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STATISTICAL THERMODYNAMICS OF CHAIN MOLECULAR
FLUIDS: EQUATION OF STATE PARAMETERS FOR PVT
SCALING AND THEIR GROUP CONTRIBUTIONS

Abstract
by

UGUR YAHSI

Extensive experimental studies of fluid hydrocarbons in the
lubricating range of molar mass have been undertaken sometime
ago by American Petroleum Institute Project 42, located in the
Departments of Chemistry and Physics at Pernsylvania State
University. In these studies systematic structural changes were
introduced, so that the equation of state (e.o.s.) as well as the
viscosities of linear paraffins, branched hydrocarbons, and various
rings attached to n-alkanes tails are known. Hence this material
became the basis for various semi-empirical or empirical
structural correlations. We proceed here with the hole theory of
Simha-Somcynsky (SS) which has proven quantitatively successful
for low as well as high molar mass system and examine e.o.s. data.
We demonstrate the success of the theory and obtain the

characteristic volume (v*), energy (e*) and flexibility (c)
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parameters as functions of chain-length for the different
structures. For the short chains in question these represent
averages over the terminal and internal units. By suitable
generalization of the SS theory developed for physical mixtures
we decompose these averages into the individual group
contributions. The accuracy of the numerical procedures employed

is tested by back computations.

Sometime ago A. Bondi developed structural rules for the
computation of Van der Waals excluded group volumes.
Interesting correlations between these and the above v* values,
defined for a 6-12 potential, are obtained. In the same way we
examine correlations between D. W. Van Krevelen's and P. J.

Hoftyzer's cohesive group energies and &* values.
y
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Al Qur'an 17:44

If every particle is not an official of God acting with His
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change within His Knowledge and Power, then every particle must
have infinite knowledge and limitless power, it must have eyes
that see everything, a face that looks to all things.... [ndeed, a
particle despite being powerless and lifeless by carrying out its
important duties consciously and raising mighty loads bears
decisive witness to the existence of the Necessarily-Existent One.
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CHAPTER 1

Introduction

There are basic and practical motivations for the study of
configurational thermodynamical properties of fluids or
amorphous polymers in the melt and glassy state: first as a
problem in the statistical mechanics of dense, disordered system
and secondly, consider the response of these systems to changes
in temperature and pressure in connection with polymer
processing. Predictions, based where possible, on theory, thus are
highly desirable. Considering all this and in particular the
equation of state (e.o0.s.) a number of empirical relationships have
been developed since Van der Waals first developed a

theoretically founded e.o.s.

In the area of simple fluids considerable progress has been
made in recent years by analytical theories, based on the
development of integro-differential equations for the positional

distribution functions.! Solution of these required closure



appreximations. There have also been computer simulations. The
distribution function approach has gradually found its uses into
the area of chain-molecular fluids. Its primary contribution so far

has been the description of structure factors.

An alternative approach has been influenced by the
realization of a short range order or a quasi-crystalline structure
in liquids. This has let to development of cell theories, originated
by Lennard-Jones and Devonshire? for rare gas type of fluids. This
theory was then extended to fluids with chain-molecular
constituents by Prigogine, Mathot and Trappeniers.3 Applications
of the theory to the equation of state of n-paraffins, other

hydrocarbons and polymers have been offered.4-6

In the cell theory the reference unit, molecule or segment
allowed to move, is subject to molecular interactions with its
neighbors. However these neighbors are placed into average
positions, defined by lattice sites. With these assumptions at hand,
it is comparatively convenient to obtain the configurational free

energy and thus the pressure from the equation

(1.1)

P = kT (amz) .
T

av

The cell theory, it turns out, generates too much order in the
system. In an effort to improve on this situation while
maintaining the comparative ease, provided by what is essentially

a lattice model, one may introduce disorder in the form of lattice



vacancies or holes. In statistical theories of polymer solutions,
lattice models have played a prominent role because they
facilitated the formulation of combinatory factors in the partition
function. Returning to the pure melt the hole theory of Simha-
Somcynsky? has been quantitatively successful in providing an
e.o.s. of one and multi-constituted systems. More recently it has
been refined by Nies, Stroeks® and Xie% in an effort to improve the
performance in dealing with phase equilibria in polymer solutions

and mixtures.

This work is based on SS theory. Our work is focused on the
aspects of a) testing of the theory in low molar mass fluids which
moreover allow b) extraction of group parameters. The chapters

are arranged as follows:

In Chapter 2, we review the cell theory and SS theory in the
first section and then establish the decompositional polynomial
equations for normal paraffins, branched hydrocarbons, single
ring attached to an alkyl and two rings connected with a carbon

chain in the second section.

In Chapter 3, we analyze the normal paraffins. The requisite
degrees of freedom and parameters are determined and tested
with experimental PVT data using the SS theory. We then
decompose these average parameters of attraction energy and
repulsion volume into the group contribution of the constituent

units.



In Chapter 4, we analyze the branched hydrocarbons. The
requisite degrees of freedom and other parameters are
determined and tested with experimental PVT data using the SS
theory. We decompose these into the contributions of the specific
groups and then test these with the experimental PVT data using

the theory.

In Chapter 5, we analyze the contributions of ring(s)
attached to linear chain alkanes. First we deduce the
corresponding quasi-segment of ring by a linear chain
correspondence. With the guidance of decomposed values in Ch. 3
for linear chain, we compute the group contribution parameters of

the segments of the rings.

In Chapter 6, we correlate the characteristic repulsion with
the Van der Waals volume and total attractive interaction with

cohesive energy given by Van Krevelen.

In Chapter 7, the dissertation is concluded and future work

is suggested.
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CHAPTER 2
Theory

2.1 Theories of Polymer Liquids

2.1.1 Cell Model

The early great progress in the theory of liquids is given by

the well-known van der Waals equation of state as follows

(P + a n2/V2)(V - nb) = nRT (2.1)

which describes not only imperfect gases but also the liquid
phase.! Theory which seeks to take account of the short range
order existing in liquids and highly compressed gases was

formulated by Lennard-Jones and Devonshire (1937).2 They



consider each molecule to be enclosed in a cell formed by its
nearest neighbors and to move only in its cell under a definite
potential field. A suitable average spherical symmetry and a
specific close-packed structure then yield the cell potential. This is
determined by an assumed pair potential to be of the 6-12 form,

ie:

e(r)y=Ar-12.Br-6 (2.2)

A particular simplification consists of replacing the cell by a
square-well potential. It is first used by Lennard-Jones and
Devonshire (LJD)(1937)2 and then modified by Eyring and
Hirschfelder (1937).3 All this applies strictly to ensembles of

small, spherically symmetrical molecules.

2.1.2  Prigogine Cell Model (PCM)

Prigogine et al.4.5 extended the LJD cell model to chain
molecular system (s-mer molecules) employing two different
forms of potentials, harmonic oscillator and the square-well
potential approximation to the Lennard-Jones potential. We will

consider only the latter for our purposes.



The ensemble is represented by a quasi-crystalline lattice
and with the coordination number "z" for their polymer system.
Each site is occupied by a chain segment. This makes it possible in
what follows to calculate the combinatory factor (see below).
Before attempting to write the partition function explicitly, we
separate as an assumption the contribution of internal and
external degrees of freedom. Only the latter depend on the
volume and are pertinent for the computation of configurational
thermodynamic functions. In a rigid molecule there are only three

translational and maximally three rotational external degrees of

freedom.

The kind of chain molecules to be considered here possesses
internal flexibility, i.e. internal rotations which generate additional
external degrees of freedom because of the comparatively low
rotational barriers. This is in contrast to the high frequency
valance bond and valence angle deformational motions which may
be treated as volume independent. The potential energy between
two segments of the molecule is again assumed to be of the

Lennard-Jones type:

e(r) = e’ [A(ri/r)i2- 2B(r*[r)®]. (2.3)

where A=1.011 and B=1.2045 for a close packed hexagonal cell



geometry and with non-nearest neighbor contributions included.

We can write the configurational partition function for N s-

mer molecules

Z =g f(T,V)y*<N exp(-BEo) (2.4)

where g is the combinatory factor, that is the number of
distinguishable ways of placing the N chains on the lattice sites,
f(T,V) is a cell partition function with 3¢, the number of the
external degrees of freedom as discussed above, and E, is the total
lattice energy when each segment is placed on its site. Prigogine et
al.4.5 treated the s-mer molecule as a set of s point-centers and
enclosed into the cells. Each such center experiences a potential
field produced by the neighbor molecules. The potential energy of

the lattice in accord with eq. 2.3 is assumed to be given by

Ey=1Ng e* [A(u*/) - 2B(v*/0)2] (2.5)

where g, is the number of the first neighbor intermolecular pairs

of the s-mer, viz.,



g, = s(z-2)+2. (2.6)

The number of external volume dependent degrees of

freedom of an ideally flexible chain is given by

3¢ = 35-(s-1)-(5-2) = s+3; >3 2.7)

where the second and third term on the right hand side account
for the bond stretching and bond angle deformation respectively.
For a monomer s=1, 3c=3. In a real molecule we may have a
perturbation of an internal rotation by the surrounding molecules
and no fixed number 3¢ can be strictly be defined. The procedure
adopted by Prigogine et al. is to make ¢ a disposable parameter.
The cell partition function, f(V,T) in eq. 2.4, is related in the
smoothed potential approximation, to the factor (1-2-1/6(v/v*)-1/3)
which does not explicitly depend on temperature. Here 2-1/6
arises from the cell geometry taken as a close packed hexagonal

structure (z=12).

The equation of state follows from the free energy,



F =-kT InZ (2.8)

through

P =- (-gg)r (2.9)

With eq. 2.4 and the expression for f(T,V) we can write the

equation of state in the scaled form

(2.10)

where the reduced variables V=V/V*, T=T/T* and P=P/P® are

defined by the characteristic parameters as

T*= q,e*/(ck), V= Mq*/N,

and P*=gq, e v* (2.11)



where M,is the segmental molecular mass, satisfying the relation:

(P*VYI T M= (c/s)R. (2.12)

where R is the gas constant.

The scaling parameters P*,V"* and T® are to be obtained by a
superposition of the scaled theoretical and experimental PV T
surface. Hence, see eq. 2.10, the parameter c in this theory is

absorbed in T* and no specific assignment is required.

2.1.3 Simha-Somcynsky Hole Model (SS):

To increase the degree of disorder in the lattice model
various authors have introduced vacancies. Simha and
Somcynsky® modified the Prigogine theory in this sense and

applied it to both chain molecules and small molecules.

In the hole theory, the occupied site fraction, y, is defined

by

y = SN/(sN + Np) (2.13)



where Nj is the number of vacant sites. The scaled configurational
partition function for N s-mer molecules has the following form in

a generalization of eq. 2.4

Zeons = gIN.Y)0( V,)IN exp[-Eo V.T,y)/kT] (2.14)

We discuss now each factor in eq. 2.14 below.

i. Combinatorial Factor, g(N,y):

The combinatory factor arises from the mixing of sites either
vacant or occupied by a chain segment. We make use of the
simplest version in the solution theory of Flory’ and Huggins?®
based on the lattice model, now applied to a mixture of holes and

molecules.

We note that this theory and the expression to be employed
make the assumption of random mixing. We revert to this point in
subsequent Chapters. Retaining then for our purposes only the

factor dependent on y and hence volume we have



g(N,y) o< yN (1-y)- sNU-»)y, (2.15)

ii. The lattice Energy, E,:

The appropriate modification of eq. 2.5 is

Eo=1yNg, e*[A(v*/0)* - 2B(v*/w)?] (2.16)

where v* and &* retain their previous definition as the
characteristic repulsion volume and attractive energy per segment
respectively, ¢q,, the number of nearest neighbor sites per chain is
given by eq. 2.6, and o (=yV/(Ns)) is the cell volume weighted by
the occupied site fraction. The above interaction potential energy

includes non-nearest neighbor contributions.

iii. Cell Partition Function (Free Volume), vg¢:

Simha and Somcynsky® proposed two cell partition
functions. In I they averaged linearly the free lengths of solidlike
and gaslike structures with the weight factors y and 1-y
respectively, and in II corresponding free volumes. Various

applications have shown the quantitative superiority of version I



and it has been adopted by these and other authors. The result is:

ve= v {y[(y)IB - 2-1/6] + (1 - y)(y V)1/3}3. (2.17)

The first term in eq. 2.17 reduces for y=1 to the expression f(V,T)

of Prigogine.

Equations 2.15-2.17 yield the configurational Helmholtz free

energy:

F conf = -kT l”-zconf =

NKkT Iny + kTsN{(1-y)/ylin(1-y) -

3kTeN{In[(y V)13 - y2-1/6] + % Inv'}+

LyNg, £ (y¥)201.011(y7)2 - 2.409]. (2.18)

The scaled pressure equation is given by

P=-@QF0V))y=PIVT;y(V.D) (2.19)



The equation of state (e.o.s.) is

V — [1_2-1/6y(y‘7)-1/3}.} +

3

ZTTY (y¥)2[1.011(yP)2 - 1.2045]. (2.20)

To obtain the thermodynamically correct e.o.s. or other
configurational equilibrium functions, the variable y must be
explicitly obtained as a function of the variables of state. This is
accomplished by solving the minimum condition on the free

energy (0F/dy)vTcis= 0 with the result

ey -

(1-n)-'(m-1/3) + g%-(_yV)'2[2.409 - 3.033(y¥)2] (2.21)

where n = 2-1/6y(y V)-1/3,

We note that y will depend explicitly on the chain length



and most importantly on the flexibility parameter c/s . Thus in
contrast to the cell theory, a specific assignment or determination

of this quantity is required.

Extensive comparisons of the theory and experiment have
demonstrated the quantitative success of the former. The usual
procedure employed for high polymers has been to make the
assignment 3c/s=1. Physically this amounts to replacing the actual
chain by a chain with free internal rotations and, of course, with
the actual physical properties. The alternative is discussed below.
Equation 2.12 continues to be valid. The next problem then is the
superposition of the theoretical and experimental surfaces as a
test and to extract the numerical values of the scaling parameters.
Numerical procedures were discussed by Hartmann, Simha and
Berger.? Moreover these authors compared their results with
those obtained by the simplifications described below. These
consist essentially of extracting first V*and T* from atmospheric

(P —0) data and then fitting elevated pressure data, to obtain P*.

Simha, Wilson and Olabisi!® showed that the coupled eqs.
2.20 and 2.21 can be well approximated by the following

interpolation expression at atmospheric pressure:

InV = A(S,C) + B(s,c) T3/2. (2.22)



A and B are slowly varying functions of S and C. For an infinite S-
mer, A=-0.1034 and B=23.835 in the range (0.95< V<1.40). Simha
and Wilson!! showed that predicted and measured volumes are
in a very good agreement. McKinney and Simhal!2 and Jain and
Simhal3 compared satisfactorily eq. 2.22 with eqs. 2.20 and 2.21
for large and small s values. As shown by Hartmann et. al.% the
agreement between experiment and theory is further improved if
the simultaneous fit methods are employed. However here the
simplification of the successive fits will be used. Equation 2.22
then provides as immediate test of the theory's numerical
adequacy. If V*and T* are to be true constants of a particular
system over a specified temperature range, then the experimental

isobar should satisfy the equation:

InV=C +DT3 (2.23)

with C and D constants for a given molecular chain Iength.
Moreover, the consistency of eqs. 2.22 and 2.23 yields the scaling

parameters, viz.:

V* = exp(C-A) and T*= (B/D)?/3 (2.24)



As stated earlier one method of application assumed on a
priori value of the ratio c/s. The alternative is to stay with the n-
mer rather than its replacement, the s-mer, and to consider ¢ as a
disposable parameter to be obtained by a best fit. We note that
this requires recomputation of the A and B factors in eq. 2.22 by
solving the coupled eqs. 2.20 and 2.21. Thus the segment mass M,
in eq. 2.12 becomes the known mass of the chemical repeat unit.
This is the procedure adopted in what follows when we are
concerned with the characterization of the constituent groups of

the molecule.



2.2 Decomposition of Average Volume and Energy

Parameters into Group Contribution

2.2.1 Linear Chain Hydrocarbons

The hole theory formulated by Simha and Somcynsky® has
been applied to the equation of state (PVT) of high and low molar
mass melts, including n-paraffins, to copolymers and finally to
multi-component systems. The theory operates with two
parameters v* and €*, accounting for intersegmental attractions
and repulsions, and a quantity 3c as a measure of the volume-
dependent degrees of freedom of the molecule. In physical
mixtures, these parameters represent suitable compositional
averages over self and cross-interactions. Provided information
about the former has been obtained from studies of the individual

constituents, the mixture then yields information about the Ilatter.

Linear chain molecular systems of sufficiently large molar
mass, but excluding copolymers, involve effectively a single type
of structural units, and hence a single set of parameters. On the
other hand, corresponding short chain lengths may be viewed as
mixtures of terminal and interior units. The application of the

equations shown in the preceding section then yields average



parameters. For fundamental reasons and predictive purposes
however, it becomes of interest to decompose these averages and
to derive individual group contributions to the PVT parameters. A
beginning was made by comparing polyethylene and the series of
n-paraffins.!4.!5 A consistent analysis for certain alkanes and their
mixtures was carried out by Zhou et al.!5 based on the mixture
theory of Jain and Simha.!6 Good quantitative agreement is
obtained. However in their analysis these authors adopt the
device of an equivalent s-mer employed by SS, with 3c=s+3. This
does not allow for distinctive group contributions of terminal and
internal units in a linear chain. Therefore we will employ the n-
mer rather than s-mer procedure. In the placement of the
different types of units and holes on the lattice sites we make the

assumption of randomness.

Consider now a pair of normal paraffin chains consisting of

(n-2) CH3 and 2 CH3. Figure 1 shows the characteristic interaction

energies and repulsion volumes of the individual elements. These

are to be related to the average values <g>" and <vy>" obtained by

treating the chain as if it was constituted by a single type of units.



an n-mer

- A ~
CH3—CHy—CHy— - —CHy—CHj
-0-O0- - —-0O-[2

} } \
g0, & vty PRSP
Y | \
R-0-O- - —0O-02l
N - v,

(n-2) internal species

Figure 2.1. Scheme and definition of interaction parameters
(&; and vy, i,j=1,2) in an n-mer; normal alkanes. The indices 1
and 2 refer to methylene and methyl respectively.

As illustrated in Fig. 2.1, the interaction energy and

repulsive volume (g; and v; respectively) of a normal alkane are

defined as:
en and v, between a pair of internal units (CH,-CH3),
e and v, between a pair of terminal units (CH3-CH3), and
€ and v;; between an internal and a terminal unit

(CH,-CH3).



We define the corresponding intermolecular contact

numbers of each species as follows:

qiz = (n-2)(z-2) for the (n-2) internal CH units
and

q2z = 2(z-1) : for the two terminal CH3 units (2.25)

with the corresponding contact probabilities as follows:

Py = (n-2)(z-2)/(n(z-2)+2)
and

Py= 1-P1= 2(z-1)/(n(z-2)+2) (2.26)

with g,=q1z+q2.=(n(z-2)+2), the total number of contact pairs.
Indices 1 and 2 refer to internal and terminal species

respectively.

The volume dependent factor in the interaction energy



between a (k,[)th pair equals, following the pattern of eqs. 2.5 and
2.16,

&= en [1.011(vu/w)? - 2.409(vi/w)?], (k,I=1,2) (2.27)

These factors are weighted by the product of the respectively
contact probabilities and the contact numbers. In this manner we

obtain for the total lattice energy:

Eo= JZ'YN[le(Pl(bll + Py®12) + q2(P1DP12 + P2®22)]. (2.28)

The first factor accounts for the fraction of occupied sites and
coverts for double counting. The first two terms in the bracket
represent contributions of species one interacting with 1 and 2
and the last two terms those of species two interacting with 1 and

2. On the other hand, in terms of averages <g>" and <v>', Eg is

given by the following equation, as in eq. 2.26:

Ey= é—quz <e>"[1.011(<v>"/w)* - 2.409(<v>"/0)?] (2.29)



and equating the coefficients of the factors 1/w+and l/w? yields a

set of polynomial equations. These relate the characteristic

parameters ¢y and vy to the averages <e>" and <v>" and the

chain length. The relations are:

(u+v)2 <e>" <> =
u? g vit +v2 gnv3 + 2uv v
(u+v)?2 <g>"<v>™ =

u? g ot +v2 gn 3 + 2uv e v (2.30)

where

u=(n-2)(z-2) and v=2(z-1) (2.31)

2.2.2 Branched Hydrocarbons

In the previous section we have decomposed the linear
chain molecule into the terminal and internal units. In the case of
branched molecules with a single branch arm, we have an
additional terminal methyl unit to the two terminal units of a
linear chain, but we have also a branch point connecting a branch

arm to a linear chain. Therefore, a single branch molecular chain



with n repeating carbon atoms consists of (n-4) internal units
(CH3), 3 terminal units (CH3) and a single branch point unit (CH) as
shown in Fig. 2.2a. We will extend the decomposition of the linear

chain to the branched chain.

As illustrated in Fig. 2.2b, the interaction energies and
repulsion volumes of the branch point with internal, external and

a second branch point are defined as:
e and v3; between a pair of branch units (CH -CH),
e, and vj; between an internal and a branch unit (CH; -CH),

and

€3 and v3; between a terminal and a branch unit (CH3 -CH).

The intermolecular contact numbers of each species are

given below:

qiz = (n-4)(z-2) for the (n-4) internal CHj; units,
g2z = 3(z-1) : for the three terminal CH 3 units

and

g3z = (z-3) : for the branch point CH unit (2.32)



a) Branch Point

CH3~CHy— -+ —CHy—CH —CHy— - —CHy—CHj
|
CHy
i
CH,
l
CHj
b)
P-0—-0-&-® -~ 0O -]

AN

. »
D e330%; €303

Figure 2.2.a) Chemical structure of a symmetric branched
hydrocarbon. b) Scheme and definition of interaction
parameters of a branch point (g3 and vph, i=1,2 or 3) in

addition to those of a normal alkane.



with the corresponding contact probabilities as follows:

Py = (n-4)(z-2)/(n(z-2)+2),
Py = 3(z-1)/(n(z-2)+2)
and
P3=1-(P +P2)=(z-3)/(n(z-2)+2) (2.33)

where q;=q1:+q2:+93; =(n(z-2)+2), the total number of contact
pairs. Indices 1,2 and 3 refer to internal, terminal and branch

point species respectively.

The total energy of the system can be obtained by the same
method as for the linear chain, with the modifications due to the
additional terminal unit and to the presence of an additional
species, that is the branch point. The total interaction energy of N

branched chain molecules can then be expressed as follows

Eo=-21-yN[qlzP1<D11 + q2:P2®22 + 3P 1P33
+(qi1zP2 +q2.P1)P12
+(q1zP3 + q3.P1)P13

+(q22P3 + q3:P2 )P23 ] (2.34)



with again
®y = eu[1.011(vh/0)* - 2.409(vu/00)?], (k,I=1,2,3) (2.35)

Comparing this expression of E, with the formula of the average

interaction energies given as

E, = %quz <e>'[1.011(<v>"/w)4 - 2.409(<v>"/0)?] (2.36)

and equating the coefficients of the terms in l/w*and l/w?, we

deduce a set of polynomial equations. These correlate the

characteristic parameters <g>" and <v>" with the characteristic

parameters of the different types of species interaction in terms
of the molecular chain-length parameter n. The analog of eq. 2.30

then is
(r+p+t)2<e>"<v>? =12 g, vt + p? en vE + 12 £33 03

+2rp e v + 2rt e v + 2pt €1 v

(r+p+t)2<e>"<v>™ =12 g, vit + p? en VA + 12 £33

+2rp en v + 2rt g5 vt + 2pt en v (2.37)



where

r=(n-2)(z-4), p=3(z-1) and t=(z-3) (2.38)

2.2.3 A Ring Attached To An Alkane

In this section we are interested in contribution of a single
ring. We consider only three different types of nonfused ring
structures; phenyl, cyclohexyl, and cylopentyl. Each ring consists

of corresponding s, segments as shown in Fig. 2.3.

The definition of these segments remains open as will be

discussed in the actual applications to follow.

As shown in Fig. 2.3, we have a ring divided into
corresponding s, segments and attached a normal alkane with (s-
s;-1) internal units and a single terminal unit. As illustrated in Fig.
2.3b, the attraction energy and the repulsive volume of ring
segments with the same kind and internal and external species

are defined as:
e and vy, between a pair of ring segments,

e, and v, between an internal (CH3) unit and a ring

segment, and

€3> and v;, between a terminal (CH3) unit and a ring

segment.



a)

CH3y—CHy;—CHy — -+ —CH,» —

b)
. [
single (s-s,-1) internal CH, units S, ring segment
end DN
unit

B-0-0--0-O--@

4 / X

€07 I € 2,0 2
Y / hl
O =D -0~ O~ O~

Figure 2.3.a) Chemical structure of a ring attached to a normal

alkane chain. s is the total number of segments. b) Scheme and
definition of interaction parameters (g and v;.i=1,2 and r) of ring

segments in addition to those of a normal alkane.

The intermolecular contact numbers are given below:
g1z = (s-5:-1)(z-2) : for the (s-s.-1) internal CH ; units,
G2z = (z-1) : for the single terminal CH 3 units,

and

gz = S(z-2)+1 : for the s . ring segments (2.39)



with the corresponding contact probabilities as follows:
Py = (s-sc-1)(z2-2)/(s(2-2)+2),
Py = (z-1)/(s(2-2)+2),
and
P.=1-(P1+P2) = (s(z-2)+1)/(s(z-2)+2) (2.40)

where q,=q1:+q2z+qr2=(5(z-2)+2) is the total number of contact
pairs, and s is the total number of segments of the molecule.
Indices 1,2 and r refer to internal, terminal and ring segment

species respectively.

The total energy of the system can be obtained by the same
method as for the simple linear chain, but with the additional
contributions involving the ring segments. The total interaction
energy of the N single ring attached chain molecule can then be

expressed as follows

Ey= %YN[QIZPI¢II + q2:P2P22 + qrzP 1Drr
+(q1zP2 + q2.P1 )P 12
+(q1z2Pr + qzP1 )P

+(q2z2Pr + QP2 )02 ] (2.41)



where again

&y = en[1.011(vu/w)4 - 2.409(vu/0)?], (k.I=1,2,r) (2.42)

and comparing this expression of E, with the formula of the

average interaction energies given as

E,= %qu, <e>[1.011(<p>/0)* - 2.409(<v>"/w)?] (2.43)

and equating the coefficients of the terms in l/w*and l/w?, we

deduce once more the polynomial equations which correlate the

characteristic parameters <g>" and <v>" with the characteristic

parameters of the different types of species in terms of the

molecular chainlength parameter s.

(Up+vett)2<e>"<v>? = w? e v + v En VB + 1} € UR

+ 2uvren v + 2Urtrelr vir + 2Vetrer v

(Urtvrtt)l<e>"<v>™ = w2 e vt + v en v + 1 €U

+ 2upvren vis + 2Urtr €1 UIr + 2V €3, U (2.44)



where

u,=(s-sc-1)(z-2), v,=(z-1) and t,=s.(z-2)+1. (2.45)

2. 24 Two Terminal Rings Attached To An Alkane

We consider two terminal rings attached to a normal alkane.
As illustrated in Fig. 2.4, there are (s-s(1-sr2) internal methylene
units sandwiched between two different types of rings divided
into corresponding s;; and s;2 segments each. There is no terminal

methyl unit in this case.
The definitions in Fig. 2.4b simply extend the scheme of

Fig. 2.3b. The intermolecular contact numbers are given below:
g1z = (5-Sr1-Sr2)(2-2) : for the (s-s;,-Sr;) internal CH ; units,
Grz = Sr(z-2)+1 : for sy, ring segments,

and

Graz = Sra2-2)+1 : for sy, ring segments (2.46)



a)

b) Il [l
§r, Ting jt:gmens (s-5¢-s ) internal units sy, ring segments
A A

e =\
} / N

L] b d

x® E 3 E; .
ell’z ’Dll‘z &21-2 » Vo1, 1"21“1’11'2

y Y N
@D D= D=~ O— @~ ®

Figure 2.4.a) Chemical structure of two rings. s is the total number
of segments, b) Scheme and definition of interaction parameters of
ring segments in addition to those of a normal alkane. We omit the

£l are Ui, for reasons of clarity.

with the corresponding contact probabilities as follows:
Py = (s-Sr-85p)(2-2)/(s(z-2)+2)
P = (5ri(2-2)+1)/(s(2-2)+2),
and
P =1-Py -Pry=(5r:(2-2)+1)/(s(z-2)+2) (2.47)

where q,=q12+qriz+qrz=(s(z-2)+2) is the total number of contact

pairs, and s is the total number of segments of the molecule.



Indices 1, ry and r; refer to internal, ring-1 and ring-2 segment

species respectively.

The total energy of the system can be obtained by the same
method as for the simple linear chain, but with the additional
contributions involving two types of ring segments. The total

interaction energy of the N chain molecule of interest can then be

expressed as follows

Eo=‘%}’N[412P1‘Dll + @rzPr®Print + 4r2zP n®Prara

+(q1zPn + qrzP1)®P1n
+(q1zPr2 + qrzP1)®P1n

+ (grzPr + Gr2zPr )Prin2] (2.48)

with again

&y = eu[1.011(vi/w)* - 2.409( vi/w)?]

(k,I=1,ry and r3) (2.49)

and comparing this expression of E, with the formula of the



average interaction energies given as

E, =%quz <e>'[1.011(<v>"/w)4 - 2.409(<v>"/w)?] (2.50)

and equating the coefficients of the terms in 1l/w*and l/w2, we

deduce the polynomial equations which correlate the

characteristic parameters <e> and <v>" with the characteristic
parameters of the different types of species interaction in terms

of the molecular chain-length s.

(u’r+t’ n+t' r:)z <£>. <U>.2 =
wien vl + tAENn Unin + U Enn VIR

+ 2u'r t"l 8:’] v;}l + 2u'r t,r‘: 8"’1 vl.zl + 2t’rl t’l’l E:lf} v;l2r1

(u'r+t’ ntt r1)2 <8>. <‘l)>.4 =
u’% el'l Ul.? + f%x 8:m v;?n + 7 3: s;zn U;:r:

+ 2u’r t‘" el.rl U;;‘x + 2u’r t‘rz E;n vl‘:‘l + 2{!1 t‘ri 8:"2 ‘U;?n (2'51)



where

u'r=(S‘Sr['Sr2)(Z'2), t‘r|=s“(2‘2)+1

and Fa=8(2-2)+1. (2.52)

In case there is no internal methylene unit with just two
rings connected each other, s equals s;+5r, and the terms with

«,become zero. If the two rings are identical, then sy, equals s,.
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CHAPTER 3

Application to n-paraffins

3.1. Experimental Data Source

A number of years ago, extensive syntheses, PVT and
viscosity measurements on hydrocarbon fluids and their mixtures
were carried out at Pennsylvania State University under support
by the American Petroleum Institute (API) Research Project 42.1.2
Systematic structural variations, starting out with n-paraffins as
the parent compounds, were generated. The results were
presented in reports, theses and papers, of which we cite here
Refs. 1 and 2. Earlier analyses of the data were formed and group
contributions were obtained by Hadden and Simha3 based on the
cell theory of Prigogine, Trappeniers and Mathot.4 These
considerations provided a rationalization of empirical relations
between volume, chain length, number of double bonds and

rings.>

41



In view of the quantitative success of the SS theory, it
becomes of interest to reexamine the extensive material provided
by the APl Project. We note again that this includes viscosity
measurements and may allow correlation between equilibrium
and transport processes, based on free volume arguments, as
explored by Utracki.6 Particularly for the n-paraffins, there exist
other data over wider ranges of chain length. However, for

reasons of internal consistency, the focus is to be on the API set.

In addition to and referring again to the earlier
rationalization of empirical relations between volume and
structure on the basis of cell theory, we now apply SS theory to

this problem.

3.2 The External Degrees of Freedom, 3c

For s-mer segmental system, the (3c/s) ratio was adopted
as unity for long chain molecules and 1+3/s for short chain
molecules as discussed by Simha and Somcynsky’ and reviewed

by Simha8 for the SS theory; see also Chapter 2.

Here we subdivide the linear chain into n segments
corresponding to the number of carbon atoms. As discussed in the
previous chapter, we treat the number 3c of effectively external
degrees in the partition function as a disposable constant. It is

determined by a best fit of the theory to experimental volumes



over the available range of temperatures and pressures. The
corresponding scaling parameters are then obtained by the

procedures described earlier.

Consider the experimental data of API! for linear paraffins
n-Ci2, n-C1s and n-Cg to estimate the necessary characteristic
parameters as well as the external degrees of freedom. These
compounds are the only API data with elevated pressure
information which is necessary to determine the degrees of
freedom. We make use of the experimental data in the range of
temperature, 37.8<T(°C)<135, from atmospheric pressure to 3445
bar. They are well-fitted for this broad temperature range at
atmospheric pressure by eq. 2.23, with C and D values given in

Table 3.2.

For given ¢ and n values, the coupled eqs. 2.20 and 2.21 can
be solved for y eliminating T, ending up with a V_T relation. This
relation can be cast in the form of eq. 2.22, yielding the A and B
parameters. Fig. 3.1 shows this linear relation with the
experimental points for each normal paraffin. Equations 2.24
yields V*and T*, and P* follows from eq. 2.12. The final result of
the iteration procedure and the corresponding average, maximum
and standard (STD) deviations of volume prediction from
experiment are seen in Table 3.1. Scaled compressibility factors as
a function of scaled densities for a series of isotherms are shown

in Figs. 3.2-3.4 for each normal paraffins respectively.



Table 3.3. Degrees of freedom of paraffins at an=12, 1§
and 18 chain lengths with the corresponding
volumetric deviation from theory. The values in

parenthesis are given by the best fit eq. 3.1.

n C Aver, Error% | Max. Error% STD %
12 (ll"88663) 0.31 0.70 0.48
15 (22"00783) 0.15 0.42 0.23
18 (22.'22883) 0.14 0.47 0.21

The number c is a linear function of n, see Fig. 3.5. Thus
decomposing the degrees of freedom into the contributions of

internal and external units, we have

¢ = (n-2)ci+2ce 3.1

where the simple linear regression gives ¢;=.070 and ce=0.5815
through the data in Table 3.3 with the maximum deviation of
+%0.34. This implies that terminal effects remain significant up to
quite high chain length. As for the deviations cited in Table 3.1 we

note the definitions:



percentage mean error (Mean Emr %):

AVi= 1004 Vin-Viexp | [Viexps

AVmean = (1/N) Z AVvi,

percentage maximum error (Max Err %):

AVmax = Max (AV7)

and percentage standard deviation (STD%):

AV5q=100-(1/N)(Z (Vitn-Viexp )2 3.9

where Vexp is the experimental volume and Vp is the
theoretically calculated volume, with the sums extended over all |
indices, i.e. all available data. The deviations increase with

pressure and temperature. Table 3.1 indicates that the percentage



error in the theory does not exceed 0.7% up to 3445 bar. At

atmospheric pressure, the maximum error is less than 0.07%.

3.3 Extension to Alkanes of Different Chain Lengths
with atmospheric pressure data, adopting the c¢-n
relation, eq. 3.1.

The range of chain lengths in the previous section is narrow.
It is desirable to make predictions at interpolated as well as
extrapolated n-values. For this purpose equations for the
parameters as functions of chain-length are required. We begin
with the c quantity, expected to be a linear function of n,
satisfying the relation in eq. 3.1. This relation would imply that
terminal effects represented by the constant term continue to be
significant up to quite high chain-lengths. The parenthesis in

Table 3.1 shows the results of eq. 3.1.

The iteration procedures for ¢ can be practically applied
satisfactorily only in conjunction with elevated pressure data. On
the other hand, we wish to predict by means of the theory
volumetric data at other chain lengths and from the same source,
where information at atmospheric pressure only is available. For
this purpose we continue to employ eq. 3.1 and analyze data with
twelve n-paraffins including our original set of n=12, 15, 18,
intermediate, and larger chain-lengths. The results of the analysis

appear in Table 3.2 together with the characteristic scaling



parameters and the C,D,A and B quantities. For each item
pertaining to the scaling parameters, the derived quantities and
the deviations there appear three entries. The first of these refer
to the procedure just described, i.e. an analytical expression for
c(n) and a determination of V* and T* for each n-value. We
conclude that eq. 3.1 and the determined parameters are
satisfactory. The maximum error in volume does not exceed 0.09%
at atmospheric pressure for the twelve paraffins and 1% up to
3445 bar elevated pressures for n=12, 15 and 18. The second
entries in parentheses employ analytical expression for these

latter quantities as well. These are

v*(cc/mole)= 16.394 + 16.596/n and

e*(°K) = 138.39 + 232.23/n 3.3

We conclude that the use of eqs. 3.1 and 3.3 in the theory allows
satisfactory predictions. The maximum error in volume does not
exceed 0.30% at atmospheric pressure for the twelve paraffins
and 0.93% at elevated pressures for n=12, 15 and 18. Moreover
densities of elevated pressures can be compared. The adequacy of
these expressions may be judged from Fig. 3.6 given by lines
through black squares determined by the original calculation

given in the first entries of Table 3.2. The open squares will be



explained below appeared in the third entries of Table 3.2.

The V*, T* and P* parameters are also plotted with respect to
1/n in Fig. 3.7 as black squares. The best-fit curves are drawn
through the data and the best-fit equations of these parameters

are given below

V*(cclg) = 1.169 + 0.999 (1/n)
10-4 T*(°K) = 1.8215 - 14.1847 (1/n) + 56.9636 (1/n)?
104 P*(bar) = 0.6926 + 0.9649 (1/n) - 3.5115 (1/n)2. (3.4)

Equation 3.4 is derived with the same source of data which is used
to derive eq. 3.2; therefore, we do not test the consequence of

eq. 3.4. Fig. 3.7 already shows the fit and reliability of eq. 3.4.

3.4 Decomposition of the average values of <e*> and

<v*> into the v; and g; contributions

With the averages <v*> and <e*> obtained in the previous
section at hand we are ready now to examine the group

contributions of CH,and CH3, using the polynomial expression, eq.

2.30 derived in Ch. 2.2.1. There are three unknowns g&,v; and

further three ¢,v;', with two equations for a given chain-length n.

We have twelve n-values (12<n<32) and thus an overdetermined



set.

To solve this set we employ a Pseudolnverse matrix method
in Mathematica software, which optimizes the solution, that is,
generates the least error. A code program to solve the set is

included in Appendix A.

Using eq. 2.30 with eq. 2.31, and taking all the €* and v* data
in Table 3.2 from n=12 to n=32, we derive the optimized six
parameters characterizing n-paraffins of sufficiently high molar

mass with the result on Table 3.4.

Table 3.4. Decomposed parameters of linear chain
molecules. The indices 1 and 2 refer to methylene and
methyl respectively.

1];=16.480 cm3 mole-! £1,=136.16 °K
1],=17.908 cm3 mole-! £,,=218.61 °K
1,,=23.589 cm3 mole-! £5,=234.36 °K

(€;(°K) is defined by g;/k as unit, but we drop the Boltzmann k
constant for convenience.)

We can now reverse the procedure and recompute the
averages and hence calculate P *, V *and T *(white squares in
Fig. 3.7). Table 3.2 shows the results in the third parentheses from

n=12 to n=32 chain lengths. The maximum error in volume does



not exceed 0.22% at atmospheric pressure for the twelve paraffins
and 0.89% at elevated pressures for n=12, 15 and 18. Recalculated

* and €* are plotted versus 1/n in Fig. 3.6.

averages of v
Reasonable agreement between the white squares and lines,

eq. 3.3, is noted.

In examining these numbers one may think first of certain
combination rules for mixed interactions seen in the literature. For
example, the arithmetic mean length v,=[(v;"+vy?)/2]3 and
geometric mean ¢, =(£,65)"?. The respective results are 19.823
and 178.64, deviating by 11% and 18% respectively from our
results. Here we note that we made the assumption of randomness
in the calculation of the combinatorial factor. This discrepancy

suggests that more accurate result can be found by the non-

randomness of the distribution of the methyl and methylene.

3.5 Infinity Chain Limiting Case; Polyethylene

The limits in eq. 3.3 for n—>< are 138.39 and 16.394, to be
compared with the (1,1) interactions 136.16 and 16.480, i.e.
differences of 1.6 and 0.7% respectively. We will test the
predictions of the PVT surface of polyethylene. We have
experimental data for polyethylene given by Olabisi and Simha? in
a temperature range from 142 °K to 200 °K and pressure range

from atmospheric to 2,000 bar. The theoretical volume deviates



by 1.2% maximally and 0.54% on the average for the former and
by 1.5% and 0.59% respectively for the latter. We also take the
degrees of freedom as a disposable parameter and varying the
value as we did for normal paraffins in Chapter 3.1, we end up
with the best parameters tabulated in Table 3.5. The degrees of
freedom is 0.085 with maximum 0.22% and average 0.086%
corresponding least error in the predicted versus the
experimental volume.

Above obtained parameters for polyethylene are compatible
with those of Olabisi and Simha%, given by 141.69 °K and
16.018 cc/mole for ¢* and v* respectively. Equation 3.3 gives

138.39 °K and 16.394 cc/mole at the limit respectively.

3.6 Comparison of the Characteristic Repulsion

Volume with Van der Waals Volume

We also compare the decomposed values with the Van der
Waals volume, V, of each species. Van Krevelenl!® and Bondi!!
calculated and summarized all the available data on the Van der
Waals volume of each structural component. Their values of Van

der Waals volume for methyl and methylene units are given by
Vw(-CH2-)=10.23 cm3/mole

Vw(-CH3)=13.67 cm3/mole.



The ratios of Van der Waals volume of methyl to methylene is
1.336. The ratio of characteristic volume of methyl to methylene
is 1.431. And the ratios of characteristic volume to Van der Waals

volume of methylene and methyl are
V] /Vw(-CH2-)=1.61
V5,/Vw(-CH3 )=1.73.

This work is generalized to other compounds in Chapter 6. We will

leave the discussion to that chapter.
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Table 3.1 List of the API Datal2 Normal

Paraffins

Employed with Temperature and Pressure Ranges.
PSU Hydro- Struc- Empirical Molecular T(°K) Pressu
# carbon ture Formula Weight Range re

Pmax?
528 n-Dodecane n-Ci2 CijoHye 170.328 273-408 3445
529 n-Tridecane n-C;3 Cji3Hps 184.354 273-372 1
531 n-Tedradecane p-Cj4 Ci4Hzp 198.380 273-372 1
532 n-Peatadecane p-C;5 CisHi; 212.406 273-408 3445
534 n-Hexadecane p-Cjg CigH3s 226.432 273-372 1
535 n-Heptadecane p-C;7 C7H3¢ 240.458 273-372 1
537 n-Octadecane  p-C;g3 CigH3zg 254.484 273-408 3445
540 n-Eicosane n-Cy0 CyoHsz 282.536 273-372 1
541 n-Tedracosane pn-Cp4 CpqHso 338.640 273-372 1
106 n-Hexacosane pn-Cp¢ CpeHss4 366.692 273-372 1
176 n-Octacosane  n-Cy3 CygHsg 394.744 273-372 1
197 no-Dotria- n-C3s C3Hge 450.848 273-372 1

coantane

3 Elevated Pressure is only avalible for n-Ci2, n-Cis5 and a-Cig in
Project 42.!

the API




Table 3.2. Originala, Equation® and Calculateds
Characteristic Parameters of Linear Chain Hydrocarbons
n 12 13 14 15 16 17
Mo(g) 14.194 14.181 14.170 14.160 14.152 14.145
c ¢ 1.86 1.93 2.00 2.07 2.14 221
(o4 0.09845 0.09976 0.09264 0.08701 0.08532 0.08275
D 10% 3.7948 3.5767 3.5421 3.5042 3.4122 3.3516
-A 0.1258 0.1222 0.1227 0.1248 0.1226 0.1223
B 39.5906 39.8604 40.8490 42.1347 42.4148 43.1096
V “(celg) 1.2513 1.2485 1.2403 1.2359 1.2311 1.2276
(1.2524)  (1.2461) (1.2406) (1.2359) (1.2317) (1.2281)
((1.2529)) ((1.2463)) ((1.2406)) ((1.2357)) ((1.2314)) ((1.2277))
T “(°K) 10287 10749 10997 11308 11561 11827
(10330) (10670) (10987) (11283) (11559) (11818)
((10313)) ((10664)) ((10988)) ((11288)) ((11568)) ((11829))
P “(bar) 7465 7494 7432 7413 7379 7362
(7501) (7465) (7435) (7408) (7385) (7364)
({7486))  ((7459)) ((743%)) ((7413)) ((7392)) ((7373))
v°* 17.761 17.705 17.575 17.501 17.423 17.364
(ce/mol) (17.777)  (17.671) (17.579) (17.500) (17.431) (17.370)
((17.784)) ((17.673)) ((17.579)) ((17.498)) ((17.427)) ((17.366))
£°(°K) 156.83 157.17 154.89 153.99 152.72 151.97
(157.75) (156.26) (154.98) (153.87) (152.91) (152.05)
((157.49)) ((156.16)) ((154.99)) ((153.95)) ((153.03)) ((152.20))
At Atmospheric Pressure
Ave.Err%| 0.042 0.045 0.052 0.038 0.051 0.052
(0.11) (0.063)  (0.047)  (0.052)  (0.057)  (0.054)
((0.037)) ((0.046)) ((0.046) ((0.040)) ((0.052)) ((0.054))
Max.Err 0.084 0.072 0.070 0.074 0.069 0.068
{0.16) (0.14) (0.10) (0.11) 0.11) (0.11)
((0.14))  ((0.18)) ((0.10)) ((0.085)) ((0.076)) ((0.084))
STD% 0.068 0.074 0.073 0.060 0.075 0.074
(0.16) 0.11) (0.082)  (0.089)  (0.090)  (0.088)
((0.074)) _ ((0.12)) ((0.082)) ((0.065)) ((0.075)) ({0.077
At Elavated Pressure® ( up to 3445 bar )
Ave Err% 0.31 0.16
(0.31) (0.16)
((0.31)) ((0.16))
Max.Err ¥ 1.00 0.57
{(0.93) (0.54)
((0.89)) ((0.56))
STD% 0.50 0.27
(0.47) (0.27)
((0.48)) ((0.27))
V _range | 1.04-1.21 1.03-1.15 1.03-1.15 1.03-1.18 1.03-1.13 1.02-1.13

32 computed average values (without parenthesis) from the theory.

o

calculated average values ( in parenthesis) from the best fit equations 3.3

¢ calculated average values ( in double pareathesis) from the polynomial
equations 2.30 using the v*jj and €*ij pertinent universal parameters.

the degrees of freedom are calculated from the equation 3.1: ¢=0.072+1.023.
only available data at elevated pressure (e.i. API PSUS528, PSUS32 and PSUS537))



Continued from Table 3.2

n 18 20 24 26 28 32
Mo(g) 14.138 14.127 14.110 14.104 14.0980 14.089
¢ 2.28 2.42 2.70 2.84 2.98 3.26
(o 0.07816 0.07540 0.06907 0.06370 0.06303 0.06139
D 105 3.3176 3.2231 3.0972 3.0697 3.0168 2.9245
A 0.1247 0.1228 0.1226 0.1230 0.1234 0.1228
B 44.3758 45.1681 47.3015 48.3353 49.2783 50.6053
V *(cec/g) 1.2249 1.2192 1.2113 1.2053 1.2049 1.2023

(1.2248) (1.2192) (1.2109) (1.2077) (1.2049) (1.2004)
((1.2244)) ((1.2189)) ((1.2108)) ((1.2077)) ((1.2051)) ((1.2009})
T *(°K) 12140 12523 13262 13535 13870 14413
(12061) (12506) (13257) (13577) (13867) (14373)
((12073)) ((12517)) ((13260)) ((13575)) ((13858)) ((14351))
P *(bar) 7383 7315 7258 7231 7225 7208
(7345) (7314) (7266) (7247) (7231) (7205)
((7355))  ((7322)) ((7268)) ((7246)) ((7226)) ((7191))
v* 17.318 17.223 17.091 16.999 16.987 16.939
(ceimole) (17.316) (17.224) (17.086) (17.032) (16.987) (16.913)
((17.311)) ((17.219)) ((17.084)) ((17.033)) ((16.989)) ((16.920))
£°(°K) 152.08 150.03 147.96 146.71 146.57 145.92
(151.29) (150.00) (148.07) (147.32) (146.69) (145.65)
((151.45)) ((150.14)) ((148.11)) ((147.30)) ((146.59)) ((145.42))
At Atmospheric_ Pressure
Ave.Err%® 0.050 0.051 0.053 0.052 0.050 0.029
(0.16) (0.051) (0.061) (0.096) (0.052) (0.081)
((0.10))  ((0.056)) ((0.064)) ((0.10)) ((0.045)) ((0.032))
Max.Err 0.088 0.070 0.066 0.065 0.069 0.046
(0.30) (0.086) (0.11) (0.19) (0.079) (0.13)
((0.22)) ((0.088)) ((0.12)) ((0.19)) ((0.085)) ((0.069))
STD% 0.074 0.072 0.070 0.069 0.067 0.041
(0.24) (0.076) (0.092) (0.14) (0.069) (0.11)
((0.16))  ((0.080))  ((0.10)) ((0.15)) ((0.071)) ((0.053))
At Elavated Pressure ( up to 3445 bar )
Ave Err% 0.19
(0.21)
((0.20))
Max.Err‘l% 0.56
(0.60)
((0.56))
STD% 0.30
(0.32)
((0.31))
V __range 1.02-1.17 1.02-1.12  §.01-1.11 1.01-1.11 1.01-1.11 1.00-1.10




Table 3.5. Original2, Best-fitt and Pertinentc
Characteristic Parameters of Polyethylene

Polyethylene
M) 14.026
c/n 0.085
(0.07)
(0.07)
c 0.02899
D 105 2.4701
-A 0.1306
B 59.498
V “(cclg) 1.1730
(1.1688)
((1.1750))
T "(°K) 17969
(19770)
((19451))
P *(bar) 7719
(7019)
((6869))
u' 16.453
(16.394)
(cc/mole) ((16.480))
£°(°K) 152.74
(138.39)
((136.16))
Pressure Range ( lbar to 2000 bar |)
Temperature Rappe(142°K to  200°K)
Ave.Err% 0.086
(0.54)
((0.59))
Max.Err % 0.22
(1.16)
((1.51))
STD% 0.12
(0.79)
((0.91))
V_range 1.07-1.14

computed average values (without parenthesis) from the theory and c¢ is taken
disposable.

extrapolated average values (in parenthesis) from the best fit equation, eq. 3.3,
and the degrees of freedom, eq. 3.1, when n goes to infinity

v;, and &, pertinent universal parameters (in double parenthesis) derived from

normal paraffins, see Table 3.4. The degrees of freedom are the same as above
from the limiting case of eq. 3.1.
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Figure 3.1. Comparison of theoretical (lines) and experimental (points)
isobars at atmospheric pressure for a series of normal alkanes. The
molecular chain length, n, is shown on the top of each line.
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Figure 3.2. Scaled compre%ibility factor of normal dodecane
as a function of scaled density: lines, theory and points,
experimental.
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Figure 3.3. Scaled compre%ibility factor of normal

pentadecane as a function of scaled density: lines, theory
and points, experimental.
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Figure 3.5. ¢, degrees of freedom, versus n, the number of repeat
carbon units. White squares are the evaluated ¢ values for normal
C12, Cis, and C18 hydrocarbons. The line is the best-fit linear
relation through these values given by:

¢=0.07n+1.023.
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best-fit equations on averages of v" and ¢, eq. 3.3.

° calculated from the theory

a calculated from decomposed values ofv-ij and &
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CHAPTER 4
Application to Branched Hydrocarbons

4.1. Experimental Data and Comparison with Linear

Paraffins

We employ the same source of experimental data for the
branched as for the linear hydrocarbons. For four of the branched
structures, namely C9H 40, C25H 52, C31H64, and C3gH 73 elevated
pressure datal-2 are available. We use these to evaluate the
degrees of freedom of the branched hydrocarbons. The remainder
of API data? at atmospheric pressure serves to evaluate the
necessary characteristic parameters. Again these parameters are
averages determined by dividing the branched molecule into n
units, with »n ranging from 10 to 50. All the branched
hydrocarbons are tabulated in Table 4.1. We have chosen the
symmetric structures with a single branch arm. For other and
more complicated structures such as more than one branch arm

and no symmetry, pressure data have not been obtained.
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A comparison of volume data for linear and branched chain
hydrocarbons is shown in Fig. 4.1 for three chain lengths. With
increasing chain length and temperature, the differences between
linear and branched hydrocarbon volumes decrease. At the
highest available temperature for n=32, the difference in volume
amounts to about 0.05%. This is about the corresponding deviation
between theory and experiment at atmospheric pressure. The
maximum difference in volume between linear and branched
molecules is seen at the lowest temperature and chain-length. For
n=13 at 273°K this amounts to 0.7% as seen in Fig. 4.1. This
difference is sufficient to obtain new set of parameters for the

branched species.

4.2 The Number of External Degrees of Freedom for

Branched Hydrocarbons, 3¢,

We make the same assumption as for n-paraffins,
subdividing the chain into n repeating carbon units. The degrees
of freedom of branched hydrocarbon will be determined as in the
previous chapter for linear chain. That is, ¢ is treated as an
adjustable parameter, to minimize the difference between the
theoretical and experimental PVT surfaces. Thus we employ the
experimental API datal for branched hydrocarbons; C9H a¢,
Ca5H3a, C31Hg4, and C3gH 73. The experimental data are in the range

of temperature, 37.8<T(°C)<135, and extend from atmospheric



pressure to 3445 bar. The results and deviations in volume are

tabulated in Table 4.2 below

Table 4.2. Degrees of freedom of branched
hydrocarbons at =n=19, 25, 31 and 38 chain lengths
with the corresponding volumetric deviation from
theory. The values in parenthesis are given by the
best fit eq. 4.1.

n Ch Aver. Error% | Max. Error% STD%
19 (ll_'98055) 0.12 0.32 0.17
25 (22.'56111) 0.12 0.46 0.19
31 (33.'11127) 0.15 0.31 0.20
38 (33.'88214) 0.10 0.30 0.16

A plot of cp, versus n, the number of carbon units, is shown

in Fig. 2, together with the equation

cp =0.101n-0.014£0.099, 19<n<38 4.1

with maximal deviations of *0.099 between the original cp's and
eq. 4.1. The resulting values of eq. 4.1 are included in parenthesis
in Table 4.2. We will employ and test eq. 4.1 in next section for
the interpolated and extrapolated branched hydrocarbons as well

as those used to derive this equation in this section.



As seen from Table 4.2, the volumetric error in the theory
does not exceed 0.46% up to 3445 bar pressure range. At
atmospheric pressure, the maximum error is less than 0.06% (not

shown in Table 4.2.)

4.3 Determination of Scaling Parameters for Chain-
lengths from n=10 to n=50 Including Those Employed in
Determining the Degrees of Freedom in the Previous

Section.

This is to include the compounds used in the previous
section. We obtain all the parameters for branched hydrocarbons
from n=10 to n=50, including those employed in determining the
degrees of freedom, by means of the procedures in Chapter 1.
Those parameters determined are shown in Table 4.3. Figure 4.3
shows the validity of eq. 2.22. Deviations in volume is tabulated
for each compound with the average and maximum errors
evaluated by eq. 3.2. The maximum error is not more than 0.11%

at atmospheric pressure and 1.04% at elevated pressure.

The best fit equations for the theoretical values of v* and ¢*

of the branched hydrocarbons are given below as function of I/n

v*(cc/mole) = 16.382 + 17.023/n
e*(°K) = 158.49 - 485.80/n + 1302.1/n2. (4.2)



These equations are tested and corresponding parameters and
error in the theory are tabulated in Table 4.2 in parentheses. In
Fig. 4.8, the original data (black squares) and the results of eq. 4.2
(curves) are displayed. The resulting maximum error does not

exceed 0.18% at atmospheric and 1.04% at elevated pressure.

The V*, T* and P* parameters are also plotted with respect to
I/n in Fig. 4.9 as black squares. The best-fit curves are drawn
through the data and the best-fit equations of these parameters

are given below

V*(ccl/g) = 1.169 + 1.024 (1/n)
104 T*(°K) = 1.5617 - 4.2420 (1/n) + 11.5356 (1/n)?
10-4 P*(bar) = 0.8026 - 3.0516 (1/n) + 7.9345 (1/n)?. (4.3)

Equation 4.3 is derived with the same source of data which is used
to derive eq. 4.2; therefore, we do not test the consequence of

eq. 4.3. Figure 4.9 already shows the fit and reliability of eq. 4.3.

4.4 Comparison of &* and v* values of branched and

linear chain

In Fig. 4.8 linear chain parameters v* and €* (white circles)

are shown as functions of 1/n with branched ones for comparison



reason. In our range the v* parameters are situated approximately
on the same line with at most a few percent deviation from each
other. However the &* are surprisingly quite different. Moreover
the dependencies on n differ. In the linear chain the average
value of &* is decreasing with increasing chain-length because of
the decreasing relative contribution of methyl units. But in the
branched chain molecules although the same chain end should be
operating, as seen on Fig. 4.8 the average value of €* is increasing
with increasing n. The presence of the side-chain may produce
shielding and non-random effects, which oppose the reduction
observed in linear chains. This indicates that vu; and &; values
obtained for the latter will not be applicable, in our simplified

treatment, which ignores the above effects.

4.5 Decomposition of the average values of <e*> and

<v®> into v; and ¢; for branched chain

We wish to decompose the average values of v* and £* of
branched chains tabulated in Table 4.3 from n=10 to n=50 into v;
and s, values ( e. i., internal, CH;, terminal, CH3, and a branch
point, CH, in a branched chain n-mer ). We employ the polynomial
equations eq. 2.37 with eq. 2.38 derived in Ch. 2.2.2 for branched
chain molecules. These are two coupled equations with 12

unknown for the case of singly branched molecules.



There are some problems in the solution procedure arising
from the structure of the polynomial equations. In eq. 2.37 the
coefficient matrices of the polynomial equations have a
degeneracy. That is, three terms have constant coefficients
without a dependence on n and two terms have the identical n
dependence, i.e. r=(n-4)(z-4). To eliminate this degeneracy, we

combine all the constant coefficient terms in one effective (2,3)

interaction terms (i.e. &,, and wv;,) and the n  dependent
coefficient terms together in &x and &y. Thus eq. 2.37 in a new

form reads as follows

(r+p+1)2 <g*><v*>2 =

r2 g, v +(p+)? €3, Vyyp + 21 &x

(r+p+t)2<e*><v*>4 =

r2 g, v} + (p+1)2 €35, Uy p + 2r &y (4.4)

where

.  _ T o .= )
(p+1)? Eneg Uiy = p? ey vy + 12 g5 05 + 2pt £y Uy,

(P+0)? £10g Uiy = P2 £V + 12 £ 055 + 2pt £330y,

_ . .n ., n
Ex=p g, v, + &;0;3,



— L] .4 L] .4
Sy=p €,V +t g3,

and

r=(n-2)(z-4), p=3(z-1) and t=(z-3)

Employing the chain length, n, from 10 to 50, and the
resulting set is overdetermined. Employing the Pseudolnverse
Matrix method as in the solution of polynomial equations set for
linear chain molecules (see Appendix A), we carry out fits to
numerical data in left hand side of the polynomial equations, eq.
4.4, for branched molecules. The results are tabulated in Table 4.4

below.

Table 4.4. Decomposed parameters of branched chain
molecules. The indices 1, 2 and 3 refer to methylene,

methyl and the branch point respectively.
v,=16.377 cc/mole g,=158.70 °K
Uy = 20.024 cc/mole Eng=109.71 °K
Ex = 1.5594 106 £y = 5.3651 108

We now reverse the procedure and recompute the averages

and hence calculate P*, V* and T*. Table 4.3 shows the results in



the third parentheses from n=10 to n=50 branched chain-lengths.
The maximum error in volume does not exceed 0.17% at
atmospheric pressure for the entire range of branched
hydrocarbons considered and 1.03% at elevated pressures for
n=19, 25, 31 and 38. Recalculated value of <v*> and <e*> are plotted
versus 1/n in Fig. 4.8. Reasonable agreement between the
recomputed and original values of <v*> and <e*> as function of n is
seen. The maximum departures in Table 4.3 are 0.19% and 0.50%
for <v*> and <e*> respectively. Recalculated P*, V* and T* parameters
from <v*> and <e*> are also shown in Fig. 4.9 as white squares. They

are well-satisfactory.



References

R. W. Schiessler, J. A. Dixon , W. Webb,

American Petroleum Institute Research Project 42 Report,
1955, The Pennsylvania State University, University Park,
Pennsylvania.

W. G. Cutler, R. H. McMickle, W. Webb, and R. W. Schiessler,
J. Chem. Phy., 29, 727 (1958)

R. W. Schiessler(1947-1955), J. A. Dixon (1955-), W. Webb,
American Petroleum Institute Research Project 42, 1940-
1955, The Pennsylvania State University, University Park,
Pennsylvania.



Table 4.1. List of the API Datal.2 Branched Chain Hydrocarbons
Employed with Temperature and Pressure Ranges

PSU # Hydro- Structure EmpiricalMolecular T(°K) Pres-
carbon Formula Weight Range sure’
Pmax
(bar
4-0-Propyl C,—~C—C
549  heptanc 3é 3 CioH2a 142276 273-372 1
3
S-n-Bu(yl- C‘—C—C4
546  nonane ¢, Ci3H2g 184354 273-372 1
7-a-Hexylk CG_C—C6
500  tridecane & CioHso 268.510 273-408 3445
8-n-Hexyk C;—C—C4
554 peatadecane és CyHas 296.562 273-372 1
9-n-Hexyl Cg—C—Cy
163 heptadecane és C23H43 324.614 273-372 1
9-n-Octyl CS_C-CB
25 heptadecane & CysHs2 352.666 273-408 3445
9-n-Octyl- Cs_c C11
63 cicosane S CasHsg 394.744 273-372 1
11-n-Decyl- Ci7C—Cio
8 heneicosanc 1o G 1He4 436.822 273-408 3445
11-n-Decyl- Cy;gC—Cyy
7 docosane o C3oHes 450.848 273-372 1
t1-a-Decyl- C19C—Cys
107 tetracosane 1o Gi4H70 478.900 273-372 1
13-a-Undecyl Cl-z—C—Clz
i G ¢H -
133 pentacosane Ci1 3674 506.952 273-372 1
13-n-Dodecyl- C12—C_C13
134 hexacosane él” Cs;8H73  535.004 273-408 3450
17-Mexadecyl Cl'g'C—Cw
58 tetratrisconta ¢, CsoHio2 703316 273-372 1
ne

* Elevated pressure data is omly avalible for branched Cj9, C2s, G

and G3g in the API Project 42.1



Table 4.3. Originala ,Equation® and Predicteds
Characteristic Parameters of Branched Hydrocarbons
n 10 13 19 21 23 25
Mo(g) 14.228 14.181 14.132 14.122 14.114 14.107
cd 0.996 1.299 1.905 2.107 2.309 2.511
c 0.10256 0.08702 0.07339 0.07189 0.06883 0.06542
D 105 4.0756 3.7156 3.2901 3.1953 3.1367 3.0886
-A 0.1375 0.1329 0.1273 0.1268 0.1264 0.1248
B 57.6093 55.4926 53.0917 52.7907 52.5441 51.9742
V *(cclg) 1.2713 1.2460 1.2222 1.2198 1.2156 1.2095
(1.2711)  (1.2475) (1.2226) (1.2174) (1.2132) (1.2096)
((1.2706)) ((1.2478)) ((1.2229)) ((1.2176)) ((1.2133)) ((1.2097))
T *(°K) 12595 13066 13758 13975 14105 14148
(12590) (13091)  (13761) (13916) (14050) (14165)
((12589)) ((13094)) ((13760)) ((13915)) ((14048)) ((14163))
P *(bar) 5767 6143 6640 6768 6862 6925
(5765) (6148) (6639) (6752) (6849) (6933)
((5767)) ((6148)) ((6638)) ((6751)) ((6848)) ((6932))
v (celg) 18.088 17.670 17.273 17.226 17.157 17.062
(18.084) (17.692) (17.278) (17.193) (17.122) (17.063)
((18.078)) ((17.696)) ((17.282)) ((17.196)) ((17.124)) ((17.064))
£ (°K) 122.99 128.58 136.50 138.90 140.38 140.97
(122.93) (128.83) (136.53) (138.31) (139.83) (141.14)
((122.93)) ((128.86)) ((136.53)) ((138.30)) ((139.82)) ((141.13
At Atmospheric Pressure
Ave.Err®g 0.061 0.040 0.054 0.052 0.043 0.063
(0.064) (0.041) (0.050) (0.098) (0.11) (0.066)
((0.085)) ((0.060)) ((0.056)) ((0.077)) ((0.091)) ((0.064))
Max.Err % 0.094 0.057 0.083 0.076 0.075 0.077
(0.098) (0.11) (0.079) (0.16) (0.16) (0.099)
((0.13))  (€0.13))  ((0.11)) ((0.14)) ((0.15))  ((0.085))
STD% 0.094 0.056 0.076 0.073 0.067 0.081
(0.098) (0.074) (0.073) (0.144) (0.148) (0.095)
((0.129)) ((0.095)) ((0.087)) ((0.122)) ((0.132)) ((0.086
At Elavated Pressure® ( up to 3445 bar)
Ave.Errd 0.38 0.48
(0.36) (0.48)
((0.34)) ((0.47))
Max.Err% 0.74 1.04
(0.72) (1.04)
((0.69)) ((1.03))
STD% 0.52 0.63
(0.49) (0.63)
((0.47)) ((0.62))
V~ range | 1.02-1.18 1.02-1.16 1.01-1.13 1.0f-1.13 1.01-1.13 1.00-1.12
3 computed average values (without pareathesis) from the theory.
calculated average values ( in parenthesis) using the best-fit equations 4.2.
¢ calculated average values ( in double parenthesis) from the polynomial
equations, eq. 4.3 using the defining parameters of decomposition.

In given three calculations (a, b and c). the degrees of freedom is adopted

from eq. 4.1 as ¢=0.1011-0.014.

¢ only API

data at elavated pressure ( PSU500. PSU25, PSU8 and PSU134.)



continuing from Table 4.3

n 28 31 32 34 36 38 50
M () 14.098 14.091 14.089 14.085 14.082 14.079 14.066
c 2.814 3.117 3.218 3.420 3.622 3.824 5.036
C 0.06103 0.05909 0.05705 0.05753 0.05661 0.05437 0.05002
D 105 3.0406 2.9763 29813 2.9214 2.9040 2.8972 2.7914
<A 0.1244 0.1241 0.1240 0.1239 0.1238 0.1236 0.1231
B 51.7349 51.5409 51.4850 51.3831 51.2920 51.2108 50.8623
V *(celg) 1.2038 1.2011 1.1985 1.1989 1.1977 1.1948 1.1890
(1.2051) (1.2016) (1.2005) (1.1986) (1.1969) (1.1954) (1.1888)
((1.2051)) ((1.2015)) ((1.2004)) ((1.1985)) ((1.1968)) ((1.1952)) ((1.1886))
T *(°K) 14252 14421 14394 14571 14612 14619 14918
(14311) (14431) (14467) (14533) (14592) (14646) (14882)
((14309)) (14431)) ((14467)) ((14533)) ((14592)) ((14646)) ((14885))
P *(bar) 7018 7123 7127 7216 7247 7271 7470
{7038) (7126) (7152) (7199) (7242) (7281) (7453)
((7038)) ((7126)} ((7152)) ((7200)) ((7243)) ({(7282)) ((7456))
v 16.971 16.924 16.886 16.887 16.866 16.822 16.725
ccimole) (16.990) (16.931) (16.914%) (16.883) (16.855) (16.830) (16.723)
((16.990)) ((16.930)) ((16.913)) ((16.881)) ((16.853)) ((16.828)) ((16.719))
£°(°K) 142.22 144.07 143.85 145.71 146.20 146.34 149.66
(142.80) (144.18) (144.58) (145.33) (146.00) (146.61) (149.30)
((142.79)) ((144.17)) ((144.58)) ((145.33)) ((146.00)) ((146.62)) ((149.33))
At  Atmospheric _Pressure
Ave.Err® 0.062 0.056 0.078 0.052 0.051 0.050 0.044
(0.058) (0.050) (0.066) (0.053) (0.060) (0.049) (0.051)
((0.057)) ((0.052)) ((0.067)) ((0.052)) ((0.064)) ((0.053)) ((0.046))
Max.Err 9 0.106 0.092 0.109 0.079 0.091 0.085 0.089
(0.11) (0.11) (0.18) (0.10) 0.12) (0.090) (0.12)
(€0.107)) ((0.098)) ((0.17)) ((0.094)) ((0.13)) ((0.098)) ((0.095))
STD% 0.086 0.078 0.10 0.075 0.077 0.073 0.070
(0.090) (0.076) 0.11) (0.076) (0.092) (0.075) (0.076)
((0.088)) ((0.076)) ((0.11)) ((0.073)) ((0.097)) ((0.080)) ((0.066))
At Elavated Pressure ( up to 3445 bar)
Ave.Err‘ﬂ 0.31 0.28
(0.28) (0.26)
((0.29)) ((0.27))
Max.Err 9 0.74 0.63
(0.71) (0.59)
((0.72)) ((0.61))
STD% 0.44 0.38
(0.41) (0.35)
((0.41)) ((0.37))
V~ range ] 1.00-1.12 1.00-1.12 1.00-1.12 1.00-1.12 1.00-1.12 1.00-1.12 1.00-1.12
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Figure 4.1. Comparison of experimental
volume-temperature data at atmospheric pressure
between linear and branched hydrocarbons of chain
lengths n=13, 28 and 32. White squares: linear
chains; black squares: branched chains.
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Figure 4.2. ¢, degrees of freedom, versus n, the number of

repeating carbon unit. Black squares are the evaluated c values for

branched Ci9, Cas, C31, and C3g hydrocarbons. The line is the

best-fit linear relation through these values given by:
¢=0.101n-0.014.
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Figure 4.3. Comparison of theoretical (lines) and
experimental (points) isobars at atmospheric pressure
for a series of branched molecules. The molecuiar
chain length, n, is shown on the top of each line.
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Figure 4.4. Scaled compre‘sibility factor of
7-n-Hexyltridecane (n=19) as a function of scaled
density: lines, theory and points, experimental.
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Figure 4.5. Scaled compressibility factor of
9-n-Octylheptadecane (n=25) as a function of scaled
density: lines, theory and points, experimental.
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Figure 4.6. Scaled compre‘sibility factor of
11-n-Decylheneicoane (n=31) as a function of scaled
density: lines, theory and points, experimental.



20
a: Te0.
b: T=0.
c: T=0.
d: T=0.
154
16~
1; 10 -
R
5
0
0.85 0.90

Figure 4.7. Scaled compressibility factor of
13-n-Dodecylhexacosane (n=38) as a function of scaled
density: lines, theory and points, experimental.
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Figure 4.8. a) v* versus 1/n and b) ¢* versus 1/n . Solid lines
are the best-fit equations, eq. 4.2 through averages ofv* and ¢*.
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calculated from the theory
calculated from the decomposed values ofv*jj and &*j
the theoretical parameters of linear paraffins; see Fig. 3.6
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Figure 4.9. a) V, b) T* and c) P* versus 1/n for branched
hydrocarbons. Chain length ranges from 10 to 50. The best
fit curve on each plot is drawn through theoretical value
of parameters, black points, given by eq. 4.3.

° caiculated from the theory
14 calculated from the decomposed vaiues, Table 4.4.



CHAPTER 35
Application to Alkyl Substituted Rings

5.1 Experimental Data and Corresponding State

In this section we will analyze the contributions of ring
structures attached to linear chain alkanes. The hydrocarbons
employed and their structures are shown in Table 5.1, and the
data are due to the project API 42! and refer to atmospheric
pressure only. We are dealing with aromatic, saturated six or five

membered rings and their combinations.

The analysis is to be guided by the analysis of n alkanes
discussed in Chapter 3. There the segments into which the
molecule was decomposed were identified with the chemical

repeat unit, and placed on lattice sites.

In n-paraffins the size disparities between different groups
are sufficiently small to be neglected. In the compounds of Table

5.1, this is no longer the case and the ring must be decomposed
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into segments, particularly so in the case of unsaturated rings.
Particular decomposition rules were given by Hadden and Simha2.
Here however we proceed in a different manner. We will define a
quasi-segment so that it corresponds to the same segmental
volume as in the corresponding normal alkane. Hijmans3 used a
principle of corresponding states for normal alkanes from a
phenomenological perspective to define the segment of the n-mer.
This required shifts of V-T curves. We will use the same
procedure to evaluate the quasi-segment for each ring, as related
to a corresponding reference normal alkane. Consider then eq.

2.23, viz.,
InV=C+D T32 (5.1)

where C and D are constants for a given molecular chain-length.
An identical relation is valid for the reference compound with the
corresponding coefficients, Cr,and D,e. This yields the following
expressions for the volume and corresponding reference

temperature ratios:

V/ Vref:exp(c-c"ef) aﬂd T/TreF(DreﬂD)2/3 (5.2)

where V=sv; and V,y=nv,. vs is the average segmental volume of

the molecule and v,is the unit volume of the reference normal



alkane averaged over methyl and methylene units. Here we have
replaced the actual molecule of interest by a model s-mer.
Stipulating the equality of the segmental volumes, v; and v, at the

respective temperatures, given by eq. 5.2, there follows

sin=exp(C-Cref) and T/T,e=(D e D)2/3. (5.3)

In Table 5.2, C, s/n and s values are tabulated for a few
phenylalkanes. Using eq. 5.3 an average value of s for the
benzene ring equal to about 4.7 is found. The same procedures are
applied next to six and five membered saturated rings with the
results exhibited in Tables 5.3 and 5.4 respectively. The average
value of s; is 5.3 for cyclohexyl (six membered saturated ring),
and of s, is 4.4 for cyclopentyl (five membered saturated ring).

We note only slight fluctuations in these s values.

Finally to obtain the complete equation of state, the
dependence of the c-parameter on chain length is required.
Continuing with the equivalent chain model, we retain eq. 3.1,
substituting the total chain length, s, of the molecule for n. With
all this information in hand, all the characteristic parameters of
the ring attached alkanes can be obtained, as shown in Tables 5.5-
5.7 for phenyl, cyclohexyl and cyclopentyl alkanes respectively

with either single or identical double ring terminals. Table 5.8



refers to unequal ring terminals. Figures 5.1-5.4 show the relation
between scaled volumes and scaled temperatures in accord with
eq. 2.22, together with the experimental points. The deviations
between theory and experiment are seen as the first entries in the
second parts of Tables 5.5-5.8. The max error is not larger than
0.098%, in a range of ninety nine degrees at atmospheric pressure.
In the next section the decomposition into group contributions of

rings will be discussed.

5.2 Decomposition of the average values of v* and ¢*

into v*;, and e*;, contributions for rings

Accepting the known interaction parameters determined for
normal alkanes in Table 3.4, we have to consider now the v*; and
g*;r (i=1, 2 and a segment of a ring such as b, h and p referring to
the segment of phenyl, cyclohexyl and cyclopentyl rings
respectively and r= b, h and p) contributions, see eqs. 2.44 and
2.51. There are fourteen compounds with three different rings.
That is, we have 24 unknowns with 28 equations and thus an
overdetermined set. The combination of unknown can be found in

Tables 4.9 and 4.10.

We solve the set for the decomposed values with the

average v* and &* values tabulated on Tables 4.5-4.8 and with the

decomposed values given in Table 3.4 evaluated in Ch. 3 for



normal

paraffins.

We employed

the Pseudoinverse method

in

carrying out the best-fit solution of the polynomial equation set,

eqs.

values of rings.

2.44 and 2.51. Tables 5.9 and 5.10 show the decomposed

Table 5.9. Decomposed repulsive molar volume parameter
of the ring segments. The indices b ,h and p refer to the
segment of phenyl, cyclohexyl and cyclopentyl rings
respectively. Unit is cc/mole.

V*pp=15.274 v*1p=16.534 v*p=17.025
v*p=17.218 V*14=16.802 v*p=19.511
D‘pp=17.325 v*1p=16.534 U‘2p=19.896
v*yh=16.184 V*hp=17.409 V*pp=16.363

Table 5.10. Decomposed attractive interaction energy
parameter of the ring segments. The indices b , A and p
refer to the segment of phenyl, cyclohexyl and
cyclopentyl rings respectively. Unit is °K.

e*pp=189.91 €*1,=182.68 £*9p=132.44
e*hnn=182.81 e*14=166.10 £*24,=207.40
s‘pp=188.15 e‘1p=162.64 s‘2p=268.21
e*ph=186.67 e*pp=192.03 €*pp=190.05




We note that the above parameters refer to a single
equivalent segment of the ring. Next we reverse the procedure
and recompute the averages and hence P*, V*and T*. All these
parameters are shown as the second entries (in parentheses) of
Tables 5.5-5.8. Comparisons between resulting theoretical and
experimental volumes are also given in Tables 5.5-5.8. The
observed maximum error, in volume does not exceed 0.13%, when

the recomputed parameters v* and €* are employed.

5.3. Prediction of PVT surface of Alkylbenzenes at

elevated pressure.

We will test the decomposed values derived in the previous
section for the phenyl rings in the prediction of the PVT surface of
some alkylbenzenes. We have butylbenzene, hexylbenzene,
octylbenzene and nonylbenzene PVT data* in the range of
temperature from 293 to 345 °K and of pressure from
atmospheric to 400 bar. Our parameters are determined in the
range of chain-lengths s=11.4 to s=24.7. We will then interpolate
the parameters for octylbenzene and nonylbenzene, but
extrapolate for butylbenzene and hexylbenzene. Employing the
polynomial equation, eq. 2.44, with the decomposed parameters
given in Tables 3.4, 59 and 5.10, we evaluate the parameters of
interest. Using these parameters we compare the theoretical PVT
surface with the experimental PVT data at the given temperature

and pressure ranges. The maximum error in volume for



butylbenzene is 1.43%. It is at an extrapolated chain-length. But in
the interpolated range, the maximum error in volume does not
exceed 0.75% for the data. Table 5.11 shows all the parameters

calculated and errors in volume.
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Table 5.1. Ring Added Linear Chain Hydrocarbons of API
Data’ and Temperature Ranges at Atmospheric Pressure
PSU Hydro- Structure Empirical Molecular T(°K)
# carbon Formula Weight Range
538 t-Phenyl- Cy 4Ha 190.316 273-372
octane Cs @ 22
571 1-Phenyl- C 218.368 273-372
decane ClO—@ teHlze
99 I-Phenyl- G 358.628 273-372
cicosane C?.O-@ 26H4s
1 1,2-Dipheny!- .252 273-372
519 clhane‘ " ©_C2-© Creflig 182.25 3-3
539 1-Cyclohexyl- 196.364 273-372
octane Cs —O Ci Has ?
572 1-Cyclohexyl- C 224,416 273-372
decane CIO_O tefs2
100 1-Cyclohexyl- G 364.676 273-372
cicosane C‘.’OO 2 6Hs 2
520 1.2-Dicyclo- C 194.348 273-372
hexylethane O—CZ_O 426
573 1-Cyclopentyl C; sH 210.390 273-372
decane CIO_G 15730
117 1-Cyclopentyl G 2 364.676 273-372
heneicosane C2l_<] ..,GHS..
51 Bieyelopenyl NN CioH;s 138.244 273-372
521 {-Phenyl-2- C 188.300 273-372
cyclohexyl ©_C2-O t4Hz0
cthane
522 t-Phenyl-3 C, 4H» 188.300 273-372
Cyclopentyl ©_C3_G 420
propane
5§23 t-cyclohexyl C, 4H> 194.348 273-372
3-Cyclopentyl O_C3_G etz
propane

All these data are available at atmospheric pressure in

the API Project 42.



Table 5.2.
compared with
paraffins. Entry

compound.

the same

below ring

Corresponding segment for

chain length

of

phenylalkanes

the normal

compound denotes reference

Empirical 2, sin=

PSU# Structure Formula 104xC exp(C-C) s Sh
538 C<O  CuHy -0.887 0.904 12.66 4.66
531 n-Ciy4 CisH3o 9.264 14
571 ©60®©  CigHyg -0.017 0.918 14.69 4.69
534 n-Cig CigH3s 8.532 16
99  €0©  CheHss 1.551 0.953 24.78 4.7
106 n-Cig CyHssa 6.370 26
519 ©c©O CcuHu -13.58 0.796 11.14 4.5,
531 n-Cryq CisH3o 9.264 14

Average sp for ring = 4.7




Table 5.3. Corresponding segment for cyclohexylalkanes
compared with the same length of the normal paraffins.
Entry below ring compound denotes reference compound.

Empirical 102:C sin = s Sh

Formula exp(C-Cr)

53¢ C3<X  CuHyp 4.159 0.950 13.30 5.3

PSU# Structure

531 n-Cjq CisH3p 9.264 14

572 € oX0  CiHss 4.335 0.959 1534 5.3,
534 n-Cjs CieH34 8.532 16

100 ©20X0  CxHss 3.805 0.975 25.35  5.3s
106 n-Ci¢ CxsHs4 6.370 26

520 {OcX0D  CuHy -1.533 0.898 12.57 5.2
531 n-Cs CiHio 9.264 14

Average spfor ring = 5.3




Table 5.4. Corresponding segment for cyclopentylalkanes
compared with the same lenght of the normal paraffins.
Entry below ring compound denotes reference compound.

PSU# Structure CEmpirical o~ o=
Formula exp(C-Cr)

573 CIO‘G CisH3o 4.777 0.962 14.43 4.4;

s Sp

532 n-C14 C15H32 7.701 14

117 CZI_G CyHs2 3.892 0.976 25.38 4.3g
106 n-Cag CisHsa 6.370 26

ss1 (YT CpHig -2.043 0.877 8.77 4.3
n-Cjo CioHy2 11.100 10

Average spforring = 44




Table 5.5. Originall and Calculated? Characteristic
Parameters of Phenylalkanes.

PSU # PSUS38 PSUS71 PSU99 PSUS19
Mo(g) 14.986 14.855 14.519 15.987
c 1.912 2.052 2.752 1.821
S 12.7 14.7 24.7 11.4
102C -0.887 -0.017 1.551 -13.584
105D 3.256 3.113 2.827 2.927
-A 0.1198 0.1208 0.1226 0.1182
B 39.081 41.000 47.612 37.504
V “(ccl/g) 1.1174 1.1282 1.1481 0.9825

(1.1183) (1.1270) (1.1484) (0.9825)
T “(°K) 11295 12015 14155 11798
(11307) (12000) (14158) (11798)
P *(bar) 8444 8321 7866 9975
(8446) (8319) (7866) (9975)
0 *(ccimote) |  16.745 16.759 16.670 15.707
(16.758) (16.741) (16.674) (15.707)
£ C°K) 167.41 165.47 156.44 185.21
(167.59) (165.26) (156.48) (185.21)
At Atmospheric Pressure
Ave.Err% 0.038 0.043 0.047 0.055
(0.045) (0.086) (0.051) (0.055)
Max.Err% 0.057 0.060 0.088 0.084
(0.091) (0.13) (0.10) {0.084)
STD% 0.051 0.055 0.068 0.063
(0.070) (0.12) (0.069) (0.063)
vV range 1.01-1.13 1.01-1.13 1.00-1.12 1.00-1.12

1 computed average values (without parenthesis) from the theory
adopting ¢=0.07n+1.023 derived for the linear chain molecules.

2 calculated average values ( in parenthesis) from the polynomial
equation using the v+jj and e+jj parameters.



Table 5.6. Originall and Calculated? Characteristic
Parameters of Cyclohexylalkanes

PSU # PSUS39 PSUS72 PSU100 PSUS20
M,(g) 14.764 14.668 14.414 15.424
c 1.954 2.094 2.794 1.905
s 13.3 15.3 25.3 12.6
102C 4.159 4.335 3.805 -1.533
105D 3.266 3.123 2.902 2.985
-A 0.1201 0.1210 0.1227 0.1188
B 39.682 41.531 47.922 38.774
V *(cc/g) 1.1755 1.1787 1.1744 1.1091

(1.1771) (1.1764) (1.1748) (1.1091)
T *(°K) 11385 12094 13971 11905
(11437) (12022) (13988) (11905)
P “(bar) 8013 7960 7578 8748
(8039) (7929) (7585) (8748)
V*(cc/mole) 17.355 17.289 16.928 17.107
(17.380) (17.255) (16.934) (17.107)
£°(°K) 164.79 163.38 153.08 177.17
(165.54) (162.42) (153.26) (177.17)
At Atmospheric Pressure
Ave.Err% 0.058 0.041 0.042 0.064
(0.051) (0.061) (0.042) (0.064)
Max.Err% 0.075 0.059 0.074 0.091
(0.094) (0.097) (0.075) (0.091)
STD% 0.073 0.055 0.063 0.078
(0.070) (0.085) (0.064) (0.078)
V__range 1.01-1.13 1.01-1.13 1.01-1.12 1.00 -1.12

computed average values (without parenthesis) from the theory
adopting ¢=0.07n+1.023 derived from the linear chain molecules.
calculated average values ( in parenthesis) from the polynomial
equation using the v*jj and e*jj parameters.



Table 5.7. Originall

and Calculated2

Characteristic Parameters of
Cyclopentylalkanes.

PSU # PSUS573 PSU117 PSUSS1
M(g) 14.610 14.357 15.710
c 2.031 2.801 1.639
s 144 25.4 8.8
102C 4,778 3.892 -2.043
105D 3.234 2.952 3.304
-A 0.1207 0.1227 0.1183
B 40.727 47.973 34.700
V *(cc/g) 1.1834 1.1755 1.1028

(1.1834) (1.1755) (1.1028)
T *(°K) 11661 13823 10332
(11661) (13823) (10332)
P *(bar) 7909 7510 9235
(7909) (7510) (9235)
0 *(cermote) | 17290 16.877 17.325
(17.290) (16.877) (17.325)
£°(°K) 162.22 151.24 188.15
(162.22) (151.24) (188.15)
At Atmospheric__ Pressure
Ave.Err% 0.044 0.048 0.027
(0.044) (0.048) (0.027)
Max.Err% 0.098 0.077 0.041
(0.098) (0.077) (0.041)
STD% 0.069 0.065 0.034
(0.069) (0.065) (0.034)
V range 1.01-1.13 1.00-1.12 1.02-1.14

computed average values (without parenthesis) from
the theory adopting ¢=0.07n+1.023 derived from the
linear chain molecules.

calculated average values (in parenthesis) from

the polynomial equation using the v°®jj and €’
parameters. We do not have overdetermined

equations so that we end up with the same original
value for these listed hydrocarbons.



Table 5.8. Originall

and Calculated?

Characteristic Parameters of Different Rings
Attached.

PSU _# PSUS21 PSU522 PSUS523
Mo(g) 15.692 15.562 15.303
¢ 1.863 1.870 1.912
s 12.0 12.1 12.7
102C -7.249 -6.380 -0.779
105D 2.967 2.984 2.983
-A 0.1185 0.1186 0.1189
B 38.151 38.257 38.875
V *(cclg) 1.0471 1.0563 1.1175

(1.0471) (1.0563) (1.1175)
T *(°K) 11824 11801 11930
(11824) (11801) (11930)
P *(bar) 9289 9225 8733
(9289) (9225) (8733)
0 (ce/mote) | 16.431 16.438 17.101
(16.431) (16.438) (17.101)
£°(°K) 180.56 179.41 176.82
(180.56) (179.41) (176.82)
At Atmospheric Pressure
Ave Err% 0.058 0.059 0.029
(0.058) (0.059) (0.029)
Max.Err% 0.082 0.111 0.050
(0.082) (0.111) (0.050)
STD% 0.067 0.073 0.038
(0.067) (0.073) (0.038)
V range 0.93-1.05  0.93-1.05  1.00-1.12

computed average values (without parenthesis)
from the theory adopting ¢=0.07n+1.023 derived

from the

linear chain molecules.
calculated average values (in parcnthesis) from

the polynomial equation using the v°jj and &”j
We do not have overdetermined
equations so that we end up with the same
original value for these listed hydrocarbons.

parameters.



Table 5.11. Predicted! Characteristic Parameters
and PVT surface of Phenylalkanes at Elevated
Pressure.2

Molecule Butylbenzene Hexylbenzene Octylbenzene Nonylbenzene

seructare | 6,40 0O O O

Emprical C10H14 C12H18 C14,H22 C15H24

Formula

M, (g) 15.427 15.165 14.986 14.916
c 1.632 1.772 1.912 1.982
s 8.7 10.7 12.7 13.7

V *(cclg) 1.0880 1.1061 1.1183 1.1270
T *(°K) 9331 10446 11307 11671
P “(bar) 8671 8575 8446 8381

V *(ce/mole) | 16.784 16.774 16.758 16.749
€°(°K) 171.10 169.82 167.59 166.41

At Elevated Pressure2

Ave.Err% 1.11 0.90 0.16 0.58
Max.Err% 1.43 [.13 0.36 0.75
STD % 1.35 1.07 0.22 0.70

1 calculated average values from the polynomial equation,

eq. 2.44 using the v*jjand ¢*jj parameters with ¢=0.07n+1.023
derived for the linear chain molecules. The segment of the
phenyl ring is taken as sp=4.7 derived in Table 5.2.

Pressure range is given from atmospheric to 400 bar. And

temperature range is also given from 293 °K to 353 °K.
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Figure 5.1. Comparison of theoretical (lines) and experimental
(points) isobars at atmospheric pressure for a series of aromatic
ring attached to a linear chain. PSU, the molecular identification
number, is put on the each line (see Table 1.)
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Figure 5.2. Comparison of theoretical (lines) and experimental
(points) isobars at atmospheric pressure for a series of six members
of cyclic ring attached to a linear chain. PSU, the molecular
identification number, is put on the each line (see Table 1.)



0.125

N
&
>
™ Q
&
0.100 D
&
S
0.0754 >
&
-
]
T~
0.050
0.0254 o
0.000 T T T I
2.0 3.0 4.0 5.0 6.0 7.0
~3/2
T
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CHAPTER 6

Characteristic Repulsion and
Attraction Parameters versus Van der
Waals Volume and Cohesive Energy

Respectively

6.1 Correlation between the repulsion and the Van

der Waals Volumes

In this section we correlate the characteristic repulsion

volume v* versus the Van der Waals volume, V,. Van Krevelen!
and Bondi2 calculated and summarized a large number of data on
the Van der Waals volume of constituent groups. Assuming

additivity, V, can be computed for the whole molecule.

6.1.1 Van der Waals volumes of Structural Units and
Groups
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The Van der Waals volume V, of an atom is determined by
the outer shell of the atom.! In case of two neutral atom or
molecule without having any chemical interaction, their Van der
Waals volumes will be determined by their closest distance, that
is, the sum of their atomic Van der Waals volumes. If they react
and combine in a new molecule, the Van der Waals volumes of
combined molecules will be smaller than those of the composing

atoms.

The Van der Waals volume of a particular unit or structure
can be estimated by presuming that the impenetrable space
occupied by the molecule is confined by the outer surface of a
number of interpenetrating species.! To calculate the Van der
Waals volume2 of a molecule, the bond distance, the sum of the
adjacent covalent atomic radii and the nonbonded contact radii (
the Van der Waals radii ) of constituent atoms, are necessary from
experimental data. These radii are assumed to be constant. The
method used is completely by means of solid geometry. Bondi2
gives the detailed description of the calculation based on a
diatomic molecule. Van Krevelen! gives the contribution of a given

atom A with radius to the Van der Waals volume as below

ernffer-sn(s)

h=R-*+-—+- (6.1)



where N, is Avogadro's number, r, is the Van der Waals radii of

ith atom, and [ is the covalent bond distance with the ith atom.

The volume contribution eq. 6.1 of the atom depends on the

geometry of the surrounding impenetrable atoms.

Bondi? calculated the Van der Waals volumes of some sixty
structural groups. The Van der Waals volumes of the whole
polymer or molecular chain is then approximated by the sum of
the group contribution of the structural units or groups. Each
structural group contains the contribution of the Van der Waals
volume of the impenetrable atoms. In Table 6.1 we display the
Van der Waals volumes of interest taken from Van Krevelen! and

BondiZ2.

6.1.2 Characteristic Repulsion Volumes versus Van

der Waals volumes

Characteristic repulsion volumes of interest are calculated in
previous chapters as in Table 6.1. To obtain v, (I refer to whole
phenyl, cyclopentyl or cyclohexyl rings) for a ring, the values
shown in Tables 9 and 10 in Chapter 5 are multiplied by the

respective s,-values. v; are plotted versus V,, in Fig. 6.1. The best-

fit equation through these data points is a linear function, viz.:



v;=1.59V,, + 1.00 + 2.44. (6.2)

Table 6.1. Group contribution of Van der
Waals and characteristic repulsion volumes
for our structural units. The data in the
arenthesis show the results of eq. 6.2.

Group M, (g) V,, (cc/mole)  Vi(cc/mole)
14.03 10.23 16.480
Methylene (17.266)
15.03 13.67 23.589
Methyl (22.735)
77.10 45.85 71.788
Phenyl (73.902)
69.12 46.5 76.230
CYClcpeﬂtYI (74'935)
83.15 56.8 91.255

The value (+2.44) in eq. 6.2 is the estimate of variance.
Equation 6.2 yields the results shown in the parenthesis on Table
6.2. Maximum deviations from the original values are less than

5%.

We note that Simha and Carri3 obtained for n-paraffins,
benzene and carbontetrachloride a factor of 1.6 with a small
intercept. The significance of this result is first to show a

consistent correspondence between two quantities obtained by



such different operations; that is one by means of theory from
measurements in the dense fluid, and the other from structural
geometry and hard core atomic values. Second it makes it possible
to estimate the scaling temperature and hence predict an
atmospheric pressure isobar based on a single experimental point

in the V-T plane.3

6.2 Correlation Between the Characteristic

Attraction and Cohesive Energies

In this section we correlate the characteristic total attraction
energy, q.&°/2, versus cohesive energy, E.os. Van Krevelen!.4
tabulated contributions of cohesive energy of groups, including
the cohesive energy of other authors. Assuming the additivity

method, E. can be predicted for the whole molecule of interest.

6.2.1 Cohesive Energy

The cohesive energy is defined as the increase in internal
energy of the molecule transformed from a condensed state into
an ideal solution, e.i., all the intermolecular forces are
eliminated.!-4 For liquids of low molecular mass, the cohesive

energy can be determined from the heat of vaporization below

ECOb = AUVapz AHvap'pAv = AHvap‘RT (6.3)



For liquids of low molecular mass, group additivity
technique has been developed and used for many years. Cohesive
energy of the whole polymer or molecular chain is then
approximated by the sum of the group contribution of the
structural units or groups. In Table 6.2 we display the cohesive
energy of interest at room temperature taken from Van
Krevelen.!#4 Each structural group contains the contribution of the
cohesive energy. We note that in the literature, unit of energy is
used as Joule or calorie, but here the °K is used as unit of energy.

It can be converted using the gas constant.

Table 6.2. Group contribution of the cohesive
energy at O°% by Bondi and 298°K by Van
Krevelen for the structural units of interest.
R=8.314 J/mol°K

Group Mo (8) H; (°K) Econ(°K)
Methylene 14.03 763.77 503.97
Methyl 15.03 1270.15 1159.49
Phenyl 77.10 4938.66 3728.65
Cyclopentyl 69.12 4061.82 2836.18
Cyclohexyl 83.15 4595.86  3317.30

Using the cohesive energy of the structural units in Table
6.2, we can predict the cohesive energy of whole molecule by

means of additivity functions. The accuracy of this method is



given by about 10%, which is within the limits of experimental
accuracy.* We evaluated the cohesive energy of linear paraffins,
branched hydrocarbons and rings with side chains shown in Table

6.3.

Characteristic total attraction energies of interest are also
included in Table 6.3. A plot of total attraction energies versus
cohesive energy of interest are shown in Fig. 6.2. The best-fit line
through these data points is approximated with a neglected

intercept, viz.,

€12 _, 35

coh
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Table 6.3. Total attractive interaction, ¢, e*(°K), and cohesive energy,
Econ (°K), by Van Krevelen. The unit of energy is °%K. Gas constant
R=8.314J/mol °K for unit conversion.

PSU# 107, e*(%K) 10 Econ(°K)
Linear Chain

528 9.567 7.3587
529 10.373 7.8626
531 10.997 8.3666
532 11.703 8.8706
534 12.370 9.3745
535 13.069 9.8785
537 13.839 10.3825
540 15.153 11.3904
541 17.903 13.4063
106 19.219 14.4142
176 20.666 15.4222
197 23.493 17.4381

Branched

Chain

549 6.272 6.553
546 8.486 8.065
500 13.104 11.089
554 14.723 12.097
163 16.284 13.104
25 17.762 14.112
63 20.053 15.624
8 22.475 17.136
7 23.160 17.640
107 24916 18.648
133 26.462 19.656
134 27.951 20.664

58 37.565 26.712



PSU#  1073q,e*(%K) 1072Econ(°K)

Cyclopentyl-
alkanes
573 11.842 8.531
117 19.359 14.075
551 8.467 5.672
Cyclohexyl-
alkanes
539 11.123 8.005
572 12.662 9.013
100 19.518 14.052
520 11.339 7.643
Phenyl-
alkanes
538 10.798 8.416
571 12.328 9.424
99 19.477 14.464

519 10.742 8.465
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Figure 6.1. Characteristic repulsion versus van der Waals volumes
(points) are plotted for the structural unit of methylene, methyl, phenyl,
cyclopentyl and cyclohexyl. The best fit linear curve (line) is put through

these data and corresponding equation is given by v*jj = 1.59Vw + 1.00.
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CHAPTER 7

Conclusions and Future Work

7.1 Conclusions

The SS theory satisfies the PVT data and leads to the
characteristic average parameters of interest. These parameters
have been obtained for normal paraffins, branched chain
molecules and ring attached alkyls. We are then able to obtain the
characteristic group contributions of the constituent molecular
units. For normal paraffins our schemes worked very well for the
group contribution parameters of CH; and CH3 of normal paraffins.
However, for branched hydrocarbon, we had some difficulty in
trying to solve the necessary polynomial equations, eq. 2.37, with
the inclusion of the CH-CH interaction term between the branched
molecules. Therefore, we dealt with a combination of the like and
unlike interactions of CH13 and CH as characteristic entities. In this
manner satisfactory results were obtained. We worked on three

kinds of rings, namely phenyl, cyclopentyl and cyclohexyl,
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attached to alkyls. We subdivided each ring into segments with
comparison of the normal paraffins. We then decomposed and
calculated the group contributions of the segment of each ring.
They are satisfactory. The correlation of theoretical group
contributions of the repulsion volume with the empirical group
contribution of Van der Waals volume is also established with
reasonable agreement. The correlation between the total

attractive interaction and cohesive energies is exhibited.
7.2 Future Work

In recent years the refinement and development of e.o.s. has
been carried out by some authors! to obtain a more appropriate
and precise theory for polymeric fluids. In our work of group
contribution preference to certain species can be involved in the
distribution of the interaction, Therefore the effect of
nonrandomness can be introduced in the theory to refine the
results and especially group contributions. On the other hand,
degeneracy solving the polynomial equations of branched
hydrocarbons will disappear with nonrandomness. Therefore,
Gugenheim-Nies method!-2 for nonrandomness has to be

examined for our e.o.s. and polynomial equations.

This work might be extended to physical mixtures. Another
aspect is the generalization to multicomponent fluids, using Simha

and Jain3 procedures.



Another extension is to correlation between hole fraction
and viscosity. Utracki4 showed such correlation for n-paraffins

and for some mixtures.
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APPENDIX A

Solution of rectangular matrix
(overdetermined) using the PseudolInverse

Method (Mathematica Code Program).

Here we solve the polynomial equation, eq. 2.30

for the group contribution of 1linear paraffins (&°yy

and v°'yy, 1i,3=1,2) using Mathematica. We put eq.

2.30 into a form:

ay X31 + by X322 + Cx X132 =1

ay Y11 + by Yaz + Cy Y12 =1 (r.1)
where

Xi4= E€%14 V344, Yig= E€%15 V444 (1,3=1,2),
and

ay = (u2/gqz?) /X, ay = (u?/q?)/Y

b, = (v2/¢z?) /X, by = (v3/qs2)/Y

cx =(2u v/gz2) /X, cy = (2u v/g?)/Y

X = g" v*2 and Y = €° v,

(*, n is chain-length and v? (=v*) and &* (=£') are
the respective average interaction energy and
repulsion volume parameters for 1linear paraffins

calculated from the theory, *)
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a
"

{1, 1, 1, 1, 1, 1, 1, 1, 1, 1, 1, 1}%;

{12,13,14,15,16,17,18,20,24,26,28,32};

=]
0

v = {17.761, 17.705, 17.575, 17.501,

17.423, 17.364, 17.318, 17.223,
17.091, 16.999, 16.987, 16.939 1};

€® = (156.83, 157.17, 154.89 ,153.99,

152.72, 151.97, 152.08, 150.03,
147.96, 146.71, 146.57, 145.392 };

X = €8 1)5'\2,' (*, = E' 0'2 ’*)
Y = €% v8*4; (*, = g* V't )
z = 12; (*, coordination number ,¥*)

u = (z-2)(n-2)

{100, 110, 120, 130, 140, 150, 160, 180, 220, 240, 260,300}

v = 2(z-1)0

(22, 22, 22, 22, 22, 22, 22, 22, 22, 22, 22, 22}

@z = n(z-2)+2

(122, 132, 142, 152, 162, 172, 182, 202, 242, 262, 282,322}

ur2/qz*2
vA2/@z42 ;

c =2u*v/gz*2 ;

[\
L[}

~

s
]



(*, The coefficient matrix elements of eqg. A.1l.,*)

b/X; Cx
bsY; cy

c/X;
c/Y;

ay = a’/Y¥; by

1]
[}

(*, Solving the polynomial equation given above,

eq. A.l, into X34 and Yiy (i,3=1,2). *)

X,y = PseudoInverse[Transpose[{ax,bx,cx}1].0

{36977.75, 130411.41, 70105.97}

¥Yiy = PseudoInverse[Transposel{ay,by,cy}]1]1.0

{1.00427 107, 7.25686 107, 2.24823 107)

(*, Calculating the decomposed values of linear

paraffins, V%iy (=V%;4y) and & y(=€8,4). o *)

N[v®y = SqrtlY¥s;4/X;41, 5] (*, 1i,3=1,2 ,*)

{16.48, 23.589, 17.908}

N{[edyqy = Xy4/(V%4%2), 5] (*, i,3=1,2 ,*)

{136.15, 234.36, 218.61}



(*, We recalculate the average values of V'
and €';, using above decomposed values V*;y and g°,q

to compare with the original average values.,*)

{X11, X232, X121}
{Y¥11, Y22, Y12}

Xp = @ X11+b Xj5+Cc X3,
{49809.4, 48775.4, 47895.2, 47136.8, 46476.7, 45897.,
45383.9,44516.2, 43225.7, 42732.9, 42312.1, 41631.4}
Yp = a Y11+b Yo+te Y32
{1.57533 107, 1.52349 107, 1.48008 107, 1.44322 107,
1.41156 107, 1.38408 107, 1.36001 107, 1.31988 107,
1.26155 107, 1.23972 107, 1.22127 107, 1.19182 107}
V%, = Sqrt(Yy,/Xyl

{17.784, 17.673, 17.579, 17.498, 17.427, 17.366,
17.311, 17.219, 17.084, 17.033, 16.989, 16.920}

8°b = xb /D“b"Z

{157.49, 156.16, 154.99, 153.95, 153.03, 152.20,
151.45, 150.14, 148.11, 147.30, 146.59, 145.42}



(*, Percentage deviation of the average values of

V%, (=V"p) and €%, (=£"'p) recalculated

decomposed parameters above from the

average parameters of the theory, *)

Devv?® = 100(V8,-18) /1%

(0.13, -0.18, 0.02, -0.02, 0.03, 0.01,
-0.04, -0.02, -0.04, 0.20, 0.01, -0.11}

Deve® = 100(es8,-€8) /€®

{0.42, -0.64, 0.06, -0.02, 0.20, 0.15,
-0.42, 0.07, 0.10, 0.40, 0.02, -0.34}

from the

original
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Table B.l1. Experimental and Scaled Volume and
Temperature with Scaling Parameters and Error in
Volume at Atmospheric Pressure for Paraffins (n froml2
to 32). (h=1-y; hole fraction and volume in cc/g unit)

PSUS528 C12H 26

n=12; c=1.86; V*=1.2513 cclg; T*= 10287°K; P*= 7464 bar

102xh  T(K) 10T V Viheory Vexp 102x%Error
9.77 273.16 2.6554 1.0475 1.3107 1.3096 +8.37
11.39 293.16 2.8498 1.0670 1.3351 1.3356 -3.66
12.87 310.94 3.0226 1.0854 1.3582 1.3587 -4.05
14.76 333.16 3.2386 1.1099 1.3888 1.3900 -8.44
16.45 352.56 3.4272 1.1328 1.4174 1.4180 -3.88
18.18 372.05 3.6167 1.1573 1.4481 1.4478 +1.95
19.64 388.16 3.7733 1.1787 1.4749 1.4745 +2.98
21.49 408.16 3.9677 1.2071 1.5104 1.5103 +0.60
Average Percentage Error in Volume : 4.24x10-2

Percentage Standard Deviation in Volume : 6.80x10-2

PSU529 Ci13H 3

n=13; c¢=193; V*=12485 cclg; T"= 10749°K; P* = 7494 bar

102xh  T(K) 102xT V Viheory Vexp 102x%Error

922 273.16 2.5413 1.0403 1.2988 1.2989 -0.42
10.78 293.16 2.7273 1.0589 1.3220 1.3222 -1.47
12.20 310.94 2.8927 1.0764 1.3438 1.3448 -7.16
14.03 333.16 3.0994 1.0996 1.3729 1.3738 -6.85
17.33 372.05 3.4612 1.1444 1.4287 1.4278 +6.62

Average Percentage Error in Volume : 4.51x10-2
Percentage Standard Deviation in Volume : 7.41x10-2




PSUS531 Ci14H 39

n=14; ¢=200; V*=1.2403 cc/g; T*=10997°K; P* = 7432 bar

102xh  T(K) 102xT V Vibeory Vexp 102x%Error

9.08 273.16 2.4839 1.0382 1.2877 1.2868 +7.04
10.63 293.16 2.6658 1.0565 1.3104 1.3108 -2.96
12.04 310.94 2.8275 1.0738 1.3318 1.3324 -4.42
13.85 333.16 3.0295 1.0967 1.3603 1.3611 -6.25
17.12  372.05 3.3832 1.1408 1.4150 1.4142 +5.52

Average Percentage Error in Volume 1 5.23x10-2
Percentage Standard Deviation in Volume : 7.28x10-2

PSU532 Ci1s5H3,

n=15; ¢=207, V*=1.2359 cc/g; T"= 11308°K; P* = 7413 bar

102xh  T(K) 10T V Vibeory Vexp 102x%Error
8.82 273.16 2.4156 1.0347 1.2787 1.2778 +7.40
10.34 293.16 2.5925 1.0525 1.3008 1.3012 -3.02
11.72 310.94 2.7497 1.0693 1.3216 1.3224 -6.14
13.50 333.16 2.9462 1.0917 1.3492 1.3499 -5.28
15.09 352.56 3.1178 1.1124 1.3749 1.3751 -1.74
16.72 372.05 3.2902 1.1346 1.4022 1.4015 +5.26
18.09 388.16 3.4326 1.1539 1.4262 1.4263 -1.04
19.82 408.16 3.6095 1.1794 1.4576 1.4575 +0.58
Average Percentage Error in Volume : 3.81x10-2

Percentage Standard Deviation in Volume : 5.97x10-2
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PSUS34 CisH34

n=16; c=214; V*= 12311 cc/g; T = 11561°K; P*= 7379 bar

102xzh T(K) 10T V Vineory Vexp 102x%Error

8.65 273.16 2.3628 1.0323 1.2709 1.2700 +6.74
10.15 293.16 2.5358 1.0498 1.2925 1.2925 -0.24
11.52 310.94 2.6896 1.0664 1.3128 1.3137 -6.66
13.28 333.16 2.8817 1.0883 1.3399 1.3405 -4.84
16.46 372.05 3.2181 1.1305 1.3918 1.3908 +6.90

Average Percentage Error in Volume : 5.07x10-2
Percentage Standard Deviation in Volume : 7.54x10-2

PSUS3S Ci17H 3¢

n=17. c=221; V*=12276 cclg; T =11827°K; P*= 7362 bar

102xh T( OK) 1OZK T ‘7 Vtheory Vexp lozx%ErI'OI'

8.45 273.16 2.3096 1.0296 1.2639 1.2633 +5.13
993 293.16 2.4787 1.0468 1.2851 1.2853 -1.71
11.28 310.94 2.6291 1.0630 1.3050 1.3058 -6.29
13.01 333.16 2.8169 1.0845 1.3314 1.3323 -6.84
16.15 372.05 3.1458 1.1258 1.3821 1.3812 +6.23

Average Percentage Error in Volume : 5.24x10-2
Percentage Standard Deviation in Volume : 7.37x10-2
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PSUS37 Ci1sH3s

n=18 c=228; V*=12249 cc/g; T*=12140°K; P = 7383 bar

102k T(K) 10T V Vineory Vexp 102x%Error

8.17 273.16 2.2501 1.0260 1.2568 1.2557 +8.76

9.62 293.16 2.4148 1.0428 1.2773 1.2775 -1.46
10.94 310.94 2.5613 1.0586 1.2966 1.2974 -6.00
12.64 333.16 2.7443 1.0795 1.3222 1.3231 -6.59
14.16 352.56 2.9041 1.0989 1.3460 1.3468 -5.91
15.72 372.05 3.0647 1.1195 1.3713 1.3714 -0.69
17.03 388.16 3.1974 1.1375 1.3934 1.3941 -5.34
18.69 408.16 3.3621 1.1611 1.4223 1.4215 +5.37
Average Percentage Error in Volume : 5.01x10-2

Percentage Standard Deviation in Volume : 7.41x10-2

PSUS40 Ca0H42

n=20. c=242; V*=12192 cc/g; T*=12523°K; P*= 7315 bar

102xzh T(K) 10T V Vineory Vexp 102x%Error

798 273.16 2.1813 1.0233 1.2476 1.2467 +6.99
941 293.16 2.3410 1.0397 1.2676 1.2677 -0.90
10.71 310.94 2.4829 1.0551 1.2864 1.2872 -6.05
12.39 333.16 2.6604 1.0756 1.3114 1.3122 -6.09
15.42 372.05 2.9709 1.1149 1.3592 1.3585 +5.42

Average Percentage Error in Volume : 5.09x10-2
Percentage Standard Deviation in Volume : 7.15x10-2
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PSUS41 Ci4H 59

n=24, ¢c=27, V*=1.2113 cclg; T*= 13262°K; P* = 7258 bar

102xh  T(K) 10T V Viheory Vexp 102x%Error

7.57 273.16 2.0597 1.0175 1.2325 1.2318 +5.81
8.94 293.16 2.2105 1.0332 1.2515 1.2519 -2.94
10.20 310.94 2.3446 1.0480 1.2694 1.2702 -6.10
11.83 333.16 2.5121 1.0676 1.2931 1.2940 -6.65
14.77 372.05 2.8054 1.1050 1.3385 1.3378 +5.12

Average Percentage Error in Volume : 5.32x10-2
Percentage Standard Deviation in Volume : 7.01x10-2

PSU106 CsHs4

n=126 c=284 V*=12053 cc/g; T" = 13535°K; P* = 7231 bar

102xh T(K) 10T V Viheory Vexp 102x%Error

745 273.16 2.0182 1.0159 1.2245 1.2237 +6.28
8.82 293.16 2.1659 1.0314 1.2432 1.2435 -2.71
10.07 310.94 2.2973 1.0460 1.2608 1.2615 -5.92
11.68 333.16 2.4615 1.0654 1.2841 1.2849 -6.49
14.60 372.05 2.7488 1.1023 1.3286 1.3280 +4.71

Average Percentage Error in Volume : 5.22x10-2
Percentage Standard Deviation in Volume : 6.85x10-2
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PSU176 C23Hs3

n=28 ¢=298 V*=12049 cc/g; T = 13870°K; P*= 7225 bar

102xh  T(K) 10T V Viheory Vexp 102x%Error

7.24 273.16 1.9694 1.0132 1.2208 1.2201 +5.98
8.59 293.16 2.1136 1.0284 1.2391 1.2395 -3.21
12.13 343.16 2.4741 1.0705 1.2898 1.2907 -6.95
13.23 358.16 2.5823 1.0843 1.3065 1.3070 -3.94
14.27 372.05 2.6824 1.6977 1.3226 1.3219 +5.14

Average Percentage Error in Volume : 5.04x10-2
Percentage Standard Deviation in Volume : 6.66x10-2

PSU197 Ci2Hgs

n=132; ¢=326;, V*=12023 cc/g; T =14413°K; P*= 7208 bar

102xh  T(K) 102xT V Vineory Vexp 102x%Error

6.95 273.16 1.8952 1.0094 1.2136 1.2132 +3.64
8.27 293.16 2.0340 1.0241 1.2313 1.2317 -3.26
12.44 353.16 2.4503 1.0737 1.2909 1.2913 -2.85
13.17 363.16 2.5197 1.0828 1.3019 1.3019 -0.04
13.82 372.05 2.5813 1.0912 1.3119 1.3113 +4.58

Average Percentage Error in Volume : 2.87x10-2
Percentage Standard Deviation in Volume : 4.13x10-2
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Table B.2. Experimental and Scaled Volume and
Temperature with Scaling Parameters and Error in
Volume at Atmospheric Pressure for Branched
Hydrocarbons (chain length, n from1l0 to 50). (h=1-y;
hole fraction and volume in cc/g unit)

PSUS549 CioH22

n=10; c=0.996; V*= 12713 cc/g; T = 12595°K; P* = 5767 bar

102xh  T(K) 102xT V Viheory Vexp 102x%Error

10.38 273.16 2.1687 1.0477 1.3319 1.3321 -1.54
12.12 293.16 2.3275 1.0686 1.3585 1.3598 -9.43
13.72 310.94 2.4686 1.0886 1.3840 1.3852 -9.25
15.78 333.16 2.6451 1.1156 1.4182 1.4188 -4.21
19.58 372.05 2.9538 1.1688 1.4859 1.4850 +5.89

Average Percentage Error in Volume : 6.06x10-2
Percentage Standard Deviation in Volume : 9.43x10-2

PSUS546 C3H g

n=13; c= 1299; V*= 12460 cc/g; T*= 13066°K; P* = 6143bar

102xh  T(X) 10T V Vibeory Vexp 102x%Error

934 273.16 2.0906 1.0358 1.2906 1.2902 +3.48
10.95 293.16 2.2436 1.0547 1.3141 1.3148 -4.59
12.42 310.94 2.3797 1.0726 1.3365 1.3373 -5.67
14.32 333.16 2.5498 1.0967 1.3664 1.3671 -4.53
17.78 372.05 2.8474 1.1435 1.4248 1.4245 +1.77

Average Percentage Error in Volume : 4.01x10-2
Percentage Standard Deviation in Volume : 5.63x10-2
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PSUS00 C19H 40

n=19; c= 1905, V*= 12222 cc/g; T*= 13758°K. P* = 6640 bar

102xh  T(K) 102xT V Vineory Vexp 102x%Error

809 273.16 1.9854 1.0217 1.2488 1.2481 +5.19
954 293.16 2.1308 1.0384 1.2691 1.2694 -2.19
10.87 310.94 2.2600 1.0541 1.2883 1.2893 -8.26
12.58 333.16 2.4215 1.0749 1.3138 1.3148 -7.39
15.69 372.05 2.7042 1.1151 1.3629 1.3624 +3.88

Average Percentage Error in Volume : 5.38x10-2
Percentage Standard Deviation in Volume : 7.55x10-2

PSUS554 Cy1H 44

n=21; c=2107; V*= 12198 cc/g; T = 13975°K; P*= 6768 bar

102xh  T(K) 10T V Vineory Vexp 102x%Error

775 273.16 1.9545 1.0180 1.2417 1.2408 +7.24
9.16 293.16 2.0976 1.0340 1.2613 1.2617 -2.86
10.45 310.94 2.2248 1.0492 1.2798 1.2807 -7.59
12.12 333.16 2.3838 1.0693 1.3043 1.3051 -6.51
15.14 372.05 2.6621 1.1079 1.3514 1.3512 +1.75

Average Percentage Error in Volume : 5.19x10-2
Percentage Standard Deviation in Volume : 7.29x10-2
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PSU163 Ca3H 43

n=123 c=2309; V*= 12156 cc/g; T = 14105°K; P* = 6862 bar

102xh  T(K) 10T V Viseory Vexp 102x%Error

755 273.16 1.9366 1.0158 1.2348 1.2340 +6.6.
894 293.16 2.0783 1.0315 1.2538 1.2538 +0.70
10.21 310.94 2.2044 1.0463 1.2718 1.2726 -5.96
11.84 333.16 2.3619 1.0659 1.2957 1.2967 -7.52
14.81 372.05 2.6377 1.1036 1.3415 1.3414 +0.83

Average Percentage Error in Volume : 4.33x10-2
Percentage Standard Deviation in Volume : 6.65x10-2

PSU2S C2sHsa

n=125 c=2511; V*= 12095 cc/g; T" = 14148°K; P*= 6925 bar

102k T(K) 10T V Viheory Vexp 102x%Error

7.47 273.16 1.9307 1.0149 1.2275 1.2267 +6.89
8.85 293.16 2.0720 1.0305 1.2463 1.2470 -5.62
10.10 310.94 2.1977 1.0451 1.2641 1.2650 -7.65
11.72 333.16 2.3548 1.0645 1.2876 1.2885 -7.18
14.67 372.05 2.6297 1.1018 1.3326 1.3321 +3.94

Average Percentage Error in Volume : 6.26x10-2
Percentage Standard Deviation in Volume : 8.09x10-2
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PSU63 Ca3Hsg

n=28 c=2814; V*= 12038 cc/g; T*=14252°K; P*= 7018 bar

102xh  T(K) 10T V Vineory Vexp 102x%Error

731 273.16 1.9165 1.0131 1.2196 1.2188 +6.89

8.66 293.16 2.0568 1.0284 1.2380 1.2382 -2.07

990 310.94 2.1816 1.0428 1.2553 1.2561 -6.68
11.50 333.16 2.3375 1.0618 1.2782 1.2796 -10.63
14.40 372.05 2.6104 1.0983 1.3221 1.3215 +4.59

Average Percentage Error in Voluine : 6.17x10-2
Percentage Standard Deviation in Volume : 8.59x10-2

PSUS C31Hgy4

n=31; c=3.117; V*= 12011 cc/g; T* = 14421°K; P* = 7123 bar

102k T(K) 10T V Vibeory Vexp 102x%Error

7.07 273.16 1.8941 1.0106 1.2138 1.2129 +7.75
8.40 293.16 2.0328 1.0254 1.2317 1.2320 -2.58
961 310.94 2.1561 1.0395 1.2485 1.2492 -5.89
11.18 333.16 2.3102 1.0580 1.2708 1.2719 -9.22
14.02 372.05 2.5799 1.0935 1.3133 1.3130 +2.44

Average Percentage Error in Volume : 5.57x10-2
Percentage Standard Deviation in Volume : 7.75x10-2
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PSU7 C32Hgs

n=132: c= 3218 V*=1.1985 cc/g; T*=14394°K; P*= 7127 bar

102xh  T(K) 10T V Vibeory Vexp 102x%Error

7.10 273.16 1.8976 1.0109 1.2115 1.2102 +10.86

8.43 293.16 2.0366 1.0258 1.2294 1.2302 -6.21

9.65 310.94 2.1601 1.0398 1.2462 1.2473 -9.03
11.21 333.16 2.3145 1.0584 1.2685 1.2697 -9.19
14.06 372.05 2.5846 1.0939 1.3111 1.3106 +3.64

Average Percentage Error in Volume : 7.79x10-2
Percentage Standard Deviation in Volume : 10.16x10-2

PSU107 C3qH7o

n=34 c=3.420; V*=1.1989 cc/g; T = 14571°K; P* = 7216 bar

102xh  T(K) 10T V Vineory Vexp 102x%Error

6.87 273.16 1.8746 1.0084 1.2089 1.2080 +7.65
8.17 293.16 2.0119 1.0229 1.2264 1.2265 -1.24
9.37 310.94 2.1339 1.0366 1.2428 1.2438 -7.91
10.90 333.16 2.2864 1.0547 1.2645 1.2655 -7.69
13.69 372.05 2.5533 1.0893 1.3060 1.3058 +1.33

Average Percentage Error in Volume : 5.16x10-2
Percentage Standard Deviation in Volume : 7.51x10-2
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PSU133 CisH14

n=236 c= 3.622; V*=1.1977 cc/g; T* = 14612°K; P* = 7247 bar

102xh  T(K) 102xT V Viheory Vexp 102x%Error

6.82 273.16 1.8694 1.0077 1.2070 1.2060 +8.22
8.11 293.16 2.0063 1.0222 1.2243 1.2243 -0.06
930 310.94 2.1279 1.0358 1.2406 1.2413 -6.05
10.82 333.16 2.2800 1.0538 1.2621 1.2633 -9.10
13.60 372.05 2.5461 1.0881 1.3032 1.3029 +2.20

Average Percentage Error in Volume : 5.13x10-2
Percentage Standard Deviation in Volume : 7.68x10-2

PSU134 CigH7s

n=138 c=3824; V*= 11948 cc/g; T = 14619°K; P* = 7271 bar

102xh  T(K) 10T V Viheory Vexp 102x%Error

6.80 273.16 1.8684 1.0076 1.2038 1.2029 +7.45
8.09 293.16 2.0052 1.0220 1.2211 1.2212 -0.79
927 310.94 2.1268 1.0355 1.2373 1.2381 -6.70
10.79 333.16 2.2788 1.0535 1.2587 1.2598 -8.47
13.56 372.05 2.5449 1.0877 1.2996 1.2994 +1.57

Average Percentage Error in Volume : 5.00x10-2
Percentage Standard Deviation in Volume : 7.32x10-2
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PSUSS CsoH 102

n= 50 c= 5.036; V*=1.1890 cc/g; T*=14918°K; P* = 7470 bar

102xh  T(K) 10T V Vibeory Vexp 102x%Error

6.42 273.16 1.8311 1.0034 1.1931 1.1920 +8.87
766 293.16 1.9650 1.0172 1.2095 1.2095 -0.12
8.80 310.94 2.0842 1.0302 1.2249 1.2255 -4.93
10.27 333.16 2.2331 1.0473 1.2453 1.2463 -7.96
12.94 372.05 2.4938 1.0799 1.2840 1.2840 +0.15

Average Percentage Error in Volume : 4.41x10-2
Percentage Standard Deviation in Volume : 7.03x10-2
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Table B.3. Experimental and Scaled Volume and
Temperature with Scaling Parameters and Error in
Volume at Atmospheric Pressure for Phenyl Ring(s) with
Alkanes. (h=1-y; hole fraction and volume in cc/g unit)

PSUS538 Ci4H 22

s= 127 ¢c= 1912; V*=1.1174 cc/g; T" = 11295°K; P* = 8444 bar

102xh  T(K) 102xT V Viheory Vexp 102x%Error

8.10 273.16 2.4185 1.0276 1.1482 1.1478 +3.37
9.54 293.16 2.5954 1.0443 1.1669 1.1675 -5.51
10.86 310.94 2.7528 1.0600 1.1845 1.1846 -0.64
12.55 333.16 2.9495 1.0809 1.2078 1.2085 -5.68
15.60 372.05 3.2938 1.1208 1.2524 1.2519 +3.91

Average Percentage Error in Volume : 3.82x10-2
Percentage Standard Deviation in Volume : 5.06x10-2

PSUS71 Ci16H 26

s= 14.7: ¢ = 2.052; V*= 1.1282 cc/g; T* = 12015°K; P* = 8321 bar

102<h  T(K) 102xT V Viheory Vexp 102x%Error

754 273.16 2.2736 1.0202 1.1510 1.1504 +5.74
892 293.16 2.4399 1.0360 1.1688 1.1690 -2.00
10.18 310.94 2.5878 1.0508 1.1856 1.1862 -5.72
11.80 333.16 2.7728 1.0705 1.2077 1.2085 -6.00
14.74 372.05 3.0965 1.1080 1.2501 1.2498 +1.91

Average Percentage Error in Volume : 4.27x10-2
Percentage Standard Deviation in Volume : 5.54x10-2
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PSU99 C,6H 46

s=247, ¢c= 2752, V*= 1.1481 cc/g; T* = 14155°K; P* = 7866 bar

102xh  T(K) 102xT V Viheory Vexp 102x%Error

6.49 273.16 1.9299 1.0055 1.1544 1.1535 +7.80
7.75 293.16 2.0710 1.0195 1.1705 1.1704 +0.78
891 310.94 2.1966 1.0327 1.1856 1.1862 -5.09
10.39 333.16 2.3536 1.0501 1.2056 1.2067 -8.83
13.10 372.05 2.6283 1.0833 1.2437 1.2436 +0.95

Average Percentage Error in Volume : 4.69x10-2
Percentage Standard Deviation in Volume : 6.83x10-2

PSUS19 CiaH 14

s=11.4; c= 1.821; V*=0.9825 cc/g; T = 11798°K; P* = 9975 bar

1028 T(K) 102xT V Viheory Vexp 102:x%Error

6.84 273.16 2.3154 1.0142 0.9964 0.9958 +6.13
8.15 293.16 2.4847 1.0290 1.0110 1.0111 -1.60
9.35 310.94 2.6354 1.0429 1.0246 1.0254 -8.00
10.88 333.16 2.8238 1.0612 1.0426 1.0435 -8.43
13.67 372.05 3.1534 1.0961 1.0769 1.0765 +3.56

Average Percentage Error in Volume : 5.54x10-2
Percentage Standard Deviation in Volume : 6.31x10-2
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Table B.4. Experimental and Scaled Volume and
Temperature with Scaling Parameters and Error in
Volume at Atmospheric Pressure for Cyclohexyl Ring(s)
with Alkanes. (h=1-y; hole fraction and volume in cc/g
unit)

PSUS39 Cyi4H 23

s= 13.3; c= 1.954; V*= 1.1755 cc/g; T*= 11385°K; P* = 8013 bar

102xh  T(K) 102xT V Vibeory Vexp 102x%Error

8.14 273.16 2.3991 1.0277 1.2081 1.2074 +5.61
9.59 293.16 2.5748 1.0445 1.2279 1.2287 -6.49
10.91 310.94 2.7310 1.0603 1.2464 1.2473 -7.46
12.61 333.16 2.9261 1.0813 1.2710 1.2716 -4.71
15.67 372.05 3.2677 1.1213 1.3181 1.3175 +4.58

Average Percentage Error in Volume 1 5.77x10-2
Percentage Standard Deviation in Volume : 7.33x10-2

PSU572 Ci6H32

s= 153; c= 2.094; V*= 1.1787 cc/g; T* = 12094°K; P* = 7960 bar

102xh  T(K) 10T V Vineory Vexp 102x%Error

7.58 273.16 2.2586 1.0204 1.2027 1.2021 +5.37
896 293.16 2.4240 1.0362 1.2214 1.2216 -1.63
10.23 310.94 2.5710 1.0511 1.2390 1.2396 -5.32
11.86 333.16 2.7547 1.0708 1.2622 1.2629 -5.86
14.80 372.05 3.0763 1.1085 1.3066 1.3063 +2.15

Average Percentage Error in Volume : 4.06x10-2
Percentage Standard Deviation in Volume : 5.51x10-2
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PSU100 Ci¢Hs2

s=253; c=2.794; V*= 1.1744 ccl/g; T*= 13971°K; P*= 7578 bar

102xh  T(K) 102xT V Viheory Vexp 102x%Error

6.79 273.16 1.9552 1.0087 1.1846 1.1839 +635
8.08 293.16 2.0982 1.0231 1.2016 1.2016 -0.49
927 310.94 2.2255 1.0367 1.2176 1.2183 -6.29
10.79 333.16 2.3845 1.0548 1.2387 1.2396 -7.35
13.56 372.05 2.6629 1.0891 1.2790 1.2789 +0.75

Average Percentage Emror in Volume : 4.25x10-2
Percentage Standard Deviation in Volume : 6.32x10-2

PSUS520 Ci14H 256

s= 12.6; ¢c= 1.905; V*= 1.1091 cc/g; T*=11905°K; P* = 8748 bar

102xh  T(K) 10T V Viheory Vexp 102x%Error

7.09 273.16 2.2947 1.0162 1.1270 1.1261 +8.07
842 293.16 2.4625 1.0313 1.1438 1.1442 -3.08
964 310.94 2.6119 1.0455 1.1596 1.1606 -9.07
11.20 333.16 2.7985 1.0643 1.1804 1.1812 -6.58
14.04 372.05 3.1252 1.1001 1.2201 1.2195 +4.98

Average Percentage Error in Volume 1 6.35x10-2
Percentage Standard Deviation in Volume : 7.78x10-2
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Table B.5S. Experimental and Scaled Volume and
Temperature with Scaling Parameters and Error in
Volume at Atmospheric Pressure for Cyclopentyl Ring(s)
with Alkanes. (hA=1-y; hole fraction and volume in cc/g
unit)

PSUS73 CisH3g

s= 144: ¢=2.031; V*=1.1834 cc/g; T* = 11661°K: P*= 7909 bar

102<h T(K) 102xT V Vibeory Vexp 102x%Error

802 273.16 2.3424 1.0258 1.2139 1.2127 +9.78
945 293.16 2.5139 1.0423 1.2335 1.2332 +2.48
10.76 310.94 2.6663 1.0579 1.2519 1.2522 -2.00
12.44 333.16 2.8569 1.0786 1.2764 1.2765 -0.90
15.48 372.05 3.1904 1.1181 1.3231 1.3222 +6.88

Average Percentage Error in Volume 1 4.41x10-2
Percentage Standard Deviation in Volume : 6.94x10-2

PSU117 Ci6Hs2

s=254: c= 2.801; V*= 1.1755 cclg; T* = 13823°K; P*= 7510 bar

102xh T(K) 102xT V Vineory Vexp 102x%Error

699 273.16 1.9762 1.0109 1.1883 1.1874 +7.71
830 293.16 2.1207 1.0256 1.2056 1.2060 -2.91
951 310.94 2.2493 1.0395 1.2220 1.2228 -6.70
11.06 333.16 2.4101 1.0579 1.2436 1.2442 -5.11
13.88 372.05 2.6914 1.0931 1.2849 1.2847 +1.57

Average Percentage Error in Volume : 4.80x10-2
Percentage Standard Deviation in Volume : 6.45x10-2
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PSUSS1 Ci10H138

s=88; c= 1.639; V*=1.1028 cc/g; T" = 10332°K; P* = 9235 bar

102:h  T(K) 10T V Vineory Vexp 102x%Error

820 273.16 2.6440 1.0316 1.1377 1.1373 +3.39
966 293.16 2.8374 1.0486 1.1564 1.1566 -1.64
10.99 310.94 3.0095 1.0646 1.1741 1.1745 -4.05
12.69 333.16 3.2245 1.0858 1.1974 1.1977 -2.68
15.77 372.05 3.6010 1.1264 1.2422 1.2419 +1.82

Average Percentage Error in Volume 0 2.72x10-2
Percentage Standard Deviation in Volume : 3.36x10-2
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Table B.6. Experimental and Scaled Volume and
Temperature with Scaling Parameters and Error in
Volume at Atmospheric Pressure for Unlike Rings
Attached with Methylene Units. (h=1-y; hole fraction and
volume in cc/g unit)

PSUS21 Ci4H 29

s=12.0; c= 1.863; V*=1.0471 cc/g; T"= 11824°K; P* = 9289 bar

102xh  T(K) 102xT V Vibeory Vexp 102x%Error

701 273.16 2.3103 1.0157 1.0635 1.0628 +6.62
8.33 293.16 2.4793 1.0307 1.0793 1.0797 -3.98
9.55 310.94 2.6296 1.0448 1.0940 1.0949 -8.17
11.11  333.16 2.8176 1.0635 1.1136 1.1143 -6.81
13.93 372.05 3.1465 1.0990 1.1508 1.1504 +3.65

Average Percentage Error in Volume : 5.85x10-2
Percentage Standard Deviation in Volume : 6.68x10-2

PSUS22 Ci14H 20

s= 12.1; ¢ = 1.870; V*= 1.0563 cc/g; T*= 11801°K; P* = 9225 bar

102xh  T(K) 102xT V Vineory Vexp 102x%Error

7.08 273.16 2.3148 1.0164 1.0736 1.0728 +7.06

8.41 293.16 2.4841 1.0315 1.0896 1.0899 -3.03

963 310.94 2.6348 1.0457 1.1046 1.1058 -11.05
11.20 333.16 2.8231 1.0645 1.1245 1.1250 -4.74
14.03 372.05 3.1526 1.1003 1.1623 1.1618 +3.56

Average Percentage Error in Volume : 5.89x10-2
Percentage Standard Deviation in Volume : 7.25x10-2
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PSU523 Ci14H 26

s= 127 ¢=1912; V*= 1.1175 cc/g; T* = 11930°K; P* = 8733 bar

102xh  T(K) 10T V Viheory Vexp 102x%Error

708 273.16 2.2898 1.0160 1.1354 1.1351 +3.13
841 293.16 2.4572 1.0312 1.1523 1.1527 -3.66
9.63 310.94 2.6063 1.0454 1.1682 1.1688 -4.97
11.20 333.16 2.7925 1.0641 1.1892 1.1895 -2.65
14.03 372.05 3.1185 1.0999 1.2291 1.2291 +0.26

Average Percentage Error in Volume : 2.93x10-2
Percentage Standard Deviation in Volume : 3.85x10-2
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