 .0157 .0000 0.21 0.12 0.17 1.4 10
8 10 3443 0184 .0000 0.15 0.03 0.12 0.7 7
9 10 377.6  .0233  .0000  0:32 -0.11 0.22 0.5 6
10 10 - 4109 .0302 .0000 1.06 -0.52 0.75 1.4 7
11 20 323.1 .0174 .0000 0.18 10.04 0.12 0.7 6
12 20 373.1 .0223 .0000 0.86 0.37 0.66 1.7 6
13 20 423.1  .0295 .0000 0.15 0.00 0.14 0.4 7
14 28 348.1 .0266 .0000 0.29 0.07 0.22 1.2 10
15 28 373.1 .0304 .0000  0.64 0.31 0.49 24 7
16 28 423.1 . .0347 .0000 0.1 0.20 0.34 1.2 7
17 36 373.1  .0369 .0000 0.64 0.19 0.34 1.6 7
18 36 423.1 .0432 .0000 0.30 0.14 0.25 1.0 6
19 44 373.1  .0364 .0000 0.26 -0.09 0.23 L5 9
20 44 423.1 .0482 .0000 0.52 0.23 0.42 24 7
MODEL OVERALL STATISTICS
RMSE 0.78 BAR NOPT 154
AAD = 047 BAR %AAD = 1.6
MIN DEV = -3.90 BAR MIN %DEV = -1.4
MAX DEV = 1.80 BAR MAX %DEV 5.1
BIAS - = -0.09 BAR
RESTRICTIONS

NONE

177



BUBBLE POINT CALCULATIONS USING PGR EQUATION OF
STATE FOR ETHANE + N-PARAFFIN SYSTEMS (CASE 1)

TABLE D.XIX

RMSE BIAS

ISO CN TX) CQJ) DEJ) AAD %AAD NOPT
1 4 338.7 .0000. .0000 © .59 -.07 53 1.2 6
2 4 366.5 .0000. .0000 97 -65 - .80 1.7 8
3 4 3943 .0000 .0000 1.18 -.81 1.01 2.2 5
4 8 323.2  .0000 .0000 2.97 2.64 2.64 7.6 11
5 8 3482  .0000 .0000 3.19 2.40 2.47 7.2 13
6 8 373.2  .0000 .0000 2.14 1.60 1.60 6.4 9
7 10 3109 .0000 .0000 1.16 87 88 4.9 10
8 10 3443  .0000 .0000 4.92 4.09 4.09 13.6 7
9 10 377.6 .0000 .0000 7.94 6.70 6.70 19.1 6
10 10 410.9 .0000 .0000 '12.14 10.66 10.66 22.6 7
11 20 323.2  .0000° .0000 .69 -.61 .61 4.7 6
12 20 373.2 .0000 .0000 440 3.1 3.18 6.0 6
13 20 4232  .0000 .0000 6.06 4.97 497 104 7
14 28 3482 0000 .0000 106  -1.02  1.02 6.3 10
15 28 373.2  .0000 .0000 St -13 45 37 7
16 28 4232 .0000 .0000 3.25 2.51 2.51 7.6 7
17 36 373.2  .0000 .0000 1.51 -1.40 1.40 9.2 7
18 36 4232 © .0000 .0000 .87 .62 .68 2.0 6
19 44 373.2 .0000 .0000 2.02 -1.75 1.75 9.8 9
20 44 4232  .0000 .0000 40 -34 35 33 7
MODEL OVERALL STATISTICS
RMSE 3.95 BAR NO PT = 154
AAD = 2.36 BAR %AAD = 7.7
MIN DEV = -3.26 BAR MIN%DEV =  -115
MAX DEV = 19.04 BAR MAX %DEV 23.4
BIAS 1.61 BAR |
RESTRICTIONS NONE
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TABLE D.XX

BUBBLE POINT CALCULATIONS USING PGR EQUATION OF

STATE FOR ETHANE + N-PARAFFIN SYSTEMS (CASE 2)

ISO CN TX)* CL]) D] RMSE BIAS AAD %AAD NOPT
1 4 3387 0031 .0000 .83  -24 67 1.5 19
2 § 3232 -0092 .0000 1.76 92 127 4.2 33
310 3109 -0170 .0000 397 183 258 8.2 30
4 20 3232 -0044 0000 322 137 234 6.7 19
5 28 3482 0016 .0000  2.08 57 132 5.7 24
6 36 3732 .0057 .0000 1.60 52 119 5.2 13
7 44 3732 0095 0000 .96 11 69 3.1 16
'MODEL OVERALL STATISTICS

RMSE 2.47 BAR NO PT 154
AAD 1.53 BAR %AAD 5.1
MIN DEV = 191 BAR MIN %DEV -16.9
MAX DEV = 12.11 BAR MAX %DEV 14.7
BIAS 84 BAR

RESTRICTIONS NONE

179



TABLE D.XXI1

BUBBLE POINT CALCULATIONS USING PGR EQUATION OF
STATE FOR ETHANE + N-PARAFFIN SYSTEMS (CASE 3)

ISO CN T(K) C@ILJ)) DE]) RMSE BIAS AAD %AAD NOPT
1 4 338.7 - -.0028 .0000 .61 -29 .56 1.2 6
2 4 366.5 .0041 .0000 77 =23 .62 1.4 8
3 4 394.3 .0097  .0000 .76 -13 .67 1.6 5
4 8 323.2 -.0115 .0000 °~ 1.99 1.14 1.40 3.6 11
5 § 3482 -0079 .0000 201  1.10 154 53 13
6 § 3732 -0091 .0000 .97 36 73 3.2 9
7 10 310.9 -.0049 .0000 .64 .30 43 2.8 10
8 10 3443 -0171 .0000 1.70 .87 1.25 4.4 7
9 10 377.6 -.0262 .0000 2.05 .96 1.38 39 6
10 10 4109 -0368 .0000 2.48 1.25 1.71 34 7
11 20 323.2 .0050 .0000 .66 23 42 1.8 6
12 20 3732 -0063 .0000 2.24 93 172 45 6
13 20 4232 -0140 .0000 1.36 S1 .96 2.1 7
14 28 3482 0070 .0000 .43 12 31 1.6 10
15 28 373.2 .0031 - .0000 94 44 71 34 7
16 28 4232 -.0100 .0000 .95 37 .63 2.2 7
17 36 373.2 .0116  .0000 .74 22 .39 1.8 7
18 36 4232 -0020 .0000 45 21 36 1.4 6
19 44 373.2 .0127  .0000 .26 -.08 23 1.4 9
20 44 4232 .0046  .0000 .56 25 45 2.6 7
MODEL OVERALL STATISTICS
RMSE 134 BAR NO PT = 154
AAD = 84 BAR %AAD = 2.8
MIN DEV = -1.23 BAR MIN %DEV =  -11.4
MAX DEV = 528 BAR MAX %DEV =~ = 8.3
BIAS 46 BAR
RESTRICTIONS NONE
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TABLE D.XXII

BUBBLE POINT CALCULATIONS USING MODIFIED PGR EQUATION OF

STATE FOR ETHANE + N-PARAFFIN SYSTEMS (CASE 1)

ISO CN TE) CLJ)) D(IJ) RMSE BIAS AAD %AAD NOPT
1 4 338.7 .0000 .0000 1.87 -0.18 1.82 39 6
2 4 366.5 .0000  .0000 2.87 -2.79 2.79 6.2 8
3 4 394.3  .0000 .0000 252 -0.77 2.38 5.8 5
4 8 323.2- .0000 .0000 0.79 -0.53 0.74 2.6 11
5 8 3482 .0000 .0000 1.24 -1.16 1.16 6.3 13
6 8 373.2 .0000 .0000 1.55 -1.38 1.38 8.5 9
7 10 310.9 .0000 .0000 0.34 -0.11 0.28 3.0 10
8 10 3443 .0000 .0000 1.65 1.13 1.19 34 7
9 10 377.6  .0000 .0000 2.57 1.91 1.91 44 6
10 10 410.9 .0000 .0000 3.93 3.18 3.18 59 7
11 20 323.2  .0000 .0000 220 - -196 = 1.96 11.2 6
12 20 373.2 .0000 .0000 2.40 -2.32 2.32 7.1 6
13 20 4232 .0000 .0000 1.78 -1.69 1.69 44 7
14 28 348.2 .0000 .0000 0.34 -0.26 0.28 2.0 10
15 28 373.2 ° .0000 .0000  0.68 0.29 0.52 2.7 7
16 28 4232 .0000 .0000 2.52 1.95 1.95 59 7
17 36 373.2 - .0000 .0000 0.62 -0.52 0.54 4.1 7
18 36 423.2 .0000 .0000 0.94 0.74 0.76 22 6
19 44 373.2 .0000 .0000 1.63 -1.38 138 - 74 9
20 44 4232 .0000 .0000 0.78 -0.76 0.76 54 7
MODEL OVERALL STATISTICS
RMSE 1.5§ BAR NOPT = 154
AAD = 1.35 BAR %AAD = 5.0
MIN DEV = -3.57 BAR MIN %DEV = -16.3
MAX DEV = 7.09 BAR MAX %DEV 8.6
BIAS = -0.40 BAR
RESTRICTIONS NONE
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BUBBLE POINT CALCULATIONS USING MODIFIED PGR EQUATION OF
STATE FOR ETHANE + N-PARAFFIN SYSTEMS (CASE 2)

TABLE D.XXIII

ISO CN TE)* CQLJ)

D(J) RMSE BIAS AAD %AAD NOPT
1 4 3387 0271 .0000 0.83 -0.08 0.69 1.6 19
2 8 3232 0075 .0000 0.68 -0.09 0.51 2.8 33
3 10 3109 -.0009 .0000 - 2.22 1.20 1.39 3.9 30
4 20 3232 .0111 .0000  1.28 0.59 0.89 2.3 19
5 28 3482  .0001 -.0000 143 0.56 0.84 34 24
6 36 3732 .0010 .0000 0.89 0.23 0.70 3.1 13
7 44 3732 .0093 .0000 049 - 0.08 0.36 2.0 16
MODEL OVERALL STATISTICS
RMSE = 1.19 BAR NOPT 154
AAD = 0.80 BAR %AAD = 2.8
MIN DEV = -2.13 BAR MIN %DEV = -12.2
MAX DEV = 6.80 BAR MAX %DEV 9.6
BIAS : = 040 BAR
RESTRICTIONS NONE
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BUBBLE POINT CALCULATIONS USING MODIFIED PGR EQUATION OF
STATE FOR ETHANE + N-PARAFFIN SYSTEMS (CASE 3)

TABLE D.XXIV

ISO CN TK) CL) DIJ) RMSE BIAS AAD %AAD NOPT
1 4 338.7 .0206 - .0000 0.73 -0.14 0.67 1.5 6
2 4 366.5 .0277  .0000 0.70 -0.01 0.61 1.4 8
3 4 394.3 .0403  .0000 0.42 0.08 0.35 09 5
4 8 323.2 0053 .0000 0.43 0.11 0.34 1.0 11
5 8 348.2 .0072 - .0000 0.63 -0.16 051 3.2 13
6 8 373.2 .0116  .0000 0.77 -0.18 0.56 3.2 9
7 10 310.9 .0028 .0000 0.47 0.21 0.33 2.3 10
8 10 3443 -0011 .0000 1.47 0.94 1.04 3.1 7
9 10 377.6 -.0055 .0000 1.53 0.82 1.01 2.6 6
10 10 4109  -.0091 - .0000 1.95 1.12 1.30 2.3 7
11 20 3232 0137 .0000 011 003 008 0.6 6
12 20 373.2 .0092 - .0000 0.94 0.25 0.77 2.3 6
13 20 4232 0077 0000 0.65 029 043 0.8 7
14 28 348.2 .0016  .0000 © " 0.28 - 0.00 0.21 1.2 10
15 28 373.2  -.0002 .0000 0.65 0.26 0.50 2.7 7
16 28 4232 -.0081 .0000 0.74 0.29 0.49 1.7 7
17 36 373.2 .0054  .0000 0.68 0.27 0.32 1.2 7
18 36 4232 -0037 0000 021 -002  0.16 1.0 6
19 44 3732 0099 0000 027 -007 022 1.6 9
20 44 423.2 .0070  .0000 0.39 0.09 0.32 2.2 7
MODEL OVERALL STATISTICS
RMSE 0.68 BAR NO PT = 154
AAD = 0.50 BAR %AAD = 1.9
MIN DEV = -1.73 BAR MIN %DEV =  -11.6
MAX DEV = 414 BAR MAX %DEV 6.2
BIAS = 0.18 BAR
RESTRICTIONS

NONE
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TABLE D.XXV

BUBBLE POINT CALCULATIONS USING THE PENG-ROBINSON
EQUATION OF STATE FOR HYDROGEN + N-PARAFFIN
SYSTEMS (CASE 2)

ISO CN TX)* C(IJ) D(J) RMSE BIAS AAD %AAD NOPT

1 4 3276 3598 0000 812  -1.15 6.14 5.9 60
2 10 3443 4177 0000 2.53 0.14 1.79 1.8 21
3 20 3231 3836 .0000 1.35 0.35 1.09 2.5 37
4 28 3481 2649 .0000 3.05  -0.02 2.40 4.1 35
5 36 373.1 .1232 .0000 4.04 0.16 3.38 7.0 27
MODEL OVERALL STATISTICS

RMSE = 523 BAR NO PT ' = 180
AAD = - 3.45 BAR %AAD = 4.5
MIN DEV =  -1493 BAR MIN %DEV = -16.7
MAX DEV = 25.09 BAR MAX %DEV. =~ = 4.9
BIAS = -0.28 BAR o
RESTRICTIONS : NONE

* minimum temperature, see Table D.XXVI for the full temperature range



TABLE D.XXVI

BUBBLE POINT CALCULATIONS USING THE PENG-ROBINSON

EQUATION OF STATE FOR HYDROGEN + N-PARAFFIN

SYSTEMS (CASE 3)
ISO CN TK) C@J) D(@J) RMSE BIAS AAD %AAD NOPT
1 4 3276 3091 0000 491  1.04 3.8 41 13
2 4 3442 3369 0000 418 074  2.88 3.1 12
3 4 3609 3868 0000 404 043 277 2.7 11
4 4 3775 4490 0000 547 021  3.93 3.8 12
5 4 3942 4815 0000 772 -0.56  5.56 4.9 12
6 10 3443 4043 © 0000 164 040 L.l 1.0 9
7 10 3731 4174 0000 077 020  0.55 0.6 6
8§ 10 4231 4636 0000 036 009 033 05 6
9 20 3231 385 .0000 1.00 037  0.83 1.1 7
10 20 3731 3703 .0000 052  0.16 0.0 0.7 9
11 20 3733 4690 .0000 053 . 024 047 1.9 5
14 20 5732 4234 0000 025 003 023 1.0 5
15 28 3481 3330 .0000 041  0.15  0.33 0.4 6
16 28 3731 2934 0000 022 007  0.17 0.2 5
17 28 4231 2026 .0000 044  -0.05 030 0.4 9
18 28 3732 2889 0000 0.65 004  0.49 1.5 5
19 28 4732 2170 0000 054 021 043 15 5
20 28 5731 1048 0000 032  0.12 025 1.1 5
21 36 3731 2114 0000 186 095  1.59 3.3 11
22 36 4231 0625 0000 062 022  0.54 0.8 6
23 36 4730 0210 0000 1.04 043  0.75 2.9 5
24 36 5731 -1357 0000 053 025  0.48 1.9 5
MODEL OVERALL STATISTICS
RMSE 322 BAR NO PT = 180
AAD = 1.66 BAR %AAD = 2.0
~ MIN DEV = 691 BAR MIN %DEV =  -112
MAX DEV = 21.89 BAR MAX %DEV 13.0
BIAS 028 BAR
RESTRICTIONS NONE
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TABLE D.XXVII

BUBBLE POINT CALCULATIONS USING PGR EQUATION OF
STATE FOR HYDROGEN + N-PARAFFINS SYSTEMS (CASE 3)

ISO CN TX)* Cd,J)) D(I,J) RMSE BIAS AAD %AAD NOPT
1 4 327.6 -4080 .0000  9.68 -12 7.63 7.8 60
2 10 3443 -5060 0000 32.16 -11.61 27.48 29.4 21
3 20 3232 -.5951 .0000 36.07  -19.12 27.28 50.3 37
4. 28 3482 -.6579 .0000 3648  -2030 2791 48.8 35
5 36 3732 -7714 0000 3994  -21.55 28.99 48.9 27
MODEL OVERALL STATISTICS
RMSE = 30.29 BAR NOPT = 180
AAD = 21.13 BAR %AAD = 33.2
MIN DEV = ** BAR MIN %DEV = -76.5
MAX DEV = 39.41 BAR MAX %DEV 81.4
BIAS = -12.51 BAR
RESTRICTIONS : NONE

** Jower than -100.0
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TABLE D.XXVIII

BUBBLE POINT CALCULATIONS USING PGR EQUATION OF
STATE FOR HYDROGEN + N-PARAFFINS SYSTEMS (CASE 4)

ISO CN T(K) C@J) DIJ) RMSE BIAS AAD %AAD NOPT
T 4 3276 -3636 0000 162  -40 145 17 13
2 4 3442 -3991 0000 198  -58 136 1.5 12
3 4 3609 -4244 0000 292 -1.00 222 2.5 11
4 4 3776 -4373 0000 229  -68 202 26 12
5 4 3942 -4438 0000 255 -39 218 25 12
6 10 3443 -4037 .0000 652 277 ~ 497 4.7 9
7 10 3732 -4770 0000 531 220 425 44 6
§ 10 4232 -6002 0000 323  -126° 251 3.1 6
9 20 3232 -3148 0000 426 -188 3.8 4.0 7
10 20 3732 -4337 0000 3.93 -179 279 42 9
11 20 3733 -4290 0000 .69  -17 42 1.1 5
14 20 5732 -8041 0000 .58  -15 43 12 5
15 28 3482 -3796 .0000 4.16 -1.65  3.30 3.9 6
16 28 3732 -4452 0000 402 -151 296 38 5
17 28, 4232 -5725 0000 313 -121 220 32 9
18 28 3732 -4612 0000 .89  -38 .69 25 5
19 28 4732 -685 .0000 .23  -08 .13 4 5
20 28 5731 -8720 0000 24 02 21 9 5
21 36 3732 -4864 0000 627 210  3.53 3.9 11
22 36 4232 -6249 0000 358 152 2388 3.7 6
23 36 4731 -7559 0000 52 24 44 1.9 5
24 36 5731 -9712 0000 34 .17 30 1.3 5
MODEL OVERALL STATISTICS

RMSE 335 BAR NOPT 180
AAD 209 BAR %AAD 2.7
MIN DEV = -16.70 BAR MIN %DEV -10.0
MAX DEV = 3.61 BAR MAX %DEV = 8.3
BIAS = 99 BAR

RESTRICTIONS . NONE
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TABLE D.XXIX

BUBBLE POINT CALCULATIONS USING MODIFIED PGR EQUATION OF

STATE FOR HYDROGEN + N-PARAFFINS SYSTEMS (CASE 2)

ISO CN TX)* CQLJ) D(@J) RMSE BIAS AAD %AAD NOPT

327.6

1 4 0000 .0000  2.03 170 170 2.0 60
2. 10 3443 © 3831 .0000 6.24 -0.36 4.72 5.1 21

3 20 323.2 5190 .0000 695 -0.83 4_.99 10.7 37
4 28 3482 4135 0000 338  -137 265 64 35
5 36 373.2 4620 » .OOOO 3.81 -0.92 2.81 7.0 27

MODEL OVERALL STATISTICS

RMSE 406 BAR "NOPT" = 180
AAD = 3.08 BAR %AAD = 5.8
MIN DEV =  -12.12 BAR MIN %DEV =~ =  -247
MAX DEV = 21.76 BAR MAX %DEV 6.6
BIAS = -0.05 BAR |
RESTRICTIONS . NONE
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TABLE D.XXX

BUBBLE POINT CALCULATIONS USING MODIFIED PGR EQUATION OF

STATE FOR HYDROGEN + N-PARAFFINS SYSTEMS (CASE 3)

ISO CN TK) C@IJ) D@J) RMSE BIAS AAD %AAD NOPT
T 4 3276 0000 0000 346 345 345 3.8 13
2 4 3442 0000 0000 223 219 219 2.6 12
3 4 3609 0000 0000 142 135 135 1.7 11
4 4 3776 0000 0000 079 076  0.76 0.8 12
5 4 3942 0000 0000 0.69 066  0.66 0.7 12
6 10 3443 3694 0000 124 016 095 1.0 9
7 .10 3732 3852 00000 032 012 034 0.3 6
§ 10 4232 4159 .0000 024 016  0.18 0.4 6
9 20 3232 4823 0000 124 063  1.07 2.1 7
10 20 3732 5208 0000 081 -024  0.68 15 9
11 20 3733 5480 .0000 048 034 038 2.4 5
14 20 5732 7199 0000 018  -0.03 . 0.15 1.0 5
15 28 3482 3941 .0000 084 001  0.73 1.0 6
16 28~ 3732 4035 0000 0.83 011 057 0.8 5
17 28 4232 4160 .0000 044  -034 035 09 9
18 28 3732 4037 .0000 069 -021  0.49 1.7 5
19 28 4732 4541 0000 051 032  0.44 23 5
20 28 5731 5143 0000 050 010 031 1.4 5
21 36 3732 4514 0000 205 062 167 48 11
22 36 4232 4657 0000 086 032 076 12 6
23 36 4731 5087 0000 096 038  0.73 3.3 5
24 36 5731 5674 0000 061 03 052 3.0 5
MODEL OVERALL STATISTICS
RMSE 1.09 BAR NOPT 180
AAD 1098 BAR %AAD 1.7
MIN DEV = 2.74 BAR MIN %DEV =  -16.7
MAX DEV = 436 BAR MAX %DEV 9.3
BIAS = 0.46 BAR -
RESTRICTIONS :

NONE .
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