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ABSTRACT

The interpretation of phase equilibrium and mass transport phenomena in gas/solvent -
polymer system at molten or glassy state is relevant in many industrial applications. Among tools
available for the prediction of thermodynamics properties in these systems, at molten/rubbery state,
is the group contribution lattice-fluid equation of state (GCLF-E0S), developed by Lee and Danner
and ultimately based on Panayiotou and Vera LF theory. On the other side, a thermodynamic
approach namely non-equilibrium lattice-fluid (NELF) was proposed by Doghieri and Sarti to
consistently extend the description of thermodynamic properties of solute polymer systems obtained
through a suitable equilibrium model to the case of non-equilibrium conditions below the glass
transition temperature. The first objective of this work is to investigate the phase behaviour in
solvent/polymer at glassy state by using NELF model and to develop a predictive tool for gas or vapor
solubility that could be applied in several different applications: membrane gas separation, barrier
materials for food packaging, polymer-based gas sensors and drug delivery devices. Within the efforts
to develop a predictive tool of this kind, a revision of the group contribution method developed by
High and Danner for the application of LF model by Panayiotou and Vera is considered, with
reference to possible alternatives for the mixing rule for characteristic interaction energy between
segments. The work also devotes efforts to the analysis of gas permeability in polymer composite
materials as formed by a polymer matrix in which domains are dispersed of a second phase and
attention is focused on relation for deviation from Maxwell law as function of arrangement, shape of

dispersed domains and loading.
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Chapter 1
INTRODUCTION

The investigation of phase equilibria behaviour for the prediction of the thermodynamics properties
of solvent and polymers solutions has become crucial in many industrial applications. Recently, many
models had been exhibited in prediction VLE conditions: UNIFAC free volume model !, group
contribution Flory EoS 23, and ultimately Lee and Danner approach, that has been succeeded to predict
the equilibria phase behaviour of polymeric systems for pure component and binary mixture 4° by
developing the group-contribution method based on Panayiotou and Vera lattice-fluid equation of state
(LF-E0S). Besides that, Panayiotou and Vera EoS has shown an optimal result in correlating the phase
equilibria in polymer-solvent systems ®’. Thus, it has been selected as a starting point for developing a
group-contribution lattice-fluid EoS, together with different mixing rules for interaction energy proposed
by [High, Danner, Hamedi, and Lee] ®°, and [Hamedi and coworkers] *°. While GCLF- EoS shows a
very good prediction capability for the analysis of vapor/gas in polymer solutions at molten/rubbery
equilibrium state in many applications, polymers are processed and used at below glass transition
temperature that is considered as non-equilibrium condition. Therefore, to address this specific
condition, [Doghieri and Sarti] ** have developed a model that solves this kind of phase behaviour below
glass transition temperature by employing pseudo equilibrium polymer mass density as an additional
state variable. As a result of that, most of thermodynamic properties can be calculated and analysed,

such as solubility gas into homopolymer and copolymers at various pressures.

In what follows a brief discussion is offered of essential features of lattice-fluid theories, with
reference to earlier versions (chapter 3) first and then to the model of Panayiotou and Vera which is of
direct interest of this work (chapter 4). Characteristic of group contribution methods are then presented
in chapter 5, both in general terms and for the specific approach considered by Danner and co-workers

with reference to lattice fluid theory.

A short description follows of the non-equilibrium lattice-fluid approach, which includes most
recent developments and consider a new formulation built to facilitate the use of predictive procedures
for the evaluation of non-equilibrium parameters (chapter 6). The overall predictive procedure set up in
this work for the estimation of gas and vapor solubility in glassy polymer is finally described in chapter
7, in which several results are shown as obtained from its application to the case VLE of few

conventional glassy polymers with both gaseous and vapor species.



The additional effort devoted to the analysis of an alternative approach to the group contribution
estimation of the energy both homogeneous and heterogeneous interaction between segments in the
lattice is then discussed in chapter 8. The last chapter of this work summarizes the results obtained from
the numerical analysis of effective permeability in composite media and it specifically addresses the
effect of shape, arrangement and permeability ratio for the case of isotropic composite media obtained

through the ordered dispersion of isotropic inclusions.

It is worthful to address a general representation of this work, departing from a mathematical expression

namely, the effective permeability of gas or vapour in glassy polymers, P,f, as shown:

Poss = f(Geometry, ¢, PD, p(©) (1.1)

Where ¢ is the disperse loading in the matrix. P(® is the permeability of gas or vapour in the disperse

phase. P(©) s the permeability of gas or vapour in the continuous phase.

Fifty-four years ago, [Crank and Park] *? showed a mathematical expression for representing the
permeability coefficient departing from Fick’s law ® to describe the permeability coefficient and its
association to the diffusion and solubility coefficients, as follows:

D (C1—C3)
l

F = (1.2)

Where F is the flow rate of gas or vapour per unit area of membrane’s section, C; is the concentration of
gas or vapour that exists on the surface of the membrane or diffuses across the membrane and this
mechanism is termed “sorption”, C, is the concentration of gas or vapour that exists on the other surface
of the membrane or releases at atmosphere and this mechanism is named ““desorption”, [ is the thickness
of the membrane, and D is the diffusion coefficient in which it controls the quantity of the diffused gas

or vapour across the membrane.

Eq.1.2 has another relevant expression that is more applicable for predicting the permeability coefficient,

P, as follows:

F= M (1.3)



Where p; and p, are the pressure of gas or vapour in the membrane and the pressure of gas or vapour

out of the membrane from the other side, respectively.

There is a linear relationship between the concentration of gas or vapour and the external vapour

pressure, given by:

C=3Sp (1.4)

where S is the solubility coefficient.

By equating [Eq.1.2 & 1.3], it gives the ultimate expression for the permeability coefficient, P, as

follows:
P=DS (1.5)

It could be noted that the solubility coefficient can be calculated by modelling a predictive tool that
combines two models a group-contribution method (GC) #>1%1415 and nonequilibrium thermodynamics
of glassy polymers (NET-GP) 1. GC method is selected due to its ability to express the thermodynamic
properties behaviour when there are no sufficient characteristic properties of chemical compounds by
utilizing solo the chemical structure. Besides that, NET-GP has been chosen because of its capability to
interpret the thermodynamics properties behaviour of polymers at below glass transition temperature, Tg
in which polymer material is transformed from liquid to rubbery, and ultimately to a stiff or glassy upon
cooling 6. Furthermore, polymer has a free volume that allows gas or vapor to diffuse between
polymers’ chains. The free volume shows a low effect of segmental mobility when the temperature
below glass transition temperature, namely glassy polymers [Matteucci et al.] 7. In addition, it arises to
study the thermodynamics properties behaviour of gas or vapour particularly in glassy polymers due to
increasing demand by industrial and commercial enterprises. Moreover, the interested group-
contribution method that has been selected to be developed at this work, is relied on Panayiotou and
Vera EoS ® that was evolved by manipulating lattice-hole theory. Interestingly, Panayiotou and Vera
EoS showed accurate results in the literature. Thus, it has been selected as an optimal departure to extend
from GC method to NET-GP.

Ultimately, the solubility coefficient model that is referred to as “nonequilibrium group contribution

lattice fluid” model (NE-GCLF) can be designed to be applied based on a minimum number of properties



as inputs such as glass transition temperature, T;, compressibility ratio,y, chemical structure of polymer,

Mhn and the ratio of the thermal expansion coefficient from the glassy to rubbery state,y.

It could be noted that the NE-GCLF model has been implemented in a mathematical tool (MATLAB)
for the purpose of highly achieving precision in both calculation and plotting. However, there are some
difficulties that may encounter at current work which are the lack of experimental data and properties
(i.e., compressibility and glass transition temperature) in the literature. A similar modelling approach is

followed for calculating the diffusion coefficient.

Along with modelling permeability coefficients, analysis of diverse geometries considering the effect of
chemical structure of polymer matrix, characterizing disperse phase, disperse arrangement and its

loading.

For a better understanding to the effective permeability of gas or vapour in polymer composites, it is
essential to introduce the relative permeability expression, B., as shown:
p="d (16)
Pc

Maxwell model 8 presented a predictive model that can study the permeation of species in
composite materials. His model is composed of two objects: (i) sphere within a surface and (ii) the other
one without a surface, alternatively an extended sphere. The spheres are arranged regularly and
separately from each other with a view to allow the course of the current to pass. The model is well
effective when the spheres are far from each other and vice versa it shows a deviation from the ideality

because the model works at low loadings of spherical particles approximately (¢4 < 0.2). Moreover, it

does not take into consideration the particle shape or distribution.

Maxwell’s model expression is given by:

Pg+2P; — 2¢p (Pc—Pg)
Pg+2P; + ¢(Pc_Pd) ¢

By substituting the permselectivity °, aq/c in[Eq. 1.7. A], it results the following expression:

_ 20@-P)+a(1+2¢) .
Peff = +d)+ a(1_¢) y ad/6=£—i (17 B)

It can be noted that the permselectivity demonstrates the ideal capability to separate fluids.



It can be stated that Maxwell's model can be applied in several applications which have different driving

forces such as pressure, concentration ... etc., for predicting the performances of composite membranes.

As it has been shown that Maxwell’s model demonstrates a deviation when the loading is higher than
0.2. At present work, verifying the validity of empirical Nielsen model extending the Maxwell-Wiener-
Nielsen through the use of a CFD software (FLUENT) tool. A new coefficient, ¥ can be introduced to
optimize more complex geometries with different loadings and permeability ratios which disperse phase

can be almost compacted to the continuous (matrix phase) by reaching approximately 0.99 out of 1.



Chapter 2
MOTIVATION

The future vision of renewable and sustainable energy has played a crucial role around the world,
through development of modern separation technologies to preserve energy while minimizing waste and
reducing emission of volatile organic compounds, VOCs. In this respect, membrane technologies proved
to represent good alternative over traditional separation processes in the industries, such as absorption,
adsorption, and distillation, owing to their advantages %°: (i) low energy consumption and capital costs

21 (ii) consistent production with high performance 2, (iii) ease of operating management 324,

Mass transport properties of low molecular weight species in polymers are of major importance
to the performance of separation processes which make use of dense polymer membranes. The latter is
typically the case of gas separation, pervaporation and organic solvent nanofiltration processes. In these
fields, and especially in the case of gas separation, great attention has been devoted in recent years to
the use of high free volume glassy materials for the preparation of separation membranes, and to the
development of suitable composites, in which domains of an organic or inorganic phase are dispersed
into a polymer matrix (mixed matrix membranes, MMM). Interest in glassy membranes is motivated by
their superior selectivity, with respect to rubbery membranes, while the routes developed for the
preparation of MMM allow, in principle, to optimize mass transport properties of the composite system
with respect to specific target separations, by combining permeability of the matrix and selectivity of

dispersed phase.

To the optimal design of material for the preparation of membranes, the availability of reliable
tools for the prediction of key mass transport properties as gas/vapor solubility and diffusivity is crucial.
Several well-established models, based on solid thermodynamic foundations, are indeed available for
the representation of mass transport properties of low molecular weight species in bulk rubbery
polymers, from lattice fluid to free volume theory, which can be easily applied when key experimental
data are available for volumetric and viscosity properties of pure polymer and solute components.
Significant efforts have also been done to extend the use of the latter tools to the case of polymeric
species for which necessary experimental data are missing. In this respect, several approaches, based on
group contribution methods, have been proposed, combined with specific thermodynamic models for
equilibrium phases. Similar reliable tools still miss, in this respect, for the case of polymer-solute mixture
below the glass transition temperature, where non-equilibrium condition need to be addressed to

properly represent the thermodynamic behaviour. On a different side, studies must be mentioned which



have presented in the technical literature and aimed at interpreting the effect of loading, disperses
domains and arrangement on effective permeability of composite materials. Despite the efforts, the tools
developed remain substantially empirical in nature, except for the case of simple geometries of dilute

dispersion of spheroids, for which exact solutions are known (Maxwell-Garnett type models).

The aim of this work is to contribute to the development of predictive tools for the mass
properties of composite materials prepared after glassy polymers. In this view, two distinct approaches
have been taken. The first is aimed at extending to the case of glassy materials, the capability of
modelling approaches for gas/vapor solubility, based on group contribution methods, already proposed
in the technical literature for the case of polymer-solute mixtures above the glass transition temperature.
The latter result will ultimately allow for the prediction of solubility coefficient of low molecular weight
species in polymeric materials for which key equilibrium volumetric properties are not available. In fact,
this is the case of several materials of interest in separation applications, for which the glass transition
temperature exceeds the degradation temperature, thus preventing the direct experimental exam of
equilibrium properties. The second approach considered in this work is aimed at the detailed analysis of
the effect of shape, loading, arrangement and permeability ratio of dispersed domains on effective
permeability in composite material. This problem is addressed through the numerical evaluation of the
latter property in a number of different geometries, paying special attention to the uncertainty of
numerical results, trying to recognize patterns for the effect of permeability ratio which could be useful
in representing the deviations from Maxwell results in general conditions. In this respect, what is
developed in this work is a first attempt to identify possible forms of generalized Maxwell type models

and, to this aim, the case of isotropic ordered geometries is first addressed.

It is also worthwhile to mention here that the tools for thermodynamic and transport properties
addressed in this work will be useful also in a number of applications different from membrane
separation. Indeed, predicting gas/vapor transport properties in glassy materials is essential also in the
design of polymer-based gas/vapor sensors, of that of drug delivery devices, in the optimization of
devolatilization as well as foaming processes, just to mention few cases. As it refers to the predictive
tools for effective permeability in composite materials, it is useful to mention that the same mathematical
problem arises in the calculation of effective thermal conductivity or electrical permittivity of dielectric
material and that results developed in this work could be easily transferred to these related problems,

pertinent to rather different fields.



Chapter 3
EARLY LATTICE FLUID THEOIES

3.1.1. Flory Lattice Fluid Theory:

More than eighty years ago, Flory 2 investigated a statistical mechanical treatment by studying
the thermodynamic properties of polymer-solvent system considering a lattice structure (quasi-solid). In
his work, he discussed how the polymer and solvent were arranged on the lattice sites through the
analysis of mixing entropy.

It is worthful to indicate the expression for mixing entropy, AS,,;xins and the partial molar entropy of

dilution for component 1 in a binary ideal mixture, AS; , as given by:

ASmixing = —R (nyInX; + nzInX; ) (3.1.1.1)

where n,; and n, are the numbers of moles for component 1 and component 2, respectively, X; and X,
the mole fraction of component 1 and component 2 in the mixture, respectively, and R is a gas universal

constant which is equal to 8.314 /] /mol. K.

Flory had addressed the problem of mixing entropy for the case of a low molecular weight
component and a polymer following few simplified assumptions. The assumptions include (i) quasi-
solid lattice in the liquid, (ii) interchange ability of segments of the polymer chain with solvent; the cell
of hypothetical lattice maybe be occupied either by a solvent molecule or a segment of a polymer chain,
(iii) independence of lattice constants on composition, (iv) all polymers’ molecules are assumed to have
the same size; the average concentration of polymer segments in cells adjacent to cells unoccupied by

the polymeric are equal the average concentration.



Flory’s expression was derived after the application of the lattice statistical thermodynamic
approach to the evaluation of configurational entropy in which the above mixture can be described, as
follows:

ASpmixing = —k[nln( n )+1v1n( il )] (3.1.1.3)

n+xN n+xN

where n is the number of molecules of a pure solvent, N is the number of polymer molecules, x is the

number of segments of a polymer chain, and k is Boltzmann’s constant.

It can be noted that if the_value of x in (Eq. 3.1.1.3) is equal to 1, then (Eq. 3.1.1.3) will turn to the
fundamental expression that is (Eq. 3.1.1.1).

Alternatively,

ASpixing = —k[nInv; + Nlnwv,] (3.1.1.3.A)

Where v,and v, are the volume fraction of solvent and polymer, respectively.

Differentiating (Eq. 3.1.1.3) with respect to n, it turns out the partial molar entropy of solvent, as shown:

AS; = —RIn(1—-v,) —R(1 —1/x)v, (3.1.1.4)

Correspondingly,

AS, = —RIn(1—v,) —R(1 —1/x)v, (3.1.1.5)

The heat of mixing can be represented, as follows:

AH = BV, Von N/(nVy + NV,) (3.1.1.6)
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where B is a constant for a pair of polymer molecules (liquid state). V; and V,, are the molar volumes of

solvent and polymeric solute, respectively.

Flory considered that the molar volume of the polymer is equal to the number of segments in a
polymer molecule multiplied by the molar volume of solvent, as follows:

VZ = le (3117)

Differentiating (Eq.3 .1.1.7) with respect to n, it gives the partial molar heat of solvent, as follows:

Similarly,

AHZ - BV2v12 = Bx V1v12 (3119)

The partial molar free energy can be calculated through the combination of (Eq. 3.1.1.4) and (Eq.
3.1.1.5), as given by:

AF; = RTIn(1 —v,) + RTIn(1 — 1/x) v, + BV, v (3.1.1.10)
= —RTv,[1/x + (1 — K) v, /2 + v%/3] (3.1.1.10.A)
Similarly,
AF, = RT [In(1 —v;) — (x — Dv; + Kxv?/2] (3.1.1.10.B)

where K = 2BV, /RT.
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It could be mentioned that when K is higher than 1, then x becomes large, the region of partial miscibility
is reached. In addition, miscibility gap is obtained when the heat of mixing is much greater than zero,
according to (Eq. 3.1.1.8) and (Eq. 3.1.1.9). Thus, to study the phase equilibria of a binary system, the

relevant compositions v, and v, to that system must obey the following expressions:

AF,(v,) = AF,(v}) , AF,(v,) = AF,(v)) (3.1.1.11)

K (critical) = (1 +vx)"/x (3.1.1.12)

Where AF,;(v,) is the partial molar free energy of the solvent; as AF,decreases as v, increases from

zero to unity.

It can be noted that if x is great, then, the critical value of K is slightly greater than unity and it approaches
unity as x approaches infinity; continuing if the K is larger, then, two phases will co-exist in equilibrium.
Moreover, when K exceeds the critical value, there exists a pair of values (v, and v; ) which satisfies
the equilibrium conditions (Eq. 3.1.1.11) and when K is very near K(critical), it is permissible to set

AF,;(v5) = 0 and to compute v, from K using (Eq. 3.1.1.9).

The roots can be calculated by taking the differentiation of (Eg. 3.1.9), with respect to v, and equating

to zero, as follows:
Kxvi—(Kx—x+1Dv,+1=0 (3.1.1.13)

The two solutions for the two roots (+v,) can be calculated, if the maximum and minimum of AF; are

equal and (Eqg. 3.1.12) satisfies its condition, then,

1
_ Kx—(x-1)+[(Kx—x+1)2-4Kx|?

2Kx

v, (3.1.1.14)

By substituting (Eq. 3.1.1.12) in (3.1.1.14),

v, (critical) = 1/(1 + Vx) (3.1.1.15)
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The critical composition, at which the two phases become identical, according to (Eq. 3.1.1.15), occurs

when x is large.

In summary, it can be said that the thermodynamic properties of polymer solutions are frequently
described in terms of the Flory-Huggins equation, which gives the free enthalpy change occurring when

a non-crystalline polymer is mixed with a solvent.

For any given polymer-solvent pair, it contains a characteristic parameter, y , called “Flory interaction

parameter”’, which reflects the intermolecular forces between the molecules in the solution.

The corresponding formulation of Flory-Huggins free enthalpy of mixing is:

ARL: = In®; + nyIn @, + ¥ & Py(ny +mn, ) (3.1.1.16)

In (Eq.3.1.1.16), AG,, is defined as the free enthalpy of mixing; the “liquid-like”, disoriented polymer
with the solvent; n, and n, refer to the number of moles of solvent and polymer, respectively. ®, and

@, are the volume fractions of solvent and polymer, respectively, as follows:

L and d, = ——2 (3.1.1.17)

T nytmn, ni+mn,

where m is the ratio of molar volumes of polymer and solvent, and y, is the Flory interaction parameter;
a dimensionless quantity which is a function of the interaction energy characteristic of a given solvent-

solute pair.

If (Eg. 3.1.1.16) is used to describe the thermodynamic properties of polymer solutions, then, the
problem of predicting polymer solubility is equivalent to that of predicting reasonably accurate values
of the Flory interaction parameter. In (Eq. 3.1.1.18), x is a free enthalpy parameter, which is considered

to include both entropy and enthalpy contributions, as follows:

X=Xst Xu (3.1.1.18)
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Huggins’ derivation for the free energy of mixing predicts that the entropy parameter, ys = 1/z, where
z is the lattice coordination number; however, many workers have found ys empirically to have a value

of approximately 0.3 to 0.4.

The parameter is:

Xy == (81— 6,)° (3.1.1.19)

Where v, is the solvent molar volume, and where §; and &, are the solubility parameters of solvent and

polymer, respectively.

The condition of (Eq.3.1.1.19) to be used is that it allows only positive values for yy. Thus, if y tends
to have a value less than 0.5, it means that y, has a very small value, and therefore the solubility
parameters of the polymer and solvent must have very closely values. Furthermore, the approximate
equality of the solubility parameters of polymer and solvent is a useful for priori test of the suitability of

a given solvent for a given polymer.

It could be noted that (Eq.3.1.1.19) is applied only to nonpolar systems and is not valid for systems

containing polar molecules or for those where specific interactions are present.
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3.1.2. Flory Equation of State [EoS]:

Fifty-eight years ago, Flory et al. interpreted and correlated the properties of macro molecular
liquids and their solutions by linking the molecular characteristics with the thermodynamic properties
of such liquids that can be employed in investigating several thermodynamic properties such as glass
transition temperature 2. Thus, Flory and co-workers had formulated a partition function for chain
liquids. Their motivation was to represent the intermolecular energy and its volume in the cell model.
They started from assuming a linear chain consisting of repeating units, n for a certain molecule that is
terminated with a certain atom (i.e., H — (CH,),, — H). They had been indicated that the terminal groups
may exert intermolecular forces varying from those of the mid-chain repeating units and imagined the
chain is subdivided into x segments. The segment does not correspond to repeating unit (i.e., x # n ).

The segment, x is proportional to the “hard core” molecular volume v*.

The configuration partition function of the liquid is written as follows:

1 1 37XNc
Z=27t [y (v /s —v* /3) ] exp(—Ey/kT) (3.1.2.1)
Ey, = —xNsn/2v (3.1.2.2)
N = (Sm/S)Nm [1 + (sene1/2/Smmn1/2)/x]2 (3.1.2.3)

Where E, is the intermolecular energy. ZT is the number of ways of arranging the segments of
N molecules over a spatial array of xN sites in the lattice model and the combinatorial factor; ZT is
assumed to be independent of volume and temperature. y is a geometric constant. n is the mean
interaction between a segment pair in the liquid. n,,, n.m , N Characterize interactions between sites on
two neighbouring mid-chain segments, between a mid-chain and a terminal segment site, and between

two terminal sites, respectively.

By substituting (Eg. 3.1.2.2) in (Eq. 3.1.2.1), together with introducing reduced variables, an expression

can be obtained, as follows:

The statistical form of the simple configurational integral:

3xNc e
7 = 7t (yv*)*Ne (171/3 —1) ebeNe/vD (3.1.2.4.A)
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The classical form of the simple configurational integral:

Z = (V)r(51/3)* " gmeac/RTY (3.1.2.4.B)
7 = (avn(s1/3)*" (3.1.2.5)
gAtt — ,—eqe/RTY (3.1.2.6)

v=v/v* (3.1.2.7)

where ¥ = V/V*, V* is the molar hard-core volume, and € is the average configurational potential

energy per segment surface area, q.

T=T/T* =2v*ckT/sn (3.1.2.8)

Ultimately, the equation of state can be obtained from (Eq. 3.1.2.4.A), and it can be expressed in reduced

form, as shown:

po/T =5'3/(5"s — 1) — 1/(5T) (3.1.2.9)
p=p/p =2pv*/sn (3.1.2.10)
Alternatively,
p/p*=T/p(1—-p*3) -1 (3.1.2.11)
p =pv'/ckT* (3.1.2.12)

It could be mentioned that the equation of state differs as the parameter c changes, i.e., when c is equal
to 1, it shows (Eq. 3.1.2.11). In addition, the three parameters, namely, v*,c, and the product sn, serve

to characterize the chain molecule according to (Eg. 3.1.2.4.A) and (Eq. 3.1.2.11).
Based on that, the equation of state reduces to parametric form.

The first of the parameters is alleged to be the same for all homologs of the series; this follows from the
manner of defining a segment and the assumed linearity of xv* with n. The other parameters are

considered to depend asymptotically on n.
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Thermodynamic properties can be deduced from Flory EoS such as the coefficient of thermal expansion
a, the coefficient of compressibity x, and the thermal pressure coefficient y (not to be confused with the

previous y), may be exhibited in terms of the reduced variables as:

a = v~ (dv/dT), = (T/T5)(09/T), (3.1.2.13)

Kk =—v"H(0v/0p)r = —(@/p?)(9/D)7 (3.1.2.14)

y = (0p/0T), = a/x = (Tp/Tp)(9p/0T), (3.1.2.15)
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3.2. Sanchez and Lacombe Lattice Fluid Theory:
3.2.1. Pure Lattice Fluid:

Sanchez and Lacombe lattice fluid theory 2’ is a statistical mechanical model that is based solely
on three molecular parameters that are required to describe a real fluid: €;,v;, and r°. The three
molecular parameters can be calculated once the three equation of state parameters, T;", P, and p; are

evaluated.

P = (1 x10° x My, P})/(NoKT; pf) (3.2.1.2)
vi = Mo/ (pir? (32.13)

where €/ is the interaction energy between molecules of type i in the pure component, T}, P, and p; are
the characteristic of temperature, pressure, and density of a pure component i, respectively, r is the
number of occupied sites by the pure component molecules of type i in the lattice, the superscript (°) is

referred to the pure fluid, and v; is the molecular close-packed volume.

The minimum reduced Gibbs free energy can be expressed after several substitutions, as follows:

G/(Nre)=G= —p+Po+ T [(17 —1DIn(1-7p) + %ln(ﬁ/w)] (3.2.1.4)

T=T/T" T*= €'/k (3.2.1.5)
P=pP/P* P'= € /v* (3.2.1.6)
v=p/p = 1/p (3.2.1.7)

w = 6r/oce"1 (3.2.1.8)

where w is the number of configurations available to a r-mer in the close-packed “pure state”, § is a
parameter used to characterize the flexibility of pure component molecules, o is a parameter utilized to
characterize the symmetry of pure component molecules, and T, P, #, and § are the reduced temperature,

pressure, volume, and density.

The equation of state for the system is estimated by equating the partial differentiation of reduced free

energy with respect to the reduced volume at fixed reduced temperature and pressure to zero, as follows:

aé/aﬁ|ﬁ =0 (3.2.1.9.A)
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which yields to the following expression:

P2+ P+ Tm(1-p)+ (1-3) p| =0 (3.2.1.9.B)

It should be mentioned that g is a dependent variable because it is calculated at given (T, P) , With regard

to the minimization of the free energy, while P and T are independent variables.

(Eq. 3.2.1.9.B) shows the complete thermodynamic description of the model fluid; all other
thermodynamic properties can be deduced from the standard thermodynamic expressions, e.g., the

thermal expansion coefficient, a, and isothermal compressibility, 5, as shown:

a=- Z—ZL =202 . (3.2.1.10.A)
Ta= —— 2 (3.2.1.10.B)
p=-1 Z—Z|T - —% ) (3.2.1.11.A)
PR = = W(ﬁfijﬂm_z (3.2.1.11.B)
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3.2.2. Mixed Lattice Fluid:

[Sanchez and Lacombe] 28 have extended the lattice-fluid theory to mixture by using “combining
rules”; these combining rules are essential in all statistical and mechanical theories in which they can be

employed as preliminary characteristics that lead finally to investigate the VLE behaviour.

Prior to proceeding, it is essential to understand the mechanism of this mixing rule considering how the

characteristics of a mixture differ from a pure one.

The mer volume in the lattice for a pure component varies from one to another, whereas in the case of
mixture, it differs slightly in which it depends on the concentration that results from the average

characteristic value of pure components, as shown:

vt =gy vi+ 3 v (3.22.1)
0 _ ¢1 _ 0
$1= e, - LT P2 (3.22.2)
vEu/v; (3.2.2.3)
—_m/h g
¢1 N mq/pi+my/p; 1 ¢2 (3224)
my =1-my (3.2.2.5)

Where ¢, is the close packed volume of component 1 in the mixture. m, and m, are the mass fractions

of component 1 and 2, respectively.

The number of sites that occupied by the molecules of type i in the mixture, as follows:
= (rdv)/v* (3.2.2.6)
The total number of sites that occupied by the molecules, as follows:
r = X111 + X1y (3227)

x; = (my/My,)/(my /My, + My /M, ) =1 —x, (3.2.2.8)
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where x; and x, are the mole fractions of component 1 and 2, respectively.

The total characteristic pressure is given by:

P* = ¢1P; + ¢2P; + P19, AP” (3.2.2.9)
AP* = P} + P} — 2P}, (3.2.2.10)
P, = PPy (1 —ky3) (3.2.2.11)

where k, is an adjustable parameter.
The interaction energy of the mixture between two sites in the lattice, as follows:
€' =PV = (1P} + ;P; — $120P ) (92v; + PV} (3.2.2.12)
The total characteristic temperature is given by:
T"=T [(¢1/T1 +v$a/T2)/(P1 +vpy) — ¢1¢2X] (3.2.2.13)

where,

X = (AP*v*)/(NKT) (3.2.2.14)

The reduced temperature T and pressure P of the mixture are defined similarly as a pure lattice fluid in
(3.2.1.5-6).

The configurational Gibbs free energy G of a binary mixture is given by:

G =rNe*G (3.2.2.15)

G=—p+Po+T5[(1-p)In(1—-p) +2mp| +T|[ZIng; +ZIng,| (32216)
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where G is the reduced Gibbs free energy.

The chemical potential of component 1 in the mixture can be obtained by taking the partial derivative of
(Eqg. 3.2.2.15) with respect to the number of molecules of a component 1 in the mixture at a certain

temperature, pressure, and the number of molecules of a component 2 in the mixture, as follows:

_ 0G
”1 - aNl

(3.2.2.17)

T,P,N;
g = NokT[In g + (1 — 11 /71) ¢ + 10 5X1 93] + rPkT {_,5/711 +Po/Ty + ¥ [(1 -

HIn(l—p) + %m 5|} (3.2.2.18)

The expression of the chemical potential of component 2, u, in the mixture can be calculated by

interchanging the indices 1 by 2.
The above chemical potential of either component 1 or 2 leads to the following conditions:

e If the concentration of component 1 in the mixture equals to 1, then the chemical potential of

component 1 turns to the chemical potential of component 1 in the pure state, as shown by:

m(pr=1) =pf (3.2.2.19)

e The Flory-Huggins chemical potentials can be recovered when the temperature is low or the
pressure is high, then, the reduced densities can approach their maximum value of unity

(as pand p; — 1):
(u — ﬂ?)/(NAkT) - Ing, + (1 —r/r)p, + T1OX1¢% (3.2.2.20)

e AP*or X, parameter can characterize a binary mixture whereas all the remaining parameters are

known from the pure components.

It could be noted that it is convenient to characterize the interaction in terms of a dimensionless

parameter ¢ which measures the deviation of P;, from the geometric mean, as follows:

{ =P}, /(PyP;)Y/? (3.2.2.21)



And (Eq. 3.2.2.10) becomes:
AP* = Pj + P; — 20(P;Py)Y/? (3.2.2.22)
The change of mixing volume is defined by:
AV, Vo = T/ (P17, + ¢,7,) — 1 (3.2.2.23)

Where V, is the ideal volume of the mixture.

The heat of mixing:
AHp /RT = 1{ pp1¢.X + v*[¢p, P{ (P — P) + ¢.P; (P — P)]/RT} (3.2.2.24)

The entropy of mixing AS,,, is:

r

P1+ved,

AS,./R = —r{‘f—llln by + ‘f—jln $2+7[(1-p)In(1—p) +2mp|} + {91 -

pOINCL = p1) + 5 In py | + vz 5, [ (1= 5) In(1 ~ 5) + 2 In s (3.2.2.25)
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It can be mentioned that the first terms of the above equation are the Flory-Huggins combinatorial

entropy terms.

3.2.3. Alternative Mixing Rules for Sanchez and Lacombe LF model:

3.2.3.1. Modified mixing rule which uses two fitting parameters k;; and [;;:

The mixing rule reported by McHugh et al. ?° for the segment volume v* of the mixture, as follows:

V' =X X0 0jv; (3.2.3.1.1)

v == (v + v )1 - 1) (3.2.3.1.2)

¢, =11 (3.2.3.1.3)

r
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where ¢; is the segment fraction of component i and /;; is the interaction size parameter.

It can be noticed that there is an adjustable parameter (I;;) that has been added to (Eq. 3.2.3.1.1),
compared to the total molecular close packed volume that was introduced by Sanchez and Lacombe in
the original method, [see Eq. (3.2.2.1)].

The segment energy, €* is defined by:

e = Y Xdidjeivi;

v*

€ = /ez‘ej‘ (1-kyj) (3.2.3.1.5)

Where k;; is the interaction energy parameter between component i and j.

(3.2.3.1.4)

The mixing rule proposed by McHugh et al. which divides the interaction parameters into the energy

parameter k;; and the size parameter [;; was shown to be more effective than the original mixing rule.

RT (lnq.’)l 1——)+lnp+rl[———(——1)111(1—9)"‘ ]+Zlnr on; Tl l l l

(3.2.3.1.6)
_ Py _ 1 ~ 1\ p
z=m=r|-zim-p-(1-7)-§ (3.23.1.7)
nr (ov* 1 % *

=), e+ 5 o) 62319

nr (0e* 1 -
?(3_”1')11,-1 =—= [2r;(—ev) + X b €] u] - —(—l)nﬂl (3.2.3.1.9)

3.2.3.2. Mixing rule proposed by West et al.*:
vt = Y, Yy i b (3.2.3.2.1)

o3 B 3

v = <fu) (3.2.3.2.2)

€Ny Xioq b €l (3.2.3.2.3)
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Eij = (Eil'ejj (l] (32324)
Where {;; is a binary interaction parameter and ¢; is the site fraction of component i.
il i ~ P P
PZ—T =Ing¢; + (1 + r;) +1p(Xhor Py xj; — X1 Thejrr ) PrXje) + 1 [_Tﬁi + 7v +
(#—1)In(1-p5) +=In ﬁ] (3.2.3.2.5)
where y;; is the classic Flory-Huggins interaction term:
(<irtej=2ei)

Xij = Tk (32326)

> = 2?=1% (3.2.3.2.7)

3.2.3.3. Mixing rule proposed by [Sanchez and Panayiotou] 3!
(3.2.3.3.1)

€ij = E(Eii + 6]-]-) _ERT
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Chapter 4
THERMODYNAMIC EQUATION OF STATE

4. Panayiotou and VVera Equation of State [EoS]:

4.1. Statistical Mechanics of the Lattice-Fluid Equation of State for a Pure Component:

Decades ago, Panayiotou and Vera developed an equation of state 5’. Starting from the following:

_ alnQ
P =RT (—av )T'Nl (4.1.1)
V= (NHUH + Nl rlvH) (412)
vi = Nynvy (4.1.3)

v is the total volume of the lattice, Ny is the number of holes in the lattice, v;, which corresponds to
(9.75 x 10 -3 m3 kmol™) that has been considered to be correspondent to a methylene group in
poly(ethylene) 7, N is the number of molecules of a pure component 1, r; is the number of lattice cells
occupied by molecules of a pure component 1, and vy is the volume of cells in the lattice of a pure

component 1 and it can be considered as the first adjustable parameter.

The canonical partition function, Q is defined by:

-E

0 =(2)" gegnr & (@14)

Where §;and ag; are volume-independent parameters accounting for flexibility and symmetry of
component 1 molecules, g. is the random combinatorial term, gyg is the non-random combinatorial

correction factor, and E is the lattice energy of the system.

EoS can be derived by taking the partial derivative of Q with respect to v, fixing T and N; as shown in

(Eq.4.1.1) along with the substitution of conventional reduced quantities:

p=2 =2 F,= L =28 b= — (4.1.5)

Pi Zeg T{ zé€q

€11 = €11n + T€115 (415A)
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z is the coordination number; the number of the closest neighbours’ sites to the central site in the lattice.
Panayiotou and Vera had assumed the coordination number equals to 10 since the base of the lattice can
accommodate the chemical structure that leads to an accurate result, €;; is the molecular interaction
energy between like molecules of a pure component 1, €, is the enthalpic interaction energy between
molecules of component 1, and €4, is the entropic interaction energy between molecules of component

1 and they can be considered as the second adjustable parameter and the third one, respectively.

P,, T, and ¥, are reduced quantities of pressure, temperature, and volume, respectively.

Eventually, EOS (Random approximation) can be obtained, as follows:

1 V1 - 21 Ty

- N - _ 2
B2 i (M) 4 (4.1.6)
T 1 2

0, = —H_ — (4.1.7)

r1(P1—-1)+qy

0, denotes the molecular surface area fraction of component 1 including holes, and g, is the

molecular surface area of a component 1.

zqu =(z—-2)r; +2 (4.1.8)

zq, is the number of contact sites by component 1 molecules, (z — 2) are the interaction sites; two of
these sites are taken up by bonded neighbours, and (+2) is added in (Eq. 4.1.8) because there is only one

site at the end of the lattice.

The chemical potential of a pure component 1 has a significant role in the phase equilibrium. It can be

obtained from the canonical partition function, as follows:

D@
_ M (ﬂ)w (4.1.9)

RT N,

After several differentiations, ultimate of chemical potential of a pure component 1 form as follows:

)

RT

(1-6,)"1

— m&
—ln01+lnq1 + In o

+ 2 (g1 + 115,6,) (4.1.10)
1

u?’ )denotes the chemical potential of a pure component 1.
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4.2. Statistical Mechanics of the Lattice-Fluid Equation of State for Mixtures:

A good start to determine the EoS for a mixture 7 is given by:

P=RT (22 Q)T‘Ni (4.2.1)

The expression for the canonical partition function of the mixture, Q, is written in a similar way to the

expression of the canonical partition function for the pure component with considering the product of

multi-components as defined by:

Q= 1;[(6_1:)1\” 9cINR e(;_g) (4.2.2)

The expression for calculating the reduced variables remains the same as a pure component expression,

5 _ P__ 2Pvp
pP=_ =22 (4.2.3)
=~ T 2RT
T=_=2% (4.2.4)
5o 2
p=2 (4.2.5)

Where P, T, ¥ are reduced of pressure, temperature, and volume of a mixture, respectively. P* and T*

are characteristic of pressure and temperature. €* is the molecular interaction energy among molecules

of a mixture. v* is the molecular reference volume of a mixture.

The molecular interaction energy of a mixture, €*, as follows:

€ = O;e;+0;6;—0; 6,1} Ae (4.2.6)
Ae = €; + €5 — 2¢;5 (4.2.7)

€ij = €ijn + Te€ijs (4.2.8)

g, = AL (4.2.9)

q

€;; 1S the molecular interaction energy between like molecules of type i, I'}-j is non-randomness factor for
molecules of type i around molecules of type j, Ae is the difference of the molecular interaction energy

between unlike molecules of type i and j, €;; is the molecular interaction energy of molecules between
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unlike molecules of type i and j, €;;,, is the enthalpic interaction energy between unlike molecules, €;;
is the entropic interaction energy between unlike molecules of type i and j. 8; is the molecular surface
area fraction of component i subjected to the cells in the lattice, and x; is the mole fraction of component
.

The number of lattice cells occupied by molecules, r, as follows:

r= )X (4.2.10)
r= 2% (4.2.11)

Where r; is number of lattice cells occupied by one molecule of component i, v; is the molecular

reference volume of component i.

The total molecular surface area parameter of a mixture, g, as follows:

q= XX q; (4.2.12)

zq; =(z—-2)r; +2 (4.2.13)

q; represents the effective chain length of molecule i. zg; is the number of contact sites by the molecule
i
The molecular surface area fraction of a mixture, 8, as follows:

2l (4.2.15)

LT TNG-1D+gN
0; denotes the molecular surface area fraction of component i including holes.

The EoS of random approximation for a mixture in terms of reduced variables is:

=in ot Do (B2 (4.2.16)

v

~| ™

(M).

i

The chemical potential of component i in a binary mixture, u

(M)

; U; v vi— ei Ui j
N S Ing; + ln%+qi In (L a 1)+2qi ( 'f'e‘ - ?—1) (4.2.17)

RT - Uy
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Xi ‘IJL _ XiTi
i (4.2.18)
= 2RT
Ty =T (4.2.19)

where 0; p is the molecular surface area fraction of the pure component i including holes at the same

temperature and pressure as the mixture, T;; is the reduced temperature of a binary mixture, ; is the

reduced volume of component i in the mixture, and ¢; is the volume fraction of component i in the
mixture.
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Chapter 5

GROUP CONTRIBUTION METHOD

5.1. Introduction to Group Contribution Methods [GCM]:

Industrial chemical process design requires a separation for mixtures, especially studying the
behaviour of fluid phase equilibrium, and because of limited experimental data or empirical correlations,
group contribution methods are introduced for the prediction of several thermodynamic properties. The
basic idea moves from considering that while thousands of chemical compounds are of interest in
chemical technology, the number of functional groups which compose them is much smaller. In addition,
assuming that a physical property of a fluid is the sum of contributions formed of the molecule’s
functional groups, the contribution constructed by one group is supposed to be independent of that
constructed by another group in which the molecule contains several different groups such as a molecule
made by alkane and alcohol. Interestingly, it assists to acquire a technique for correlating the properties
of a very large number of fluids in the matter of a much smaller number of parameters which characterize

the contributions of individual groups.

5.2. Group Contribution Methods:

5.2.1. UNIFAC model:

UNIFAC model (UNIQUAC Functional-Group Activity Coefficients) is a result of combination
of the solution-of-groups concept with a model for activity coefficients based on an extension of the
quasi-chemical theory of liquid mixtures, namely Universal Quasi-Chemical (UNIQUAC) which holds
two adjustable parameters that were derived from the extension of Guggenheim's quasi-chemical theory
of liquid mixtures. UNIFAC method is used for calculating activity coefficients in the matter of
parameters that are identified in the sizes and surface areas of individual functional groups, and energetic
interactions between groups. Size and area constants for groups were evaluated from pure component
and molecular structure data. Group- interactions constants were evaluated from phase equilibrium data
for mixtures containing water, alcohol, ketones, amines, esters, ethers, aldehydes, chlorides, nitriles,

paraffines, olefines, aromatic hydrocarbons, and other organic liquids.
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UNIQUAC equation of mixture for the activity coefficient of (molecular) component i is defined by:
Iny; = Inyf + Inyf (5.2.1.1)

combinatorial term residual term

Where y{ is the combinatorial term which results from the difference in molecular size and it can be
evaluated by using the Flory-Huggins equation. ¥ is the residual term which results from the molecular

interactions and Wilson equation can be applied to its calculation.

5.2.2. GC-Flory EoS:

Holten-Andersen and co-workers 2 have represented a new group-contribution model for
predicting phase equilibria in polymer solutions. The model is based on an equation of state that is
extended from Flory. The equation contains a free volume term, which leads to the correct ideal gas
limit. The model can correlate and predict with good accuracy both pure-component PVT properties and
vapor-liquid equilibria of mixtures containing polymers. The model by Flory et al. has been modified
on three points, the purpose of which is to render the model applicable for associating mixtures and to

enable the introduction of the group-contribution approach.

Firstly, the free volume term of Flory in (Eqg. 3.1.2.5) has been changed, as follows:

p1/3

3 51/3_1\3C]"
7V = [nv*(ﬁ1/3 ~1) ( ) l (5.2.2.1)

The above expression is unlike the Flory expression as it leads to the correct ideal gas limit, i.e., ZFV —

VasV - oo,

The attractive term has been changed on two points: The first alteration considers the attractive potential
of two molecules to be the sum of two different contributions: (i) an energy of random orientations of
two molecules and (ii) an energy of favorable orientations or favorable packing configurations of the
two molecules. This difference has been found advantageous in expressing several phenomena met in

polymer solution thermodynamics.
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This separation of the attractive energy leads to the following form of the attractive part of the partition

function:

zZnqeg

ZATT = ¢ -5k ] [(1-w+w exp(—ewb/RTﬁ))]znq/Zb

(5.2.2.2)
Random orientation  + favorable orientations

In the above equation, €, is the potential energy per sement-surface area of random packing
configurations. €, is the extra energy contribution from packing into more favorable configurations. w
Is a measure of the relative number of favorable configurations. b is a measure of the number of segment

units engaged in the favored orientations.

The second alteration of the attractive term concerns its extension to mixtures, where a non-random

UNIQUAC-like expression has been adopted instead of the random mixing expression of the Flory

model:
ZATT = exp {~ %3 2q;m; (a; — RTn %6 exp(—Aa;/RT))/RT} (5.2.2.3)
Aaj; = (aj; — a;i)s (5.2.2.4)
aj; = €i/P — (RT/b) In{1 + w(exp(—be,;;/RTT) — 1)} (5.2.2.5)

Where a;; is the Helmholtz energy of interaction. s is the number of segment units.

It can be mentioned that there is only one binary parameter that is a;;, which is equal to a;;, and it is
used for system without hydron bonding. Thus, for hydrogen-bonding systems, it has been noticed that
one parameter is not sufficient to describe the systems. Therefore, binary vapor-liquid equilibria data
has been correlated by introducing an extra binary entropic interaction parameter, AS};b, in the attractive
or residual term:

Aaji = (aﬁ — Qi — TASﬁb)S (5226)

This additional entropy parameter for hydrogen-bonding components is assumed independent of density,

and therefore, it does not affect the equation of state.
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From the expressions given above, all necessary thermodynamic quantities may be derived. The main
equations are given below.

The Gibbs mixing function is formed of three terms: i) combinatorial, ii) free volume, iii) attractive, as

shown in the following:

- 5 s 5
AGM>I JRT ~ AA/RT = Y,;n;Ing; + X;n; [3(1 +¢;) lnlill/—:l1 - C; ln%] +
53—
Zi%z(qini/RT) la;;(#) — a;;(#;) — RT InY; 6, exp(—Aa;;/RT)] (5.2.2.7)

Combinatorial +  free volume +  attractive

Where 7; is the pure component reduced volume and ¥ the reduced volume of the mixture.

The chemical potential is given in the following:
Ap;/RT =Ing; +1 -2 +3(1 + C-)lnﬁil/ﬁ— CinZ+ 2z, [i (ay(@® —ay(@))+1-
Ml - (pl x; l ﬁ1/3—1 l D 2 ql RT 2] 25 l

The pressure is given by:

nRT (171/3+C) E
p =fT +

- (5.2.2.9)

»/3_1 nv*p

For a mixture, [Flory and co-workers] 2° proposed a simple linear mixing rule for the hard-core volume

and C parameter, as follows:

V* = Zi nl-Vl-*/n (52211)

and energy E is given by,

Z] 9]' exp(—Aaﬁ/RT)Aeﬁ}

Yk O exp(—Aay;/RT) (5.2.2.12)

1
E=%iszqm {Eii +
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w exp(—be, ji/RTD) €4, ji
1+w(exp(-beg ji/RTP)-1) ¥

eji = GO,jl’/ﬁ + (52213)

Aeji = Eji — €ji (52214)

There are only five molecular parameters for expressing this model which are V;*, q; ,C; , € ji , €4, j; and

only two parameters for hydrogen bonding systems which are AS/”, AS/".

The following group-contribution expressions are adopted for the calculation of these parameters:

V' =¥,21.238R,, (5.2.2.15)

qi = Xm Om (5.2.2.16)

C; = —0.640 + ¥, CYCRMC 4 ¥ CBGRBG (5.2.2.17)
€0ji = Tm O Y06 €nm (5.2.2.18)

€w,ji = _[Ew,jjew,ii]l/z (5.2.2.19)

ASI = 3 605 % (69 — 67) ASEE, (5.2.2.20)

where R,, and Q,, are nonadjustable parameters that retrieved from UNIFAC. CX¢ is a degree of
freedom group parameter for groups located in the main chain. The quantity C2¢ is the degree of freedom
parameter for branch point groups (e.g., the CH group in propane, 2-methyl). C2¢ can be calculated
through a correlation related to CM¢. RMC and RES are group volume parameters that obtained from
UNIFAC. €, ;; is a pure-component molecular parameter. €,,, and AS™ are a group-interaction
parameters. CM¢, €,,, are adjustable group parameters for hydrogen bonding components. AS? is
adjustable parameter and determined experimentally. m and n refer to groups m and n indexes. i and j

refer to i and j molecules.
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5.2.3. Developed GC-Flory EoS:

Thirty-two years ago, [Chen and co-workers] 2 presented an equation of state by extending a
group-contribution of the Flory equation. Their motivation was to develop an equation that is similar to
Flory but simpler than the Holten-Andersen model. They introduced a new correlation for the degree of
freedom parameter, C. The energy interaction parameters are based on group-group interactions, and the
C parameters are calculated by using the group-contribution approach. They indicated that the new
equation of state can predict vapor-liquid equilibria for a large variety of mixtures of polymers and

solvents over a wide range of temperatures with a good accuracy.
Holten-Andersen model has been changed on the following:

In the Holten-Andersen EoS, the attractive potential between two molecules was expressed as the sum
of energy of random orientations, €,, and of favourable orientations, €,,. This distinction is meant to be
advantageous in describing a number of phenomena met in polymer solutions, as well as for pure
compounds. This type of treatment appears to be physically reasonable, but it causes the model to be

complex to use.

Chen and co-workers have developed an attractive energy partition function that is similar to the

Flory expression as shown in (Eq. 3.1.2.6), as follows:

ZAtt — e[_i’;l;;)]

(5.2.3.1)

The energy has been changed compared to Holten-Andersen and others work 2, as follows:

Zj 9] eXp(—(A(_—'ji—TAS]hib)/RT)AEﬁ} (5 5 3 2)

1
E= Zi;qu'ni {Eii + E] 9]' eXp(—(AEki—TAS;clib)/RT)

A new correlation for the C parameter of component i has been introduced instead of the simple, linear
temperature dependency of the C parameter in the Holten-Andersen model as shown in (Eq.5.2.2.17),
as follows:

Rn

0
S (5.2.3.3)

Ci = Zn Vn,i [CTO,n + CT,n (% - T_lo)] + Zn

where v, ; is the number of group n in molecule i, the reference temperature T, is taken as 298.15K, R,

is the normalized van der Waals volume for group n given as in the UNIFAC model [Fredenslund et al.,
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1977] %, and Cryn » Crn and C,° are the temperature-independent term, the temperature coefficient,

and a constant term for group n taking into account special effects.

The temperature dependence of the C parameter is rigorously introduced into the Helmholtz free energy.

Thus, a new energy expression is obtained, replacing (Eq.5.2.3.2):

. 1 Z]'9]'eXp(—(AEﬁ—TASJ’-lib>/RT)AEﬁ _ p1/3_1 dc;
£ dipram {E“’* ey | 3K (57 Zim[g7s] 6234

In summary, it can be said that Chen and co-workers have obtained a predictive model for correlating
the data of pure polymers and solvents with good accuracy and even better than those of the Holten-
Andersen. Their model can be applied over a wider range of temperature compared to Holten-Andersen

model.

5.2.4. GC-Sanchez and Lacombe EoS:

[Constantinou and Gani, 1994] * developed a group contribution method that can evaluate the
lattice-fluid (LF) scaling constants of the polymers and it has been shown to be very successful in
estimating various thermophysical properties of simple fluids. This method can be applied in two steps.
First step, the fundamental step has contributions from first-order functional groups such as those
currently applied for the estimation of mixtures properties [Fredenslund et al., 1977] *2. Second step has
a set of second-order groups which have the first-order groups as building blocks. The identity of the
second-order groups is dependent on the concept of conjugation operators. Based on this method, the
molecular structure of a compound is as a number of conjugate forms and the property of a compound
is a linear combination of these conjugate form contributions. Each conjugate form is an idealized
structure with integer-order localized bonds and integer charges on the atoms. The purely covalent
conjugate form is the dominant conjugate form, and the ionic forms are the recessive conjugates, which
can be obtained from the dominant form by a rearrangement of electron pairs. A conjugation operator
describes a particular pattern of electron rearrangement and, when applied to a dominant conjugate,
yields an entire class of recessive conjugates. The property of a compound is evaluated by calculating
and combining the properties of its conjugate forms through conjugation operators. The group
identification focuses on the operators which correspond to the significant conjugate forms, that is, the
operators with significantly high contributions than the other. The structure of a second-order group
ought to the distinct sub-chain of at least one significant conjugation operator; i.e., the CH3COCH2
second-order group incorporatesthe 0 = C—C,the 0 =C—C —H, and the C — C — C — H operators.

The structure of a second-order group has to adjacent first-order groups as building blocks, and it should
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be as small and simple as possible. Certainly, the performance of second-order groups (as with first-

order groups) is independent of the molecules in which the groups occur.

Constantinou and Gani’ method for the estimation of a property X of a compound is as follows. Let C;
be the contribution of the first-order group of type i, which occurs Ni times, and D; be the contribution
of the second-order group of type j, which occurs M; times in the compound. By selecting a simple

function f(X) of the property X, as follows:
fX) =XiN; C; + W X M; D; (5.2.4.1)

The constant W is equal to 1 when there are second-order groups contributing to the property and equal
to 0 when only first-order groups are contributing. The selection of the function f(X) is based on some
principles as well. It has to achieve additivity in the contributions C; and D; and to exhibit the best
possible fit of the experimental data. Furthermore, it should be able to provide sufficient extrapolating
behaviour and, therefore, a wide range of applicability. The determination of the (adjustable) parameters
C; and D; of the model is categorized into a two-step regression analysis. In the first step, W is set equal
to 0 and the regression is carried out in order to determine the contributions C; of the first-order groups.
In the second step, W is set equal to 1 and the contributions D; of the second-order groups are estimated
through regression. Thus, the contribution of the first-order groups is independent of that of the second-
order groups and the contribution of the second-order groups serves as a correction to the first-order

approximation.
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5.3. Calculation of the Molecular Parameters for Panayiotou and Vera EoS through

Group Contributions for Pure Component:

Group Contribution Method [GCM] can be employed to study a particular thermodynamic
property based on the chemical structure. Moreover, it depends mainly on molecular parameters. The

molecular parameters contribute to solving EoS.

High * developed the molecular parameters, €;15, , €115, and v; of Panayiotou and Vera.
However, instead of adjusting three parameters, High has adjusted four parameters: €, 300 x» €11,400 k »

V1 300 k » @Nd V3 400 x DY UsINg a linear expression in the range of 300 K to 400 K.

Furthermore, High has expanded v; by adding the temperature used a group contribution
expression for calculating all groups of component 1 at 300K and 400K. Whereas Panayiotou and Vera
assumed v; as independent parameter. v is obtained by taking the interpolation between calculated

values, v7 390 aNd V7 490 - The value of vy is modified by adding a linear expression which is used for

estimating the value of v; at the temperature of interest.

The molecular interaction energy between molecules of component 1,¢,, is calculated at the temperature

of interest as follows:

€ — € .
e = €nnsoox + sk (7 _300)  [Linear] (5.3.1)

€11300 €11,400 are the interaction energy between molecules at 300K and 400K, respectively.

The group contribution expression for calculating the interaction energy between molecules at 300K and
400K, as follows:

1
€117 = 2k Xm G,El)eﬁ)(ekk,r emm,T) z (5.3.2)

Yk X arethe summations of all groups of a certain compound and presence.

exr,r 1S an interaction energy constant of group k at 300K and 400K.
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The surface area fraction of group k in the pure component 1 at group K is defined by:

W
@ _ Qk
(Ch —k = (5.3.3)
zp ;1) 2

n,(cl) denotes the number of group k in component 1, G),((l) Is the surface area fraction of group k in
component 1, @, is the dimensionless surface area parameter of group k as utilized in the UNIFAC

method 32.

The molecular reference volume of component 1, v; is estimated at the temperature of interest from the

following:

Vi = Via00k + (”“‘“1 0;’130“‘) (T —300) [Linear] (5.3.4)

vir=ar+ Yeny” Rer (5.3.5)

V1 300 k» V1,400  are the molecular reference volume of component 1 at 300K and 400K, respectively.

ar is universal constant which is added to maintain the calculation. It can be noted that High had chosen
0.021231 for aso, and 0.022373 for a,q,.

Ry r is the molecular reference volume constant of group k at 300K and 400K.

[Lee and Danner] ° have developed (Eq.5.3.4) by eliminating the universal constant, a; from
(Eq.5.3.5) because it does not make a significant change in the result. Additionally, (Eq.5.3.4) is no

longer linear.

The molecular reference volume of a pure component i, v; as follows:

l

v = %n,(j) Ry (5.3.6)
The molecular group reference volume of k, R, has been replaced of being parameter in (Eg.5.3.5) to a
variable in (Eq.5.3.7) as follows:

Ry, =15 [ROk + Ry ( )+ Ry (Tlo)z] [Quadratic] (5.3.7)
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where Ty, is arbitrarily set to 273.15 K.
Ro . R1x Rz are the molecular reference volume constants of group k.

The molecular interaction energy between molecules of component i, given by:

i [ 1
€i = Yk Tm 0000 (erk emm) /2 (5.3.8)

Lee and Danner ® have modified, ey r from constant to variable, [see Eq.5.3.2 & Eq. 5.3.9], as follows:

_ T T\? .
erk =€kt €1k (T—O) +eyp (T—O) [Quadratic] (5.3.9)
eok,e1x €2,k are the molecular interaction energy constants of group k.

Table 5.1 and 5.2 subgroups were retrieved from the paper of Lee and Danner ° and the handbook of
Danner and High *° for the purpose of using them at present work, respectively.

Rox Rix Rox 1n[EQ.5.3.7], and Ry 300k » Rk 400k 1N [EQ.5.3.4] are estimated by the best fitting to the

liquid density of the Daubert and Danner experimental data .

eoxeik,e2r N [EQ.5.3.9] and ey 300k »€x 400k 1IN [EQ.5.3.1] are estimated by the best fitting to the

vapor pressure of the Daubert and Danner experimental data 3.
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Group Interaction Energy and Reference Volume Parameters [Linear]
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Group €Kkk,300 €Kkk,400 Rk 300 Ri 400 Qx
CH3 640.87 640.79 0.01596 0.01628 0.848
CH2 943.33 987.68 0.01522 0.01518 0.540

C 5378.38 7731.24 0.00854 0.00762 0.150

ACH 975.38 971.62 0.01054 0.01035 0.400

AC 5452.73 6771.48 0.00623 0.00680 0.120
AC-CH3 994.41 1022.68 0.02465 0.02456 0.968

AC-CH 2780.93 3281.53 0.02733 0.02643 0.348

-CO0O- 1341.67 1308.80 0.02236 0.02327 0.880
-OH 1867.92 1466.87 0.00685 0.00752 1.200
-O- 868.47 679.56 0.00670 0.00606 0.240

TABLE 5.2
Group Interaction Energy and Reference Volume Parameters [Quadratic]
Main
r R R R
group subgroup €0 €1 e 0 1 2 Qx
CH3 642.019 10.186 -4.817 25.979 -0.388 0.814 0.848
CH2
CH2 919.390 -67.757 78.384 14.089 2.039 -0.963 0.540
C C 1480.016 1125.680 1967.093 -11.793 7.681 -5.795 0.150
ACH ACH 1132.433 -209.906 78.217 12.189 1.834 -0.389 0.400
ACCH3 959.652 -11.693 33.812 26.370 3.136 -1.092 0.968
ACCH2
ACCH 2134.993 -232.701 560.421 2.933 7.462 -4.174 0.348
COO COO 2182.434 -782.011 226.335 14.091 10.712 -3.344 0.880
OH OH 9229.525 -7980.168 2105.795 4.862 14.325 -3.989 0.584
CcO2 CcO2 570.152 149.875 -49.995 8.808 33.2832 -9.353 1.112
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5.4. Calculation of the Molecular Parameters through Group Contributions for Mixtures:

[High and Danner] & has used a geometric mixing rule for calculating the interaction energy

between unlike molecules, €;; , as follows:
_ 2
Eij - (Eii 6”) (541)
;=0 [MRO] (5.4.2)

where €;; is the molecular interaction energy between like molecules of type i.

Lee and Danner ° have developed a binary mixing rule, as follows:

1
eij = (€u ;) * (1-6y)) (5.4.3)
8ij = Tm Zn O 0 am,  [MRI] (5.4.4)

Where amn is @ binary interaction parameter between m group and n.

)
o) — _Zimi % (5.4.5)

ko gy min oy
where @,EM) is the surface area fraction of all the groups present in the mixture.

[Hamedi and co-workers] *° have proposed an alternative mixing rule that can handle more than one

mixture instead of a binary mixture [see Eq.5.4.4], an example is a triple-mixture, as follows:

Sij = Zm Zn egrll)@g)amn [MRZ] (5.4.6)
k Xp ng) 9p

where G),(f) is the surface area fraction of group k in component i.

The molecular reference volume of a mixture, v* as follows:

v =X v (5.4.8)

Where x; is the mole fraction of component i.
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Table 5.3 illustrates the parameters of group interaction. The binary interaction parameter was predicted
independently of temperature by the best fitting of bubble point and dew point for the temperature and
pressure, and then compared to experimental data of DECHEMA 3540,

Table 5.3

Group Binary Interaction Parameters (a,,,) [Quadratic]

m\n CH2 C ACH ACCH2 COO OH CO2[MR1] CO2[MR2]
CH2 0.0000 02033 00363 -0.0064 00211  0.3994 0.1262 0.2994
C 0.0000 00202  -0.3946  0.0000  1.2601 0.0000 0.0000
ACH 0.0000 00116  -0.1408  0.1031 0.1130 0.2483
ACCH?2 0.0000  0.0415 03770 0.0027 0.0278
Co0 00000 -14501  -0.1850 -0.4739
OH 0.0000 0.0000 0.0000
CO2 [MR1] 0.0000 0.0000
CO2 [MR2] 0.0000

Lee and Danner have mentioned that there was not adequate binary VLE data available to calculate
values for all the subgroups. Thus, as in the UNIFAC method, values were obtained only for the main
groups as defined in Table 5.2. The group binary interaction parameters, a,,, , are given in Table 5.3

The group binary interaction parameters between like groups, a,,,», are set to zero and «,,,, is equal to

Anm -
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Chapter 6
NONEQUILIBIRUM LATTICE FLUID [NELF]

6. NELF Model for Gas Solubility in Glassy Polymers:

6.1. Early Version:

The nonequilibrium thermodynamics of glassy polymers (NET-GP) was proposed by [Doghieri
and Sarti] 1. NET-GP approach extends EoS description of thermodynamic properties of amorphous
phase from equilibrium conditions above glass transition temperature (Tg) to non-equilibrium conditions
below (Tg). NET-GP can be applied to any EoS by using the properties and tools of the equation of state.

NELF approach can be used for the equilibrium of Helmholtz Free Energy Density,a, as follows:

af4 = af4(T,P,{pi}i=1n,) 1<i<N, (6.1.1)

Where T is the temperature of the system, p; is the species mass density of all solute components

(1 <i < Ny) and polymeric species (i = N,).

The main idea of the NET- GP is by assuming the mass density of the polymeric species in the mixture
(p{,"(ﬁ) as an order parameter for the description of the nonequilibrium state at a certain temperature, T

and pressure, p and the mass fraction of low molecular weight solutes in the mixture, w;. Helmholtz free

energy can then be considered at nonequilibrium condition, as follows:

aVE = aVE(T,p, w}'E, pp) 1<i<N; (6.1.2)

[Doghieri and Sarti] ** have assumed the mass density of the polymer as an internal state variable (its
rate of variation in time depends on the state of the system). By applying the second law of

thermodynamic.

The following condition is derived for Helmholtz free energy density in non-equilibrium conditions, as

follows:

aVf = af1(T,p, %, p, ) 1<i<N; (6.1.3)
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This approach can be applied parallelly to thermodynamic expression of the chemical potential of solutes

in the mixture at non equilibrium state, u, as follows:

H%VE = ,U{VE(T) D, Wi, ,Dpol) = M(_Eq(Tl Pl pl) (6'1'4)

The later assumption for the evaluation of solubility in glassy polymers that has been accounted a

swelling coefficient, kg, as an adjustable parameter, as follows:

Phar (T, fi(T,p, @) = ppou(T) [1 = (kow fi(T, p))] (6.1.5)

where p,’,’fl is the density of solvent per polymer mass at nonequilibrium condition, and pgol(T) is the

dry polymer density that has been taken from the experimental data.

6.2. Recent Version:

[Minelli and Doghieri] ** developed a rheological tool by addressing the polymer behaviour in a
sorption experiment below the glass transition temperature. A simplification of the spectrum of
relaxation times in which the distribution is considered to be bimodal with a constant ratio between

(“hard” and “soft” element).

Parallelly, it can calculate the total volume of mixture per polymer mass at nonequilibrium condition

(pseudo equilibrium), as follows:

Vo (T,p, 'E) = x VT, p,wi®) + (1 — x) V() (6.2.1)
k
X = i (6.2.2)

where @i‘g(T, 12 wfq) is the total volume per polymer mass at equilibrium condition at specific

temperature, pressure, and mass fraction of solute, y is the compressibility ratio between glass region
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and rubber and k is the compressibility coefficient; the partial derivative of specific volume with respect
to pressure, p at constant temperature, T multiplies by the negative reciprocal of the average volume,

and l7g(T) is a model parameter depends only on temperature.

The specific volume of a pure polymer at equilibrium, I%’f,‘{; can be calculated after an equilibrium EoS.

~

0
VPOILV

literature data, using the following expression:

is meant as the dry polymer mass density at non-equilibrium glassy state, can be estimated from

0 (T, p=0)= P20 (T,,p=0)x [1+ ayx (T - T,)] (6.2.3)

ag = %(g)T (6.2.4)

ag 1s the thermal expansion coefficient; the partial derivative of specific volume with respect to

temperature, T at constant pressure, p, multiplied by the reciprocal of the average volume.



47

Chapter 7
NELF AND GCLF COMBINATION [NEGCLF-EQOS]

7.1. Introduction to NEGCLF-EQOS:

At present work, a predictive tool has been evolved that combines two models: a group
contribution lattice-fluid equation of state (GCLF-E0S) and nonequilibrium lattice fluid (NELF); the
group contribution method depends mainly on the chemical structure. As a result of this combination, a
new model is produced that is referred to as “nonequilibrium group contribution lattice fluid” model
(NE-GCLF). NE-GCLF model is designed to be applied based on a minimum number of properties as

inputs, to study thermodynamic properties such as the solubility of gas/vapour into glassy polymers.

The polymer properties that are required for the application of NE-GCLF procedure are glass
transition temperature,T, ,compressibility ratio,y ,chemical structure of polymer and the ratio of the

thermal expansion coefficient from the glassy to rubbery state, y.

Obviously, the group interaction energy parameters [eq), eir, €2k ], reference volume
parameters [ Ry , Ry , Rz, ] and the surface area parameter, @, need also to be known for all functional

groups participating to polymer and solvent structure.
The compressibility ratio of polymer, the glass transition temperature and the ratio of the thermal
expansion coefficient properties are used in NELF for calculating the total volume per polymer mass at

nonequilibrium condition (glassy state), V.,

The chemical structure is composed of groups and contributes to counting the number of the molecular

reference volume of a certain component.

The thermal expansion coefficient is used at present work because the temperature of the system is lower

than the glass transition temperature, as follows:

ag(p=0)= afy (7.1.1)

y=(%) (7.1.2)

aR



48

y is the estimated ratio of the thermal expansion coefficient from the glassy to rubbery state. The
availability of the ratio at (Eq.7.1.1) because the calculated thermal expansion coefficient at
nonequilibrium condition using EoS, a£°5 must get a bit closer to the thermal expansion coefficient at

rubbery state, ay , that is measured experimentally.

In order to study the solubility of penetrant species into solid polymers, the chemical potential of
component 1 into mixtures, u, at temperature, T, mass fraction of component 1 into mixture at

nonequilibrium condition, w)'E, and the total volume per polymer mass at nonequilibrium condition,

Vpol must be equal to the chemical potential of a pure component 1, yg‘;), as follows:

.ui(T; (‘)Ilv pol) = U G)(T P) (713)

The total volume per polymer mass, Vpol is calculated by substituting (Eq.6.2.3) in (Eq.6.2.1), as follows:

AE

(1-x)

Vs (T p, E) = x VT, p,wi?) + (1 - (7.1.4)

Where V,ﬁ’oly(T,p = () is the specific volume of polymer at system temperature and low pressure at

nonequilibrium condition (glassy state) and Vpi‘{y(T, p = 0) is the specific volume of polymer at system

temperature and low pressure at equilibrium condition (rubbery state) which is calculated by solving
EoS of a pure component from (Eq.4.1.6) which satisfies the equilibrium condition of known pressure,
as follows:

p =p" (T, w, =1, poly(T p = 0)) (7.1.5)
w-, denotes the mass fraction of a pure polymer.

The equation of the specific volume of polymer at nonequilibrium condition (glassy state),
Vaoty (T, p = 0), (Eq.6.2.3) is substituted in (Eq.7.1.4), as shown:

pol (T p: E) = X I/pE(g(T’ p’ wfq) + Vpi(%y (Tg ’p = 0) [1 + ag (T - Tg)] - Vpb;gy(T p )

(7.1.6)
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The expression of thermal expansion coefficient, a, , (Eq.7.1.1-2) is substituted in (Eq.7.1.6), as shown:

pol(T p,wNE) = y Vpb:g(T, p,w q) +V Poly ( p = 0) [1 + afos (Z_}i) (T _ Tg)] —

X VE(T,p = 0) (7.1.7)

The total volume per polymer mass, Vpoly at temperature, T, pressure, p, mass fraction of component 1

into mixture at equilibrium condition, w, B4 js calculated by solving EoS of a mixture from (Eq.4.2.16),

as follows:

p=p* (T w0t (T,p, @ )) (7.1.8)

The chemical potential of component 1 into mixtures, u, at temperature, T, equilibrium mass fraction

of component 1 into mixture, wf" and the total volume per polymer mass, 7%

o1 Must be equal to the
@

chemical potential of a pure component 1, yu; ) as follows:

i (T, 89, 75T, p, wf)) = (T, p) (7.0.9)
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7.2. Solubility Prediction in Polymer-Solute Systems:

To proceed in the calculation, it is essential to express the first case of mixing rule that requires
to estimate a linear expression for e;; which is a function of two variables €, 399 x and €11 490 - The
two variables are calculated from (Eq.5.3.2). The surface area fraction of group k of component 1, G),((l)

which is a function of €, , it can be estimated by (Eq.5.3.3). The surface area parameter of group k, 9y

and the two constants ey 300k and ey 400k are retrieved from Table 5.1.

First case, vy is represented in a linear expression as function of two variables v; 340k
and vy 400k, [S€€ EQ.5.3.4]. The two variables vj3q0x and vg 400k are calculated from a group
contribution expression that is given in (Eq. 5.3.5) and the two constants Ry 3gox and Ry 4o0x are

retrieved from Table 5.1.

Second case, the molecular interaction energy between two components i and j, €;; which
requires to estimate a binary interaction variable §;; that is illustrated in mixing rule 1 [MR1], [see Egs.
5.4.3-4]. ey is a function of the molecular interaction energy variable between like groups that can be
calculated quadratically by (Eq.5.3.9). The constants of energy (e . , 1 , €2, ) are retrieved from Table

5.2. One more variable, (E)ch) is estimated by (Eq.5.4.5) and the surface area group parameter, 9, [that

is requested to calculate G),({M)] is retrieved from Table 5.2.

The calculation of §;; for the third case MR2 is similar to MR1 excluding the variable G),({i) that
can be estimated by (Eq.5.4.7). The expression of v;* that follows Lee and Danner approach is a function
of molecular reference volume variable of group k as shown in (Eq.5.3.6) that can be calculated
quadratically from (Eq.5.3.7). The contents of reference volume for a group K, (Rg s, R1x ,» Rz ) can be

retrieved from Table 5.2.
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Table 7.1 shows the five different types of the polymers (PEMA, PMMA, PC, PS, PPO) that are used at
this work. It also illustrates the properties of polymers such as the ratio of thermal expansion coefficient
from glassy to rubbery state which retrieved from [Zoller] #?, compressibility factors, and the glass

transition temperature of each polymer were retrieved from different references.

Table 7.1

The Properties of Polymers

Polymers (Z—Z) Ref. X Ref. Tq[°C] Ref.
PEMA 0.57 0.83 [41] 61 [43]
PMMA 0.45 0.69 [49] 120 [44]

PC 0.43 [42] 0.69 [41] 150 [41]
PS 0.42 0.68 [41] 92 [41]
PPO 0.27 0.46 [52] 210 [45]
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7.3. Results and discussion for solubility prediction in glassy polymers:

7.3.1. Solubility Prediction in Poly (methyl methacrylate) + CO2 system:

Koros et al.** investigated the sorption of carbon dioxide (CO) in poly(methyl methacrylate)
(PMMA) at various temperatures experimentally, the polymer utilized in his study was earned from
Aldrich Chemical Co., Milwaukee, WI. Koros measured the molecular weight of the PMMA using
solution viscosity in butanone and found it to be equivalent to 599,000 g/mole. Koros measured the
sorption isotherms after such pre-treatments were reproducible as long as the maximum sorption never
exceeded 20 atm. Compressibility parameter, x was not available in the Koros et al. paper #4. Thus, it has
been retrieved from Minelli and Doghieri paper *°. (Egs.7.1.1-2) were applied for estimating the PMMA
ratio of thermal expansion coefficient from glassy to rubbery state, which is equivalent to 0.45 [Zoller]*2.

At this system, it has been applied (Eqg.5.4.1) for the first case [mixing rule 0, MRO]. For the
second case, [mixing rule 1, MR1] was applied for calculating &,, using EoS, registered value of the
MR1 equals to 0.0205 and 0.0772 for the mixing rule 2 [MR2] as a third case.

It could be noted that the surface area parameter, Qx isequivalent to 1.200 for ester group (-COO-
) as it was published by [Danner and High] *°, however, this value was in contrary to Fredenslund ! Qx
which is equivalent to 0.880. Therefore, the value that was published by Fredenslund has been selected.
There was not available group interaction energy and reference volume parameters for CO2 as shown in
Table 5.1. Thus, it has been taken the constants of group interaction energy and reference volume (e, .,
€1k €2k, Rok, Rk, Ry ) thatare shown in Table 5.2 for calculating CO2 considering all cases [MRO,
MR1, MR2].

Koros et al.” experimental data expressed the solubility of carbon dioxide (CO2) in poly (methyl
methacrylate) (PMMA) at various pressures for different temperatures. Fig. 7.1.A shows the predicted
results from the NEGCLF model at both cases [MR1, MR2]. They succeeded in general term but failed
in the temperature range compared to experimental data. In addition, both cases exhibited the same result
at low pressure because they have the same properties. Fig. 7.1.B shows a quite similar trendlines for

the case [MRO0]. However, mixing rule 1 is remained the best.
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Fig 7.1.A. Solubility isotherm of CO2 in PMMA at 35, 55 and 80°C: experimental data from ref 44 and predictions given
by GCLF EoS and NELF model.
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Fig. 7.1.B. Solubility isotherm of CO2 in PMMA at 35, 55 and 80°C: experimental data from ref 44 and predictions given
by GCLF EoS and NELF model.
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7.3.2. Solubility Prediction in Poly (ethyl methacrylate) + CO2 system:

Kamiya et al ** have prepared poly (ethyl methacrylate) (PEMA) by radical polymerization, the
glass transition temperature Ty was 61°C that was determined by taking the average of several methods:
thermal dilation, the Arrhenius plot of gas permeability, and evaluated by differential scanning
calorimetry (DSC). Kamiya and co-workers have determined sorption under pressure up to 50 atm in
the temperature range 15 to 85°C and measured with an electric microbalance (Cahn model 2000) settled
in a high-pressure chamber °%°!, The molecular weight of PEMA was not available in the paper of
Kamiya et al. Thus, the value was taken from Koros et al. paper ¢ which is equivalent to 309,000 g/mole.
The compressibility parameter, x was not available in the Kamiya et al paper. Therefore, it has been
retrieved from Minelli and Doghieri paper 1. (Eqs.7.1.1-2) were applied for estimating the PEMA ratio

of the thermal expansion coefficient from glassy to rubbery state, which is equivalent to 0.57 [Zoller] #2.

At this system, it has been used (Eq.5.4.1) for the first case [MRO0] and for the second case, it has
been applied [MR1] for calculating &;, using EoS which is equivalent to 0.0188 and 0.1088 for [MR2]
as a third case. Similar to the previous case, the surface area parameter, Qx for ester group (-COO-) is
equal to 0.880 and it has been used a quadratic expression for calculating the properties of CO2 for all
three cases: [MRO, MR1, MR2].

Fig. 7.2.A-B show the prediction of CO2 solubility in PEMA for the three cases: MRO, MR1, and MR2.
Fig. 7.2.A represents the ability of the model to predict the volume of CO2 in the mixture per polymer
mass. Fig. 7.2.B expressed linear trendlines compared to PMMA due to the glass transition temperature

closeness to the predicted temperatures.
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Fig. 7.2.A. Solubility and volume swelling isotherm of CO2 in PEMA at 15 °C: experimental data from ref 43 and
predictions given by the GCLF EoS and NELF model.



56
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Fig 7.2.B. Solubility isotherm of CO2 in PEMA at 30, 40 and 55°C: experimental data from ref 44 and predictions given
by GCLF EoS and NELF model.
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7.3.3. Solubility Prediction in Polycarbonate + CO2 system:

[Fleming and Koros] *? applied 1000 psia of pressure for the measurement of carbon dioxide
(COy) sorption in polycarbonate at 35°C and it has been indicated that the isothermal dilatometry
measurements exposure of polycarbonate. The measurement of pure gas sorption was made with a
pressure decay cell design. Fleming and Koros did not mention the molecular weight. Therefore, it has
been assumed [Mn=110000]. (Egs.7.1.1-2) were applied for estimating the PC ratio of the thermal
expansion coefficient from glassy to rubbery state which is equivalent to 0.43 [Zoller] #2. Similar to the
previous cases, it has been used the quadratic expression for calculating the properties of CO2 for the
case of MRO due to the lack of parameters in Table 5.1. Furthermore, there was not available ether group
(-O-) parameters in Table 5.2 for the calculating the value of ey, and R, quadratically for both cases
[MR1, MR2]. Thus, it has been utilized the parameters ey 300k » €k 400k Ri 300k, and Ry 400k that
available in Table 5.1 for expressing them in a linear expression. Fig. 7.3 shows a satisfactory result of

the carbon dioxide solubility in polycarbonate at diverse pressures.
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Fig. 7.3. Solubility isotherm of CO2 in PC at 35 °C: experimental data from ref 52 and predictions given by GCLF EoS
and NELF model.
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7.3.4. Solubility Prediction in Poly (2,6-dimethyl phenylene oxide) + CO2 system:

Chern et al. * measured the phase behaviour of carbon dioxide (CO2) and poly (2,6-dimethyl
phenylene oxide) (PPO) by utilizing a dual-transducer barometric device at 35°C, and the glass transition
temperature, T4 equals to 210°C that was evaluated by a differential scanning calorimeter operated at
20°C heating rate. Chern did not indicate the molecular weight. Therefore, it has been presumed
[Mn=110000]. Compressibility parameter, y was not available in the paper of Chern et al *°. Thence, it
was retrieved from Minelli and Sarti paper *2. (Egs.7.1.1-2) were applied for estimating the PPO ratio of
thermal expansion coefficient from glassy state to rubbery, which is equivalent to 0.27 [Zoller] #2. Like
the previous cases, it has been used quadratic expression for calculating the properties of CO2 for the
case of MRO due to the lack of parameters in Table 5.1 and there were not ether group (-O-) parameters
for the two cases MR1, and MR2. Therefore, a linear expression has been used. Fig 6.4 illustrates the
amount of carbon dioxide (CO2) sorption in poly (2,6-dimethyl phenylene oxide) (PPO) at varying

pressures. It shows a good fitting to experimental data.
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Fig. 7.4. Solubility isotherm of CO2 in PPO at 35 °C: experimental data from ref 45 and predictions given by GCLF EoS
and NELF model.
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7.3.5. Solubility Prediction in Polycarbonate + EtOH system:

Hwang et al. 4" measured the phase equilibrium of ethanol and polycarbonate by using a Sartorius
M25D-V vacuum electro microbalance cell [MB] at 30°C, [Mn = 24000]. Glass transition temperature,
Ty and compressibility, x parameters had not been stated by Hwang et al #’. For that reason, the two
parameters have been retrieved from Minelli and Doghieri paper L. Similar to the previous cases, the
surface area parameter, Qx for ester group (-COO-) is equal to 0.880 and there were not available ether
group (-O-) parameters for the two cases [MR1, MR2]. Thus, a linear expression has been used in MRO.
Fig. 7.5 shows the activity effect of the weight concentration of ethanol in polycarbonate at diverse
pressures. It does not exhibit a satisfactory result because this type of mixing rule is not good at mixing
polar compound with non-polar one.
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Fig. 7.5. Solubility isotherm of EtOH in PC at 30 °C: experimental data from ref 47 and predictions given by the GCLF EoS
and NELF model.
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7.3.6. Solubility Prediction in Polystyrene + m-xylene system:

Tsutusi et al.*® investigated the solubility of m-xylene in atactic polystyrene (APS) at 25°C and
the averaged molecular weight was [Mn = 280000]. The glass transition temperature, T4 and
compressibility, y parameters were not available in the Tsutusi et al. paper “8. Therefore, the two values
have been retrieved from [Minelli and Doghieri] paper %*. (Egs.7.1.1-2) were applied for estimating the
PS ratio of thermal expansion coefficient from glassy to rubbery state which is equivalent to 0.42 [Zoller]
“2_ It has been applied the first case of mixing rule [MRO0], MR1 in which the binary interaction variable
equals to 0.0110 and MR2 in which the binary interaction variable equals to 0.00744 and MR2 in which
the binary interaction variable equals to 0.00744. It has also been used a direct prediction for all cases
due to the availability of parameters in both Tables 5.1 and 5.2.

Fig. 7.6 illustrates the amount of m-xylene concentration in polystyrene (PS) at varied activity of
pressures to m-xylene vapour pressure. Three predicted plots of the models show a quite similar

trendlines. Mixing rule 1 is kept the closest one to the experimental data.
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Fig. 7.6. Solubility isotherm of m-xylene in PS at 25 °C: experimental data from ref 48 and predictions given by the GCLF
EoS and NELF model.
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7.4. Conclusions of Solubility Part I:

GCLF EOS has been used within the NELF approach for pure prediction of gas solubility in
glassy polymer and the results were compared for the use of different mixing rule for the expression of
binary interaction parameter. Quantitative predictions obtained for CO2 solubility isotherm in a large
pressure interval are interesting while, apparently, “mixture-based” MR 1 mixing rule performed better

than “component-based” MR2 mixing rule.

From the work that it has been done at the prediction of gas or vapour in glassy polymers using
EoS with three different mixing rule; molecular weight does not affect mixing rule 1 [MR1] because of
the interaction of molecules between segments whereas it affects mixing rule 2 [MR2]. A convenient
extension of data for group contribution is necessary in order to apply the predictive procedure to a

broader class of polymeric materials.
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Chapter 8
DEVELOPMENT OF A GROUP CONTRIBUTION MIXING RULE

8.1. Introduction to the Developed GCLF - EoS:

At this chapter, it has been evolved a group contribution mixing rule that deals with a pure
component and a mixture following the Panayiotou and Vera EoS that were introduced in [Eq.4.1.6, and
Eq.4.2.16] for a pure component and a mixture, respectively. Firstly, the mixing rule is employed to
express the molecular reference interaction energy between similar groups or different ones. Secondly,
the mixing rule of molecular reference volume is kept the same for a pure component and a mixture
because it is not a function of temperature. The mixing rule is applicable in predicting the

thermodynamic properties such as the solubility of gas or vapor into rubbery polymers or glassy ones.

8.1.1. Mixing Rule for A Pure Component and Mixtures:

The mixing rule refers to the estimation of interaction energy between segment of component “i” and

that of component “j” as a function of the group surface area of group-to-group interaction energy

parameter:
€= Ym 2n0% 0 enn [MR3 & MR4] (8.1.1.1)
€mn = €mn;, + €mngT (8.1.1.2)

Where ¢;; is the interaction energy between segments of component “i” and **j”, @5,? is the surface area
fraction of group m in the pure component i, e,,,, is the molecular reference interaction energy between
group m and n, ey, is the molecular enthalpic interaction energy parameter between group m and n,
emn 1S the molecular entropic interaction energy parameter between group m and n. T is the temperature

of the system.

It could be noted that the above mixing rule also works for the case “i = j”” (homogeneous interaction)

as well as for that in which “ij” (heterogeneous interaction).
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The molecular reference volume of component i, as follows:
vi =Y. RS, (8.1.1.3)

Where RY, is the molecular reference volume constant of group m.

The molecular reference volume of a mixture, v* is calculated similarly to (Eq.5.4.8), with taken into

consideration the difference of v;.

8.2. Prediction of the Molecular Reference VVolume, Enthalpic Interaction Energy and

Entropic Interaction Enerqy Parameters and Results:

The developed GCLF — EoS is applicable in predicting the thermodynamic properties considering
the molecular reference volume, enthalpic interaction energy, entropic interaction energy as adjustable

parameters.

At this chapter, it has been predicted the results of a pure component based on the best fitting to the
Daubert and Danner experimental data 3, and it is worth to mention that the interested thermodynamic
properties that have been selected are the vapor pressure, P* for predicting the molecular enthalpic and
entropic interaction energies and the liquid density, p;;, for predicting the molecular reference volume
constant. For the case of mixture, it has been analysed the phase behaviour of vapor-liquid equilibria for
predicting the parameters of the molecular reference volume and interaction energy of groups. The
vapor pressure, P* was used as a thermodynamic property, and it was predicted by finding the best fitting
to the DECHEMA experimental data %34,

It could be stated that mixing rule 3 [MR3] and mixing rule 4 [MR4] that represented in (Eq. 8.1.1.1)

are set for a pure component and a mixture one, respectively.

Table 8.1 shows the predicted parameters of the molecular enthalpic interaction energy between group
m and n for the following groups: CH3, CH2, CH3COO and CO2. The molecular enthalpic interaction
energy between CH3COO and CH3COO demonstrates the highest rate of energy whereas the molecular
enthalpic interaction energy parameter between CH3 and CH3COO exhibits the lowest rate of energy.
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64

Group Binary of the Molecular Enthalpic Interaction Energy Parameters (ep,y,,)

m\n CH3 CH2 CH3C00 co2
CH3 673.87 760 457 701.38
CH2 821.2 738 1036.55
CH3CO00 1687 1198.03
Cco2 1002.4

Table 8.2 represents predicted parameters of the molecular entropic interaction energy between group

m and n for the following groups: CH3, CH2, CH3COO and CO2. The molecular entropic interaction

energy between CH3COO and CH3COO illustrates the lowest rate of entropy whereas the molecular

entropic interaction energy parameter between CH3 and CH3COO expresses the highest rate of entropy.

Table 8.2

Group Binary of the Molecular Entropic Interaction Energy Parameters (e,)

m\n

CH3 CH2 CH3CO0 co2
o -0.16 0.01 0.68 -0.33
CH2 0.25 0.47 -0.65

CH3COO 213 -1.07
co2

-0.99
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Table 8.3 shows predicted parameters of the molecular reference volume and the surface area for the
following groups: CH3, CH2, CH3COO and CO2. The surface area of the following groups: CH3, CH2,
C, and CH3COO were retrieved from Fredenslund et al. book %2, while CO2 was retrieved from Hamedi
et. al. paper 1°. It should be noted that the surface area constant of carbon (C) is equal to zero because it

has no surfaces around its atom.

Table 8.3

Group Reference Volume, Rm and Surface Area Parameters, Qx

Group RS, Qx Ref.
CH3 0.02572 0.848
CH2 0.016464 0.540 [32]
c 0.000 0.000
CH3CO0 0.065 1.728
Co2 0.04 1.112 [10]
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8.2.1. Prediction of the Molecular Reference Volume, Enthalpic Interaction Energy and

Entropic Interaction Parameters of CH3 CH3 Using the Properties of VVapor Pressure and

Liquid Density of Ethane:

Fig. 8.1 illustrates the predicted results of the logarithmic of vapor pressure, P* and liquid
density,p;;, of ethane at the temperature range of 90.35 to 273K. The predicted results by GCLF-EoS
for the logarithm of vapor pressure fits well to the Daubert and Danner experimental data 3*. Whereas,
the predicted results of liquid density, p;;, do not show a satisfactory result. However, the predicted
results of liquid density do not affect this work compared to the predicted results of the logarithm of
vapor pressure, P*. MR3 is applied for predicting the parameters of molecular reference volume constant
of a group CH3, R, enthalpic interaction energy between like groups CH3 and CH3, echs—ch3p, » and
entropic interaction energy between like groups CH3 and CH3, ecy3_cu3 . The parameters of the
molecular enthalpic and entropic interaction energies of CH3 CH3 can be found in Tables 8.1-2, whereas
the reference volume and the surface area of group CH3 parameters are given in Table 8.3, the surface

area constant of CH3, Qcws was retrieved from Fredenslund et al. book 32 which is equal to 0.848.
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Fig. 8.1. Logarithmic of vapor pressure and liquid density of ethane: experimental data from ref 34 and predictions given by
the developed GCLF EoS.
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8.2.2. Prediction of the Molecular Reference Volume, Enthalpic Interaction Energy and

Entropic Energy Interaction Parameters of CH2 CH2 Using the Properties of Vapor

Pressure and Liquid Density of Cyclohexane:

Fig. 8.2 shows the prediction of the logarithmic of vapor pressure, P* and liquid density,p;;, of
cyclohexane at the temperature range of 279.69 to 498.19 K. Interestingly, the predicted results of the
logarithmic of vapor pressure and liquid density fit perfectly to the Daubert and Danner experimental
data 3*. As previous case [ethane], it has been applied MR3 for predicting the parameters of molecular
reference volume of a group CH2, R2y,, enthalpic interaction energy between like groups CH2 and
CH2, ecyz cuz;, and entropic interaction energy between like groups CH2 and CH2, ecys cuzg,
[parameters, see Table 8.1-3]. It has been found that the surface area constant of cycles [cy-CH2] in the
article that was published by [Lee and Danner] °, is equal to the normal alkanes [CH2]. Thus, it has been

taken the surface area constant of CH2, Qcr2 from the Fredenslund et al. book 32 which is equal to 0.540.
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Fig. 8.2. Logarithmic of vapor pressure and liquid density of cyclohexane: experimental data from ref 34 and predictions
given by the developed GCLF-EoS.
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8.2.3. Prediction of the Molecular Enthalpic Interaction Energy and Entropic Interaction Energy

Parameters of CH2 CH3 Using the Properties of VVapor Pressure and Liguid Density of

Pentane:

Fig. 8.3 represents the prediction of the logarithmic of vapor pressure, P* and liquid density,p;;,
at the temperature range of 143.42 to 422.73 K. The predicted results by GCLF-EoS for the logarithmic
of vapor pressure fit appropriately to the Daubert and Danner experimental data 3. On the other hand,
the predicted results by GCLF-EoS for the liquid density,p;;, do not show a reasonable result. However,
as it has been clarified in the previous case [ethane] that the predicted results of liquid density do not
influence this work contrary to the predicted results of the logarithmic of vapor pressure. Furthermore,
MR3 is used for predicting the parameters of molecular enthalpic interaction energy between unlike

groups CH2 and CH3, ecy; cus3,and entropic interaction energy between unlike groups CH2 CHS3,

echz cH3g [Parameters, see Table 8.1-2].
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Fig. 8.3. Logarithmic of vapor pressure and liquid density of pentane: experimental data from ref 34 and predictions given
by the developed GCLF EoS.
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8.2.4. Prediction of the Molecular Reference Volume, Enthalpic Interaction Energy and

Entropic Interaction Energy Parameters of CO2 CO2 Using the Properties of Vapor

Pressure and Liquid Density of Carbon Dioxide:

Fig. 8.4 illustrates the prediction of the logarithmic of vapor pressure, P* and liquid density, p;;,
at the temperature range of 216.58 to 273K. The predicted results by GCLF-EoS for the logarithmic of
vapor pressure match accurately to the experimental data that were proposed by [Daubert and Danner]
3 Whereas, the predicted results of liquid density, piiq do not lead to a convenient result. However,
liquid density does not affect this work compared to the predicted vapor pressure, P*. Similarly to
previous cases for a pure component, it has been applied MR3 for predicting the parameters of molecular
reference volume of a group CO2, Rcoz, enthalpic interaction energy between like groups CO2 and CO2,
ecoz cozp,, @nd entropic interaction energy between like groups CO2 and CO2, eco; coz,, [parameters,
see Table 8.1-3]. The surface area constant of CO2, Qco2 was not available in the book of Fredenslund
et al. ®2. Thus, it has been taken the value of Qcoz from the paper of Hamedi et al. ° which is equal to
1.112.
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Fig. 8.4. Logarithmic of vapor pressure and liquid density of carbon dioxide (CO2): experimental data from ref 34 and

predictions given by the developed GCLF EoS.
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8.2.5. Prediction of the Molecular Enthalpic Interaction Energy and Entropic Interaction Enerqy

Parameters of CO2 CH3 Using the Properties of Vapor or Liquid Equilibria of
CO2/Ethane:

Figs 8.5.1-2 show the prediction of the vapor pressure, P* at two different temperatures 223.15
and 263.15 K that was analyzed by investigating the phase behaviour of vapor and liquid equilibria of
carbon dioxide and ethane. As it has been noticed in the two figures that the difference between the
predicted vapor pressure by GCLF-EoS and the ideal one with respect to the mass fraction of CO2 is
fitted suitably to the DECHEMA experimental data >4,

It is worthful to mention that MR4 is applied for predicting the parameters of molecular enthalpic
interaction energy between unlike groups CO2 and CHS3, eco; cus3y,, [Parameters, see Table 8.1-2].
Furthermore, it has been calculated the entropic interaction energy between unlike groups CO2 and CH3,
ecoz cus PY interpolating the molecular enthalpic interaction energy linearly considering the maximum
temperature and the minimum one, ultimately, the interaction energy between unlike groups is calculated
at the temperature of interest, [see Eq. 8.1.1.1-2]. For an accurate estimation an objective function has
been used by taking the quadratic difference of the experimental vapor pressure and the calculated one
as shown in (Eq.8.4.2). Hence, the confident value that had been taken into consideration was the

minimized one.
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Developed GCLF - EoS - MR4 O Exp.data (Knapp et al.)
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Fig. 8.5.1. VLE of CO2/Ethane at 223.15 K: experimental data from ref 54 and predictions given by the developed GCLF
EoS.
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Fig. 8.5.2. Predicted VLE of CO2/Ethane at 263.15 K: experimental data from ref 54 and predictions given by the developed
GCLF EoS.
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8.2.6. Prediction of the Molecular Enthalpic Interaction Energy and Binary Entropic Interaction

Enerqgy Parameters of CO2 CH2 Using the Properties of Vapor/Liquid Equilibria of
CO2/Propane:

Figs 8.6.1-2 illustrate the prediction of the vapor pressure, P* at two different temperatures
233.15 and 273.15 K that was analyzed by studying the phase behaviour of vapor and liquid equilibria
of carbon dioxide and propane. The difference between the predicted vapor pressure by GCLF-EoS and
the ideal one with respect to the mass fraction of CO?2 is fitted well to the DECHEMA experimental data
%4 as shown in Fig 8.6.1 whereas Fig 8.6.2 shows a partial match to the experimental data. Similar to the
previous case, MR4 is applied for predicting the parameters of molecular enthalpic interaction energy

between unlike groups CO2 and CH2, eco; ch2,, » [Parameters, see Table 8.1-2]. Similar to the previous
case, the molecular entropic interaction energy between unlike groups CO2 and CH2,  ecg; cyz,  has

been estimated by interpolating the molecular enthalpic interaction energy parameter linearly taking into
consideration the maximum temperature and minimum one, eventually the interaction energy between
unlike groups can be calculated at the temperature of interest, [see Eq. 8.1.1.1-2], along with that, an
objective function has been used by taking the quadratic difference of the experimental vapor pressure
and the calculated one as given in (Eq.8.4.2). Consequently, the verified value that had been taken into

account was the minimized one.
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Developed GCLF - EoS - MR4 O Exp.data (Knapp et al.)
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Fig. 8.6.1. VLE of CO2/Propane at 233.15 K: experimental data from ref 54 and predictions given by the developed GCLF
EoS.
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Fig. 8.6.2. VLE of CO2/Propane at 273.15 K: experimental data from ref 54 and predictions given by the developed GCLF
EoS.
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8.2.7. Prediction of the Molecular Reference Volume of CH3COO, Enthalpic Interaction
Energy and Entropic Interaction Energy Parameters of CH3COO CH3COO, CH3
CH3COO Using the Properties of Vapor/Liquid Equilibria of Ethane/Methyl Acetate:

Fig 8.7.1 represents the prediction of the vapor pressure, P* at 298.15 K that was examined by
studying the phase behaviour of vapor and liquid equilibria of ethane and methyl acetate. As it can be
seen in Fig 8.7.1, the difference between the predicted vapor pressure by GCLF-EoS and the idea one
with regard to the mass fraction of ethane showed high and low trendline compared to the DECHEMA
experimental data °. Similarly to previous cases for a mixture, MR4 is applied for predicting the
parameters of molecular reference volume of CH3COO, R2y;c00. enthalpic interaction energy between

like groups CH3COO and CH3COO, ecy3coo cuzcooy, » ENtropic interaction energy between like groups
CH3COO0 and CH3COO, ecyscoo cuzcoo: eNthalpic interaction energy between unlike groups CH3 and
CH3COO, ecys cuscooy,, and entropic interaction energy between unlike groups CH3 and CH3COO,
€cH3 cH3coos, |Parameters, see Table 8.1-2]. As it was clarified in the previous cases that the objective

function had been used for achieving the best estimation, [see, Eq.8.4.2].
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Fig. 8.7.1. VLE of Ethane/Methyl Acetate at 233.15 K: experimental data from ref 54 and predictions given by the developed
GCLF EoS.
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Fig 8.7.2 illustrates the prediction of the logarithmic of vapor pressure, P* and liquid density,p;;,
at the temperature range of 175.15 to 425K. The predicted results by GCLF-EoS for the logarithmic of
vapor pressure match perfectly to the Daubert and Danner experimental data **. Whereas, the predicted
results by GCLF-EoS for the liquid density,p;;4 do not show a satisfactory result. Nevertheless, the liquid
density does not affect this work compared to the predicted vapor pressure, P*. Likewise previous cases,
It has been used MR3 for predicting the pure component parameters of molecular reference volume of
CH3COO, Rysco0, enthalpic interaction energy between like groups CH3COO and CH3COO,
ecuscoo cHzcoo, » ENtropic interaction energy between like groups CH3COO and CH3COO,
ecuscoo cuzcoo,and enthalpic interaction energy between unlike groups CH3 and CH3COO,
€cH3—- cH3cooy, ENtropic interaction energy between unlike groups CH3 and CH3COO, ecys cuscoo:

[parameters, see Table 8.1-3]. It could be noted that the surface area constant of CH3COO, QcHscoo was
retrieved from Fredenslund et al. book 2 which is equivalent to 0.880.
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Fig. 8.7.2. Logarithmic vapor pressure and liquid density of methyl acetate: experimental data from ref 34 and predictions
given by the developed GCLF-EoS.
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8.2.8. Prediction of the Molecular Enthalpic Interaction Energy and Entropic Interaction Enerqy
Parameters of CH2 CH3COO Using the Properties of VVapor/Liquid Equilibria of Methyl

Acetate/Dodecane:

Figs 8.8.1 illustrates the prediction of the vapor pressure, P* at 323.15 K that was examined by
analyzing the phase behaviour of vapor and liquid equilibria of methyl acetate and dodecane. The
difference between the predicted results of the vapor pressure by GCLF-Eo0S and the ideal one is fitted
to the DECHEMA experimental data * at the high concentration of methyl acetate. Parallelly to the
previous cases for a mixture, MR4 is applied for predicting the parameters of molecular enthalpic
interaction energy between unlike groups CH2 and CH3COO, ecy; cuzcoo,, €Ntropic interaction energy

between unlike groups CH2 and CH3COO, ecy; cuscoo.[Parameters, see Table 8.1-2]. As it was stated

in the previous cases that the objective function had been applied for obtaining the best estimation, [see,

Eq.8.4.2].

O Exp.data (Knapp et al.) GCLF-EoS

16
14
12
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diff [P - P'°] (kPa)
@)

6 Methyl Acetate/Dodecane®@ 323.15K

0O O
0,0 0,2 0,4 0,6 0,8 1,0

Mass Fraction of Methyl Acetate

Fig. 8.8.1. VLE of Methyl Acetate/Dodecane at 323.15 K: experimental data from ref 53 and predictions given by the GCLF
EoS.
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Fig. 8.8.2 illustrates the prediction of the logarithmic of vapor pressure, P* and liquid density,p;;,
at the temperature range of 187.35 to 490K. The predicted results by GCLF-EoS for the vapor pressure
lay well on the Daubert and Danner experimental data 3*. Whereas, the predicted results of liquid
density,p;;, do not demonstrate a convenient result. However, the liquid density does not influence this
work in contrast to the predicted vapor pressure, P*. Similar to previous cases for a pure component,
MR3 is applied for predicting the parameters of molecular enthalpic interaction energy between unlike

groups CH2 and CH3COO, ecy3 cuscoo,, and entropic interaction energy between unlike groups CH2

and CH3COO, ey cuscoo s, [Parameters, see Table 8.1-2].
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Fig. 8.8.2. Logarithmic of vapor pressure and liquid density of methyl n-butryate: experimental data from ref 34 and

predictions given by the developed GCLF-EoS.
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Fig. 8.8.3 represents the prediction of the logarithmic of vapor pressure, P* and liquid density,p;;,
at the temperature range of 185.65 to 460K. The predicted results by GCLF-EoS for the vapor pressure
fit appropriately to the Daubert and Danner experimental data *. Whereas, the predicted results of liquid
density,p;;, do not show a reasonable result. However, the predicted liquid density does not affect this
work contrary to the predicted vapor pressure, P*. Likewise previous cases for a pure component, MR3
is used for predicting the parameters of molecular enthalpic interaction energy between unlike groups

CH2 and CH3COO, ecuz cuscoo,, and entropic interaction energy between unlike groups CH2 and

CH3COO, ecnz cuzcoo [Parameters, see Table 8.1-2].
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Fig. 8.8.3. Logarithmic of vapor pressure and liquid density of methyl propionate: experimental data from ref 34 and

predictions given by the developed GCLF-EoS .
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Figs. 8.9.1-2 illustrate the prediction of the vapor pressure, P* at two different temperatures
298.15 and 313.15 K that was analyzed by investigating the phase behaviour of vapor and liquid
equilibria of carbon dioxide and methyl acetate. The difference of the predicted results by GCLF-EoS
for the vapor pressure with respect to the mass fraction of CO2 showed high and low trends compared
to the DECHEMA experimental data >*. Similar to the previous cases for a mixture, MR4 is applied for
predicting the parameters of molecular reference enthalpic interaction energy between unlike groups
CO2 and CH3COO, eco; cuscooy, » [Parameters, see Table 8.1-2]. In addition, it has been calculated the
molecular entropic interaction between unlike groups CO2 and CH3COO, eco; cuscoo PY interpolating
the molecular enthalpic interaction energy linearly with taking into consideration the maximum
temperature and minimum one, ultimately the interaction energy between unlike groups can be
calculated at the temperature of interest, [see Eq. 8.1.1.1-2]. As it was mentioned in the previous cases

that the objective function had been applied for attaining the best estimation, [see, Eq.8.4.2].

200 Developed GCLF - EoS-MR4 O Exp.data (Knapp et al.)
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Fig. 8.9.1. VLE of CO2/Methyl Acetate at 298.15 K: experimental data from ref 54 and predictions given by the developed
GCLF-EoS.
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200 Developed GCLF - EoS - MR4 O Exp.data (Knapp et al.)
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Fig. 8.9.2. VLE of CO2/Methyl Acetate at 313.15 K: experimental data from ref 54 and predictions given by the developed
GCLF EosS.
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8.3. Solubility Prediction in Poly (methyl methacrylate) + CO2 system:

It is worthful to mention that it has been used the same properties that already presented in [chap.7,

sec. 7.3.1]. The PMMA molecular weight and its glass transition temperature were retrieved from Koros
et. al. paper ¢ which is equivalent to 599,000 g/mole and [120°C, see Table 7.1], respectively. Whereas,
the compressibility parameter, ¥, was retrieved from Minelli and Doghieri paper *°. As it was mentioned
that it had been applied (Eqs.7.1.1-2) for estimating the thermal expansion coefficient, which was

equivalent to 0.45 [Zoller] 42,

Fig 8.10 exhibits the prediction of the carbon dioxide (CO2) solubility in poly(methyl methacrylate)
(PMMA) at various pressures for different temperatures. The developed NE-GCLF EoS model that was
examined by MR4 has shown unsatisfactory result contrasted to Koros’s experimental data. Nonetheless,

it can be said that the model has been launched properly in general term.
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Fig. 8.10. Solubility isotherm of CO2 in PMMA at 35, 55 and 80°C: experimental data from ref 44 and predictions given by
the developed GCLF EoS and NELF model.



82

8.4. Test and Consistency of the Developed GCLF - EoS:

For obtaining a perfect estimation to the developed GCLF-EoS model, the model must be examined by

setting a mathematical expression for calculating the molecular interaction energy between groups.
Thus, it has been selected an arbitrary temperature which is equal to 300 K for this examination.

Table 8.4 represents the interaction energy between group m and n at 300 K.

Table 8.4

Interaction Energy between group m and n

Estimated Energy (kJ/kmol)
€mn
[300K]
€ CcH2 CH3coo 879
€ cH3 cH3coo 661
€ CH3C00 CH3C00 1048
€ cH2 CH2 896.20
€ cH3CH3 625.87
€ cH2CH3 763.00
€ co2co2 705.40
€ co2 cH3coo 878.23
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An interaction energy parameter is expressed to analyze the energy between like groups or unlike ones,
as follows:

Ky = 1 — —2n (8.4.1)

Table 8.5 shows an optimal result for the interaction energy parameter between groups CH2 and CH3 in
which demonstrates that the carbon dioxide (CO2) is dissolved perfectly in the polymer that is composed
of a group (CH3COO).

Table 8.5

Interaction Energy Parameter between group m and n

Kmn Interaction Energy Parameter
K cH2 cHacoo 0.09
K cH3 cHacoo 0.18
k CH2 CH3 -0.0187
K co2 cHacoo -0.021

For approaching an optimal convergence to the program, an objective function is given by:

(PExp_PIM)_ (PCalC_PIM)]
(PExp_PIM)+ (pCalc_PIM)]

0F=Z% (8.4.2)
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8.5. Conclusions of Solubility Part IlI:

A revision of the mixing rule was considered to optimize the prediction of gas solubility in glassy
polymers, together with a specific activity to retrieve pertinent energy parameter for a limited list of
functional group. Preliminary results obtained in this attempt do not appear to be self-consistent and
suggest the use of a wider set of experimental data to retrieve the carboxylate ester group contribution

parameters,
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Chapter 9
ANALYSIS OF PERMEABILITY IN COMPOSITE MATERIALS

9.1. Introduction and aim:

The evaluation is here addressed of effective gas permeability properties of a composite material
obtained through the dispersion of domains of phase “A” into a continuous matrix of phase “B”. Both
type of domains are assumed to be isotropic and their gas permeability will be identified as Pa and Ps,
for dispersed and continuous phase respectively. Even for this simple case, however, the permeability
of the corresponding composite material may have a tensorial nature, depending on shape, as well as
orientation and arrangement of dispersed domains. In general terms, for isothermal and low-pressure
gradients processes, three different scalar permeability value would be necessary to characterize the
steady state gas transport properties in the system, pertinent to the different principal directions of the

structure:

P

i,mix

1=12,3

The enhancement in gas permeability, (R, —P,)/P, for the i-th principal direction in the composite

material with respect to the matrix, is expected to increase, in the general case, with both the volume
fraction of the dispersed phase ¢ (indicated as “loading”, in what follows) and the permeability ratio «
= P, /P, (the enhancement vanishing, of course, for the case a— 1 ). In this respect, it may be

interesting to represent the permeability enhancement coefficient K for the i-th principal direction,
defined as follows:
(Pi,mix _PB)/ I:)B .

K, = o) i=12,3 (9.1.1)

and to discuss its dependence on orientation and space arrangement of dispersed domains, as well as on
permeability ratio.

The simplest case, in this respect, is that of a planar multilayer composite material, in which orientation
of principal directions can be easily recognized as the direction perpendicular to layers plane
(corresponding permeability hereafter indicated as P.) and any direction parallel to layers plane

(corresponding permeability hereafter indicated as Pi).
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For multilayer materials, the following relations can be simply derived for the series combination of

mass flow resistance (P.) or of mass flow conductance (P):

- i)
P P a (9.1.2)
[ Py [1+¢(“_1)]

which ultimately bring to the following relations for enhancement permeability coefficient:

-
I

1
—= 1+(1-¢)(a-1

K, (1-9)( ) (9.1.3)

K, =1

so that a simple result can be drawn for the combination of permeability enhancement coefficient along

principal directions in a layered composite:

i(Ki— j - (1-¢)(a-1) (0.1.4)

i=1

It is interesting to observe that the latter relation works also for the case of dilute dispersion of spheres,

in which the well-known Maxwell *° relation holds:

1, @)y i=1,2,3 (9.1.5)

K. 3

It is useful to stress here that the above relation results from the exact solution of the mass transport
problem in a composite material obtained through the dispersion of spherical domains in a matrix, for

the case of arbitrary permeability ratio (0 < a <), in the limit of vanishing loading (¢ — 0).

The result in (Eq.9.1.4), in the same limits (¢ — 0;0 <« <o) can be also recognized from the exact

solution of permeability problem in a composite material obtained through the dispersion of aligned
spheroids (either oblate or prolate) °°, in which the coefficient along principal axes are generally different

one from the other.

The same result also works for the case of dilute dispersion of aligned long circular section cylinders,

for which the relation by Wiener °’ is known to hold:
1, e
K, 2 (9.1.6)
K, = 1
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where K. indicates the permeability enhancement coefficient in direction perpendicular to the axis of
dispersed cylinders, while K| refers to the same property evaluated in direction parallel to the same axis.
It is useful to remember here, once more, that the above relation holds for vanishing loading, irrespective

of the value of permeability ratio.

Results mentioned above are those for which a simple close form or the exact solution of the permeability
problem is known. When you move away from the dilute dispersion of aligned spheroids (ultimately,
the case of an isolated long cylinder is a limiting condition in the same set), only approximate results are
found in the literature, which in turn have great relevance and are widely used. Among the latter, the
Nielsen model 8 for diluted dispersion of infinitely long aligned ribbons (rectangular cross section
cylinders) with cross section edges of length Li in i-th direction (i =1,2), in which the following

expressions of effective permeability in the principal directions of the composite are proposed:

1, -9

K, 1+

1 (1-¢)(a-1)

. 1+—1+|_2 (9.1.7)
L

K, = 1

It should finally be mentioned that relation in (Eg.9.1.4) is known to be obeyed by all composites
materials in which domains of isotropic phase A are dispersed in a continuous isotropic phase B, in the
limit of permeability ratio approaching unity (a —1) *°. It should however be kept in mind that
condition represented in (E.9.1.4) does not have universal application and, indeed, the sum represented
on the L.h.s. of the above equation, in the general case, depends on loading, shape, orientation and
arrangement of dispersed domains, as well as o permeability ratio between dispersed and continuous
phases. Several examples are offered in the literature of estimation of permeability in the principal
direction of the composite material, from the numerical solution of the transport problem of traces of
mobile components through a composite sample. Not many of them, however, were run with the
accuracy needed to appreciate deviation from the simple rule represented in (Eq.9.1.4).

Aim of the activity described in the remaining of this section is the evaluation of deviations from results
expressed in relation (Eqg.9.1.4) for the case of composite geometries more complex than that of diluted
dispersion of aligned spheroids. To represent these deviations in a compact and useful form, the

coefficient ¥ is here introduced, defined as follows:
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(a+1) Z(ilj

(@) | @)1 19

Use of factor S =(a—1)/(a+1)in (EQ.9.1.8), to scale the deviations measured for a given composite

structure from result in Eqg.(9.1.4), is suggested both by the fact that variations are expected for term in

brackets on r.h.s. of (Eq.9.1.8) of the same sign of («—1) and by its limed range, as A increases from

-1 to +1 when permeability ratio changes from 0 to co.

Effective permeability in the composite material of interest was estimated through the numerical solution
of diffusive mass transport equation in a sample of the composite, for the case a fugacity jump was
imposed at opposite faces of the sample. At this stage of the analysis, the attention was focused on the
case of ordered dispersion of aligned domains o dispersed phase which could result in an overall isotropic

composite material.

The exploration of permeability enhancement coefficient reached for a composite as effect of shape,
orientation and arrangement of dispersed phase, as well as of the permeability ratio, are then discussed
in terms of relation W vs B, which directly expresses the deviation from value reached in ideal conditions
represented in (Eq.9.1.4). As all structure considered are isotropic, the results of the comparison here
performed can be seen as the analysis of deviation of actual effective permeability from prediction by
the Maxwell model (Eg.9.1.5). Among composite structures considered in this work are rather peculiar
shape of the dispersed domains, which were considered in order analyze the case of dispersed phase
volume fraction in the full range, from zero to one. This will ultimately allow to test the validity of
hypothesis formulated in the literature, according to which the Maxwell model well represents effective

permeability in isotropic composite material also for the case of very large loading values .

Specific attention is given in this work to the evaluation of uncertainty of numerical output obtained, in
order to validate the departure from Maxwell results discussed in the examples considered in this

analysis.
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9.2. Methods:

Permeability enhancement coefficient for composites resulting from ordered arrangement of
dispersed domains of isotropic materials in a continuous isotropic matrix were calculated solving the
corresponding mathematical steady state permeation problem in a convenient sample of the composite
material. The problem is described by the Laplace equation for fugacity, distinctly considered for
dispersed and continuous phase, together with continuity condition for gas fugacity value at the
interphase between domains pertinent to different phases. The effective permeability of the composite
is ultimately computes by evaluating the mass flow through the sample resulting for the case of assigned

fugacity jump at opposite boundaries.

The problem is actually solved through the use of a CFD software (FLUENT) based on fine volume
formulation of discretized transport equations ®*. By mean of the CFD software, a detailed representation
is given of the geometry of the smallest portion (sample) of the material whose integral permeability

coefficient is equivalent to the effective properties of the whole composite.

For each case considered, in term of geometry, loading and permeability ratio, several different
fractionations of the calculation domain in discrete volumes (mesh) were considered and the results for
the apparent effective permeability were examined as function of the number of volume elements in the
mesh in order to identify, by extrapolation, the expected value for the case of infinite number of discrete
volumes. The latter is indeed the effective permeability value used to evaluate the coefficient ¥ [see Eq.
9.1.8] shown in the following subsection, for all conditions examined. In addition to calculation for the
case of finite value of permeability of the disperse phase, performed as just described, calculation were
carried out for the case of null or infinite permeability value of the dispersed phase accounting for the
solution of the Laplace equation in the continuous phase domain of the sample only, and imposing a
zero-flux or iso-fugacity condition, respectively, at the boundary with the dispersed phase.

9.2.1. Laplace Equation for Fugacity:

The Laplace equation is considered as the prototypical elliptic partial differential equation (PDE):
Vif =0 (9.2.1.1)

Where V?Z is the Laplace operator, corresponding to the divergence of the gradient and f is the fugacity

of the mobile species in the medium.
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9.2.2. Discretization Method:

The discretization the differential equations is managed according to the method proposed by
Patankar 1. The numerical method treats as its fundamental unknowns the values of the dependent
variable at a finite number of locations, namely the grid points in the calculation domain. The method
includes the tasks of providing a set of algebraic equations for the unknown values and of prescribing
an algorithm for solving the equations. The continuous information contained in the exact solution of
the differential equation has been replaced with discrete values (values at grid points). The algebraic
equations involving the unknown values of ¢ at selected grid points, are the discretization equations as
derived from the differential equation governing ¢. It is common to subdivide the calculation domain
into a number of elements such as a separate profile assumption that can be associated with each
subdomain. Hence, the value of ¢ at a grid point influences the distribution of ¢ only in its

neighbourhood.

As the number of grid points becomes very large, the solution of the discretization equations is expected
to approach the exact solution of the corresponding differential equation. Based on the consideration
that, as the grid points get closer from each other, the change in ¢ between neighboring grid points
becomes small, and then the actual details of the profile assumption become negligible. For a given
differential equation, the required discretization equations can be derived in many ways. One of the ways

is the control-volume formulation method.

9.2.3. Control-Volume Formulation Method:

The principle of the control-volume formulation is easy to understand and lends itself to direct
physical interpretation. The calculation domain is divided into a number of non-overlapping control
volumes such that there is one control volume surrounding each grid point. The differential equation is
integrated over each control volume. Piecewise profiles expressing the variation of ¢ between the grid
points in which are used to evaluate the required integrals. The outcome is the discretization equation
containing the values of ¢ for a group of grid points. When the discretization equations are solved to
obtain the grid-point values of the dependent variable, the result can be viewed in the finite-element
method. In the finite-difference method, however, only the grid-point values of ¢ are considered to
constitute the solution whereas in the control-volume approach, the solution seeks in the form of the
grid-point values only. The interpolation formulas or the profiles will be regarded as supplementary
relations needed to evaluate the required integrals in the formulation. Once the discretization equations

are derived, the profile assumptions can be neglected.
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9.2.4. Control-Volume-based Finite-Element Method:

At this work, it has been selected “tetrahedron” which takes the form of a triangular grid, that is
based on the control volume and finite element methods. The triangular grids are dependent variables
which can be calculated for grid points that lie at the vertices of the triangles. The discretization equations
are set up by the control-volume method; i.e., the differential equation is integrated over the typical
control volume illustrated in Fig. 9.1. The control volumes are created by joining the centroid of each
triangle to the midpoints of the sides of that triangle. It can be seen from Fig. 9.1 that the triangular
elements adjacent to the grid point P accommodate portions of the control volume and the corresponding
control-volume faces. The discretization equation is formed by adding the contributions of these

elements to the integral conservation for the control volume.

A shape function describing the variation of ¢ over an element is required to calculate the flux across
the control-volume faces that fall within the element. The standard shape function for the triangular

element is:
¢=a+bx+cy (9.24.1)

Where the constants a, b, c are expressed in terms of the three grid-point values of ¢.

Fig. 9.1. Control volume for the triangular grid 6.
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9.3. Prediction of the Effective Permeability along Principal Axis for the Case of

Isotropic Composite Geometries:

At present work, it has been chosen several dispersed shaped such as octahedron, rhombic
dodecahedron, truncated octahedron, spheres, and cubes. These dispersed shapes are common in
isotropic condition, as they all have at least three distinct symmetry planes. On top of that, it should be
mentioned that only ordered arrangements of dispersed phase which preserve the isotropic condition for
the composite material. A portion is captured from the lattice to represent a repeated unit that can be
minimized by slicing it to the smallest portion of the domain and then it can be brought to the calculation
domain. It has been sorted different loading ratio from the smallest to the largest. It has been manipulated
the highest possible loading ratio of the disperse to the matrix based on the dispersed shape with using
the following permeability ratios: (0, 0.001, 0.01, 0.04, 0.1, 0.25, 0.5, 2,4, 10, 25, 100, 1000, ).

The effective permeability, P¢// is given by:

(Na L)
Peff = (A;Af) (931)

Where N, is the mass flux. L is the thickness of the membrane. A is the area of the membrane. Af is the

difference of the fugacity across the membrane.

The problem of searching for effective permeability of a composite medium to a mobile species at
infinite dilution condition, from the know value of permeability of both dispersed and continuous phases,
is indeed equivalent to the searching the corresponding effective thermal conductivity, from the pertinent
known values for the constituent phases. The two enhancement coefficients result to be expressed by the

same function of loading ratio, ¢, and permeability/thermal conductivity ratio, a.

Thus,

at this work, it has been utilized the effective thermal conductivity, k¢// and its expression as follows:

fr— QL)
keI = (9.3.2)
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Where Q is the heat flux. L is the thickness of the slab. A is the area of the slab. AT is the difference of

the temperature between the inlet and outlet.

It could be noted that it has been predicted three heat flux values [1094.98, 1094.973,1094.971] with
three different number of elements [9766510,4478523,3428567] considering the size of element mesh
that were used in the calculation [0,009,0,0131,0,0148], as it has been observed that as the size of
element mesh decreases as the total number of elements, N increases, Thus, it has been taken the
intercept of the slope as infinity value as shown in Fig. 9.1.

SC —CUBE ¢, =0,20 a=0,25

© Fluent e Linear (Fluent)
1094,982

1094,98
y =-49525x + 1095

R?=0,9972
1094,978

1094,976

Q(w)

1094,974 e,
1094,972

1094,97
0,0E+00 5,0E-08 1,0E-07 1,5E-07 2,0E-07 2,5E-07 3,0E-07 3,5E-07

1/N

Fig. 9.2. Heat flux and mesh element size of simple cubic (SC) cubes: solids circles are three predicted heat flux values by
Fluent and dashed line is the intercept.

The uncertainty error is calculated by taking the absolute difference between the average of three
predicted heat flux values and the “y”intercept of the linear interpolation function, then dividing the
difference result on the average of three predicted heat flux values.

After several solutions to multiple different cases, it has been found that 0.01% is the highest deviation
measured this way, and this value has been assumed as uncertainty for effective permeability in all

performed calculations. However, instead of predicting three heat flux values, the calculation can be
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reduced to only one predicted value considering a total number of elements before this equal to the mid

value of three originally examined, which is equal to an approximate five million element.

Table 9.1 represents the types of lattices and dispersed shapes: simple cubic (SC) lattice categorizes;
octahedron, sphere, and cube. Face centered cubic (FCC) lattice classifies rhombic dodecahedron and

sphere. Body centered cubic (BCC) lattice sorts truncated octahedron and sphere.

Table 9.1

Types of Lattices and Dispersed Shapes

Lattices Dispersed Shapes
SC Octahedron — Sphere - Cubes
FCC Rhombic Dodecahedron - Sphere

BCC Truncated Octahedron - Sphere
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9.3.1. Prediction of the Effective Thermal Conductivity of Simple Cubic (SC) Octahedron:

Fig. 9.3.1 shows a simple cubic (SC) lattice for octahedron.

0,000 3,000 6,000(m)
[ |

Fig. 9.3.1. Representation of simple cubic (SC) octahedron lattice.

Fig. 9.3.1. illustrates a captured unit cell for the simple cubic lattice of octahedron in which it remains

eight portions of the domain.

ANSYS

2020 R2

0,000 4,500 9,000 (m)

2,250 6,750

Fig. 9.3.2. Representation of simple cubic (SC) octahedron repeated unit.
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The eight portions are similar to each other. Thus, the geometry has been sliced to the calculation domain
for the ease of running the program and reaching an accurate result. An example of this work is the
smallest loading ratio which equals to 0.00195 as shown in Fig. 9.3.3.

ANSYS

2020 R2

20,000 (m)

5,000 15,000

Fig 9.3.3 Representation of simple cubic (SC) octahedron of the calculation domain for the smallest loading ratio (0.00195).

Fig. 9.2.4 exhibits the mesh domain. The mesh is done by Fluent tool with choosing patch conforming

tetrahedrons method.

ANSYS

2020 R2

20,000 (m) z‘k X

Fig 9.3.4 Representation of simple cubic (SC) octahedron mesh of the smallest loading ratio (0.00195).

5,000 15,000

Fig. 9.2.5 expresses a graph for the transport of the energy between disperse and matrix. At present work,
it has been used the thermal conductivity property for calculating the permeability ratio. The graph in
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Fig 9.3.5 demonstrates the process of the transport the energy from top with 400 K to bottom with 200

K whereas the heat flux is equal to zero from left to right or vice versa.
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Fig. 9.3.5. Representation of simple cubic (SC) octahedron contour of the smallest loading ratio (0.00195) and lowest

permeability ratio (0.001).

The same approach and data that were used in Fig 9.2.5 are utilized in Fig 9.3.6 except the permeability
ratio is equal to 1000. The highest thermal conductivity of dispersed phase has shown an influence in
the graph whereas in Fig. 9.3.5 the temperature is approximately equal to 350 K and in Fig. 9.3.6 the

temperature in the region of dispersed phase equals nearly to 400K.

ANSYS
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Fig 9.3.6 Representation of simple cubic (SC) octahedron contour of the smallest loading ratio (0.00195) and highest
permeability ratio (1000).

Fig. 9.3.7 exhibits the same lattice and shape of the dispersed domain that was represented in Fig. 9.3.3
but with different loading ratio of dispersed phase regarding to the matrix phase which represents the
largest loading ratio that is equal to 0.165.

ANSYS

2020 R2

6,000 (m)

1,500 4,500

Fig. 9.3.7. Representation of simple cubic (SC) octahedron of the calculation domain of the highest loading ratio (0.165).

Fig. 9.3.8 expresses the same procedure that was followed in Fig. 9.3.4 for the type of method excluding
the element size for the mesh.
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ANSYS

2020 R2

O /L.
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Fig 9.3.8 Representation of simple cubic (SC) octahedron mesh of the largest loading ratio (0.165).

1,500 4,500

Fig 9.3.9 represents a similar procedure that was done in Fig. 9.3.5 excludes the loading ratio which

equals to 0.165.

sc-octahedron A%?OY RSZ
Static- Temperature
4.00e+02
3.80e+02
| 3:60e+02
3.40e+02
3.20e+02
3.00e+02
2.80e+02
F2.60e+02
2.40e+02
2.20e+02
2.00e+02
&

Fig 9.3.9. Representation of simple cubic (SC) octahedron contour of the largest loading ratio (0.165) and lowest
permeability ratio (0.001).

Fig. 9.3.10 demonstrates an analogous approach that was accomplished in Fig. 9.3.6. As it has been
indicated that higher thermal conductivity of the dispersed phase can affect the transport of energy
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because of the conduction strength. As shown in Fig. 9.3.10, the largest zone has a red colour which is
equal to 400 K.

ANSYS
sc-octahedron 2020 R2
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2.20e+02
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> |
ﬁ\

Fig 9.3.10. Representation of simple cubic (SC) octahedron contour of the largest loading ratio (0.00195) and highest
permeability ratio (1000).

Figs. 9.3.11-13 show a matrix without its dispersed phase in which it has been extracted, then the heat
flux has been calculated into two additional steps , first step when the permeability ratio is equal to zero
in which the dispersed phase does not influence the matrix domain because the thermal conductivity of
the dispersed phase is too low and vice versa for the second step, when the permeability ratio is equal to
o in which the extracted dispersed phase is conducted well due to its higher thermal conductivity. Thus,
it could be said that the contact zone temperature equals to inlet or outlet temperature of the matrix.
However, the value of co cannot be added as input in the program. Thus, the dispersed phase has been
removed phase from the domain. Moreover, these two steps can be employed as verified steps for the

work.
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Fig 9.3.11 Representation of simple cubic (SC) octahedron mesh of the largest loading ratio (0.165) for the case of 0 & oo

permeability ratios.
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Fig. 9.3.12. Representation of simple cubic (SC) octahedron contour of (0) permeability ratio.
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Fig. 9.3.13. Representation of simple cubic (SC) octahedron contour of (c0) permeability ratio.

9.3.2. Prediction of the Effective Thermal Conductivity of Face Centered Cubic (FCC)

Rhombic Dodecahedron:

ANSYS

2020 R2

0,000 3,000 6,000 (m)
[ (e 00000

1,500 4,500

Fig. 9.4.1. Representation of face centered cubic (FCC) rhombic dodecahedron lattice.
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Fig. 9.4.2. Representation of face centered cubic (FCC) rhombic dodecahedron repeated unit.
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Fig. 9.4.3. Representation of face centered cubic (FCC) of the calculation domain rhombic dodecahedron.
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9.3.3. Prediction of the Effective Thermal Conductivity of Body Centered Cubic (BCC)

Truncated Octahedron:

ANSYS

2020 R2

0,000 , 6,000 (m)
AR 0 w0

1,500 4,500

Fig. 9.5.1. Representation of body centered cubic (BCC) truncated octahedron lattice.
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Fig. 9.5.2. Representation of body centered cubic (BCC) truncated octahedron repeated unit.
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Fig. 9.5.3. Representation of body centered cubic (BCC) of the calculation domain truncated octahedron.

9.3.4. Prediction of the Effective Thermal Conductivity of Simple Cubic (SC) Cube:

ANSYS

2020 R2
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Fig. 9.6.1. Representation of simple cubic (SC) cube repeated unit.
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Fig. 9.6.2. Representation of simple cubic (SC) cube of the calculation domain.

9.3.5. Prediction of the Effective Thermal Conductivity of Body Centered Cubic (BCC) Sphere:

ANSYS

2020 R2
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Fig. 9.7.1. Representation of body centered cubic (BCC) sphere repeated unit.
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Fig. 9.7.2. Representation of body centered cubic (BCC) sphere of the calculation domain.

9.3.6. Prediction of the Effective Thermal Conductivity of Face Centered Cubic (FCC) Sphere:

ANSYS

2020 R2
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Fig. 9.8.1. Representation of face centered cubic (FCC) sphere repeated unit.
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Fig. 9.8.2. Representation of face centered cubic (FCC) sphere of the calculation domain.

9.3.7. Prediction of the Effective Thermal Conductivity of Simple Cubic (SC) Sphere:

ANSYS

2020 R2
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Fig. 9.9.1. Representation of simple cubic (SC) sphere repeated unit.
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Fig. 9.9.2. Representation of simple cubic (SC) sphere of the calculation domain.

9.4. Results:

While more complex geometries are of interest in this study, only results for isotropic distribution of
dispersed domains in the continuous phase are shown here. As all geometries considered result is
isotropic transport properties of the composite material, we can ignore the specific direction of principal
axes and refer to a single value of the permeability P and of the corresponding enhancement factor K,

for which the expression of the coefficient Y can be simplified as indicated hereafter:

1
_ () B(K‘J i
¥ = =Ny 1 (9.4.1)

which ultimately can be rearranged to express the permeability P in the composite material as:

P S4(a-1) 9.4.2)

Py 3+(1—¢)(a—1){1+‘1’(¢’a) EZ;%}

which, of course, resembles the Maxwell expression for the case of null value of coefficient V.
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(Eq.9.4.2) represent the main result in the preliminary analysis performed in this work as it allows to
represent permeability data in a general isotropic composite medium though a Maxwell-type expression.
Indeed, results reported in this section for coefficient ¥ can thus be seen as representation of deviation
of actual permeability from Maxwell model, for the condition of interest. In this respect, it should also
been considered that, as factor p= (a-1)/(a+1) is of order one for both high and low values of permeability
ratio, the relevance of correction factor in (Eq.9.4.2) with respect to Maxwell relation can be identify

from the order of coefficient .

The relative uncertainty ep for the value of effective permeability P estimated for the numerical

procedure described above P = P (1t &, ) was estimated in the order of &, ~ 10, from the exam of
results obtained for the use of different mesh type and element size.

By means of the analysis of error propagation, from the expression of effective permeability P to that of

deviation coefficient ¥ , through the representation of enhancement factor K, the following expression

Is obtained for the uncertainty affecting the estimate ¥ of the deviation coefficient :

¥ = ¥Y(lte,)
@ +1+(1-¢)(a+1+ ¥ (@-1))(a 1) gl |

N a+l |
CENCEY I

(a +1+@(a—1))(1—¢)(05—1)‘ ‘1+ ‘?(a—l)‘

&y = &p |1+

(9.1.11)

From the expression above, it can be calculated that the relative error for deviation coefficient ¥
computed through the above procedure is typically in the order of 1% for the case of limiting values of
permeability ratio (o« — 0 and o — o0). On the other hand, it also results that uncertainty for the estimated
deviation coefficient increases indefinitely when permeability ratio is close to 1. For this reason, the
numerical results were not considered in the analysis for permeability ratio in the range 0.25<a <4,
where relative uncertainty for W exceeds 10%. It is also in evidence, in the above expression, that the

uncertainty depends on the order of the same coefficient ¥ and it can be concluded that relative error for

the deviation coefficient approaches 100% when the absolute value of calculated ¥ decreases below
103,

For each case of geometry and loading considered in this work, coefficient ¥ has been calculated for the
following list of values of permeability ratio a: {0, 0.001, 0.01, 0.1, 0.25, 0.5, 2, 4, 10, 100, 1000, c}.

The results for W are finally shown in plots as function of parameter = (a-1)/(a+1). In all plots, trends
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are highlighted separately for negative and positive B, respectively corresponding to values of a lower
and higher than 1, because uncertainty for coefficient W calculated for a higher than 0.5 but lower than
2.0 was considerably larger than that associated to points in the rest of the range for a and definitely not

acceptable for the purpose of this work.

The first case here represented is that of isotropic ordered lattice of spheres. Three different types of
cubic lattice were considered: “simple cubic” (SC) lattice, “body centered cubic” (BCC) lattice and “face
centered cubic” (FCC) lattice. Results are shown in (Fig. 9.10), for the case of two different loading
values for each type of lattice, always pointing at the largest admissible value of ¢ which is consistent

with the geometry of interest.

It can be recognized that smooth variation of coefficient ¥ are estimated for variations of permeability
ratio in the whole range from zero to infinity, while the value of the same coefficient decreases when the
loading decreases, as expected in view of the Maxwell result for vanishing fraction of dispersed phase.
It can be also appreciated, from data in the plot, that highest measured ¥ values (in the order of 30%)
correspond to the arrangement of simple cubic lattice, high loading. Less than half the value of ¥ is
obtained for the case of FCC loading and even lower level are registered for the case of BCC lattice.

LATTICEs of SPHEREs
40

35
30

25
lattice / loading :
W (%)
SC 486 %
15 SC 376%
——FCC 62.0%

/

10 . —e FCC 305%
BCC 53.6%

BCC 22.6%

-1 -0.8 -0.6 -0.4 -0.2 0 0.2 0.4 0.6 0.8 1
(o-1)/(ot+1)

Fig. 9.10. ¥ coefficient calculated for regular cubic lattice of sphere, as function of loading and permeability ratio.

In (Fig.9.11) results are reported for the case of simple cubic lattice of cubes and it can be observed that

the coefficient ¥ mainly depends on the loading, while only minor variation results from change in
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permeability ratio. It can be also observed that the higher the loading the lower the value of W¥. Indeed,
a higher limit value, in the order of 17%, seems to be reached for vanishing loading, although results
from calculation for value of ¢ lower than 1% are not reported, as they reveled to be not accurate enough

to be compared with others.

Interestingly, at very high loading (for this geometry there is no limit to admissible value of @),
coefficient ¥ seems to vanish, although results from calculation for value of ¢ higher than 90% are not

reported as they reveled to be not accurate enough to be compared with the remaining.

With reference to the same type of lattice (simple cubic), Fig.9.12 show the value of coeffiicent for the
case of dispersed domain shaped in regular octaherdrons. It can be observed that, unlike the case of
cubes, but similar to that of spheres, higher deviations for Maxwell results are observed for higher
loading. Dependence of coefficient W on permeability ratio is higher than in the case of cubes (the
coefficient results higher for higher permeability ratio), although the dependece remains smooth, again

similar to the case of spheres.

SC lattice of CUBEs
20

18

16
1 loading ¢:
12 —— 1.56%
W (%) 10 125%
8 29.0%
6 55.0%
4 75.0 %
2 85.0%

0

-1 -0.8 -0.6 -0.4 -0.2 0 0.2 0.4 0.6 0.8 1

(a-1)/(a+1)

Fig. 9.11. ¥ coefficient calculated for regular simple cubic lattice of cubes, as function of loading and permeability ratio.

Last two figures in this section are pertinent to two different lattice type (FCC and BCC). For each type

of lattice, domains are considered of that shape which allow to explore the whole range of loading values,
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from null to unity, just as it happens for SC in the case of cubic inclusions. Corresponding solid are

“rhombic dodecahedron” for FCC lattice and “truncated octahedron” for BCC.

Results are reported in (Fig.9.13) and (9.14), where coefficient ¥ is shown to change mostly with
loading and only slightly with permeability ratio and in both cases they results be signifincantly lower
(in the order of 7% maximum) than in the case of cubes. With repect to effect of loading, it clearly results
that the coefficient generally decreases with loading and it appears to vanish for the case of ¢ — 1. In
both cases, however, a maximum in the coefficient ¥ results for loading variation in the region of dilute

dispersion.

The observation about order of deviation coefficient for higest loading, in all example considered,
confirms the hypothesis stated in the mentioned paper by [Petropoulos,1985]%, about thenegligible
deviation from Mawell relation for the case of isotropi structure at vey high loading of dispersed phase.

The exam is in order of non isotropic structures, both in terms of coefficient ¥ and of ratio of

permeability coefficient in different principal directions.

SC lattice of OCTAHEDRONSs
40

35

30

loading ¢:
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—— 165%
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15 4
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|

¢ —— 0.50 %

10
—— 0.19%

-1 -0.8 -0.6 -04 -0.2 0 0.2 0.4 0.6 0.8 1
(0-1)/(0+1)

Fig. 9.12. ¥ coefficient calculated for regular simple cubic lattice of cubes, as function of loading and permeability ratio.
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FCC lattice of RHOMBIC DOCECAHEDRONS

20
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6 r % 3 v —— 29.0% p
55.0%
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0
-1 -0.8 -0.6 -0.4 -0.2 0 0.2 0.4 0.6 0.8 1
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Fig. 9.13. ¥ coefficient calculated for regular face centered cubic lattice of rhombic dodecahedron, as function of loading

and permeability ratio.
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BCC lattice of TRUNCATED OCTAHEDRONSs

20
18
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loading ¢:
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Fig. 9.14. ¥ coefficient calculated for regular body centered lattice of truncated octahedron, as function of loading and

permeability ratio.
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ALGORITHM LOOP FOR SOLVING PURE COMPONENT EQOS

APPENDIX A
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APPENDIX B

ALGORITHM LOOP FOR SEARCHING PURE COMPONENT
REDUCED VOLUME OF LIQUID OR VAPOR IN EOS
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CALCULATION OF THE EQUILIBRIUM CONCENTRATION wfq

APPENDIX C
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APPENDIX D

CALCULATION OF THE NON-EQUILIBRIUM
CONCENTRATION wY£
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