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Abstract

Thermal diffusion, or the Soret effect, is a phenomenon that has intrigued theorists and experimentalists
alike for over a century. In essence, it is the phenomenon that in a mixture exposed to a thermal gradient,
the components will separate. This effect can be quantified by a coupling coefficient known as the Soret
coefficient. Despite being the subject of extensive studies, no model has yet been developed that is capable
of consistently and reliably predicting the Soret coefficient. In this work, a model proposed by Kempers is
systematically investigated. The model consists of a set of equations that are solved by the use of an equation
of state (EoS) together with kinetic gas theory.

The primary focus is divided into two parts. In the first part, the building blocks of the model; the equation
of state and the Enskog solutions, are investigated separately. The SAFT-VR-MIE EoS is shown to reliably
reproduce the vapour-liquid equilibria (VLE) and the pressure-temperature-volume (PVT) behaviour of the
Lennard-Jones fluid, as predicted in molecular dynamics (MD) simulations. The Enskog solutions up to
order five are shown to give reasonable predictions for gas phase diffusion coefficients, when combined with
the temperature dependent Barker-Henderson hard sphere diameter. Further, the numerical challenges of
increasing the order of approximation of the Enskog solutions are investigated, and it is found that the
equations should be scaled or preconditioned to avoid numerical instability.

In the second part, the ability of Kempers’ model to predict the Soret coefficient in various mixtures is
investigated. It is found that the ability of an EoS to predict the VLE and PVT behaviour of a fluid is an
insufficient measure of its suitability for use in modelling the Soret effect. The Kempers-model is shown to
be highly inconsistent in its ability to reproduce the Soret coefficient obtained from both MD simulations
and experimental measurements.

Finally, in a critical assessment of the derivation proposed by Kempers, potential flaws in the model are
revealed and the possibilities of improving the model are discussed.
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1 Introduction

Thermal diffusion, also known as the Soret effect or Ludwig-Soret effect, is an intriguing phenomenon that has
interested researchers for over a hundred years since it was first described by Carl Friedrich Wilhelm Ludwig in
the mid 19th century. (] The phenomenon is that a mixture with an imposed temperature gradient will develop
a concentration gradient. This a consequence of the well known result from irreversible thermodynamics,
that there are cross-coupling coefficients between fluxes and driving forces.?) The inverse effect - a heat flux
resulting from an imposed gradient in chemical potential is known as the Dufour effect.

Onsager showed that the coefficient matrix that describes coupling of fluxes and forces is symmetrical,
introducing the famous Onsager reciprocal relations. 3] These relations imply that the coefficient coupling a
thermal gradient to a mass flux is equal to the coefficient that couples a chemical potential gradient to a
heat flux. This means that if one is capable of modelling the Soret coefficient, the same model can be used
to predict the Dufour effect.

As modern science progresses, engineering applications also push further into extreme conditions. Nano-scale
precision is commonly used in the production and development of modern technology, both in the texturing of
surfaces and structuring of pores in nano-porous materials. ¥ At this scale small variations in concentration
and temperature lead to enormous gradients. In the design of battery electrodes and electrolytes, transport
properties are of major importance, and during operation a temperature gradient arises in the battery due
to the electrode reactions and internal resistance.[® Further development in these fields therefore warrants
precise descriptions of the coupling of heat and mass transfer.

Modern material applications on the macro scale require materials that can perform reliably when subjected
to large temperature gradients over time.[?! This includes the materials used in reactors, both chemical and
nuclear, as well as materials in pipes and containers containing fluids far from ambient temperature, and the
coatings used on said materials. To further progress the development of materials subjected to these extreme
conditions, increased precision in the modelling and prediction of diffusive behaviour is required.

In the field of Biochemical engineering, precise control of heat- and oxygen flow is required. [®! This is also a
major hurdle in the up-scaling of bio-reactors. Specifically, the transfer of oxygen into the reactor solution
at a rate high enough to keep a high concentration of microorganisms alive is challenging. More precise
modelling of how the thermal gradients in the reactor and the mass transfer of oxygen interact may be of use
in overcoming this challenge.

1.1 Thermal diffusion

In a binary mixture, with one independent diffusive mass flux and no pressure gradient, the mass flux of
component 1 in the center-of-mass (CoM) frame of reference (FoR) may be written as, ("]

I = L, Vwy + L VT. (1.1)

where w; denotes the mass fraction of component 1, J{*"* denotes the mass flux of component 1 in the CoM
FoR, L,,, is the coefficient connecting the mass fraction gradient to the flux, closely related to the diffusion
coefficient, and L, is the coupling coefficient connecting a thermal gradient to a mass flux. It is assumed
that L, and L,, are independent of the fluxes and gradients in a system, such that in a state where the
mass flux vanishes the gradients are related by

le o L,UH
VT Ly,
This expression will appear differently depending on the basis and FoR it is expressed in, as further discussed
in Section 3.1. It is however immediately clear from equation (1.2) that one can define a coefficient relating

the gradients in concentration and temperature. Here, the Soret coefficient S7, and the thermal diffusion
factor ar refer to

(1.2)
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where x; denotes the mole fraction of component ¢ and T" denotes the temperature. Additionally, the thermal
diffusion coefficient D7, and thermal diffusion ratio k7 may be defined. Their definitions are slightly more
involved and are discussed in more detail in Section 2.3.

Accurate prediction of the coefficients describing thermal diffusion has proven to be a challenging task.
Several empirical and semi-empirical correlations have been proposed. Though these models give reasonably
good fits to the data they are regressed against, their nature of containing fitting parameters makes their
predictive power disputable. For example the power law correlations by Longree et al.[® may be useful for
mixtures in which both components are accurately described by a Lennard-Jones potential, but cannot be
expected to give accurate predictions for more complex molecules. The model is also restricted to binary
mixtures and does not incorporate any dependency on the composition, density or temperature of the system.
A model proposed by Firoozbadi and Shukla,®1% is based on first principle considerations and extended to
multicomponent systems, but one inherently physical parameter is treated as a fitting parameter. Though
this fitting parameter is determined to have the same value for a variety of systems, one cannot in general
expect the model to hold for solid state systems or mixtures that differ greatly from those tested.

Kinetic gas theory, in particular the standard Enskog theory (SET),!™ revised Enskog theory (RET),[?
and modified Enskog theory (MET), (13] have been shown to give reasonable predictions for low density gases
in which relatively simple intermolecular potentials can be employed.*17) However, the precision must be
expected to deteriorate quickly for systems with many body interactions or complex molecules. This includes
polymers, strongly associating molecules and solid state systems, and no attempts to compare the theory to
such systems were found at the time of writing.

A model proposed by Kempers, '8! based purely on thermodynamic considerations, provides a method of
predicting the effect of thermal diffusion for multicomponent systems without employing any specific inter-
molecular potential or fitting parameters. The model is claimed to be applicable to any system for which a
sufficiently accurate equation of state (EoS) is available. Eslamian and Saghir have proposed modifications
to the model, ') based on the activation energy of viscous flow, although they comment that their model is
incomplete in the incorporation of complex intermolecular forces.

1.2 Scope

In this work the model proposed by Kempers is investigated in detail. In an attempt to isolate the predictive
capabilities of the Kempers-model from that of the employed equation of state, the primary data used
for comparison is taken from molecular dynamics (MD) simulations of Lennard-Jones fluid mixtures. The
equation of state that is employed for this comparison is the SAFT-VR-MIE EoS, which may be supplied
with the same interaction parameters as those used in the simulations.

Additionally, the predictions of the SAFT-VR-MIE EoS and of the Enskog solutions are investigated indi-
vidually to better understand the behaviour of the building blocks upon which the Kempers-model is based.
The primary goal is to assess under what conditions the Kempers model can provide reliable predictions of
the Soret coefficient, if any, and to uncover how one may determine if the predictions of the model are reliable
in cases where no data for validation is available.

2 Theory

As the Kempers-model requires both an equation of state, and the results of kinetic gas theory, some elabora-
tion on both is fitting. This section will therefore begin with a thorough introduction of the Kempers-model,
before introducing and summarising the established thermodynamic- and kinetic gas theory that is used
throughout the report.



2.1 The Kempers model

The focus of this section is to elucidate the Kempers-model and its derivation. The arguments presented
throughout the derivation differ somewhat in formulation from those presented by Kempers, this is to facilitate
the further discussion of the derivation in Section 6.

Consider a system consisting of two bulbs, denoted o and S, of equal volume V' connected by a tube of
negligible volume. The bulbs are filled with some homogeneous phase of given composition n. Impose now
a temperature gradient in the connecting tube and allow the system to reach the steady state, where the
mass flux of all components vanishes. The temperature of each bulb is uniform, such that each bulb is at
equilibrium.

Regarding the two bulbs as independent subsystems, the partition function of the system can be written
as Z(ng,ng,V, Ty, T3) = Zo (04, V,To) Zs(ng, V,T3), where n;, T; and Z; are the composition, temperature
and partition function of bulb 4. Following the principle of maximum multiplicity, the equilibrium state will
be the state that maximises the total partition function. This is the equivalent of minimising the Helmholtz
energy (A) of the system. The optimisation is conducted under the constraint of conservation of species,
and constant bulb volumes. The composition of each bulb at equilibrium is then given by the constrained
optimisation

max {Z(nq,ng, V,T,,T3)} = max {Z,y(n,,V,To)Zs(ng, V,15)}

n(,,nﬁ na,nﬂ
A
— min a(0a, V, Ta) + Ap(ng, V. Tp)
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a B _ ;
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Where the subscripts on the min and max statements denote the free variables of optimisation, v; is the
partial molar volume of species 7 and R is the gas constant. This system will be referred to as the "real”
system. The notation adopted here is to be understood such that the result of the minimisation statements
is the point at which the minimum is found, not the minimum value of the function subject to minimisation.
That is, for a function f(z,y),

Iillyn{f(x,y)} = (Tmin, Ymin) (2.2)
where (Zmin, Ymin) are the coordinates of the minimum.

Consider now the same bulbs, at the same temperatures, filled with an ideal gas mixture of total composition
n equivalent to that of the real system. This system will be referred to as the ”ideal gas system”, and its
variables will be denoted with a superscript *Y. The bulb compositions at steady state are denoted n’? and

nzﬂg . These are independent of the compositions n, and ng, depending only on the total composition n and

the temperatures. It then follows that the Helmholtz energy of the ideal gas system, A% (n%Y, ngg V. T,,Tg), is
independent of the bulb compositions in the real system. Naturally, the composition of the bulbs in the ideal
gas state is given by an optimisation analogous to the one in Equation (2.1). Because the two optimisations
are independent problems, they may be solved simultaneously to give the same result as if they were solved



independently. Thereby, the minimisation statement in Equation (2.1) can be rewritten as
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where p denotes the pressure. Applying the Lagrange multiplier method to this problem yields the set of
equations
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Taking the derivatives with respect to n$ and n;""? yields
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Where i denotes the chemical potential, and the term containing v» vanishes by the ideal gas law. Multiplying

. - . . B Big s - ‘ .
by R and summing these equations, and doing the equivalent for n; and n; ", eliminates the ;. The resulting
equations are
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% _ )\’L _ 1/11)? =0
5 g (2.6)
i — My B
2 T X+, =0
B



subtracting the second equation in (2.6) from the first equation eliminates the \;, giving

a,ig B.ig

a_ B
uz T:j‘z _lu‘z T:l - (’U?""Uf) :O (27)

Solving equation k for v; and inserting the expression back into the remaining equations yields

e e T S T WU e Ul e Vi
Vg + 0] Ta RTp Ta RTj (2.8)

i={1,2,.., N} {k}

It is simple to see that if Equation (2.8) holds for all ¢ # k, the choice of k is arbitrary. Therefore k = N

is chosen for notational convenience. Now, v + vf may be developed as a Taylor series about the average

of the two bulbs. Ignoring third and higher order derivatives, then expressing the difference between bulb a
and 3 as Ap = ¢, — @g, where @ is any variable, this equation may be rewritten as

a(h) -2 ()| - o) -2 ()

Expanding A (7) as a Taylor series in the variables T, p,n,x;,...,zy_1 and making use of the fact that
S oveng =S vPnf — Ap =0, one obtains for the first two terms

1

Vg

1

(2.9)
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where h; denotes the partial molar enthalpy of component i, and for the ideal gas case,
ig
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and recognising the thermal diffusion factor in the ideal gas state as

; TAz
e 2.13
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Equation (2.9) can be rewritten as
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Together with the summational constraint ), oz ;x;(1 — x;) = 0, this set of equations can be solved for all
the thermal diffusion factors, given a model for af and a suitable equation of state. This set of equations



will be referred to as the Kempers Center-of-Volume (K-CoV) model. For a binary system Equation (2.14)
simplifies to

v1 h—hi9 — (hy — B RT ig
a1

= — Q.
’ Vm T122 (8H1) 1 (aul) Tl
9w1 ) p 91 ) p

In the case presented thus far, the centre of mass of the contents of the bulbs will shift relative to the bulbs.
If the exact same derivation is carried out, but imagining that no external forces are exerted on the two bulb
system to hold it in place, the center-of-mass (CoM) of the system must remain stationary by conservation
of momentum. It that case, the constraint ), vfny = 3", v?n? may be replaced by domind =Y. minl,
with m; the molar mass of species i. The result will then be identical to Equation (2.14), but with the partial
molar volumes replaced by molar masses. The resulting set of equations will be referred to as the Kempers
center-of-mass (K-CoM) model. The two models will jointly be referred to as the Kempers-model.

(2.15)

2.2 Equations of state

An equation of state (EoS) is an equation that relates various thermodynamic state variables.2?! Often,
these are expressed on the form p = p(n,V,T;d1,ds,...d,) where p,V,n,T are the pressure, mole number,
volume and temperature and the d; are parameters determined either empirically, from first principles or
some combination of the two. Alternative manners of expressing an EoS are by the use of the compressibility
factor Z = &—VT, or by expressing pressure as a polynomial in ﬁ, where V,,, denotes the molar volume,
known as a virial expansion. Before these are discussed however, it is convenient to introduce the principle of

corresponding states (CSP). This principle states that at a reduced state (p., V., T;.) = (f, %, Tl), where

subscript ¢ denotes the critical properties of the fluid, all fluids will behave identically. ') This principle
is known to hold well for systems in which quantum effects are negligible, and rotational and translational
motion of molecules is independent.

The CSP gives rise to a formulation of the compressibility factor as a function of reduced temperature
and volume, Z = Z(T,, Vr).[zl] To account for molecules and conditions in which the CSP does not hold,
additional corrections may be employed. A popular choice being the accentric factor (w), which describes a
molecular force fields deviation from spherical shape. 2! The compressibility factor then takes the functional
form

Z =ZNT,,p,) + wZM(T,,p,), (2.16)

where Z(© describes a perfectly spherical molecule, and Z1) describes a deviation from spherical geometry.
Z© and Z() are assumed to be equal for all molecules, such that knowledge of the accentric factor and the
critical parameters is sufficient to describe the behaviour of a pure fluid.

The behaviour of a fluid may also be described accurately by a virial expansion of the form

_ RT _ RTB(T) | RTC(T)
Vi V2 v

(2.17)

This approach has its foundation in statistical thermodynamics, and is popular in part because the virial co-
efficients B(T), C(T), ... can be related to the intermolecular potential of the molecules in the fluid. [2°]

The simplest EoS in common use is the ideal gas law, and its close relatives, the cubic equations of state. [2°]
These include the Van der Waals (VAW), Peng-Robinson (PR), Soave-Redlich-Kwong (SRK), Schmidt-Wensel
(SW) and Patel-Teja (PT) equations of state, among others. They have in common that the pressure has
a cubic dependency on volume, that they have relatively few fitting parameters, and that the parameters
have some physical interpretation. Several cubic equations of state have been in industrial use for decades,
meaning they have been thoroughly tested and verified. This makes them versatile and reliable for many
common usages.



Another EoS worth mentioning is the Carnahan-Starling (CS) EoS for hard spheres. [22] This equation is

based on approximating the virial expansion in volume as an infinite geometric series. Manipulation of this

series yields an explicit expression for the compressibility factor for hard spheres as a function of the packing

fraction, 7, given as

TN an (O'H s ) 3
6V

where n is the mole number of particles, c#° is the hard sphere diameter and N4 is Avogadros number.
Once an expression for the compressibility factor is known, all other properties of interest may be related by
various derivatives of this. This EoS has proven highly precise when measured against MD-simulations of
hard-sphere particles. 2] Nevertheless, several propositions of extensions and modifications have been made
to the theory from its introduction until today, in attempts to further improve its performance.[23:24 An
important area of usage for the CS EoS is the ability to accurately represent a theoretical hard sphere state,
which can be a convenient reference state.

n= (2.18)

H

A frequent starting point in the development of an EoS is aiming to describe the Helmholtz energy (A) of a
system. This can be done by regarding the intermolecular potential, the performance of the resulting EoS will
reflect how well the chosen intermolecular potential describes the system. Observable properties, and other
properties of interest, such as the entropy, chemical potential and so on can be related to the derivatives of the
Helmholtz energy. This approach opens several doors: The possibility to estimate molecular parameters from
macroscopic observations; firm control of the microscopic description of the system; the option to explicitly
include quantum effects, and the possibility to create equations of state for theoretical fluids, such as the
Lennard-Jones fluid. Apart from accurately describing real fluids, this means one can construct an EoS that,
in principle, should exactly reproduce the results of molecular dynamics (MD) simulations, which can be
useful in the development of thermodynamic models.

Many equations of state have been developed using the approach outlined above. Of particular interest in
the context of this report is the SAFT-VR-MIE EoS. This EoS utilises a general Mie potential to describe
the monomer-monomer interactions in a fluid, which in turn can be related to the Helmholtz energy. [25 This
is done by using the framework of Barker-Henderson (BH) perturbation theory to show that the residual
Helmholtz energy may be written as the sum of a hard sphere term, which may be determined by the
Carnahan-Starling (CS) EoS,[?? several ”dispersion” terms, and a chain term describing the formation of
chains of Mie-segments. This EoS has been shown to give highly accurate predictions of fluid-phase equilibria
PVT-behaviour and second-derivative properties for both pure fluids and mixtures.

Up until this point the discussion has been mostly limited to pure fluids. When applying and EoS to a
mixture, composition must be taken into account. This is accomplished by the use of mixing rules. 20 A
mixing rule is an equation that in some way combines or averages the parameters of the components in a
mixture such that an EoS can be applied. These equations are to a large degree empirical in nature, and are

typically expressed on the form

Pm =YY TiTpi; (2.19)
i g

where ¢,, is some property of the mixture, and ¢;;, ¢;; are the properties of the pure components. Various

combining rules can be chosen to determine the interaction terms ¢;;. An example of such combining rules
are the Lorentz-Berthelot (LB) rules for combining the parameters of a Mie-potential

1
0ij = 5 (03 + 055) €ij = \/Eii€jj- (2.20)

These are of special significance in this report, and may be modified to create the more general mixing rules
hereafter termed the modified Lorentz-Berthelot rules, 2627 given as

e
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where k;; is a parameter that may be adjusted represent the behaviour of fluids for which particle interaction is
energetically favourable (k;; > 0), stabilising the liquid phase; or fluids for which interaction is less favourable
(kij < 0), destabilising the liquid phase and lowering the boiling point.

2.3 Kinetic gas theory

The kinetic theory of gases was initiated with the development of the Maxwell-Boltzmann equations in the
mid- to late 19th century.'!) The equations are based in statistical mechanics, and consider the effects of
collisions between particles. The solutions to these equations, developed by Chapman and Enskog in the
early 20th century, are termed the Chapman-Enskog or Enskog solutions, and the resulting theory is referred
to as Enskog theory. This theory has later been expanded and elaborated upon by Chapman and Cowling,
among many others. [12:13]

The theory is highly mathematical in nature and at times difficult to follow. Nevertheless the goal of this
section is to present a pedagogical summary of the derivations and results integral to this report. For a
complete, rigorous explanation of the theory, the reader is referred to the text by Chapman and Cowling. ['!]
It is worth mentioning that despite being a compressed summary, this section is characterised by a large
volume of notation and definitions. This is due to the theory itself being characterised by multiply nested
definitions, and notation that requires explaining. Note also that the notation employed here differs somewhat
from that of Chapman and Cowling so as to remain consistent throughout the report.

The goal of this section is to arrive at a set of explicit equations that can be solved for the interdiffusion-
and thermal diffusion coefficients, such that a value for oz may be supplied to the Kempers-model. This will
require a rigorous definition of how these coefficients relate to the average velocities of particles in a mixture.
It may be fruitful to have the final result in mind when reading, to have this as a reference point as new
variables and functions are introduced. By the end of this section the integrals

Dis _P1P2 (D,D}

pm/ ///fo)f(o) |+ Dy — D) — D},)bdbdeduy du;

(2.22)
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will be defined, and a method for approximating their value will be introduced.

2.3.1 The Boltzmann-equations

To begin, the Maxwell-Boltzmann equations are derived by assuming that collisions - i.e. interactions between
particles, occupy only a very small amount of a particles life time. This gives rise to a differential equation
for the velocity distribution function f; = f;(u;, r,t), describing the probability of finding a particle of species



1 with velocity u; at position r at time ¢. This equation reads

ofi Ofi  Oecfi
o "WVt Fig =

(2.24)

where F denotes an external force on the particle and 85{ describes the rate of change owing to encounters
between molecules. The latter of these may be expanded as a sum over the change due to encounters of

different types, that is
Ocfi Z e fi
ot ( ot >j (2.25)

J

where subscript j denotes the particle type that particle ¢ encounters, and the sum runs over all particle
species. To describe this differential, a description of the dynamics of a binary encounter between particles is
required. This description is done through a set of rather involved geometric considerations that are difficult
to summarise shortly. Therefore, only a summary of the variables involved, their significance and their
dependencies are included here, shown graphically in Figure 2.1. Let g;5 and g5, denote the initial velocity

Figure 2.1: The geometry of a binary encounter.

of particle 1 relative to 2, and 2 relative to 1. Evidently g,5 = u; — uz = —g;,. Primes on the velocities will
denote the post-collision velocities, g, = uj — uh) = —gf,. Due to conservation of energy and momentum,
the encounter can be completely described by the change in direction of the relative velocities, as the centre
of mass velocity is constant. Further, assume that the forces acting between the particles act along the line
connecting their centres of mass. For spherical particles this is clearly correct, but for chain-like molecules it
cannot be expected to hold.

Now, let x denote the deflection angle of the relative velocity, that is cosx = g5 - 815 To describe x;,
one must also define the impact parameter b. This can be thought of as the ”closest passing distance” the
particles would have had if they had been non-interacting point particles, as visualised in Figure 2.1. It is
clear that y is a function of b, and that the functional form is dependent on the intermolecular potential. For
a hard-sphere potential, an analytical expression can be derived without extended effort. For other potentials
however, the dependency on g;, and the molecular masses requires one to employ numerical methods. For
now, x will be left as some function of g;5, b, m; and ma.

Finally, to expand the geometry of Figure 2.1 to three dimensions, define a cylindrical coordinate system
centred on particle 1, with the vertical axis perpendicular to g;,, such that b takes the role of the radial
coordinate. Denote the angular coordinate of this system as e. This coordinate system is shown in Figure
2.2. Following these geometric considerations it can be shown that



921
912

db

Figure 2.2: Cylindrical coordinate system to describe an encounter.

(8§fi>j =/// (f1£; = fif;) bdbdedu;. (2.26)

The truncation of an interaction potential at some distance now amounts to limiting the integral over db to
that distance. The case of i = j follows the exact same row of arguments as the case i # j, but the notation
employed can quickly lead to confusion. The integral in Equation (2.26) passes over uj, and is therefore a
function only of u;. If i = j, recognise that the integral still only passes over the velocity of one particle in
the colliding pair, such that it is still a function of the velocity of the other particle. Notation-wise Chapman
and Cowling solve this by denoting the velocity of the two particles as u and u; and writing

(agf)i = [[[ 65 = gy pavacan. (2.27)

To avoid confusion as to what function f at any time refers to, the notation employed here will denote the
velocity of the two particles as u;; and u;, such that

(%{Z)? = /// (fifi — fifir) bdbdeduy. (2.28)

For brevity, the integral in equation (2.26) will later be written as

B (8efi) = {Jij(fifj) i# ] (2.29)

ot Ji(fofi) i=3j

Where the prime in J;(fi f;) indicates the variable of integration, the differentiation will become important
later. The left hand side of equation (2.24) will be written as 2;f;, thus the Boltzmann equation for a
single-component (simple) gas reads

Difi+ Ji(firfi) =0 (2.30)

2.3.2 The first approximation for a simple gas

Now that the notation and formulation of the Boltzmann-equations has been established, the time is ripe for
introducing the Enskog solution method. Assume that the true solution, f, of equation (2.24) can be written
as an infinite series f = Y 2/ f). The operators 2 and J can also be subdivided. First, introduce the
operator %, with the property
O¢ _—~Orp
ot 4 ot’

¢={p,T,u"} (2.31)

10



where u™ denotes the mole average velocity of the gas, and p denotes the number density of the gas. For the
formal definition of 8’ the reader is referred to Chapman and Cowling, pp. 116.!"] Enskog now subdivides
the operator 2 such that

D fi = Z @(T)7 20) — ¢

T

P .Y r—1) (r—1) (2:32)
| :Z:OTJru VI LF v e
Similarly, J can be subdivided such that
I = Z JL(fD =0y, (2.33)

It is important to note that this manner of subd1v1d1ng 2 and J is a matter of choice, and that the key
to the Enskog solution lies in choosing to subdivide them in this way. The result of the subdivision is that
Equation (2.30) may be written as

Z 2" (2.34)

This equation is fulfilled if @f”—i—me =0, ¥ r, and the manner in which 2 and J have been subdivided ensures

that each of these equations is solvable. The equation corresponding to r = 0 becomes Ji ( 1(9 ) fl(o)) =0, of
which

1
FO = exp (a(l) +a®mu; + a(3)2mu%) (2.35)

is the general solution, with o), a® and a® arbitrary quantities independent of uy, and u; = |uy] is the
particle speed. Making some convenient choices for these, yields

3
0) mi 2 m1U12

- 2.36
1 p<27rkBT) eXp( %pT )’ (2:36)

where U; = u; —u" is the peculiar velocity of species ¢, and U is its magnitude, the peculiar speed. Note that

Ji(fO fl(o)) = 0 is the exact equation describing a gas in which collisions have no net effect on the velocity
distribution function, such that f(© is the velocity distribution function in a homogeneous (uniform) steady
state gas. It is evident then, that to describe a non-uniform state, a solution for the second approximation
f must be found. Before moving on, note some properties of the velocity distribution function regarding
the summational invariants, p, mU and %mU 2. That is, the number density, momentum and kinetic energy
of the gas. These must all be conserved over time. It then follows that

/f1<0)d111 =p1 :/fldul

(2.37)
/(f1 — fi7)duy =0
and similarly for the other invariants,
/(f1 D )pduy =0, = {mU;, mUl} (2.38)
Inserting for f1 = >, fl(r) then yields
o0 . 1
Z/fl( )pdu, =0, » ={1,mU;y, §mU12}. (2.39)
r=1
This equation is clearly fulfilled if
r . 1
/fl( )godul =0V i>0, » ={1,mU;y, §mU12} (2.40)

11



2.3.3 The second approximation for a simple gas

It can be shown that a valid second approximation to f can be written on the form fl(l) = f1(0)<13§1). Just like
the first approximation, the second approximation satisfies Equation (2.34) if

2" + g <. (2.41)

Here, 2") may be expanded as

Uz 5
2 = 5 K;Z L 2) U,VInT +

i UU1 Vu”}

(2.42)
(0) [(%1 > U1V1nT+K%1?/1 }
where for a 3d vector v, vV is the operation
U1 v vy U3
vV = Vg vy vy 03| — =V (2.43)

vg| vy vy w3

and for two matrices ?1 : 92 = ¢1ijb25i = >, Zj a;;b;; denotes the double dot product. %; is the
m; 2
2kpT

dimensionless peculiar velocity % ; = ( ) ’ U,. Further, the term J() can be expanded and rewritten as

I = n (O ) + (P )
fr p211 (¢§1)>

where the integral I; (@gl)) has been introduced.

(2.44)

This is a convenient time to step aside and introduce some integral notation that will be heavily employed
later. Recognise how Equations (2.22) and (2.23) are written with exactly this integral notation. Let F and
G be functions defined on u; and K be a function defined on u; and uy. Then, using the notation F; = F'(u;)
and Kij = Kji = K(ui, Uj),

Pl (F) = / / FOrO(F + Py — F - F,) gbdbdeduy,
2 — (0) £(0) _
p212(F) = /// fQ f2/ (F2 +F2/ F2 F2/)gbdbd€dll2/
— (0) £(0) _
poatia(K) = [[ [ 1787 (K12 - K1) gbabaedus

p1palon (K / / FOLO (K1, — K1) gbdbdedu,

(2.45)

Note that I (F) and I15(K) are functions of uy, while I5(F') and I (K) are functions of uy. Further define
the bracket integrals

[F,G|, = /GiIi(F)dui7 i=1{1,2} (2.46)
For functions F' and H defined on uy, and G and K defined on us, define

[Fl + GQ,Hl + Kth = /F1I12(H1 + KQ)dlll + /GQIQl(Hl + Kg)dllz (247)

12



Expanding Equation (2.47), one quickly sees that [Fy + Ga, H1 + Ks|,5 = [H1 + K3, Fi + G2, Finally, for
functions F' and G both defined on u; and us, define the bracket integral

P{F, G} = pi[F, Gy + p1pa[ i + Fa, G1 + Galiz + p*[F, Gla. (2.48)

Returning to the problem of determining the second approximation 1(1) = fl(o)(bgl), inserting Equations
(2.44) and (2.42) into Equation (2.41) yields

P (q>§1>) 0 K%ﬁ - 2) U, VInT + %%f’%l LVt (2.49)
B

Observe that I; (@ﬁ”) is linear in @gl), and that the right hand side of this equation is linear in the

components of VInT and u”. Thereby, <I>§1) can be written as a linear combination of the components of

VInT and u™ and the solution to the equation Iy (@gl)) = 0. The latter can be recognised as a solution of

the form in equation (2.35), such that for some vector A, matrix B, and constants atl) o21) G1)

1
z 2 1
) AVInT — ;Q cVu" + ot £ o@Dy + a(g’l)imlUf, (2.50)

y 1 (2T
oV = 1 (

P my
Where the prefactors to A and B are chosen for later convenience. Substituting this into equation (2.49),

using the fact that I1 (F + G) = I,(F) + I,(G), and equating the coefficients to each of the gradient terms
yields a set of equations for A and B,

)

— (0) 2 Y %
ona) =17 (2 - 3) -

_ +0g,
pli(B) = fy U\ Y.
It is clear from the first of these equations that A must be a vector parallel to %, such that one can write

A=A%,p, T, (2.52)
where % = |% | is the dimensionless peculiar speed. It is less clear, but can be shown, that B is a symmetric,

(o)
traceless matrix. All symmetric, traceless matrices that can be formed from % are multiples of %% 1.
Therefore, B can be written as

B=B(.p,TVU % (2.53)
The constants otV a2 and a(®1) can be chosen such that fl(l) satisfies the constraints posed by the

summational invariants, from Equation (2.40). Analysing these constraints, one finds that a®l) = ) =
a1 =0 is a valid choice. Equation (2.50) then reduces to

1

1 [2kpT)\? 2

ol = —— ( B > AVInT — 2B : Vu". (2.54)
P1 my p

Until now, for pedagogical reasons, only a simple gas has been considered. The method for arriving at
Equation (2.54) for a binary system follows the exact same steps as those presented so far. Because the goal
of this section is to describe diffusion, we now move to a binary case and in short words describe how the
equation for @gl) will differ from Equation (2.54).

13



2.3.4 The binary solutions

The Boltzmann equations for a binary system are directly analogous to that for a unary system,

of, of,  o.f,
o TVt EG =50

1 ={1,2}. (2.55)
Rewriting this in terms of the operators 2 and J gives

D fr+ I(fifr) + Jie(fif2) =0

Dofa + Jo(fofar) + Jo1(faf1) =0 (2.56)

The subdivision of f; and 2; follow the same procedure as the one outlined in the unary case. For J;, the
function J") takes the form

T =TT ) 4 g ). (2.57)
k=0

Again, requiring that @(r) +J; M —gvr gives solutions to the first approximation identical to Equation
(2.36). In the solution of the second approximation, a difference turns up. Inserting f; - fl(O)CI)gl) and
f2(1) = f2(0)<1>2 ) into the expression for Jl( ) yields

TV = 21 () + prpalia (@) + @), (2.58)

Expanding .@1(1) now yields
b _ fl(o) [(%1 — ) U;VInT + 7% %1 vu" + xl_ldlgUl (259)
Where the only difference from Equation (2.42) is the appearance of the trailing term

dip = Vay 4 2202 T M) Gy PP gy (2.60)
PPm PmP

where z; denotes the mole fraction of species i, and p,, denotes the mass density. Just as in the previous
section, it is now clear that @gl) and @él) must be linear functions of VInT, di3 and Vu”. Therefore, for
some A, D and B, the @El) may be written as

®) = A, VInT — D;dy5 — 2B, : Vu", i={1,2} (2.61)

Inserting Equations (2.61) and (2.59) for @El) and 91.(1) into Equations (2.56) and matching the coefficients
of the gradients now leads to a set of equations that determine A, D and B, analogous to Equations (2.51),

1(0)(%2 )Ul =21 (A1) + prp2li2(Ar + As)

2(0)(%2 )Uz = p3I2(Az) + papilor(Az + Ay)

(Az) (
(0) = pili(D1) + p1p2L12(D1 + D) (2.62)
0)U2 = p312(D2) + pap1lo1(D2 + Dy)
(By) (B,
(B3) (B

f1( )%17/1 _P%Il )
B,)

1)+ p1p21i2

f2 203/2 = p315(B,) + p2p1la
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Thus, to a second approximation, the velocity distribution function is given as

fi=r20+ oW, i={1,2} 06
= 91— A,VInT — D;dy, — 2B, : Vu"]. '

Note that A, D and B have been established to be unique, but determining their exact functional form still
remains.

2.3.5 Diffusion

Now that an expression for the velocity distribution function has been obtained, the analysis of diffusion can
begin. The two components of a mixture are diffusing relative to each other if i; — iz = U; — Uy # 0. Where
the bar denotes the mean values of the velocity. From the velocity distribution function, the differences in
mean velocity are

_ _ 1 1
U1 — U2 = —/flUldul — 7/f2U2du2. (264)
P1 P2

Inserting the velocity distribution function from Equation (2.63), and noting that fi(O)U7 and B, : Vu"U are
odd functions such that their integrals vanish yields

o 17/1 1
U,-U,=—- [( /fl(O)UlDldul - /f2<0>U2D2du2> dis
3 P1 P2

(2.65)
L [ o L [ o
+ | — fl U;Adu; — — f2 UsAsduy | VInT
P1 P2
Now, from Equations (2.62) it can be shown that for any vector function a defined on u; and ug,
5 5
pQ{A, a} = /fl(()) (%% — i)Ulaldlh + / fz(o) (%% — §)U232du2
(2.66)
p’{D.a} = oy / AV Uarduy — a3 / 15" Usazdus,.
Since A and D are exactly such vector functions, Equation (2.65) may be contracted to
_ _ 1
U;-U,; = —3P [{D,D}di2 + {D,A}VInT]. (2.67)

Considering the cases in which either dis = 0 or VI' = F; = Fy = Vp = 0 allows us to define the
interdiffusion coefficient D15 and the thermal diffusion coefficient D7 for a binary mixture. In the first case,

2

1_11 - ﬁg = — I)TVIIIT7 d12 =0
P1P2
D
=L VT (2.68)
T1X9
P1P2
Dr = D A
and in the second,
p2
u; —ug = — D12V, VI'=F,=F;,=Vp=0
P1pP2
D
-2y (2.69)
X1T2
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Additionally, the thermal diffusion ratio may be defined as

(2.70)

To acquire values for the diffusion coefficients, it is thereby necessary to evaluate the integrals {D,D} and
{D, A}. To accomplish this, first introduce the auxiliary function A; = A; — krD;, then write the functions
A, and D; as polynomial expansions using an orthogonal set of polynomials known as the Sonine polynomials,

denoted Sfff )(ga). These have the property

o0 T 1
/ efwsgkwyﬂfn¢o¢mdw::—133{flf—l@m (2.71)
0 .

where I' denotes the gamma function and d,, is the Kronecker delta. D and A are expanded as

Di= Y dpal’ D= Y dyay (2.72)
p=—o00 p=—o00
A, = Z apa(lp) A, = Z apaép) (2.73)
p=—00 p=—00
p#0 p#0
where
al” =0 a) = SO (ui)u <0 (2.74)
1 = 2 = P32 %2 2 p .
1 1
al’) = M7 p 2y % al’) = — M3 p 197 U > p=0 (2.75)
al?) = Sé% (%?) % a? =0 p>0 (2.76)

(p)

Now, recall from Equation (2.66) that for any vector function a;"’, we may write

p?{D,aP} = x;l/fl(O)Ulagp)dul — $51/f2(0)UQa;p)du2. (2.77)

this integral can be evaluated analytically to give

3 (2kpT H _
Dy =5, -5 () p=0 (2.78)
0, p#0,
where mo = m; + mo. Thus, by substituting the expansion of D from Equation (2.73), and utilising the
orthogonality properties of the Sonine polynomials,

o0

> dyfa®,al?} =g, (2.79)

p=—00

Exposing the integral {A7 a(p)} to the same procedure yields

|
—
(o3
o
S
VS
[~}
=~
(w]
)ﬂ
~—
[N
L}
I
—

. EEAE
Z ap{a® ald} = q,, ag =10 q# =£1 (2.80)
= —00 1

vt e (%) =1
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These sets of linear equations uniquely determine the d, and a,,, and thereby uniquely determine the functions
D, A and A. For a finite approximation |p| < N, |g] < N, termed the Nth-order approximation, they may
be written in matrix form as

0
a_nN—-N ... GQG_NO ... QAQ_NN d,N :
0
ag—nN e apo ce agN do = 60 5 (281)
0
aAN—N ano aNN dN :
0
0
aG_N—-N aG_N-1 G-N1 aG_NN a_N :
: 0
a_1— a_1— a_ a_ a_ o _
1-N 1-1 11 1IN 1 — 1 , (2.82)
a1—N ay—1 aii a1 N aq (6751
0
| AN—N anN—1 an1 NN | an :
0

Where a,, = {a®),al®} = q,,. Further, inserting the expansions of D and A into the integrals {D, D} and
{A, A} one arrives at

{D, D} = doéo, {A, A} =a101 +a_100_1, {D,A} = d1a1 + d_la_l. (283)

This means that evaluating the integrals a, is the final step to obtaining the diffusion coefficients. Recognise
that when looking through all the nested notation that has been introduced, a,, is simply the integral of two
orthogonal polynomials. By all means, it is an octuple integral over six velocities and two collision parameters,
but given an intermolecular potential it is essentially a number that can be evaluated (numerically if need be).
The major issue is that the number of integrals that must be evaluated, and the complexity of these integrals,
increases rapidly as one increases the order of approximation of D and A, i.e. uses more polynomials in their
expansions.

2.3.6 The summational expressions

To evaluate the integral {a(®),a(9}, Chapman and Cowling begin by inserting the definitions of a() into the
integral, and simplifying the expressions by using the orthogonality properties of the polynomials. This gives
expressions for a,, in terms of the square bracket integrals

3/2 3/2

P [s(” (W)U, ngg(%f)%l] @i [S@) (UM%, sg‘;)z(%f)ﬂz/l} 1

2
Ap—q = T1T2 {Sé%(%f)%l, 53()%(02/22)%2} . s
Qg = w2 [ SEUUU 2, S UU |

P [ngj)z(@/;)%% S§‘}>2(az/21)%2} _+ o [ng;(az/;)%Q, sgc;g(%z)%] "

1
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It is noted from the symmetry properties of the square bracket integrals that only the evaluation of

HO (p, q) = [sé’;)g(%f)%l,Sé‘;}z(%ll)%l}
i (0.0) =[Sy, St (2.85)

HLY (p.q) = [ UYL S U

is required, and the rest can be obtained by index swapping. Recognise now that all information about the
intermolecular potential is contained in the integral over dbde, while the integrals over velocity may be carried
out without specifying any such potential. It is therefore convenient to define the collision integrals Qg? (r)
and Qy) (r),i=1{1,2}

Oy =L oo ksT 2w
912 (r) - 2012 (27Tm0M1M2) W12 (T) (2 86)
> T b b ’
Wi = e [T (- codt0) () a2 ) den
0 0 012 012

1
where go1 = (%};TMQ) g1 is the non-dimensional relative velocity, and a change of integration variables

has been employed to map dbde — d ( ) dga1. The equivalent expression for Q ( ) is

2(r) = o? (WkBT) WO, =12 (2.87)

where Wi(z) (r) is obtained simply by replacing o12 with o; in Equation (2.86). The collision integrals can be
evaluated numerically for any given intermolecular potential, by using this potential to relate x to b and g,
as described in detail by Chapman and Cowling pp. 167.['1) In addition, Reid et al. give several methods of
approximating the collision integrals under various conditions.?°) However, for a HS-potential the integrals
can be evaluated analytically to give

1
T 2
QgZ)’HS(r) — (o115Y2 (ﬁfrjls ) WO HS
1

1
ng),Hs(r) — (al5)? (WkBT> 2 WOHS
2 (2.88)

1
¢),HS 1 2rkpT \ 2
ng) (r) = 5(o15°)? (moMlMg> W7(-£)’HS

WOHS — i [2 — H% (1+ (—1)1)} (r+ 1)

Having defined the collision integrals, Chapman and Cowling expand the integrals over u; and uy and
determine that the complete integrals may be written as linear combinations of the collision integrals,

(min(p,q]+1) (p+g+2—£)

1 (¢
Y (pg=8 > Z A 90 (r)
=2
(min[p,q]+1) (p+q+2 0)

HiY (p.q) =8 Z Z A28 (r) (2.89)

(12) (p+1) 1 (g+1) mm[qu) (p+q+2-1) o
pt+3 q
Hpy7 (p,q) = 8My " 2" My Z Z Apgrefis ()
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with Apgre, A;’;M as yet undetermined weights, independent of any molecular properties. A;)qrf is an unde-
termined number that is a function of the particle masses. Identifying explicit expressions for these weights
is an abnormally extensive exercise in analytical integration and pattern matching that was carried out by
Thompson et al.[28731] For the derivation the reader is referred to their papers. The results they give are

pgrl —

min[p,q,r, 1—r 3 .
. (1>(p+q+1)( [p,q,m,(p+g+1-7)]) 8i(p+ q — 20)! (1 + (_1)1)

2 S (p— i)l (g — )0 +1-1)!
§ (D)) (r 4 1)I(2(p + g + 2 — 7))122" (2.90)
(r—ilp+q+1—i—n)(2r+2)(p+q+2—i)ldetetD)
X[(i+1=Dp+q+1—i—r)—Lr—1i)
. min[p,q,r§q+1r)] mii[z:ﬂ <min[p,q,<,§+”)m $i(p+ g — 2 — w)!
v i=(-1) k=(1—1) w=0 (p—i—wllg—i-w)
X (=)D (4 DI(p + g + 2 — i — w))40+0) PR Gu g gt (2.91)
(r=dllp+qg+l—i—r—w)2r+2)l(p+q+2—i—w)4rtatD (k)i — k)!(w)! ’
X (Ml(p +q+1—1t—1r— w)ék,l — MQ(T — i)ék,(l—l))
o ME+ My o= M- M
= MM, - M,
A B miﬂ[pvqm(f-q-i-l—?“)] 8l(p + q— 22)|
part S (p— ) (q—)'(O)i+1—=D(r—i)
(2.92)

(=)D (L DN(2(p 4+ g+ 2 —0))14"
p+qg+1—i—r)2r+2)(p+q+2—i)l4ptat)
x[(i+1-Dp+qg+1—i—r)—L(r—1i)

These three factors will later be collectively referred to as the ” Apq factors”.

2.3.7 Summary

Though the derivation outlined above is quite lengthy, notice that the implementation of the final result is
almost trivial once one understands the significance of each variable. With explicit expressions for the Apgre,
A;QM and A;’Z]M, the evaluation of the linear combinations in Equation (2.89) for a given (p,q) is straight
forward. Once these are evaluated, the corresponding a,, matrix element in the linear set of equations (2.82)
have been determined. To compute the diffusion coefficients at a given order of approximation N, all the
apg; (p,q) € (—N,N) x (=NN), matrix elements must be computed such that the matrix equation (2.82)

can be solved to obtain the d_1, dg and d;.
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3 Derivations

In order to implement the Kempers-model some relationships must be derived. The Enskog solutions supply
a model for the thermal diffusion ratio (kr), interdiffusion coefficient (D12) and thermal diffusion coefficient
(Dr), all related to the average particle velocities in the fixed FoR, or "laboratory” FoR. The Kempers-model
requires the thermal diffusion factor in the ideal gas state (a7 ), related to the mole fraction- and temperature
gradients. The goal of these derivations is to find a relationship between ar, k7 and Sp, and to determine
whether this relationship depends on the FoR.

First, a general relationship between the diffusive fluxes in different reference frames is derived. Then,
this relationship is utilised to find a relationship between the various coefficients used to describe thermal
diffusion.

3.1 Frames of reference

The magnitude of a diffusive flux is not an absolute quantity, but dependent on what frame of reference
(FoR) is chosen. The FoR dictates which macroscopic property that defines the bulk velocity. That is, in
the volume centre frame of reference, the bulk velocity is the velocity with which a systems centre of volume
moves. Equivalently one can use mass, mole numbers, enthalpy or any other extensive variable as the frame
of reference.

A diffusive flux is also characterised by a basis, the most common are mass and molar but in principle any
extensive variable can be used as a basis. The basis simply defines how one measures the amount of a species.
In the following discussion, all diffusive fluxes will be denoted as J Z-AB , where 1 is the diffusing component, A
is the property used as the basis, and B is the property used as the frame of reference. The corresponding
partial molar properties of the components and total molar properties of the mixture will be denoted a;, b;
and a, b respectively.

To begin the discussion, the bulk velocity in the fixed FoR, u” must be defined. Here the B in u? indicates
which property is used to define the bulk velocity, so u™ is the barycentric velocity, u™ is the molar average
velocity and so on. That is, for a system divided by a control surface moving at the bulk velocity u?, there is
by definition always the same amount of B on both sides of the surface. This implies that, given no sources
or sinks for B, the flux of B through any control surface moving at the bulk velocity must be zero. Further,
in the absence of a temperature or pressure gradient,

0B
dB =S bidn; =0, b= (22 1
; " O (8ni>T7p7nj#i (3 )

must hold for both sides of the control surface. If the mean velocity of particles of species i at the surface in
the fixed FoR is u; and the molar density of species i at the surface is p;, it follows that for each side of the
surface,
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where b = ). bjz; is the molar B of the mixture and g is the unit vector perpendicular to the control
surface. Letting the diffusive flux of species ¢ now be defined as the flux through this surface, this flux can
be related to the mean velocity of each particle species, and the chosen basis

AB _
J'L’

= aipi(ﬁi — uB)

_ 1 _
= a;pP; u; — g zj: bjlelj

_ b= ki Ok 1 _
= ;P4 u; <]_ — —b?é ) — 6 ijlelj (33)

J#i

_1 1 _
= a;pP; uig Zl‘kbk — g Zl‘jbjllj
k#1i Ve

aipi _ _
=7 Dby (- uy)

J#i

in the simple case of a binary system this simplifies to
AB by o
Ji7 = palxlxgz(ul —ug). (3.4)

It is also easy to confirm in the general case that the expression fulfills the initial requirement of no net flux
of B across the control surface,

ZJZAB% _ %inbizijj(ﬁi — l_lj)

i j#i
= %szbz ﬁinjbj —ijbjﬁj
i J# i
p - _
=3 Z 2ibi (0 (b— 2:b;) — (0P — byziivy)) (3.5)

= g bzzleb’ﬁl —uBbzi:l‘ibi =0.

—_— =

—buB =b
3.1.1 Translating between frames of reference

To translate between frames of reference B and B’, The fluxes J*Z must be related to the J/*¥ § Beginning
from the first line of equation (3.3)

= a;pi(i; — u® + (uP —u?)) (3.6)



Identifying the first term as J f‘B " and inserting for the definition of the bulk velocities gives

,,

o (5 )0
J

’ l"bl‘ Jjb JAB, ’
_ JAB i J73 _ 23Y J B
' ta p Z( b b a;Cj tu

J

(3.7)

where the definition of the diffusive flux on the first line of equation (3.3) has been inserted for the average
particle velocity to get the final equality. Now, note that

’ ‘b/' b
B Ti% 2305\ _
a;p;u ;( Y A > 0 (3.8)

because b = > j x;b;. Further, because only N — 1 of the N fluxes are independent due to the constraint of

Equation (3.5), one flux Ji5 " can be expressed as a linear combination of the other fluxes

b/ !’
j JAB' _
> I =0
j J
o b (3.9)
AB' i JAB'
I =—7 I
koa#k
Extracting J,‘?B/ from the sum in (3.7) and inserting for Equation (3.9) yields
JAB _ JAB' + Qi Py l"kb;f _ Tiby _%Z%JAB’ +a; Z mjb;' _ zjb; J;‘B/ (3.10)
1 (2 aiCr, b/ b b;c o aj J iPi = b/ b ajCj . .
Noting that plf—j = x; and combining the sums yields
, b, Wby, AN
e (RN
; bbb, ovob a;
’ AB’
= Jf‘B/ - aixiz <bbj N bgbljk) L (3.11)
j#k k a;
_ BB' 1AB’
-
J
where the final equality defines
’ a;x; b; b/bk
Vik = 6ij — . (; —~ lfb;g ) . (3.12)
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Checking the specific cases \IJZ‘I/V, in and WL, shown in Table 3.1, in the molar basis (a;i = a; = 1) yields
the same expressions as those given by Krishna and Taylor. 2 Showing that the fluxes in reference frame B
are independent of the chosen component k, that is

YUIF I =N wlP I v ki (3.13)
j j

is simply done by recognising the fluxes J ‘,jB "and J le " from equation (3.9),
BB’ 1AB’ BB’ 1AB’
D UEE I = vl ]
J J

, b, Db\ JAB , bbb\ JAB
0 e 3 (G ) = —an X (- )
s R/ il v/ %

b by b b b b (3.14)
j 1AB’ j JAB' _ j TAB’ i 1AB’
DDt VR ) Dbt S Bt Pt v Bt ¥
i#k Y k gtk ) gAY bl
b 1 ’ b ’ b ’ b ’
ZJJAB 4+ EJAB = ZJJAB T
a; ’ ak a; ’ aj
j#k i#L Y
Because the choice of component k is arbitrary one can denote 77/153/ — wg,]f', dropping k from the subscript.

Equation (3.11) can also be written in matrix form as

JAB — gBB gAB (3.15)

The matrix elements 1/)5 B’ for transformations between the mass- molar- and volume centre frame of reference
are summarised in Table 3.1. Note that the form of the transformations changes with basis. Using a molar
basis for the flux gives a; = a; = 1, while if one uses a mass basis, a; and a; become the molar masses.

Table 3.1: Some specific forms of ’(/JgB/. Note that starting from the general form, one can easily arrive at

different formulations for ngB/, this process can also give some additional insight into how the fluxes change
from one FoR to another. ¢; = 7 denotes the volume fraction of species i.

Transform from FoR
m n |4
L aiTi (W5 wg Lo aimg (Wi Wk
m 51] a; ( z]J Tk ) 62] a; ( z; ¢k:1:j )
&
= L aiTy Wiz L aiTy 9Tk
o n 51] a; (1 I;wk) 51] a; (1 m;g{)k)
=
o aimg (P widk o oaimi (95 dw
Vv 61] a; (zj w;wk ) 61] a; (zj Tp )

3.2 Relating S, ar and kr

Various coefficients are used to describe thermal diffusion. This section aims to define and relate the Soret
coefficient Sp, the thermal diffusion factor ap and the thermal diffusion ratio kr through the Onsager
phenomenological coefficients. This is required, as the Enskog solutions provide a manner of computing the
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thermal diffusion ratio, but the Kempers-models requires the thermal diffusion factor from kinetic gas theory
as input. For a binary system, the coefficients are defined as

V; Dr
_ =TS8, kr = : 3.16
.”L'i(l — SCZ‘)VT7 T i T D12 ( )

St =—

Where Dr; and Dy are the thermal diffusion and interdiffusion coefficient as described in Section 2.3,
indirectly defined as

Dt
T1T2

VinT, Ve=Vp=F; =F,=0 (3.17)

Oy — iy = —
where p indicates pressure, and F; indicate external forces on species i. Relating this coefficient to the flux
through equation (3.4) yields

by Dt
JAB) _ b2 VT,
( b ) dia=0 pa1Z1%2 b

1V1nT, d12=Vx1+wV1np—M(Fl—F2)
1o PPm PmpP
(3.18)

Where m; are the molecular masses, p is the molar density and p,, is the mass density. On a molar basis,
a; = 1 giving

ba
J”B) = —p2Dy VInT. 3.19
( b Jdis=o0 pb v ( )
From the entropy production,
nm 1 1
Jl :LP«H —TVT,ul +L#qV T (320)

where Vr indicates that the gradient is taken at constant temperature. The fluxes J7™ and J}¥ are related
by equation (3.11), as

where M; is the molar mass of species i and the final equality defines ¥)Z™. The thermal diffusion coefficient
can then be related to the phenomenological coeflicients of equation (3.20) as

(J?m)vTHZO 7’me - <J?B)d12:0

N\ g by
1Y <T> WP = —p=- D VInT (3.22)
LuqB™b
D — Hq
T T T

where the first line follows from dij2 = 0 <= Vppu = 0. Following the same procedure for the interdiffusion
coefficient,

(1_11 — ﬁQ)VT:O = —D12 le (323)

P1P2
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Inserting this into equation (3.4) yields

nB ba p2
(J1 ) = —pl‘ll‘Q*Dlg Vl‘l
vT=0 b pipa (3.24)
b
= —prmVxl.
From Equation (3.20),
nm vT/J/l
™) vr=0 = Lup (_ T ) : (3.25)
The chemical potential gradient is related to the mole fraction gradient by
pi = pt5 + RT Invyga;
RT Oln~,
T = 1 i
Vi = ( * (8lnxi)> Ve (3.26)
RT
Vi = . IV,

where 7, is the mole fraction based activity coefficient, and the final equality defines I'7. The flux of species
1 can then be written as

o 1 RT_, RL., .
") v pm0 = —TLWZIHV% = —ler Vi, (3.27)

The interdiffusion coefficient can now be related to the phenomenological coefficients by comparing equations
(3.24) and (3.27), giving

(J;Lm)vTZO me - (J?B>VT:O

RLuu b
_?:WrﬁﬁB Vi, = —fPDquﬁ (3.28)
L,.b
D12 — R M FTme
p1b2

Now, to relate the Soret coefficient to the thermal diffusion ratio, regard the flux equation of component 1
in the state in which the mass flux vanishes (J = 0),

nm V,ul,T 1
i = Ly <_ T ) + LV (T) =0

RL,,

1

1
[V, + L,V (T) =0 (3.29)
Vxl L#q

" yVT  RT?L,,T%

25



Inserting the expressions from Equation (3.22) and (3.28) in the definition of the thermal diffusion ratio
gives

k o DT71 - L#qIL'l
T1 — - *
Di»  RTL,T;

(3.30)

It is noted that the dependencies of Dy ; and D on the frame of reference B cancel, such that k7 is
independent of the frame of reference. Identifying the thermal diffusion ratio in equation (3.29) yields

V:vl 1

I1VT fElT Tl TJ( xl)

kr1
Spq= L
Tl .731(1 —.I‘l)T

(3.31)

Apart from conveniently relating the coefficients, k1 and St 1 (and thereby o 1), this derivation also shows
that the relation between the three coefficients is independent of the FoR, as all factors relating to the FoR
have cancelled.

3.2.1 Expanding to the multicomponent case

The working implementation of the Enskog solutions used in this work is restricted to binary systems, using
the Equations presented in Section (2.3), therefore no time will be spent elaborating on the derivation of the
multicomponent Enskog solutions. However, to facilitate the future possibility of coupling a multicomponent
implementation of the Enskog solutions to the working implementation of the Kempers-model, the relation
between St ; and kr; in a multicomponent mixture is derived here. For a detailed derivation of the relations
used as a starting point here, the reader is referred to Chapman and Cowling. 11]

In the case of multicomponent mixtures, the Enskog solutions yield an expression relating particle velocities
to the compositional- and thermal gradients

ﬁi —u" =— Z Aiijj — DTJ‘VhIT (332)
J

where A;; are %(N 2_N ) independent, generalised diffusion coefficients. These are constrained by the
symmetry relation A;; = Aj; and the condition ) | y p;iA;; = 0. The thermal diffusion coefficients Dr; are
not independent either, being constrained by an analogous relation, ), m;p; D ; = 0. The multicomponent
thermal diffusion ratio is then identified by rewriting equation (3.32) in a manner analogous to the binary
case,
W —u" =—» Ay (Va; +kr;VInT). (3.33)
J

Where kr ; is now defined by Dr; = >, Ajjkr; and 3, kr ; = 0. The latter equation is necessary because
only N —1 of the Dy ; are independent. Equation (3.32) may be rewritten to matrix form, as

1_11 —u”
us — u”

u=A(Vx—krVInT), ua= ) . (3.34)
u, —u”

The goal now is to find a manner in which to relate the vector kyr to the gradients in composition and
temperature, such that it can be related to the Soret-coefficients. Note that the matrix A is singular due to
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the summational constraint on the A;;. Solve this problem by explicitly including the constraint that the
thermal diffusion ratios and the mole fraction gradients must sum to zero. That is, define

0 1 1 e 1 0 0
1 An Alg . AlN ﬁl —u” T
A= |1 Ax Ay ... Agy o = | ;2 —u" x = | 22 (3.35)
1 Any1 An2 ... Ann uy —u” TN
such that
o =A"(Vx' -k VInT). (3.36)
The matrix A’ can now be identified as invertible by multiplying with the matrix
[0 —pP1 —pP2 ... *pN_
f1 0 P1 e P1
p2 p2 0 :
p= (3.37)
B pP3 p3 p3
: PN-1
lon PN PN 0 |
This product can quickly be seen to be invertible, and
det (A'p) #0 <= det (A") # 0Adet (p) #0 (3.38)

such that A" must be invertible. With this established, it is safe to rewrite Equation (3.36) to the form

(A) & = (VX —KpVInT). (3.39)
At steady state, ' = 0, such that this set of equations reads
in + kTJVlnT =0

T8 =TT (3.40)
kr i
St = .
Ty Tl‘i(l — !Ei)

Where the final equality follows from the definition of the Soret coefficient. This expression is clearly equiv-
alent to the expression in Equation (3.31) in the case of a binary mixture, as expected.

A note on the diffusion coefficient

It should be noted that the generalized diffusion coefficients A;; do not reduce to the binary diffusion
coefficient in the binary case. If one instead of regarding the matrix A, regards (A’)_l in Equation (3.39),
coefficients more closely related to the Fickean diffusion coefficients can be obtained. Chapman and Cowling
identify the elements of this matrix as

CO(Aij) Tilj

det (A,) Dij
by Cramers’ rule.[!!] Here, Co(A;;) denotes the cofactor of the element A;; in the matrix A’. Equation
(3.39) can then be written as

(3.41)

— Z Litj (wj —u") =Va; + kr,VInT
5 Di

2 (3.42)

=0.
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It is a simple exercise to show that this reduces to the binary diffusion coefficient D15 as defined in Equation
(3.23) for a binary mixture.

3.2.2 Alternative definitions

The relationships presented here are obviously a result of how the various coefficients are defined. It de-
serves mention that various authors have defined them in different ways. For example the thermal diffusion
coefficient has been defined by Zarate through, 33!

(1) gueo = pr1(1 — 1) D VT. (3.43)

It is stated that the advantage of this definition of D/ is that it becomes independent of the FoR, so using
the same coefficient one can express the flux of component 1 as

(I gweo = pwi1(1l — w1) D7 VT. (3.44)

If the Soret coefficient is defined in the same manner as in equation (3.16), the relation to the thermal
diffusion coefficient and the Fick diffusion coefficient D (which is different from the Maxwell-Stefan diffusion
coefficient in equation (3.23)) is then

_Dr ,_ Dp

Sp ==L =Tk}, Wy = =L

5 (3.45)

Zarate continues by proposing a definition of the Soret coefficient for multicomponent systems that keeps the
Soret coefficient independent of the FoR, defining it through the equation

~1
S:T,l _ (1 — 1) —T1T2 B’ x = 1 . (3.46)
St.o —Z2% x2(1 — x2) vT To

Zarate states that the advantage of this definition is that it is consistent with the chosen definition of D/,

and that it removes the need to regard the frame of reference when conducting experiments or simulations.

However, following his procedure for showing that the definition is independent of the FoR reveals that it

only holds when translating between the CoM- and molar centre FoR. Because the Kempers-model deals
with the CoV FoR, this manner of defining the Soret coefficient is not pursued further in this work.
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4 Methods

4.1 Equations of State

All equations of state used in this work are implemented in the open-source thermodynamic library Ther-
moPack. 26 This includes a database of parameters for the various equations of state. The parameters used
are those listed as the default parameters for each fluid, except in the case of the computations in Section
5.3 and 5.4. In those sections, the parameters reported by Reith and Miiller-Plathe are used such that the
results obtained here will be comparable to those they have reported. [®)

4.2 The Enskog solutions

As indicated in Section 2.3.7, implementation of the Enskog solutions using the explicit summational expres-
sions obtained by Tompson et al. is straight forward. A practical issue of note is that the factorial operations
in the sums defining the A4, factors tend to cause overflow issues already at quite low orders of approxima-
tion. Already at order N = 5, the factorial 24! must be evaluated, which is too large for a 64-bit unsigned
integer. To remedy this, it was noted that although there are very large numbers involved in the evaluation
of the A,q--factors, they largely cancel in the fractions. Therefore, a ”"smart” evaluation of factorials and
fractions was implemented. The implementation defines data types for factorials, products and fractions
with the multiplication and division operator defined such that fractions containing products of integers and
factorials can be exactly represented. This is done by treating a product as a list of integers, and a fraction
as two products; the numerator and the denominator. If a product is multiplied by a non-integer type, the
non-integer part of the product is stored separately. The actual evaluation of the products is not done until
explicitly required. Upon evaluation of the fractions, common integers in the numerator and denominator
are cancelled, then the simplified numerator and denominator are evaluated and the results divided by each
other, much like one would do the computation manually. This was tested up to approximation order N = 25
and prevented overflow up to that order.

Another practical question of interest is what potential and parameters one should use for the collision
integrals. In this work, the hard-sphere collision integrals were implemented, using two different approaches
to obtain the hard-sphere diameters. The first approach simply uses Mie-potential o-parameters. The
argument for this is that the Mie-potential rises very steeply, behaving almost like a hard sphere potential, at
r < 0. Therefore, o should be a reasonable first approximation to the shortest possible distance between the
centre of mass of two particles. The second approach employs the Barker-Henderson (BH) diameter (dgp)

defined as . Mie(p)
urte(r
d :/ 1—ex (—) dr 4.1
BH ; p kpT (4.1)
is the Mie potential,

- @] e ()T e

Here, A\, and A, are the repulsive and attractive exponents. The specific case . = 12, A\, = 6 is the commonly
known Lennard-Jones (LJ) potential or the LJ (12-6) potential.

where uMie

The BH-diameter is very close to the o-parameter at low temperatures but decreases with increasing tem-
perature, as shown in Figure 4.1. This simulates the fact that particles moving at a higher velocity (higher
temperature) will come closer together before deflecting. In a sense, this can be thought of as a rough
manner of approximating the effect one would see if the collision integrals were implemented using a purely
repulsive potential similar to the repulsive part of the Mie-potential. The difference in these two approaches
is investigated in Section 5.2, and discussed further in Section 6.

Finally, the convergence of the Enskog solutions with increasing order of approximation was investigated.
As shown in Figure 4.2, the coefficients d_1, dy and d; converge already at the fourth or fifth order approx-
imation. A fifth order approximation was used to generate the results presented in Sections 5.3, 5.4 and
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Figure 4.1: Ratio of the BH-diameter to the o-parameter of the Lennard-Jones 12-6 potential as a function

of temperature, for different e-values. The ratio is not a function of the o-parameter, as can be shown by
differentiating Equation (4.1).

5.5. In the making of this report it was recognised that the thermal diffusion ratio predicted at higher order
approximations (N > 7) was divergent under certain conditions. This is investigated and discussed in closer
detail in Section 5.6.

The final implementation of the Enskog solutions used in this work can be found in a public repository on
GitHub. 34
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Figure 4.2: Convergence of the computed d_;, dy and d; with increasing order of approximation. Using
mi1 = 15gmol™!, my = 10gmol ™!, oy = 1.5 A oo =2A and 012 = 1.75 A, with a hard-sphere potential for
the collision integrals.

4.2.1 Numerical error

In the study of the higher order Enskog solutions, the effect and magnitude of the numerical error introduced
in the solution of Equation (2.81), which yields the expansion coefficients d_;, dy and d;, was investigated.
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To do this, a meaningful manner in which to measure the error in the matrix inversion must be identified.
For convenience of notation, Equation (2.81) may be written as

Dy [d]y =9, (4.3)

where [d] , is the exact Nth approximation to the vector of Sonine polynomial expansion coefficients, devoid
of numerical error and D, is the matrix containing some truncation error from the evaluation of the ap,
elements. & is the vector of all zeros, except the central element dp, which is a float value with inherent
truncation error. The numerical solution to Equation (4.3) is denoted [d] . A simple manner of investigating
the expected error introduced when inverting D 5 is computing the condition number, £(D ;). This number
gives an indication of how much a change in Dy or § will effect the solution to the equation, i.e. how
sensitive it is to float truncation error. A large condition number indicates an ill-conditioned problem, with
high potential error. The remainder of this section presents an alternative measure for the deviation of the
numerical solution from the true solution.

Assuming that the numerical error introduced in the evaluation of the a,, matrix elements is negligible,
all error in [&] y Stems from the matrix inversion. This is likely a reasonable assumption, because the
implemented ”smart” evaluation of the A,q.; factors simplifies all fractions in Equations (2.90) to (2.92) by
an exact method before evaluation. This reduces the absolute value of the numerator and denominator such
that float truncation error becomes less significant. Now, upon numerically inverting the matrix D 5, assume
that some error € is introduced, such that

dy=[dy+e
alx = By w
=Dy d+e
Further, because Equation (4.3) is assumed to hold exactly, left-multiplication by D 5 yields
§=D\yDy'6 +Dye
ENEN =N (4.5)

QNe = (l - QNgﬁl) )

where I is the identity matrix. This obviously holds, as the factor in the parentheses on the right hand side
is identically zero if there is no error in the matrix inversion. Left-multiplying by val gives

e=Dy' (I-DyDy")6+¢€ (4.6)
Neglecting the error introduced in this operation, €', then gives
e~Dy (I-DyDy")6. (4.7)

Finally, because it is the error in the three components d_1, dy and d; that is of interest, and the value of
[d] v is a function of particle masses, HS-diameters and composition, define the relative error

€0 a ‘ (4.8)

[do] ’ " ‘ [dily

When interpreting the value of €}, note that floating point precision in the computations in this work is
10716, so a relative error on the order of 107! — 10714 indicates that no error beyond that inherent to
floating point arithmetic has been introduced in the matrix inversion.

4.3 The Kempers-model

All quantities required for the implementation of the model developed by Kempers, with the exception of
(%) , are readily available through ThermoPack. 26 This section relates the quantity (a’“)
T,p

8$j ; dacj :

properties that are available.

to other
P
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Begin from the definition of the chemical potential as the derivative of Helmholtz energy and invert the order

of differentiation,
( Z) ( )T V), ( ) v (4.9)
on; Tp on; \ On; ’ » On; \ On; ) 1 : .

From the total differential of the Helmholtz energy, dA = —SdT — pdV + >, pidn;,

(22— ()
5 T,p anj T,p !

0 % ([ Opy s dp B 0v;
i \ony ) r,) 0 \omi )y ™ Y\ ) 1y P\oni ) 1y (4.10)

—_————
Opi _ O v Ip
8n]~ Tp 8nl TV J Bnl TV '

=0
The total differential of the chemical potential at constant pressure and temperature is

i
;= — . 4.11
dui =Y (an)T dn, (4.11)

J

Further inserting for the total differential of the mole number of each species yields

du; = Z (8“2) (xjdn + ndz;)
an] T,pnk£j

J

_ Opi Opi
du; = Z (anj>T’p’nk¢j ndx; + Z (a”j>T,p’nk¢j x; | dn (4.12)

J J

=0

j Lj T,p,ni2;

where the second term on the second line vanishes by the Gibbs-Duhem relation, and the partial derivative

of interest may be readily identified as (gfc‘? =n (%) . This expression was validated
J i) Topngsy

) T,p,nk¢j
numerically by evaluating the total derivative of u; at varying composition and total number of moles.

The entirety of the implementation of the Kempers model can be found in a public repository on GitHub. [3%]

4.4 Systems with large gradients

In systems with large variations in temperature, density and concentrations, the Soret coefficient may also
vary appreciably throughout the system. The approximate Soret coefficient, defined as

A{L‘i V:vz

appr __
510 = S A—z)AT 7

xi(l — .Z‘z)VT - ST’i (413)
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where Z; is the average, or total, composition of the system, can therefore not be expected to accurately
describe the Soret coefficient in the system, as it only accounts for the total concentration, temperature and
density. Essentially, if the variation in composition and temperature is small enough, and the Soret coefficient
is close to constant throughout the system, the concentration profile will be practically linear. In that case,
S7PP" will be very close to the true Soret coefficient at the total composition and average temperature of the
system, St;. This cannot, however, generally be expected to be the case in systems with large variations

in composition and temperature. To compare the Soret coefficient as measured in MD simulations with
S;ppr(l)

5T

those predicted by the Kempers-model, it may therefore be insufficient to compare the reported

with the predicted Sp; = —z;(1 — ;) g}’ To accurately compare the results, the concentration profile in

the simulation cell should be predicted and compared to the observed results. Alternatively, once one has

predicted the concentration profile, it is a simple matter to compute SFF" = —z;(1 — xi)APXI‘f“, where

Apreqi is the predicted absolute mole fraction difference accross the cell, and compare this value to the one
obtained from simulations.

Two methods have been implemented to predict the concentration profile in a simulation cell, given the cell
average temperature, total composition and average density. The first utilises a dynamic integration step,
while the second requires a nonlinear numerical solver. Both are based on integrating the equation
Eh:i oT

= —x;(1 —x;)S7,;— 4.14
9z 2( 1) Ty 92 ( )
across the simulation cell, assuming that the thermal conductivity is constant throughout the cell, thereby
implying a constant temperature gradient at steady state.

4.4.1 Two-way integration

For the fist method, begin at a point with properties equal to the average properties of the cell, that is
=z, T°=T, p’=p (4.15)

Where superscripts denote the index of the integration step, and x; denotes the total composition of the cell.
In each iteration, take one step towards the hot side of the cell, A%}z and one step towards the cold side,
A"z, such that

or or

1 0 0 —1 0 0

.'L'l = Z‘Z + & . A+Z LEZ = .'I}l + & s AfZ (416)
Pt = o + %‘Z A g7 =2 % A (4.17)

oT oT
n+1l _ n -n—1 _ n 1

T % Atz T M A"z (4.18)
pn+1 _ p(Xn+17Tn+1) p—n—l — p(X_n_l,T_n_l). (419)

As depicted in Figure 4.3, note that the step length towards the hot side and cold side are are given separate
symbols, and that in general A"z # —A" 2. This is intentional, and the added degree of freedom is used
to ensure that the total composition of the system is conserved throughout the integration, such that the
total composition at the end of integration is equal to the composition in the starting point. Because the
total composition of the system should equal the composition in the starting point, it can be required that
the total composition must be conserved in every integration step. This requirement can be formulated as

n —n
n; +n,

P g, 4.20

INote that prediction of the Soret coefficient in MD-simulations cam be more sophisticated than this. However they do, in
some manner, rely on finite differences in temperature and concentration for their computation. (8,36,37]
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Figure 4.3: Graphical schematic of the two-way integration scheme described in Equation (4.19), with variable
step lengths in one direction as described by equation (4.22).

where n' and n; " denote the number of moles of species ¢ in the volume elements Ay A’z and AqeyA” z
respectively, with A the cross sectional area of the cell. This can be expanded as

alp" ALz + a7 p A 2 =y (PP ALz 4 pT A 2) (4.21)

where it has been used that nzi" = Ace”mii”pi”A’iLz, and the cross sectional area cancels if it is constant
across the cell length. Solving this equation for A” z yields

(4.22)

Thus, a fixed step length Az = A%z V n can be chosen, while the step length in the opposite direction
varies according to Equation (4.22) to ensure that the total composition of the system is conserved.

Recall that the conductivity of the fluid was assumed to be constant, thereby implying a constant temperature
gradient at steady state. One can therefore write

oT oT

AT =T —T" = 5, A%z AT =T " h T = Pt (4.23)
z z
ALT A"T
ALz = —7 Az =~ (4.24)
0z 0z

By substituting these expressions into the integration scheme in Equation (4.19), it is now possible to integrate
over temperature rather than position. This is desirable because the concentration profile is then directly
related to the Soret coefficient rather than the product of the Soret coefficient and the temperature gradient.
Additionally, the need to take the dimensions of the simulation cell into account is removed. It is also
advantageous because composition, temperature and density vary more rapidly with position in systems with
large temperature gradients, thereby requiring shorter integration steps. By integrating over temperature
rather than position one has direct control over the variation in temperature within each integration step.
The integration algorithm is shown schematically in Figure 4.4.

Note that the procedure outlined here is possible also with a varying thermal conductivity, given that T'(z)
is a one-to-one function across the entire domain at steady state. The only difference being that the scaling
Nz — AL T will change. Equation (4.22) relating the step lengths along the temperature axis then becomes

P — 1)

k(s — ;")

A"T = AT , (4.25)

where k%" is the thermal conductivity in point 2%, or equivalently, in point T+".
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4.4.2 One-way integration

Now that it has been established that one can integrate over temperature rather than position given that
T(z) is one-to-one, the second method of integration is far less involved. It quite simply uses a suitable
numerical solver to solve the set of Equations

Thot
x;pdT
xﬁot — Tc%ld iP , 1= {172, ,N - 1}
"ot hdT

Teotd (4.26)

N-1
m?\o/'t =1- E Zy.
i=1

Where the integration is carried out using any reasonable integration scheme.

4.4.3 Comparison

It is worth noting that the two methods do not give identical results. This is not due to some error of
implementation, but different boundary conditions and restrictions. The first method starts from the average
state of the system (x, T, p) and integrates outwards while conserving the total composition. The latter does
not require that there is any point in the system that is at the average state. That is: The point in space
where one finds the average composition, may be different from the point in which one finds the average
temperature and density.

Many reported MD-results do not report accurately the temperature of the heat source/sink nor do they
accurately report the temperature difference across the simulation cell or how the average temperature has
been determined. This has implications for how one would compute T}, and T.,q if using the one-way
integration method. For example: The average temperature may be an arithmetic average, in which case
Thot =T + %AT and Toog = T — %AT and one-way integration is straightforward. However, it may also

be perfectly reasonable to use the mole average temperature T = Ie sz, in which case computing Tj,: and
[ pdz

T.o1q only given T and AT is nontrivial, and the two-way integration scheme may be appropriate.
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5 Results

Before evaluating the Kempers-model, its building blocks are given a closer look. In Section 5.1, the SAFT-
VR-MIE EoS is validated against an extensive set of simulation data. Further, the implementation of the
Enskog solutions for diffusion are tested against the Fuller-diffusion model in Section 5.2, and differences
between the Fuller diffusion model and the Enskog solutions are discussed.

With the building blocks for the Kempers model analysed and validated, its predictions were tested against
both molecular dynamics (MD) simulations and experimental data from real systems, collectively referred
to as measurements. Both in the validation process and analysis of the Kempers-model, deviations between
predictions and measurements are reported as the relative absolute deviation (RAD), defined as

predicted __ , ,measured
@ @ |

RAD = |

|<pmeasured| : (51)

Further, the integration scheme outlined in Section 4.4 was also tested to analyse how the predicted approx-

imate Soret coeflicient
A.’Ei

differs from the predicted true Soret coefficient, defined by gradients rather than finite differences.

sarr = (5.2)

It was observed that both the Kempers-model and the Enskog-theory implementation predict a divergent
Soret coefficient. This is discussed in closer detail in Section 5.6. Finally, the derivation of the Kempers
model is discussed in closer detail in Section 6.

5.1 Validation of SAFT-VR-MIE

The ThermoPack implementation of SAFT-VR-MIE was tested against an extensive set of vapour-liquid
equilibrium (VLE) and pressure-volume-temperature (PVT) data obtained from MD-simulations to ensure
its accuracy. An extensive set of data compiled and reviewed by Stephan et al.[38 as well as phase envelope
data for LJ-fluids compiled by NIST, 3940 were used in this process.

Before the results are reported, note that the LJ-potential in its dimensionless form is equivalent for all
substances. Hence, the behaviour of the dimensionless pressure, density, temperature and phase envelope
will be analytically equivalent for all substances. Dimensionless properties are marked with an asterisk and
are often termed ”reduced” variables. Here the term "reduced” is reserved to mean ”divided by the critical
parameter”, and ”dimentionless” refers to the transformations described in Table 5.1. Some approximate
values of the dimensionless properties at ordinary conditions are also included for the convenience of the
reader.

As noted, the dimensionless phase envelope of the LJ-fluid should be invariant upon changing the potential
parameters. As shown in Figure 5.1, the computed dimensionless phase envelope is invariant upon changing
o- and € parameters. However, the EoS is not consistently able to close the phase-envelope, most notably for
o & oa,. Additionally, there is some slight discrepancy as to the shape of the liquid/two-phase boundary,
seen most clearly when following the thin, green line in the upper left plot of Figure 5.1, this line is centred
in the thicker pink line close to the critical point, but is no longer centred at somewhat lower temperature
and higher density. This minor discrepancy is deemed small enough to be insignificant.

As this report primarily deals with fluid mixtures, the reproduction of binary phase diagrams was also tested.
The dimensionless binary phase envelope for six mixture corresponding to those investigated by Stephan et
al. 2" were computed, shown in Figure 5.2. In all six mixtures, ;7 = 02 = 012. Computing the phase
envelopes with various e1-values produced identical results, as expected.

The general shape of the phase envelopes is as expected, and in good agreement with the envelopes reported
by Stephan et al. However, the absolute values of the dimensionless pressures do not coincide with those
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Table 5.1: Transformations to obtain dimensionless LJ-units. Note that in mixtures, variables may be reduced
either with the parameters of one component, or with the mixing parameters o1, €12. In these cases, what
parameter has been used used should be explicitly stated.

(22

Value at p = 1bar, T = 300K, p = 1kmolm™—3

Description Transformation Ar Kr Xe
Intermolecular Ur_ U
potential
Pressure p* = po® 2.4-1072  2.0-1073 2.3-1073
Temperature T = T%?B 2.5 1.3 14
Density c* = co? 2.3-1072  3.8-1072 4.2-1072
Time "=t/
Length rt =7

reported. Most notably the binary phase envelopes predicted by SAFT-VR-MIE for the mixture with =2 = 0.9
are found at a dimensionless pressure a factor of about two lower than those reported by Stephan et al. This
clearly stems from a gross disagreement concerning the pure fluid bubble pressure of component 2.

The predictions of the pure fluid bubble pressure was investigated more closely by comparison with the
VLE-data compiled by Stephan et al.[3® As shown in Figure 5.3, there is excellent agreement between the
predictions of SAFT-VR-MIE and a large number of reported data points. Note that 13 of these data points
stem from the same article as that which the binary mixture data is collected from. Results produced using
various LJ-parameters were indistinguishable, as expected.

The pressures of the binary mixture phase envelopes reported by Stephan et al.,[?”) have reportedly been
transformed using the parameters of component 1. If one denotes dimensionless properties transformed using
the parameters of component i as ¢, that is T() = %7 TR = % and so on, it is a simple matter to
show that 5
7@ = Sp) @) - E192 ), (5.3)
135} €207
In this manner, the pure component bubble pressure of component 2 in the ef = 0.9 mixture can be compared
to other dimensionless VLE-data. This is done in Figure 5.3, and it is clear that the pure component bubble
pressure of component 2 in the £ = 0.9 mixture falls significantly far from other reported VLE data-points.
Therefore, it is believed that the discrepancy in absolute dimensionless pressure is due to confusion as to
what parameters have been used to transform the pressure, rather than a significant disagreement between
the models.

Finally, the PVT-behaviour of the LJ-fluid was investigated. The results presented were reproduced with
various model fluids to confirm the invariance of the dimensionless behaviour of the LJ-fluid. The pressure
computed with SAFT-VR-MIE was compared to PVT-data compiled by Stephan et al.[3¥ in 2923 phase
points, shown in Figure 5.4. Aside from the fact that there is good agreement for most regions, there are
several clear trends to be noted. SAFT-VR-MIE systematically over-predicts the pressure in the high-density
region, both for the liquid and super-critical fluid. The relative discrepancy is largest in the low-temperature
liquid region (~ +20-25 %), and close to constant (= +10-5 %) in the super-critical region.

Close to the liquid/two-phase boundary there is a large, negative relative discrepancy (= —20-25 %). This
coincides with the region in which there is a slight deformity of the phase envelope compared to that reported
by Johnson et al.[*?]| as shown in Figure 5.1. In the same figure, it can be seen that this is the region with

38



T £/ Ear ol am
1 v 1
0.10 13 0.10 v 12
*D._ v 16 *Q_ v 15
0.05 v 19 0.05 1 17
2.2 1.9
0.00+ 0.001
1.25 1.25
. 1.00 . 1.00
—~ —~
0.75 - 0.75
0.501 : : : — 0501 : : : :
0.0 0.2 0.4 0.6 0.8 0.0 0.2 0.4 0.6 0.8
P P
(a) Varying e (b) Varying o

Figure 5.1: Dimensionless phase envelope of LJ-fluid with various o- and ¢ parameters. Solid lines indicate
phase envelope reported by Johnson et al.,[*%! black points indicate data compiled by Stephan et al.[38] 4
indicates liquid-side, ¥ indicates vapour-side, predicted using SAFT-VR-MIE.
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Figure 5.2: Binary liquid-vapour phase envelope for six theoretical LJ-mixtures at T* = 0.77. Vertical axis
is dimensionless pressure, all properties are transformed using the LJ-parameters of component 1, which are
held constant. k;; refers to the mixing parameter of the modified Lorentz-Berthelot rules (Eq. (2.21)). Red,
dashed lines indicate liquid-liquid equilibria. In all six mixtures, o1 = 09 = 015.
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Figure 5.3: Dimensionless vapour saturation pressure of the LJ-fluid. Solid line indicates prediction by SAFT-
VR-MIE. Squares indicate data compiled by Stephan et al.®8] Colours indicate different primary sources. 334
data points with statistical uncertainty <0.02 are included. Cross marks pure component bubble pressure of
component 2 reported by Stephan et al.[?7]

the largest spread in the VLE-data reported by Stephan et al. 38 This indicates that the region is difficult to
characterise, and that the uncertainty tied to the reported data may be significant. However, all data shown
in Figure 5.4 have been confirmed to not be outliers by statistical analysis by Stephan et al.[*3] Additionally,
for data points where statistical uncertainty was reported, only points with uncertainty < 0.015 have been
included here.
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Figure 5.4: Absolute (left) and relative (right) discrepancy between pressure predicted by SAFT-VR-MIE
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5.2 Analysis of the Enskog diffusion solutions

The implemented module for solution of the Boltzmann equations was tested to confirm the absence of
implementation errors. This was also used as an opportunity to investigate the behaviour of the solutions at
different orders of approximation, and the solutions dependencies on the various parameters. The validation
was done by comparing predicted diffusion coefficients to those predicted by the Fuller diffusion model. [*!]
This model is based on empirical fitting of the exponents in the expression resulting from the first Enskog

approximation. That is,
1
3 8kpT ([ 1 1 2
D = — — 4+ — 5.4
(Pl 32pot, [ ™ <m1 +m2>} (64

where the equation subject to the regression is

art (L + 4
P o) + (Son T

The results of the regression presented by Fuller are shown in Table 5.2.

Dip = (5.5)

Table 5.2: Parameters used in Fuller-diffusion model. !} Diffusion volumes are summed over groups of atoms
in each molecule, except in the case of monoatomic species.

Parameter Description Value
A Constant for all mixtures 0.1sm™ K17
b Temperature exponent 1.75
aq, Qo Diffusion volume exponents %
Qs Total volume exponent 2
> Vi Diffusion volume of species 1 (16.1mL)*
> V2 Diffusion volume of species 2 (2.88 mL)**
*Argon
**Helium

Because the Fuller-diffusion model is the result of fitting against a large set of empirical data, replication
of the predictions by this model is closely analogous to replicating those data. As seen in Figure 5.5a,
Enskog theory predicts a too weak temperature dependency of the diffusion coefficient (Dqg ~ T3, dashed
lines). This was also noted by Fuller, and was his reasoning for fitting the temperature exponent. Using
the temperature-dependent BH-diameter, as described in Section 4.2, gives a better fit to the Fuller-model.
When using the BH-diameters, the temperature dependency was determined to D1y ~ T'® by a simple
regression on the function Dy = aT®. Enskog theory predicts the diffusion coefficient to vanish at absolute
zero, removing the need for a constant term in the regression. It is also clear that the difference between the
1st and 5th order Enskog approximations are minimal at these conditions.

The Fuller diffusion model does not predict a compositional dependency of the interdiffusion-coefficient. As
seen in Figure 5.5b, this coincides with the predictions of the 1st-order Enskog approximation, upon which the
Fuller-model is based. It may seem unreasonable that the 1st-order approximation gives the same prediction
as the higher-order approximations in the limit of infinite dilution of one component but not the other. A
closer investigation shows that in mixtures with large mass ratios, the diffusion coefficient will approach the
1st-order diffusion coefficient in the limit of infinite dilution of the heavier component, as shown in Figure
5.6a. Varying the ratio of the HS-diameters also produces results that are symmetrical about z; = x5 = 0.5,
as shown in Figure 5.6b.

Finally, the predicted pressure dependency of the diffusion coefficients was investigated. Note that the
pressure dependency in the equation subject to the regression is only equivalent to that of Enskog theory for
n

an ideal gas, where {; o p, as the expression derived from Kinetic gas theory is explicit in density rather
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Figure 5.5: Predicted diffusion coefficients by Enskog-theory, with and without temperature dependent hard-
sphere diameters, and the Fuller diffusion model. dppy indicates predictions using BH-diameters. The
diffusion coefficient predicted using BH-diameters has a temperature dependency of Dqy ~ T8, determined
by regression.

than pressure. The predicted pressure dependency of the diffusion coefficient therefore depends on the EoS
chosen to translate between pressure and density. Using the ideal gas law, the results are as shown in Figure
5.7.

Using the 1st-order approximation obviously gives the same pressure dependency as the Fuller-model when
using the ideal gas law to compute the mixture density. It is however, worth noting that no additional pressure
dependency appears when increasing the order of approximation, as is the case with the compositional
dependency.

In summary, the implementation of the Enskog solutions performs as expected. That is, the temperature
dependency of the diffusion coefficient is weaker that that which is observed experimentally and there is no
compositional dependency in the first order approximation. Additionally, the pressure dependency is identical
to that reported by Fuller, which is expected for the first order approximation, as Fuller did not have the
pressure exponent as a free variable in the fitting of the Fuller diffusion model. Lastly, using BH-diameters
improved the agreement between the Enskog solutions and the Fuller diffusion model. As argued in Section
4.2, the use of BH-diameters is a rough manner in which to approximate the effect of using a more realistic
potential in the collision integrals. It was therefore expected that this would improve the agreement with the
Fuller model regarding temperature dependency.

Regarding the higher order approximations there are some properties worth noting. The diffusion coefficients
dependency on pressure and temperature (when not using BH-diameters) are completely contained in the 1st
approximation, while the compositional dependency is contained in the higher order solutions. Mathemati-
cally, this has its roots in the fact that the entire density dependence of the diffusion solutions are contained
in dp in Equation (2.81), while the compositional dependency is included in every element a,, of the matrix
in the same equation. Likewise, the temperature dependency can be factored out of the matrix, meaning
that no new temperature dependency is included upon increasing the order of approximation. The latter is
shown by recognising the a,, matrix elements as linear combinations of the collision integrals, which all have
the same temperature dependence.
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5.3 Dense Lennard-Jones fluids

In a paper published by Reith and Miiller-Plathe, [ several LJ-mixtures were simulated. The LJ-parameters
were varied systematically to investigate the effect of each individual parameter on the Soret effect. A LJ-fluid
here referres to a fluid described by the LJ (12,6) potential, other potentials are referred to as Mie-potentials,
in which case the exponents are specified. Throughout this section the chemical names Ar, Kr, Xe and CHy
will be used to refer to LJ-particles with the parameters listed in Table 5.3, mixtures of these particles will
be termed ”realistic” LJ-mixtures. Reith and Miiller-Plathe report that they consistently use the combined
parameters €12 and o012, from the LB-mixing rules, to non-dimensionalise 7' and p. The same transformations
will be used here. For the entirety of this section the SAFT-VR-MIE EoS was used, with parameters set
equal to those reported for the simulation data.

Table 5.3: LJ-parameters used to produce results in Section 5.3.

Species m [gmol™'] e/kp [K] o [A]

Ar 39.49 120.27  3.405
Kr 83.80 167.18  3.633
Xe 131.29 206.87  3.975
CHy 16.04 152.75  3.740

To begin, Reith and Miiller-Plathe compare their algorithm to previously reported simulation results for
equimolar Kr-Ar mixtures. The Kempers-model was used to predict the Soret coefficient at the same state
points as those reported, as displayed in Table 5.4. The dimensionless temperatures involved were low enough
that employing a BH-diameter did not change the value of S$ by more than 0.01 mK~1.

Table 5.4: Soret coefficient of Kr in an equimolar Ar-Kr, compiled by Reith and Miiller-Plathe. St in [mK~1],
dimensionless variables transformed using €12 and o5 from the LB-mixing rules. [®!

p* T* K-CoM K-CoV S%  Sr Reported

0.7902  0.805 6.2 8.41 2.88 11.3
0.7902 0.824 6.12 7.17 2.82 16.2
0.803  0.81 6.17 6.32 2.87 9.1
0.797  0.805 6.11 7.41 2.88 10.5%
0.81 0.85 6.4 3.55 2.73 14.4*

*By Reith and Miiller-Plathe. ¥

As can be seen there is a significant deviation from the reported simulation results, although importantly,
the same sign is consistently predicted. However, looking into their sources it is decisively unclear how they
have obtained the data shown in Table 5.4. Looking in to the sources, the values found for state points and
coefficients are given in Table 5.5. The agreement of the Kempers-model with these data points is good, but
the question regarding where the data in Table 5.4 has been found remains.

Table 5.5: Soret coefficient of Kr in an equimolar Ar-Kr mixture, using parameters closely corresponding to
those in Table 5.3. Dimensionless variables are transformed using o1 and e15.

p* 7  K-CoM K-CoV 57  K-Reported

0.7902 0.815  6.16 775 2.85 8.19[361
0.75  0.95 4.84 441 244 4.2137]

Moving on, Reith and Miiller-Plathe simulate several realistic equimolar mixtures, their results are compared
with the Kempers model in Table 5.6. The most striking observation from this comparison is that there is
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very good agreement between the Kempers model and the simulations in some cases, while the deviation
is very large in others. Additionally, it seems difficult to determine whether the CoM or CoV is the more
reasonable frame of reference to describe the simulation. It is not clearly stated what boundary conditions
have been used in the simulation, both periodic boundary conditions and ”fuzzy wall” boundary conditions
have been used in simulations of the Soret effect, 136 and this has consequences for which FoR is the more
reasonable. Nevertheless, the K-CoM model appears to agree slightly better with the simulation data than
the K-CoV model.

Table 5.6: The Soret coefficient [mK~'] in various equimolar mixtures at T* = 0.85, p* = 0.81.[8] The Soret

coefficient refers to the first component in the mixture. The relative absolute deviation (RAD) is computed
as |Spredicted _ Sreported|/‘sreported|
T T :

T
RAD [%] RAD [%]
Mixture Reported CoM CoM CoV CoV
Xe,Kr 5.1 5.5 8 8.2 61
Kr,Ar 14.4 6.8 52 1.9 87
Ar,CHy 9.3 17.3 86 9.0 3
Xe,Ar 18.6 19.5 5 44.7 140
Kr,CHy 22.3 16.2 27 6.4 71
Xe,CHy 23.1 5.6 76 28.8 24

The bulk of the work published by Reith and Miiller-Plathe revolves around systematically varying the LJ-
parameters of one of the components in a theoretical mixture, hereafter referred to as component 1. The
other component is LJ-Argon, hereafter referred to as component 2. Conveniently, the pressure at each phase
point they simulated was also reported. This gave the possibility of either supplying the Kempers model
with the reported pressure directly, or computing the pressure from the reported temperature and density,
and supplying the model with that pressure. Of course, given that SAFT-VR-MIE is a good descriptor for
the MD-simulation, the discrepancy between these pressures should be relatively small.

—— com, Prep.

— Com, Pcalc.

14 1.6
01/0;

(a) K-CoM

18

-15.0

-17.5

=20.0

—— COV, Prep.

— COV, Pcalc.

12

14
01/0;

(b) K-CoV

16

Figure 5.8: Component 1 Soret coefficient variation with oq/c9 ratio. Component 2 is LJ-Argon. Red line
indicates predictions using reported pressure and temperature. Blue line indicates predictions using reported
temperature and density. Cross marks indicate data reported by Reith and Miiller-Plathe. (%]
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The results of varying the o1-parameter are shown in Figure 5.8. Shortly, the fit is rather abysmal. Neither the
values or the trend of the Soret coefficient are in close agreement. Further, when varying the e;-parameter,
there is also disagreement regarding the sign of the Soret coefficient, as shown in Figure 5.9. The model
appears to diverge around €1 = 2.2e5. The cases in which the Kempers-model is divergent will be discussed
in more detail in Section 5.6. For now it suffices to say that this is clearly not in agreement with the simulation
results.

The closest match with the simulation results, apart from some of the realistic mixtures, was obtained in the
case where the mass ratio was varied. As shown in Figure 5.10, the Kempers-model predicts the same trend
as that obtained from the simulation, but at large mass ratios the deviation in the results is still significant
(RAD = = 60 %) for both the K-CoM and K-CoV model.

As previously mentioned, Dirk and Muller-Plathe report the measured pressure in their simulations. The
pressure they report was compared to the pressure computed by SAFT-VR-MIE at the given density and
temperature in order to investigate whether SAFT-VR-MIE in fact is a good descriptor for the simulations
they have run. As shown in Figure 5.11, the discrepancy is large. Of course, because this is a liquid phase
simulation, small imprecisions in the reported density are expected to propagate to large disagreements
on pressure, and the density is only reported with two significant figures. More notable is the fact that
disagreement on pressure does not appear to correlate with disagreement regarding the Soret coefficient. To
clearly illustrate this, the relative deviation in the Soret coefficient versus the disagreement in pressure is
shown in Figure 5.12.

Perhaps the most noteworthy trend in Figure 5.11 is that SAFT-VR-MIE predicts the pressure to decrease
with an increasing well depth of the first component, while the reported pressure increases. The fact that
there is not only a disagreement on the pressure, but a disagreement on the sign of the pressure derivative
with respect to the well depth parameter is significant. Intuitively, this appears to be of far more significance
than the discrepancies in the absolute value of the pressure. This may also be related to the disagreement
on the sign of the Soret coefficient in Figure 5.9.

Further, it was coincidentally recognised that varying the os-parameter, while keeping o7 constant, the
agreement between the Kempers-model and the simulation results reported for varying o1, /o2 ratios is far
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Figure 5.10: Component 1 Soret coefficient variation with mass of component 1. Component 2 is LJ-Argon.
Red line indicates predictions using reported pressure and temperature. Blue line indicates predictions using
reported temperature and density. Cross marks indicate data reported by Reith and Miiller-Plathe. [l

better, especially for mixtures with o1 /09-ratios below 1.25, as shown in Figure 5.13. However, Reith and
Miiller-Plathe explicitly state that they have varied the parameters of component 1, while keeping component
2 constant.

Similarly, varying the es-parameter while keeping €; constant, there was good agreement regarding the
absolute value of the Soret coefficient for e; < 2e5, as shown in Figure 5.14. This, combined with the
agreement on sign in all other cases, could raise some questions regarding what component the Soret coefficient
has been reported for. However, Reith and Miiller-Plathe specifically comment on the physical significance
of the sign of the Soret coefficient, stating that the positive sign indicates that species 1 prefers the cold side
of the simulation box, so it is believed that the coefficient is reported for component 1. If that is the case,
the Kempers-model predicts a Soret coefficient of almost exactly the same magnitude, but of opposite sign
compared to that obtained from simulations, as shown in Figure 5.9.

These two observations together raise some important points. First of all, recognise that most realistic
mixtures have o1/oo < 1.25, and €1/e2 < 2.[8] Therefore, it is not unreasonable to presume that SAFT-
VR-MIE is a better descriptor for mixtures that lie in this regime. Secondly, if there has been some minor
confusion regarding how Reith and Miiller-Plathe have reported their simulation results, the agreement
between the Kempers-model and and their results is very good in the "realistic” regime of o1 /09 < 1.25, and
€1/€2 < 2. The agreement is in fact so good, that it is hard to believe it is coincidental. Nevertheless, the
results in this section, when taken at face value, show that the Kempers-model is in gross disagreement with
MD-simulations in most cases.
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5.4 Large temperature gradients

Due to the gradients in temperature and concentration being very large in MD-simulations, the integration
scheme outlined in Section 4.4 was tested to analyse if this may be part of the explanation for the deviations
of the Kempers model from the simulations data presented in Section 5.3. Reith and Miiller-Plathe report
that their simulation cell held a temperature difference of AT* ~ 0.0757™* — 0.15T7*, where T* = %(T}; +T4),
with T and T indicating the hot and cold temperatures.

The two-way integration scheme was used, starting from 7% = 0.85, p* = 0.81, z; = x2 = 0.5, the average
temperature and total compositions reported by Reith and Miiller-Plathe, and stopping the integration when
AT* = 0.15T*. Then, the approximate Soret coefficient S777"" was computed as

Sappr. _ sz

Ti 7 2(1 — ) AT (5.6)

where Z; is the total composition, which is equal to the composition at the starting point of the integration
as guaranteed by the integration scheme. The primary intention behind this procedure was to determine the
degree to which the Soret coefficient varies throughout the simulation cell, and the order of magnitude of the
potential discrepancy that could arise depending on how the coeflicient is measured.

First, the integration was carried out for the Xe-Ar, and Xe-Kr mixtures. As shown in Table 5.6, the K-CoM
model was in good agreement with simulation data for these mixtures. The integration results are shown in
Figure 5.15.

It is clear that the predicted approximate Soret coefficient is very close to the coefficient predicted at the
starting point of integration. What is more interesting to note is that the predicted variation of the Soret
coefficient within the simulation cell is very large. For the Xe-Ar mixture, it is far larger than the de-
viation between the reported and predicted coefficient. In the Xe-Kr mixture, the difference between the
reported value and the predicted value is of the same order of magnitude as the predicted variation within
the cell.

This raises the question of exactly how Reith and Miiller-Plathe have computed the Soret coefficient from
their simulations, as they do not state this explicitly. In the cells where there is good agreement between
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Figure 5.16: Variation of the Soret coefficient, mole fraction and chemical potential of Xe in an Xe-Ar mixture,
as predicted by the K-CoM model. Red cross marks the starting point of the integration, black dot marks
the reported Soret coefficient for the mixture.

the K-CoM model and the simulation data, the Soret coefficient is predicted to vary by about 20 % (Xe-Kr)
up to a factor of over 2 (Xe-Ar) between the hot and cold side of the cell. The integrations in Figure 5.15
also show that even though the variation in the Soret coefficient is large, the approximate Soret coefficient
S7PP" is close to the Soret coefficient at the starting point of integration. This means that if the Soret
coefficient is computed in the same, very simple, manner S7"" is computed the result can be expected to be
relatively close to the true Soret coefficient at the average temperature of the cell. Using other methods of
computing the Soret coefficient, etc. a polynomial fit to the concentration profile can lead to very different
results depending on where in the simulation cell the coeflicient is evaluated.

Further, the integration was performed for some of the systems in which the agreement between the Kempers-
model and the simulation data was poor. As shown in Figure 5.16, the integration diverges at approximately

Txe = 0.4, T = 139 K. This coincides with the point in which (%) = 0, indicating that the integration
¢/ Tp
has reached a thermodynamically unstable composition.

To investigate this more closely, the reported points were plotted into the phase diagram predicted by SAFT-
VR-MIE, shown in Figure 5.17. The first thing to note is that the manner in which the dimensionless variables
are transformed does not give identical dimensionless phase envelopes, even though Reith and Miiller-Plathe
report that they choose this manner of transforming the variables to their dimensionless form in order to
”conserve the the state point in the phase diagram of the mixed system”.[8] Another point to note is that
the measurements are conducted in the regime where pressure computed by SAFT-VR-MIE was shown in
Figure 5.4 to deviate significantly from measured pressure data.
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Figure 5.17: Phase envelope of the realistic Lennard-Jones mixtures. Red cross marks the phase point in
which the Soret coefficient is reported. All dimensionless variables are transformed using the combined
parameters 012 and €12 from the LB-mixing rules.

The relative deviation between pressure predicted by SAFT-VR-MIE and that obtained from MD-simulations
is high very close to the liquid-two phase boundary, but rapidly decreases as the density increases, as shown
in Figure 5.4. However, there is no clear correlation between the distance of the measured point in Figure
5.17 from the two-phase region and the agreement between the Kempers-model and the MD-simulations
regarding the Soret coefficient. The K-CoM model agrees well with the simulation data for the Xe-Ar and
Xe-Kr mixtures, but SAFT-VR-MIE does not even close the phase envelope of the Xe-Ar mixture, while the
Xe-Kr two-phase region is very close to the measured point.

Perhaps the primary observation of note in this section is the large degree to which the Soret coefficient is
predicted to vary within a simulation cell. This means that if meaningful comparison is to be made between
a thermodynamic model and simulation results, the manner in which the Soret coefficient has been obtained
from the simulation should be clear. Also worth noting is the observation that there is no clear correlation
between the agreement between the Kempers-model and simulations, and the proximity of the measured
point to the liquid-two phase boundary. This observation is investigated further in Section 5.5.
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5.5 Real systems

It was observed in the testing against simulation data that the Kempers-model fit far better to simulations
of real fluids than theoretical mixtures. In this section, the effect of using different equations of state is
investigated, with the goal of determining whether the large deviations of predictions using SAFT-VR-MIE
from the simulation data reported by Dirk and Miiller-Plathe can be attributed to the EoS. The Kempers-
models’ predictions were tested against a set of measurements on liquid-phase n-alkane mixtures reported
by Alonso et al.[*? as well as an extensive set of measurements on the ethanol-water system, reported by
Koniger et al. [43]

5.5.1 n-Alkane mixtures

The measurements of n-alkane mixtures by Alonso et al. are reported at varying mass density, *? and

converting the densities they report to molar densities unveils that also the molar densities were varied.
They do not report the pressure at which their data is recorded. Computing the pressure from the reported
densities and temperature using SRK gave pressures in the range of 100-1000 bar. There is no indication in
the article that the measurements have been conducted at extremely high pressures, so this is likely a result
of small errors in liquid-phase density measurements having a large impact on predicted pressure.

The critical pressure of the different mixtures computed using the SRK EoS is in the range 19-38 bar. For
comparisons with the reported data, the Kempers-model was therefore supplied with a pressure of 10 bar.
This pressure was chosen somewhat arbitrarily as a pressure well above the bubble pressure for all mixtures
investigated, as computed by all the equations of state employed, but well below the critical pressure.

The pressure dependency of the Soret coefficient is not a primary focus of this section, but to investigate the
effect the selected pressure of 10 bar may have on the primary results presented here, the Soret coefficient of
equimolar mixtures predicted by the K-CoM model was computed in the range 1 - 40bar. The trend was
close to linear for all mixtures, extrema are shown in Table 5.7. The change in the Soret coefficient from 1 bar
to 40 bar is in the order of approximately 10-15 %, meaning that predictions at 10 bar should be comparable
to the measurements conducted by Alonso et al., given that these are in the subcritical regime.

Table 5.7: Soret coefficient of second component in several equimolar n-alkane mixtures at 1 bar and 40 bar,
predicted using the K-CoM model with the SRK EoS. The Soret coefficient varied close to linearly with
pressure between the two values presented in the table for all mixtures.

Sr2 mK™1] Stz [mK™]
Mixture lbar 40bar ‘ Mixture 1bar 40bar

TL—Clo/TL—Cg) 2.7 3.04 n—C12/n—C8 2.88 3.1
n—C12/n—C6 3.82 4.13 TL—Clg/TZ—C7 4.1 4.38

Several cubic equations of state are expected to be good descriptors for liquid phase n-alkane mixtures, both
regarding the VLE and PVT behaviour. *4 As seen in Figure 5.18 predictions for the Soret coefficient using
these equations of state are in relatively good agreement with experimental data. Although the predicted
trend differs from that measured, there is agreement regarding the sign for all the mixtures, and the deviation
in value is small for most compositions.

Also seen in Figure 5.18 are the predictions obtained when the K-CoM model is supplied with the PC-SAFT
EoS. This leads to completely different predictions, even changing the sign of the predicted Soret coefficient.
Additionally, although all the cubic equations of state give predictions in somewhat reasonable agreement
with measurements, the mutual discrepancy between the various cubic equations of state is significantly
larger than what was initially expected, given the similarity of these equations.[*¥) The large discrepancy
between the equations of state is believed to result from the fact that they are, to a large degree, optimised
for prediction of the VLE and PVT-behaviour, which do not depend on differences in partial molar properties
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Figure 5.18: Soret coefficient in several n-alkane mixtures as a function of composition at 298 K and 10 bar.
Predictions using K-CoM, data reported by Alonso et al. are recorded at mass densities varying between
0.638 gecm ™3 and 0.741 gcm 3. 142

such as the Kempers-model. [!¥] To investigate this, the differences in partial molar enthalpy predicted by the
different equations of state were plotted as a function of composition, as shown in Figure 5.19.

The first clear observation from Figure 5.19 is that the deviation of PC-SAFT from the cubic equations
seems to be explained by the large disagreement regarding the difference in partial molar enthalpy of the
components. Further, the SW-EoS appears as a slight outlier among the cubic equations, especially at low
mole fractions of the heavier component in the mixture. Looking back at Figure 5.18 this disagreement is
reflected in the disagreement regarding the Soret coefficient. Finally, the SRK- PR~ and PT- EoS agree well
on the trend of the partial molar enthalpy difference, but disagree slightly regarding the absolute value. This
is again reflected in the predictions of the Soret coefficient, where the Kempers-model predicts similar trends,
but varying magnitudes of the Soret coefficient when supplied with these equations of state.

Equations of state are often compared on their ability to reproduce experimental VLE data, [*4 specifically
the phase envelope of the systems they are used to model. The predicted phase envelope for the various
n-alkane mixtures using the different equations of state are presented in Figure 5.20. Though there is notable

55



o ---- SRK
pocd —— PR
6x 10 T 10°
* P e - SW
: = o PT
PC-SAFT
4x10* -
- .
6x10° P
" .
53x10 35 -7 g
-
-
-
AT
-
- .
2x10% 4x10 S
7’ s
r/ ’
o
3x 10
0.0 0.2 0.4 0.6 0.8 1.0 0.0 0.2 0.4 0.6 0.8 1.0
Xnc10 XnC12
(a) n-C10/n-Cs (b) n-C12/n-Cs
s
10 SRK = - SRK e
—— PR =T —— PR e
SW sw P e
o i - e PT =TTl
PC-SAFT Pl 6x 10 PC-SAFT P
6x 104 P T
5 s 5 "
- - ) e -
-
- 4x10*
4x10%
3x 10
3x 10
0.0 0.2 0.4 0.6 0.8 1.0 0.0 0.2 0.4 0.6 0.8 1.0
Xnc12 XnC12
(¢) n-C12/n-Cr (d) n-C12/n-Csg

Figure 5.19: Difference in partial molar enthalpy of the components in several n-alkane mixtures. Difference
is computed as Ah = hy — ho, where h; is the first component in the mixture.

disagreement between the equations of state regarding the dew-line, the difference does not immediately seem
to correlate with the disagreements regarding the Soret coefficient. For the n-C1g/n-Cs mixture, there is very
good agreement between the equations of state regarding the phase envelope, but this is the mixture with the
largest mutual disagreement between the equations regarding the Soret coefficient. Most notably, PC-SAFT
does not stand out from the cubic equations, despite predicting an opposite sign of the Soret coefficient in
all mixtures.

The fact that the very small disagreement in VLE- predictions between the equations of state is so massively
magnified when they are used to predict the Soret coefficient clearly indicates that the ability of an EoS to
replicate the phase envelope of a mixture is at best an imprecise measure of its suitability when predicting
the Soret coefficient. By this argument, the small deviations of SAFT-VR-MIE from reported data presented
in Section 5.1, are not necessarily indicative of high precision in the computation of the differences in partial
molar enthalpies used in the Kempers-model.

5.5.2 Ethanol-water

Predictions using PC-SAFT were tested against an extensive set of measurements carried out on the heavily
associating Ethanol-Water system.[*3) As seen in Figures 5.21 and 5.22, the model fails to reproduce the
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Figure 5.20: Two-phase envelope of several n-alkane mixtures computed with different equations of state.
Note the different scales of the pressure axes.

change in sign that is observed. Still, the predicted trend is in good agreement with the data, and the
discrepancy in absolute value is far smaller than when testing against the simulated LJ-fluids. From these
measurements it is clear that the Kempers-model fares far better when measured against real systems using
a well-fit EoS than against the theoretical mixtures presented in Section 5.3.

The small bump in the predictions at wgion =~ 0.82 was investigated more closely, and it was discovered that
this was due to the thermal diffusion ratio computed from the Enskog solutions suddenly diverging in that
point. This was among the observations that led to the investigation of the stability of the Enskog solutions
discussed in section 5.6.
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Figure 5.21: Prediction of the Soret coefficient of ethanol (EtOH) in water as a function of temperature at
various ethanol weight fractions by the K-CoM model using the PC-SAFT equation of state. Marks connected
by straight lines indicate measurements by Kéniger et al. [43]
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Figure 5.22: Prediction of the Soret coefficient of ethanol (EtOH) in water as a function of ethanol weight

fraction at various temperatures by the K-CoM model using the PC-SAFT equation of state. Marks connected
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5.6 Model divergence

Both the Kempers-model and the Enskog solutions displayed divergent behaviour under certain conditions.
This section investigates the behaviour with the intent of making clear why it is observed and if there may
be a physical interpretation of the divergent solutions.

The Kempers-model was shown to diverge for a certain temperature, density and composition. From the
model for a binary system, Equation (2.15), it is clear that the model will diverge when (%)T o= 0.
This corresponds to an inflection point in the Gibbs energy as a function of composition, indiczi‘fi’nﬁg that
the mixture is thermodynamically unstable. The divergence of the thermodynamic contribution can thereby
be understood as a physically sound solution rather than a failure of the model. Disregarding the kinetics,
mixture at the composition of divergence will tend to separate, creating a phase boundary. At the interface
between two stable phases of different composition, the Soret coefficient, as defined in Equation (3.16), is
necessarily divergent, as the compositional gradient will remain nonzero even as the thermal gradient vanishes.
The question of whether a meaningful definition of the Soret coefficient at the interface can be obtained is
left untouched in this work.

It was observed that the implementation of the Enskog solutions produced a divergent thermal diffusion ratio
for certain compositions at higher order approximations, hence the use of 5th order approximations for all
figures unless otherwise is explicitly stated. In one case, shown in Figure 5.22 at approximately wgion = 0.82,
the divergence was observed at order 5. Initially it was thought that this may be the manifestation of some
higher order effect, as the composition at which the thermal diffusion ratio diverged varied from system to
system. The Carnahan-Starling hard-sphere EoS is known to be capable of predicting phase transitions, [
and the thought that higher order approximations to the Enskog solutions could do the same was entertained.
However, no indication of this was found in the literature.
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Figure 5.23: The expansion coefficients of the diffusion function D obtained from the Enskog solutions at
different orders of approximation, with varying mass ratios. The value of parameters that were not varied
are displayed in Table 5.8.

In order to investigate the divergence more closely, the expansion coefficients d_1, dy and d; obtained from
Equation (2.81) were computed at various orders of approximation while individually varying the hard sphere
diameter ratio, the mass ratio and the composition. Note that the interdiffusion coefficient is proportional
to dp, while the thermal diffusion coefficient is proportional to d_; and d;. As shown in Figure 5.23, there is
a small instability at N = 6 for a mass ratio of ma/m; = 2, but the solution stabilises again until N = 12.
Increasing the mass ratio led the solutions to become unstable at lower order approximations, with the
instability kicking in at N = 8. Further increasing the mass ratio led the solutions to diverge more severely,
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but not earlier than at N = 7. This was tested for mass ratios gradually increasing up to 75, with ratios of
2, 15 and 75 shown in Figure 5.23. In none of the cases did the solutions appear to stabilise at some new

value when increasing the order of approximation, even up to N = 20.

Further, the HS-diameter ratios were systematically varied, but as shown in Figure 5.24, this does not appear
to have any effect on the stability of the solutions. Finally, varying the composition at a constant mass ratio
mo/m1 = 2 was tested. It appears that the solutions become stable at higher order approximations as the
mole fraction of the lighter component is increased, as shown in Figure 5.25.
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Figure 5.24: The expansion coefficients of the diffusion function D obtained from the Enskog solutions at
different orders of approximation, at various HS-diameter ratios. The value of parameters that were not

varied are displayed in Table 5.8.
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Figure 5.25: The expansion coefficients of the diffusion function D obtained from the Enskog solutions at
different orders of approximation, at various compositions. The value of parameters that were not varied are

displayed in Table 5.8.
Though these results shed some light on what conditions the Enskog solutions destabilise under, no imme-

diate physical explanation for the instability reveals itself. Therefore, the error introduced in the numerical
inversion of the matrix in Equation (2.81) was analysed by the methods described in Section 4.2.1. First
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Figure 5.26: Condition number of the matrix Dy of Equation (4.3) in various systems. Parameters for the
computation are shown in Table 5.8.

the condition number k(D ) was computed at varying mass ratios, HS-diameter ratios and compositions, as
shown in Figure 5.26. Some of the trends in the instabilities can be understood from this analysis. Firstly,
the condition number grows rapidly as the order of approximation goes past N = 5 for almost all cases
shown. Secondly, increasing the mass ratio increases the condition number notably, but does not cause the
“jump” at N = 5 to occur earlier. The HS-diameter ratio does not appear to have a significant effect on
the condition number. Lastly, the trends seen in the condition number when varying the composition do
not explain the stabilising effect of increasing the mole fraction of the lighter component, observed in Figure
5.25. Also noteworthy is the fact that at very high or low mole fractions, the ”jump” in the condition number
moves from N =5 to N = 6.

In order to explain the trends observed when varying the composition, the alternative measure for error,
€y presented in Section 4.2.1 was computed at various conditions, the results are presented in Figure 5.27.
Firstly, note that the trends seen in the condition number are largely replicated when varying the mass
ratios and the HS-diameter ratios. The condition number is a well established measure of potential error, so
this agreement indicates that using €}, as a measure for error is reasonable. The major difference in results
between Figure 5.26, using the condition number and Figure 5.27, using €y is seen when the composition is
varied. €} decreases with an increasing mole fraction of the lighter component. Recognise that while the
condition number is a measure of potential error, €} is intended to be a measure of actual error. With this
in mind, and observing that both x(Dy ) and €}, are small for small mass ratios, it appears that there is
a stabilising effect of having a high mole fraction of low mass particles, that dominates the potential error
introduced by very high or very low mole fractions of one component.

In summary, there are strong arguments to support that the observation of a divergent thermal diffusion ratio
arising from the higher order Enskog approximations are the result of numerical error, rather than a physical
phenomena. In this case the problem can likely be mitigated by appropriate scaling or preconditioning of
the equations.

61



1075 1

10-8 4

10-10 4

=
10-12 4

10144 .

10-16 -

2 4 6 8 10 12
Order of approximation Order of approximation Order of approximation

Figure 5.27: The relative error €} as a function of approximation order at various mass ratios, HS-diameter
ratios and compositions. The value of parameters that were not varied are displayed in Table 5.8.

Table 5.8: Value of parameters that were held constant during systematic variation of the mass ratio, HS-
diameter ratio and composition in Section 5.6. * Indicates the parameter that was varied. All computations
were made at T = 300K and p = 10 molm~3.

Varied quantity o1 [A] o9 [A]  mp [gmol™'] mg [gmol™'] ]

0'2/0'1 1 * 1 1 0.5
mg/ml 1 1 1 * 0.5
1 1 1 1 2 *

6 Revisiting the Kempers derivation

As shown in Sections 5.3 - 5.5, there are clear disagreements between the Kempers-model and both MD-
simulations and experimental work. This section aims to critically assess the derivation presented in Section
2.1 with the goal of shedding light on where the discrepancies arise.

The derivation begins by regarding a two-bulb system connected by a tube of negligible volume. It is argued
that if the two bulbs are held at constant and uniform temperature, such that they are at equilibrium, en-
tropy production only occurs in the connecting tube. It is then argued that the separation of components
is due to two effects that may be treated separately: Selective attraction and repulsion between the com-
ponents, termed the ”thermodynamic contribution” and selective collision interactions, termed the ”kinetic
contribution”.

As it is understood, this separation of contributions is a manner of stating that one can separate the effect
of the bulb temperatures from the effect of the temperature gradient. If one regards two separate, isolated
subsystems at different temperatures, and distributes a set of particles between them, the maximum in
the partition function is not found where the particles are evenly distributed. This is the thermodynamic
contribution, the effect that even disregarding the existence of a temperature gradient, some particles will
prefer the cold subsystem, while others will prefer the hot one. Naturally, for an ideal gas this contribution
is zero, as an ideal gas mixture will evenly distribute itself in the available volume.

A point to note already here is that it is implied that kinetic gas theory is an exact description of the ideal
gas state. This is not necessarily true, even though the ideal gas law is recovered in the limit of infinite
dilution. "] As is clear in the solution of the Boltzmann-equations in Section 2.3, kinetic gas theory describes
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a dilute hard-sphere system. Using the Enskog solutions to represent an ideal gas at high densities, such as
those investigated in Section 5.3, cannot be expected to be accurate. There are modifications to the Enskog
solutions that account for high densities at which the volume occupied by particles becomes significant, but
with these modifications the ideal gas law is naturally no longer recovered.*®! Furthermore, the species in
a gas of hard spheres have a well defined chemical potential that is a function of both temperature and
composition. Therefore, the thermodynamic contribution of the hard sphere state described by kinetic gas
theory is non-zero, except in the limit of infinite dilution.

The kinetic contribution is stated to only reside in the connecting tube, where there is a temperature gradient.
And it is assumed that the thermodynamic contribution can be modeled using equilibrium thermodynamics
by regarding the canonical partition function relative to the partition function in the ideal gas state. That is,
it is effectively assumed that all deviation from equilibrium, represented by the non-zero entropy production
of the system, is completely described by kinetic gas theory. No further justification for these assumptions
are made, but it is this argument that is used to justify that the steady state composition of the bulbs is
given by a minimum in the canonical partition function relative to the partition function of the ideal gas
state.

Aside from these issues, there is the issue that the Enskog solutions are explicit in density, while the Kempers-
model is explicit in pressure. This raises the question of which density the Enskog solutions should be
evaluated at. Because kinetic gas theory is used to represent the Soret effect in the ideal gas state, it may be
reasonable to use the ideal gas density at the pressure supplied to the Kempers-model. However it may also
be argued that because the Kempers-model makes use of the residual partial molar enthalpy as a function
of pressure, the density in the ideal gas state should be the one obtained from the EoS used to represent the
fluid. The latter of these arguments appeals to the idea that the Soret coefficient should be independent of
representation, that is Sp(T,p,n) = Sr(T,V,n) for any real state. Because the residual properties change
with representation, the ideal gas Soret coefficient should also change, in such a manner that the measurable
Soret coefficient is invariant with respect to representation.

Finally, the partial molar enthalpies are introduced into the Kempers-model by a relation that holds only at
equilibrium (Equation (2.11)). Eslamian and Saghir,*”! note this and replace the partial molar enthalpies
with the activation energy of viscous flow, reportedly improving the model predictions. The relation is used
in a manner that in fact is valid if Kempers’ assumption that the thermodynamic contribution may be
treated as an equilibrium phenomenon holds. Therefore, the improvement in predictions may actually be
an indication that the underlying assumptions used to separate the thermodynamic contribution from the
kinetic contribution are flawed.

In an attempt to better understand the derivation by Kempers, an alternative derivation is presented in
Appendix A. The derivation disregards the issues discussed here, but follows an approach that is thought to
be feasible to follow using a hard sphere reference state, rather than an ideal gas reference state. If this turns
out to be feasible, the issues regarding the use of kinetic gas theory to represent the ideal gas state may be
mitigated by following the derivation with a hard sphere reference state.
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7 Conclusion

Although the Kempers-model fails to reliably reproduce the results of MD-simulations, the agreement with
experimental data can be good when the model is supplied with an appropriate EoS. However, determining
whether an EoS is suited for prediction of the Soret coefficient in a given system does not appear to be
trivial.

The SAFT-VR-MIE EoS was extensively tested in its ability to reproduce the vapour-liquid equilibria and
PVT-behaviour of the Lennard-Jones fluid as obtained from MD-simulations. The agreement was good or
excellent at most of the phase points investigated. Still, the Kempers-model, supplied with the SAFT-
VR-MIE EoS, was incapable of reliably reproducing the Soret coefficients obtained from MD-simulations
of Lennard-Jones fluid mixtures. However, the relatively good agreement between the SAFT-VR-MIE EoS
and MD simulations was not replicated in the MD-simulations from which data on the Soret coefficient was
obtained. This, together with the fact that that the Kempers-model in some cases reproduced the Soret
coefficient obtained from other simulations raises some questions regarding the reliability of the simulation
data to which the Kempers-model was compared.

The possibility that disagreement between the Kempers-model and MD-simulations arose due to the large
temperature gradients in the simulation cells was investigated by using Kempers-model to predict the concen-
tration profile in the cells. This revealed that even with very large temperature differences, the concentration
profile was close to linear. However, it also became clear that the Soret coefficient may vary significantly
within a simulation cell. Therefore, if one is to compare the model predictions with data obtained from
simulations, the manner in which the Soret coefficient has been obtained from the simulation should be made
clear.

With this in mind, using SAFT-VR-MIE or similar equations of state that can be supplied with the same
parameters as an MD-simulation represents an intriguing possibility for extensively testing the Kempers-
model in other regions of the phase diagram than those tested here. This method of testing the model gives
complete control over the parameters involved, and more investigation can provide further insight into how
and why the model fails.

A comparison of of the Kempers-model predictions and experimental measurements of several n-alkane
mixtures using various equations of state revealed the high sensitivity of the model to the EoS with which
it is supplied. Further, it was uncovered that although different equations of state are in good agreement
regarding the phase envelope of a mixture, they cannot be expected to yield the same Soret coefficient
when used in combination with the Kempers-model. Comparing the partial molar enthalpies obtained from
the different equations of state gives a better indication of how good their agreement will be on the Soret
coefficient. This observation captures some of the essence of the predictive problem of the Kempers-model.
It is highly sensitive to the EoS with which it is supplied, but comparing an EoS to largely available VLE- or
PVT data for a mixture does not necessarily give a good indication of whether the EoS is suited for prediction
of the Soret coefficient.

Critical assessment of the derivation presented by Kempers reveals some potential flaws. These are clearly not
completely detrimental to the model, as it gives predictions in agreement with measurements in some cases.
However, this may explain why the model in some cases fits very well with experiments and simulations, and
in other cases misses completely. The general notion of using kinetic gas theory to describe a reference state
and a thermodynamic approach to describe the deviation of a mixture from this reference state remains an
appealing one. The choice of reference state and the exact manner in which one should proceed to describe
the deviation from it, is therefore a matter deserving of further attention.

7.1 Further work

An immediate current limitation of the existing implementation of the Kempers-model is the restriction of
the Kinetic gas module to a binary system. Chapman and Cowling present solutions for multicomponent
systems closely analogous to those for binary systems, but it is not immediately clear how one should apply
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the summational expressions presented by Tompson et al. to produce a working implementation. However,
the Enskog solutions have been shown to converge quickly before destabilising due to numerical error, addi-
tionally the computational cost of computing the Enskog solutions increases rapidly with increasing order of
approximation. Therefore, it may be more feasible to seek a simpler implementation of the multicomponent
Enskog solutions that does not go to arbitrary order, than to attempt the application of the summational
expressions by Tompson et al. to the multicomponent case.

Looking further into the derivation of the Kempers-model is justified. Following the general approach pre-
sented by Kempers, but using a hard sphere reference state is believed to possibly improve the model, espe-
cially in the high-density region. If this is done, the manner in which the kinetic contribution is separated
from the thermodynamic contribution to the Soret effect deserves close attention.

Finally, all testing of the Kempers-model in this work has been conducted in the liquid region of the phase
diagram. To further assess the effects of the selected EoS on the Kempers-model it may be fruitful to
investigate larger portions of the phase diagram for a single mixture. In this sense, the SAFT-VR-MIE EoS
is of special interest, as it can be supplied with the exact same parameters as a simulation, giving good
grounds for comparison.
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A Revisiting the derivation by Kempers

This derivation is presented as an alternative to the derivation by Kempers,!'®! taking Equation (2.8) as a
starting point,

> AB Vi T B 2 ABUN T
i={1,2,..,N —1}.

1 A(m(T,Vin)ufg(T,V,nig)> 1 A(MN(TMn)—uﬁg(T,x/,nig))
(A1)

Recall that while the temperature, volume and total composition is equal in the real state and the ideal
gas state, the mole numbers and pressure in each bulb is different, even though the pressure of the two
bulbs in the ideal gas state are equal, and the pressure of the two bulbs in the real state are equal. That
is, p'{ = p} # pa = pp. Kempers treats Equation (A.1) by applying Taylor expansions about the average
of bulb A and B, and states that the resulting set of equations is only valid for small temperature and
concentration gradients, while Equation A.1 is stated to be generally valid.

Instead of employing a Taylor expansion, an attempt is here made to treat Equation (A.1) by considering the
limiting case in which the connecting tube is infinitely short, and the temperature differences infinitely small
but still non-zero. Note that in this limit the truncated Taylor expansions employed by Kempers should be
exactly equal to the functions that are expanded. In this limit, we can make the replacements vZA +vf =2,
and A — V. Equation (A.1) then reads

1
fV

Ui

T UN T
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pil T Vom) = (T, V') \ 1 o (e (T, Vim) — (T, V)
(A.2)

Only the left hand side of the equation will be explicitly treated here, the equivalent treatment is given to
the right hand side. Begin by rewriting the term in the parentheses in terms of the fugacity coeflicient and
the compressibility factor,
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(A.3)

Where p° denotes the chemical potential of the pure component. After exposing the right hand side of
Equation (A.2) to the same treatment, the prefactor RT cancels from each side. Now the gradient of each



term can be expanded, starting with the fugacity and the compressibility,
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For the molar gradients, denoting the total number of moles as n,
Vn; =nVz; + z;Vn,
=nVz; + x; (8”> VT,
o), v (A.5)
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which for the ideal gas state simplifies to
i ; PV
vn? =nVz) — x; RT? vT (A.6)

where p¥9 = @ is the pressure in the ideal gas state, not to be confused with the reference pressure p,;.

Note that while Vn'9 # Vn, ang # Vn; and Vxﬁg =# Vx;, the total mole fractions and mole numbers are
obviously the same in the ideal gas state as in the real state. That is nY = n;, n" = n and z’ = ;.
Inserting these relations into equation (A.1) and using the relation Vinp = % yields
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Dividing Equation (A.2) by VT and inserting Equations (A.3), (A.4) and (A.7) results in a set of equations
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that can be solved numerically for the Soret coefficients
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which may be reordered to give
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It can immediately be seen that the this set of equations depends only on intensive properties of the system,
and that it is independent of any standard state properties. It does however not immediately appear to be
equivalent to Kempers’ equation. It may be feasible to follow this approach using a hard-sphere reference
state in place of the ideal gas reference state, which could be of importance as per the discussion in Section
6.

(A.9)
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B Symbols and notation

Vectors are denoted with a boldface roman font as a. Matrices with a boldface, underlined italic font as A.
In the case where an italicised, sans serif font a occurs, and the vector a has been introduced, it is implied
that a = |a.

b

Summations on the form )/ .

are implied to include both the values a and b. Throughout the text it
is implied that a symbol lacking a sub- or superscript refers to the total system. Such that ¢/ = > gog,
wi=>. j apg and ¢ = >, > j <pg in the case where ¢ is an additive property. In other cases, the appropriate
manner in which to combine the properties is explicitly given or assumed known. For example, for a two
bulb system such as the one in Section 2.1, where z{ and x? are the mole fractions of species 1 in bulb «
and B, x1 indicates the total mole fraction of species 1 while x® indicates the mole fraction of species found

in a, ¢

D A

A number of the symbols used in the description of kinetic gas theory are confined to Section 2.3. These
are summarised in Table B.3. In the case of conflicting definitions between Tables B.1 and B.2 and Table
B.3, the latter has precedence in Section 2.3, while the two former have precedence in the rest of the text.
Specifically, b refers to an arbitrary molar property of a system, except in Section 2.3 where it refers to the
impact parameter.

iv



Table B.1: Symbols in the text. For symbols specific to Section 2.3 see Table B.3.

Symbol  Description Unit
A Helmholtz energy J
ar Thermal diffusion factor -

B Extensive property ok

b Partial molar property ok

Co(-)  Cofactor -

D Diffusion coefficient m?s~!
Dt Thermal diffusion coefficient m2s~!
Ayj Generalised diffusion coefficient sm—2

A (No subscript) Finite difference operator -
0ij Kronecker delta -

A Generalised diffusion matrix sm™2
A/ "Padded” generalised diffusion matrix, see Eq. (3.35) sm™2

det(-)  Determinant -

€ Mie-potential well depth J
€y Relative numerical error estimate. —

n Packing fraction —

H Enthalpy J

h Partial molar enthalpy Jmol ™!

J Flux *
kg Boltzmann constant JK-!
kr Thermal diffusion ratio -

K Condition number —

L Phenomenological coefficient *k

m Molar mass or particle mass! kg /molorkg

i Chemical potential Jmol~?

N Number of components or order of approximation. —
Ny Avogadros number mol !

n Mole number mol

n Vector of all mole numbers mol

n Unit normal vector —

P Pressure Pa

%) Arbitrary variable —

R Gas constant Jmol 1 K1

p Molar density or particle density? molm~3 or m™3
Pm Mass density kgm~3

S Entropy JK!
St Soret coefficient K-!
oS Hard sphere diameter m

o Mie-potential root m

T Temperature K

* Units depend on sub- and/or superscripts.
** Various units.
! Kinetic gas theory uses quantities per particle, otherwise the molar quantity is used.



Table B.2: Symbols in the text. For symbols specific to Section 2.3 see Table B.3.

Symbol  Description Unit
u Particle velocity ms~!
; Average particle velocity of species 4 ms~!
u® Bulk velocity in the B FoR ms~!
v Atomic diffusion volume m?3 mol !
\% Volume m3
v Partial molar volume m?> mol !
x Mole fraction -
X Vector of all mole fractions —
Z Canonical partition function, or Compressibility factor —

Ay, v Lagrange multipliers —
Table B.3: Symbols specific to Section 2.3.
Symbol  Description Unit
b Impact parameter, see Fig. 2.2 m
9 Concatenated differential operator -
€ Angular collision coordinate, see Fig. 2.2 -
f Exact velocity distribution function (v.d.f.) s?m~6
) r-th approximation term to the v.d.f. s3m~6
g Relative collision velocity ms~!
1 Several specific integrals, see Eq. (2.45). *
J Several specific integrals, see Eq. (2.29) m~!
m Particle mass kg
mo Sum of particle masses, my + ms kg
Mi mi/mo -
N Order of approximation —
U Particle speed ms~!
U Peculiar velocity, u — u™ ms~!
U Peculiar speed, |U] ms~!
1
v Dimensionless peculiar velocity, (mznﬁ) ’ U; —
w Dimensionless peculiar speed, |% | —
X Deflection angle, see Fig. 2.1 —
* Depends only on integrand.
Table B.4: Sub- and superscripts in the text.
Subscript  Description ‘ Superscript  Description

1,5, k,1 Species index A Basis for flux, determines unit
m Molar quantity B Arbitrary frame of reference
r Reduced quantity ig Ideal gas
c Critical HS Hard sphere

a, B Bulb index o Pure component
ref Reference state
a, B Bulb index
* Dimensionless quantity
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Table B.5: Abbreviations in the text.

Abbreviation  Description

BH Barker-Henderson

CS Carnahan-Starling

EoS Equation of State

FoR. Frame of Reference

HS Hard sphere

LJ Lennard-Jones

MD Molecular dynamics
MET Modified Enskog Theory
PVT Pressure-Volume-Temperature

PC-SAFT Perturbed chain SAFT

PR Peng-Robinson

PT Patel-Teja

RET Revised Enskog Theory
SAFT Statistical associating fluid theory
SET Standard Enskog Theory
RAD Relative absolute deviation
SRK Soave-Redlich-Kwong

SW Schmidt-Wensel
Vdw Van der Waals
VLE Vapour-Liquid Equilibrium
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